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Abstract Adsorption and diffusion properties of n-octane
in meso-structured HZSM-5 zeolites were studied by high
precision intelligent gravimetric analysis (IGA) and ZLC
technology between 293 K and 393 K. As expected, great
increase in adsorption capacity and diffusion efficient of n-
octane in the mesostructured HZSM-5 zeolites was observed
compared with conventional HZSM-5. At the same time, the
adsorption activation energy of n-octane in the mesostruc-
tured HZSM-5 zeolites was significantly decreased. The ad-
sorption heats with low n-octane loading showed a clear de-
cline with increase of mesoporosity in the zeolite samples.
These results clearly indicate that introduction of mesopores
into the zeolites offered a short diffusion path and high dif-
fusion rate for reactants and products, which resulted in a
high yield of fuel oil and an enhanced resistance against the
catalyst deactivation in the reaction of methanol to gasoline.

Keywords Mesostructured zeolite HZSM-5 · Adsorption
isotherm · Diffusion kinetics · Activation energy

1 Introduction

Methanol-to-gasoline (MTG) reaction based on HZSM-5
zeolite catalysts offers a new and practical route for produc-
ing high quality gasoline. However, one of the major issues
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for commercial application of the MTG process is relatively
fast deactivation of the catalyst because of the formation
of carbonaceous species. It seems to be a consensus that
slow adsorption/desorption and pore-diffusion of the reac-
tants and products are the causative factors for catalyst de-
activation. The small microporous channels in zeolite heav-
ily hinder the mass transfer by limiting diffusion rate, espe-
cially when the reaction is significantly faster than diffusion
in the micropores (Corma 1997; van Donk et al. 2003; Ege-
blad et al. 2008; Groen et al. 2004a, 2004b; Gong et al. 2009;
Karger and Ruthven 1992). As a result, it is highly needed to
develop a new material with hierarchically porous architec-
ture (Choi et al. 2006; Corma 1997; Soler-Illia et al. 2002;
Tao et al. 2006; Xiao et al. 2006). The larger pores fa-
cilitate transportation of reaction molecules, whereas each
micropore acts as a nanoreactor providing active sites and
shape selectivity (Groen et al. 2007; Holmberg et al. 2003;
Su et al. 2003).

For a given zeolite framework , the basic strategy to
change the diffusion path length is to alter crystal size
and morphology using particularly crystallization conditions
(Groen et al. 2007; Jacobsen et al. 2000; Perez-Ramirez
et al. 2008; Serrano et al. 2009). Another approach is to in-
sert larger pores into the zeolite particles, since the diffu-
sion in mesopores is several orders of magnitude faster than
in micropores. Among these, an innovative post-treatment
method, desilication or base leaching, has attracted exten-
sive attention owing to the creation of a network of microp-
ores and mesopores.

The diffusion capability of large molecules in zeolite
channels can be improved by introduction of mesoporous
structures, thus the zeolite catalyst has excellent catalytic
property. Catalysis of polyethylene showed hierarchical
HZSM-5 exhibited three times higher activity than conven-
tional HZSM-5 (Aguado et al. 2008; Serrano et al. 2008,
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2009). Groen et al. (2007) reported a pioneering work
in which they provided directly experimental evidence to
mesoporous ZSM-5 zeolite. The characteristic diffusion
path length in the mesoporous crystals was dramatically
shortened, resulting in an approximately two orders of mag-
nitude faster diffusion of neopentane in the majority of mi-
cropores. The diffusion coefficient of cumene increased by
2–3 orders of magnitude and the diffusion-adsorption activa-
tion energy increased by a factor of 4.6 with the introduction
of mesoporous structure to ZSM-5.

Despite many efforts in synthesis, characterization, and
catalytic evaluation of the mesostructured HZSM-5 materi-
als, the logical relationship between diffusion rate of such
molecules and catalytic reaction has still been highly debat-
able (Zhao et al. 2008). The corresponding reports investi-
gating the adsorption and diffusion characteristics of reac-
tants and products in the micro-mesoporous zeolite crystals
are few.

