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1. Introduction

Hierarchical macro-mesoporous nanofibrous y-alumina (Al;0s_nf) synthesized by a surfactant-templated
route has been applied for the first time as support for preparing RuCo catalysts at two different
loading levels (20 wt% Co-0.5 wt% Ru and 30 wt% Co-1.0 wt% Ru). Equivalent catalysts involving four
commercial aluminas (Sasol, mean pore size ranging from 6.0 to 32.4 nm) have also been prepared
for comparison purposes. The materials have been exhaustively characterized (XRD, elemental analysis,
ICP-OES, N, physisorption, Hg intrusion porosimetry, TEM-HRTEM, FE-SEM, H; chemisorption, and Hj-
TPR) and evaluated for Fischer-Tropsch synthesis (FIS) in a fixed-bed reactor under realistic conditions.
Nanofibrous alumina displayed simultaneously the highest specific surface area (321 m?/g) and the
largest macroporosity. The introduction of the original nanofibrous morphology allowed us to conclude
that Co dispersion is mainly driven by support surface area rather than by pore size. By taking advantage
of these properties, RuCo/Al,03_nf catalysts bearing both the highest metal dispersion and macroporosity
have been used in this work to ponder the relevance of dispersion and intrapellet diffusion on FTS
catalyst performance, which is of paramount importance for designing improved Co-based FTS catalysts.
While initial (TOS — 0) FTS rates were related to cobalt dispersion through the recently reported particle
size-TOF dependence, pseudo-steady-state FTS activity and selectivity were dictated by both dispersion
and support porosity, evidencing the kinetic relevance of CO and «-olefin intrapellet diffusion through
the liquid phase filling the catalyst pores under working conditions. At high metal loadings, where
the relative population of intrinsically less active and Cs; selective Co® nanoparticles is decreased,
RuCo/Al;03_nf catalyst displayed the highest cobalt-time-yield and diesel productivity.

© 2009 Elsevier Inc. All rights reserved.

commonly used supports, decreases in the following order: TiO, >
Al,03 > Si0O;. Addition of small amounts (<1.5 wt%) of easily re-

The Fischer-Tropsch synthesis (FTS) is a well-established tech-
nology permitting the upgrading of abundant natural gas and coal
as well as renewable biomass resources into liquid fuels and valu-
able chemicals through conversion of syngas (CO + Hy) [1-3]. In
particular, ultra-high quality diesel can be obtained through the
selective hydrocracking of waxes produced in low-temperature FTS
preferably using a Co-based catalyst [4,5]. In these catalysts, a
high density of active Co® sites is ensured by spreading a suit-
able cobalt precursor onto a porous inorganic carrier, among which
SiOy, Al;03, and TiO, (to a lesser extent) are the most widely ap-
plied in commercial catalyst formulations [6]. The final density of
CoP sites is determined by the cobalt loading, metal dispersion,
and the extent of cobalt reduction attained upon catalyst activa-
tion treatments. Cobalt dispersion and reducibility depends on the
metal-support interaction strength [7] which, for the three most
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ducible noble or semi-noble metals, such as Ru, Re, and Pt, is of
common practice in commercial catalyst formulations in order to
enhance cobalt reducibility through Hy spillover effects [8]. Alu-
mina, particularly when used in its y-Al;03 crystalline phase, dis-
plays an intermediate Co-support interaction strength thus com-
bining a relatively high capacity for dispersing the cobalt phases as
compared to SiO, with a moderate formation of barely reducible
species in comparison to the more interacting TiO, support [7].
In addition, alumina based FTS catalysts display good mechani-
cal properties and thus a high resistance to attrition [9], a prop-
erty that is of particular concern in slurry bubble column reactors
(SBCR) whose optimization in the last decades has significantly
contributed to the development of more efficient FTS technolo-
gies [10].

In the steady state, a catalyst working under realistic FTS con-
ditions (high CO conversion and high selectivity to waxes) has
its pores filled with liquid hydrocarbons and this certainly intro-
duces constraints to the diffusion of reactants (CO) and products


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcat
mailto:amart@itq.upv.es
http://dx.doi.org/10.1016/j.jcat.2009.02.021

A. Martinez et al. / Journal of Catalysis 263 (2009) 292-305 293

(x-olefins) through the dense liquid phase which might have an
impact on catalyst performance [11-13]. Under conditions of CO-
limited diffusion, a CO concentration profile is established between
the gas phase and the Co® particle inside the pore increasing the
actual Hy/CO ratio at the surrounding of the active site. A positive
dependence of the chain-insertion elementary kinetic step on CO
partial pressure and a faster hydrogenation of the adsorbed inter-
mediates at higher H,/CO ratios determine an enhanced selectivity
to lighter hydrocarbons under CO-limited diffusion conditions. On
the other hand, increasing the restrictions for the diffusion of «-
olefins through the dense liquid phase filling the pores increases
the probability for their re-adsorption on Co® sites and insertion
into the growing chains, enhancing the formation of long-chain
hydrocarbons [13]. Diffusional issues in FTS have been nicely gath-
ered by Iglesia and co-workers [13,14] who, by using adimensional
analysis, arrived to a structural parameter (x) which mainly de-
pends on the volumetric density of active sites (and thus indirectly
on the support porosity, surface area, and metal loading), the av-
erage pore size, and the size of the catalyst pellets. Since the size
of the catalyst pellets is often determined by the reactor hydro-
dynamics, only the catalyst pore size and surface area are left
as degrees of freedom in the design of improved FTS catalysts,
for instance, by taking advantage of recent developments in the
synthesis of advanced porous materials. For inorganic solids with
conventional morphologies (as those typically used as supports for
cobalt) of nearly round particles having intraparticle porosity con-
sisting of a network of cylindrical pores, surface area and pore
size are not independent parameters and thus any improvement
in surface area is necessarily accompanied by a decrease in the
mean pore size. In this case, the expected advantages of using
high surface area supports (i.e. increased metal dispersion) could
be partially lost owing to a large proportion of small size pores
through which a restricted CO diffusion may decrease the steady-
state activity and shift the product distribution toward less desired
lighter hydrocarbons.

It clearly follows from the above considerations that an inter-
esting approach for the development of improved Co-based FTS
catalysts could be the use of advanced inorganic porous supports
with particular morphology that may avoid the surface area-pore
size interdependence typical of conventional morphologies. If this
can be achieved, the use of catalysts based on such novel support
morphologies is also expected to shed light on the relative impact
of metal particle size and diffusion-related processes on catalyst
performance under real FTS conditions. Cobalt particle size effects
have been, indeed, a matter of intense study in the literature [15-
18], though in supported cobalt catalysts with conventional mor-
phology those effects may be obscured by diffusion-related effects
as the mean cobalt particle size is always influenced by the size
of the support pores confining the metal particles [19]. Ponder-
ing the relevance of these two important parameters, i.e. particle
size and pore size, on catalyst performance is of paramount im-
portance for designing improved Co-based FTS catalysts in terms
of optimized metal dispersion and texture. In this respect, the
usually called one-dimensional (1D) morphologies have recently
become attainable at the nanoscale level (nanowires, nanorods,
nanofibers or nanotubes) for a wide variety of inorganic oxides us-
ing hard [20,21] and soft [22-24] templating approaches. Though
most of these oxides displayed valuable features as catalysts and
catalytic supports already in the form of nanosized powders, the
novel 1D morphology has shown to deeply modify their character-
istics leading, in some cases, to materials with enhanced catalytic
properties [25-27]. The templated-1D morphology at a nanoscale
level might bring about new materials combining high surface
areas along with a large (macro)porosity [28], in opposition to
conventional morphologies with exclusively intraparticle porosity.
Due to its wide range of applications as absorbent, binder and

catalytic carrier, the templated synthesis of y-Al,03 has been ex-
tensively studied in the more recent years [22-24,29,30]. Different
approaches have been used to synthesize y-Al;03 with nanofi-
brous morphology. Commonly, long-chain surfactants are used to
force sol-gel synthesis to occur in the confinement of longitudinal
micelles in the presence [23] or in the absence [22] of organic sol-
vents. Other methodologies are based on hydrothermal treatments
on pre-synthesized nanosized AI(OH), solids in the presence of
surfactants through the so called “surfactant-induced fiber forma-
tion” [24,31]. The later approach avoids the use of organic solvents
and allows the synthesis of boehmite precursors of Al,O03 at much
softer temperatures than those involving a sol-gel process in the
presence of surfactants.

