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1. Introduction

Short-channel mesoporous SBA-15 silica modified
by aluminum grafting as a support for CoRu
Fischer-Tropsch synthesis catalysts+

Sophia Mohammadnasabomran,? Carlos Marquez-Alvarez, ©°
Joaquin Pérez-Pariente *° and Agustin Martinez @ *©

Highly ordered short-channel mesoporous silica SBA-15 with large pores (11.2 nm) has been synthesized
by using tetramethyl orthosilicate (TMOS) as a silica source, the amphiphilic block copolymer Pluronic PE-
10400 as a structure-directing agent, and 1,3,5-triisopropylbenzene as a swelling agent. The Al-SBA-15
support was prepared by multiple cycles of grafting of Al sec-butoxide dissolved in toluene on the calcined
SBA-15 material, aiming at covering the channel surface with a subnanometric layer of Al-O chemical
species. Both the pristine and the Al-containing materials have been used as supports for preparing 20 wt%
Co catalysts promoted with 1 wt% Ru and then evaluated for Fischer-Tropsch synthesis (FTS). The samples
have been characterized by ICP-OES, elemental analysis, N, physisorption, XRD, electron microscopy,
FTIR-pyridine, H>-TPR, H, chemisorption, and XPS. The ordered mesopore architecture of the starting
support was preserved during the grafting treatment, but the pore size was reduced from 11.2 to 10.0 nm,
while the pore volume and surface area also decreased. No segregated alumina phase was detected. It was
found that the Al-grafting remarkably improves the Co dispersion and favors a more homogeneous
distribution of the metal species along the SBA-15 particles. Under conventional FTS conditions (220 °C,
2.0 MPa, H,/CO = 2), the Al-grafted CoRu/Al-SBA-15 catalyst exhibited a lower TOF for the exposed Co®
sites resulting in a lower CO conversion and cobalt-time-yield (CTY) with respect to the all-silica CoRu/
SBA-15 counterpart. However, CoRu/Al-SBA-15 displayed, at constant CO conversion (~40%), an
enhanced selectivity to liquid hydrocarbons (Cs-Cyq) to the detriment of waxes (C,14). While the lower
activity of CoRu/Al-SBA-15 was mainly ascribed to a greater abundance of very small (<6 nm) Co®
nanoparticles with a lower TOF, the shift in selectivity towards lighter hydrocarbons was related, in addition
to the contribution of sub-6 nm Co° particles, to an enhanced CO diffusion limitation and to the cracking
of long-chain FTS products on the Brgnsted acid sites present in this catalyst.

Cs. selectivity in FTS over supported Co catalysts are known
to strongly depend on the dispersion (i.e. particle size) of

Ordered mesoporous SiO,, Al,O;, and TiO, materials have
received great attention in catalysis owing to their large
surface area and porosity as well as to their relatively
homogeneous and, within certain limits, tuneable pore size.
In fact, cobalt-based catalysts supported on these mesoporous
materials have shown good catalytic performance in the
Fischer-Tropsch synthesis (FTS) reaction.'™ The activity and
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active Co” species and diffusion phenomena that are closely
related to the textural and chemical properties of the
supports.”® Therefore, finely tuning the support properties is
a plausible, albeit challenging, strategy to design Co-based
FTS catalysts with improved catalytic performance. One of the
main aspects of FTS catalysts is the interaction between the
metal and the support. Hence, strengthening the interaction
between Co species and the metal oxide support enhances
the metal dispersion but decreases the amount of metallic
cobalt surface sites by promoting the formation of hard-to-
reduce mixed cobalt-support compounds (e.g. cobalt
aluminates in Al,Os-supported catalysts).® Silica-based
materials exhibit a weaker interaction with the supported
metal phases in comparison with Al,0; and TiO,,” which
favours the reducibility of Co oxides albeit at the cost of
achieving poorer metal dispersions.

Catal. Sci. Technol,, 2021, 11, 4245-4258 | 4245


http://crossmark.crossref.org/dialog/?doi=10.1039/d0cy02418j&domain=pdf&date_stamp=2021-06-18
http://orcid.org/0000-0003-2749-4269
http://orcid.org/0000-0001-5322-9528
http://orcid.org/0000-0002-9974-1567
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cy02418j
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY011012

Open Access Article. Published on 29 April 2021. Downloaded on 12/5/2025 4:27:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

The ordered mesoporous SBA-15 silica is considered the
most interesting silica-based mesostructure because of its
large specific surface area and pore volume, uniformly-sized
pores in the range of 4-30 nm, and thick framework walls.
Due to their favourable textural properties, SBA-15-supported
Co catalysts generally exhibit an enhanced Co dispersion and
FTS activity with respect to equivalent catalysts supported on
conventional (non-ordered) SiO, materials.® Moreover, in
comparison with MCM-41 silicas displaying narrower
mesopores (typically sizing 2-4 nm), Co/SBA-15 catalysts
provide enhanced transport rates for reactants and products
during FTS, favourably affecting the activity and selectivity to
desired long-chain (Cs,) hydrocarbons.*™® However, as
commonly occurs for silica-based supports, the weak metal-
support interaction tends to promote undesirable sintering
of metal particles during the thermal activation treatments
(e.g., calcination-reduction) and FTS reaction that decreases
the amount of active Co° sites available for reaction with a
detrimental effect on the overall catalyst performance.

These drawbacks of silica supports can be overcome by
alumina (y-Al,03), which shows an intermediate Co-support
interaction strength, thus exhibiting a relatively high capacity
for dispersing the cobalt phases as compared to silica. On
the other hand, the cobalt reducibility of alumina-supported
catalysts is generally lower than those based on silica and
they often require the addition of small amounts of noble
metals like Ru or Pt in order to enhance their reducibility. In

addition, alumina-based FTS catalysts display good
mechanical properties and a high resistance to
attrition.>"'*® However, even mesoporous alumina prepared

in the presence of surfactants shows a broad pore size
distribution, which makes it difficult to gain precise control
over the uniformity of metal particle size and hence over the
FTS performance.'” Therefore, it would be desirable to
combine in one single support the benefits of the well-
defined porous architecture of silica-based ordered SBA-15
materials, and those arising from the interaction between
cobalt and alumina supports. This concept has been explored
by grafting Al precursors on the surface of SBA-15 silicas
resulting in highly accessible Al species, in contrast to the
incorporation of Al by direct synthesis that typically leads to
a large fraction of Al being located at inaccessible positions
deep within the SBA-15 walls."® The grafting approach was
already described earlier to improve the performance of a
series of catalysts based on ordered mesoporous silicas
(OMS) for processes other than FTS, aiming at combining the
architectural features of the silica support with the surface
chemical functionality of alumina, as in the case of MCM-
41," which was later extended to SBA-15.>°* This strategy
was later applied to FTS catalysts. In this way, Hao et al.*®
reported the grafting, in supercritical CO,, of aluminum
isopropoxide on SBA-15 with a pore size of 4.7 nm, which
resulted in segregated alumina outside the surface channel
and the consequent location of most of the impregnated Co
outside the mesopores. The incorporation of Al in SBA-15
silicas, even in low concentrations, not only improved the
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cobalt dispersion but also promoted the formation of middle
range hydrocarbons (Cg-C;g) with increased amounts of
branched paraffins and less waxes (C,;+) due to secondary
reactions occurring on the Al-related Bronsted acid sites.>® It
is interesting to notice that in most prior studies, the starting
silica SBA-15 material used for alumina coating exhibited a
relatively small pore, in the range of 5-7 nm, and the
particles show a characteristic fiber-like morphology having a
length of several microns with the mesoporous channels
running all along the fibers. However, for FTS, larger pore
diameters as well as shorter channels that could reduce
diffusion limitations during the reaction are much more
desirable from the viewpoint of both activity and selectivity
to long-chain (Cs,) hydrocarbons.'®?>

In this work, we propose a feasible approach to the
synthesis of a support with a large pore size (~11 nm), well-
defined porosity, and short diffusion path by sequential
grafting of all-silica short-channel SBA-15 with a suitable
aluminum precursor under appropriate conditions. The
application of the grafted aluminum-containing SBA-15
material as a support for preparing Ru-promoted Co-based
FTS catalysts and the investigation of the correlation between
support properties and catalytic performance is another aim
of the present study.