In order to better understand the relation among adsorp-
tion, diffusion and catalytic behavior and obtain thermody-
namic and dynamic parameters correlating adsorption, dif-
fusion and catalysis, here, mesostructured HZSM-5 zeolites
were prepared by base leaching method. The experimental
adsorption isotherms and diffusion kinetic curves presented
to investigate the structure and related diffusion properties of
the zeolits with different mesoporosity at different temper-
atures. Simultaneity, diffusion efficient in the zeolites was
determined for directly evidence of the catalytic conversion
of methanol-to-gasoline (MTG) on the zeolite catalysts.

The adsorption isotherms are measured by a high preci-
sion intelligent gravimetric analyzer (IGA), while the diffu-
sion dynamics are investigated using the zero length column
(ZLC) technique. n-Octane is selected as a probe molecule
because it is one component of gasoline, the kinetics diam-
eter is similar to the channel openings of HZSM-5, allow-
ing accurate assessment of diffusion rates. The physical-
chemical characterizations associated with the adsorption
and diffusion property evaluations provide necessary in-
formation for a better understanding of the potential for
gas separation, adsorption and catalytic process using ze-
olite/mesostructured materials (Bárcia et al. 2005; Da Silva
and Rodrigues 1999; Vinh-Thang et al. 2006), in particular,
mesostructured HZSM-5 materials.

2 Experimental section

2.1 Preparation of samples

A commercially available ZSM-5 zeolite provided by
Fushun Research Institute of Petroleum and Petrochemi-
cals of China was used as standard material (designated as
ZSM-5(0)). ZSM-5(0) zeolite sample was alkali treated sep-
arately in 0.5, 0.7 and 0.9 M NaOH solution and stirred

at 333 K for 360 min. The resulted samples were filtered
and washed with distilled water until a neutral pH, and then
dried at 373 K overnight. Then the alkali-treated samples
were ion exchanged with 0.5 M NH4NO3 aqueous solu-
tion and stirred at 303 K for 180 min, followed by filtering
and rinsing with distilled water to remove sodium ions. This
procedure was repeated three times to obtain NH4-ZSM-5.
The samples were then calcined in air at 773 K to obtained
HZSM-5 (denoted as HZSM-5(x) (x = 1,2,3), where x is
corresponding to the alkali concentration).

2.2 Characterization

The XRD patterns were recorded using a SHIMADZU
XRD-6000 X-ray diffractometer operated at 40 kV and
30 mA, which employed Ni-filtered and Cu Kα radiation.
Crystal size, morphology and mesoporous structure of the
samples were investigated using SEM on a JEOL/JSM-
6700F scanning electron microscope.

N2 adsorption at 77 K was performed in a NOVA 1200e
gas sorption analyzer to study the micro- and mesoporosity
in the zeolite crystals. The mesopore size distribution was
calculated using the Barret–Joyner–Halenda (BJH) pore size
model based on the adsorption branch of the isotherm. The
microporous structure was obtained from the t-plot analysis
of the adsorption branch of the isotherm.

The variation of acidity of the HZSM-5 zeolites by the
alkali treatment was investigated by using Temperature-
programmed desorption of ammonia (NH3-TPD). About 70
mg of catalyst was loaded in a quartz U-tube and supported
by quartz wool. Then, it was treated at 823 K for 3 h in a
highly purified He (99.999 %) flow. After cooled down to
393 K, the sample was saturated with a NH3 (10 %)/He gas
mixture, followed by purging with the highly purified He for
an hour at 393 K. Then, the temperature was increased at a
rate of 10 K/min in a highly purified He flow (80 ml/min).
The desorption of NH3 was monitored by using a thermal
conductivity detector.

2.3 Adsorption isotherm measurements

Adsorption isotherms of n-octane over the mesostructured
HZSM-5 samples were measured by using a high preci-
sion intelligent gravimetric analyzer (IGA). A sensitive mi-
crobalance (resolution of 0.1 µg) was mounted in a thermo-
stat which was used as an enclosure to remove thermal coef-
ficients of the weighing system and thus give a higher stabil-
ity and accuracy. A small amount of the sample (40–60 mg)
was loaded in the microbalance basket submitted to a con-
trolled temperature ramp of 0.1 K/min in vacuum conditions
(total pressure of less than 10−6 mbar) until reaching 693 K.
The sample was kept at 693 K and 10−6 mbar for 8–10 h
prior to the adsorption measurement. The sample tempera-
ture was regulated within 0.1 K by either a water bath or
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a furnace. For each step, the amount of sorbate introduced
into the system was kept small enough to keep the adsorp-
tion process isothermal (Zhao et al. 2008). The increase of
weight was continuously recorded. The pressure was deter-
mined by two high accuracy Baratron pressure transducers.
The dosing continued until the entire equilibrium adsorption
isotherm was obtained.

