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�Mesoporous ZSM5 (mZSM5) was
prepared by dual templating method.
� High surface area mZSM5 possessed

high crystallinity and coffin-shaped
morphology.
� mZSM5 possessed intrinsic acidic and

basic sites.
� Aging time altered pore distribution,

crystallinity and acidic–basic sites of
mZSM5.
� mZSM5 is an active catalyst for

n-heptane cracking and CO
methanation.
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Mesoporous ZSM5 (mZSM5) was prepared by the dual templating method for n-heptane cracking and CO
methanation. The properties of mZSM5 were tailored by varying the aging time in the 0.5–3-day range.
The physical properties of the catalysts were characterized with XRD, FESEM, nitrogen physisorption and
IR. XRD and FESEM analyses indicated that mZSM5s possessed a high crystalline structure with coffin-
type morphology. Nitrogen physisorption analysis revealed the presence of both micropores and meso-
pores in high surface area mZSM5s with inter- and intra-particle porosity. The pyridine and pyrrole
adsorbed IR spectroscopy results demonstrated that mZSM5s have both intrinsic acidic and basic sites,
which are suitable for acid and/or base catalyzed reactions. The bare mZSM5-0.5D exhibited the highest
rate of conversion of n-heptane (0.0230 lmol/m2 s) and CO (0.0226 lmol/m2 s) at 573 K and 723 K,
respectively. The mZSM5s performed with good stability and no deactivation up to 30 h for n-heptane
cracking and CO methanation. Co-existence of micro-mesopores and intrinsic acidic–basic sites is vital
for acid-catalyzed and base-catalyzed reactions.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Zeolites, are defined as microporous crystalline aluminosilicates
and are widely used in a number of industrial processes [1].
Zeolites possess both acidic and basic sites and the dual properties
of these sites can play an important role in many catalytic
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reactions. However, while the acidic properties of zeolites have
been extensively explored, their basic properties still remained
unclear [2]. Nevertheless, conventional zeolites with relatively
small and solely micropores can impose a diffusion limitation
problem in many catalytic reactions, which tends to produce coke
formation on micropores and lead to faster catalyst deactivation.
This has severely limited their catalytic performance. Therefore,
coupling the structural features of microporosity and mesoporosity
is urgently needed to address this drawback [3,4].

ZSM5 zeolites with MFI-type topology have been widely stud-
ied due to the simplicity of mesoporosity introduction and the
well-defined nature of the acid sites in conventional zeolite [5].
Although great efforts have been made to obtain mesoporous zeo-
lites, syntheses of mesoporous zeolites are still challengeable to
develop periodic mesoporic, tunable, strong acidic/basic, stable
and shape-selective microporous zeolites for a wide range of appli-
cations. Meso-/microporous zeolites allow facile pore accessibility
and fast transportation of bulky molecules and, thus, give good
performance in terms of the activity, selectivity and/or stability
of zeolite-based catalyzed reactions [6]. A common approach to
developing mesoporosity into zeolite crystals is demetallation
(desilication or dealumination). However, demetallation suffers
from the partial destruction of zeolite structures and the loss of
acidic sites.

Tarach et al. [7] found that hierarchical zeolite Beta obtained by
a well-adjusted desilication with NaOH and TBAOH could produce
mesoporosity and zeolitic microporosity without disturbing the
intrinsic acidity of the parent zeolite. This gave better catalytic
cracking performances. Keller et al. [8] have discovered hierarchi-
cal high-silica USY zeolites through the introduction of intracrys-
talline mesopores by post-synthetic modification to mitigate
diffusion constraints. The importance of mesoporosity and intrinsic
zeolitic properties as a function of reactant size was investigated in
terms of which of these materials appeared as promising base cat-
alysts and were applicable for a variety of base-catalyzed reactions
as well as the upgrading of biofuels. Another strategy is a dual tem-
plating method for generating both microporosity and meso-
porosity [9,10]. In this approach, surfactant molecules act as a
zeolite structure-directing agent and mesoscale template into
which they are self-assembled as a supramolecular micelle. Due
to the flexible properties of soft templates, they can achieve struc-
tural control. Therefore, this method has the highest versatility in
terms of altering the mesostructure as compared to other synthesis
strategies.

