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A core-shell fibrous silica mesoporous ZSM-5 (FmZSM-5) has been developed by employing microemul-
sion system coupled with zeolite crystal-seed crystallization method and unprecedented applied in CO
methanation. The FmZSM-5 showed greatly enhanced catalytic activity with the rate of CO conversion
(0.0708 pwmol-CO/m? s) and the rate of CH4 formation (0.0488 pmol-CH4/m? s) at 723 K, which is two-fold
higher than that of the conventional recrystallized mZSM-5 (RmZSM-5). Besides, it showed high stability
with no sign of deactivation up to 50 h. The presence of oxygen vacancies led to the increase in interpar-
ticle porosity, basicity, and CO and H; adsorption sites which are believed to be the keys for remarkably
improved in CO methanation. Additionally, the influence of diffusion limitation was indicated to be neg-
ligible. Such a unique core-shell fibrous silica mesoporous ZSM-5 and their excellent catalytic properties
suggest the significant application possibilities in base-catalyzed reaction especially in the production of
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1. Introduction

Conversion of syngas (CO+H;) to synthetic natural gas (SNG),
which mainly composed of methane, is widely explored due to the
desire for the alternative energy source [1-3] and protecting the
environment by recycling carbon sources (CO and/or CO,) effec-
tively based on the catalytic methanation [4]. The methanation of
CO is not only an indispensable way in the production of methane,
but also a purification method to avoid residual CO for poisoning
the H,-rich gas fuel cells [5,6]. Therefore, great efforts are made in
the development of efficient catalysts for CO methanation.

Despite the extensive amount of the available literature regard-
ing this topic, there are almost no reports about the effect of oxygen
vacancies in surface defect of fibrous silica mesoporous ZSM-5 on
the catalytic performance of CO methanation. The surface defect of
support material represents the crucial nature in order to deter-
mine their properties—catalytic activity relationship towards CO
methanation as the surface accessibility could become an issue
limiting the applications in certain cases. Therefore, the nature of

* Corresponding author at: Department of Chemistry, Faculty of Science, Universiti
Teknologi Malaysia UTM, 81310 Johor Bahru, Johor, Malaysia.
E-mail address: sugeng@utm.my (S. Triwahyono).

http://dx.doi.org/10.1016/j.apcata.2016.05.031
0926-860X/© 2016 Elsevier B.V. All rights reserved.

surface defect is a topical issue and a real challenge for the hetero-
geneous catalytic reactions.

The microemulsion system was first proposed by Schulman et al.
[7]. Microemulsion solution usually containing four components,
namely a polar phase (usually water), a nonpolar phase (usually an
aliphatic or aromatic hydrocarbon), a surfactant, and co-surfactant
(generally 4-8 carbon chain aliphatic alcohol). The microemul-
sion is a reliable approach for controlling synthesis of the particle
properties such as mechanisms of particle size control, geometry,
morphology, homogeneity and surface area [8].

The microemulsion synthesis route is promising for control-
ling the morphology of a variety of zeolites and molecular sieves.
Generally, zeolites are very versatile support materials that can be
tailored to achieve optimum performance in a wide range of cat-
alytic reactions. Therefore, zeolite catalysts are of great interest for
purely fundamental reasons because they can be tailored to allow
careful and systematic studies of various properties-activity rela-
tionships [9]. Lin et al. altered the morphology of silicalite-1 zeolite
from coffin-shaped to novel rod-shaped and to irregular-shaped by
varying the microemulsion composition [10]. On the contrary, Lee
et al. synthesized spherical and platelet-shaped silicalite-1 zeolite
by using the nonionic microemulsion technique. They suggested
that the current technique can be applied to the synthesis of com-
plex zeolitic materials with unique morphological properties and
hierarchical structure [11].
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On the basis of the limited literature in this area, our effort has
been focused on preparing a core-shell fibrous silica mesoporous
ZSM-5 for enhanced activity in CO methanation. The material was
prepared via a microemulsion system coupled with zeolite crystal-
seed crystallization method. In the present study, the significance
role of the oxygen vacancy effect on the physicochemical properties
and its relationship to the catalytic performance of CO methanation
was investigated and discussed. The highly accessible fibrous mor-
phology of the material exhibited excellent catalytic performance
than those of the conventional coffin morphology. Undeniably, the
combination of unique core-shell structure and physicochemical
properties such as oxygen vacancies that contributed to the high
interparticle porosity, high basicity, and high CO and H, adsorption
sites are responsible for the greatly enhanced catalytic performance
and high stability in CO methanation. Besides, the accessibility of
active sites was evaluated by the means of Mears’ and Weisz-Prater
criteria.

