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Silica with 3D Mesocellular Pore
Structure Used as Support for Cobalt
Fischer-Tropsch Catalyst

Abstract

The typical MCM-41 and SBA-15 silica types were modified in order to expand
their pores by addition of a swelling agent at mild conditions. The MCM-41,
SBA-15 and Pore-expanded (PE) mesoporous silicas, i.e., PE-SBA-15 and PE-
MCM-41 were synthesized by the atrane route and used as supports in the
preparation of cobalt Fischer—Tropsch catalysts. The synthetized silicas presented
a homogeneous morphology with narrow pore size distribution of 1D, 2D and 3D
pore structures. The most interesting pore structure and size was presented by
the PE-SBA-15 silica, which showed a 3D spherical cell structure of 30 nm diameter
interconnected by small window pores of 7 nm of diameter. These supports were
used in cobalt catalyst preparation. The characterization results showed that the
pore structure and pore size affected the growth of cobalt oxide particles and
cobalt-silica interaction. These factors played an important role on the cobalt
dispersion and Degree of Reduction (DOR). Co/SBA-15 and Co/PE-SBA-15 catalysts
presented similar physicochemical properties related with the Co,0,, but the pore
size and structure of the support was different. All the catalysts were tested in
Fischer-Tropsch reaction at close to industrial conditions. Co/PE-SBA-15 catalyst
showed the best CO conversion and selectivity to long-chain hydrocarbons,
results attributed to the higher degree of reduction of cobalt but mainly to the
open network with 3D structure pores of the silica support which reduced the
diffusion limitations of the reactants and products.
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Introduction

Ordered Mesoporous Silica (OMS) are considered of a great
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interest due to their unique properties such as highly ordered
pore structures, high specific surface area, as well as tunable
pore size and volume. OMS used as catalyst supports is suitable
for reactions involving bulky molecules and its structure is
convenient for avoiding the agglomeration and coalescence
of the deposited catalyst particles, resulting in higher catalyst
dispersion [1-4].

Several mesoporous structures of silicas have been used as cobalt
catalyst supports in Fischer-Trospch Synthesis (FTS) [5,6]. FTS is
an exothermic reaction between H, and CO which produce a wide
variety of hydrocarbons (gas, liquid, and waxes) used as fuels and
chemicals [7,8]. The porosity of the catalysts support plays an
important role in this kind of reactions where bulky molecules

are involved. If the pores become too narrow, differences in
reactant diffusion rates can lead to significant changes in product
selectivity; the long hydrocarbon chain selectivity and yield can
be reduced; the produced water can be more easily accumulated
and oxidize the metallic cobalt [9-14]. As a consequence, several
studies have been performed on the support pore size effect
on cobalt Fischer-Tropsch catalysts. Outcomes on those studies
reported that wide pore catalysts supports are preferable for
higher CO conversion and higher selectivity to hydrocarbons
with longer than five carbon atoms (SC5*) in length [3,15-19].
Subsequently, new mesoporous structures are investigated to
find new outcomes not only in cobalt catalyst for FTS but also for
other applications.
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OMS is commonly prepared using a surfactant-template synthesis
procedure based on various templating agents to form different
structure arrays. The most common structures are 1D hexagonal
array, i.e., MCM-41 which consists of parallel channels that are
only accessible in one direction; 2D array with interconnected
parallel and perpendicular channels, i.e., SBA-15; and more newly
investigated 3D cage-like structure with a cubic array formed by a
system of interconnected pores, i.e., MCM-48 [4,20].

The OMS is formed by a silicon oxide network through
polycondensation reactions of a molecular precursor in liquid
media; this is the conventional sol-gel synthesis method.
However, a modified version of this technique is the atrane
route method developed by Cabrera et al. [21,22]. This method
is based on the use of a simple structural directing agent, i.e.,
Cetyltrimethylammonium Bromide (CTAB) and a complexing
polyalcohol Triethanolamine (TEAH,). This TEAH, forms chelated
complexes called atranes i.e., complexes which include tri-
ethanolamine-like ligand species (Figure 1) with a wide variety
of Metals (M). The atrane complex is less reactive than a normal
organometallic precursor in aqueous solution. Therefore, the
hydrolysis and condensation reaction rate of the inorganic
components is slowed down when a metal-atrane complex is
used [21-23].