The present study addresses the implications of using a macro-
mesoporous nanofibrous y-Al,03 material as support on the
physicochemical and catalytic properties of Co-based catalysts for
FTS. Several commercial y-Al,03 (Sasol) covering a wide range
of pore sizes from 6 up to 32 nm have been used as refer-
ence supports in order to put the nanofibrous catalysts in proper
perspective. The advantages introduced by the original macro-
mesoporosity and 1D primary particle morphology for the support-
ing y-Al;03 phase in terms of pondering the relevance of cobalt
particle size and porosity-related diffusion phenomena on the FTS
catalytic performance are discussed. The implications of the ac-
quired knowledge on the design of improved FTS catalysts are also
examined.

2. Experimental
2.1. Preparation of catalysts

2.1.1. Nanofibrous and commercial aluminas

Nanofibrous y-Al,03 was prepared according to a procedure
previously reported [24] with slight modifications. Specifically, a
0.2 M solution of AI(NOs3)3 (Aldrich) in deionized water was drop-
wise added (1 mL/min) to a NH4Cl (2 M)/NH4OH (2 M) buffer
solution (pH = 10.5) in order to precipitate Al(OH)y. Aluminum ni-
trate was used here as precursor instead of NaAlO, as reported
in the original work by Zhu et al. [24] in order to avoid the
presence of Na in the final catalysts that, even at the ppm level,
might have a deleterious affect on the FTS performance [32]. The
white precipitate was filtered and thoroughly washed with deion-
ized water until no chloride was detected in the outgoing wa-
ters. Then, the wet cake was mixed with the non-ionic surfactant
C11-15H23-310(CH,CCH,0)H commercially known as Tergitol 15-
TS-7 (Aldrich) in a molar ratio Al(OH)s:surfactant:H;O of 1:0.4:160.
The mixture (pH = 7-7.3) was loaded in Teflon-lined autoclaves
and hydrothermally treated at 373 K in static for 48 hours. The
product (pH = 3.5-4) was diluted in deionized water, alkalinized
with a NH3 (25 wt%) aqueous solution (Acros) until pH =9 and the
solid recovered by centrifugation, dried at 333 K overnight, and fi-
nally calcined in a muffle oven at 773 K for 20 h (heating rate
2 K/min) to remove the remaining surfactant and to crystallize the
boehmite nanofibers into the y-Al,03 phase.

Four high-purity commercial aluminas were kindly supplied by
Sasol in the form of powders and used in this work for compar-
ison purposes. Two of the samples (Catapal-B and Pural-SB) are
commercialized in the form of boehmite and pseudo-boehmite and
thus were submitted to a calcination step at 773 K for 10 hours in
a muffle oven in order to obtain the corresponding y-Al;03 forms.
The remaining samples (Puralox TH100/150 and Catalox HTa101)
were already received as y-Al;03 and used without any further
treatment.

The following nomenclature has been applied for the com-
mercial and nanofibrous y-Al,03 solids: Al,03_1 (derived from
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Catapal-B), Al,03_2 (derived from Pural-SB), Al,03_3 (Puralox
TH100-150), Al;03_4 (Catalox HTa101), and Al,03_nf (nanofibrous).

2.1.2. RuCo/y -Al,03 catalysts

RuCo/y-Al,03 catalysts were obtained by impregnation of the
alumina supports (45-65 pm particle size), previously dried at
423 K for 12 h, with an excess (10 mL/g) of aqueous solution of
Co(NO3)2-6H20 (Aldrich) and ruthenium (III) nitrosyl nitrate so-
lution (1.5 wt% Ru, Aldrich). The dried solids were suspended in
the solution containing the Co and Ru precursors and the mix-
ture stirred at room temperature for 1 h. Then, the water solvent
was removed in a rotary evaporator at 323 K and the solids dried
at 343 K under vacuum for an additional hour. The samples were
further dried in an oven at 373 K overnight and finally calcined
at 573 K for 3 h in flowing air by increasing the temperature
at a heating rate of 1 K/min in order to promote the slow de-
composition of the metal precursors. By adjusting the amount of
precursors in the mixed solution, two series of catalysts with dif-
ferent nominal Co and Ru loadings were prepared: (a) series 20%
Co/Al;03_x containing 0.5 wt% Ru and 20 wt% Co, and (b) series
30% Co/Al;03_x loaded with 1 wt% Ru and 30 wt% Co, where
x = 1-4 or nf according to the nomenclature applied for the dif-
ferent aluminas.

2.2. Characterization techniques

2.2.1. ICP-OE spectrometry and elemental analysis

The amount of Co and Ru in the calcined catalysts, as well
as in selected samples before calcination (dried) and after catal-
ysis (spent), was determined by ICP-OES in a Varian 715-ES spec-
trometer after complete dissolution of the solids (ca. 20 mg) in a
HNOs3/HF/HCI solution (1/1/3 volume ratio).

Elemental analysis was also performed on selected dried and
calcined samples in order to determine the nitrogen content. The
analyses were performed in a Fisons EA1108 instrument using sul-
fanilamide as standard.

2.2.2. Ny physisorption

The N, adsorption-desorption isotherms for the y-Al,03 sup-
ports and the corresponding RuCo/y-Al,03 catalysts were mea-
sured in a Micromeritics ASAP 2000 equipment. The samples (ca.
200 mg) were degassed at 673 K for 24 h prior to analysis. Specific
surface areas were estimated by using the B.E.T. approach. Average
pore sizes and pore size distributions were obtained by applying
the BJ.H. formalism to the adsorption branch of the isotherms,
according to the IUPAC recommendations for solids with an hys-
teresis loop deviating from type H1, as it is the case here for some
of the wide pore alumina supports, and for solids with certain pore
blockage as it occurs for the metal-loaded CoRu/alumina catalysts
[33].

2.2.3. Hg intrusion porosimetry

The macroporosity (pores larger than 50 nm) of selected sam-
ples was assessed by mercury intrusion porosimetry in a Fisons
Pascal 240 porosimeter. A contact angle of 141° and a cylindrical
pore model were considered for the calculations. The samples (ca.
100 mg, 45-65 pm particle size) were dried at 353 K overnight
and then degassed in situ at room temperature and 0.2 mbar be-
fore measurement.

2.2.4. X-ray diffraction

X-ray diffraction patterns were acquired at room temperature in
a Phillips X'pert diffractometer using monochromatized CuK,, radi-
ation. The average crystal size of the supports was determined by
applying the Scherrer’s equation to the (4 0 0) diffraction of y-
Al;03. The average particle size of Co304 in calcined catalysts was

estimated from the Scherrer’s equation applied to the most intense
(3 1 1) diffraction (20 =36.9°) using a shape factor K = 0.9. The
mean Co® particle size in reduced catalysts was then obtained from
the corresponding Co304 particle size by applying the molar vol-
ume correction [34]:

d(Co%) = (3/4)d(Co304).

2.2.5. Temperature-programmed reduction

The reduction behavior of the supported metal oxide phases
was studied by hydrogen temperature-programmed reduction (Hy-
TPR) in a Micromeritics Autochem 2910 apparatus. About 30 mg
of sample were initially flushed with an Ar flow at room tempera-
ture (RT) for 30 min, then the gas was switched to 10 vol% H; in
Ar and the temperature increased up to 1173 K at a heating rate
of 10 K/min. The H, consumption rate was monitored in a thermal
conductivity detector (TCD) previously calibrated using the reduc-
tion of CuO as reference.

The extent of cobalt reduction was determined using the equip-
ment described above as follows: about 100 mg of sample were
reduced in the U-shaped cell at 673 K (heating rate 1 K/min) for
10 h in flowing pure Hp (50 cm?/min), that is, the same reduc-
tion conditions applied prior to catalysis. Then, the Hy gas was
switched to Ar and the sample was flushed at 673 K for 30 min.
Afterward, the flowing gas was changed to 10 vol% Hy in Ar and
the temperature linearly increased from 673 K up to 1173 K at a
heating rate of 10 K/min while monitoring the Hy consumption
in a TCD. It is assumed that the reduction of RuOy to Ru® and
Co304 to CoO proceeded quantitatively during the 10 h treatment
and, thus, that the Hy consumed in the H,-TPR of the pre-reduced
sample (673-1173 K) is exclusively due to the further reduction of
CoO to Co®. This assumption is supported by the H,-TPR profiles
of the calcined catalysts, as will be shown later. For estimating the
degree of reduction, it was also assumed that complete reduction
of Co304 to Co® took place during the H,-TPR of calcined samples
(RT-1173 K), as confirmed from the total amount of H, consumed
and the Co content determined by ICP-OES. The degree of reduc-
tion (DG, in %) is then estimated as:

DG (%) = (1 — F/T) - 100,

where F is the amount of Co that has been reduced during the
TPR of the pre-reduced (673 K for 10 h) sample and T is the to-
tal amount of cobalt. The degrees of reduction determined by the
above procedure are subjected to an experimental error (20) of
+2.8%, as calculated from three independent measurements on the
20% Co/Al,03_nf sample.