2. Experimental
2.1. Catalyst preparation

A core-shell fibrous silica mesoporous ZSM-5 (FmZSM-5) was
prepared by microemulsion system coupled with zeolite crystal-
seed crystallization method. Mesoporous ZSM-5 (mZSM-5) was
used as the seed for this crystal-seed crystallization, prepared
according to the previously reported procedure [12]. In brief, meso-
porous ZSM-5 was prepared by the dual templating method using
tetrapropylammonium bromide (TPA-Br) as a micropore-directing
agent and benzalkonium chloride as a mesopore-directing agent.
The starting parameters are Si/Al=22.90, H,0/Si=18.30, TPA-
Br/Si=0.17, benzalkonium chloride/Si=0.06, and NaOH/Si=0.15.
Firstly, the mixture of TPA-Br, benzalkonium chloride, sodium
hydroxide (NaOH), and distilled water (H,O) was homogeneously
mixed under vigorous stirring for 5 min at room temperature. Then,
aluminium hydroxide, Al(OH)3 and tetraethyl orthosilicate (TEOS),
Si(OCyHs)4 were added to the mixture. The mixture was vigor-
ously stirred for another 3h at room temperature. After that, it
was transferred into the autoclave and maintained at 423K for
0.5 days. The as-synthesized sample was then washed and filtered,
followed by dried at 383K for 3h and calcined at 823K for 3 h.
The prepared catalyst was denoted as mZSM-5. For preparation
of FmZSM-5, TEOS was firstly dissolved in a mixture of toluene
and 1-butanol. After that, mZSM-5 seed was added to the solution
and stirred for 30 min. Then, a mixed solution of cetyltrimethy-
lammonium bromide (CTAB), urea and distilled water was added
and stirred to obtain a homogeneous solution. The resulting solu-
tion was exposed to microwave radiation (400W) for 4h. The
solid product was isolated by centrifugation at 4000 rpm, followed
by washing with acetone and distilled water, and then drying
overnight in air at 383 K. Lastly, the solid product was calcined
at 823K for 6 h. The synthesis parameters were H,0/Si=165.34,
CTAB/Si=0.99, toluene/Si=28.00, and 1-butanol/Si=1.63. With the
absence of TEOS, arecrystallized mZSM-5 (RmZSM-5) was also pre-
pared by the same method. The metal analysis of RmZSM-5 and
FmZSM-5 was determined by Agilent 4100 MP-AES spectrometer.
The result showed that no other metal presents in the samples
beside silicon and aluminium.

2.2. Catalyst characterization

The crystallinity of the catalysts were confirmed by X-ray
diffraction (XRD) recorded on a Bruker Advance D8 X-ray powder
diffractometer using Cu Ka radiation source (40kV, 40 mA) at a 20
angle ranging from 2° to 40° with a scan rate of 0.1° continuously.

The morphological properties of the catalysts were performed
using FESEM-EDX (JEOL JSM-6701F) and TEM (Philips EM420).

The local environments of Al and Si atoms were analyzed using
27l and 29Si solid-state magic-angle spinning (MAS) nuclear mag-
netic resonance (NMR) spectroscopy on a Bruker Avance 400 MHz
spectrometer operating at resonance frequencies of 104.2 and
79.4 MHz, respectively.

The nitrogen physisorption analysis of the catalysts was mea-
sured on a Beckman Coulter SA 3100 in which the catalysts were
outgassed at 573 K for 1 h prior to the analysis. Then, adsorption of
nitrogen was carried out at 77 K. The textural properties (surface
area, pore size distribution, and pore volume) were determined
from the sorption isotherms using a non-local density functional
theory (NLDFT) method.

FTIR spectra of the fresh catalysts were acquired on Agilent Cary
640 FTIR Spectrometer using the KBr method with a scan range of
400-4000 cm~!. The basicity of the catalysts was determined by
using pyrrole acid probe molecule. For measurement of IR spectra,
a self-supported wafer placed in a high-temperature stainless steel
cell with CaF, windows was activated at 673K for 1h. Then, the
activated catalyst was exposed to 4 Torr of pyrrole at room tem-
perature for 5 min, followed by outgassing at room temperature.
All spectra were recorded at room temperature.

A JEOL JES-FA100 ESR spectrometer was used to observe the
formation of unpaired electrons in oxygen vacancies after in vacuo
heating. The sample was activated at 673 K for 1 h followed by flow-
ing under H, stream (10 ml/min) at 673 K for 1 h. All signals were
recorded at room temperature.

The X-ray photoelectron spectroscopy (XPS) measurements
were conducted on a Shimadzu Axis Ultra DLD spectrometer
equipped with an Al Ka radiation source. XPS data were analyzed
using CasaXPS software.

Prior to the CO adsorbed FTIR study, the sample was activated
at 673K for 1 h followed by flowing under H, stream (10 ml/min)
at 673K for 1h. After that, the activated catalyst was exposed to
20 Torr of CO at room temperature, followed by adsorbing at room
temperature, 323, 373, 423, 473, 523, 573, and 623 K.