In this study, mesoporous ZSM5 (mZSM5) having intrinsic
acidic–basic sites was prepared by the dual templating method
for acid-catalyzed and base-catalyzed reactions through n-heptane
cracking and CO methanation. In the present study, we reported
the vital role of aging time to observe the tailoring of material char-
acteristics such as physical, acidic and basic properties which are
closely related to the catalytic performance [11,12]. In the present
work, n-heptane cracking and CO methanation were used as a
probe reaction to verify the role of the intrinsic acidic and basic
sites of the catalysts, respectively. Catalytic activity of n-heptane
cracking is demanding on the pore characteristic and acidity in
term of concentration and strength of acid sites. However, in this
case, acidity is the predominant factor. On the other hand, catalytic
performance of CO methanation was strongly affected by both
porosity and basicity. The implications of the aging time in the
crystallinity, morphology, textural properties, acidity, basicity
and catalytic activity of the catalysts were evaluated and discussed.
The results showed that high surface area mZSM5s possessed both
microporosity and mesoporosity with inter- and intra-particle
pores, which significantly determine activity and stability in
n-heptane cracking and CO methanation.
2. Experimental

2.1. Catalyst preparation

The mesoporous ZSM5 was prepared by the dual templating
method using tetrapropylammonium bromide (TPA-Br) as a micro-
pore-directing agent and benzalkonium chloride as a mesopore-di-
recting agent. The starting parameters were Si/Al = 22.90, H2O/
Si = 18.30, TPA-Br/Si = 0.17, benzalkonium chloride/Si = 0.06 and
NaOH/Si = 0.15. Firstly, the mixture of benzalkonium chloride,
TPA-Br, sodium hydroxide (NaOH) and distilled H2O was homoge-
neously mixed at room temperature under vigorous stirring for
5 min. Then, aluminium hydroxide, Al(OH)3 and tetraethyl orthosi-
licate, Si(OC2H5)4 were added and homogeneously mixed at room
temperature under vigorous stirring for 3 h. After that, the mixture
was transferred into an autoclave and maintained at 423 K to study
the effect of aging time. The product was washed, filtered and dried
at 383 K for 3 h. The as-synthesized catalyst was calcined at 823 K
for 3 h. The prepared catalysts were denoted as mZSM5-0.5D,
mZSM5-1D and mZSM5-3D for catalysts with aging times of 0.5,
1 and 3 days, respectively.

2.2. Catalyst characterization

The crystalline structure of the catalyst was studied by X-ray
diffraction (XRD) and recorded on a powder diffractometer
(40 kV, 40 mA) using a Cu Ka radiation source in the range of
2h = 2–50� with a scan rate of 0.1� continuously. The surface mor-
phology of the sample was identified using FESEM-EDX (JEOL
JSM-6701F) with an accelerating voltage of 5 kV. The nitrogen
physisorption analysis of the catalyst was carried out by using
a Beckman Coulter SA3100. Prior to the measurement,
approximately 0.05 g of the catalyst were put into a sample tube
holder, followed by evacuation at 573 K for 1 h. Then, adsorption
of nitrogen was carried out at 77 K. Surface area, pore size distri-
butions and pore volumes were determined from the sorption
isotherms using a non-local density functional theory (NLDFT)
method. FTIR measurements were performed on an Agilent Cary
640 FTIR spectrometer equipped with a high-temperature stain-
less steel cell with CaF2 windows. All samples were pretreated
at 673 K for 1 h. Pyridine as a basic probe molecule was used
to evaluate the acidity of the catalysts. For the pyridine adsorp-
tion measurement, the activated catalyst was exposed to 2 Torr
of pyridine at 423 K for 15 min, followed by outgassing at 423,
473, 523, 573 and 623 K for 30 min. In the characterization of
the basic properties of the catalyst, pyrrole was used as a probe
molecule. The activated catalyst was exposed to 4 Torr of pyrrole
at room temperature for 5 min, followed by outgassing at 298,
323, 373, 423 and 473 K for 5 min. All spectra were recorded at
room temperature.

