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1. Introduction

Zeolites have found wide application in recent decades in
the petrochemical, fine chemicals, and environmental fields
because of their unique structure, high stability, and activity
[1]. Recently, however, research has demonstrated that zeolite
catalysts are mass transport limited by the inherent small size
of their microporous networks [2]. Because of the difficulty in
manufacture of crystalline zeolites with larger pores [1,2],
amorphous mesoporous materials, usually with a pore size
larger than 2 nm, have drawn significant attention in recent
years. However, their application in severe atmospheres is lim-

ited by their amorphous structure and lower hydrothermal
stability [2-5].

Therefore, constructing macro/mesopores in zeolites to
achieve a so-called hierarchical porous structure has been of
great interest to researchers in recent decades [4-6]. Many
procedures including zeolite nanoparticle assembly [7],
hard-templating [8], supramolecular templating [9-11],
post-steaming treatment [12,13], and desilication [14] are
available for the synthesis of hierarchical zeolites. More im-
portantly, such hierarchical porous structures demonstrate
improved diffusion properties and, consequently, higher cata-
lytic activity than conventional zeolites in reactions involving
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bulky molecules, such as catalytic cracking [13], alkylation of
benzene [15], and epoxidation of olefins [16]. In most cases,
however, the construction of mesopores into zeolites destroys
the zeolite crystallinity, and the quantity and distribution of
acid sites are impacted. Therefore, much attention should be
given to the research of surface properties of the hierarchical
structure. To date, although the improved catalytic properties
testify to the improvement in transport diffusion of hierarchical
zeolites in many reports [5,6,15-17], few reports focus on the
investigation of the properties of surface acid sites.

Among the synthesis techniques for hierarchical zeolites,
soft-templating methods, such as cationic [9] or silylated poly-
mer [10] and amphiphilic organosilane [11], are of interest
because of their high efficiency in creating mesoporosity. Un-
fortunately, much effort is still required for the design of such
unusual templates, hence further application is limited. By em-
ploying conventional copolymers as soft templates, a direct
synthesis route has been developed to synthesize hierarchical
mesoporous ZSM-5 zeolites by post-steaming treatment
[12,13]. The resultant hierarchical zeolite demonstrates a
greatly enhanced catalytic activity for probe reactions involving
bulky molecules because of the increased external surface and
the greatly shortened diffusion length in the microporous net-
works [13]. However, no detailed investigations regarding the
surface acid site properties have been conducted in these re-
ports.

In this study, ammonia temperature-programmed desorp-
tion (NHs-TPD) and pyridine and 2,6-di-tert-butylpyridine
in-situ infrared spectroscopy (IR) were used to demonstrate
the difference in surface acid sites of hierarchical ZSM-5 and
conventional ZSM-5 zeolites. The catalytic properties of such
zeolites in the isomerization of o-xylene were investigated.

2. Experimental
2.1. Material synthesis

The fabrication process of hierarchical ZSM-5 involves two
key steps (reported elsewhere [12,13]): the sol-gel process of
the zeolite precursors and copolymer template and, subse-
quently, steam-assisted crystallization (SAC) treatment. F127
(AR, BASF), aluminum isopropoxide (CoH21Al03, AR, Sinopharm
Chemical Reagent Co., Ltd. (SCRC), China), tetraethylorthosili-
cate (TEOS, AR, SCRC), and tetrapropylammonium hydroxide
(TPAOH, 25%, AR, Aldrich) were added dropwise and consecu-
tively into distilled water under continuous stirring to obtain a
solidified gel. The molar ratio of the precursors was Al203:Si0z2:
F127:TPAOH:H20 = 0.5:100:0.1:8:300. The resultant wet gel
was dried until there was no change in mass of the solid gel.
The as-prepared gel was crystallized by the SAC method. The
product was washed, filtered several times, dried overnight,
and calcined to remove the remaining organic template. The
obtained product, hierarchical mesoporous ZSM-5 zeolite, was
termed Hier-ZSM-5. Conventional ZSM-5 was purchased from
Shanghai Novel Chemical Co., Ltd., China.

2.2. Characterization

Powder X-ray diffraction (XRD) experiments were con-
ducted on a Bruker D8 Advance diffractometer equipped with
Cu K¢ source operated at 40 kV and 40 mA with a scan rate of
2°/min.

Nitrogen adsorption-desorption isotherms were obtained
on a Micromeritics ASAP 2010 apparatus. Before measurement,
the samples were degassed at 250 °C for 3 h under vacuum.
The specific surface area and pore volume were calculated by
the BET and BJH methods, respectively, with a value of p/po
lower than 0.995.

Field emission scanning electron microscopy (FE-SEM)
analysis was performed on a JEOL JSM6700F electron micro-
scope.

The Al content was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) using a Varian
Vista AX ICP-AES spectrometer.