For CO and H, adsorbed FTIR study, the activated catalyst was
exposed to 20 Torr of CO and 160 Torr of H, at room temperature,
followed by adsorbing at room temperature, 323, 373, 423, 473,
523,573, and 623 K. For CO and H, adsorbed ESR study, the sample
was activated using the same procedure as above. Then, the acti-
vated catalyst was exposed to 20 Torr of CO and 160 Torr of H; at
room temperature, followed by stepwise heating from 323 to 473 K
in 50 K increments.

Coke deposits on the catalysts were characterized with a
PerkinElmer Thermogravimetric Analyzer 6. The temperature of
the furnace was set within the range of 303-973 K with an incre-
ment of 293 K/min.

2.3. Catalytic performance

Carbon monoxide methanation was carried out in a fixed-bed
quartz reactor at a temperature range of 423-723 K. Prior to the
reaction, 0.2 g of catalyst was subjected to oxygen treatment at
773 Kfor 1 h, followed by hydrogen reduction at 773 K for 3 h. Then,
the reactor was cooling down to the desired reaction tempera-
ture in the presence of hydrogen stream. When the temperature
became stable, a mixture of H, and CO was passed over the acti-
vated catalyst at a specific gas hourly space velocity (GHSV) of
13,500mlg-'h-! and the H,/CO mass ratio of 8/1. The composi-
tion of the products was analyzed by an on-line 6090 N Agilent gas
chromatograph equipped with a TCD detector. The moisture trap
was installed at the outlet gas line of the reactor to prevent moisture
from entering the GC. The CO conversion, CH4 formation, rate of CO
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Fig. 1. FESEM images and XRD patterns of (A) RmZSM-5, (B) FmZSM-5, and (C) elemental mapping Si, and (D) elemental mapping Al of FmZSM-5.

conversion and rate of CH4 formation were calculated according to
the following equations:

CO conversion(%) = &%lm x 100 (1)
CHy selectivity (%) = _ Mens 00 (2)
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Mcn
CHyformation(%) = 4 x 100 (3)
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where, Mco, Mcy4, and Mco, is the mole of the CO, CHg, and CO5,
respectively. The rate of CO conversion or CH,4 formation is reported
as moles of CO converted (n¢,) or CH4 produced (ncy4) divided by
the surface area of the catalyst (SA), weight of the catalyst for the
reaction (W¢at) and time (s). The value of the oxygen vacancy is the
total intensity of the peak signals at g=1.99 and g=1.91 obtained
from ESR analysis after outgassing at 673 K. On the other hand,
the value of the basicity is the intensity of the peak at 3478 cm™!
obtained from FTIR adsorbed pyrrole analysis at room temperature,
followed by heating in vacuum at room temperature.

3. Results and discussion
3.1. Physical properties of the catalysts

Fig. 1 demonstrates FESEM images and elemental mapping
analysis of RmZSM-5 and FmZSM-5. RmZSM-5 showed typical
coffin-morphology of MFI zeolite catalyst (Fig. 1A). While, FmZSM-
5 showed spherical well-ordered dendrimeric morphology with
uniform size of 350-400 nm (Fig. 1B). Elemental mapping analy-
sis of FmZSM-5 showed a well dispersed Si atoms (Fig. 1C) and
intensely focused Al atoms (Fig. 1D) in the center of each sphere.
We suggested that the center of the sphere was probably consist of
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Fig. 2. (A) 27Al MAS NMR and (B) 29Si MAS NMR spectra of (a) RmZSM-5 and (b)
FmZSM-5.

an aluminosilicate framework of ZSM-5, while the dendrimer was
fully composed with silica. This result may claimed the formation
of a core-shell structure of FmZSM-5.

XRD patterns of RmZSM-5 and FmZSM-5 catalysts are shown
in Fig. 1. Both catalysts exhibited diffraction peaks in the range of
26 =7-10° and 22-25°, which were identified as reflections for the
MFI-type zeolite [13]. No significant changes were observed. How-
ever, the peakintensity of FmZSM-5 was slightly lower as compared
to the RmZSM-5. This may be due to the addition of silica species
during the formation of dendrimeric silica fiber. The well-resolved
and rather intense peaks evidenced the highly crystalline structure
of FmZSM-5.

Fig. 2 shows 27Al MAS NMR and 29Si MAS NMR spectra of cata-
lysts. Two distinct signals of 27 Al MAS NMR spectra at 56 ppm and
around 0 ppm, were assigned to tetrahedral aluminium and octa-
hedral aluminium, respectively [ 14]. The decrease of both signals in
FmZSM-5 may be due to the presence of partial dealumination and
the occurrence of the crystallization process. On the other hand,
29Si MAS NMR spectra of RmZSM-5 and FmZSM-5 exhibited one
main signal (at —114 ppm) typically observed for (=Si0),4Si species,
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Fig. 3. TEM images of (A) RmZSM-5, (B) closed up single particle of RmZSM-5, (C) FmZSM-5, and (D) closed up a single particle of FmZSM-5.

evidencing the highly structured framework and high crystallinity
of the ZSM-5 zeolite [15]. Additionally, a weak shoulder signal at
—100 ppm was observed, which assigned for (=Si0)3Si species. In
fact, an increase in the signal of (=Si0)4Si species may support
the elemental mapping analysis and XRD result of the formation
of core-shell structure in FmZSM-5.

