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a b s t r a c t

Cobalt supported on Beta zeolite catalysts were prepared by impregnation of metal salts in aqueous
solution and were tested for the Fischer Tropsch reaction. The support consisted of a Beta zeolite com-
posed by crystallites of nanometric dimensions and a SiO2/Al2O3 molar ratio of about 50. This support
was impregnated with Co(NO3)2 aqueous solution using different metal loads of 7.5, 10, 15 and 20 wt%
Co. These materials were characterized by X-ray diffraction (XRD), high resolution transmission electron
microscopy (HRTEM), N2 adsorption (BET), thermal programmed reduction (TPR) and FTIR of adsorbed
pyridine (i.e., surface acid sites distribution). All the catalysts showed a significant catalytic activity for

the F–T reaction from synthesis gas (CO + 2H2), in a continuous fixed bed reactor system. The catalysts
presented a bifunctional character with a maximum of activity at a specific concentration of metal and
particle size. In contrast, the selectivity patterns were strongly influenced by the support acid function,
which promote the formation of isoparaffins from about 220 ◦C, which differ with most of conventional
zeolites that show a relatively low activity for isomerization at this temperature, thus indicating an effect
of the small Beta zeolite crystallites size over the catalytic activity of Co/Nano�-Zeolite.
. Introduction

The Fischer Tropsch (F–T) process is used today for the pro-
uction of liquid fuels and useful chemicals [1–3] from a mix of
ynthesis gas (CO + H2), in the presence of either supported or
nsupported iron and cobalt metal catalysts [4–6]. As cobalt is

ess available than iron, many studies focused on preparing the
–T catalysts with a high dispersion of the Co phase over diverse
etal oxides. For example, it was reported that F–T catalysts based

pon Co supported on siliceous materials, produce high molecu-
ar weight linear chain paraffins and olefins, mainly [3]. Although
he siliceous materials are considered relatively neutral as sup-
orts under F–T conditions, i.e., at temperatures between 190 and
60 ◦C, the Co based catalysts tend to produce isoparaffins [4]. These
re considered secondary products and may be increased under
onditions proper of integral reactors. However, the influence of
he support acid function over the products distribution tends to
nhance deviations with respect to a classical distribution. In par-

icular, the surface acid function of zeolites is known to exhibit a
electivity towards lighter and branched products, even aromat-
cs. Cobalt based catalysts supported on conventional zeolites like
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mordenite, ZSM5, Beta and Y zeolites have been reported to pro-
duce hydrocarbons in the middle chain range, which contrasts
with the behavior of heavier cut obtained with silica supported
cobalt catalysts [7–10]. Moreover, the mean crystallites size of zeo-
lites seems a critical parameter for catalytic reactions in general,
because smaller crystallites should present a greater proportion
of surface active sites with respect to conventional zeolites, i.e.,
crystals of about 1 micron size [11,12]. Furthermore, crystallites
of nanometric dimensions should present a shorter diffusion path-
way for the reactant hydrocarbon molecules, which means short
contact times or single contacts between reactants and active sites,
which should lead to less coke formation. In order to explore these
concepts and the influence of Beta support nanometric crystal-
lites, a series of Co catalysts with distinct concentrations were
prepared by impregnation and their catalytic behavior was tested
under F–T conditions. In the literature there are no previous stud-
ies made on zeolitic materials of nanometric dimensions for F–T
synthesis.

2. Experimental
2.1. Synthesis of support

The synthesis of Beta zeolite was carried out using aluminum
powder (325 mesh, Baker) and fumed silica (0.007 �m, 390 m2/g,

dx.doi.org/10.1016/j.cattod.2011.01.025
http://www.sciencedirect.com/science/journal/09205861
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ldrich) as sources of aluminum and silicon, respectively. The
emplate agent was a tetraethylammonium hydroxide solution
aqueous 35 wt%, from Aldrich). In the first place both aluminum
nd silicon sources were separately dissolved in the template solu-
ion, then were mixed and aged at room temperature with stirring
uring 4 h. The gel composition was 30 TEAOH:50 SiO2:Al2O3:982
2O. This gel was aged in autoclave at 140 ◦C during 96 h. The
aterials thus obtained were washed in steps by centrifugation