2.3. Catalytic performance

The catalytic cracking of n-heptane was carried out in a micro-
catalytic pulse reactor at a temperature range of 423–623 K under
hydrogen stream. Prior to the reaction, 0.2 g of the catalyst was
subjected to oxygen treatment at 673 K for 1 h, followed by H2

reduction at 673 K for 3 h. Then, the reactor was cooled down to
a reaction temperature under a hydrogen gas stream. A dose of
n-heptane (6.8 lmol) was passed over the activated catalyst and
the products were trapped at 77 K before being flash-evaporated
into an online 6090 N Agilent gas chromatograph equipped with
a VZ7 packed column and FID detectors. The intervals between
doses were kept constant at 15 min. The rate of n-heptane conver-
sion (rn-heptane) was calculated according to Eq. (1):



Fig. 1. (A) XRD patterns (B) FESEM images of (a) mZSM5-0.5D, (b) mZSM5-1D and
(c) mZSM5-3D.
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r ¼ k

P
½C�i � ½C�residual n-heptaneP

½C�i
ð1Þ

where, [C]i and [C]residual n-heptane represents the molar concentra-
tion for a particular product and for residual n-heptane. The rate
constant (k) was determined by the changes of molar concentration
of n-heptane divided by the surface area and mass of the catalyst
per unit time, with the assumption that the retention time for the
reactant in the catalyst bed was negligibly small. The selectivity
(Si) and yield (Yi) of a particular product was calculated according
to Eqs. (2) and (3), respectively:

Si ð%Þ ¼
½C�iP

½C�i � ½C�residual n-heptane
� 100 ð2Þ

Yi ð%Þ ¼ Si
r
k

ð3Þ

Carbon monoxide methanation was carried out in a fixed-bed
quartz reactor at a temperature range of 423–723 K. Initially,
0.2 g of the catalyst were treated in an oxygen stream for 1 h fol-
lowed by a hydrogen stream for 3 h at 773 K and cooled down to
the desired reaction temperature in a hydrogen stream. When
the temperature became stable, a mixture of H2 and CO was fed
into the reactor at a specific gas hourly space velocity (GHSV)
and H2/CO mass ratio. The composition of the outlet gases was ana-
lyzed by an on-line 6090 N Agilent gas chromatograph equipped
with a GS-Carbon PLOT column and a TCD detector. CO conversion,
CH4 selectivity, CH4 yield and the areal rate were calculated
according to the following equations:

XCO ð%Þ ¼
MCH4 þMCO2

MCO þMCH4 þMCO2

� 100 ð4Þ

SCH4 ð%Þ ¼
MCH4

MCH4 þMCO2

� 100 ð5Þ

YCH4 ð%Þ ¼
XCO � SCH4

100
ð6Þ

Areal rate ðlmol CO m�2 s�1Þ ¼ nCO

SA�Wcat � s
ð7Þ

where, XCO is the conversion of carbon monoxide (%), SCH4 is the
selectivity of CH4 (%) and YCH4 is the yield of CH4 (%); M is a mole
of the CO, CH4 or CO2. The CO conversion rate was expressed in
areal rate form. Areal rate is reported as moles of CO converted
(lmol CO) divided by the surface area (m2 g�1), weight of the
catalyst (g-cat) and time (s).

Stability testing of n-heptane cracking and CO methanation was
carried out for 30 h at 573 K and 723 K, respectively. In addition,
zeolites, silica and alumina are commonly used as supports for var-
ious acid-catalyzed and base-catalyzed reactions [13–19]. There-
fore, the catalytic performance of commercial HZSM5, SiO2 and
c-Al2O3 was evaluated in n-heptane cracking and CO methanation
for comparison purposes.

3. Results and discussion

3.1. Physical properties of the catalysts

The XRD patterns and FESEM images of mZSM5s at different
aging times are shown in Fig. 1A and B, respectively. The diffraction
peaks in the range of 2h = 2–50� were identified as characteristic
peaks of the MFI type zeolite with high crystallinity [20]. These
reflection patterns confirmed the formation of a crystalline MFI
type zeolite within the period of 0.5–3 days. Based on the intensity
of the peaks, mZSM5-0.5D showed well-developed crystalline
structure followed by mZSM5-1D �mZSM5-3D. This may have
been due to the fewer distorted aluminum sites and more ordered
framework structure for mZSM5-0.5D [21,22]. In addition, the nar-
row XRD peaks were in agreement with the large crystals of the
ZSM5 zeolite [23].