2. Experimental
2.1. Materials

Aluminum sec-butoxide Al(O-sec-Bu); as an alumina
precursor, tetramethyl orthosilicate (TMOS) as a silica
precursor, Pluronic PE-10400 as a structure directing agent,
and 1,3,5-triisopropylbenzene as a swelling agent were
purchased from Sigma-Aldrich (Oakville, Canada). Cobalt
nitrate hexahydrate (99.9%) and ruthenium(m) nitrosyl nitrate
were purchased from Alfa Aesar (Tewksbury, United States)
and used as the main active metal and promoter precursors,
respectively. Toluene as a solvent was purchased from Fisher

Scientific (United States).

2.2. Support synthesis

Short-channel SBA-15 silica samples were prepared using
Pluronic PE-10400, a symmetric triblock copolymer
comprising poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol), according to the procedure
described in ref. 26-28. The use of this surfactant instead of
the conventional Pluronic P123, under suitable synthesis
conditions, allows the formation of thin plate-like hexagonal
particles with less than one micron thickness, where the
mesoporous channels run perpendicular to the base plane of
the particle.

For this purpose, 4.5 g of PE-10400 and 0.048 g of NH,F
were dissolved in 195 mL of 1.1 M aqueous HCI solution at
room temperature in a closed Pyrex container under stirring.
After complete dissolution, 6.6 mL of TMOS was added to the
solution. As the aim of this work is to prepare large-pore
SBA-15 materials, the above procedure was slightly modified

This journal is © The Royal Society of Chemistry 2021
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in a second preparation by adding to the TMOS solution
0.024 mL of 1,3,5-triisopropylbenzene as a swelling agent. In
both cases, the gel obtained was left under stirring for 24 h
and 20 °C, and then was heated at 80 °C in the closed
container for 1 day. After filtering and washing with 300 mL
of ethanol, the solid was dried at room temperature. The
surfactant removal was done by extraction with ethanol for 4
h at 80 °C. Finally, the samples were calcined for 6 h at 550
°C at 1 °C min" heating rate. The final samples were labeled
SP (without an expander) and LPS (with an expander).

2.3. Grafting procedure

The grafting procedure was derived from that reported in ref.
19, but substantial modifications were introduced to gain a
better control over the nature of the aluminum coating of the
surface. The purpose of the procedure is to form a first layer
of mono-anchored Al species on the silica surface, by using a
Si-OH/Al alkoxide precursor ratio of one, forming Si-O-
Al(OR), species. The subsequent hydrolysis of these species
produces Al-OH groups that would be able to react with a
second dose of Al alkoxide, to form Al-O-Al linkages, and the
same procedures could be repeated several times. We have
used just three cycles in order to decrease the possibility of
forming an undesirable, physically separated, compact
alumina phase. Al grafting for preparing AIl-SBA-15 was
performed as follows. First, 3 g of calcined SBA-15 with
expanded pores (LPS) was placed in a three-neck round-
bottom flask and kept under vacuum overnight at 100 °C in
order to remove any residual water adsorbed on the sample.
The required amount of aluminum precursor was estimated
by calculating the amount of silanol groups of the LPS
sample by TGA analysis (weight loss at T > 560 °C). In this
way, 1.2 g of aluminum-tri-sec-butoxide was dissolved in 25
mL of toluene and injected onto the flask containing the
dried LPS sample at 50 °C and kept for 12 h at this
temperature under stirring. After that, the solvent was
removed under vacuum and N, bubbled through water at
room temperature was flowed into the sample flask for 12 h
at 100 °C, in order to hydrolyze the alkoxide groups still
remaining attached to aluminum. Therefore, we avoid the
use of triethylamine and of a hydrolyzing water/ethanol
solution as reported in ref. 19. After heating the treated
sample at 100 °C overnight under vacuum, the same
procedure was repeated two more times to achieve a nominal
Al/Si atomic ratio of 0.29. After the third and last injection of
the Al precursor, the dried sample was calcined step by step
(2 h at 100 °C, 2 h at 200 °C, and 3 h at 300 °C) at 1 °C min™
heating rate in the presence of air flow (0.1 L min™"). The
final sample was labeled ALPS, and its Al/Si atomic ratio was
0.26 as determined by chemical analysis (ICP-OES).

2.4. Preparation of catalysts

The required amounts of cobalt nitrate and ruthenium(m)
nitrosyl nitrate were dissolved in water and the obtained
solution introduced via incipient wetness impregnation to
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the support pores to achieve nominal metal loadings of
20 wt% Co and 1 wt% Ru. The supports were dried
before impregnation at 150 °C overnight. The impregnated
samples were dried in an oven at 200 °C for 12 h and
then calcined at 300 °C for 3 h with 1 °C min™' heating
rate under flowing air (0.5 L g ' min ‘). The final
samples were labeled as CRALPS (CoRu/Al-SBA-15) and
CRLPS (CoRu/SBA-15).

2.5. Characterization methods

Thermogravimetric analysis curves (TG/DTG) were recorded
using Perkin Elmer TGA7 equipment from 30 °C to 900 °C
with a heating rate of 20 °C min~" under air flow.

Nitrogen adsorption-desorption isotherms were acquired
at —196 °C with a Micromeritics ASAP 2420 sorptometer. Prior
to analysis, the samples were degassed at 200 °C for 16 h.
Total surface areas were calculated by the BET method. The
pore size distribution, micropore volume, and mesopore
surface area and volume were determined from the
adsorption data using the methods of non-local density
functional theory (NLDFT) with the kernel function for oxide
materials with cylindrical pores.***°

Chemical analysis of the bare ALPS support and CoRu
catalysts was performed by ICP-OES using a Varian 715-ES
spectrometer. Prior to the analyses, the samples (ca. 20 mg)
were dissolved in a mixed acid solution of HNOj;: HF : HCI
with a 1:1:3 volume ratio.

Scanning electron microscopy (SEM) has been performed
using a Hitachi S-4100 field-emission (FE) gun microscope
equipped with a BSE-AUTRATA detector using gold-coated
powder specimens.

The morphology of the calcined supports and catalyst
particles was studied by transmission electron microscopy
(TEM) in a Tecnai G2 field emission gun device with EDAX
microanalysis working at 200 kV. Samples for TEM studies
were prepared by ultrasonic dispersion in ethanol for 1 min.
After that, the suspensions were dropped onto a carbon
coated copper grid. The TEM-derived Co;O, particle size
distributions for the calcined CRLPS and CRALPS samples
were determined by counting about 200 particles in several
images taken at different positions on the grid, using the
Image] software. The Al-containing CRALPS catalyst was
further characterized in the same microscope by high-angle
annular dark field scanning transmission electron
microscopy (HAADF-STEM). Before observation, the calcined
sample was reduced in pure H, for 10 h at 400 °C and
subsequently passivated at room temperature under a diluted
oxygen flow (0.5 vol% O, in N,) in order to prevent
spontaneous re-oxidation of the bulk metal nanoparticles
upon contact with ambient air. The Co° particle size
histogram was generated from the HAADF-STEM images
upon measuring about 200 particles. Surface average Co;0,
and Co° particle sizes (D[3,2]) were calculated from the
directly measured particle sizes as D[3,2] = Y n;-di*/> nidi?,
where n; is the number of particles with diameter d;.