2.4 Diffusion measurement

The n-octane diffusion in the mesostructured HZSM-5 sam-
ples was investigated by a ZLC method (Eic and Ruthven
1988). The ZLC was prepared by sandwiching a small quan-
tity of adsorbent (1–2 mg) between two porous sinter discs
held within a Swagelok 1/8 in. fitting. The ZLC column and
switching valve were placed in a gas chromatograph oven
(Agilent 1790). The flow rates were controlled by mass flow
controllers. A small amount of sample powder was loaded
into the ZLC column and activated at 300 °C overnight in
pure helium (99.99 %) to eliminate impurities and mois-
ture in particular. After the sample was cooled and reached
the measurement temperature, and corresponded to the lin-
ear region of the adsorption isotherm (Henry’s Law region),
the carrier gas (helium or argon) containing a very low con-
centration of n-octane (99 % grade, Aldrich, partial pres-
sure 0.04 mbar) was passed through the sample column at a
high flow rate until it was saturated as confirmed by monitor-
ing the effluent stream by FID. Then a four-way valve was
switched (at time zero), a pure carrier gas at the same rate
was fed to the ZLC, the adsorbent was purged. The time-
dependent effluent concentration of n-octane was measured
by FID and recorded automatically by the GC, and was used
to evaluate the effective diffusivity (Gobin et al. 2007; Gu-
nadi and Brandani 2006; Vinh-Thang et al. 2006).

For each experimental condition, 2–3 different flow rates
were adopted in the range of 50–100 cm3/min to confirm
the kinetically controlled process. A purge flow rate of
85 cm3/min helium was then chosen as a standard flow rate
for all experiments in this study.

In the case of uniform spherical particles being in linear
adsorption equilibrium at very low sorbate partial pressures,
neglecting the hold up in the ZLC bed and assuming perfect
mixing throughout the ZLC cell, the normalized effluent sor-
bate concentration c/c0 is described by the following set of
equations (Bárcia et al. 2005; Gobin et al. 2007).
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Where βn is given by the roots of Eq. (3), K is the dimen-
sionless Henry law constant and Deff/R

2 is effective diffu-
sion time constant.

Fig. 1 XRD patterns of different samples. (a) HZSM-5(0);
(b) HZSM-5(1); (c) HZSM-5(2); (d) HZSM-5(3) zeolites

2.5 Catalytic testing

All catalytic experiments were conducted at atmospheric
pressure in a fixed-bed micro-reactor (Newford) with a
stainless tube (i.d. 12 mm). Prior to each experiment, the
H-zeolite sample was pressed into a cylinder and then bro-
ken into 20–40 mesh particles and activated under the flow-
ing N2 (50 ml/min) at 823 K for 2 h and then kept at desired
reaction temperature. Methanol to gasoline reaction was car-
ried out at 643 K with a WHSV of 4–8 g−1 h−1. Gas prod-
ucts were analyzed by an online gas chromatograph with an
FID detector and a GDX-101 column, while liquid products
were analyzed by a gas chromatograph with an FID detector
and a capillary column Rtx-1 (30 m × 0.25 mm × 0.25 µm).

3 Results and discussion

3.1 Preparation and characterization

Figure 1 is XRD patterns of HZSM-5(0) and HZSM-5(x)
(x = 1, 2 ,3). It can be observed that the topological structure
of ZSM-5 zeolite is still retained in the samples after alkali-
treatment and ion-exchange. The position of characteristic
diffraction peaks of zeolite do not change, but the intensity
of most peaks decrease with the increase of alkali concentra-
tion because of the removal of silicon species or/and silicon-
aluminum species from the framework of ZSM-5 zeolites,
without complete destruction of the crystal lattices.