To our knowledge, only MCM-41 has been synthetized by the
atrane route, and never SBA-15 and pore expanded MCM-41 and
SBA-15. The advantage of synthetizing these materials trough the
atrane route is that the expansion of the pores is performed at
mild conditions. While other investigations reported the obtain
of the same materials by exposing the materials for a period
of 48 h at 100°C in an autoclave. It has been explained before
the important role of porosity for cobalt catalyst support in
the performance of Fischer-Tropsch reaction. For this reason,
the synthesis of the proposed silica seems very interesting. In
addition, many studies on 1D i.e., MCM-41 and 2D i.e., SBA-15
channel structure and pores placed in 3D structure i.e., MCM-
48 have been explored, but almost any work on silica with 3D
mesocellular structure pores have been investigated for this kind
of catalyst and reaction. Therefore, the synthesis of silica with 3D
mesocellular structure pores is very attractive for cobalt Fischer—
Tropsch synthesis.

The aim of this work: first is to extend the synthesis of mesoporous
silica by the atrane route towards other structures, especially
3D mesocellular structure; second, explore the effect of pore
structure and size of silica on the final cobalt catalyst; and finally
test these catalysts in Fischer-Tropsch synthesis.

Experimental Part

Supports synthesis

MCM-41 and PE-MCM-41 synthesis: Mesoporous silica
(MCM-41and PE-MCM-41) was prepared by the atrane route
[21,24-27]. TEOS (tetraethyl orthosilicate, Si(OCH,),) was
added to TEAH, (triethanolamine, N (CH,—-CH,—OH),) and
heated at 140°C for 20 min under stirring in order to form
silatrane complexes. NaOH (1 M) was then added to the silatrane
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complex solution and the resulting solution was cooled down
to 80°C, afterwards the surfactant Cetyltrimethylammonium
Bromide (CTAB) was added to the solution. The final solution
was kept under stirring for at least 30 min. Thereafter, the
temperature was lowered to 50°C and water was added to the
solution under stirring. The product was kept under the same
conditions for 2 h and was then aged without stirring at room
temperature for 24 h. The pore-expanded MCM-41 (PE-MCM-41)
was synthesized in the same manner as MCM-41 with two main
differences: First, a swelling agent, Triisopropylbenzene (TIPB)
was added after the addition of the surfactant (CTAB) in the
procedure described previously; second, the system was aged at
70°C for 24 h in a close system after water addition. The molar
ratios of the used reagents were: 1 Si: 4 TEAH,: 30 H,0: 1 NaOH:
0.1 CTAB: 90 H,0: 0.05 TIPB.

SBA-15 and pore-expanded PE-SBA-15 synthesis: The SBA-15
was synthetized by dissolving the surfactant P123 (Mav=5800,
EO20-PO70- EO20) in 2 M HCl solution. A homogeneous solution
was obtained after stirring at 40°C for 3 h. Afterwards, the
silatrane complex (similar to the one used previously for MCM-41
synthesis), was added to the solution under vigorous stirring and
kept for 12 h at the same conditions. The final product was kept
aging for 24 h at room temperature. The pore-expanded SBA-15
(PE-SBA-15) was prepared in the same way as the SBA-15 with the
single exception that the swelling agent 1,3,5-trimethylbenzene
(TMB) was added to the synthesis solution prior to the addition of
the silatrane complex, with the function of working as a micelle
expander [28]. The final solution was kept aging at 70°C for 24 h.
The employed molar ratios were: 0.017 P123: 0.0054 TMB: 4.35
HCI: 183 H,0: 1 TEOS.

In all the cases, the precipitated solid was separated from the
liquid waste by filtration and washed repeatedly with water and
ethanol. The material was dried for 12 h at 70°C and the organic
compounds were removed from the solid by calcination (5 h at
120°C, then 3 h at 350°C and 5 h at 550°C) with a temperature
ramp of 5°C/min.