Catal. Sci. Technol.,, 2021, 11, 4245-4258 | 4247
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The X-ray diffraction patterns of the calcined catalysts
were acquired with a SEIFERT XRD 3000P diffractometer
using monochromatized Cu-K, radiation. Using the Scherrer
equation, the average size of the Coz;0, crystallites in the
calcined catalysts was estimated from the line broadening of
the Coz0, peak at 26 of 36.88° using a K shape factor of 0.89.

Characterization of the structure of hexagonally ordered
SBA-15 mesoporous materials was carried out by small-angle
X-ray scattering. The position of Bragg diffraction peaks
provides important information about the type of ordering and
unit cell parameters in the SBA-15 mesoporous materials.

Fourier-Transform infrared (FTIR) spectra of adsorbed
pyridine were recorded in the transmission mode, in the mid-
IR region at 4 cm ™' optical resolution, using a Thermo Nicolet
Nexus 670 FTIR spectrometer equipped with an MCT
criodetector. Samples were pressed into self-supporting wafers
of 13 mm diameter and a thickness of ca. 10 mg cm >, placed
inside an all-glass closed cell provided with CaF, windows, and
degassed at 400 °C for 12 h. Subsequently, the samples were
cooled down to 150 °C, saturated with pyridine at 8 Torr for 5
min, and weakly adsorbed pyridine was removed under
vacuum at 150 °C for 1 h. The spectra of pretreated and
pyridine-adsorbing samples were normalized with respect to
the integral intensity of the silica overtones located within the
2090-1730 ¢cm™* range. Spectra of adsorbed pyridine were
obtained by subtracting the normalized spectrum of the
pretreated sample from the normalized spectrum of the
corresponding pyridine-adsorbing sample. The concentrations
of Brensted and Lewis acid sites were calculated from the
integral intensities of the IR bands at ca. 1545 and 1450 cm ™,
respectively, using the corresponding molar extinction
coefficient reported by Emeis.*"

Hydrogen temperature-programmed reduction (H,-TPR) of
the calcined catalysts was performed using a Micromeritics
Autochem 2910 apparatus. The catalyst samples were first
purged in a flow of argon at room temperature. Then, TPR of
30 mg of each sample was performed using 10 vol%
hydrogen in an argon gas mixture and the temperature
increased up to 900 °C at a heating rate of 10 °C min™. For
determination of the extent of cobalt reduction, 100 mg of
sample was reduced under a flow of pure H, under the same
reduction conditions applied in-reactor prior to catalysis (400
°C, 10 h, heating rate of 1 °C min™"). After switching the gas
from H, to Ar and flushing the sample at 400 °C for 30 min,
the Ar flow was replaced with a flow of 10 vol% H, in Ar and
the temperature increased from 400 °C to 900 °C at a heating
rate of 10 °C min~". The degree of cobalt reduction (DOR)
was calculated from the amount of H, consumed in this last
step assuming that it corresponds to the reduction of CoO
(remaining after the previous reduction at 400 °C) to Co®.

Cobalt dispersions were determined by H, chemisorption
at 150 °C on Micromeritics ASAP 2010C equipment, by
estimating the total gas uptakes in the H, adsorption
isotherms  extrapolated to zero  pressure. Before
measurements, the calcined catalysts (0.25 g) were reduced in
situ under flowing pure H, at 400 °C for 10 h and then
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degassed at 1.3 Pa. Mean Co particle sizes (d) were estimated
from the total amount of chemisorbed H,, Co content (from
ICP-OES), and degree of cobalt reduction (DOR) assuming a
H/Co = 1 atomic ratio stoichiometry and a hemispherical
particle geometry with a surface atomic density of 14.6 atoms
per nm?, according to eqn (1):

d (nm) = 96/D (1)

where D is the cobalt dispersion in %.

X-ray photoelectron spectroscopy (XPS) measurements
were performed on SPECS equipment with a UHV system
(pressure in the range of 107'° mbar) equipped with a
PHOIBOS 150 9MCD energy analyzer, using a non-
monochromatic Al X-ray source (200 W power and 12 kV
accelerating voltage). High-resolution XP spectra were
recorded with an analyzer pass energy of 20 eV. For analyses,
powdered samples were pressed into self-supporting wafers
and deposited on the sample holder with double-sided
adhesive conductive carbon tape. In order to correct for
charging effects, the binding energy (BE) values for the
analyzed elements were referenced to the main O 1s emission
line assigned to silica (BE set to 532.9 eV (ref. 32-34)). Data
analysis was performed using CasaXPS software (v2.3.16).
Deconvolution of experimental peaks into components was
done using a non-linear, least squares fitting algorithm after
Shirley baseline subtraction. XPS peaks were fitted using a
70% Gaussian-30% Lorentzian mixed function. Surface
atomic ratios were calculated from the peak area ratios
normalized by the corresponding relative sensitivity factors
provided by CasaXPS software.

2.6. Catalytic testing

The catalytic performance for FTS of the Ru-promoted Co
catalysts supported on SBA-15 silica and grafted Al-SBA-15
materials was evaluated in a tubular down flow fixed bed
reactor made up of stainless steel, charged with 0.5 g of
catalyst in the calcined form. Prior to the reaction, the
catalyst was reduced in situ under a flow of hydrogen (200
mL g., ' min™") at atmospheric pressure and 400 °C for 10
h. After catalyst reduction and cooling down to 100 °C under
H, flow, the reactant gas mixture (CO, H, and Ar with a 3:6:
1 volume ratio) was fed to the reactor, and the temperature
and reaction pressure increased up to 220 °C and 2.0 MPa,
respectively. In total, the FTS experiments lasted about 16 h
according to the following protocol that proved useful to
derive relevant structure-performance correlations for Co-
based FTS catalysts as reported in our previous studies.>**>%¢
Thus, during the first 8 h of reaction (period 1), the space
velocity (GHSV) was maintained constant at 7.0 Lgyngas Ceat |
h™ in order to compare the activity under equal conditions.
Then, during the last 8 h (period 2), the GHSV was adjusted
for each catalyst to fairly compare the product selectivity at a
constant CO conversion of ca. 40%. The reported activity
(period 1) corresponded to the averaged data in the time-on-

This journal is © The Royal Society of Chemistry 2021
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stream (TOS) range of 5-8 h where a nearly constant CO
conversion was attained after an initial deactivation, while a
stable CO conversion was observed for the whole period 2
(Fig. S1 of the ESIY).

The products were continuously removed from the reactor
and passed through two consecutive traps maintained,
respectively, at 150 °C and 100 °C (both at the reaction
pressure of 2.0 MPa) to retain water and heavier
hydrocarbons. CO, CO, and uncondensed hydrocarbons were
regularly monitored online at time intervals of ca. 1 h in a
GC (Varian 3800). After each reaction period, the heavier
hydrocarbons were collected, weighted, and analyzed offline
in the same GC. The overall product distributions were
obtained by merging the online and offline GC analyses. The
carbon mass balances for the reported experiments were 100
+ 2%. The CO conversion, cobalt-time-yield (CTY, molco Zco
h™), and carbon-based selectivity of hydrocarbon products
were determined using the formulas presented in our
previous work."”

