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Mesoporous H-ZSM-5-carbon composites, prepared via tetrapropylammonium hydroxide (TPAOH) post
treatment of H-ZSM-5 followed by deposition of pyrolytic carbon, have been used as the support for the
preparation of Co-based Fischer-Tropsch catalysts. The resulting catalysts display an improved perfor-
mance during Fischer-Tropsch synthesis (FTS), with higher activity, higher selectivity towards C5-C9 (gaso-
line range) hydrocarbons and lower selectivity towards C1 (and C2) than Co/mesoH-ZSM5 (without pyro-
lytic carbon). This is due to the weaker metal-support interaction caused by the deposited carbon (as
revealed by XPS) leading to a higher reducibility of the Co species. Further, the partial deactivation of the
Bronsted acid sites by pyrolytic carbon deposition, as was observed by NHz-TPD, allows the modification
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of the zeolite acidity. Both the olefin to paraffin (O/P) and the isoparaffin to normal paraffin (I/N) ratios de-
crease with the increase in the carbon content, opening the door to further tune the catalytic performance
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Introduction

In the past decades, the limited worldwide oil reserves to-
gether with the new requirements for quality specifications of
fuels have boosted research into technological solutions for
energy supply. In this context, the Fischer-Tropsch synthesis
(FTS) plays an important role due to its versatility in the
transformation of different non-petroleum carbon resources
such as natural gas, coal and biomass, to high quality clean
hydrocarbon fuels and valuable chemicals from synthesis gas
(CO + Hy).!

In spite of recent advances in the development of Fe-
based systems,” when high purity syngas is used Co-based
catalysts are preferred because Co exhibits superior chain
propagation and a higher intrinsic activity than Fe under
similar conditions. Moreover, cobalt catalysts are more selec-
tive towards the formation of waxes, are more stable against
deactivation by water and have a low activity for the compet-
ing water-gas shift reaction.>* In this respect, much effort
has been devoted to tune the low-temperature Fischer-
Tropsch (LT-FTS) product selectivity of Co-based catalysts,
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which generally follows the Anderson-Schulz-Flory (ASF)
distribution.

Nanostructured zeolites with hierarchical pore arrange-
ments have been recently considered as one of the most suit-
able catalyst supports for the direct synthesis of gasoline
from syngas via FTS.”'° It is suggested that FTS waxes are
hydrocracked to shorter chain hydrocarbons on the acid sites
of these bifunctional catalysts, increasing the product selec-
tivity towards the gasoline-range hydrocarbons (C4-C11).*""?
On the one hand, the micropore system of the hierarchical
zeolite provides shape selective features and active acid sites.
On the other hand, the mesopore network of these materials
provides shorter diffusion pathways along the zeolite parti-
cle,”* enhancing the diffusivity of the reactants and products
to/from the active sites, making the inner zeolite surface
more accessible than that in microporous zeolites. Addition-
ally, the larger mesopore surface area allows the dispersion
of larger amounts of cobalt per mass of catalyst”'* and im-
proves metal dispersion.”'® Many approaches to improve
transport in microporous zeolites have been developed, in-
cluding desilication,*"® dealumination,'” synthesis of wide-
pore zeolites and nanosized zeolites,"* " and carbon-
templated synthesis.** One of the most effective approaches
to create the so-called ‘hierarchical pore structure’ is the
desilication or basic leaching method, which implies the se-
lective extraction of framework silicon by treatment in alka-
line solutions. Desilication has been known and applied for
decades in industry and more recently rationalized by several
groups.16’22
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Sartipi et al.’ studied the catalytic performance of differ-
ent Co/zeolite FTS catalysts with respect to their mesoporous
hierarchy and the amount of extra framework aluminium
(EFAl). They found that the zeolite topology and, most impor-
tantly, the amount and strength of acid sites are the key pa-
rameters in the performance of bifunctional catalysts to max-
imize the FTIS product selectivity towards liquid®
hydrocarbons. The most promising results were obtained
with H-ZSM-5 since it has fair isomerization and oligomeriza-
tion activities at low temperature and a relatively stable cata-
lytic performance, especially under LT-FTS process condi-
tions. However, the selectivity to CH, over these bifunctional
catalysts is usually high.”™° This is believed to arise partly
from the low-coordination Co surface sites stabilized over the
zeolite surface, which seem to be derived from the strong in-
teractions between the FTS phase and the zeolite.®** These
low-coordination Co sites are reported to be very active in CO
hydrogenation and the development of synthetic protocols
able to avoid their formation is one of the biggest challenges
in multifunctional FTS.>®

Herein we report a detailed characterization of carbon/zeo-
lite composites prepared by deposition of pyrolytic carbon
from pyrolysis of propylene on H-ZSM-5 zeolite, and the utili-
zation of these composites as the supports for Co-based FTS
catalysts. The objectives of this work are to reduce the strong
Co-zeolite interactions by depositing pyrolytic carbon and to
study their effects on the acidity of the carbon/zeolite com-
posites, the cobalt particle size and the catalyst reducibility,
with special emphasis on their catalytic performance in FT
synthesis.

Experimental
Materials

ZSM-5 zeolite in ammonium form with a nominal Si/Al ratio
of 40 was purchased from Zeolyst (CBV 8014). A 1 M tetra-
propylammonium hydroxide (TPAOH) solution, a 70% HNO;
solution and Co(NOs),-6H,0 were purchased from Sigma-Al-
drich. All chemicals were used without any further
purification.

Support preparation and catalyst synthesis

Preparation of mesoporous H-ZSM-5. The preparation of
mesoporous H-ZSM-5 via treatment with TPAOH was de-
scribed in detail elsewhere.”® In short, the ammonium form
of ZSM-5 was calcined at 823 K for 5 h to obtain the micropo-
rous zeolite H-ZSM-5. Desilication of the H-ZSM-5 powder
was performed in a TPAOH aqueous solution (1 M)
(volumep,se solution/Weightparent mzsm-s = 8.0 em® g™) under
stirring at 343 K for 1 h in a capped vessel. The residue was
then removed from the zeolite crystallites by subsequent
redispersion in deionized water and centrifugation cycles un-
til neutral pH was reached. The sample was further kept over-
night at 333 K followed by drying at 393 K for 12 h and calci-
nation at 823 K for 5 h.
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After heat treatment, a fraction of the mesoporous H-ZSM-
5 zeolite was treated with a 1 M HNO; aqueous solution
(volume,ciq solution/Weight,coice = 28.6 cm® g™) at 343 K for 2
h under stirring in order to remove the extraframework alu-
mina and the amorphous phase formed during the leaching
procedure. After quenching, the samples were washed thor-
oughly with deionized water, dried and calcined similarly to
after the desilication procedure. Mesoporous H-ZSM-5 before
the acid treatment was denoted as ‘mesoH-ZSM-5’, and the
acid washed zeolite was denoted as ‘mesoH-ZSM-5(w)’.