Scanning electron microscope (SEM) images confirm the
generation of intracrystalline mesoporosity in the alkali-
treatment samples. As shown in Fig. 2, the morphology
of HZSM-5(x) is very different from that of HZSM-5(0),
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Fig. 2 High resolution TEM images of the samples. (a) HZSM-5(0);
(b) HZSM-5(1); (c) HZSM-5(2); (d) HZSM-5(3) zeolites

which possesses classical coffin-like morphology of MFI ze-
olite. After alkali-treatment, the zeolites are perforated by
pronounced dissolution, resulting in the formation of about
2–50 nm mesopores and wide entrances to the center of the
crystals. However, the profiles of zeolite particles are the
characteristic shape of the MFI zeolite.

N2 adsorption isotherms on the HZSM-5(0) and HZSM-
5(x) (x = 1, 2, 3) zeolite samples reveal that various hier-
archical pores are formed upon alkali-treatment. As shown
in Fig. 3, the untreated sample (HZSM-5(0)) shows type
I isotherm which is typical of microporous materials, while
HZSM-5(x) zeolite exhibits significantly higher N2 adsorp-
tion amount at both intermediate and high relative pressures
than HZSM-5(0) zeolite, indicating that HZSM-5(x) sam-
ples possess much higher porosities and special surface ar-
eas. According to the results of porous properties of the ze-
olites summarized in Table 1, SBET, SEX and mesoporous
volume (Vmeso) increase after alkali treatment, indicating
that alkali-treatment technique yielded a zeolite with meso-
porous structure (Zhao et al. 2008).

The removal of silicon atoms from skeletal during the
alkali treatment increases the number of acid sites. The de-
struction of zeolite structure causes the loss of strong acid
sites (Jung et al. 2005). Figure 4 shows TPD profiles of am-
monia on the alkali-treated HZSM-5 zeolites, indicating the
number of strong acid sites on the HZSM-5(3) zeolite de-
creases clearly.

3.2 Adsorption isotherms

The adsorption isotherms of n-octane on four HZSM-5 ze-
olites with different mesoporosity were obtained at 20, 35
and 45 °C , respectively. As shown in Fig. 5, the isotherms
of HZSM-5(0) at different temperatures show a typical
Langmuir Type-I adsorption, which reaches saturation at
a low pressure and then increases slightly with the in-
crease of pressure. However, the isotherms for mesostruc-
tured HZSM-5(x) show a completely different trend from
these of HZSM-5(0). The characteristics of type-I and type-
IV at the same time suggest the formation of some meso-
porous structures. The adsorption capacities of HZSM-5(x)
zeolites are always higher than HZSM-5(0) over the range of
pressure. The adsorption amount of n-octane on HZSM-5(x)
continuously increases along with pressure. The saturation
adsorption capacities of n-octane in HZSM-5(x) are higher
than that in HZSM-5(0) zeolite, agreeing well with BET
characterization results, i.e. after the introduction of meso-
porous, the total surface area of mesostructured HZSM-5 ze-
olites is approximately 14 % higher than that of HZSM-5(0)
zeolite.

The adsorption heat is a measure of interaction between
zeolite surface and adsorbate molecules. The amount of
the adsorption heat is evaluated from the temperature de-
pendence of adsorption data, using the Clausius-Clapeyron
equation. At low n-octane loading, the dependence of ad-
sorption heats of n-octane on the samples relates to the
mesoporosity. At the limited zero-loading, the adsorp-
tion heat of n-octane on the HZSM-5(0) zeolite is about
65 kJ/mol, while in the same condition the adsorption heat
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Fig. 3 Nitrogen adsorption
isotherms at 77 K.
(a) HZSM-5(0); (b)
HZSM-5(1); (c) HZSM-5(2);
(d) HZSM-5(3) zeolites

Table 1 The porous properties of the HZSM-5 and Meso-structured HZSM-5 zeolites

Catalyst Si/Al (bulk) SBET (m2/g)a SEX (m2/g)b Vmicro (cm3g−1)b Vmeso (cm3g−1)c

HZSM-5(0) 36 326 57 0.14 0.03

HZSM-5(1) 31 362 130 0.12 0.15

HZSM-5(2) 28 371 163 0.11 0.25

HZSM-5(3) 23 373 192 0.09 0.39

aBET surface area obtained from N2 adsorption isotherm in the relative pressure range of 0.05–0.30
bMicoropore volume was calculated from the t -plot method
cMesopore volume was calculated from the BJH method