3. Results and discussion
3.1. Selection of the SBA-15 silica support

The small-angle X-ray diffraction patterns of the two SBA-15
samples (SP and LPS) are characteristic of materials
consisting of a well-ordered two-dimensional hexagonal array
of tubular mesopores (Fig. 1). A considerable low-angle shift
of the reflections for the sample synthesized in the presence
of triisopropylbenzene can be observed, which indicates an
enlargement of the unit cell parameter a, from 119 A for the
sample obtained in the absence of the additive (SP) to 136 A
when the additive is present (sample LPS). This observation
is consistent with earlier reports on the effect of this
aromatic compound as a pore expander in conventional SBA-
15 materials.’”

The pore enlargement anticipated by the expansion of the
unit cell size is confirmed by adsorption/desorption of
nitrogen. The N, physisorption isotherm of sample LPS
(Fig. 2, left) corresponds to type IVa according to the IUPAC

(100)

Intensity (a.u.)

0.5 1.0 1.5 20 25 3.0
20 (degrees)

Fig. 1 Small-angle X-ray diffraction patterns of calcined SBA-15
materials.
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Fig. 2 Nitrogen adsorption-desorption isotherms (left) and pore size
distributions (right) of samples SP (a), LPS (b), ALPS (c), CRLPS (d) and
CRALPS (e). Full symbols correspond to the adsorption branch and
open symbols to the desorption branch. For clarity, the isotherms have
been upshifted by 40 (a), 30 (b), 20 (c), and 10 mmol g* (d).

classification,® while the hysteresis loop (H1) is
characteristic of the capillary condensation that takes place
in the mesopores. The adsorption branch shows a very steep
increase at 0.7-0.8 relative pressure, evidencing a very
uniform channel diameter, consistent with the narrow pore
size distribution displayed in Fig. 2 (right).

The isotherm of the sample synthesized in the absence of
triisopropylbenzene is qualitatively like that of LPS. It can be
noticed that the use of triisopropylbenzene produced an
increase of the pore diameter by 1.1 nm, from 10.1 to 11.2
nm (Table 1). This is a considerable enlargement that
brought the pore dimension to values not only larger than
those of previous studies on Al-grafting of SBA-15, but places
also the pore size in the suitable range for the successful
achievement of the two aims of the present study. First,
coating of the pore surface with a thin layer of Al-O species
avoided pore plugging and the formation of unwanted
physically separated alumina; second, the pore size of the
resulting Al-containing material would still be sufficiently
large so as to accommodate inside the pores the cobalt
nanoparticles whose confinement inside the SBA-15 channels
would preclude them from excessive growth.

While the pore size of the LPS sample would be quite
suitable for our purpose, it should also at the same time
possess the appropriate morphology leading to short
channels. Fig. 3 shows the scanning electron microscopy
images of SP and LPS samples. Plate-like hexagonal
structures of 500-600 nm in diameter and 200-300 nm
thickness are clearly evident for SP, although small particles
with a round-shape morphology are also observed. For the
large-pore material LPS, the hexagonal plates are somewhat
less abundant, and round-shape particles predominate,
which are nevertheless smaller than 500 nm in diameter. The
tubular channels in this structure are aligned perpendicular
to the basal plane of the particles,”*?® and hence their
average length would be in the range of 300-500 nm.
Therefore, it can be concluded that sample LPS presents the

Catal Sci. Technol,, 2021, 11, 4245-4258 | 4249
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Table 1 Textural properties of supports and catalysts determined by N, physisorption

BET surface

Micropore

Mesopore

Mesopore surface

Mesopore

Sample area (m* g ) volume (cm® g™") diameter” (nm) area (m* g ) volume (cm® g™")
SP 942 0.04 10.1 740 0.95
LPS 583 0.04 11.2 386 0.72
ALPS 318 0.04 10.0 172 0.35
CRLPS 342 0.03 10.7 201 0.40
CRALPS 233 0.03 10.0 125 0.25

“ Pore size corresponding to the maximum of the pore size distribution.

required pore size and channel length to be used as a
starting material for Al-grafting.

3.2. Characterization of LPS and Al-grafted ALPS supports

Grafting of Al on the calcined LPS sample was carried out as
described in the Experimental section, by performing three
sequential treatments of the sample with aluminum-tri-sec-
butoxide. As evidenced by X-ray diffraction, the nice hexagonal
arrangement of the starting LPS remains unaffected by the
grafting procedure (Fig. 1). On the contrary, changes in the N,
adsorption properties are clearly observed (Fig. 2). Aluminum
grafting produces a noticeable decrease of the mesopore
volume and area, and, above all, a decrease of the pore
diameter by 1.2 nm, from 11.2 nm for LPS to 10.0 nm for ALPS
(Table 1). Moreover, the shape of the hysteresis loop evidences
a remarkable homogeneity of the pore size, as also evidenced
by its narrow pore size distribution (Fig. 2). Therefore, it can be
concluded that the Al-grafting produces a rather uniform
coating of the pores with a layer of Al-O species of nearly 0.6
nm thickness. This value would be consistent with the
presence of a 3-oxygen layer thick alumina film,*® as expected
for the 3-cycle Al-grafting procedure used here. The first layer
would correspond to Al attached to Si atoms of the silanol
groups originally present in the material, forming Si-O-Al
bonds. It is also interesting to notice that the micropores
commonly present inside the mesopore walls of SBA-15 have
not been affected by the grafting (Table 1), which strongly
suggests that Al-species are not present there. It is possible that

Fig. 3 SEM images of samples SP (a and b) and LPS (c and d).

4250 | Catal Sci. Technol, 2021, 11, 4245-4258

the bulky aluminum-tri-sec-butoxide cannot access the narrow
micropores, leaving them free from Al coating. The
representative TEM images in Fig. 4 reveal the ordered
honeycomb arrangement of the pores in the hexagonal-shape
particles for both LPS and ALPS supports.

XPS provided additional insight into the nature and
distribution of the several chemical species present at the
sample surface. The Si 2p, Al 2p, and O 1 s XPS spectra of
sample ALPS are displayed in Fig. 5. The corresponding fitted
XPS parameters and the surface atomic ratios are presented
in Table 2.

Fig. 4 Representative TEM images of supports LPS (a) and ALPS (b).

108 106 104 102 100 98 80 78 76 74 72 70 538536534532530528 810 800 790 780

Binding energy (eV)

Fig. 5 Fitted Si 2p, Al 2p, O 1s, and Co 2p core-level spectra of
samples ALPS (bottom), CRALPS (middle), and CRLPS (top). Peak
intensities of all core-levels have been normalized for each sample by
referencing to the corresponding Si 2p peak area.