NH3-TPD was performed on an apparatus built by Tianjin
Golden Eagle Tech. Co., Ltd. Before the test, the sample was
ion-exchanged by NH4NO3 aqueous solution and calcined at
400 °C for 6 h. The ion-exchanged sample (0.15 g) was
pre-treated at 600 °C for 1 h and then cooled to 50 °C under He
flow. Pure NH3 was injected until adsorption saturation, fol-
lowed by He flow for 30 min. The temperature was raised from
100 to 550 °C at 10 °C/min, and the amount of ammonia de-
sorbed was detected by a TCD detector.

The pyridine (Py-IR) and 2,6-di-tert-butylpyridine infrared
spectroscopy (DTBPy-IR) experiments were performed using a
homemade vacuum adsorption system followed by IR testing.
Tabletted samples were activated at 400 °C and then vacuumed
to less than 0.1 Pa in the sealing system. Adsorption occurred at
room temperature in a saturated atmosphere of Py or DTBPy
for 30 min, followed by degassing to less than 0.1 Pa. In-situ IR
spectra were recorded at a resolution of 2 cm-1 and 200 °C. In
all IR detecting tests, the sample mass and pressure used in the
tabletting technique were kept the same.

2.3. Isomerization of o-xylene

The isomerization of 0-xylene was performed in a microre-
actor. The catalyst (0.1 g) was pre-treated for 1 h at 500 °C un-
der the N2 flow. After that, o-xylene was injected with a con-
stant flow of 0.1 ml/min and N2z (50 ml/min) was used as car-
rier gas. The testings of catalytic activity were performed at
300, 400, and 500 °C, respectively, and the contents of products
were analyzed using an on-line Agilent 5820 gas chromato-
graph equipped with an FID detector.

3. Results and discussion
3.1. XRD and SEM results

Figure 1 shows the XRD patterns of conventional ZSM-5 and
hierarchical mesoporous ZSM-5 (Hier-ZSM-5) zeolites. The
characteristic peaks of the MFI type zeolite can be identified,
indicating crystallization of the ZSM-5-type zeolite. Further-
more, peak broadening (26 = 23°-25°) and the weakened in-
tensity can be associated with a decrease in crystallinity, which
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Fig. 1. XRD patterns of ZSM-5 and hierarchical ZSM-5 zeolites.

Fig. 2. SEM images of ZSM-5 (a) and hierarchical ZSM-5 (b) zeolites.

is usually found in the synthesis of nanomaterials and other
reports on hierarchical mesoporous zeolites [9-14,17].

The SEM images of ZSM-5 and Hier-ZSM-5 (Fig. 2) highlight
the difference in their particle morphology. For the ZSM-5,
smooth intergrown flake-like particles larger than 1.5 pm are
visible. Comparatively, the representative Hier-ZSM-5 particles
possess a spherical morphology with rough surface and rela-
tively uniform diameter of approximately 500-700 nm. Such
honeycomb-like morphology usually reveals a significant de-
velopment in mesoporosity, which has also been found in other
reports [11,13,17].

3.2. Nz adsorption-desorption results

The N2 adsorption-desorption isotherm of Hier-ZSM-5 (Fig.
3) is a typical type-1V isotherm with capillary condensation at
high relative pressure between 0.8 and 0.95, suggesting a rela-
tively large mesopore size. Comparatively, the negligible uptake
in the isotherm of the conventional ZSM-5 zeolite at p/po > 0.1
reveals the absence of its mesoporosity.

3.3.  NH3-TPD analysis

The NH3-TPD profiles of the ZSM-5 and Hier-ZSM-5 zeolites
are shown in Fig. 4. The two zeolites have similar-shaped
curves at around 200 °C. However, the curve intensity of Hi-
er-ZSM-5 is lower than that of ZSM-5 and is much smaller at
high temperature, indicating the weak strength of acid sites of
Hier-ZSM-5 [18]. The area integral of the entire Hier-ZSM-5
curve, which represents the concentration of surface acid sites,
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Fig. 3. N2 adsorption-desorption isotherms of ZSM-5 and hierarchical
ZSM-5 zeolites.
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Fig. 4. NH3-TPD profiles of ZSM-5 and hierarchical ZSM-5 zeolites.

is only 80% as that of ZSM-5 (Table 1), which is usually as-
cribed to the low crystallinity. It is worth noting that the
above-mentioned NHs-TPD results differ from a report by the
same method [13]. One of the possible reasons is that the lack
of ion-exchange procedure in the report may lead to insuffi-
cient difference in concentration of surface acid sites.

3.4. Py-IR and DTBPy-IR results

Py-IR and DTBPy-IR are important tools for characterizing
the surface acid sites of solid acidic catalysts, especially zeolites.
Usually, when the surface acid sites of zeolites adsorb Py mol-
ecules, two characteristic peaks located at approximately 1450
and 1540 cm-1! are visible in the IR spectra and can be ascribed
to a Lewis (L) and Bronsted (B) acid, respectively [19-21].

Table 1

NH3-TPD, Py-IR, and DTBPy-IR data of ZSM-5 and Hier-ZSM-5 zeolites.

Totalacid Bacid Lacid External  Si/Al
sites?  sitesb  sitesP acid sites¢ ratiod

ZSM-5 6.69 9.58 1.85 7.77 0.15 96

Hier-ZSM-5 5.33 3.70 3.33 1.67 1.48 103

Sample B/Lb

Calculated from ratio of integrated area of @ NH3-TPD, b Py-IR, and
¢DTBPy-IR; B/L = 1.5 x (B acid sites/L acid sites).
dDetermined by ICP-AES.