Fig. 4 TPD profiles of ammonia from alkali-treated HZSM-5 zeolites

on the HZSM-5(3) is 30 kJ/mol. The adsorption heat de-
creased with increasing n-octane coverage on the two sam-
ples. This can be explained by the fact that the heat released
from different adsorption sites varies, owing to the differ-
ence in the energy of the surface adsorption sites (Zhao et al.
2008). The strong adsorption sites result in high adsorption
heat and vice versa. The conventional micropore HZSM-
5(0) gave the highest adsorption heat of n-octane, because
its stronger adsorption sites resulted in strong interaction
between the sites and the adsorbent. n-Octane is adsorbed
on relatively weak adsorption sites of the mesostructured
zeolites, the adsorption heat is relatively low (Kang et al.
2011), which is related to acid sites of the surface on the ze-

olites (Fig. 4). However, the heat of adsorption at low load-
ing showed a decrease trend with increase of mesoporosity
in the mesostructured zeolites. Combined with the results
obtained from NH3-TPD, an explanation for such behav-
ior is suggested, by which the strong acid sites of the sam-
ple decreased significantly after alkali treatment, while the
amount of weak acid sites increased obviously. n-Octane
was adsorbed mainly on the relatively weak sites of meso-
structured HZSM-5 zeolite, resulting in decreased adsorp-
tion heat.

In order to investigate the effect of mesoporosity (see Ta-
ble 1) on diffusivity and to verify the improved transport
properties of mesostructured HZSM-5 zeolites, four HZSM-
5 zeolites with different mesoporosity were investigated by
using the ZLC method.

The experimental ZLC desorption curves of n-octane in
different mesoporosity HZSM-5 zeolites at different tem-
peratures are fitted by the ZLC model as shown in Fig. 6.
Figure 5 displays the adsorption isotherms of n-octane on
the samples at different temperatures, confirming that the
ZLC experiments are conducted in the linear region of
isotherms as required by the ZLC theory. The runs were per-
formed at 85 and 70 ml/min, yielding L values far higher
than 5 (L value generally greater than 5 is used as a cri-
terion), which ensures that the system is kinetically con-
trolled (Brandani et al. 2000; Jiang and Eić 2003). Good
agreement between experimental data and the model fits
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Fig. 5 Adsorption isotherms of n-octane on zeolites at various
temperatures: (a) HZSM-5(0); (b) HZSM-5(1); (c) HZSM-5(2);
(d) HZSM-5(3)

Table 2 Diffusivity Data of n-Octane for different samples

Sample T (°C) L Deff/R
2 (10-4) Ea (kJ/mol)

HZSM-5(0) 60 29.5 1.10 25.6

45 31.2 0.70

35 22.0 0.52

HZSM-5(1) 60 23.7 1.11 21.0

45 31.3 0.80

35 22.1 0.60

HZSM-5(2) 60 26.8 1.30 15.7

45 30.7 1.04

35 28.4 0.81

HZSM-5(3) 60 29.7 1.42 15.1

45 34.8 1.11

35 29.5 0.91

can be clearly observed. The values of the effective diffu-
sion time constant (Deff/R

2) extracts from the model fit-
ting of the experimental ZLC curves together with the cor-
responding L values are listed in Table 2. Effective diffu-
sion time constant (Deff/R

2) increases with the tempera-
ture and mesoporosity for all measured samples as expected.
This indicates that the introduced mesoporosity in the ze-
olites significantly accelerates the diffusion rate. Effective
activation energy decreased from 25.6 to 15.1 kJ/mol af-
ter mesopores were introduced into the HZSM-5 zeolites,
in which the reduction of adsorption energy barrier was
beneficial to the transportation (Vinh-Thang et al. 2006;
Zhao et al. 2008). The transport of n-octane in meso-HZSM-
5(x) samples occurs in micropores and in mesopores, but
the diffusion processes only in micropores in the conven-
tional HZSM-5(0). A new transport mechanism that com-
bines mesopore diffusion (the classical Knudsen diffusion)
among the microporous crystalline is proposed although the
diffusion limitation is still in the micropores. Because of the
contribution of mesopore diffusion to the over mass trans-
fer, it is reasonable that the extracted activation energy in
meso-HZSM-5(x) samples is less than that in the HZSM-
5(0) (Vinh-Thang et al. 2006). As can be drawn from Fig. 5
and Table 2, the alkali treatment of zeolite has enhanced
both the diffusion rate and the amount of o-octane uptake
on the HZSM-5 zeolites by forming mesopores, while the
zeolitic structure is maintained. At the same time, the de-
creased adsorption heat suggests the decreased interaction
between the zeolite surface and adsorbate molecules be-
cause the strong sites of samples are significantly decreased,
and consequently products are released more rapidly.