2.2.6. Hydrogen chemisorption

Cobalt dispersions were determined for the 20% Co/Al,03_x se-
ries by Hy chemisorption at 423 K in an ASAP 2010C Micromeritics
equipment by extrapolating the total gas uptakes in the Hy adsorp-
tion isotherms at zero pressure, following in detail the procedure
reported by Bartholomew et al. [35]. Prior to adsorption, the sam-
ples (ca. 0.5 g) were pre-treated in flowing He at 393 K for 1 h.
Afterward, the samples were reduced in situ by flowing pure H;
and raising the temperature from 393 K to 673 K at a heating rate
of 1 K/min and maintaining this temperature for 10 h. After re-
duction, the samples were degassed at 1.3 Pa and the temperature
lowered to 423 K. Co® particle sizes were estimated from the total
(reversible + irreversible) amount of chemisorbed H;, Co content
(from ICP-OES), and extent of cobalt reduction (at 673 K/10 h)
by assuming a H/Co = 1 atomic ratio stoichiometry and a hemi-
spherical particle geometry with a surface atomic density of 14.6
atoms/nm?.
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2.2.7. Electron microscopy

Transmission electron microscopy (TEM and HRTEM) charac-
terization of selected samples was performed in a Tecnai G2 field
emission gun (200 kV) device equipped with EDAX microanalysis.
Before TEM observation, the samples were prepared by suspending
the solid in ethanol and submitting the suspension to ultrasoni-
cation for one minute. Afterward, the suspension was let to slowly
decant for two minutes and a drop was extracted from the top side
and placed on a holly carbon-coated copper grid. RuCo/alumina
catalysts were previously reduced in flowing pure H for 10 h at
673 K and stored under a <1% O3/N, passivating atmosphere until
sample preparation for microscopy.

Scanning electron micrographs (SEM) have been recorded in a
Hitachi S-4100 field-emission (FE) gun microscope equipped with
a BSE-AUTRATA detector using gold-coated powder specimens.

2.3. Fischer-Tropsch synthesis

The Fischer-Tropsch synthesis (FTS) was carried out in a down-
flow fixed-bed stainless steel reactor, as detailed elsewhere [36,37].
In a typical experiment, the reactor was loaded with 1.0-1.5 g of
catalyst in the calcined form (0.25-0.42 mm pellet size) previously
diluted with the required amount of silicon carbide (0.6-0.8 mm)
to attain a constant bed volume of 6.4 cm3. Then, the catalyst
was reduced in situ at atmospheric pressure in flowing pure Hy
(200 cm?/(mingeat)) at 673 K for 10 h (1 K/min heating rate). Af-
ter reduction the temperature was lowered down to 373 K under
the flow of Hy, and subsequently a flow of a mixture of CO, H,
and Ar (CO:Hy:Ar volume ratio of 3:6:1, Ar used as internal stan-
dard) was established through the reactor, the reaction pressure
slowly increased up to 2.0 MPa, and the temperature raised up
to 493 K at a rate of 4 K/min. Under these conditions a pseudo-
steady catalytic behavior was usually attained at time-on-stream
(TOS) above 7-8 h. A constant gas hourly space velocity (GHSV)
of 7.2 Lsyngas/(gcat h) was applied for all catalysts during the first
7-8 h on stream (transient period) and then the space velocity
was adjusted in each case to attain a pseudo-steady CO conver-
sion of 40%. The temperature in the catalyst bed was controlled
to 493 £ 1 K by means of two independent electric heating zones,
with the corresponding temperature controllers connected to ther-
mocouples located in different positions inside the catalytic bed.
An additional movable thermocouple was used to verify the ab-
sence of longitudinal temperature gradients and hot spots along
the catalyst bed. During the reaction, heavy hydrocarbons (Cys4.)
were condensed in two consecutive traps located at the reactor
outlet and kept at 423 and 373 K, respectively, both at the reac-
tion pressure of 2.0 MPa. The product stream leaving the second
trap was depressurized and analyzed on line at periodic intervals
in a GC (Varian 3800) equipped with three columns and two de-
tectors [37]. The heavier products accumulated in the two traps
were removed after the transient (TOS ~ 7 h) and pseudo-steady
(TOS ~ 15 h) periods, weighted, diluted with CS;, and analyzed in
the same GC. Carbon mass balances obtained independently for the
two periods were quite satisfactory (100 £ 2%). Product yields and
selectivities are given on a carbon basis.

3. Results and discussion
3.1. Properties of the catalytic alumina supports

3.1.1. Nitrogen physisorption

As seen in Fig. 1, all the alumina supports display non-
reversible adsorption-desorption isotherms with an hysteresis loop
characteristic of capillary condensation in mesopores (2-50 nm).
The isotherms of samples Al;03_1, Al;03_2, and Al;03_3 tend to
reach a plateau above a certain relative pressure, indicating that
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Fig. 1. N, physisorption isotherms for commercial (Al;03_1-Al,03_4) and nanofi-
brous (Al03_nf) aluminas. Isotherms for Al,03_(1-4) have been offset vertically by
1200, 1100, 750 and 650 cm? /g, respectively.

most of the pores in these solids fall within the mesopore range.
The relative pressure at which the plateau is attained increases
from P/Po = 0.87 for Al;03_1 to 0.97 for Al,03_3 reflecting the
increase in the mean size of the mesopores. A distinct behavior
can be perceived at high relative pressures (P/Pgy > 0.9) in the Nj
isotherms of Al,03_4 and Al,03_nf aluminas. For these two solids,
a plateau above a certain relative pressure is not longer observed
and, instead, both the adsorption and desorption branches contin-
uously increase until saturation (P/Pg=1).

The hysteresis loops in Al;03_1, Al,03_2, and Al;03_3 can be
classified as type H2 according to the IUPAC recommendations for
gas physisorption data analysis [33] and suggest the presence of
nearly tubular mesopores with a relatively narrow pore size dis-
tribution. Conversely, the shape of the hysteresis loops in Al,03_4
and Al,Os_nf falls within H3 and H4 categories [33], which are
typical of slit-type pores associated to the interparticle porosity
generated in solids having plate or fiber-like morphology. This sug-
gests that the latter two solids might contain larger pores with
diameters beyond those measurable by N, physisorption, as will
be discussed later on the basis of Hg porosimetry data.

Fig. 2 depicts the pore size distributions in the 2-200 nm range
obtained from the absorption branch of the Ny isotherms by apply-
ing the BJ.H. formalism. According to N, physisorption all alumina
supports display an unimodal pore size distribution with mean
pore sizes ranging from 6.0 nm (Al;03_1) to 32.4 nm (Al,03_4).
The nanofibrous Al,0s;_nf material presents an intermediate mean
pore diameter of 16.1 nm. Table 1 summarizes the textural prop-
erties of the alumina supports. As seen there, the B.E.T. surface
area of the commercial aluminas shows a descending trend from
254 to 70 m?/g with increasing the mean pore diameter from 6.0
to 32.4 nm, evidencing the inverse relationship between pore size
and surface area typical of inorganic porous oxides with conven-
tional morphologies (i.e. intraparticle porosity). This trend does not
apply at all for the nanofibrous alumina which displays the highest
specific surface area (321 m?/g) and total pore volume (1.29 cm?/g)
and an intermediate pore size of 16.1 nm according to Ny physi-
sorption.

3.1.2. Mercury intrusion porosimetry

The presence of macropores in the nanofibrous sample and in
selected commercial aluminas was assessed by means of mercury
intrusion porosimetry. As seen in Table 1, the volume of macro-
pores (>50 nm in diameter) in Al;03_2 and Al;03_3 (0.04 and
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Table 1

Origin and textural properties of the y-alumina supports.

Support Origin Ny physisorption Hg intrusion Crystal
BET. PD? pvo L oL
(m2fg) (nm) (cm?/g) (cm”/e) (nm)

Al,03_1 Catapal-B (Sasol) 254 6.0 0.48 - 3.9

Aly03_2 Pural-SB (Sasol) 192 9.1 0.55 0.04 4.2

Aly03_3 Puralox TH100/150 (Sasol) 157 21.8 0.98 0.09 7.0

Al,03_4 Catalox HTa101 (Sasol) 70 32.4 0.65 0.11 8.5

Aly03_nf Nanofibrous y-Al,03 321 16.1 1.29 0.26 3.5

4 Mean pore diameter estimated from the absorption branch of the isotherm by applying the B.J.H. formalism.

b Total pore volume.

¢ Total pore volume for pores in the range of 50-10> nm diameter as determined by Hg intrusion porosimetry.

ALO, 3
21.8 nm
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> : - 324 nm
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Fig. 2. Pore size distributions for the commercial (Al;03_1-Al;03_4) and nanofi-
brous (Al,03_nf) aluminas obtained by applying the B.J.H. formalism to the adsorp-
tion branch of the N, isotherms.