1432

Moreover, the Py molecule, which is small enough to enter the
ZSM-5 zeolite microporous networks, can be used to detect
acid sites both on the external and internal surfaces. Compara-
tively, the DTBPy molecule size is too large to enter the narrow
micropores and therefore, DTBPy-IR only provides an indica-
tion of the concentration of external surface acid sites [22].

Figure 5 shows the Py-IR and DTBPy-IR spectra of the
ZSM-5 and Hier-ZSM-5 zeolites. It is apparent that Hier-ZSM-5
possesses more L and less B acid sites than ZSM-5. The de-
crease in B/L demonstrates that more Al atoms on the Si-0-Al
frameworks were exposed to the external surface in the hier-
archical structure, which transferred B acid sites into L acid
sites. Moreover, the peak intensity at 1490 cm-! represents the
total concentration of acid sites. In Fig. 5(a), the total acid sites
of Hier-ZSM-5 is lower than that of ZSM-5, which is accordance
with the NH3-TPD results.

For the DTBPy-IR spectra, Hier-ZSM-5 possesses an appar-
ent peak at 1616 cm-! with greater intensity than the ZSM-5
zeolite. This indicates as much as an order of magnitude higher
concentration of acid sites on the external surface, calculated
from the area integral and listed in Table 1.

Therefore, most acid sites are located on the internal surface
of the conventional ZSM-5, but the hierarchical structure ex-
posed lots of such acid sites to the external surface, which lead
to improved diffusion. Higher catalytic activity in reactions
involving bulky molecules should therefore be expected
[13,15,17].

3.5.  Catalytic performance

As an important chemical, p-xylene (PX) finds much applica-
tion in industry. The isomerization of o-xylene is one of the
important ways for producing PX, and ZSM-5 is known to be a
shape selective catalyst to improve the PX content in its isom-
erization [23,24]. The catalytic properties of ZSM-5 and Hi-
er-ZSM-5 zeolites were investigated with results listed in Table
2. The Hier-ZSM-5 demonstrated higher conversions of
o-xylene but lower PX selectivity than ZSM-5 zeolite at all tem-
peratures tested. In general, however, the yield of PX is influ-
enced by temperature; for example, Hier-ZSM-5 possesses a
lower yield at low temperature (T = 300 °C), which increased
more at high temperature (T = 400 and 500 °C). Considering
the complicated influencing factors in catalysis, e.g, surface
acid sites, porous structure, and diffusion, a reasonable inte-
grated effect can be explained as follows. The hierarchical
structure exposed many acid sites to the external surface, im-
proved diffusion in its porous networks, and thereby, exhibited
higher catalytic activity. However, the acid sites on the external
surface possess poor shape selectivity, leading to lower selec-
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Fig. 5. Py-IR (a) and DTBPy-IR (b) spectra of ZSM-5 and hierarchical
ZSM-5 zeolites.

tivity for PX.
4. Conclusions

The surface acid sites of hierarchical zeolites play an im-
portant role in their catalytic application. To identify the spe-
cies and distribution of acid sites in hierarchical ZSM-5 zeolite
and its effect on diffusion and catalytic properties, characteri-
zation of TPD and in-situ IR was performed. The hierarchical
structure influenced the inherent crystallinity of ZSM-5 zeolites
and exposed abundant aluminum atoms out of the Si-O-Al
frameworks, which lead to more Lewis acids located on the
external surface. Improved catalytic activity was demonstrated
in the isomerization of o-xylene. However, the hierarchical
ZSM-5 zeolite possesses a decreased selectivity for p-xylene in
the products for the lower shape selectivity of external acid
sites. In conclusion, such characterization methods for surface
acid sites are hoped to demonstrate extensive applicability to
other hierarchical zeolites, and their application in catalysis
may require more attentive examination in future.

Table 2
Conversion of o-xylene (X) and selectivity (S) and yield (Y) of p-xylene (PX) at different temperatures using ZSM-5 and Hier-ZSM-5 zeolites as cata-
lysts.
Sample T=300°C T=400"°C T=500°C

X/% S(PX)/% Y(PX)/% X/% S(PX)/% Y(PX)/% X/% S(PX)/%  Y(PX)/%
ZSM-5 18.2 329 6.02 27.1 29.8 8.12 35.7 25.7 9.2
Hier-ZSM-5 213 24.2 5.15 38.7 26.5 10.3 51.6 224 11.6

Reaction conditions: mass of catalyst = 0.1 g, flow of o-xylene = 0.1 ml/min, flow of N2 = 50 ml/min.
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Hierarchical mesoporous ZSM-5 zeolite with increased external surface
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Hierarchical mesoporous ZSM-5 zeolite synthesized by the steam-assisted crys-
tallization method exposes lots of acid sites on the external surface, thereby im-

proving catalytic activity in the isomerization of o-xylene. Hierarchical ZSM-5
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