Cobalt catalyst preparation: The cobalt-based catalysts were
prepared by the incipient-wetness impregnation technique. Prior
to the cobalt impregnation procedure, the supports (MCM-41,
PE-MCM-41, SBA-15 and PE-SBA-15) were dried in air at 120°C
for 5 h. Later, 12 wt% Co from a Co(NO,),-6H,0 precursor was
dissolved in purified water to a volume equivalent to the pore
volume of each support. The impregnated powder was then
dried in air at 120°C for 5 h and subsequently calcined in air at
350°C for 10 h (heating rate: 1°C/min). The final cobalt content
in the catalysts was 12.0 + 0.1 wt%; these values were calculated
using the stoichiometry between hydrogen and cobalt from the
total H, consumption in the temperature programmed reduction
(TPR) experiment.

Catalyst characterization

Brunauer—-Emmett-Teller (BET) technique was used for the
calculation of surface area, the pore volume and pore diameter
was calculated the Barrett-Joyner-Halenda (BJH) technique.
Measurements were performed with a Micromeritics ASAP

This article is available in http://www.imedpub.com/synthesis-and-catalysis-open-access/
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2000 unit. The morphology of the supports and final catalysts
were studied by high resolution-scanning electron microscopy
using an XHR-SEM Magellan 400 instrument supplied by the
FEI Company. The samples were investigated using a low
accelerating voltage and no conductive coating. Transmission
Electron Microscopy (TEM) images were collected using a JEOL
JEM 1400 microscope. All samples were mounted on 3 mm holey
carbon copper grids. The species identification was performed by
X-ray Diffraction (XRD) on a Siemens D5000 X-ray diffractometer
with Cu Ka radiation (40 kV, 30 mA). Crystallite sizes of Co,0,
were calculated by using the Scherrer equation and by assuming
spherical particles [29]. The Co° crystallite size was estimated
from Co,0, using the formula d(Co°)=0.75"d(Co,0,) [30,31]. The
catalyst reducibility was investigated by hydrogen Temperature
Programmed Reduction (TPR) on a Micromeritics Autochem
2910 [32]. The Degree of Reduction (DOR%) was calculated using
H,-TPR of the in-situ reduced catalysts. The Thermal Conductivity
Detector (TCD) was calibrated with Ag,0 as standard. The DOR
was calculated assuming that unreduced cobalt after reduction
was in the form of Co? [33,34].

The applied formula used to calculate DOR was [35]:

ATCD f
X, /AW,

co

DOR =1-

A, [a.u./g]is the area resulting from the integration of the TCD
signal for the Co-catalyst normalized per mass catalyst; f [moles
of H,/a.u.] is a calibration factor correlating the area of the TCD
signal and the H, consumed for the Ag,O standard; X_ is the mass
fraction of cobalt in the catalyst sample and AW _ is the atomic

weight of Co (58.9 g/mol).

The cobalt dispersion (D,%) and the cobalt crystallite size (d(Co°),
nm), were calculated by hydrogen static chemisorption on the
reduced catalysts. The measurements were performed on a
Micromeritics ASAP 202°C unit at 35°C. A complete description
of the sample preparation, procedure and instrument analysis
for the materials characterization can be found in our previous
work [36].

Catalytic testing

Fischer-Tropsch experiments were performed in a stainless-
steel fixed-bed reactor at process conditions: 210°C, 20 bar,
molar H,/CO ratio=2:1. A mixture of 1 g of catalyst with a pellet
size between 53-90 pm was diluted and mixed with 5 g of SiC in
order to achieve an even temperature profile and was thereafter
placed in the reactor [36]. Prior to the reaction the catalyst
was activated by reducing it in situ with hydrogen at 350°C for
16 h at atmospheric pressure. The catalysts were tested in two
periods, first a syngas flow of 100 Ncm3®/min (NTP) for 25 h of
Time of Stream (TOS) and thereafter, in the second period the
gas flow was changed in order to obtain CO conversion of 30%
[33,35,37,38]. The heavy Hydrocarbons (HCs) and most of the
water were condensed in two traps kept at 120°C and room-
temperature, respectively. The product gases leaving the traps
were depressurized and analyzed on-line with an Agilent 6890
Gas Chromatograph (GC) equipped with a Thermal Conductivity
Detector (TCD) and a Flame lonization Detector (FID). H,, N, CO,