Carbon deposition on the mesoporous H-ZSM-5. The car-
bon/zeolite composites have been prepared by thermal de-
composition of propylene over mesoH-ZSM-5(w) in a continu-
ous fixed-bed reactor.”»*> The reactor temperature was
ramped to 973 K under N, flow and subsequently propylene
gas (4% in N,) was introduced to the feed stream (GHSV = 6
Mgrp® Keonite © h™'). The thermal decomposition of propylene
results in the formation of pyrolytic carbon in the zeolite
pores. The carbon amount was controlled by varying the
time-on-stream from 3, 6, 12 to 20 h. After the desired period
of time, the reactor was cooled to room temperature under
N, flow. The modified zeolites are denoted as ‘mesoH-ZSM-
5(wnnc)’ where ‘nn’ is a two-digit number which indicates the
carbon content (gcarbon/100g eolite)-

The zeolite samples and the carbon/zeolite composites
were loaded with 17-24 wt% Co via incipient wetness impreg-
nation with an aqueous solution of Co(NO;),-6H,0. All sup-
ports were dried overnight at 393 K before impregnation. Af-
ter impregnation, the samples were kept overnight in a
desiccator at room temperature and dried under air flow at
393 K for 12 h followed by calcination at 523 K for 2 h. All
the above-mentioned drying and calcination steps were
performed at a heating rate of 2 K min~" and under static air
conditions. The bifunctional catalysts are denoted as ‘Co/
mesoH-ZSM-5(wnnc)’.

Characterization

Thermogravimetric analysis. Thermogravimetric Analysis
(TGA) was performed on a Mettler Toledo TGA/SDTAS851¢,
with 10-20 mg of the samples in an air flow (100 cmgyp’
min") from 298 to 1123 K at a heating rate of 5 K min™".

Textural characterization. The porous structure of the
samples was characterized by N, adsorption-desorption at 77
K and by CO, adsorption at 273 K, using a Tristar II 3020
unit (Micromeritics Instruments). The samples were previ-
ously outgassed at 50 torr for 12 h, at 473 K. From the N, ad-
sorption/desorption isotherm, the apparent surface area
(Sger) was determined using the BET equation.>® The micro-
pore volume (Vpg) was obtained by application of the
Dubinin-Radushkevich (DR) equation applied to the CO, and
N, adsorption data.>” The mesopore volume (Viycs,) Was deter-
mined as the difference between the adsorbed volume of N, at
a relative pressure of 0.95 and the micropore volume (Vpg),
covering only the pore sizes between 2 and 40 nm, according
to the Kelvin equation.”® The structural parameters were

This journal is © The Royal Society of Chemistry 2016
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calculated with respect to the amount of zeolite in order to
have an accurate characterization of the porous structure of
the composites and thus avoid ‘the dilution effect’ by pyro-
lytic carbon and cobalt deposition, which could also contrib-
ute to artificially lower the values for the catalyst surface area
and pore volume.> The pore size distribution curves were
obtained by the density functional theory (DFT) method ap-
plied to the N, adsorption data assuming a slit pore geometry
(slit pore-N, DFT model).*° The slit pore-N, DFT model was
shown to give the lowest standard deviations for the meso-
porous zeolites and carbon/zeolite composites among the dif-
ferent models provided with the Tristar II 3020 software (av-
erage standard deviation of fit using the different models: slit
pore-N, DFT: 1.35 cm® g " STP, cylindrical pores-oxide sur-
face: 2.02 cm® g™ STP and Tarazona NLDFT: 1.93 cm® g™*
STP). Further DFT pore size distributions were calculated
from the CO, adsorption isotherms using the DFT model as-
suming slit pores, available in the Micromeritics instrument
software (average standard deviation of fit: 0.0389 cm?® g™
STP).

Surface chemistry characterization and elemental
composition

Elemental analysis was performed using a PerkinElmer Op-
tima instrument. The samples were first digested in ca. 50 ml
of a 1.25% H,SO, and 1.00% HF mixture. After dilution the
liquid analysis was done by Inductively Coupled Plasma Opti-
cal Emission Spectrometry (ICP-OES).

The surface chemistry of the samples was analyzed by
X-ray photoelectron spectroscopy (XPS) using a 5700C model
Physical Electronics apparatus with Mg-Ka radiation (1253.6
eV). For the analysis of the XPS data, the C 1s peak position
was set at 284.5 eV and used as reference. The deconvolution
of the peaks was done using Gaussian-Lorentzian curves and
a Shirley type background line. The difference between the
experimental and calculated curves was minimized by using
the least-squares method.

The X-ray diffraction (XRD) patterns were recorded in the
Bragg-Brentano geometry in a Bruker D8 Advance diffractom-
eter equipped with a Vantec position sensitive detector and a
graphite monochromator. Measurements were performed at
room temperature, using monochromatic Co-Ka radiation (4
= 0.179026 nm) in the 20 region between 10° and 90°. The
samples were placed on a Si substrate and rotated during
measurements. All patterns were background-subtracted to
eliminate the contribution of air scatter and possible fluores-
cence radiation. The average particle size of Coz0, in the cat-
alysts was estimated from the Scherrer equation applied to
the most intense (311) diffraction (26 = 36.9°) using the
shape factor K = 0.9. The mean Co° particle size in the re-
duced catalysts, d(Co°), was then obtained from the corre-
sponding Coz;0, particle size by applying the molar volume
correction:*' d(Co°) = 0.75d(Co50,).

NH;-Temperature Programmed Desorption (NH;-TPD) was
performed using an AutoChem II Chemisorption Analyzer

This journal is © The Royal Society of Chemistry 2016
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(Micromeritics). Ca. 0.200 g of the zeolite containing samples
was first degassed under a He flow at 673 K for 1 h and then
saturated with NH; at 473 K for 1 h, using a flow of 1.65%
NH; in He. The gas mixture was then switched back to He
and the sample was purged at 473 K for ca. 1 h to remove the
weakly adsorbed NH; molecules until no ammonia was
detected. TPD was subsequently recorded in a He flow, from
473 to 873 K. All the flow rates were adjusted to 25 cmgrp’
min~' and the heating rates were 10 K min™* during different
stages of the experiment.

Temperature Programmed Reduction by H, (TPR(H,)) was
performed on homemade equipment. Ca. 0.100 g of the Co
containing samples was mounted in a temperature controlled
reactor where a 27 cmgrp> min ' flow of 7.4% H, in Ar was
fed over the samples. The reactor temperature was then
ramped from room temperature to 1223 K with a heating rate
of 5 K min™" and the H, consumption was monitored by a
TCD. Calibration was performed with CuO (Alfa Aesar), and
the total H, consumption values were obtained from the
TPR(H,) patterns. The ratio between the H, consumption up
to 673 K and the corresponding theoretical value, calculated
for the full reduction of each catalyst (assuming all Co atoms
to be initially in the form of Co;0,), was reported as the de-
gree of reduction. TEM images were obtained using a
PHILIPS CM-200 transmission electron microscope at an ac-
celerating voltage of 200 kv.