3.3 Methanol to gasoline reaction

HZSM-5 is an advantaged catalyst in the MTG (methanol-
to-gasoline) reaction. However, this catalyst deactivates
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Fig. 6 Diffusivity data for n-octane in different samples:
(a) HZSM-5(0); (b) HZSM-5(1); (c) HZSM-5(2); (d) HZSM-5(3)
zeolites

rapidly because channel restriction results in slow pore dif-
fusion of the products, which impacts on industry applica-
tion. Here, the MTG reaction over HZSM-5(x) and HZSM-

Fig. 7 A: The methanol conversion of HZSM-5(0) and HZSM-5(x)
catalysts

5(0) was performed at 643 K in a fixed bed reactor, and
the results are displayed in Fig. 7. All samples indicate effi-
cient catalytic performance in the methanol dehydration re-
action and the meso-structured HZSM-5(x) zeolites exhibit
a significantly higher conversion rate and selectivity toward
the desired hydrocarbons than HZSM-5(0). Initial methanol
conversion on HZSM-5(0) presents 89 %, however the con-
versions on the HZSM-5(x) are close to 99 %. Within 10 h,
HZSM-5(0) deactivates rapidly and the methanol conversion
reduces sharply to lower than 80 %. Whereas HZSM-5(3)
keeps high methanol conversion for more than 20 h, and
decreases to lower than 80 % after 45 h. With the increase
of surface area of the samples by the introduction of meso-
pores into the microporous zeolite, more active sites are ex-
posed to reactants and diffusion path length is decreased
obviously, resulting in the higher conversion rate and longer
catalyst life. Therefore, the introduction of mesopore would
be among the most important factors to obtain an active and
stable catalyst (Xue et al. 2012).

In terms of yields, the fuel yields over HZSM-5(x) cata-
lysts are significantly higher than that over HZSM-5(0). The
yield of fuel oil on HZSM-5(3) is up to 22 % and keeps for
30 h. However, the yield of fuel oil on the HZSM-5(0) cata-
lyst is only 12 % initially and then decreases to 5 % within
12 h. Owing to the existence of intracrystalline mesopores,
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HZSM-5(3) offers a short diffusion path and a high diffu-
sion rate. The facts are resulting in a high yield of fuel oil
and lower cracking probability of long chain hydrocarbons
to lighter paraffins, thus enhancing the resistance of the cat-
alyst against deactivation.

4 Conclusions

In this study, HZSM-5(x) zeolites with different mesoporos-
ity were prepared by alkaline treatment. From the diffusion
data of n-octane, it showed that both the adsorption ca-
pacity and the effective diffusion time constant (Deff/R

2)
on mesopore structured HZSM-5 increased compared with
conventional HZSM-5 zeolite, while activation energy de-
creased. The experimental results clearly indicated a facili-
tated process in HZSM-5(x) zeolites caused by the influence
of mesopore as the main channel structure. The enhanced
stability of the catalysts is resulted from the more facile
desorption and faster diffusion of product molecules from
the sites in micropores to the external surfaces of the meso-
pores owing to a large external surface area and short diffu-
sion paths. The mesoporous structure in the zeolite samples
decreased the probability of product cracking and coking,
therefore, led a longer catalytic activity and higher yield of
gasoline in the conversion of methanol to gasoline.
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Jiang, M., Eić, M.: Transport properties of ethane, butanes and their bi-
nary mixtures in MFI-type zeolite and zeolite-membrane samples.
Adsorption 9, 225–234 (2003)

Jung, J.S., Park, J.W., Seo, G.: Catalytic cracking of n-octane over
alkali-treated MFI zeolites. Appl. Catal. A, Gen. 288, 149–157
(2005)