t 2500 rpm. Furthermore, the materials were dried overnight at
20 ◦C and were calcined at 550 ◦C for 6 h. The acid form of Beta
as obtained by cationic exchange with 1 M solution of ammonium
itrate at room temperature, during 6 h. Furthermore, the materials
ere filtered, then washed thoroughly, dried and calcined at 550 ◦C

or 6 h.
The cobalt was loaded on the Beta zeolite by impregnation with

o(NO3)2 aqueous solutions. The Co concentration in these solu-
ions was calculated for obtaining 7.5, 10, 15 and 20 wt% Co on the
ried catalysts. The impregnation was carried out at room tem-
erature during 6 h, then was completely dried at 60 ◦C overnight
nd calcined at 300 ◦C during 3 h. The Co content was analyzed
y Atomic Absorption Spectroscopy. The catalysts were labeled
ccording to their Co nominal content, i.e., C7.5ZBN, C10ZBN,
15ZBN and C20ZBN.

.2. Characterization

The X-ray diffraction patterns were recorded in a Siemens
-500 type diffractometer with CuK� radiation (�Cu = 0.154 nm)
t 35 kV and 25 mA. The mean crystallite diameters of Co3O4
ere calculated from the full width half-maximum (FWHM) of

he most intense Co3O4 peak at 2� = 36.9◦ using Scherrer’s equa-
ion. From the average size of cobalt oxide crystallites the mean
iameter of cobalt metallic particles was estimated using the
elationship dCo(metal) = 0.75 * d Cooxide [13]. These values served
o calculate the cobalt metal dispersion of the catalysts by

eans of the relationship %D = (96/dCo(metal) [14,15]. A spherical
eometry of the metal particles is assumed with a density of
4.6 at/nm2.

Also, the structural features of the catalysts were character-
zed by means of high resolution transmission electron microscopy
HRTEM) using a JEOL (200 kV) 2200 FS microscope. The samples
ere mounted onto holey carbon coated copper grids after dehy-
ration treatment overnight at 200 ◦C.

The surface area of some materials and other textural proper-
ies were determined by nitrogen adsorption/desorption using a

icromeritics ASAP 2405 apparatus. The samples were outgassed
t 350 ◦C under vacuum, overnight.

The Bronsted and Lewis surface acidity distribution was mon-
tored by means of pyridine adsorption using Fourier transform
nfrared spectroscopy (FTIR) in a spectrometer Nicolet, Model 710.
elf-supported wafers were prepared from powder samples and
hese were mounted on a pyrex cell fitted with CaF2 windows. The
o catalysts were first reduced for 1 h at 400 ◦C, under hydrogen
ow, before obtaining the IR spectra. The system was purged under
acuum while the temperature was decreased to 25 ◦C. Then, pyri-
ine was adsorbed for 30 min under pressure of 20 torr. FTIR spectra
ere recorded progressively after outgassing at 100, 200, 300 and

00 ◦C.
The TPR profiles corresponding to the catalysts based upon

o/Beta zeolite were obtained in a Altamira Instruments II appa-

atus, where the powder samples were first dried at 200 ◦C during
h, then the temperature was lowered down to room temperature
nd the reduction was performed under H2 (10 vol% in Argon) using
heating ramp of 5 ◦C/min, until 850 ◦C.
Fig. 1. XRD patterns from catalysts of Co supported on Beta zeolite. (A) ZBN pure
Beta zeolite, (B) C7.5ZBN, (C) C10ZBN, (D) C15ZBN, and (E) C20ZBN.