0.09 cm?/g, respectively) is less than 10% the total pore volume
determined by N, physisorption, indicating a negligible contribu-
tion of macropores to the total porosity in these solids, as it was
predicted from the shape of their respective N, hysteresis loops
(Fig. 1). The relative contribution of macropores is expected to be
even lower for Al;03_1 with the smallest average pore size. This
result concurs with that published by others on similar commer-
cial aluminas obtained from the same supplier (Sasol) [32]. On
the other hand, the macropore volume of Al;03_4 determined by
Hg intrusion amounts to 0.11 cm3/g, although it has to be kept
in mind that, as it is evidenced in Fig. 2, part of the macrop-
ores (those in the 50-200 nm range) in this sample are already
accounted for in the total pore volume determined by N, ph-
ysisorption. It is worth to mention here that the volume corre-
sponding to mesopores measured by Hg intrusion fits reasonably
well with that obtained by N, physisorption. According to Hg
intrusion measurements, the nanofibrous Al,Os;_nf sample bears
the largest macropore volume (0.26 cm?/g) and thus the high-
est relative contribution of macropores to the total porosity tak-
ing into account that this sample contains almost no macropores
in the range covered by Ny physisorption (Fig. 2). Therefore, the
nanofibrous alumina should be described by a bimodal pore size
distribution with mesopores and macropores averaging 16.1 nm
and 240 nm in size, respectively. Due to its bimodal porosity, we
believe that using only the mean mesopore size determined by
N, adsorption may not be appropriate for describing the poros-
ity of Al;03_nf because the detected macropores could dramati-
cally influence the intrapellet transport rates during FTS, as will

be seen later when discussing the catalytic results. Moreover, a
single mean pore size value (obtained for instance by combin-
ing the N, physisorption and Hg intrusion results) will not be
assumed for Al,O3_nf as it may not be rigorous for describing
the mentioned bimodal porosity. Therefore, the macro-mesoporous
nanofibrous alumina will be hereafter considered as the widest
pore alumina support without assigning it a definite mean pore
size (dp > 40 nm) just to account for the significant contribu-
tion of macropores and to avoid misleading conclusions when
the physicochemical and catalytic properties of the correspond-
ing CoRu catalysts are put in perspective with those based on
the commercial aluminas. For the latter materials, however, the
average pore size given by Ny physisorption will be used for de-
scribing their porosity for sake of clarity, even if Hg porosimetry
revealed a certain contribution of macropores to the total porosity
of A1203_4.

3.1.3. X-ray diffraction

The only crystalline phase detected by X-ray diffraction in all
the alumina supports after the calcination treatment at 773 K,
when required (see Section 2.1.1), was y-Al;03. The corresponding
crystallite sizes estimated from the (4 0 0) reflection of y-Al,03
are included in Table 1. As observed, the crystallite size of the
y-Al03 phase in the commercial aluminas decreases from 8.5
to 3.9 nm when decreasing the mean pore size, which is in ac-
cord with the increase in surface area. On the other hand, the
Al,03_nf sample displays the smallest crystallite size (3.5 nm) thus
stressing the nanocrystalline nature of this material synthesized in
the confinement of nanosized domains delimited by the surfactant
molecules.

3.1.4. Electron microscopy (TEM and SEM)

The texture of the pristine y-Al,03 supports has been studied
by TEM. Representative TEM images of the four commercial alumi-
nas are shown in Fig. S1 of the supporting information. The narrow
pore Al;03_1 and Al,03_2 samples consist in worm-like nanocrys-
tallites assembled in a porous network (Figs. S1a and S1b, respec-
tively). The size of the individual particles increments from 2-3 x
7-15 nm in Al;03_1 (pore size of 6.0 nm) to 3-5 x 10-25 nm
in Al;03_2 (pore size of 9.1 nm). The size is further increased
to 7-12 x 25-40 nm in the rod-like primary particles found in
Al,03_3 (Fig. S1c) having an average pore size of 21.8 nm. On the
other hand, the widest pore Al;03_4 commercial alumina consists
of larger parallelepiped particles, showing also intraparticle voids
(Fig. S1d), which assemble in an open network, consistent with
the existence of macropores as found by Hg porosimetry. Finally, a
representative bright-field TEM image at medium magnification of
the nanofibrous alumina is shown in Fig. 3. As seen there, Al,O3_nf
consists of very long nanofibers (2-3 x 20-50 nm) displaying by
far the highest aspect ratio within all the aluminas studied. The
nanofibers are randomly packed with low density allowing for the
existence of large interparticle voids consistent with the presence
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Table 2
Chemical composition and textural properties of RuCo/alumina catalysts.
Catalyst Co content Ru content (wt%) Nitrogen content (wt%) B.ET. PV PD
(wt%) Dried Calcined Spent Dried Calcined (m?[g) (ecm?[g) (nm)
20% Co/Al,03_1 20.7 0.58 0.28 0.24 5.1 0.3 196 0.35 5.9
20% Co[Al,03_2 22.1 0.52 0.27 0.25 53 0.4 181 0.36 7.1
20% Co/Al,03_3 22.3 0.50 0.28 0.27 127 0.58 15.1
20% Co/Al,03_4 21.7 0.21 68 0.40 21.8
20% Co/Aly03_nf 21.8 0.33 231 0.76 13.3
30% Co/Al,03_1 32.5 0.90 0.51 0.47 6.6 0.4 164 0.30 5.7
30% Co/Al,03_2 33.5 0.92 0.57 0.45 6.9 0.3 149 0.31 7.9
30% Co/Al,03_3 32.0 0.48 111 0.49 16.3
30% Co/Al,03_4 324 0.63 66 0.36 21.1
30% Co/Al,03_nf 32.8 0.54 202 0.59 13.0

s

Fig. 3. Bright-field TEM image of the nanofibrous alumina at medium magnification.
Individual nanofibers of ca. 2-3 x 20-50 nm are clearly observed.

of macropores detected by Hg intrusion porosimetry. Additional
TEM images of the nanofibrous sample can be seen in Figs. Sle
and S1f of the supporting information. No regions containing par-
ticles having distinct average dimensions nor different morphology
were found within several images recorded at different positions
along the TEM grid.

The texture of the surfactant-templated Al,Os;_nf support has
also been analyzed by FE-SEM. Fig. S2 of the supporting infor-
mation shows a representative micrograph of the surface of the
micron-sized Al,Os_nf particles. The existence of macropores of
80-500 nm in size is revealed in concordance with the Hg intru-
sion porosimetry results. This porous network appears disordered
as a result of the corrugated morphology of the relatively thin
macroporous walls, which are perceived in greater detail at the
higher-magnification included as inset in Fig. S2. The Al,03_nf sup-
port can thus be conceived as a hierarchical bimodal macro (80-
500 nm)-mesoporous (16 nm) solid where the macroporous walls
are constituted by randomly packed y-Al,03 nanofibers, as ap-
praised by TEM (Fig. 3 and Figs. S1e, S1f), which are responsible for
the mesoporosity detected by Ny adsorption. This bimodal porosity
is consistent with that found for similar surfactant-templated inor-
ganic solids prepared in the presence large amounts of surfactants
organized in supermicelles [28,38].

3.2. Characterization of RuCo/alumina catalysts

3.2.1. Elemental and chemical analyses

The nitrogen content (associated to the metal precursors) after
Co and Ru impregnation and drying at 373 K as well as after the
subsequent calcination at 573 K determined by elemental analy-
sis is shown in Table 2 for samples prepared from Al;03_1 and

Al;03_2. The amount of nitrogen in the dried solids is 5.1-5.3 wt%
and 6.6-6.9 wt% for the series loaded with 20 and 30 wt% Co, re-
spectively. After calcination the amount of nitrogen drops below
0.4 wt¥% in all samples, indicating a nearly complete decomposition
of the metal precursors under the calcination conditions applied
(573 K, 3 h).

Table 2 also collects the Co and Ru concentrations determined
by ICP-OES in the calcined materials. In the case of Ru, the concen-
tration in selected samples was also measured at different stages of
catalyst preparation (dried, calcined) and after use in FTS (spent).
As observed, the Co contents in the calcined solids slightly exceed
the nominal values, with maximum deviations of ca. 11-12%. On
the other hand, the Ru contents in the dried solids are very close
to the nominal values (0.5 wt% and 1.0 wt% for 20% Co/Al,03_x
and 30% Co/Al,03_x, respectively), but they drop by ca. 40-50%
upon calcination at 573 K. A similar loss of Ru during calcination
has been reported by others for Ru and bimetallic Co-Ru catalysts,
and attributed to the formation of volatile suboxide species un-
der oxygen-containing atmospheres at temperatures above 473 K
[39-41]. An additional slight decrease in Ru content is noticed for
the spent catalysts due to the formation of volatile ruthenium car-
bonyls under syngas atmosphere at the reaction conditions [42,43].
No cobalt loss was detected due to calcination or reaction, at the
confidence level of the technique (£1%).