Fischer-Tropsch synthesis

The FTS experiments were performed in a six-flow fixed-bed
microreactor setup described elsewhere.** For all the experi-
ments, 250 mg of the fresh catalyst (100-212 um particle size)
was diluted with silicon carbide (100-212 um) to attain a con-
stant bed volume of approximately 1.3 cm®. The catalysts
were first activated in situ by 80 cmgrp’ min™' of H, at 623 for
10 h at atmospheric pressure followed by cooling down to
453 K under H, flow. After increasing the pressure to the pro-
cess value (15 bar), CO was gradually introduced to the feed
stream at 453 K in order to reach its final concentration (H,/
CO = 2) in 1 h. Subsequently, the reactor was heated to the
process temperature (523 K). A rate of 2 K min " was applied
for all the heating/cooling steps.

During the experiment, heavy hydrocarbons (waxes) were
collected by the gas/liquid separators at 448 K and reaction
pressure. Once expanded to atmospheric pressure the lighter
hydrocarbons and water were collected in cold traps at ca.
278 K. After separation from water, these liquid hydrocarbons
as well as the waxes were weighed, dissolved in CS, and ana-
lyzed offline by a simulated distillation (SimDis) GC (Hewlett
Packard 5890, Series II) equipped with an FID and a HP-1 col-
umn (7.5 m x 0.53 mm, film thickness 2.65 um), using He as
the carrier gas. During the analysis, the oven temperature
was ramped from 308 to 673 K (14 K min ') and kept at the
final temperature for 5 min.

Permanent gases as well as light hydrocarbons in the gas
phase were analyzed online by a Compact GC (Interscience)
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equipped with three columns and detectors in parallel using
He as the carrier gas. In the first column (Carboxen 1010, 10
m x 0.32 mm) N,, CO, CH, and CO, were separated at 333 K
and detected by a TCD. In the second column (Al,O5/KCl, 10
m x 0.32 mm) with FID detection, the separation between all
the C1-C4 components was achieved at 434 K. In the third
column (RTx-1 0.5um, 15 m x 0.32 mm) the C5-C10 hydro-
carbons were separated at 353 K and analyzed by an FID.

Results and discussion

Characterization of the catalytic supports

Treatment with 4% C3;Hg in N, at 973 K at different reaction
times results in different amounts of pyrolytic carbon depos-
ited over the mesoporous zeolite mesoH-ZSM-5(w) as
evidenced by the TGA patterns of these carbon/zeolite com-
posites (Fig. S1t). As a result, ca. 5, 10, 15 and 22 wt%
(Zcarbon/100g,c01ite) are deposited over mesoH-ZSM5-(w) after 3,
6, 12 and 20 h, respectively.

The N, adsorption-desorption isotherms for the zeolites
and the carbon/zeolite composites are presented in
Fig. 1a and b, respectively, whereas the chemical properties
and the values of the structural parameters that characterize
the porous structure of the samples, as derived from the N,
and CO, adsorption-desorption isotherms, are reported in

(@
800 -
H-ZSM-5
N = = meso-H-ZSM5
= meso-H-ZSM5(w,
cg) (w) '
o>
5§ 400
g
]
©
= 200
0 ‘ — ‘ ‘ ‘
0 02 04 06 08 1
P/Po
(b)
800 - meso-H-ZSM5(w)
......... mesoH-ZSM5(w05c¢)
& 600 | ____. mesoH-ZSM5(w10c)
n
o —— — mesoH-ZSM5-(w15c)
()
g 400 | — - - mesoH-ZSM5-(
8
(ﬂ
= 200 |

P/Po

Fig. 1 Nitrogen adsorption-desorption isotherms at 77 K of the micro-
and mesoporous zeolites (a) and the acid washed zeolite and carbon/
zeolite composites (b).
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Table 1. This table summarizes the Si/Al ratio, the values of
the apparent surface area obtained by the BET method, the
effective micropore volumes and the external surface areas
calculated by the t-method and the mesopore volumes de-
rived from the N, adsorption data. In addition, the micropore
volumes obtained by the application of the Dubinin-
Radushkevich (DR) equation to both the N, and CO, adsorp-
tion isotherms are also included in Table 1.

The isotherm of the parent zeolite H-ZSM-5 is of type I
and exhibits an almost horizontal plateau starting at a very
low relative pressure, indicating that the porous structure
consists predominantly of very narrow micropores (Fig. 1a).
After the TPAOH treatment and Si extraction from the zeolite
framework the shape of the zeolite isotherm changes from
type I to a clear type E hysteresis, suggesting a high degree of
hierarchy with large cavities connected by smaller meso-
pores.>® The mesopore surface area of H-ZSM-5 increases
from 60 to 440 m”> g~ for mesoH-ZSM-5 and the mesopore
volume increases from 0.07 to 0.49 cm® g™'. Alongside, the
micropore volume decreased from 0.17 to 0.11 m” g™*, which
indicates a minor collapse of the zeolite structure during the
base treatment.>® However, the hierarchical zeolite obtained
preserves the long-range crystallinity, as was previously
shown by X-ray diffraction.*®

The yield of this treatment, defined as the weight of the
TPAOH treated sample relative to the raw material, on a dry
basis, was ca. 50%, indicating a moderate silicon dissolution
when compared with strong inorganic bases, such as NaOH,
KOH and LiOH.*'®*® For instance, the yield of the treatment
using NaOH as a desilication agent and under the same base
leaching conditions was only 20% for H-ZSM-5 zeolite.® The
Si/Al ratio of H-ZSM-5 decreases from 41 to 22 for mesoH-
ZSM-5 due to the Si extraction from the zeolite framework
(Table 1). This ratio is readjusted by acid treatment to the
original value (41), resulting in mesoH-ZSM-5(w). It was wor-
thy to note that the acid wash treatment did not significantly
alter the textural properties of mesoH-ZSM-5(w) which sug-
gests that the employed acid wash does not leach out the zeo-
lite framework Al, in line with previous observations.®*°

The N, adsorption-desorption isotherms for the carbon/
zeolite composites show lower N, uptake at low relative pres-
sures (Fig. 1b) and a lower micropore volume and surface
area, most probably due to partial filling of the pores by pyro-
Iytic carbon (Table 1). There are some differences between
the micropore volumes obtained from the N, and CO, iso-
therms. N, adsorption is carried out within the entire range
of relative pressures and cooperative filling of wider micro-
pores takes place, while CO, adsorption at relative pressures
smaller than 0.03 allows only the primary filling of narrow
micropores, where a high potential exists.”” The micropore
volumes of these carbon/zeolite composites derived from the
N, isotherms are larger than those obtained from the CO,
isotherms. This observation indicates that these composites
still possess a predominantly wider microporosity, even after
a pyrolytic carbon deposition of 0.22 g of carbon per g of
zeolite.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Textural properties of the supports used for the FTS catalyst preparation
DR method”

STotalb Smesoc Vt Vmesoe VDR (NZ) VDR (COZ) SDR (COZ)
Support Si/Al" (m*g™) (m>g™) (em® g™) (em®g™) (em®g™) (em®g™) (m>g™)
H-ZSM-5 41 425 60 0.170 0.070 0.170 0.168 421
mesoH-ZSM-5 22 700 440 0.113 0.487 0.267 0.179 459
mesoH—ZSM—S(w) 41 723 473 0.105 0.546 0.271 0.190 475
mesoH—ZSM-S(WOSC) n.df 707 478 0.093 0.547 0.265 0.176 440
mesoH—ZSM—S(wlOc) n.d. 640 430 0.090 0.498 0.239 0.165 412
mesoH-ZSM-S(wlSc) n.d. 620 418 0.086 0.458 0.231 0.161 390
mesoH—ZSM-S(wZZc) n.d. 562 370 0.081 0.437 0.215 0.150 371

“ Obtained from ICP-OES. ? BET surface area. © Mesopore surface area obtained from the ¢-plot applied to the N, isotherm. ¢ Micropore volume
obtained from the ¢-plot. ¢ Mesopore volume calculated as Vieso = Viotal (P/Po = 0.95) - Vi f Micropore volume and surface area obtained by the
Dubinin-Radushkevich (DR) method applied to the N, and CO, isotherm. ¢ Not determined.