© Under License of Creative Commons Attribution 3.0 License
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CH,, and CO, were separated by a Carbosieve Il packed column
and analyzed on the TCD. The percentage of CO conversion was
calculated by:

co. -Co
CO.,,, (mol%) =—"—"2"x

conv

100

C1-C6 products were accurately separated by an alumina PLOT
column and quantified on the FID detector. From which it was
possible to determine the C,, selectivity (S.,) which is a widely
used measure for long-chain hydrocarbons selectivity. The S_,
if excluding CO, from the C-atom balance, is defined as follows
[35,39]:

Sese =100—(S¢; + 8¢, + 8¢5 + SC4)COzﬁ'ee

Results and Discussion
Synthesis approach

Thessilatrane formation: For the first time, a generalized synthesis
strategy for the preparation of mesoporous materials with 1D,
2D and 3D structures using the atrane route is presented in this
study. The silatrane complex was obtained by fully deprotonated
triethanolamine-like species as ligands [21,27]. The (TEAH3)
triethanolamine N(CH,-CH_—OH), reacts with tetraortosilicate
Si(OC,H,),) and replaces the four alcohols from the TEOS forming
a stable amine-trialkoxo-complexes by acting (tetradentate)
tripod ligand (Figure 1) [21,40].

MCM-41 and PE-MCM-41 silica formation: Once the silatrane
were formed, water addition promotes their consequent
hydrolysis processes (thermodynamically favored). Even at basic
medium the hydrolysis process is delay due to the formed metal-
complex i.e., silatrane. Due the steric effect of the ligands in the
silatrane complex (Figure 1), the OH- groups have difficulties to
reach the metal “Si”. Consequently the hydrolysis is slow, and
subsequently the silica polymerization also slows down. The
final formed oligomers has a negative charge density due to the
ethanol elimination from the atrane complex, at the same time
the cationic surfactant (CTA*Br’), is formed in micellar aggregates
of CTA* which can match with negatively charged oligomers by
strong electrostatic interaction and form silica coated surfactant
micelles [23].

Self-assembly of surfactant micelles and swelling agent: The
CTAB has a positive charged polar head group and a large alkyl
chain as a non-polar group. The CTAB micelles tend to form an
ellipsoid shape in aqueous solution with the hydrophilic head
groups and condensed counter ions being considered as an
electron dense shell around the core formed by the hydrophobic
tails. Depending on the CTAB concentration, it might form
hexagonal mesotructures with 1D channel structure, structure
that the silica will adopt after surfactant removal i.e., MCM-41.
In the case of PE-MCM-41, the swelling agent TIPB self-organize
inside the array channels formed with CTA* into concentric
cylinders, expanding in this way the micelle diameter [41,42].

SBA-15 and PE-SBA-15 silica formation: The surfactant P123
used for the SBA-15 synthesis is a mixture of a triblock copolymer:
Polyethylene oxide/polypropylene oxide/polyethylene oxide
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(EO/PO/EQ). The EO block is hydrophilic and the PO block is
hydrophobic [43]. The micellization of the triblock copolymers
is driven by the hydrophobic Polyethylene Oxide (PO) block
with a core consisting of PO blocks and a corona of EO blocks
[44-46]. The hydrophilic part EO will attract the anionic oxo-
hydroxo-Si oligomers forming in this way the inorganic siliceous
condensation on the micelles. When the TMB is added to the
synthesis, it prefers to self- assemble in the hydrophobic core
of PO, causing the micelles to swell. Finally, the addition of
the swelling agent (TMB) might affect the surfactant micelles
equilibrium formation and produce disorganized materials as it
was reported somewhere else [47,48]. For this reason we suggest
to use a silatrane complex, as metal precursors of Si. In addition,
the synthesis of pore-expanded silicas in our case was performed
at soft conditions, while other methods proposed the use of an
autoclave in a post synthesis process.

Materials characterization

Chemical composition and particle size analysis (X-ray
diffraction): X-ray diffraction patterns measured at angles
(26=10-80°) did not show any peak for the supports, showing
the absence of crystalline domains, thereafter are not presented
in this work Table 2 and Figure 2 show the results for the
cobalt catalysts from the XRD diffractograms. Co,O, species are
identified for all the catalysts. From the (3 1 1) Co,0, peak located
at 26=36.9°, the average particle size using Scherrer's equation
was calculated in Table 2. The calculated particle size value for
Co,0, was converted to Co°®. Results show that Co,0, particles
increase with the support pore diameter. Obtaining the smallest
Co,0, particle size for Co/MCM-41. Co/PE-SBA-15 and Co/SBA-15
shows almost the same cobalt oxide average particle size.