Fig. 3 shows TEM images of RmZSM-5 and FmZSM-5. TEM
images of the RmZSM-5 clearly depicted their coffin-shaped parti-
cle with cluster of some irregular particles (Fig. 3A and B). On the
contrary, spherical FmZSM-5 showed fibrous dendrimeric particles
(Fig. 3C and D). From closed up single particle image of FmZSM-5
in Fig. 3D, it showed the dendrimers covering the core is densely
located with a small distance between the dendrimers.

Fig. 4 illustrates the nitrogen adsorption-desorption isotherms
and NLDFT pore size distribution of catalysts. Both catalysts demon-
strated type IV isotherm with type H1 hysteresis loop, which
typically presents in mesoporous materials [16,17]. The nitrogen
uptake at lower P/Pg are attributed to the microporous nature of
the catalysts [18]. In addition, the nitrogen uptake at P/Py =0.2 and
0.9 are assigned to intra- and interparticle pores, respectively [19].
It is noteworthy that a huge difference was observed in P/Py = 0.9 of
FmZSM-5 with respect to the RmZSM-5. This result revealed that
the presence of the fibrous dendrimeric morphology contributed
to the large amount of interparticle pores.

The pore size distributions are derived from NLDFT method.
RmZSM-5 had pore size distribution in the range of 2-9nm. On
the other hand, FmZSM-5 exhibited main pore size distributions
in the range of 2-10nm and the large pore ranging from 10 to
26 nm. The former is corresponded to the mesopores from self-
assembly of CTAB surfactant and the latter is corresponded to the
radially orientated mesopores or also known as inter-dendrimer
distances that may contribute to the increase in the interparticle
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Fig. 4. Nitrogen adsorption-desorption isotherms and NLDFT pore size distribution
of (A) RmZSM-5 and (B) FmZSM-5.

porosity at high relative pressure (P/Pg=0.9) [20,21]. In terms of
surface area, RmZSM-5 presented a larger surface area (529 m2 g—1)
as compared to the FmZSM-5 (479 m2 g~ 1). Besides, the total pore
volume was 0.201 cm3 g~! for the RmZSM-5, significantly altered
from the result of FmZSM-5 which is 0.351 cm3 g~!. Interestingly,
this indicated the formation of FmZSM-5 with enormous amount
of pores. Despite the lower surface area of FmZSM-5, the fibrous
pore network of FmZSM-5 may lead to the highly accessible pores
or “exposed” catalytic active sites for adsorption of CO and H,. This
result showed that porosity plays an undoubtedly major role in the
material.
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Fig. 5. (A) FTIR spectra of fresh catalysts and (B) FTIR spectra of pyrrole adsorbed on activated catalysts at room temperature, followed by heating in vacuum at room
temperature, and (C) ESR signals after outgassing at 673 K of (a) RmZSM-5 and (b) FmZSM-5.

FTIR spectroscopy is a very useful technique for obtaining vibra-
tional information about the species in the materials. Fig. 5A shows
the FTIR spectra of RmZSM-5 and FmZSM-5 in the region between
1500 and 400 cm~!, Typical absorbance bands due to ZSM-5 zeo-
lite were observed for RmZSM-5 and FmZSM-5. The bands at 1240
and 1090cm~! are assigned to the asymmetric stretching vibra-
tions of Si-O-Si in the framework, while, the band at 800 cm™!
is attributed to symmetric stretching vibrations of Si-O-Si in the
framework [22]. Another band at 550 cm~! is corresponded to the
double five-membered rings of the MFI-type ZSM-5 structure [23].
A band at 450 cm~! is associated to Si-O-Si bending in the frame-
work [24]. These bands represented a typical adsorption bands for
MFI type zeolite.

In the present work, basic property of the catalyst is studied
as it is important for catalytic performance of CO methanation.
The FTIR spectra of adsorbed pyrrole were obtained to quantita-
tively measure the basic sites of the catalyst. Fig. 5B represents the
FTIR spectra of pyrrole adsorption on the catalysts. A sharp peak
was observed at 3478 cm~! which can be assigned to perturbed
N—H stretch of pyrrole molecules interacting with the basic sites
of the framework oxygen atoms. The H-donor properties of pyrrole
allowed the formation of C4H4NH—O bridges with basic oxygen
[25,26]. It is noteworthy that FmZSM-5 showed greatly enhanced
basic sites with respect to RmZSM-5.