Density functional theory (DFT) was applied to obtain the
pore size distribution curves assuming a slit pore model and
using the adsorption branch of the CO, and N, isotherms at
273 and 77 K, respectively, plotted on logarithmic scales. It is
interesting to remark that at the pore sizes below 0.7 nm, N,
adsorption is kinetically restricted, thus the use of Ar and/or
CO, molecules is more appropriate for the characterization
of microporous materials with micropores of dimensions be-
tween 0.5 and 1 nm.>>*® Fig. 2a and b show the CO,- and the
N,-DFT pore size distributions, respectively, of mesoH-ZSM-
5(w) and that of the parent zeolite, for comparison. H-ZSM-5
shows a broad peak at 0.6 nm, which is approximately the
pore size for the MFI zeolite topology,*> and a very sharp
peak at about 0.9 nm indicating the presence of wider micro-
pores. The pore size distributions for mesoH-ZSM-5 present
less intense peaks at 0.6 (Fig. 2a) and at about 1.1 nm
(Fig. 2b). Furthermore, a new and broader peak is observed
in the micropore range of 1.1-2 nm. In addition, two broad
peaks can be distinguished in the N,-DFT mesopore region,
with the first maximum at a pore size of around 3 nm, and
the second maximum at around 6 nm. This higher contribu-
tion of mesoporosity, observed for mesoH-ZSM-5w), is
caused by the silicon extraction from the zeolite framework
during the TPAOH treatment. A higher solid yield and a more
precise control of the mesopore formation are the major ad-
vantages of using organic hydroxides as desilicating agents,

(a)

e H-ZSM-5

——mesoH-ZSM-5(W) (¢ M

dV/dlog(W) Pore Volume / cm3/g

0.1 1
Pore Width /nm

Fig. 2 CO,-DFT (a) and N,-DFT (b) pore size distributions of the zeolites.

This journal is © The Royal Society of Chemistry 2016

due to their slower desilication kinetics when compared with
inorganic hydroxides. Against the application of this method
at larger scales is the higher cost of organic hydroxides com-
pared to inorganic hydroxides, although the extra ion-
exchange step with NH,NO;, necessary in the case of treat-
ment with inorganic hydroxides, would be avoided.>**°

The DFT pore size distributions of the carbon/zeolite com-
posites were also studied and compared to that of mesoH-
ZSM-5(w) in Fig. 3a and b for the CO,- and N,-DFT models,
respectively. The DFT model for CO, remains unchanged af-
ter carbon deposition on mesoH-ZSM-5, suggesting that a
propylene molecule does not access the narrower micropores
(below 0.7 nm). On the other hand, the DFT model for N,
shows how the peak at 1.1 nm is gradually narrowing after
the CVD process, and the small shoulder at around 1.5 nm
becomes a well-defined peak at 1.3 nm. Besides, the dV/
dlog(W) intensity of the carbon/zeolite composites in the pore
size region between 2 and 10 nm clearly decreases with an in-
creasing carbon content, resulting in a decrease of the meso-
pore volume (Table 2). As a reference, the mesopore volume
of mesoH-ZSM-5(w) is reduced from 0.55 to 0.44 cm® g™ for
mesoH-ZSM-5(w22c) after the treatment with propylene at 700
°C for 20 h. Thus, these results suggest that propylene reacts
on the surface of the zeolite depositing pyrolytic carbon in
the wider micropores and on the walls of the mesopores, but
also covering the external crystallite surface reducing both

5 (b)

dV/dlog(W) Pore Volume | cm3/g

T =TT

50

Pore Width /nm
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Fig. 3 CO,-DFT (a) and N,-DFT (b) pore size distributions of the acid washed zeolite and the carbon/zeolite composites.
Table 2 Textural and chemical properties of the prepared FTS catalysts
N, isotherm Co XRD
Catalyst Stotal” (M* g7) Smeso” (M? g™") V¢ (em® g™) Vineso” (em® g™) wt%® dco,o, (NM) dos” (nm)
Co/mesoH-ZSM-5 549 355 0.079 0.405 20.7 16 11
Co/mesoH-ZSM-5(w) 645 412 0.095 0.477 23.8 13 10 (10)g
Co/mesoH-ZSM-5(w05c) 564 364 0.084 0.420 17.9 11 8
Co/mesoH-ZSM-5(w10c) 595 368 0.087 0.428 17.5 12 9
Co/mesoH-ZSM-5(w15c) 585 346 0.074 0.410 17.0 16 12 (14)¢
Co/mesoH-ZSM-5(w22c) 470 310 0.054 0.398 16.8 17 13 (17)¢

“ BET surface area. > Mesopore surface area obtained from the ¢-plot applied to the N, isotherm. ¢ Micropore volume obtained from the ¢-plot.
4 Mesopore volume calculated as Vineso = Viotal — Vimicro- ¢ Obtained from ICP-OES. / d(Co°) = 0.75d(Co30,). ¢ From XRD after H,-reduction

1>* pointed out that once a first layer

the micro- and mesopore volumes (Table 2). It must be em-  Rodriguez-Mirasol et a
phasized that in any case the pyrolytic carbon deposits seem  of pyrolytic carbon has covered the zeolite surface, the depo-

to block the zeolite micropore entrance. Related to this, sition continues on the surface of the pyrolytic carbon

(b)
mesoH-ZSM-5(w22c)
u
mesoH-ZSM-5(w15c)
mesoH-ZSM-5(w10c)
(a) mesoH-ZSM-5(w05c)
H-ZSM-5
mesoH-ZSM-5(w)
. MesOHZSMS
400 500 600 700 800 400 500 600 700 800

T/K T/K

Fig. 4 NHz-TPD profiles (10 K min™) of the micro- and mesoporous zeolites (a) and the acid washed and carbon/zeolite composites (b). NHz was
adsorbed at 473 K.
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already deposited, which provides new active sites for carbon
deposition. As the reaction proceeds, the pyrolytic carbon re-
duces the pore accessibility and leads to a slower diffusion of
propylene into the pores. Therefore, the deposition continues
only on the ‘external’ (mesoporous) surface of the zeolite, in-
creasing the thickness of the deposited layer and thus reduc-
ing the mesopore volume, as we have observed (Table 1).