3.2.2. Nitrogen physisorption

The textural properties of the calcined catalysts as measured by
N, physisorption are gathered in Table 2. As expected, incorpora-
tion of Co and Ru phases leads to a decrease in B.E.T. surface area
and pore volume, the relative decrease being more pronounced
for the series with higher metal loading (3-28% for 20 wt% Co
and 6-37% for 30 wt% Co). Moreover, for each series of catalysts
the relative decrease within the commercial aluminas is greater
for the small pore Al;03_1 and Al;03_2 samples, for which a par-
tial pore blockage by the supported metal oxide particles is more
likely to occur, in agreement with previous observations [31,42].
At this point, it is worth mentioning that the relative decrease in
specific surface area for the Al03_4-based catalysts is significantly
lower (3-6%) than that expected from a simple dilution effect (ca.
27% and 41% decrease for catalysts with 20 wt% and 30 wt% Co,
respectively) by the Co304 phase in the calcined solids if one
disregards the contribution of this phase to the total specific sur-
face area as well as the existence of any pore blockage. However,
for low surface area solids such as Al;03_4 (70 m?2/g), the spe-
cific external surface associated to the non-porous Co304 particles
might be comparable to that of the support. For instance, spher-
ical Co304 nanoparticles having 44 nm in diameter, which is the
average Co304 particle size estimated by XRD for 20% Co/Al,03_4,
display a specific external surface area of 22 m?/g which is ca. 31%
of the specific surface area of the bare Al;03_4 support. In this
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Table 3

Cobalt dispersion and reducibility of RuCo/alumina catalysts.

Catalyst Metal particle size Degree of
XRD H, chemisorption E;’)j“mona
d(Co304) (nm) d(Co%) (nm) H, uptake (umol/g) d(Co®) (nm) :

20% Co/Al,03_1 16.4 12.3 122 10.9 79

20% Co[Al,03_2 17.3 13.0 144 1.5 92

20% Co/Al,03_3 25.2 18.9 108 16.5 98

20% Co/Al,03_4 44.7 335 70 25.2 99

20% Co/Aly03_nf 14.7 11.0 164 10.2 93

30% Co/Al,03_1 23.5 17.6 - - 86

30% Co/Al,03_2 26.8 201 - - 95

30% Co/Al,03_3 317 23.8 - - 98

30% Co/Al,03_4 479 359 - - 100

30% Co/Al,03_nf 16.8 12.6 - - 95

4 Estimated by H-TPR on pre-reduced (673 K, 10 h) samples (see Section 2.2.5).

case, the dilution effect becomes less relevant and the contribu-
tion of the supported Co304 phase to the total surface area of the
catalyst cannot be ignored. As seen in Table 2, the catalysts based
on the nanofibrous alumina do present the highest B.E.T. values
within each series.

Finally, a slight decrease in the mean pore size (Table 2) and a
corresponding down-shift in the pore size distribution (not shown)
is observed for all the aluminas after incorporation of the metal
phases without altering the order in pore sizes imposed by the
corresponding pristine supports (Tables 1 and 2). Moreover, the
macropore volume measured by Hg intrusion for the calcined cata-
lysts based on the nanofibrous alumina remained almost the same
than that of the bare Al,03_nf support.

3.2.3. X-ray diffraction

The spinel Co304 was the only crystalline cobalt phase ob-
served in the XRD of calcined catalysts. No diffractions corre-
sponding to crystalline Ru phases were detected. Table 3 lists the
average Co304 and Co® crystallite sizes obtained as explained in
Section 2.2.4. As observed, the d(Co®) values estimated by XRD
for catalysts based on the commercial aluminas slightly exceed
the mean pore size of the corresponding supports as measured
by Nj physisorption (Table 1). This has also been previously ob-
served by others for Co catalysts supported on SiO, and Al,03
[32,44]. According to these studies, this observation does not ex-
clude the location of most of the Co® particles inside the support
pores. In fact, the formation of Co® particles with an elongated
morphology instead of the spherical morphology assumed in the
d(Co®)xrp estimation has been proposed in order to explain this
apparent contradiction [44]. Additionally, recent 3D-TEM studies
have pointed toward an oversimplification of the pore networks
in porous solids by the adsorption models applied to obtain the
textural characterization data from N» physisorption which might
also explain the dissenting values obtained by independent mea-
surements for pore size and particle diameter [45]. Nevertheless,
even if according to these recent studies it seems reasonable to
assume that cobalt metal particles will be mostly located inside
the support pores, the presence of a fraction of cobalt on the outer
surface cannot be ruled out. It is remarkable that in the case of
catalysts based on the nanofibrous alumina the average Co® crys-
tallite sizes (11.0-12.6 nm) are even lower than the mean diameter
of the mesopores detected by N, physisorption (16.1 nm). It is also
evidenced in Table 3 that the average cobalt particle size increases
with cobalt loading for all the aluminas used, as it has been previ-
ously observed for similar systems [36].

The unique textural properties of the nanofibrous alumina pre-
senting simultaneously the largest specific surface area and pore
size can be advantageously used to assess the real impact of both
parameters on the final cobalt particle size by putting these cata-

lysts in perspective with those based on the commercial supports
for which surface area and pore size are not independent parame-
ters. As shown in Fig. 4a, the average Co304 particle size, d(Co304),
for the commercial aluminas continuously increases with support
pore size irrespective of metal loading, in agreement with previous
studies [32,44]. This correlation, however, does not apply for cata-
lysts based on the nanofibrous alumina as they display the lowest
d(Co304) at the two Co loadings despite having, in average, wider
pores than the commercial samples. The lack of correlation for the
nanofibrous catalysts still keeps even if only the mean pore size
derived from N, physisorption (16.1 nm) is used to describe the
porosity of the nanofibrous alumina without taking into account
the contribution from macropores. By contrast, a quite satisfac-
tory inverse relationship between d(Co304) and support surface
area is evidenced in Fig. 4b for all the aluminas including the
nanofibrous one. Other authors have reported a direct correlation
between cobalt particle size and support pore size [32,44,46,47]
though in some cases [32] an obvious correlation between parti-
cle size and support surface area was not observed. In our opinion,
this can be ascribed to the much more limited range of support
surface areas used in those studies as compared to the present one
thanks to the introduction of the original high surface area nanofi-
brous alumina support. The results of the present study allow us
to conclude that the final cobalt dispersion is mainly determined
by the specific surface area of the support rather than by its pore
size.

3.2.4. Hydrogen chemisorption

Cobalt dispersion was also determined by H, chemisorption for
the series of catalysts with 20 wt% Co loading pre-reduced at 673 K
for 10 h. The results, given in Table 3, do show that the particle
sizes derived from H; chemisorption are in reasonably harmony
with those estimated by XRD. As seen in Table 3, H, chemisorp-
tion gives slightly lower d(Co®) values than XRD, particularly in
the less dispersed 20% Co/Al;03_3 and 20% Co/Al;03_4 samples for
which Hy chemisorption cobalt particle sizes are about 25% lower
than XRD values. Even a much better agreement between the two
techniques is found in the rest of catalysts, with maximum rela-
tive differences of 12%. The good agreement between Co® particle
sizes derived from XRD and H, chemisorption allow to discard any
extensive cobalt sintering during the catalyst reduction treatment.

3.2.5. Transmission electron microscopy (TEM and HRTEM)

The location and size of the supported cobalt particles were
examined by TEM in selected pre-reduced samples. In the case
of highly dispersed catalysts, as those based on the nanofibrous
alumina, slightly out-of-focus images had to be recorded to bet-
ter visualize the cobalt nanoparticles due to their limited contrast
against the alumina support. A representative TEM image for 20%
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Fig. 4. Variation of cobalt oxide particle size, d(Co304), with (a) pore size and (b) B.E.T. surface area of commercial (closed symbols) and nanofibrous (open symbols) alumina

supports for RuCo/alumina catalysts with 20 wt% Co and 30 wt% Co loading.

40 nm

Fig. 5. Representative TEM image for 20% Co/Al;Os_nf catalyst. The image is
recorded slightly out-of-focus for better visualizing the cobalt nanoparticles. As in-
set, HRTEM image evidencing the presence of very small (6-9 nm) reoxidized cobalt
nanoparticles.