This journal is © The Royal Society of Chemistry 2021
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Table 2 Parameters of fitted core-level XPS peaks and surface atomic
ratios for the calcined Al-SBA-15 (ALPS) support and CoRu catalysts

(CRALPS and CRLPS)

ALPS CRALPS CRLPS

BE BE Area BE Area
Core level (eV) (eV) (%) (ev) (%)
Si 2p 103.5 103.5 103.5
Al 2p 75.3 75.3
O 1s 532.9 532.9 92.3 532.9 93.4

530.7 7.7 530.4 6.6

Co 2P/, (Co*', Coz0,) 780.2 7.8  780.0  30.0
Co 2p;), (Co*", Co30,) 781.1 39 7815  15.0
Co 2p3, (Co*, CoAl,0y) 781.9  32.6
Co 2pj3), satellite 786.4 21.5 785.2 20.8
Co 2py), (Co*", Co30,) 795.5 41 7953  15.6
Co 2Py, (Co*", Coz0,) 796.7 2.0  796.9 7.8
Co 2py, (Co*, CoAl,0y) 797.4  16.9
Co 2py, satellite 804.5 11.2 804.1 10.8
Atomic ratio ALPS CRALPS CRLPS
Al/Si 0.673 0.444 —
Co/(Si + Al) — 0.125 0.036

The Si 2p spectrum shows a dominant signal at 103.5 eV,
which is characteristic of SiO,-based materials.>* In addition, a
contribution of very small intensity is observed at 101 eV. This
BE value is too low to be attributed to Si atoms eventually
bonding to Al atoms in Si-O-Al configuration.”>*° Indeed, this
signal could correspond to the Auger Al KLL line, which
overlaps with the Si 2p line excited by Al Ko, radiation.*!

The O 1s spectrum shows a single peak at BE of 532.9 eV,
characteristic of SiO, materials. Finally, the Al 2p spectrum is
dominated by a single signal that appears at BE of 75.3 eV,
attributed to Al present in an aluminosilicate phase.*” It is
interesting to notice that the BE of aluminum in segregated
(bulk) alumina is 74.5 eV,"*** but no signal at that BE is
observed in the spectrum, which excludes its presence in the
material. The very thin Al coating, formed by just 3 Al
monolayers, would make the whole spectrum dominated by
the nature of the Al atoms directly linked to the framework Si
atoms. It can be noticed that the Al/Si atomic ratio
determined by XPS (Table 2) is higher than the bulk ratio
(0.673 vs. 0.26). This high Al/Si ratio should be attributed to
the small analysis depth of XPS, typically less than 5 nm,
which allows detection of the whole thin alumina layer
covering the silica support but only part of the silica material
lying underneath, in the outermost region of the sample
particles. Indeed, the results of N, physisorption show a
notable homogeneity of the thickness of the Al-coating layers
of the silica channels, which points to a uniform Al/Si ratio
all along the particles.

The acidity of the grafted AlI-SBA-15 support (ALPS) was
studied by FTIR of adsorbed pyridine. As observed in the
normalized FTIR-pyridine spectrum shown in Fig. 6, the ALPS
support exhibits an intense band at ca. 1455 ecm ™, attributed to
Al*"-related Lewis acid sites (LAS), in addition to a much
weaker band at ca. 1545 cm™ associated with Brensted acid
sites (BAS). The presence of BAS indirectly evidences the
existence of tetrahedral Al species in Si-OH-Al groups on the
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Fig. 6 FTIR-pyridine spectra of the bare ALPS carrier (a) and the
CRALPS catalyst (b) recorded at a pyridine desorption temperature of

150 °C. The spectra were normalized to the silica overtones (2090-
1730 cm ™ range).

surface of the Al-grafted support.** The concentrations of BAS
and LAS amounted to 32 and 234 pmol gy, ', respectively.

3.3. Characterization of CoRu catalysts

As described in the Experimental section, Co and Ru were
deposited on the pristine all-silica LPS material (CRLPS
catalyst) and the Al-containing sample (CRALPS catalyst). The
Co content determined by ICP-OES is similar for both
calcined catalysts and amounted to 17.1 and 16.5 wt% for
CRLPS and CRALPS, respectively, close to the nominal value
(20 wt%). By contrast, the Ru contents are remarkably lower
(0.3 wt% for CRLPS and 0.2 wt% for CRALPS) than the
targeted 1 wt%. Such a significant loss of Ru is commonly
observed in Ru-promoted Co catalysts and is attributed to the
formation, catalyzed by Co;0,, of volatile suboxide RuO,
species during the air-calcination treatment.*’

The X-ray diffraction results (Fig. 7) reveal, for both
catalysts, the presence of reflections corresponding to the
different crystallographic planes of Co0;O0, as the only

*Co30,

=
8 CRALPS
2
B
| =
9L
<
CRLPS
1 x 1 L 1 2 1 1
20 40 60 80 100

20 (degrees)

Fig. 7 Wide-angle X-ray diffraction patterns of supported CoRu
catalysts.
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Table 3 Properties of cobalt species in CoRu/SBA-15 (CRLPS) and CoRu/Al-SBA-15 (CRALPS) catalysts

d(Co50,4) H,-TPR H, chemisorption STEM
Catalyst XRD (nm) TEM® (nm) DOR® (%) H, uptake (umol g) D(C0%)? (%) d(Coyp)y (nm) d(Cop)r° (nm)
CRLPS 15 10.1 9% 156 11.2 8.6 —
CRALPS 11 5.9 87 192 15.8 6.1 6.2

“ Determined by H,-TPR on pre-reduced (400 °C, 10 h) samples. ” Co° dispersion derived from H, chemisorption after correction by DOR.

¢ Surface average cobalt particle diameter (D[3,2]).

crystalline cobalt phase detected after calcination. In
comparison with CRALPS, the Al-free CRLPS catalyst exhibits
sharper peaks that suggest larger cobalt oxide crystallites in
the latter. Indeed, the Co;0, average crystal size estimated
from peak broadening is 15 nm for CRLPS, whereas it is
reduced to 11 nm for the Al-grafted CRALPS sample
(Table 3). It is also interesting to notice that, while the
average Coz0, crystallite size in the Al-sample is quite close
to the average pore size (10 nm), it largely exceeds the pore
diameter in the all-silica catalyst (11.2 nm). Therefore, the
presence of the Al-layer in the SBA-15 carrier favors a higher
dispersion of the cobalt oxide particles, which can be
attributed to the enhanced interaction of the metal precursor
species with the support surface relative to the all-silica
material, in agreement with previous observations.>**®

The N, adsorption/desorption isotherms and pore size
distributions of the two CoRu catalysts are shown in Fig. 2,
and the derived textural parameters are included in Table 1.
It has been estimated that the mean pore size is reduced by
0.5 nm due to deposition of Co and Ru on both supports.
However, the shape of the hysteresis cycle suggests larger
heterogeneity in the pore diameters of the channels after Co/
Ru impregnation. For the Al-grafted sample, the
impregnation with Co/Ru produces a more noticeable
modification of the hysteresis loop and hence of the fine
structure of the pores compared with that in the case of the
Al-free support. The shift of the desorption branch of the
isotherm toward relative pressures evidences a
narrowing of the free diameter of the channels, which can be
reasonably attributed to the presence of cobalt (and Ru) oxide
phases located inside the channels. As observed in Table 1,
both catalysts display a lower BET surface area and mesopore
volume than their corresponding supports, which is due in
part to the dilution effect of the metal oxides present in the
samples. Interestingly, while the relative decrease in
mesopore volume for the Al-containing CRALPS -catalyst
(29%) slightly exceeds that expected from the simple dilution
effect (ca. 23%), it is much higher for CRLPS (ca. 44%). This
fact suggests that a considerable fraction of the inner volume
of the CRLPS sample should be blocked by cobalt oxide
particles, probably located at the pore mouths of the
unidirectional channels of SBA-15. The stronger metal-
support interaction would prevent to a large extent this
phenomenon in the Al-grafted sample.