The acidities of the micro and mesoporous zeolites and
the carbon/zeolite composites are investigated by NH;-TPD.
The desorption profiles are presented in Fig. 4a and b, re-
spectively. Fig. 4a shows that the parent H-ZSM-5 exhibits a
broad NH; desorption band at around 680 K. This zeolite
usually exhibits two NH; desorption peaks;>® a lower-
temperature peak at 560 K that may arise from the weakly
adsorbed NH; molecules and a higher temperature peak, ob-
served at 680 K, which is assigned to the desorption of NH;
molecules chemisorbed on the strong Brensted acid sites. In
this work, desorption temperatures higher than 474 K are
studied. After desilication and thus, Si extraction from the ze-
olite framework, the Bronsted acidity disappears and only the
weak Lewis acid sites, associated with extra framework alumi-
num (EFAl), are detected over meso-HZSM-5. Acid washing of
the mesoH-ZSM-5 sample (Fig. 5b) removes the EFAl and the
Bronsted acids sites are almost fully restored.

Si-0-Si @

Co/mesoH-ZSM-5(w)
—— — Co/mesoH-ZSM-5(w15c)

= + = Co/mesoH-ZSM-5(w22c)

chemisorbed
oxygen and/or
water

539 537 535 533 531 529 527
Binding Energy | eV

Si-O-Si (b)
88%

Co/mesoH-ZSM-5(w)

chemisorbed
oxygen and/or
water
(3.8%)

539 537 535 533 531 529 527
Binding Energy | eV

Fig. 5 (a) XPS spectra (O 1s region) for the different Co-supported
catalysts and (b) the representative XPS spectra of Co/mesoH-ZSM-
5(w) showing the deconvolution.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

The deposition of pyrolytic carbon decreases considerably
the concentration of Brensted acid sites (Fig. 4b) and this ef-
fect reflects acid sites of different strengths on the meso-
porous zeolite. In fact, this broad band can be deconvoluted
into two components; the component at the relatively higher
temperature (680 K), ascribed to strong Brensted acid sites,
is the first to be deactivated by pyrolytic carbon and the com-
ponent at the lower temperature (585 K) is assigned to weak
Bronsted acid sites. Increasing the carbon content gradually
shifts the peak to lower temperatures in the NH;-TPD profile
indicating a complete deactivation of the strong Brensted
acid sites and an increasing predominance of the weaker
acidity, as observed for mesoH-ZSM-5(w15c). These results
suggest that by controlling the CVD reaction time and, there-
fore, the amount of carbon deposited on the mesoporous zeo-
lite, it is possible to fine-tune the acidity of the zeolite.

Co catalysts

The mesoporous supports given in Table 1 were loaded with
17-24 wt% Co. Table 2 summarizes the Co loadings of Co/
mesoH-ZSM-5(w) as well as the modified zeolite-supported
catalysts, and the parameter values characteristic of their po-
rous structure as derived from the N, adsorption-desorption
isotherms. As expected, after cobalt incorporation, the appar-
ent (Sger) and the external (S,) surface area values decrease
due to the partial filling of the porous structure. In spite of
this partial filling, the remaining porosity remains high and
is suitable for catalytic applications.

The XRD patterns of the catalysts (data not shown) show
the reflections characteristic of the Co;0, spinel, as reported
before for cobalt supported on mesoporous H-ZSM-5.”* The
crystallite sizes of Co in the catalysts based on the Scherrer
equation are also reported in Table 2. The Co;0, crystallite
size does not change as a function of the cobalt loading and
the different zeolite supports (before and after the acid
wash), which points out the dominant effect of the hierarchi-
cal character of zeolites. However, the average Coz;0, crystal-
lite size in the carbon/zeolite composites shows a clear de-
pendence on the carbon content and thus, on the pore
volume of the supports (see Table 1), with larger particles be-
ing formed in the samples with lower micro- and mesopore
volumes. For instance, at 5 wt% carbon content the mean di-
ameter of CozO, was 11 nm, and it increased up to 17 nm for
the sample containing ca. 20 wt% carbon, despite the lower
metal loading compared to the reference samples without
carbon. Khodakov*' proposed that “the templating effect” of
mesoporous structures was responsible for the size of the
supported cobalt oxide particles rather than the surface area
of the support, which was supported later by Fu et al.** Fur-
thermore, Co sintering might be favored on the carbon/zeo-
lite composites (less interacting supports), particularly with
increasing carbon contents, during the activation step. In or-
der to verify this, the average size of the cobalt crystallites of
the catalyst after H, reduction has been calculated using the
Scherrer equation applied to the FCC crystallite cobalt
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reflection (26 = 51.8°) using the shape factor K = 0.9 (Fig.
S2t). The Co crystallite size increases by 16% (from 12 to 14
nm) for Co/mesoH-ZSM-5(w15c) and 30% (from 13 to 17 nm)
for Co/mesoH-ZSM-5(w22c), whereas it remains invariable
over Co/mesoH-ZSM-5(w) (Table 2).

The particle distribution of Co on the activated catalysts
was characterized by using TEM analysis as shown in Fig.
S3.f This figure shows the TEM images for Co/mesoH-ZSM-
5(w) and Co/mesoH-ZSM-5(w22c) after activation in H, at 673
K for 4 h. The Co particles in the mesoporous H-ZSM-5 show
a homogeneous distribution of the FTS active phase on this
support (Fig. S3a and S3b¥). However, the TEM images of Co/
mesoH-ZSM-5(w22c) (Fig. S3c¢ and S3df) show higher Co con-
centrations at the outer surface (edge) of the carbon/zeolite
composite crystallites, which indicates that most of the FTS
active phase is deposited on the external surface of mesoH-
ZSM-5(w22c).

The surface element distributions of the catalysts were
studied by XPS before H, reduction. According to the survey
spectrum for Co/mesoH-ZSM-5(W15c) shown in Fig. S4,f the
peaks detected at 780.3, 532.9, 284.5, 103.5 and 74.4 eV can
be assigned to (Co 2p), (O 1s), (C 1s), (Si 2p) and (Al 2p), re-
spectively. Quantitative analysis of the peaks was performed
to obtain the mass surface concentrations; the results are
summarized in Table 3. The main elements found on the sur-
faces of the cobalt-supported catalysts were silicon and oxy-
gen, with lower amounts of cobalt and carbon. Aluminum
was also detected, but at very low concentrations. As
expected, the amount of surface carbon increases as the pyro-
lytic carbon deposition time increases, at the cost of lower
amounts of surface silicon and oxygen. It is necessary to take
into account the limited escape depth of the photoelectrons
(1-2 nm) that makes XPS a surface sensitive technique.”
Therefore, since the total amount of carbon measured by the
TGA analysis (Fig. S17) is significantly higher than the carbon
at the surface measured by XPS, these results support the fact
that carbon is not only deposited on the zeolite crystal exter-
nal surface, but also in the inner mesoporous walls of the ze-
olite (Fig. 3). On the other hand, the amount of surface cobalt
for Co/mesoH-ZSM-5(w) is significantly lower than the total
amount of cobalt supported, as shown by the elemental anal-
ysis results (Table 2). This result seems to indicate that most
of the Co loaded on mesoporous H-ZSM-5 zeolite is located
in the internal porous structure. In contrast, the amount of
surface cobalt significantly increases when the content of
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carbon deposited on mesoH-ZSM-5(w) is above 15 wt%. The
reduction of the zeolite mesopore volume and mean meso-
pore size observed for zeolites with high carbon loadings
(Fig. 3b), as well as the higher mean Co;0, crystallite diame-
ter measured by XRD, all suggests that a higher amount of
Co30, is located mostly at the external surface of the carbon/
zeolite composite supports, as suggested by TEM. In addition
to this, the decrease of the concentration of terminal silanol
groups associated with the Brensted acid sites on the support
surface after carbon deposition may also have decreased the
penetration of the Co nitrate solution into the zeolite during
impregnation.