The basicity has a close relationship with the surface
defect/oxygen vacancy [27,28]. When an oxygen vacancy is cre-
ated, two unpaired electrons are left behind, which pulls in the
catalyst a very strong Lewis base. The more vacancies are created,
the stronger the Lewis basicity of the surface. Theoretically, it is
possible that an increase in basicity (which is an increment in the
ability of the surface to donate electrons) will increase the reactivity
of the catalyst [29].

In addition, ESR spectroscopy has been applied to study the
materials with unpaired electrons. This technique is used to detect
the occurrence of oxygen vacancies. Fig. 5C shows ESR signals of the
catalysts after outgassing at 673 K. The signal appearing at g=1.99
signifies trapped electrons or unpaired electrons that have local-
ized in oxygen vacancies. Besides, the signal at g=1.91 is ascribed
to the paramagnetic oxygen vacancies [30]. It should be noted
that FmZSM-5 possessed a higher amount of oxygen vacancies in
surface defect with regard to RmZSM-5. This may be due to the
development of dendrimeric morphology, led to the increase in
the oxygen vacancies and further contributed to the increase in
basicity of FmZSM-5. In this catalyst system, we may claim that the
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Fig. 6. XPS spectra of O 1s of (A) RmZSM-5 and (B) FmZSM-5.

active sites of the catalyst are both basic framework oxygen (zeolite
component) and oxygen vacancy (fibrous silica).

X-ray photoelectron spectroscopy (XPS) analysis was carried out
to provide information about the nature of the oxygen species. Fig. 6
shows XPS spectra of O 1 s of RmZSM-5 and FmZSM-5. For both cat-
alysts, two types of oxygen species were observed at 530.3-530.7 eV
and 531.0-531.5 eV, respectively. The first band is assigned to lat-
tice oxygen. While, the latter is associated with oxygen vacancies
or defects [31,32]. The results of ESR and XPS analyses confirmed
the existence of oxygen vacancy surface defect in our samples.

Fig. 7A and B show FTIR spectra of CO adsorption on RmZSM-5
and FmZSM-5. The blank test of CO adsorption (without catalyst)
showed two main peaks at 2170 and 2120 cm~!, which assigned to
the gaseous CO. No other significant peak was observed. With the
presence of the catalyst, three peaks were observed. Two peaks at
the higher wavenumber were corresponded to gaseous CO. While,
apeak at 1900 and 1930 cm™!, attributed to the bridged CO species
was observed for RmZSM-5 and FmZSM-5, respectively [33]. Fig. 7C
shows the Gaussian deconvolution peak area at 1900 (for RmZSM-
5) or 1930cm~! (for FmZSM-5) of bridged CO adsorbed at room
temperature and 623 K. It should be noted that the peak area at
1900cm~! was lower than that of 1930cm~! for both temper-
atures, indicating that FmZSM-5 possessed higher adsorbed CO
species compared to RmZSM-5.

Fig. 8 shows FTIR spectra of CO and H, adsorption on RmZSM-
5 and FmZSM-5. Analogous to our previous study [34], two bands
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Fig. 8. FTIR spectra of adsorbed gases CO and H, on (A) RmZSM-5 and (B) FmZSM-5.
The samples were adsorbed at (a) room temperature, (b) 323K, (c) 373K, (d) 423K,
(e) 473K, (f) 523K, (g) 573K, and (h) 623 K.

were observed at 2170 and 2120cm™! corresponding to gaseous
CO. In addition, a band at 1625cm~! corresponding to atomic
hydrogen. However, it should be noted that the band of atomic
hydrogen at 1625cm~! was remarkably enhanced in FmZSM-5.
This may be due to the presence of abundance dendrimers at the
outer sphere of the particles that promotes the adsorption of atomic
hydrogen. It should be noted that the abundance of atomic hydro-
gen supply is essential for hydrogenate of CO to form methane.

In the present work, ESR spectroscopy was also used to observe
the interaction of CO and molecular hydrogen with RmZSM-5 and
FmZSM-5. Fig. 9 shows the ESR signals of CO and H, adsorption
for RmZSM-5 and FmZSM-5. The introduction of CO and H,, fol-
lowed by heating, resulted in the formation of electrons where the
electrons were stabilized in these oxygen vacancies, resulting in
the reduction of the ESR signal at g=1.99. Besides, the observed
signal at g=1.91 is associated with the paramagnetic oxygen vacan-
cies present in the sample was simultaneously decreased [30].
The decrease in the intensity of these two signals probably due
to the adsorption of CO and H, on these oxygen vacancies. This
phenomenon indicated that some of the oxygen vacancies were
filled with electrons, which may have originated from gaseous CO
and/or atomic hydrogen. The presence of these oxygen vacancies
not only promoted the adsorption capacity of the CO and Hj, but
also improved their dissociation properties due to allocation of
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Fig. 9. ESR signals of (A) RmZSM-5 and (B) FmZSM-5 after outgassing at 673 K and
heated in the presence of CO and H; at (a) 323K, (b) 373K, (c) 423K, and (d) 473 K.

electron into these oxygen vacancies [35]. As the results, the pres-
ence of oxygen vacancies in surface defect may provide another
platform for CO and H adsorption.