Kang, Y.F., Du, X.D., Liu, Z.J., Cui, Q., Wang, H.Y., Yao, H.Q.: Ad-
sorption/desorption and diffusion property of n-heptane on 5A
molecular sieves under high temperature. J. Chem. Eng. Chin.
Univ. 25, 172–175 (2011)

Karger, J., Ruthven, D.M.: Diffusion in Zeolites and Other Microp-
orous Solids. Wiley, New York (1992)

Perez-Ramirez, J., Christenser, C.H., Egeblae, K., Christensen, C.H.,
Groen, J.C.: Hierarchical zeolites: enhanced utilisation of microp-
orous crystals in catalysis by advances in materials design. Chem.
Soc. Rev. 37, 2530–2542 (2008)

Serrano, D.P., Aguado, J., Escola, J.M., Rodriguez, J.M., Peral, A.:
Effect of the organic moiety nature on the synthesis of hierarchi-
cal ZSM-5 from silanized protozeolitic units. J. Mater. Chem. 18,
4210–4218 (2008)

Serrano, D.P., Aguado, J., Morales, G., Rodriguez, J.M., Peral, A.,
Thommes, M., Epping, J.D., Chmelka, B.F.: Molecular and meso-
and macroscopic properties of hierarchical nanocrystalline ZSM-
5 zeolite prepared by seed silanization. Chem. Mater. 21, 641–654
(2009)

Soler-Illia, G.J., Sanchez, C., Lebeau, B., Patarin, J.: Chemical strate-
gies to design textured materials: from microporous and meso-
porous oxides to nanonetworks and hierarchical structures. Chem.
Rev. 102, 4093–4138 (2002)

Su, L.L., Liu, L., Zhuang, J.Q., Wang, H.X., Li, Y.G., Shen, W.J., Xu,
Y.D., Bao, X.H.: Creating mesopores in ZSM-5 zeolite by alkali
treatment: a new way to enhance the catalytic performance of
methane dehydroaromatization on MoHZSM-5 catalysts. Catal.
Lett. 91, 155–167 (2003)

Tao, Y.S., Kanoh, H., Abrams, L., Kaneko, K.: Mesopore-modified ze-
olites: preparation, characterization, and applications. Chem. Rev.
106, 896–910 (2006)



Adsorption (2012) 18:493–501 501

van Donk, S., Janssen, A.H., Bitter, J.H., Jong, K.P.: Generation, char-
acterization, and impact of mesopores in zeolite catalysts. Catal.
Rev. 45, 297–319 (2003)

Vinh-Thang, H., Huang, Q.L., Ungureanu, A., Eic, M., Trong-On,
D., Kaliaguine, S.: Structural and diffusion characterizations of
steam-stable mesostructured zeolitic ul-ZSM-5 materials. Lang-
muir 22, 4777–4786 (2006)

Xiao, F.S., Wang, L.F., Yin, C.Y., Lin, K.F., Yan, D., Li, J.X., Xu, R.R.,
Su, D.S., Schlogl, R., Yokoi, T., Tatsumi, T.: Catalytic properties
of hierarchical mesoporous zeolites templated with a mixture of

small organic ammonium salts and mesoscale cationic polymers.
Angew. Chem. Int. Ed. 45, 3090–3093 (2006)

Xue, Z., Zhang, T., Ma, J., Miao, H., Fan, W., Zhang, Y., Li, R.: Ac-
cessibility and catalysis of acidic sites in hierarchical ZSM-5 pre-
pared by silanization. Microporous Mesoporous Mater. 151, 271–
276 (2012)

Zhao, L., Shen, B.J., Gao, J.S., Xu, C.M.: Investigation on the mech-
anism of diffusion in mesopore structured ZSM-5 and improved
heavy oil conversion. J. Catal. 258, 228–234 (2008)


	Adsorption, diffusion and catalysis of mesostructured zeolite HZSM-5
	Abstract
	Introduction
	Experimental section
	Preparation of samples
	Characterization
	Adsorption isotherm measurements
	Diffusion measurement
	Catalytic testing

	Results and discussion
	Preparation and characterization
	Adsorption isotherms
	Methanol to gasoline reaction

	Conclusions
	Acknowledgements
	References