2.3. Catalytic tests

The catalytic tests were carried out in a stainless steel fixed bed
type reactor system which was fitted with automated controls for
pressure, temperature and volumetric fluxes. For each run 1 g of the
catalyst was activated in situ under H2 flow at 400 ◦C, atmospheric
pressure, during 6 h. The F–T reactions conditions were the follow-
ing: pressure of 1 MPa, molar ratio H2/CO = 2; (CO + H2) gas flow:
3.6 l/h at 220 ◦C. The synthesis gas contained 5% N2 as an inter-
nal standard to determine the carbon monoxide conversion. The
effluent gases were monitored every 6 h on-line, using a Varian
STAR 3600CX Chromatograph fitted with a 60 m H-P Plot column
and a TCD detector, which allowed the analysis of CO, H2, N2, CO2
and C1–C6 (gaseous). The condensable products were collected in
a cold trap that was kept at the same pressure than the reactor.
The conversion is obtained by averaging the reactants disappear-
ance in function of the time on stream (i.e., 24 h). The accumulated
products were analyzed off-line by gas chromatography and mass
spectrometry.

3. Results

Table 1 summarizes the properties of both cobalt catalysts and
supports. The Co content was determined by atomic absorption
spectrometry, which showed compositional values slightly lower
than the nominal ones.

3.1. Structural features

Fig. 1 shows the XRD patterns of the catalysts and the Beta zeo-
lite support. In general, these patterns contain two peaks that are
typical of Beta zeolite, i.e., a peak at 8◦ (2�) and the more intense
peak at 23◦ (2�). The mean size of the cobalt oxide crystallites was
determined using Scherrer’s equation and the dispersion percent-
age of metallic cobalt was estimated and reported in Table 1. The
average size of cobalt oxide crystallites was in the 7–28 nm range.
The catalyst with 7.3 wt% Co, i.e., C7.5ZBN, contains a mean size

of 16 nm, which is larger than those calculated for the catalysts
containing 9.6 wt% (i.e., 7 nm) and 13.5 wt% (i.e., 9 nm) Co, which
suggests that the lower content of cobalt is not decisive for obtain-
ing a good metal dispersion.
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Table 1
Properties of Co catalysts supported on nanometric Beta zeolite.

Catalysts Co (wt%) Langmuir surface
area (m2/g)

Pore volume
(cm3/g)

Co3O4 crystallites
mean size (nm)

Co metal dispersion % Reductiona % Bronsted acid sitesb

(�mol/g)

ZBN – 747 0.42 – – – 64
C7.5ZBN 7.3 595 0.35 16 8 48 72
C10ZBN 9.6 553 0.32 7 18 77 47
C15ZBN 13.5 538 0.31 9 14 79 26
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C20ZBN 18.5 492 0.29 28

a Obtained from the TPR experiments.
b The amount of Bronsted acid sites is calculated at 200 ◦C.

On the other hand, there is a diminution of the XRD peaks inten-
ities of Beta with increasing Co content, i.e., the catalyst C20ZBN
i.e., with a real Co content of 18.5 wt%), presents a strong diminu-
ion of the zeolite XRD peaks intensity, but the peaks of the Co3O4
hase become more important, thus suggesting that the cobalt
xide crystallites are larger as the cobalt content increases. In turn,
he largest Co oxide particles might screen some XRD reflections
rising from the nanometric Beta zeolite crystallites.

The study by HRTEM (Fig. 2A–C) shows that Beta crystallites
ave a diameter of about 5–20 nm (i.e., a comparison can be made
ith the 20 nm bar situated at the bottom of the images), thus

howing the presence of crystallites agglomerates that are con-

rmed by the presence of Moiré type fringes; these fringes are
he result of electron beam interference occurring by multiple
cattering from the superimposed crystals, which change of direc-
ion around the particles. In some areas of Fig. 2A and B one

Fig. 2. Beta crystallites with dia
5 59 55

observes the pore arrangement that is characteristic of Beta zeo-
lite, which changes from black to white due to local thickness
variations and crystallites tilting. Also, the small dark areas cor-
respond to the more dense cobalt oxide particles and these areas
grow with the cobalt concentration, thus suggesting that Co is
concentrated rather than dispersed evenly on the support. These
results are in agreement with the X-ray diffraction peaks of cobalt
oxide and the average sizes calculated from these data. The dis-
persion values follow the expected correlation (Table 1). A low
metallic dispersion of Co has been reported elsewhere [8,9] but
it has been claimed [16] that the cobalt dispersion depends of
several factors, apart the impregnation step, i.e., the calcination

temperature. In this work the calcination temperature was set at
300 ◦C, which is relatively low, in order to minimize the migra-
tion of cobalt species during the decomposition step. However,
the results showed a rather poor metallic dispersion while the

meter of about 5–20 nm.
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ig. 3. Pore diameters distribution of the nanometric Beta zeolite and catalysts.

atalysts consisted of a mix of cobalt oxide particles of different
izes.