3.2. Catalytic performance

Figs. 10 and 11A,B, show the catalytic performance of RmZSM-
5 and FmZSM-5 for CO methanation in the temperature range of
400-800 K. FmZSM-5 showed superior catalytic activity than that
of RmZSM-5. The catalytic activity appeared very low at and below
700K, but increased at 723K may be due to the increase in the
methanation reaction accompanied by the water-gas shift (WGS)
reaction [36]. In this study, the catalytic performance of both cat-
alysts almost same at the low temperature region (423-673K),
but significantly improved at 723 K may be due to the system’s
energy starts to be high enough for both CO and H; to dissociate
and interact to form methane [37]. At 723 K, FmZSM-5 showed 63%
of CO conversion, 69% of CH4 selectivity, and 44% of CH4 forma-
tion. On the other hand, RmZSM-5 displayed 42% of CO conversion
and 80% of CH4 selectivity, and 34% of CH4 formation. The lower
CHy4 selectivity for FmZSM-5 than that for RmZSM-5 may be due
to the happening of water-gas shift (WGS) side reaction. This side
reaction has led to the formation of CO,. As shown in Fig. 10, CO,
formation showed an increasing trend with increasing in temper-
ature. Hence, we can conclude that CO, did not convert to CHy in
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Fig. 10. (A) CO conversion, (B) CO, formation as a function of the reaction temper-
ature at GHSV=13,500mlg~' h-! and H,/CO =8/1 over RmZSM-5 and FmZSM-5.

the current study. In term of reaction rate, the rate of CO conver-
sion and CHy4 formation of RmZSM-5 were 0.0367 wmol-CO/m? s
and 0.0296 pmol-CH4/m? s, respectively. While, a higher rate of
CO conversion and CH, formation of 0.0708 wmol-CO/m?s and
0.0488 wmol-CHy/m? s, respectively, were observed for FmZSM-5.
The catalytic results showed that FmZSM-5 performed remarkably
with enhanced catalytic activity over RmZSM-5 in CO methana-
tion. Besides, only a small amount of CO, and H, 0 by-product were
formed. No other by-products were detected. Moreover, the cat-
alytic activity of FmZSM-5 was sustained for 50 h of the reaction at
723 K under atmospheric pressure, which manifested that it is very
stable under the applied reaction conditions.

The apparent activation energies (E;) for CO methanation over
RmZSM-5 and FmZSM-5 were determined by using the Arrhenius
equation in the range of 673-723K. The E, values of RmZSM-
5 and FmZSM-5 are found to be 106 and 104kJmol-!, which is
in good agreement with the previous literatures though the acti-
vation energy might vary considerably with the nature of the
support and the catalytic reaction conditions. Comparable values
for the E, were reported by Liu et al. for Ni-V,03/Al,03 catalysts
(86-109 k] mol~1) [38] and Li et al. for Ni/CeO,-Al,03/Ni-foam cat-
alyst (~151 k] mol~1) [39].

Fig. 11C shows the dependence of catalytic activity on the oxy-
gen vacancy and basicity. The result showed a good correlation
between oxygen vacancy and the rate of CH4 formation in CO
methanation at 723 K. On the contrary, there is less correlation
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Fig.12. (A) DTG and (B) TGA curves of fresh RmZSM-5 (RmZSM-5-F), spent RmZSM-
5 (RmZSM-5-S), fresh FmZSM-5 (FmZSM-5-F), and spent FmZSM-5 (FmZSM-5-S).

found between the basicity and the rate of CH4 formation. The ratio
of the rate of CH4 formation to oxygen vacancy did not change much
for RmZSM-5 and FmZSM-5, indicating that the catalytic activity is
clearly correlated with the oxygen vacancy. While, no dependence
of activity on the basicity was observed. This result revealed that
the methanation activity is more governed by oxygen vacancy.

Previous reports have been investigated on the relationship
between oxygen vacancy and catalytic performance. Song et al.
reported a linear dependence between the hydrogenation activ-
ity and oxygen vacancy concentration in oxygen-deficient tungsten
oxide catalysts [40]. Moreover, Zhou et al. reported the surface oxy-
gen vacancy-dependent electrocatalytic activity of tungsten oxide
nanowires, in which these surface oxygen vacancy served as cat-
alytic site descriptors [41]. In addition, Zhang et al. studied the
relation of surface defects (surface oxygen vacancies or defects)
with the photocatalytic activity [42]. The result showed that sur-
face defects gave a positive effect on the photocatalytic activity.
However, they could not show a relationship of the photocatalytic
activity with the surface defects as the x-ray photoelectron and
photoluminescence spectroscopy are not suitable for quantitative
analysis.