An FESEM image of mZSM5-0.5D (Fig. 1B-a) showed a well-de-
veloped, typical coffin-shaped of ZSM5 with a smooth surface. For
mZSM5-1D, coffin-shaped morphology with larger crystal particles
was observed due to crystal growth (Fig. 1B-b). For mZSM5-3D, the
coffin-like morphology of the ZSM5 zeolite was obtained. However,
an aggregation of the particles occurred upon a longer aging period
of mZSM5 (Fig. 1B-c) [23]. The results of XRD and FESEM analyses
confirmed the successful preparation of mZSM5s.

Fig. 2 illustrates the N2 adsorption–desorption isotherm and
pore size distribution of different aging times of mZSM5. All
mZSM5s demonstrated a type IV isotherm with a type H1 hystere-
sis loop (IUPAC classification), which is analogous to that observed
in the MCM-41 support and which significantly contrasts with that
of conventional ZSM5 [24]. The type H1 hysteresis loop is charac-
teristic of capillary condensation in an open-ended cylindrical
channel with a uniform size and shape. A high adsorption volume
of nitrogen indicates the presence of mesopores in mZSM5s
[25,26]. All mZSM5s showed a sharp uptake at low relative pres-
sure, which is indicative of micropores in zeolite ZSM5. Additional-
ly, these mZSM5s showed two steps of capillary condensation with
the first step at P/Po = 0.2–0.4 attributed to mesopores inside the
mZSM5 (intraparticles). Secondly, the higher relative pressure of
P/Po = 0.9–1.0 is attributed to nitrogen condensation that occurs
in interparticle pores [27,28]. Furthermore, a significant up-step
at the relative pressure of P/PO = 0.2–0.4 was due to the capillary
condensation of nitrogen in the channels which reflects a narrow
pore size distribution. Although the typical adsorption steps were
observed for all mZSM5s, mZSM5-0.5D showed the highest nitro-
gen adsorption compared to the others. This was due to the larger
pore volume and pore size distribution. In the present study, we
analyzed by applying non-local density functional theory (NLDFT)
method. The NLDFT method is applicable to micro-mesoporous
materials [29]. It allows calculating the specific cumulative surface
area (i.e., specific surface area as a function of pore size) over the
complete range of micro- and mesopores. Based on previous lit-
eratures, the surface area of conventional ZSM5 is in the range of
400–500 m2 g�1 [30–32]. All mZSM5s exhibited a significant pore
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size distribution in the narrow range of 3–6 nm. The peak observed
around 3–6 nm does not reflect the exact porous properties of the
material but is determined primarily by the nature of the adsorp-
tion. For surface area analysis, mZSM5s had a high surface area
with 733, 997 and 1081 m2 g�1 for mZSM5-0.5D, mZSM5-1D and
mZSM5-3D, respectively (Table 1). The surface area of mZSM5s
was higher than conventional ZSM5. This suggests the co-existence
of micropores and mesopores [30]. Furthermore, the total pore vol-
ume for mZSM5-0.5D, mZSM5-1D and mZSM5-3D was 0.2480,
0.2417 and 0.2276 cm3 g�1, respectively (Table 1). A high volume
of pore distribution was created upon aging at 0.5 days and
decreased after a longer aging period. The larger pore volume of
mZSM5-0.5D was related to higher nitrogen adsorption at
P/Po = 0.9–1.0 due to the small particle size of mZSM5-0.5D. The
specific surface area increased with increasing aging time, as well
as the total pore volume decreased. This may be due to the reduc-
tion of the intraparticle pores observed in P/Po = 0.2–0.4 and trans-
formation of the small size micropores to the bigger pore size as
shown in Fig. 2. mZSM5-0.5D had a larger total pore volume and
mesopore volume with a lower surface area and micropore vol-
ume. However, mZSM5-0.5D possessed a larger mesopore surface
area compared to the others. These N2 adsorption–desorption
results further confirmed the formation of mesoporous ZSM5s.
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3.2. Intrinsic acidity and basicity of the catalysts