Textural properties: The textural properties of the supports
and cobalt catalysts are listed in Table 1. The N, adsorption-
desorption isotherms and pore size distribution of all the silica

4

supports according to the Barrett—Joyner—Halenda (BJH) method
[47] are shown in Figure 3. According to the IUPAC nomenclature,
all the catalysts have type IV (a) isotherms corresponding to
mesoporous adsorbents with a pore diameter in the range of
2-50 nm [48,49].

Both MCM-41 and SBA-15 silicas (Figure 3) present narrow pore
size distribution, SBA-15 has almost twice the average pore
diameter size of MCM-41 silica (Tablel). PE-MCM-41 presents a
particular physisorption isotherm with two hysteresis, the first
one for P/PO=0.45—0.8 related to the N, condensation inside
the cylindrical pores of the material as in the case of MCM-41;
the second small hysteresis loop at P/P,=0.90-0.95 is ascribed
to N, condensation in the inter-particle pores with a pore size
distribution at 30 nm. Consequently it is assumed that this
material has structural and textural porosity.

The hysteresis for PE-SBA-15 in Figure 3 presents a type H,(b)
loop associated with pore blocking, this type of hysteresis
loops describes a 3D cell structure with interconnected pores
(windows) [49]. The cell diameter and the window diameter are
obtained from the adsorption and desorption branches of the
isotherms respectively (Figure 3 and Table 1).

Both, the BET surface area and total pore volume of the supports
after cobalt deposition decrease, and the average pore size
increase (Table 2). The explanation given for this fact is that the
smaller pores plugging by cobalt oxide particles makes them
inaccessible to N, (adsorbate) molecules and thus decreases the
surface area and pore volume while the pore size results bigger
[50].

Scanningandtransmissionelectron microscopies:Representative
SEM images of MCM-41, PE-MCM-41, SBA-15 and PE-SBA-15
are illustrated in Figure 4. MCM-41 shows a perfect hexagonal
structure extrapolated from its nano-scale structure. SBA-15
presents fiber-like morphologies of different sizes and widths

This article is available in http://www.imedpub.com/synthesis-and-catalysis-open-access/
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Table 1 Textural properties of the supports and catalysts by N,-adsorption
(*Determined from a single point of adsorption at P/P =0.998; "Estimated
by BJH formalism (desorption branch); *The two values represent the
cell diameter and window diameter of the cell from BJH adsorption and
desorption).

e BET Surface area Total pore : Mesopore
(m?/g) volume? (cm?*/g) diameter® (nm)

MCM-41 1200 0.9 2.6
PE-MCM-41 900 1.8 6.3
SBA-15 940 1.1 7.5

PE-SBA-15 860 1.9 29.3*/5.0
Co/MCM-41 990 0.8 3.1

Co/PE-

MC(II-41 633 1.4 6.8
Co/SBA-15 721 0.8 7.9

Co/PE-SBA-15 576 1.8 29.0*/7.1

Table 2 Physicochemical characteristics (*Calculated from Scherrer
equation; *According with: d(Co®)=0.75'd(Co,0,); “Particle size calculated
after reduction at 350°Cfor 16 hin H,; dMetal dispersion, after reduction
at 350°C for 16 h in H,; *Dispersion corrected by DOR According to:
d(Co°) H :%.DOR; ‘Degree of reduction from TPR of reduced catalysts).

XRD H,-Chemisorption
d(Co,0,)° d(Co°)° d(Co®) Decorr DOR’
(nm)  (hm) °H(nm) D(%) (%) (%)

Sample

Co/MCM-41 7.0 5.3 4.7 7.2 7.1 35
Co/PEMCM-41 9.4 7.0 6.1 6.8 5.6 43
Co/SBA-15 15.1 11.3 7.2 8.0 8.0 60
Co/PESBA-15 14.7 111 7.5 7.4 7.4 58

[51]. The morphology from the initial MCM-41 and SBA-15 was
changed from hexagonal and cylindrical tubes to agglomerated
spherical particles. This result was produced by the addition of
the swelling agent; and suggests that the swelling agent is not
only inside the CTAB and P123 micelles, but also outside, which
can prevent the formation of big and long particles.