The presence of coke deposition is known to cause catalyst deac-
tivation. Therefore, in this study, coke deposition on the catalysts
were examined by TG-DTG analysis. Fig. 12 shows TG-DTG analy-
sis of fresh and spent catalysts. From the results, only a negligible
amount of coke was observed on both RmZSM-5 and FmZSM-5 and
the highest coke content was only ~0.5%. To summarize, FmZSM-
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Fig. 11. (A) Rate of CO conversion, (B) rate of CH4 formation as a function of the reaction temperature at GHSV=13,500mlg~' h~! and H,/CO=8/1, and (C) oxygen vacancy
and basicity dependences of the rate of CH4 formation at 723 K over RmZSM-5 and FmZSM-5.
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Table 1
Physicochemical properties of the catalysts.
Catalysts  XRD Surface Average pore Total pore Mesopore Bsample /B¢ OVgample/OVE® Apparent Weisz-Prater
crystallinity? area®(m?g-!)  size (nm) volume” volume* (a.u) (a.u) activation value® x 1074
(%) (cm?g™) (cm?g™) energy, E,'
(k] mol~1)
RmZSM-5 64 529 2.59 0.201 0.187 0.1406 0.6099 106 4.37
FmZSM-5 52 479 4.50 0.351 0.337 1 1 104 4.24

3 The calibration curve of crystallinity was used to determine the crystallinity of the catalyst. It was plotted against average peak intensity at 260 =7.8° and 8.9° of the
catalyst, in which SiO; and mZSM-5 was assumed to be 0 and 100% crystallinity, respectively. Crystallinity of the catalyst was calculated from linear equation obtained from

the calibration curves.
b Determined from non-local density functional theory (NLDFT) method.

¢ Mesopore volume was obtained using total pore volume — micropore volume which was obtained from t-plot method.
d Ratio of basicity, Bsympie/BF Was obtained by the peak intensity of sample/peak intensity of FmZSM-5, in which sample =RmZSM-5 and FmZSM-5. The peak intensity at

3478 cmwas acquired from FTIR of pyrrole adsorption.

¢ Ratio of oxygen vacancy, OVs,mpie/OVE was obtained by the peak intensity of sample/peak intensity of FmZSM-5, in which sample =RmZSM-5 and FmZSM-5. The peak
intensity is the total intensity of the peak signals at g=1.99 and g=1.91 obtained from ESR analysis.

f E, values were determined in the range of 673-723 K.

& Determined from Weisz-Prater criterion under reaction conditions: P=1atm and T=723K.

5 catalyst is resistant toward coke formation and possessed high
stability for the methanation reaction up to 50 h of time on stream.

These results showed the importance of support morphology
on the catalytic performance of CO methanation. Apparently, the
presence of oxygen vacancies led to the high interparticle porosity,
high basicity and even more importantly, high CO and H, adsorp-
tion sites in FmZSM-5 should be responsible for the enhancement
in the catalytic activity and high stability in CO methanation. The
role of support morphology in this study is also supported by Gao
et al. who reported that the morphology of CeO, strongly affected
the reduction behavior, oxygen vacancies and hydroxyl reactivity
of the catalyst [43].

It is well known that oxygen vacancies in surface defect strongly
influenced the physicochemical properties of the catalyst. These
oxygen vacancies play a significant role for adsorption of molecules
in heterogeneous catalysis [44]. Liu et al. investigated the enhanced
CO methanation over a Ni-V,03/Al,03 catalyst [38]. In this case,
oxidation-reduction properties of V,03 promoter plays a role for
CO dissociation and increased the oxygen vacancies. These oxy-
gen vacancies act as the active site for CO, by-product dissociation
and further generated surface oxygen intermediate, thus prevent-
ing carbon deposition and improve the high-temperature stability
of the catalyst. In addition, Nematollahi et al. reported that lat-
tice deformation (entrance of Ni2* cations into CeO, lattice and
replaces some Ce*" ions) and charge imbalance (changing oxi-
dation between Ce3* and Ce**) at the ceria structure led to the
formation of oxygen vacancies. Indirectly, the presence of these
oxygen vacancies can promote CO methanation over a Ni/CeO,
catalyst by making easier migration of free electrons from sup-
port to the interface of metal-support, then, leading to weakening
of the CO bond by electron back donation effect [45]. The impor-
tance role of oxygen vacancies in zirconia-based catalysts have
been previously reported in the literatures. Pan et al. reported
the preparation of Ni/Ceg 5Zrg 50, by an impregnation method for
CO, methanation and one of the reasons that explained the high
activity of the catalyst was due to the presence of higher oxy-
gen vacancies as compared to other preparation methods [46].
Besides, Takano et al. reported the presence of tetragonal ZrO,
with enriched oxygen vacancies by the introduction of Ni2* and
CaZ* may possibly contribute to the high catalytic activity of CO,
methanation [47]. Furthermore, Ren et al. studied the effect of
second metals (Fe, Co, and Cu) in Ni/ZrO, for CO, methanation
[48]. The results showed that Fe assisted in the reduction of ZrO,
support and further induce the formation of more oxygen vacan-
cies, which have an important role in promoting adsorption and
dissociation of H, and CO,, thus enhancing the CO, methanation
activity.