.2. Textural properties

Fig. 3 shows the pore volume distribution from nitrogen
esorption experiments (BJH’s method). Mainly, a monomodal
istribution is centered around 3 nm (see Table 1), which more
robably arises from voids between the aggregates of crystallites.
lso Fig. 3 shows the progressive diminution of the monomodal
eak as well as the surface area in function of the Co concentra-
ion (Table 1) in the metal supported catalysts, which may indicate
hat the cobalt oxide phase could be located into the voids left
y the crystalline aggregates. This result coincides with the fact
hat the mean size of cobalt oxide crystallites is much larger than
he pore opening of Beta zeolite channels (0.57 nm × 0.75 nm), as
evealed by TEM; thus, the cobalt oxide crystallites are more prob-
bly located out the pore network of the Beta zeolite crystallites.

.3. Surface acidity
Fig. 4 illustrates the FTIR spectra after out-gassing the samples
t 200 ◦C, which is the temperature nearest to the reaction tem-
erature set for the catalytic reaction. As mentioned in Section 2.2,
he catalysts were pretreated with hydrogen at 400 ◦C (except ZBN),

0.00

1.00

2.00

3.00

4.00

1400150016001700

Ab
so

rb
an

ce

Wavenumbers (cm-1)

C7.5ZBN

C10ZBN

C15ZBN

C20ZBN

1450cm -1

1545cm -1

Fig. 4. FTIR spectra of catalysts obtained from adsorbed Pyridine at 200 ◦C.
Fig. 5. TPR profiles of Co supported on Beta nanometric crystallites.

previous to the measurements of pyridine adsorption, with the pur-
pose of having temperatures close to the catalytic tests conditions.
The IR spectra displayed clearly the vibrations arising from Bron-
sted acid type sites at 1545 cm−1, which correspond to Lewis type
acid sites at 1450 cm−1. It is observed that C7.5ZBN and C20ZBN cat-
alysts present a band at 1545 cm−1, which is higher than C10ZBN
and C15ZBN. It was found that C10ZBN and C15ZBN contain a minor
amount of Bronsted acid sites and the corresponding values are
reported in Table 1. However, there is no a clear trend related to
the cobalt concentration, but the cobalt particles size may have an
influence on the surface acidity. The catalysts containing a high
proportion of large particles, i.e., C7.5ZBN and C20ZBN (Table 1),
seem to show a weak interaction with the Beta zeolite and, after
the reduction treatment, the catalysts keep their surface acid sites
(Fig. 5).

3.4. TPR experiments

The reduction percentage of the catalysts in the 200–850 ◦C
range was determined from the relationship between consumed
hydrogen and theoretical values corresponding to a stoichiometric
factor. The total reduction of cobalt should occur for a hydrogen
to cobalt ratio of 1.5. For this, the Co content was determined by
atomic absorption spectroscopy. The results are reported in Table 1
while Fig. 5 displays the TPR profiles of the catalysts series, where
one observes four peaks corresponding to the transitions of Co3O4.
The first one is assigned to the reduction of the Co3+ phase to Co2+ at
about 284 ◦C for the C7.5ZBN and C15ZBN catalysts, while C10ZBN
and C20ZBN show this reduction peak at about 325 ◦C. The latter
may be assigned to reduction of large particles of cobalt oxide [16].
The second peak occurs at a higher temperature and should corre-
spond to the transition Co2+ → Co0, which combines the reduction
of any Co2+ phase remaining in the initial Co3O4 phase plus the
fraction of Co2+ initially formed in the first reduction step. How-
ever, the second and third peak overlap and extend over a wide

temperature range, thus suggesting several interactions occurring
between the cobalt species and the surface of nanometric zeolite
crystallites.
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Table 2
Catalytic activity and product distribution.