The acid properties of the CRALPS sample were assessed by
FTIR-pyridine. The FTIR spectrum in the pyridine region is

lower
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presented in Fig. 6 along with that of the ALPS support
previously discussed. After incorporation of Co and Ru to the
ALPS support and following air calcination, the intensity of the
Al**related band at ca. 1455 cm™" decreases slightly and a new
component appears at 1451 cm ' ascribed to pyridine
coordinated to Co*'/Co®" cations of the spinel oxide Co;0,
displaying Lewis acidity. The same features are evidenced by
looking at the pyridine bands at around 1622 and 1611 cm™" of
LAS associated with AI*" and Co*"** cations, respectively (Fig. 6).
Similar IR-pyridine LAS bands at 1452 and 1612 cm ™" were also
observed for pyridine interacting with Co*" cations in ion-
exchanged positions of Co-zeolites.*”*** The lower frequency of
the band of pyridine coordinated to cobalt cations indicates a
weaker strength of the associated LAS in comparison with those
related to aluminum cations. The total concentration of LAS in
the CRALPS catalyst, normalized by the mass of the support, is
244 pmol g, ', slightly above that of the bare support.
Concomitantly, the intensity of the BAS band is somewhat
decreased in the CRALPS catalyst with respect to the support,
resulting in a density of BAS of 24 pmol g, . Since these values
are normalized by the mass of the support, the lower amount of
BAS in the catalyst is likely due to the partial coverage of the
support surface by the loaded metal (Co + Ru) oxide phases. In
conclusion, the above FTIR-pyridine data clearly reveal the
presence of BAS on the surface of the CRALPS catalyst, which
can be associated with tetrahedrally coordinated AI** species in
bridged Si-OH-Al groups located probably at the interface
between the grafted alumina layer and the silica SBA-15 carrier.
The Co 2p core-level XP spectrum of the calcined catalyst
supported on bare silica (CRLPS) shows two asymmetric signals
that can be fitted with two split components with a 2:1 area
ratio (Fig. 5 and Table 2), which can be assigned to the Co 2p3/,
and 2py,, peaks of Co*" (780.0 and 795.3 eV) and Co** (781.5
and 796.9 eV) in Co0;0,.*"” This is in agreement with XRD
analysis that identified this spinel oxide as the only cobalt
crystalline phase in the calcined material. Furthermore, the
presence of the Coz0, phase would also account for the weak
shoulder found at BE around 530.4 eV in the O 1s spectrum, in
addition to the main peak at BE of 532.9 eV assigned to the
silica phase. In the case of sample CRALPS, the slight shift of
both Co 2p peak maxima towards higher BE, besides the higher
intensity of the Co 2p shake-up satellites, indicates that this
catalyst contains a higher proportion of paramagnetic Co**
species compared to CRLPS. Indeed, the Co 2p spectrum can
be fitted with a split component at 781.9 and 797.4 eV, which
can be ascribed to Co 2p;, and 2p;, peaks of cobalt

This journal is © The Royal Society of Chemistry 2021
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aluminate,”**° in addition to the peaks assigned to the Co;0,
phase. The relative peak areas (Table 2) indicate a notably
higher proportion of Co in the aluminate phase with respect to
the oxide. The fact that Co;0, is the only phase detected by
XRD indicates the amorphous nature of the cobalt aluminate
phase formed in sample CRALPS, as commonly observed for
Co/Al,0; FTS catalysts.®!

Moreover, despite both catalysts having the same cobalt
content, the XPS spectrum of the catalyst prepared with the
all-silica support shows much weaker Co 2p components
than the catalyst supported on the Al-grafted material.
Indeed, the calculated surface Co/Si atomic ratio of sample
CRLPS is three times lower than the Co/(Si + Al) ratio of
sample CRALPS (Table 2). This result indicates, in agreement
with XRD data, that CRLPS contains larger cobalt oxide
crystals than CRALPS. Given the dimension of these crystals,
sizing in average 15 nm for CRLPS and 11 nm for CRALPS
according to XRD (Table 3), the XPS technique can only probe
a fraction (the outermost layers) of the cobalt oxide crystals.
As the surface to volume ratio of the crystallites decreases
with the increase of crystal dimensions, the fraction of cobalt
that can be detected by XPS would be smaller for CRLPS.
Indeed, the low amount of Co determined by XPS for sample
CRLPS in comparison to CRALPS suggests that, on the
external surface of catalysts particles, the increase of Co;0,
crystal size in CRLPS with respect to CRALPS is even larger
than that found by XRD for the bulk.

H,-TPR experiments have been carried out to investigate the
reducibility of the catalysts. The results, plotted in Fig. 8, show
two reduction peaks. The low temperature peak (73) is typically
assigned to the reduction of Co;0, to CoO. The second peak
(T») is assigned to the reduction of small CoO crystals to Co°
species. After Al grafting, T; shifted to lower temperature, from
200 to 175 °C. On the contrary, T, increased by 20 °C
suggesting that there are smaller CoO crystals.">*"** The
shoulder at ca. 265 °C in the profile of sample CRLPS may be
related to the reduction of larger CoO particles displaying a
weaker interaction with the support, probably those located
outside the mesopores. Additionally, the AlI-SBA-15-supported
sample (CRALPS) exhibits a broad reduction feature at

H, consumption (a.u.)

200 400 600 800
Temperature (°C)
Fig. 8 H,-TPR profiles of the SBA-15-supported CoRu catalysts.
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temperatures of 500-700 °C that can be attributed to the
reduction of Co®" strongly interacting with the AI-SBA-15
surface, probably with surface Al species (e.g. Co-O-Al) forming
a cobalt aluminate-like phase, as was also suggested
beforehand based on the analysis of the Co 2p XPS signal.

The degree of cobalt reduction (DOR) was determined by
H,-TPR of the catalysts pre-reduced in pure H, at 400 °C for
10 h, and the results are displayed in Table 3. Although both
catalysts showed high DOR values due to the presence of Ru
as a cobalt reduction promoter, the all-silica CRLPS catalyst
presents a higher DOR (96%) than the Al-containing CRALPS
sample (87%). The lower DOR of CRALPS can be related to
the presence of a fraction of Co as hardly reducible cobalt
aluminate, as discussed previously.

The morphology and particle size distribution of the
supported CozO, species in the calcined -catalysts were
characterized by bright-field TEM. It shows that the ordered
mesopore architecture of the ALPS (Al-SBA-15) support is
preserved and that CRALPS displays smaller Co;O, particles
in comparison with CRLPS (Fig. 9). Indeed, the histograms in
Fig. 9 (right panels) show that CRALPS displays a narrower
Co;0, particle size distribution with a surface average
particle size (D[3,2]) of 5.9 nm, while CRLPS shows a wider
size distribution with a larger D[3,2] of 10.1 nm (Table 3).
Considering the pore diameters (10-11 nm, Table 1) and the
TEM-derived Co3;0, particle size distributions, it seems
evident that a significant fraction of the particles in CRLPS
should be located outside the mesochannels while most of
them should reside within the mesopores in CRALPS.

The cobalt dispersion in the catalysts after reduction in
H, at 400 °C was determined by H, chemisorption. The
results (Table 3) clearly reveal a higher H, uptake for the Al-
grafted CRALPS catalyst (192 umol g™") than for CRLPS (156
umol g™"), which translates into a higher Co° dispersion in

CRLPS

RE e e
e R

Number of particles
om s o> SR
T

0 2 4 6 8 10 12 14 16 18 20
Particle diameter (nm)
CRALPS

6 8 10 12 14 16 18 20
Patticle diameter (nm)

TEM

(left)
corresponding CozO,4 particle size distributions (right) for calcined
CRLPS (top) and CRALPS (bottom) catalysts.