The morphology of the supports did not changed after cobalt
deposition; thereafter the SEM pictures are not presented in this
work.

Further studies from the TEM images in Figure 5 showed that Co/
MCM-41, Co/PE-MCM-41 and Co/SBA-15 have channel structures
with different pore sizes. Here it is evident that PE-MCM-41
preserved the channels from MCM-41 silica, but changed the 1D
channel formation to 2D channels with perpendicular direction.
PE-SBA-15 changed the mesostructure to a 3D mesocellular
foam shape. This is in agreement with N, adsorption-desorption
results. Cobalt particles were also identified in Figure 5 (A1 and
A2). Due to differences in electronic density, the areas of darker
contrast were assigned to cobalt oxide whilst the areas of lighter
contrast were due to the silica support. Co/MCM-41 presented a
well-organized pore structure of the support with agglomerated
cobalt oxide particles mostly outside de pores (Figure 5). The
cobalt oxide seems to be more dispersed inside the pores in Co/
PE-MCM-41 (Figure 5 (B2)). On the other side a homogeneous
dispersion and particle size of Co,0, are seen in Co/SBA-15. Co/
PE-SBA-15 shows the 3D mesocellular foam pore structure of

© Under License of Creative Commons Attribution 3.0 License
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the silica. The network was formed for pore cells with a main
pore diameter of 30 nm and interconnected windows (Figure 5
(D2)). Additionally this material showed big agglomerations of
cobalt oxide, but also particles inside the spherical pores (Figure
5 (D1)). In all the cases Co,O, particles seems to be formed on
both the external and internal surface of the materials which are
comparable with other researches [52].

Physicochemical analysis: H,-Temperature Programmed
Reduction: A comparison of the reduction temperature profiles
for the final catalysts are shown in Figure 6. Unsupported as
well as supported cobalt oxide Co,0, is reduced in two steps:
one (Co,0, + H,~> 3Co0 + H,0) and the second step (3Co0O + 3H,
- 3Co0 + 3H,0). The last one is more sensitive to the support,
particle size, particle-support interaction, reductant flow (rate
and composition) and heating rate. Figure 2 shows two main H2
uptakes for all the catalysts; the first one at temperatures below
500°C corresponding to the reduction of Co,0, and CoO; the
second one at temperatures higher than 500°C correspondent to
strong metal support interaction [53-55].

Then, it is concluded that more Co,0, and less CoO species are
present in Co/MCM-41 than in Co/PE-MCM-41, while the Co-
silicates species are higher in Co/MCM-41. From these results
one can expect that Co/PE-MCM-41 has more reducible cobalt at
350°C, which is required for FTS. These differences are attributed
to the higher surface area and small pore diameter size, which
favors the formation of very small particles that can easily
interact with —OH species present in MCM-41 silica. Co/SBA-15
shows more CoO species than Co,0, and less cobalt-support
species compared with Co/PE-SBA-15. Cobalt-support interaction
in Co/PE-SBA-15 is attributed to the more open network of
the silica support which favors the diffusion of Co ions during
impregnation and calcination. Thereafter these cobalt ions might
reach the window pores in the cell spheres where the probability
of interact with the silanol groups is higher due the small window
pore size.

Co/MCM-41 and Co/SBA-15 catalysts showed very different
reduction properties. One explanation might be the pore diameter
of the silica support. It was reported that smaller pore diameter in
mesoporous silica likely forms and stabilizes smaller cobalt oxide
particles with higher dispersion. Nevertheless, the pore diameter
of the silica support material is not the only possible explanation
for diverse reduction properties. Some authors tried to explain
the difference between MCM-41 and SBA-15 and found that the
pore surface consists of regularly arranged isolated surface SiOH
groups. These OH species in parallel direction to the cylindrical
pore axis are absent in MCM-41. On the contrary, the inner
surface of SBA-15 contains isolated and interacting SiOH groups
able to form hydrogen bonds with other OH groups as well as
geminal Si(OH), groups with all of them pointing in all directions
of space. Pore models have shown that the inner surface of SBA-
15 is substantially “rougher” than the pore surface of MCM-41
[56]. Therefore it is reasonable to think that due to the rougher
inner surface of the SBA-15 support, the interactions of cobalt
particles with silica surface sites in the Co/SBA-15 catalyst are
weaker and as a result less cobalt-silicate is formed.