The nature of acidic and basic sites of the mZSM5 catalysts were
determined by FTIR of adsorbed pyridine and pyrrole as shown in
the IR spectra (Figs. 3–6). Brönsted acid sites are ascribed to bridg-
ing OH groups between tetrahedrally coordinated Al and Si atoms
while Lewis acid sites have been associated with the presence of
trigonally coordinated aluminum and extra framework aluminum
(EFAL) [33]. Fig. 3 shows the IR spectra of the pyridine adsorbed
on activated mZSM5s at (a) 423 K and followed by outgassing at
different temperatures (spectra b to f). The bands at 1546 and
1442 cm�1 are ascribed to pyridinium ions (pyridine adsorbed on
Brönsted acid sites) and pyridine adsorbed on Lewis acid sites,
respectively [34]. Intrinsic zeolites basicity is of the Lewis type
and associated with the lattice oxygen atoms bearing a negative
charge. It increases as the framework Al content increases and
enhances as the electropositive character of the nonframework
compensating cations increases. Pyrrole was used as probe mole-
cules for basic sites of the ZSM5 zeolite because NH bond polariza-
tion increases with intrinsic zeolite basicity [35]. Fig. 4 shows the
IR spectra of pyrrole adsorbed on activated mZSM5s in the region
of 4000–2800 cm�1. The spectra were recorded after the adsorp-
tion of pyrrole at (a) room temperature, followed by outgassing
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at different temperatures (spectra b–f). For all catalysts, the main
broad band situated at about 3700–3270 cm�1 can be assigned to
N–H stretching vibrations of chemisorbed pyrrole (C4H4NH) inter-
acting with the framework oxygen atoms by hydrogen bonding
(C4H4NH–Ozeol) and interacting via aromatic system with the non-
framework cations. Both interactions happen simultaneously and
influence each other [36]. The band at 3478 cm�1 is attributed to
the perturbed N–H stretch of pyrrole molecules interacting with
the surface of the basic sites [37]. The high intensity indicates a
high concentration of basic sites possessed by the catalyst. Further-
more, the band at 3139 cm�1 is attributed to the pyrrole in a liquid
phase with medium strength while the band at 2940 cm�1 is
assigned to a fundamental aliphatic v(CH) vibration [38]. As shown
in Fig. 5, the complexity of the IR spectra in the region of 2200–
1300 cm�1 shows a series of bands at 1851, 1727, 1689, 1558,
1531, 1465 and 1423 cm�1. Among these bands, two intense bands
at 1531 and 1423 cm�1 are observed, which are attributed to the
formation of non-dissociated pyrrole hydrogen bound to basic
O2� [37].

Fig. 6 A shows the variations of the IR bands at 1546 and
1442 cm�1 as a function of the outgassing temperature from
423–623 K after pyridine adsorption for the mZSM5s catalyst.
The amount of coordinated pyridine on the acidic sites was calcu-
lated from the intensity of the bands at 1546 and 1442 cm�1 for
which the integrated molar extinction coefficients were
1.67 cm lmol�1 for the Brönsted and 2.22 cm lmol�1 for the Lewis
acid sites [39]. At 423 K, the amount of pyridine adsorbed on the
Brönsted acid sites is 0.01, 0.90 and 1.76 lmol g�1, and the amount
of pyridine adsorbed on Lewis acid sites is 14.48, 31.36 and
35.75 lmol g�1 for mZSM5-0.5D, mZSM5-1D and mZSM5-3D,
respectively (Table 1). The band at 1546 cm�1 was slightly
decreased while the band at 1442 cm�1 was markedly decreased
with an outgassing temperature from 423 to 623 K. These results
indicated the presence of strong Lewis acid sites for all mZSM5s.
In addition, there is a considerable number of weak Brönsted and
Lewis acid sites from which they were desorbed after outgassing
at temperatures from 423 to 623 K. Fig. 6 B shows the variations
of IR bands at 3478 cm�1 as a function of an outgassing tem-
perature from 298–473 K after pyrrole adsorption for mZSM5 cat-
alysts. The number of basic sites of the catalysts decreased
following the order mZSM5-3D > mZSM5-1D > mZSM5-0.5D. It is
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noteworthy that mZSM5-0.5D showed fewer available sites for the
adsorption of pyrrole than did the other mZSM5. This result
showed that fewer pyrrole adsorption sites led to a decrease in
CO adsorption on mZSM5-0.5D. It also indicated that higher pyr-
role adsorption sites on mZSM5-1D and mZSM5-3D may be due
to the presence of higher basic structural defects [38].
3.3. Catalytic performance