Fig. 9 Representative bright-field images and
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the former (15.8 vs. 11.2%). The mean Co’ particle sizes
estimated from the obtained metal dispersions after
correction by DOR amounted to 8.6 nm for CRLPS and 6.1
nm for CRALPS (Table 3).

The CRALPS catalyst was additionally characterized by
HAADF-STEM after reduction in H, at 400 °C and surface
passivation. As inferred from the representative STEM image
shown in Fig. 10 (inset), Co® nanoparticles appear to be
uniformly distributed mainly within the mesoporous
channels of the AI-SBA-15 -carrier. The STEM-derived
distribution of cobalt particle sizes (Fig. 10a) reveals a narrow
size distribution in the 4-7 nm range, with a surface average
Co° particle diameter of 6.2 nm, virtually matching the mean
particle size of 6.1 nm obtained by H, chemisorption
(Table 3). Moreover, STEM-EDX mapping confirms the
presence of Co homogeneously distributed throughout the
pore network of the grafted Al-SBA-15 carrier (Fig. 10b).

3.4. Catalytic performance for FTS of CoRu/(Al-)SBA-15 catalysts

The FTS activities, expressed as CO conversion, cobalt-time-
yield (CTY), and turnover frequency, (TOF) of catalysts CRLPS
and CRALPS are compared in Table 4 for the experiments at
a constant GHSV of 7.0 Lgyngas Zeat - W' (period 1). As shown
in Table 4, the Al-free CRLPS catalyst exhibits about 1.7-fold
higher FTS activity in terms of both CO conversion and CTY
than the CRALPS catalyst based on the Al-grafted SBA-15
support. Moreover, the intrinsic activity per active Co® site or
TOF, based on H, chemisorption data, is also about two-fold
higher for the catalyst supported on the all-silica SBA-15

a)

Number of particles

Particle diameter (nm)

Fig. 10 a) Cobalt particle size distribution and representative HAADF-
STEM image (inset), and b) STEM-EDAX mapping of the reduced and
passivated CRALPS catalyst.
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Table 4 FTS activity of CRLPS and CRALPS catalysts. Reaction
conditions: 220 °C, 2.0 MPa, GHSV = 7.0 Lyyngas 9eat - h %, and Ho/CO = 2

CTY x 10°
Catalyst ~ CO conversion (%)  (molgo gco ' h™')  TOF* x 10* (s7)
CRLPS 80.9 451 6.9
CRALPS 47.9 277 3.3

“ Based on H, chemisorption.

material (CRLPS). At this point, we should note that the
contribution of metallic Ru species (known to be active for
FTS) to the overall activity of our catalysts was estimated to
be, at maximum, 9.5% and 5.2% for CRLPS and CRALPS,
respectively, as detailed in the ESL} These values are in good
agreement with that reported in an earlier work by Iglesia
and co-workers, who estimated a contribution of Ru species
of less than 10% to the total activity of a CoRu/TiO, catalyst
loaded with 11.6 wt% Co and 0.14 wt% Ru.® Therefore, the
observed differences in activity between CRLPS and CRALPS
catalysts can be mainly attributed to changes in the
properties of active Co® sites, as will be discussed later.

On the other hand, the product selectivity of CRLPS and
CRALPS catalysts at a constant CO conversion of ca. 40%
(period 2) is presented in Table 5. It can be seen there that
both catalysts display a very low selectivity to CO, (<0.3%), as
anticipated from the known low activity of cobalt-based FTS
catalysts for the competing water-gas shift reaction. The
distribution of hydrocarbons, however, is clearly different,
with CRALPS exhibiting a higher selectivity to light (C; and
C,-C,) and liquid (Cs-Cy) hydrocarbons than CRLPS.
Remarkably, the selectivity to long chain hydrocarbons (C,;.),
typically referred to as FT waxes, is much higher for CRLPS
(14.0%) than for CRALPS (1.9%). This shift in the
hydrocarbon distribution upon incorporation of Al in the
SBA-15 silica is clearly evidenced in the corresponding ASF
distribution plots shown in Fig. S2,f where the concentration
of hydrocarbons for CRALPS starts to decline drastically
above C,.

The activity of Co-based FTS catalysts is known to be
mainly dictated by the size of the supported Co°
nanoparticles through the previously reported TOF-particle
size dependence, by which a drastic decline in the TOF of
surface Co° sites occurs for nanoparticles sizing below ca. 6
nm.*** In the present study, the calcined Al-grafted CRALPS
catalyst was shown by XRD and TEM to exhibit a greater
cobalt dispersion resulting in smaller Co;0, particles in

Table 5 Carbon-based product selectivity at a constant CO conversion
of 40% (period 2) for CRLPS and CRALPS catalysts. Reaction conditions:
220 °C, 2.0 MPa, and H,/CO = 2

CO, Hydrocarbon distribution (% C)

selectivity
Catalyst (% C) C C,-C;  CsCh  Copi Gy
CRLPS 0.2 11.4 10.2 64.4 14.0 78.4
CRALPS 0.3 15.0 14.5 68.6 1.9 70.5

This journal is © The Royal Society of Chemistry 2021
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comparison with CRLPS (Table 3). According to H,
chemisorption measurements, the CRALPS -catalyst also
shows a higher Co dispersion than CRLPS after reduction in
H, at 400 °C, with average Co® particle sizes of 6.1 and 8.6
nm, respectively (Table 3). Moreover, the Co° particle size
distribution for as-reduced CRALPS derived from HAADF-
STEM analysis revealed that a large fraction of the
nanoparticles (~60%) in this catalyst displays sizes below 6
nm (Fig. 9), for which a lower TOF can be expected. Although
the as-reduced CRLPS was not characterized by HAADF-
STEM, both the mean size and size distribution of Co3;0,
nanoparticles in the calcined sample measured by TEM
(Fig. 8) and the average Co° particle size determined by H,
chemisorption (Table 3) indicate a much lower relative
amount of sub-6 nm Co® nanoparticles in this catalyst with
respect to CRALPS. Therefore, the lower TOF measured for
CRALPS can be accounted for by its larger proportion of
intrinsically less active small Co® nanoparticles, resulting in a
lower CO conversion and CTY for this catalyst with respect to
CRLPS (Table 4). In this regard, by taking advantage of the
ability of the Al-grafted ALPS support to efficiently disperse
the Co nanoparticles, a suitable strategy to improve the
activity of CRALPS could be to increase the Co loading until
an average Co° particle size of around 8 nm is achieved. In
doing so, a significant enhancement of the FTS activity would
be expected as the result of an increase of both the average
TOF and the total amount of exposed Co° sites with near-
optimum TOF.

The dependence of the FTS product selectivity on catalyst
properties is less straightforward than the activity due to the
influence, besides other factors, of diffusion-related
phenomena occurring within the catalyst pores which are
filled with liquid hydrocarbons under industrially relevant
reaction conditions.®>®® Iglesia and co-workers modelled the
intrapellet diffusion resistance during FTS through the yx
parameter, which relates to several measurable catalyst
properties according to the following equation (eqn (2)):*®

x (m) = (Roz-s-HCD)/rp 2)

where R,> stands for the radius of catalyst pellets, ¢ is the
void fraction, f¢, is the density of metallic Co sites per unit
area, and ry, is the mean pore radius. Increasing values of the
parameter y reflect increasing mass transport limitations
within the catalyst pores.