Fig. 5 and 6 show some representative XPS spectra for the
O 1s and Co 2p regions, respectively, and the values of the
binding energies are summarized in Table 3. Fig. 5a shows
the XPS O 1s spectra of the different catalysts and Fig. 5b
shows the deconvolution of the O 1s spectrum for Co/mesoH-
ZSM-5(w). The O 1s spectrum of the Co/mesoH-ZSM-5(w) sam-
ple shows the high contribution of oxygen at a binding en-
ergy of 532.4 eV (88%) which is a characteristic of single
bonded oxygen in Si-O-Si.** The deposition of carbon on the
mesoporous zeolite produces a slight increase in the binding
energy of the maxima of the peaks, suggesting distortion of
the Si-O-Si bonds (Table 3). On the other hand, compared to
Co/mesoH-ZSM-5(w), the O 1s spectrum for Co/mesoH-ZSM-
5(w22c) shows a more pronounced shoulder at lower binding
energies (BE = 530.1 eV) which is a characteristic of the Co-
0-Co bonds of cobalt oxide (Co;0,)** (Fig. 5a). A binding en-
ergy of ca. 535.5 eV is a characteristic of chemisorbed oxygen
and/or water.*

The Co 2p spectrum of cobalt (Fig. 6) displays the charac-
teristic doublet corresponding to the spin-orbit coupling
(2pas2, 2p1/2) with the most intense peak of the Co 2p3/, com-
ponent at a binding energy of about 780.1 eV associated with
the Co®*/Co®" ions in the Co;0, spinel phase® and a low
intensity of the shake-up satellite peak at ca. 787 eV, which is
associated with the presence of Co** ions in an octahedral
symmetry, typical of Co0.*® As we observed, cobalt supported
on mesoH-ZSM-5(w) is characterized by a very high intensity
of the shake-up satellite peak. In line with previous observa-
tions,”**” the presence of the Co®" species in an octahedral
symmetry evidenced a strong interaction of the cobalt species
with the silica network (Si-O-Co-O) of the mesoporous zeo-
lite support. On the other hand, in the case of cobalt
supported on carbon/zeolite, the Cos;O, component at a

Table 3 Mass surface concentrations (%) obtained by XPS for the catalysts and the values of the binding energies (BE) for O 1s and Co 2ps,, and the de-

gree of reduction of the catalysts for FTS obtained from TPR(H,) up to 675 K

%Si (2p) %O (1s) %C (1s) %Co (2p) %Al (2p) BEO 1s(eV) BE Co 2psz, (eV) Reduction degree (%)
Co/mesoH-ZSM-5(w) 40.2 47.8 4.6 6.5 0.9 532.5 780.0 27
Co/mesoH-ZSM-5(w05¢c)  40.3 45.6 6.8 6.7 0.6 532.7 780.2 35
Co/mesoH-ZSM-5(w10c) 39.8 46.1 7.0 6.4 0.6 532.8 780.3 54
Co/mesoH-ZSM-5(w15c¢) 36.4 43.1 10.6 9.3 0.7 532.9 780.3 53
Co/mesoH-ZSM-5(w22c) 32.5 39 16 11.7 0.8 533.2 780.7 52
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Fig. 6 XPS spectra (Co 2p region) of the different Co-supported
catalysts.

higher binding energy is more intense compared to the
shake-up satellite peak and it is even more intense when the
amount of carbon deposited on the zeolite support increases.
This result together with the O 1s spectrum shown in Fig. 8a
seems to indicate that a larger fraction of the Co®" ions inter-
acts with the siliceous substrate of mesoHZSM-5(w) whereas a
higher amount of the Co;0, phase is present on the surface
of the carbon/zeolite supports. Martinez et al.?’ pointed out
that the strong cobalt-support interaction leading to the for-
mation of the Co®" species in an octahedral symmetry is fa-
vored at the high temperatures usually required for
decomposing organic cobalt salts.

However, the XPS results obtained for the sample Co/
mesoH-ZSM-5(w22c) after a thermal treatment in a N, atmo-
sphere at 673 K for 4 h, sample Co/mesoH-ZSM-5(w22c)-TT
(Fig. 6), clearly suggest that the deposition of coke prevents,
to some extent, these interactions between the cobalt and the

Co/mesoH-ZSM-5(w22c)

o/mesoH-ZSM-5(w15c)

Co/mesoH-ZSM-5(w10c)

569 K
Co/mesoH-ZSM-5(w)

577K

Co/mesoH-ZSM-5

T T

800 1000
T/K

Fig. 7 TPR(H,) profiles of the Co-supported catalysts.
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Fig. 8 Time-on-stream (TOS) evolution of the cobalt-time-yield (CTY)
during FTS where GHSV = 12.0 mgrp° kgeae * h'* (a). Carbon selectivity
of the FTS products after 20 h on-stream under iso-conversion condi-
tions (as depicted in the inset) where GHSV = 12.0 mgrp° kgeae * h™t for
Co/mesoH-ZSM-5 and 24 for Co/mesoH-ZSM-5(w) (b); in each carbon
number group from left to right: Co/mesoH-ZSM-5 and Co/mesoH-
ZSM-5-(w); I: n-paraffins, ///: sum of isoparaffins and olefins. Experi-
ments were performed at 513 K, 15 bar, H,/CO = 2.

zeolite after a thermal treatment at
temperatures.