Fig. 7A and C show n-heptane cracking (at 373–673 K) and CO
methanation (at 400–800 K) as a function of reaction tem-
peratures. It is noteworthy that unmodified mZSM5 is capable of
n-heptane cracking and CO methanation. The rate conversion of
n-heptane increased gradually from 423–573 K and slightly
declined when the temperature reached 623 K. The percentage
decrease of the rate conversion of n-heptane for mZSM5-0.5D,
mZSM5-1D and mZSM5-3D is 1.41%, 0.85% and 0.71%, respectively.
The slight monotonic decrease in the rate conversion of n-heptane
cracking may be due to coke formation, which blocks the accessi-
bility of the reactants to the active sites of the mZSM5s
[26,40,41]. But, these results did not significantly affect catalytic
performance. In the conversion of CO over mZSM5s, the rate of
conversion increased slightly as the reaction temperature
increased from 423–723 K and markedly increased at 723 K.
mZSM5-0.5D showed the highest rate of conversion of n-heptane
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Fig. 7. Rate of conversion of (A) n-heptane, (C) CO as a function of the reaction
temperature and stability testing of (B) n-heptane cracking at 573 K, (D) CO
methanation at 723 K as a function of pulse number and time-on-stream,
respectively, over mZSM5-0.5D ( ), mZSM5-1D ( ) and mZSM5-3D ( ).
(0.0230 lmol/m2 s) and CO (0.0226 lmol/m2 s) at 573 K and
723 K, respectively. The stability test of mZSM5s for n-heptane
cracking at 573 K and CO methanation at 723 K was conducted
for 30 h where the rate of conversion of reactants was plotted as
a function of pulse number and time on stream, respectively. As
shown in Fig. 7B and D, when pulse number/time on stream
increases, the rate conversion of both reactions for mZSM5s shows
no obvious decrease. The mZSM5s prepared did not show any sign
of deactivation for n-heptane cracking and CO methanation reac-
tion up to 30 h. Thus, mZSM5s presented good stability under reac-
tion conditions. Tanggarnjanavalukul et al. [15] investigated the
pore characteristics of silica supports on prolonging the lifetime
of catalysts from coke deposition in methane cracking reaction.
From the study, the highest catalytic activity and longest stability
was obtained on Ni loaded on bimodal porous silica-5 (Ni/BPS-5)
at 773 K. This is due to the existence of a mesopore–macropore
structure and a larger pore size on Ni/BPS-5, leading to a higher
effective diffusion coefficient.

Fig. 8 shows the product distribution of different aging times of
mZSM5 for n-heptane cracking and CO methanation at 573 and
723 K, respectively. For n-heptane cracking, the outlet was com-
posed of low cracking products (C1–C2), C5–C6, isoheptane and
higher hydrocarbons with C1–C2 showed a main contribution with
selectivity of >80%. The production of methane is obtained from
syngas (a mixture of CO and H2) via the CO methanation process.
Besides, the water–gas shift (WGS) reaction and reverse reaction
may happen as a side reaction [42–45]. The catalytic performance
results showed that conversion of CO was markedly increased at
723 K, possibly due to the increase in the methanation activity
accompanied by the water–gas shift (WGS) reaction [46]. In the
CO methanation over mZSM5s, the products were composed of
methane and carbon dioxide; only mild H2O was observed in our
experiments. So, it is plausible that the CO methanation process
over mZSM5s occurred with both water–gas shift and reverse reac-
tion. mZSM5-0.5D gave the highest selectivity to methane (71.4%)
followed by mZSM5-3D (70.7%) and mZSM5-1D (68.7%). In this
report, the absence of metal active sites gave the actual elucidation
of the effect of intrinsic acidic–basic sites towards n-heptane crack-
ing and CO methanation. mZSM5-0.5D showed the highest activity
and selectivity for both n-heptane cracking and CO methanation
due to the presence of a high surface area, mesoporosity and intrin-
sic acidic–basic sites. The detailed results are listed in Table 2.