Catalyst Conversion (%) CO2 (wt%) C1 (wt%) C2–C5 (wt%) C6–C20 (wt%)

C7.5ZBN 20.5 38.2 38.9 14.8 7.9
C10ZBN 21 0 41 43.9 14.9
C15ZBN 30.2 7.4 33.3 33 26.2
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ticles, with these particles being in a reduced state that present
a higher amount of surface metallic sites, thus correlating well
with their conversion levels. Some cobalt species should interact
strongly with the external surface sites of the nanometric Beta zeo-

Table 3
Product distribution of the liquid phase.

Catalysts C7.5ZBN C10ZBN C15ZBN C20ZBN

Aromatics 11.8 7.2 13.2 8.81
Iso-paraffins 40.6 26.7 32 42
Naphthenes 1.6 1.04 1.7 0.64
C20ZBN 13 0

= 220 ◦C; P = 10 kg/cm2, H2/CO molar ratio = 2.

Also, it is reasonable to assume that small cobalt moieties inter-
ct with the zeolite surface through the more extended contact
urface in between, which might lead to substitution of some sur-
ace support protons by Co2+ ionic species, i.e., a ionic exchange
etween H+ (linked to zeolite) and Co2+ cations, regardless of the

mpregnation method used. The possible role of cationic cobalt for
ounterbalancing the zeolite surface charge is demonstrated nei-
her by XRD nor by HRTEM methods, but if the ionic cobalt exchange
ccurs on both external and internal zeolite pore walls that con-
ain the acid sites, it is possible that the reduction requires higher
emperatures. In addition, it was reported elsewhere that metal
xide species require higher temperatures for reduction [17]. Thus,
t is probable that after activation at 400 ◦C still remain some of
he cobalt species that are not in a metallic state, which do not
ontribute to the catalytic properties in the F–T reactions.

.5. Catalytic tests

Table 2 summarizes the results obtained on the conversion of
ynthesis gas over the supported metal (Co) catalysts, as well as the
roducts distribution. These results are based on the mass balance
f the feed and products as a percentage of the weight of carbon
onverted. These catalysts present a relatively low activity for the
ischer–Tropsch reaction, with an overall carbon monoxide conver-
ion between 13 and 30%, which is similar to the activity reported
reviously for conventional zeolite supported Co catalysts [9,10].

The CO conversion on the C15ZBN catalysts passes for a maxi-
um and the formation of C5–C14 products follow this trend too,
hile the highest conversion rates and yield seem dependent on

he content of Co. Also, the CO2 forms as a byproduct but it is not
lear its relationship with respect to the cobalt content. This prod-
ct is relatively unusual when using Co based catalysts, because
he water is the main byproduct, which arises from the lower abil-
ty of Co for promoting the water gas shift (WGS) reaction. The
ield of liquid products (C5+) is relatively low but heavier liquid
ydrocarbon and waxes were not detected. The selectivity pattern

s different for each catalyst, however, there is a trend in all the
ases towards the production of isoparaffins. As mentioned above,
espite the low reaction temperature, i.e., at 220 ◦C, the formation
f aromatics occurs. A high GHSV of about 1800 h−1 was used in
rder to minimize secondary reactions. It is known that Co starts to
e active at about 190 ◦C, but the zeolites usually require activation
emperatures between 240 and 260 ◦C for effecting the catalytic
somerization of light paraffins [18]. In contrast to this, the F–T
eactions favor the formation of light products [19] with increasing
emperature, i.e., until 260 ◦C.