Fig. 7 shows the TPR(H,) profiles for the calcined Co cata-
lysts before H, reduction. Clearly, all the catalysts exhibit a
reduction peak at temperatures below 600 K, attributed to
the reduction of Co;0, to metallic cobalt.*® This assignment
is also supported by the XRD and XPS results where Co30,
was detected in all the catalysts. This sharp peak slightly
moves towards lower temperatures when increasing the car-
bon content and the d(Co;0,), suggesting that the presence
of carbon between the metal and the zeolite support en-
hances the rate of Co reduction, probably due to the better
accessibility of H, to the Co;0, crystallites located on the
outer composite surface and to their bigger size.*> In the case
of the cobalt catalysts supported on mesoH-ZSM-5 and

mesoH-ZSM-5(w), two broad peaks at 600-900 K and above

even higher
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900 K are visible, whereas a significant reduction feature in
the higher temperature region (>1000 K) is found. This sug-
gests that, in addition to the crystalline Co;0, phase, differ-
ent cobalt species are present on the zeolite surface, and
these are more difficult to reduce due to the strong interac-
tion of cobalt with the zeolite.® Co-Si-O mixed oxides, such
as C0,Si0,, in which cobalt is divalent in tetrahedral coordi-
nation, have been identified as interacting species on the sur-
face of amorphous SiO, (ref. 49) and silica delaminated zeo-
lites,”® which are reducible only at temperatures above 900 K.
Thus, it appears that the formation of a surface cobalt silicate
may be possible for Co supported on mesoH-ZSM-5(w) due to
the expected high stability of the silicate and also to the
higher Si/Al ratio (40), when compared to mesoH-ZSM-5 (Si/
Al = 21). The degrees of reduction, as calculated from the
consumption of H, up to 673 K, are listed in Table 3. The de-
gree of reduction is 27% for Co/mesoH-ZSM-5(w), and in-
creases considerably to above 50% for the samples with 10 or
more wt% carbon.

On the other hand, a new peak gradually appears at
around 650 K with a shoulder at higher temperatures for the
Co catalysts when the amount of carbon deposited on the
mesoporous zeolite increases. Moreover, it is apparent that
the hydrogen consumption above 900 K decreases upon car-
bon addition. These results reveal that the reducibility of Co
is higher over the carbon/zeolite composites than over the
mesoporous zeolites due to less metal-support interactions
between the cobalt and the composites, as evidenced by the
XPS results. Next to the reduction of Co in interaction with
the zeolite, the broad band above 600 K in the TPR profiles
can be assigned to some gasification of the carbon sup-
port,®** explaining the high H, consumption during the TPR
for the sample Co/mesoH-ZSM-5(w22c) above 650 K.

Catalytic activity

Table 4 summarizes the CO conversion, carbon selectivity to
different product ranges and the olefin to paraffin and the
isoparaffin to n-paraffin ratios of the FTS products after 20 h
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on-stream and at different GHSV values. The time-on-stream
(TOS) evolution of the cobalt-time-yield (CTY; number of CO
moles converted per kilogram of Co per hour) of Co/mesoH-
ZSM-5 and Co/mesoH-ZSM-5(w) is presented in Fig. 8a. The
CTY of Co/mesoH-ZSM-5(w) is 13% higher than that of Co/
mesoH-ZSM-5, which may be associated with the removal of
EFAl formed in mesoH-ZSM-5 after acid washing, as
evidenced by the NH;-TPD results of the zeolite supports
(Fig. 4). The EFAI species may react with Co to form cobalt
aluminates which are inactive in Fischer-Tropsch synthesis.*®
The carbon selectivity to the different product ranges over
these catalysts is compared in Fig. 8b under iso-conversion
conditions (as depicted in the figure inset). Under the ap-
plied process conditions Co/mesoH-ZSM-5 presents a rela-
tively high selectivity to the gasoline-range hydrocarbons (C5-
C11, 40%), and the selectivity to C12-20 and waxes (C21+) is
20% and 5%, respectively. On the other hand, the production
of waxes is reduced completely over Co/mesoH-ZSM-5(w),
while the selectivity to the C5-C11 fraction increases to 50%.
Moreover, this catalyst is less selective to lower hydrocarbons
(C2-C4) and the diesel range hydrocarbons (C12-C20). How-
ever, the selectivity to C1 is high, about 20% for both cata-
lysts, which is undesirable for FTS.

The olefin to paraffin ratio (O/P) of the C2-C8 hydrocar-
bons is highest over Co/mesoH-ZSM-5(w) and decreases by
24% for Co/mesoH-ZSM-5, under iso-conversion conditions
(Xco = 57 and 55% for Co/mesoH-ZSM-5 and Co/mesoH-ZSM-
5(w), respectively). On the other hand, the iso-to-normal ratio
(I/N) of C4 increases by a factor of ten over the catalyst
supported on acid-washed mesoporous zeolite compared to
Co/mesoH-ZSM-5 (Table 4).

The molar product distribution over Co/mesoH-ZSM-5 and
Co/mesoH-ZSM-5(w) under iso-conversion conditions is
presented in Fig. 9. The molar fraction of the FTS hydrocar-
bons versus their carbon number follows a linear trend for
the Co/mesoH-ZSM-5 representative for an ASF distribution
with a chain growth probability () of 0.77. In contrast, the
hydrocarbon distribution over Co/mesoH-ZSM-5(w) does not
follow this linear trend. The ASF distribution breaks at

Table 4 CO conversion, carbon selectivity to the different product ranges and the olefin to paraffin and isoparaffin to n-paraffin ratios of the FTS prod-

ucts after 20 h on-stream

S/%

o/P I/N
Process conditions Catalyst Xcol% Cc1 C5-C11 CO, (C2-8)* (ca)
513 K, 15 bar, H,/CO = 2
12.0 Mgrp® kgeo " h™*
Co/mesoH-ZSM-5 57 19 41 2 0.31 0.01
Co/mesoH-ZSM-5(w) 83 17 51 2 0.65 0.09
513 K, 15 bar, H,/CO = 2
24.0 Mgrp” Kgeo " h™*
Co/mesoH-ZSM-5(w) 55 21 48 1 0.80 0.13
Co/mesoH-ZSM-5(w05c¢) 53 19 48 1 0.74 0.09
Co/mesoH-ZSM-5(w10c) 63 17 57 1 0.44 0.07
Co/mesoH-ZSM-5(w15c¢) 58 17 56 0.6 0.42 0.06
Co/mesoH-ZSM-5(w22c¢) 48 17 52 0.8 0.39 0.05

“ Qlefin to paraffin ratio of C2-C8. ? Iso-to-normal C4 ratio.
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Fig. 9 Molar distribution of the FTS products after 20 h on-stream at
513 K, 15 bar, H,/CO = 2 and iso-conversion conditions where GHSV =
24.0 mstp° Kgeat + ht for Co/mesoH-ZSM-5-(w) and 12 for Co/mesoH-
ZSM-5.

around C13 and the molar fractions of higher hydrocarbons
drop considerably. In line with the literature,”®'" these re-
sults with mesoH-ZSM-5(w) show that a close proximity of the
acid sites and the Co sites clearly promotes acid-catalyzed re-
actions, ie. cracking and isomerization, of the formed ole-
finic hydrocarbons.®

Fig. 10 and 11 display the catalytic performance of the Co
catalysts based on the carbon/zeolite composites. The time-
on-stream (TOS) evolution of the CTY of these catalysts is
depicted in Fig. 10. The CTY for Co/mesoH-ZSM-5(w) is in-
cluded for comparison. The CTY increases with an increase
in the carbon content (up to 15 wt%) of the employed sup-
port. These results further confirm that the weaker metal-
support (zeolite) interactions and thus an enhanced reduc-
ibility of the Co species (Fig. 7) are the main origins of the
enhanced catalytic activity of the catalysts supported over the car-
bon/zeolite composites compared to that of Co/mesoH-ZSM-5(w).
Furthermore, the possible generation of cobalt carbide
during catalyst preparation cannot be disregarded. Although