Fig. 9 shows the product yield of n-heptane cracking at 573 K
and CO methanation at 723 K for mZSM5s, HZSM5, SiO2 and c-
Al2O3. For the results, mZSM5–5s produced a comparable yield of
C1–C2 in n-heptane cracking and showed superior performance in
CO methanation as compared to other catalysts. Notably, higher
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Table 1
Textural properties and acidity of different aging times of mZSM5.

Catalysts Surface
area
(m2 g�1)

Total pore
volume
(cm3 g�1)

Brönsted
acid sitea,b

(lmol g�1)

Lewis acid
sitea,b

(lmol g�1)

mZM5-0.5D 733 0.2480 0.01 14.48
mZM5-1D 997 0.2417 0.90 31.36
mZM5-3D 1081 0.2276 1.76 35.75

a Amount of pyridine adsorbed at 423 K.
b The amount of Brønsted and Lewis acid sites was calculated using the inte-

grated molar extinction coefficients for which e1546 = 1.67 cm lmol�1 for the
Brönsted and e1442 = 2.22 cm lmol�1 for the Lewis acid sites.
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isomer products were observed for mZSM5s as compared to SiO2

and c-Al2O3, but this was lower than HZSM5. This may due to
the presence of a higher surface area and mesoporosity in mZSM5s,
which contributed to the accessibility of higher active sites. In
addition, our research group has reported that the amount of
strong Lewis acid sites significantly influenced the formation of
protonic acid sites originating from molecular hydrogen, which is
required in the isomerization reaction [47]. Moreover, mZSM5s
may demonstrate a different reaction mechanism in contrast with
HZSM5, SiO2 and c-Al2O3. For mZSM5s, the cracking process may
Table 2
Product distribution for n-heptane cracking and CO methanation over mZSM5-0.5D, mZSM

mZSM5-0.5D mZSM5-1D

n-Heptane cracking
React. Temp. (K) 423 473 523 573 623 423 47
Rate of conversion

[lmol n-C7/m2 s]
0.0101 0.013 0.0211 0.023 0.0228 0.0023 0.0

Selectivity (%)
C1–C2 98.8 98.4 86.0 95.9 95.2 0 97
C5–C6 0 0 0 0 1.2 0 0
iC7 1.2 1.6 4.4 4.1 3.6 14.2 2.7
C7

+ 0 0 9.6 0 0 85.8 0
Yield of cracking (%) 21.3 27.5 43.3 47.3 46.9 5.9 9.6

CO methanation
React. Temp. (K) 523 573 623 673 723 523 57
Rate of conversion

[lmol CO/m2 s]
0.0002 0.0004 0.0006 0.0011 0.0226 0 0.0

Selectivity (%)
CH4 100 100 100 100 71.4 0 10
CO2 0 0 0 0 28.6 0 0

Yield of CH4 (%) 0.9 2.0 2.9 5.1 42.9 0 1.7
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Fig. 9. Product yield of (A) n-heptane cracking at 573 K an
proceeded via a hydrogenolysis process while for HZSM5, SiO2

and c-Al2O3, a dimerization-cracking reaction route occurs. The
presence of C1 and C2 products evidenced for the occurrence of
hydrogenolysis process which the carbon–carbon single bond is
cleaved or undergoes ‘‘lysis’’ by hydrogen [48,49] (Table 2).

Catalytic cracking results were verified with respect to acidity
and the textural properties of the catalysts. The influence of intrin-
sic acidity on the catalytic cracking of n-heptane is more demand-
ing on the concentration and the strength of acid sites due to the
linear chain n-heptane, which is able to diffuse through the com-
plete system of channels. Milina et al. [5] reported that post-syn-
thetic modification of hierarchical ZSM5 zeolites greatly
improves catalytic performance, which is strongly influenced by
both porosity and acidic properties. In addition, Chen et al. [50]
also reported a correlation between pore structure and acidic prop-
erties and the improvement of hydrocarbon conversion. They stat-
ed that proper pore structure and suitable (Brönsted + Lewis) acid
sites are needed for activity enhancement in n-heptane cracking.
Liu et al. [51] studied the hydroconversion of n-heptane over Pt/
Al-MCM-41 samples with various pore sizes. They reported that
the acidity and the pore structure of the support materials affecting
catalytic performance and final product distribution, assuming the
hydrogenating/dehydrogenating function, is not the limiting step.
5-1D and mZSM5-3D.