Co/Al;03_nf sample is shown in Fig. 5. There, nearly round-shaped
cobalt nanoparticles (marked with black arrows in the figure) be-
low 8-10 nm in size coexisting with larger (10-15 nm) ones are
observed, which is consistent with the mean particle size esti-
mated by XRD and H; chemisorption (11.0 and 10.2 nm, respec-
tively, Table 3). The presence of very small cobalt particles in this
sample has also been evidenced by HRTEM (inset in Fig. 5), where
particles sizing 6-9 nm are clearly visible, showing orientations
perpendicular to the (1 1 1) crystalline plane of cubic Co®, identi-
fied by a lattice spacing of 2.05 A. Additionally, the characteristic
lattice spacing of the (2 0 0) plane of CoO can be observed for
cobalt nanoparticles below 7 nm in size, indicating that reoxida-
tion of very small nanoparticles occurred to some extent during
sample passivation, handling, and preparation prior to TEM obser-
vation. In those cases, the TEM-derived particle sizes were properly

corrected to account for the size contraction related to the reduc-
tion of the CoO phase to Co®.

3.2.6. Reducibility of catalysts

The H,-TPR profiles for the calcined catalysts loaded with
20 wt% and 30 wt% Co are shown in Figs. 6a and 6b, respectively.
For the sake of clarity, the samples in each figure have been verti-
cally arranged according to their mean Co® particle size (estimated
by XRD). As it is typically observed for supported Co304, all sam-
ples display two main Hp consumption features with maxima at
around 500 K (T1max) and 625-670 K (T2 max) that correspond to
the reduction of Co304 to CoO and subsequent reduction of CoO
to Co®, respectively. The H, consumption ratios between the sec-
ond (CoO — Co%) and the first (Co304 — CoO) reduction steps
are systematically lower in our samples (1.7-3) than the stoichio-
metric ratio of 3. This is likely due to the contribution to the low
temperature reduction feature of the decomposition of some resid-
ual cobalt nitrate precursor (which takes place at around 500 K on
alumina [32]) remaining in the solid after calcination, as it was as-
certained by elemental analysis (Table 2), and to the reduction of
Ru species. The absence of reduction features above 800 K discards
the formation of barely reducible cobalt aluminates in noticeable
amounts, which can be attributed to the reduction promoter effect
of Ru [8,48,49].

The H,-TPR profiles shown in Figs. 6a and 6b show that, while
T1max hardly varies with the Co? particle size within each series
of catalysts prepared from the commercial aluminas, Tomax shifts
toward lower temperatures as the average Co® particle size in-
creases. This trend concurs well with previous observations [50]
and can be ascribed to a hindered reduction of smaller cobalt ox-
ide particles displaying a stronger interaction with the surface of
narrower pore aluminas. This fact also explains the lower T3 max
observed for the catalysts with higher Co loading having, on aver-
age, larger cobalt particle sizes (Table 3). In addition to the particle
size effect (i.e. Co-support interaction), a more impeded diffusion
of water molecules (formed during reduction) in narrower pores
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Fig. 6. H,-TPR profiles obtained for (a) 20% Co/Al,03_x and (b) 30% Co/Al,03_x series of RuCo/alumina catalysts.

increasing its residence time and slowing down the reduction ki-
netics may also contribute to the observed reducibility trends in
the commercial alumina catalysts [51,52]. Interestingly, the cat-
alysts prepared from the nanofibrous alumina deviate from the
reducibility-particle size trend observed for the commercial alumi-
nas as the former clearly present lower Tymax values (15 to 19 K
depending on Co loading) than the equivalent catalysts based on
the smallest pore size Al;03_1 alumina while having lower cobalt
particle sizes. This anomalous behavior can be explained by the
original hierarchical bimodal porosity of the Al;03_nf support hav-
ing a significant contribution of large macropores that facilitate
the removal of water from the catalyst pores during the reduc-
tion process. Therefore, the reduction kinetics and, consequently,
the overall extent of reduction in supported Co catalysts is deter-
mined by a combined effect of cobalt particle size (cobalt-support
interaction strength) and support porosity (water diffusion effect).
This conclusion has been made possible thanks to the use of the
original catalysts based on the nanofibrous alumina as they dis-
play opposite extreme values in pore size and cobalt particle size
within the series of catalysts studied.

The degrees of cobalt reduction after the reduction treatment
at 673 K for 10 h in pure Hy (see experimental conditions in
Section 3.2.6) are collected in Table 3. As seen there, degrees of
reduction of 80-100% are observed for all samples, and thus only
a small amount of non-reduced cobalt phases is expected to exist
in the reduced catalysts. A clear parallelism between the degrees
of reduction at 673 K given in Table 3 and the T,max values in
the respective H,-TPR profiles corresponding to the second cobalt
reduction step (CoO — Co®) (Figs. 6a and 6b) is observed, that
is, lower Tymax values do correspond with higher extents of re-
duction. Thus, samples based on Al;03_1 are those displaying the
lowest degrees of reduction (79-86%) and the highest Tmax val-
ues (696-688 K) while the opposite holds for the catalysts based
on the wider pore Al,03_4 alumina (99-100% degrees of reduction
and T2 max = 656-629 K).

The characterization results discussed above have shown that
the original morphology of the nanofibrous alumina leads to cat-
alysts presenting both the highest porosity and the highest cobalt

dispersion. This particular property is expected to shed light on
the relative impact of diffusion and dispersion effects on FTS cata-
lyst performance when these catalysts are put in perspective with
those obtained from the commercial aluminas. These aspects will
be discussed in detail in the following sections.

3.3. Fischer-Tropsch synthesis

3.3.1. Transitory behavior

All the RuCo/alumina catalysts studied experienced changes in
activity and selectivity during the initial stages of the FTS (tran-
sitory state) until a pseudo-steady state behavior is attained at
time-on-stream (TOS) above 7-8 h. As will be shown here, the
behavior of the catalysts during both the transitory and pseudo-
steady states is strongly dependent on the textural properties of
the alumina supports.

Fig. 7 shows the evolution of the cobalt-time-yield and the
olefin-to-paraffin (O/P) weight ratio for hydrocarbons in the C5-
C7 range with TOS for 20% Co/Al;03_1, 20% Co/Al;03_4, and 20%
Co/Al;03_nf catalysts. A larger initial decrease in cobalt-time-yield
is observed for 20% Co/Al;03_1 prepared from the smaller pore
commercial alumina (Fig. 7a) as compared to the wider pore 20%
Co/Al;03_4 catalyst (Fig. 7b). Interestingly, the change of the O/P
ratio with TOS in these two catalysts parallels that of the cobalt-
time-yield. Intermediate behaviors were observed for the com-
mercial samples with intermediate pore sizes (not shown). The
augment of the relative change in activity and O/P ratio during
the transitory period from 20% Co/Al;03_1 to 20% Co/Al;03_4 re-
flects the increasing resistance to the diffusion of CO and «-olefins
through the waxy liquid phase filling the catalyst pores (which de-
velops during the first stages of the reaction) with decreasing the
mean pore size of the alumina support [13,14,53]. On the other
hand, the catalyst based on the nanofibrous alumina displays a low
relative decrease in the cobalt-time-yield during the initial stages
(Fig. 7¢) and in this respect it behaves like the wider pore 20%
Co/Al;03_4 catalyst. Conversely, the O/P ratio in 20% Co/Al,03_nf
sharply declines during the transitory stage, resembling the be-
havior of the small pore 20% Co/Al;03_1 sample. This fact may
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be explained by taking into account the bimodal porosity of the
nanofibrous alumina containing both mesopores of ca. 16 nm in
diameter and large macropores, as previously discussed. Thus, the
sharp initial decrease in the O/P ratio observed for this sample is
likely due to the enhanced restriction for the diffusion of «-olefins
in the mesopores of Al,Os;_nf. However, it is worth to mention
here that the absolute value for the O/P ratio attained after the
transitory state is significantly higher for the nanofibrous catalyst
(O/P ~ 0.6) as compared to the wider pore commercial alumina
(O/P ~ 0.4), which clearly indicates a lower barrier for the diffusion
of a-olefins in the former, due to its macroporous network. These
results unambiguously show that the diffusion of both CO and «-
olefins through the liquid hydrocarbon layer surrounding the Co®
particles is significantly enhanced in the macro-mesoporosity of
the nanofibrous alumina support as compared to the commercial
aluminas.