Synthesis and Catalysis: Open Access

2017
ISSN 2574-0431

Vol.2No.3: 11
4 N
#Co0, ColPE-SBA15 | [*Co0, Co/SBA-15
%
*
* *
3
S : : ‘ ‘ : ‘ : ;
> 20 30 40 50 60 70 20 30 40 50 60 70
£ |#Co0, CoPE-MCMH41 | [#Co,0, Co/MCMH-41
=
%
* %
%
20 30 40 5 60 7020 30 40 50 60 70
20(°)
Figure 2 X-Ray patterns for the studied catalysts calcined at 550 °C
- J
4 N
= =
1200 ¢ o 1200 { -2 05
—_— S o025 — S04
. @ o -
L 1000 §°® tn 1000 E©
o 015 o ° 0z
= bt S >
- = 010 = =
g 800 | § oos E. 800 - ‘_EE
- Z oo = e
a 6001 5 2 a 6 & 10 £ 600425
g Pore diameter [nm] @
k=] 400 - = 400 4
[ ]
Fii ] @
g 200 5 200 |
2 MCM-41 3
T T T T T 0 T T . T T T
00 02 04 06 08 1.0 0.0 02 04 06 08 10
Relative P P/P
ative Pressure (P/F,) Relative Pressure (P/P,)
1200 o 1400 | = ** =~ Adsomtion
o | g ea 0 5 a2 [—*— Desopti
[ = 1t
® 1000 £ iy 120018
o= { Sz 2 10002 " -
£ sooq{ fus £ S I
2 1 2 - 800+ £ 10 20 E a0 50
3 b4 ]
2 600 = 5 F e 20 o Pore diam eter [nm]
2 Pore diameter [nm] ‘g 600 -
=]
«© 4004 O
o S 400+
=2 200 g 200 -
S ] 2
0 T T T T 4] T T T T
0.0 02 04 06 0.8 10 0.0 0.2 04 06 08 10
Relative Pressure (P/P,) Relative Pressure (P/P,)
Figure 3 The N, sorption isotherms and pore size distribution curves for the mesoporous silica supports.

J

The Co° particle size and dispersion is calculated from H2-
chemisorption after catalyst activation and reported in Table 2.
This technique showed similar Co® particle sizes compared with
XRD analysis. Co/SBA-15 showed the highest dispersion. These
result could be attributed to the weak Co-silicate interaction
caused by the presence of interconnected 2D pores and the pores
inner surface discussed previously [56]. Consequently, the Degree

6

of Reduction (DOR) is higher for Co/SBA-15. Itis interesting to note
that the degree of reduction is also high for Co/PE-SBA-15 even
though it has a high cobalt-silicate formation. The explanation
given to this fact is the pore structure and size of the silica. It was
reported that water produced during reduction process oxidizes
the Co°®, effect that is more pronounced in catalysts with small
and long pores due to water accumulation inside the pores [11];
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Figure 4 Representative SEM imagens of a) MCM-41, b) PE-MCM-41, c) SBA-15 and d) PE-SBA-15 calcined at 550 °C for 6 h.

J

however this is not the case for the PE-SBA-15 which has large 3D
spherical pores and the produced water is more easy to diffuse
through this network and possibly might be less Co® oxidation,
which can favor the degree of reduction.

Catalytic activity

As explained in the experimental part, the tests consisted of
two periods. In the first period, the catalysts were tested at a
Gas Hourly Space Velocity (GHSV) of 6000 ml/h-gcatalyst (NTP)
in order to compare the CO conversion. In the second period
the GHSV was adjusted in order to operate at CO conversion
of 30 + 4%. The GHSV employed during each period and the
corresponding average CO conversions are presented in Table 3.