The accessibility of the active sites and so the diffusion limita-
tions are also significant factors in determining the catalytic activity
of the catalyst. The Mears’ criterion is used to determine the effect
of the external diffusion limitation [49]. In this case, we assumed
that the mass transfer in the surface around the particles was a
fast step, therefore, the reaction was not limited by the external
diffusion limitation. In addition, the Weisz-Prater criterion is used
as the estimation for internal diffusion limitation which takes the
catalyst porosity into account. To evaluate if the internal diffusion
limitation affected the overall CO methanation rate under our reac-
tion conditions, the Weisz—Prater criterion was applied as equation
given below and the internal diffusion limitation can be neglected
if [50-52]:

Nwp = = <1 (7)

where 9 = reaction rate of CO per volume of catalyst (mol/cm?3 s).

Ry, = catalyst particle radius (cm).

Cs =reactant concentration at the external surface of the catalyst
(mol/cm3).

Def = effective pore diffusivity (cm?/s).

Under the studied reaction conditions (P=1atm and T=723K),
the value of Weisz-Prater criterion for RmZSM-5 and FmZSM-5
were 4.37 x 1074 and 4.24 x 10~4, respectively. The calculation of
Weisz-Prater criterion indicated absence of internal mass trans-
fer limitations in this system with the observed reaction rates. It
is worth mentioning that internal mass transfer in RmZSM-5 is
slightly higher as compared to FmZSM-5. Herein, we may con-
clude that the presence of fibrous morphology may contribute to
the improved in the accessibility of the active sites. The physico-
chemical properties of the catalysts are summarized in Table 1.

Regrettably, there is almost no report about the application
of fibrous silica mesoporous ZSM-5 for CO methanation. How-
ever, based on previous literatures, fibrous materials have been
applied in other catalytic testing due to its excellent properties.
Recently, our research group have studied on the use of fibrous
silica ZSM-5 for cumene hydrocracking [53]. Besides, a new fam-
ily of high-surface area silica nanospheres (KCC-1) with fibrous
morphologies was first discovered by Polshettiwar et al. [54]. This
material possesses a good potential for silica-supported catalysts,
as it possessed high surface area, good thermal and hydrothermal
stabilities, high mechanical stability, and high accessibility of active
sites. In recent study, Fihri et al. reported the application of fibrous
nano-silica supported ruthenium (KCC-1/Ru) in hydrogenolysis of
alkanes [55]. The results showed that high catalytic activity was
due to the highly accessible KCC-1 support while excellent stability
was probably due to the fibrous nature of the support. Additionally,
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Bouhrara et al. studied the use of nitridated fibrous silica (KCC-
1) for Knoevenagel condensations and transesterification reactions
[56]. The high reaction activity was due to the fibrous morphology
with the highly accessibility of basic and acidic sites. Contem-
poraneously, Peng et al. reported a center radially fibrous silica
encapsulated TS-1 zeolite (TS-1@KCC-1) with enhanced hydrother-
mal and mechanical stability for one-pot synthesis of benzamide
[57]. Moreover, Dong et al. prepared fibrous nano-silica (KCC-1)
with dandelion-like shape, high surface area, and easy accessibility
of active sites to immobilize of Ni@Pd nanoparticles for the reduc-
tion of 4-nitrophenol and hydrodechlorination of 4-chlorophenol
[58].

4. Conclusion

A core-shell fibrous silica mesoporous ZSM-5 (FmZSM-5) was
prepared by using microemulsion system coupled with zeolite
crystal-seed crystallization method for the methanation of CO. It
should be noted that the presence of oxygen vacancies increased
the interparticle porosity, basicity, and CO and H, adsorption sites
in FmZSM-5. These properties can be explained as the factors that
contributed to the high catalytic activity and stability of FmZSM-5
in CO methanation with rate of CO conversion and CH,4 formation
of 0.0708 wmol-CO/m? s and 0.0488 umol-CHy/m? s at 723 K. As
well, the accessibility of active sites showed no diffusion limitation.
The development of core-shell fibrous silica mesoporous ZSM-5 is
a new breakthrough and potentially important for applications of
mesoporous zeolites in the future catalysis applications.
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