3.3.2. Pseudo-stationary state

A catalyst will work under the so-called pseudo-stationary state
during most of its lifetime and, thus, it is of prime importance
to determine the implications of support texture and cobalt dis-
persion on the specific catalyst activity and product distribution
in this stage. As it was mentioned above, the absolute values of
the O/P ratio in the pseudo-stationary state are directly related
to the restriction for the diffusion of «-olefins through the pores
of a working catalyst and thus to the textural characteristics of
the alumina support. This is clearly seen in Fig. 8, where the O/P
weight ratio in the pseudo-stationary state for individual Cs, Cy,
and Cg hydrocarbons has been plotted against the support pore
size for the series loaded with 20 wt% Co. For all catalysts the
O/P ratio decreases with increasing the hydrocarbon chain length
from Cs to Cg due to the increase in the residence time of the
longer «-olefins in the pores and thus of the probability for their
re-adsorption, incorporation into growing chains, and subsequent
desorption through hydrogenation as paraffins [13]. Moreover, for
a given hydrocarbon chain length the O/P ratio is seen to increase
with the support pore size evidencing a higher transport rate of
the «-olefins in larger pores. For the commercial aluminas this
effect is more noticeable in the range of pore sizes from 6.0 to
9.1 nm and becomes smoother for larger pore sizes. On the other
hand, the catalyst prepared from the macro-mesoporous nanofi-
brous alumina displays, by far, the highest O/P ratios irrespective
of the hydrocarbon chain length, clearly manifesting the impor-
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Fig. 8. Pseudo-steady state olefin-to-paraffin (O/P) weight ratios for individual Cs,
Cy, and Cy hydrocarbons as a function of support pore size for the 20% Co/Al;03_x
catalyst series.

tant contribution of the macropores present in this support for
rapidly evacuating the «-olefins and inhibiting their re-adsorption
and hydrogenation on the active sites. These results substantiate
the consideration of the nanofibrous alumina as that displaying the
largest pore size (see Section 3.1.2).

Besides pore size-related intrapellet diffusional issues, the pos-
sible affect of cobalt dispersion (i.e. particle size) on product selec-
tivity has been a matter of interest and discussion during the last
decades [16-18,54,55]. For instance, an increased selectivity lo light
hydrocarbons, particularly to CH4, has been reported for highly
dispersed catalysts containing very small cobalt particles [17,18].
However, extracting definitive conclusions regarding the real im-
pact of dispersion on the selectivity of a working catalyst from
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previous works is intricate owing to the difficulty in splitting dis-
persion and pore size (i.e. diffusion) effects, as both parameters
are closely interrelated in supports with conventional morphol-
ogy. This is particularly so for large catalyst pellets (>0.1 mm)
applied in fixed bed reactors since, as discussed earlier, the prod-
uct transport rate through the catalyst pores has a non-negligible
contribution to product selectivity. In the present study, the sin-
gular morphology of the nanofibrous alumina support leading to
catalysts displaying both the highest cobalt dispersion (Table 3)
and the lowest diffusional restrictions (Fig. 8) within the series
of catalysts studied, together with a very high cobalt reducibility,
may help in elucidating the relative impact of these two param-
eters on selectivity. In the following discussions, XRD-derived Co®
particles sizes will be used for convenience as no particle sizes
obtained by H, chemisorption are available for the series of cata-
lysts loaded with 30 wt% Co, although identical conclusions would
emerge by using H-chemisorption particle sizes due to the already
mentioned good correspondence between both characterizations.

The initial (extrapolated at zero TOS) and pseudo-steady state
methane selectivities are plotted in Fig. 9a as a function of cobalt
particle size for the 20% Co/Al;03_x series of catalysts. The initial
(thus in the absence of diffusional issues) CHy selectivity is seen
to remain almost invariable at around 8.3-8.5% C for d(Co?) in the
range of 13.0-33.5 nm, while slightly higher values (9.1-9.2% C) are
observed for the more dispersed catalysts derived from the smaller
pore commercial (Al;03_1) and the nanofibrous (Al,03_nf) alumi-
nas. This result is explained by the intrinsically higher methane
selectivity of Co® nanoparticles below ca. 10 nm in size [18] which
should be present in a non-negligible amount in these two cata-
lysts (as confirmed by TEM-HRTEM in the nanofibrous one, Fig. 5)
displaying the highest metal dispersions with mean Co® particle
sizes of 10-12 nm according to both XRD and Hy chemisorption
measurements (Table 3).

As seen in Fig. 9a, methane selectivities in the pseudo-steady
state are systematically higher and experience more drastic changes
with particle size (in the range below ca. 20 nm) than the initial

ones. Moreover, no apparent correlation between pseudo-steady
CH4 selectivity and d(Co®) is found when the nanofibrous cata-
lyst is included in the comparison, as shown by the dashed guide
lines in Fig. 9a. By contrast, a more clear correlation comes out
when the pseudo-steady CH4 selectivity is plotted as a function
of support pore size (Fig. 9b). For the commercial alumina cata-
lysts, the methane selectivity sharply declines from 16.3 to 10.9%
C when increasing the mean pore size from 6.0 to 21.8 nm and
then remains almost invariant for larger pore sizes. The nanofi-
brous alumina roughly follows the selectivity-pore size correlation,
though it displays a slightly higher methane selectivity than the
wider pore commercial aluminas, despite the former provides the
easiest intrapellet diffusion, as already discussed. This fact might
be ascribed to the intrinsic higher methane selectivity of the very
small (<10 nm) cobalt nanoparticles, also perceived in the absence
of diffusional issues, at zero TOS (Fig. 9a). These results, together
with the fact that methane selectivity was reported to remain in-
variable with TOS under conditions where no reactant diffusion
limitations exist [14], strongly point toward the predominant role
of diffusional issues in determining product selectivity in a work-
ing catalyst. Thus, the selectivity trend shown in Fig. 9b can be
accounted for by considering the increase in the CO-diffusion lim-
itation and consequently in the local Hy/CO ratio near the Co°
active sites when decreasing the support pore size.

The initial and steady cobalt-time-yields and the initial turnover
frequencies (TOF) obtained for the two series of RuCo/Al,03 cat-
alysts are gathered in Table 4. The initial (in the absence of dif-
fusional restrictions) cobalt-time-yield for the catalysts prepared
from the commercial aluminas generally decreases with increas-
ing the support pore size and cobalt loading due to the decrease
in cobalt dispersion. Sample 20% Co/Al,03_1, however, displays a
slightly lower cobalt-time-yield than 20% Co/Al,03_2 despite its
higher dispersion (Table 3), which may be attributed to the lower
cobalt reducibility (79% against 92%, see Table 3) and to a higher
relative population of very small Co® nanoparticles (displaying
lower TOFs than larger ones [18,56]) in the former. The size-
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Table 4
Initial and pseudo-steady FTS activity of RuCo/alumina catalysts.
Catalyst Cobalt-time-yield® (mol CO/gc, h) Initial TOF®

Initial Steady Yield loss (%) (1072s71)
20% Co/Al;03_1 0.271 0.153 435 6.2 (6.2)
20% Co/Al;03_2 0.285 0.202 30.0 6.6 (5.9)
20% Co/Al;03_3 0.260 0.205 21.2 8.2 (7.2)
20% Co/Al,03_4 0.223 0.185 17.0 11.8 (9.3)
20% Co/Al;03_nf 0.225 0.183 18.7 4.2 (4.5)
30% Co/Al;03_1 0.215 0.128 40.5 7.1
30% Co/Al,03_2 0.204 0.132 353 7.2
30% Co/Al;03_3 0.202 0.150 25.7 8.1
30% Co/Al;03_4 0.151 0.125 17.2 8.9
30% Co/Al,03_nf 0.224 0.177 21.0 5.0

@ Fischer-Tropsch reaction conditions: T =493 K, P =2.0 MPa, H,/CO = 2.

b Relative loss of cobalt-time-yield from the initial (TOS — 0) to the pseudo-stationary state (TOS > 8 h).
¢ Calculated from XRD Co® particle sizes, cobalt content, and degrees of reduction (Table 3). Data in parenthesis correspond to TOFs based on H, chemisorption.

dependent activity of Co® particles also accounts for the relatively
low initial cobalt-time-yield displayed by the highly reducible
nanofibrous 20% Co/Al,03_nf catalyst having a slightly lower mean
Co® particle size than 20% Co/Al,03_1. However, the nanofibrous
30% Co/Aly03_nf catalyst turns out to be, initially, the most ac-
tive one among the catalysts with 30 wt% Co loading, thanks to
its highest dispersion and to the shift toward higher particle sizes
(lowering the population of less active very small nanoparticles)
with increasing cobalt loading (Table 3). The effect of the particle
size-dependent FTS activity is clearly reflected in the initial TOF
values given in the last column of Table 4 and their change with
Co® particle size (Fig. 10). As seen there, the initial TOF for all cat-
alysts in the two series noticeably increases with the mean Co®
particle size in the low particle size range (<15 nm) where the
population of less active small nanoparticles in the catalysts, espe-
cially in those prepared from the nanofibrous alumina, should be
higher. Changes in TOF are much less pronounced for larger metal
particles, approaching a plateau for sizes above 20 nm, in good
agreement with the TOF-particle size dependence for very small
(<10 nm) nanoparticles as recently reported by Bezemer et al. [18]
and the invariant TOF found by Iglesia et al. [15] for d(Co®) > 10-
12 nm. It is worth to mention that the same trend is observed
when TOFs are calculated from H, chemisorption data (as seen in
Table 4 for 20% Co/Al;03_x samples).