As can be deduced by comparing CO conversions during the first
period, the catalyst activity decreases in the following order:
Co/PE-SBA-15>Co/SBA-15>Co/PE-MCM-41>Co/MCM-41. By the
physicochemical characterization, it was deducted that our best
candidates for the Fischer-Tropsch reaction was Co/SBA-15 and
Co/PE-SBA-15. Both catalysts had similar cobalt particle size,
degree of reduction and dispersion; however the catalytic results
showed almost double CO conversion for Co/PE-SBA-15 (Table
3). Hereafter, the catalytic result is attributed mainly to the pore

© Under License of Creative Commons Attribution 3.0 License

structure and average pore diameter. The presence of 3D pores
with spherical shape and pore windows might favor the reactants
and products diffusion. While in the 1D and 2D pores (Co/MCM-
41, Co/SBA-15 and Co/PE-MCM-41) are more limited.

Lower CO conversion for Co/MCM-41 was observed, as expected
from the physicochemical characterization. It can be related to
the low availability of active cobalt on the catalyst surface, due to
the high formation of Co-silicates, which are easier to form when
a high surface area is present, due to the presence of more -OH
species and disposition inside the pores.

Furthermore, Table 3 shows a comparison of the product
selectivities during the second period at around 30 % of CO
conversion. In general, the selectivity to hydrocarbons with a
carbon chain longer than five carbon atoms (S_,) increases at
higher CO conversion. This effect is usually ascribed to a higher
extent of secondary reaction (a-olefin re-adsorption) and/or the
effect of a higher partial pressure of the water formed during
FT reaction [17,57]. As the selectivity of C_, increases with CO
conversion, the selectivity to CH, is then reduced. However, the
selectivity to C,, decreases in the order: Co/PE-SBA-15>Co/SBA-
15>Co/PE-MCM-41>Co/MCM-41. This might be attributed to

7
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Figure 5 Representative TEM imagens of A) Co/MCM-41, B) Co/PE-MCM-41, C) Co/SBA-15,
D) Co/PE-SBA-15 after cobalt deposition calcined at 350 °C for 10 h. The letters with
number 2 shows higher resolution of catalysts.
- J
Table 3 Conversion levels and selectivity data for the different catalysts (aSelectivities are CO2-free).
GHSV Catalysts XCO (%) S,2(%) SC5+% (%) SCO, (%)
6000 4.4 12.2 76.3 1.4
Co/MCM-41
1500 27.0 8.6 83.5 1.0
6000 5.7 10.1 80.0 0.7
Co/PE-MCM-41
1600 29.1 8.7 84.6 0.4
6000 10.0 18.1 62.3 2.2
Co/SBA-15
2550 28.0 13.6 74.4 1.8
6000 18.5 11.1 73.6 1.2
Co/PE-SBA-15
4800 28.5 7.2 85.2 0.8

the small pore size of the supports with channel structure i.e.
MCM-41, SBA-15 and PE-MCM-41 where H, difuses faster than
CO due to molecular size. This leads to higher HZ/CO ratios within
the catalyst channels, and a higher H,/CO ratio promotes the
selectivity to methane and short hydrocarbon chains. In the case

of Co/PE-SBA-15 that has cell spheres structures this gradient of
HZ/CO is limited and the intermediate hydrocarbon chains are
not easily hydrogenated. The selectivity to CO, is low for all the
catalysts and decreases at higher CO conversions due to water
gas shift reactions due to the water production at FTS [24].
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Figure 6 H, TPR profiles of the cobalt catalysts calcined at 350 °C for 10 h. (MSI = metal-support interaction).
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Conclusion resulted in more catalytic active sites. However, Co/PE-SBA-15

Mesoporous silicas with structure type MCM-41, SBA-15 and
their correspondent pore-expanded PE-MCM-41 and PE-SBA-15
were synthetized by the atrane route and used as supports for
cobalt Fischer-Tropsch catalysts. The atrane route allowed the
synthesis of homogeneous materials with tunable pore diameter
and narrow pore size distribution at soft conditions. The final
silica materials had 1D, 2D and 3D structures. The particle size
of the deposited cobalt oxide on these materials was influenced
by the support pore size. Higher degree of reduction was found
for larger Co® particles on Co/SBA-15 and Co/PE-SBA-15, which
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