. Discussion

Liquid hydrocarbons were obtained by means of the
ischer–Tropsch process form catalytic conversion of synthe-
is gas (CO + H2) with a H2/CO ratio of 2, where the catalysts seem
o follow a similar profile, that is the appearance of a maximum

or carbon numbers C9–C10, as shown in Fig. 6, which indicates the
eolite contribution to selectivity. However, the products distri-
ution presents several differences in function of the Co content.
he C10ZBN and C15ZBN catalysts are similar to each other but
36.1 44.6 19.3

some differences appear with respect to the other catalysts, which
present a higher proportion of olefins with respect to n-paraffins,
In this case some diffusion effects are discarded because all the
catalysts have practically the same textural properties, while the
gas flow is relatively high. Usually, the hydrogenation reaction in
the F–T process is a termination step because the hydrocarbons
chain growth is more probably carried out by �-olefins reinsertion
[19,22].

On the other hand, the catalysts C10ZBN and C15ZBN contain
the lower crystallite size, as estimated from Scherrer’s method.
This may contribute to a strong interaction between small metal
particles and the support surface, which might account for some
deviation of the properties of small metal particles with respect
to the bulk [20,21]. It has been claimed that the active phase in
the catalytic conversion of synthesis gas is the fully reduced state
of the Co phase [5,23] and, for the present case, it is worth men-
tioning that the C15ZBN catalyst has a reduction percentage higher
than the rest of the catalysts, as determined by TPR; in parallel,
this catalyst is more active for the conversion reaction. Moreover,
its relatively high metallic dispersion contributes to increase the
number of active metal sites. In fact, the presence of unreduced
Co2+ was evaluated indirectly by FTIR of adsorbed Pyridine, i.e.,
coincidently these two catalysts, C10ZBN and C15ZBN, contain the
lower amount of acid sites at 200 ◦C, which indicates that a portion
of cobalt remains as Co2+, which in turn might occupy the proton
sites. Another result supports this hypothesis: the lower formation
of isoparaffins that was detected in the liquid products corresponds
to those catalysts (Table 3, Fig. 6). In contrast to this, the C7.5ZBN
and C20ZBN catalysts produce about 40% of isoparaffins, which is
in agreement with the presence of a more prominent acid function.
Also, the evidence showed that the samples were very heteroge-
neous, for example the surface acidity of C20ZBN does not fit a
linear model based upon the progressive suppression of surface
acidity with the Co concentration.

In summary, the activity of the cobalt based catalysts for F–T
synthesis depends in the first place on the amount of metallic sites
available for the formation of hydrocarbon chains but in presence
of the acid function the linear chains evolve to more branched and
lighter hydrocarbon molecules. These results suggest two trends:
one is represented by the couple C10ZBN and C15ZBN, while the
other is represented by C7.5ZBN and C20ZBN catalysts. The former
couple is composed by catalysts that have smaller cobalt oxide par-
Olefins 19.7 45.7 33 11
Oxygenates 1.4 2.4 1.7 1.2
Paraffins 25 17 18.5 36.7

Products collected after 24 h on stream.
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Fig. 6. Hydrocarbons distribution

ite, thus causing a partial poisoning effect of the acid function,
hich in turn produces a minor proportion of isoparaffins forma-

ion. The C7.5ZBN and C20ZBN catalysts contain relatively large
etal particles, which means a minor amount of surface metallic

ites available for catalytic F–T reactions, even for the catalyst hav-
ng the higher content of Co, i.e., C20ZBN. Thus, the conversion is
ower than the previous cases, but the acid sites are relatively “free”
f promoting the catalytic isomerization reactions, as it is deduced
rom the selectivity patterns and Bronsted type acid sites, which
re obtained by FTIR/pyridine adsorption.

. Conclusions

The catalysts based upon supported cobalt on nanometric Beta
eolite are active in F–T reactions and their behavior seems bifunc-
ional, that is the metal particles and the surface acidic function of
he support play a combined role in the synthesis gas conversion
nd isomerization reactions, respectively. The selectivity is strongly
riented to isoparaffins at a temperature equal to or above 220 ◦C.
he catalytic behavior for the F–T reactions depends on the size of
he cobalt metal particles, i.e., the number of metal sites available.
he acid function interacts strongly with the small metal particles
nd this interaction may affect the acid catalytic functions mainly.
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