As shown in Table 4, the relative loss of cobalt-time-yield from
the initial reaction stage (TOS — 0) to the pseudo-steady state
continuously increases from ca. 17 to 43% with decreasing the
support pore size in the commercial alumina catalysts. The cata-
lysts prepared from the nanofibrous alumina behave, as expected
from their textural characteristics, as a wide pore support with
relative decreases in activity of ca. 19% and 21% at 20 wt% and
30 wt% Co loading, respectively. These trends can be related to
the increase in the CO transport rate from the gas phase to the
active sites through the liquid hydrocarbon phase filling the cat-
alyst pores with increasing the support pore size, as discussed
earlier. Thanks to its high initial cobalt-time-yield and low rela-
tive loss of activity during the transitory stage, the nanofibrous 30%
Co/Al,03_nf catalyst displays the highest steady activity within the
30% Co/Al,03_x series, with a time-yield of 0.177 molco/(gco h)
about 20% higher than that of the most active 30% Co/Al;03_3
sample (time-yield of 0.150 molco/(gco h)) within the commercial
aluminas.

The pseudo-steady selectivities to the different hydrocarbon
fractions at 40% CO conversion are given in Table 5. As observed,
the steady selectivity to long-chain Cy3; hydrocarbons (including
the most interesting diesel, C13-Cy2, and Cy34 waxes) for the com-
mercial alumina catalysts increases with the mean support pore
size irrespective of cobalt loading. For these catalysts the struc-
tural parameter y, as defined by Iglesia et al. [13], is in the range

L M 20%Co/Al,0, (1-4)
I O 20%ColAl,0, nf
I Y& 30%Co/AlL,O, (1-4)
| Yk 30%Co/AL,0, nf

Turnover frequency (TOF) (s'1)
o

0.01

10 15 20 25 30 35
d(Co”) (nm)

Fig. 10. Change of the initial turnover frequency (TOF) with Co® particle size for 20%
Co/Al;03_x and 30% Co/Al,03_x series of catalysts. Open symbols correspond to the
nanofibrous alumina catalysts.

113 x 10'%-1350 x 10'® m~! where product selectivity is controlled
by the intrapellet CO diffusion to the active sites [13]. Thus, the
increase in Cqy34 selectivity with the pore size of commercial alu-
mina supports is a consequence of the more favorable H;/CO ratio
near the active sites produced by the enhanced CO transport rate
in larger pores and its impact on the chain growth kinetics dis-
playing a positive order with respect to CO fugacity [53]. On the
other hand, the nanofibrous alumina catalysts display a Cy34 se-
lectivity lower than that of the large pore Al,03_3 and Al,03_4
commercial aluminas, despite the former should also provide an
easy access of CO to the active sites according to their low rel-
ative loss of activity during the initial reaction stages (Fig. 7c,
Table 4). This evidences that other factors besides diffusion-related
phenomena have an affect on the steady FTS selectivity. In this
respect, an enhanced selectivity to heavy hydrocarbons has been
reported for Co catalysts in the absence of diffusional restrictions
with increasing cobalt particle size [18,32]. Similarly, a very high
selectivity to long-chain hydrocarbons is claimed in a recent patent
for cobalt supported on a partially or totally crystallized «-Al,03
having very low surface area (15-70 m?/g) and thus poor cobalt
dispersion [57]. Accordingly, the higher Cy34 selectivity displayed
by the catalysts based on the large pore (low surface area) com-
mercial aluminas can be ascribed to the contribution of the large
cobalt particles prevailing in these less dispersed catalysts. Then, it
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Table 5
Hydrocarbon product distribution for RuCo/alumina catalysts at 40% CO conversion.

Catalyst Hydrocarbon distribution (% C) Productivity to diesel
G C—-Cy Cs5-Cr2 Ciz4 C234/Cy34 ratio (10~* mol C/gcat h)
20% Co/Aly03_1 16.3 12.1 40.8 30.8 0.22 76
20% Co[Al;03_2 14.7 12.8 40.9 31.5 0.28 101
20% Co/Al;03_3 10.9 9.9 39.0 40.2 0.34 121
20% Co/Al,03_4 10.7 8.7 333 47.3 0.38 118
20% Co/Al,03_nf 12.0 12.5 40.0 355 0.29 101
30% Co/Al;03_1 15.6 15.3 50.8 18.3 0.15 65
30% Co/Al,03_2 14.7 16.2 43.7 254 0.16 94
30% Co/Al;03_3 12.8 10.6 38.9 37.7 0.32 123
30% Co/Al;03_4 111 9.0 343 45.6 0.37 116
30% Co/Al03_nf 13.8 13.2 38.8 34.2 0.29 141

can be concluded from the above results that two factors directly
influence the steady state selectivity to the desired long-chain hy-
drocarbons: the actual H,/CO ratio at the active sites controlled by
the CO intrapellet diffusion, and the cobalt particle size (i.e. disper-
sion) mainly governed by the surface area of the alumina support
(Fig. 4b). At this point it should be mentioned that the slightly
lower Cq34 selectivities systematically observed for the 30 wt% Co
catalysts as compared to the 20 wt% counterparts (Table 5) are
likely related to the higher (around 30%) space velocity required
for the former samples to attain the target 40% CO conversion
which, in turn, causes a decrease in the average bed residence
time for «-olefins and forces to analyze separately the two se-
ries of catalysts. Much smaller variations in GHSV (in the range
of 3.5-6%) were required to attain the 40% conversion level within
the 20 and 30 wt% Co series as the differences in activity for cat-
alysts within each series are diminished after the transitory stage,
thus discarding any remarkable affect of this parameter on product
selectivity.

Finally, the Cy3/Cy34+ ratios shown in Table 5 indicate that the
very large cobalt particles prevailing in the large pore Al,03_3
and Al;03_4 based catalysts do promote the formation of waxes
(Ca34) with respect to catalysts based on the small pore com-
mercial aluminas and the nanofibrous one. By contrast, the latter
are more selective toward the desired diesel-range (Cy3-Cz2) prod-
ucts within the Cy34 fraction, revealing that formation of diesel
products becomes favored when the chain-growth processes are
promoted only by the absence of a Hy-enrichment at the active
sites (large porosity and high dispersion, as in the nanofibrous cat-
alysts) than when this effect is accompanied by the presence of
very large cobalt particles (large porosity and poor dispersion, as
in Al;03_3 and Al;03_4 based catalysts). As a result of its high
cobalt-time-yield, high stability with TOS, and good diesel selectiv-
ity, the nanofibrous catalyst with 30 wt% Co loading is that giving
the highest productivity to diesel (141 mol/(gcac h)) among all cat-
alysts studied (Table 5).

4. Conclusions

By taking advantage of the unique textural properties of y-
Al;03 nanofibers presenting simultaneously very high surface area
(321 m?/g) and a hierarchical macro-mesoporous structure, sup-
ported CoRu catalysts have been prepared at two loading levels
(20 wt% Co-0.5 wt% Ru and 30 wt% Co-1.0 wt% Ru) and used to
elucidate the relative significance of diffusional and dispersion ef-
fects during FTS by putting them in perspective with equivalent
catalysts prepared from commercial aluminas (Sasol) with different
pore sizes (6-32 nm). The introduction of the original nanofibrous
catalysts allowed to conclude that the final cobalt dispersion in
RuCo/y-Al;03 catalysts is mainly controlled by support surface
area rather than by pore size. It has been shown that the initial
(thus in the absence of diffusional issues) FTS activity and selec-

tivity is mostly determined by Co® dispersion and the related non-
classical particle size effects (lower TOF and higher CHy selectivity
for Co® nanoparticles below 8-10 nm in size) previously reported
[18]. By contrast, catalyst porosity becomes the most relevant pa-
rameter determining the catalyst performance in the pseudo-steady
state (TOS > 7-8 h) reflecting the kinetic relevance of reactants
(CO) and products («-olefins) diffusional steps. Thus, the very open
porous structure of the nanofibrous alumina provides an enhanced
CO intrapellet diffusion to the active sites resulting in a relatively
low activity loss during the transitory period (TOS < 7-8 h). The
benefits of using the macro-mesoporous nanofibrous support (high
Co® dispersion and fast CO transport rate through the liquid phase
filling the pores) are manifested at high metal loadings (30 wt% Co)
where the nanofibrous catalyst displays the highest specific activity
and productivity to diesel products. In contrast, waxy hydrocarbons
(Ca34) are favored in catalysts prepared from wide pore commer-
cial aluminas due to the intrinsically high wax selectivity of very
large Co® nanoparticles prevailing in these less dispersed materials.
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