® Co/mesoH-ZSM-5(w)
® Co/mesoH-ZSM-5(w05¢)

20 4 ©® Co/mesoH-ZSM-5(w10c)
= ® Co/mesoH-ZSM-5(w15c¢)
o} ] @ Co/mesoH-ZSM-5(w22c¢)
O 15
o ]

o ]
3 ]
= ]
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= ]
~ 5 A
N ]
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© ]
o+ 7
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TOS /h

Fig. 10 Time-on-stream (TOS) evolution of the cobalt-time-yield
(CTY) during FTS at 513 K, 15 bar, H,/CO = 2 and GHSV = 24.0 Mstp>
kgcat_l h_l-
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cobalt carbide by itself is not active in FTS, the reduction of
supported cobalt carbide promotes the formation of the hex-
agonal cobalt phase (hcp), which is more active than the
face-centered cubic cobalt phase (fcc) in FTS.*™** Sartipi
et al® evidenced the presence of the hep in Co supported
over a carbon/zeolite composite by IR-assisted CO adsorption,
which further supports this interpretation.

The CTY of Co/mesoH-ZSM-5(w22c), however, decreases
significantly compared to all the carbon/zeolite supported
catalysts, which may be attributed to both the lower cobalt re-
duction degree (Table 3) and the lower dispersion of the ac-
tive phase. The average size of the cobalt crystallites of the
Co/mesoH-ZSM-5(w22c) sample was larger than that of the
crystallites of Co/mesoHZSM5(w) (Table 2 and Fig. S27).

Fig. 11 depicts the carbon selectivity of the FTS products
after 20 h on-stream under iso-conversion conditions (see
Fig. 10) for Co/mesoH-ZSM-5(w05c), Co/mesoH-ZSM-5(w15c)
and Co/mesoH-ZSM-5(w), for comparison. For the Co/mesoH-
ZSM-5(w15c) catalyst, the C5-C8 selectivity is higher and that
of C10+ lower. Moreover, the selectivity to C1 decreases to
17%. On the other hand, both the O/P and I/N ratios (Table 4)
decrease with an increase in the carbon content. For instance,
the I/N ratio decreases by a factor of 4 over Co/mesoH-ZSM-
5(w22c) compared to Co/mesoH-ZSM-5(w) (Table 4). Both the
decrease in the concentration and strength of the acid sites of
the carbon/zeolite support and the larger distance between
the surface Co and these acid sites may decrease the chance
of the primary olefinic FT products to adsorb on the acid
isomerization and cracking sites. Hence, smaller amounts of
branched hydrocarbons (isoparaffins) are produced over the
carbon/zeolite composite-based catalysts. At the same time, if
the acid site domains are far from Co, the formed hydrocar-
bons are more likely to be hydrogenated on a neighbouring
metal site and higher amounts of paraffins may be also pro-
duced. The FTS selectivity using bifunctional catalysts is un-
doubtedly directed by proximity of the (de)hydrogenation and
acid functions.>® For all catalysts the CO, carbon selectivity is
lower than 2% (Table 4), evidencing a very low water-gas shift
activity under the applied reaction conditions.

The carbon containing catalysts display a similar break in
the ASF distribution as Co/mesoHZSM-5(w) up to C19, but
the molar fractions of the heavier hydrocarbons relatively in-
crease with increasing carbon content (Fig. S57). This is also
attributed to the partial deactivation or blocking of the zeo-
lite acid cracking sites by pyrolytic carbon deposition.

In summary, the high C5-C11 (gasoline fraction) selectiv-
ity of Co supported on mesoporous zeolites is attributed to
both the close proximity of the Co crystallites and acid sites,
which promote acid-catalyzed reactions (cracking and isomer-
ization), and to an enhancement in the diffusion of hydrocar-
bons out of the catalyst particle when compared to the purely
microporous catalyst particles.”%** However, the selectivity
to methane is higher than expected for the calculated chain
growth probabilities, implying that direct CO hydrogenation
and hydrogenolysis take place in addition to FTS. Recently,
Sartipi et al.®** attributed the origin and nature of the above-
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olefins. Experiments were performed at 513 K, 15 bar, H,/CO = 2 and GHSV = 24.0 mstp° kgear - h'™.

mentioned hydrogenation and hydrogenolysis sites to the
low-coordination Co sites, which seem to be stronger when
Co is loaded on the H-ZSM-5 supports. This is also associated
with the Co crystallite size, since the density of the lower in-
dex surface crystallographic planes or steps and corners in-
creases as the Co crystallite size decreases.”® Apparently, in
mesoporous H-ZSM-5 the formation of highly dispersed co-
balt with such coordinatively unsaturated sites is promoted,
in contrast to native HZSM-5 where larger Co crystallites are
only formed at the outer surface of the crystals.® This ac-
counts for the high C1 selectivity observed in Fig. 8b and 11.

In the present work, the selectivity to C1-C2 is reduced af-
ter increasing the carbon content in the mesoporous zeolite
support (Fig. 11), in spite of a reduction in the micropore
and mesopore volumes.

This deposition of carbon on the zeolite support prior to
impregnation seems to reduce the Co-support interactions as
was evidenced by XPS and H,-TPR, resulting in the formation
of larger Co crystallites (which are reducible at lower temper-
atures) and a lower selectivity towards C1 (and C2) is
achieved. The partial deactivation of the Bronsted acid sites
by pyrolytic carbon deposition, as was observed by NH;-TPD
(Fig. 4), allows to tune the zeolite acidity, and thus the prod-
uct distribution shifts to the heavier hydrocarbons as ob-
served for Co/mesoH-ZSM-5(w15c) and Co/mesoH-ZSM-
5(w22c) with respect to the Co/mesoH-ZSM-5(w) catalyst
(Fig. 11 and S4t). This delicate relationship among the Co
particle size, their reducibility, their interactions with the zeo-
lite, their proximity to the acid sites and the strength of the
acid sites demands a precise balance in order to be able to
control the productivity and selectivity of this bifunctional
FTS process.

Conclusions

A detailed characterization of carbon/zeolite composites pre-
pared by deposition of pyrolytic carbon over mesoporous H-
ZSM-5 and the utilization of these composites as the supports
of Co for Fischer-Tropsch synthesis is reported. Propylene re-
acts on the surface of the zeolite depositing pyrolytic carbon

2644 | Catal Sci. Technol, 2016, 6, 2633-2646

in the micropores, on the walls of the mesopores and cover-
ing the external crystallite surface. The resulting composites
display a promising catalytic performance in the direct syn-
thesis of the gasoline range hydrocarbons from syngas, with
higher selectivity to the C5-C9 products. The deposition of
carbon on the zeolite support prior to Co impregnation im-
proves considerably the reducibility of supported Co oxide,
resulting in an enhanced catalytic activity and a lower selec-
tivity towards C1 (and C2) during FTS. This is due to the
lower Co-support interactions as revealed by TPR and XPS
analyses. Both the O/P and I/N ratios in the FTS products are
lower at an increasing carbon content due to the decrease in
the concentration and strength of the acid sites of the car-
bon/zeolite support.
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