According to Iglesia's diffusion model,* the selectivity to
long chain (Cs,) hydrocarbons first increases with increasing
x up to values of around 160 x 10'® m due to an enhanced
limitation for the diffusion of o-olefins favouring their re-
adsorption on Co° sites and participation in C-C chain
growth processes. Above this y value, ie. under stronger
diffusion limitations, the intra-pore diffusion of CO starts to
be restricted causing a local increase in the H,/CO ratio
around the active Co° sites located within the pores.
Consequently, the hydrogenation of C,H, intermediates is
favoured causing a decline in the Cs, selectivity in favour of

This journal is © The Royal Society of Chemistry 2021
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lighter hydrocarbons. In our case, the value of the y
parameter amounted to 162 x 10'® m for CRLPS and to 246 x
10"'® m for CRALPS (Table 6). The higher y value of CRALPS is
mostly due to its lower mean pore radius (r,) and higher
density of Co sites per unit area (fg,) determined by its
higher Co dispersion and lower BET surface area in
comparison with CRLPS. Moreover, it has to be considered
that the diffusion restrictions in the 1D mesochannels of
SBA-15 would be enhanced with respect to conventional 3D
porous carriers for which the correlation between the yx
parameter and the Cs, selectivity established by Iglesia was
derived. Therefore, the calculated y values for our CRLPS and
CRALPS catalysts suggest that, in this case, the Cs, selectivity
is determined by the intra-pore diffusion of CO, as also
concluded in earlier studies for Co supported on SBA-15
materials.'® This is supported by the almost identical olefin/
paraffin ratios for selected hydrocarbons (C,-C,) obtained for
the two catalysts (Table 6), since a decrease in this ratio
would be expected at increasing values of y in the regime
where the Cs. selectivity is governed by the re-adsorption of
a-olefins.®® Therefore, according to the calculated y values,
the Al-grafted CRALPS catalyst shows higher resistance to the
diffusion of CO than CRLPS, which may explain at least in
part the lower selectivity to Cs,, particularly to waxes (Cy;4),
and higher selectivity to lighter hydrocarbons (C;-C,) in the
former (Table 5).

In addition to diffusion-related issues, the FTS selectivity
is also influenced by the size of the supported Co°
nanoparticles. In this respect, besides displaying lower TOFs,
small Co° nanoparticles sizing below ca. 6 nm were also
reported to be intrinsically more selective to methane at the
expense of Cs, hydrocarbons.®>®* This occurs as C-C chain
growth is assumed to require relatively large ensembles of
Co° atoms that are more abundant at the terraces of larger
nanoparticles.®”””®® Thus, the presence of a significant
proportion of sub-6 nm nanoparticles in CRALPS (Fig. 10)
could also account for its lower Cs, selectivity (and higher C;
selectivity) with respect to CRLPS.

Finally, the presence of Bronsted acid sites in the CRALPS
catalyst (Fig. 6) may promote the cracking of long chain
primary FT products (e.g., heavier olefins) producing a shift
in the hydrocarbon distribution towards lighter fractions, as
previously reported for cobalt catalysts supported on acidic
Al-doped SBA-15 silicas.>*** In order to determine whether
the acid catalysis contributed to a significant extent to the
product distribution of the Al-grafted CRALPS catalyst, we
analysed the branched/linear ratio for individual

Table 6 Olefin/paraffin and branched/linear mass ratios for CRLPS and
CRALPS catalysts at a constant CO conversion of 40% (period 2).
Reaction conditions as in Table 5

Olefin/paraffin ratio Branched/linear ratio

Catalyst C, Cs Cy Cs Ce C; Cg
CRLPS 0.09 1.20 0.89 0.03 0.03 0.05 0.07
CRALPS 0.08 0.98 0.92 0.04 0.05 0.09 0.11
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hydrocarbons in the C5-Cg range (including both olefins and
paraffins) for the two studied catalysts (Table 6). The results
showed a higher branched/linear ratio, increasing with
carbon number, for CRALPS that indicates the occurrence of
acid catalysis in this catalyst. Therefore, it seems reasonable
to assume that the presence of Bregnsted acid sites associated
with Al species in AlI-OH-Si groups would contribute, via
isomerization and cracking of heavier hydrocarbons, to the
changes in product selectivity observed for CRALPS.

4. Conclusions

Aluminum was introduced as a uniform layer (ca. 0.6 nm
thickness) on the surface of a short-channel mesostructured
SBA-15 silica with enlarged pores (11.2 nm pore diameter) by
three sequential grafting steps using aluminum-tri-sec-
butoxide as a precursor. According to FTIR-pyridine
measurements, the grafted AI-SBA-15 sample (Al/Si = 0.26)
exhibited, besides Al**-related Lewis acid sites, Bronsted acid
sites associated with tetrahedral AI*" species in Al-OH-Si
groups located at the interface between the Al layer and the
silica surface. Both the parent SBA-15 silica and the grafted
Al-SBA-15 material were employed as supports for preparing,
via incipient wetness impregnation, Ru-promoted Co catalysts
with nominal loadings of 20 wt% Co and 1 wt% Ru. As a
consequence of the stronger Co-support interaction induced
by the presence of surface Al species in the grafted sample, as
ascertained by H,-TPR, the CRALPS catalyst displayed a
higher cobalt dispersion than that supported on the SBA-15
silica (CRLPS) both after air-calcination at 300 °C (XRD, TEM)
and after reduction in H, at 400 °C (H, chemisorption,
STEM). The mean Co° particle size in the as-reduced samples,
derived from H, chemisorption measurements, was 8.6 nm
for CRLPS and 6.1 nm for CRALPS. Moreover, the Co° particle
size histogram for CRALPS obtained by HAADF-STEM
revealed a high proportion (~60%) of small nanoparticles
sizing below 6 nm in this catalyst.

When evaluated for the Fischer-Tropsch synthesis (FTS)
reaction under industrially relevant conditions (220 °C, 2.0
MPa, H,/CO = 2), the Al-containing CRALPS catalyst displayed
a CO conversion and a cobalt-time-yield (CTY) notably lower
than CRLPS. The inferior FTS activity of CRALPS was related
to the lower intrinsic TOF of the exposed Co° sites in the
small (<6 nm) nanoparticles abundantly present in this
catalyst, resulting in a TOF of 3.3 x 107> s™". In comparison,
the catalyst supported on the all-silica SBA-15 carrier (CRLPS)
comprising larger Co° particles exhibited a higher TOF of 6.9
x 107> s'. Moreover, the presence of the grafted Al species
on the SBA-15 silica surface induced significant changes in
the product selectivity of the corresponding CoRu catalyst.
Hence, at a constant CO conversion of ca. 40%, the selectivity
to waxes (C,;4+) was remarkably reduced from 14.0% for
CRLPS to only 1.9% for CRALPS while the selectivity to liquid
hydrocarbons (Cs-C,), precursors of synthetic liquid fuels,
was increased from ca. 64.4% to 68.6% accompanied by an
increase in the formation of branched hydrocarbons. The

4256 | Catal. Sci. Technol, 2021, 1, 4245-4258

View Article Online

Catalysis Science & Technology

changes in product selectivity observed for CRALPS were
concluded to arise from the contribution of three main
factors: the intrinsic lower Cs. selectivity of the abundant
sub-6 nm Co° nanoparticles, the enhanced restriction for the
intra-pore diffusion of CO, and the isomerization and
cracking of heavier hydrocarbons catalyzed by the Brensted
acid sites existing in the Al-containing catalyst.
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