mZSM5-3D

3 523 573 623 423 473 523 573 623
034 0.007 0.0165 0.0164 0.0032 0.0045 0.0085 0.0168 0.0167

.3 84.9 83.1 98.7 95.7 97.7 97.0 89.0 96.7
2.0 3.4 0.5 0 0 1.4 1.8 0.4
1.8 4.6 0.8 4.3 2.3 1.6 3.3 2.9
11.3 8.9 0 0 0 0 5.9 0
20.0 46.0 47.4 9.8 13.8 26.4 51.5 51.3

3 623 673 723 523 573 623 673 723
003 0.0004 0.0012 0.0092 0 0.0002 0.0003 0.001 0.0121

0 100 100 68.7 0 100 100 100 70.7
0 0 31.3 0 0 0 0 29.3
2.5 7.6 28.4 0 1.3 2.0 6.5 36.7
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However, this assumption is only applicable for mesoporous mate-
rials with weak acidity. Besides, they also stated that materials
with larger pore sizes can be used to solve the diffusion problems,
which are commonly encountered in conventional microporous
zeolites, as a dramatic effect of pore size on catalytic performance
was observed. Similarly, mZSM5s may resemble the same phe-
nomenon. Methanation of carbon oxide (CO and/or CO2) is a basic
reaction and is highly exothermic. Aziz et al. [52] reported that a
high concentration of basic sites and a presence of defect sites or
oxygen vacancies contributing to the high activity of CO2 methana-
tion in Ni-promoted mesostructured silica nanoparticles (Ni/MSN).
Additionally, Pan et al. [53] proposed that medium basic sites are
required to enhance CO2 methanation activity over ceria-zirconia
oxides. Moreover, Razzaq et al. [54] studied the co-methanation
of carbon oxides (CO and CO2) with a highly active and stable
Co4N/c-Al2O3 catalyst. The 20Co4N/c-Al2O3 catalyst showed excel-
lent catalytic performance with Co4N as a superior active phase for
CO and CO2 conversion and higher surface basicity with incorpora-
tion of ‘‘N’’. Besides, introducing mesoporosity into conventional
zeolite may result in enhanced acid site accessibility and mass
transport to or from an active site. He et al. [6] studied the catalytic
consequences of micropore topology, mesoporosity and acidity on
the hydrolysis of sucrose over zeolite catalysts. It has been shown
that meso-/microporous MWW and MFI zeolites have higher activ-
ity compared to their microporous analogues. This may be due to
fewer diffusion limitations and abundant acid site accessibility.
In addition, Zhang et al. reported the good performance of meso-
porous molecular sieve (MSU-1) shell to overcome the transport
resistance problem of microporous Sil-1 zeolite shell for methane
steam reforming in a direct internal reforming molten carbonate
fuel cell [55]. Besides, Kiatphuengporn et al. stated that pore char-
acteristics of the supports will strongly affected the catalytic per-
formance of CO2 hydrogenation [56].

4. Conclusion

We successfully prepared high surface area mesoporous ZSM5
by the dual templating method for n-heptane cracking and CO
methanation. Mesoporous ZSM5 was tailored by varying the aging
time in the 0.5–3-day range. Small variations in aging times have
large impact on the zeolite properties. From this study, mZSM5-
0.5D appeared to be the best catalyst. The catalytic activity of n-
heptane cracking and CO methanation followed the order
mZSM5-0.5D > mZSM5-3D > mZSM5-1D at 573 K and 723 K,
respectively. Additionally, bare mZSM5s showed remarkably good
stability. The catalytic activity of mZSM5s was closely related to
the physical properties, intrinsic acidity and basicity of the cata-
lysts. The high surface area mZSM5s possessed high crystallinity,
coffin-type morphology and micro-mesoporosity with the pres-
ence of inter and intra-particle pores, and, importantly, dual intrin-
sic acidic–basic sites, which are potential candidates to be widely
used in acid-catalyzed and base-catalyzed reactions.
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