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A series of zeolite composites with hierarchically porous structures and tunable acidities were prepared.
The structural, crystalline, and textural properties of the as-synthesized materials, as well as the reference
Y and 3 zeolite samples, were characterized by X-ray diffraction (XRD), scanning electron microscopy
(SEM)/transmission electron microscopy (TEM) analyses, Fourier transform infrared spectroscopy (FTIR),
and nitrogen adsorption/desorption techniques. The acidic properties of the surface were determined
by in situ FTIR of adsorbed pyridine. The hierarchy factor is an appropriate tool to classify hierarchically
structured materials, and the hierarchical pores of the as-synthesized zeolite composite samples were
investigated during the catalytic cracking of isopropylbenzene. The results show that the catalytic activity
of isopropylbenzene cracking over the catalysts has a linear dependence with their hierarchy factor (HF).
The tunable acidities were tested by methanol dehydration to dimethyl ether (DME), and the dehydra-
tion activity of methanol over the catalysts shows a linear decrease with the increased Lewis/Bronsted
ratio, while the selectivity of DME shows a linear increase with the enhanced Lewis/Bronsted
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1. Introduction

Due to the similarity between the size of the involved guest
molecules and the micropore diameter, zeolites, which are widely
used in heterogeneous catalysis as well as in separation and purifi-
cation fields, have been hampered by their small microporous
channels. These channels are subject to diffusion limitations on
reaction rates because they restrict the transport of molecules to
and from the active sites located within the micropores [1-4].
Intracrystalline diffusion inside a zeolite micropore at a given tem-
perature and pressure cannot be increased without changing the
internal pore architecture, which limits the effective utilization of
acidic sites by bulky molecules. In hydrocarbon transformation over
zeolites, the conversion depends on both the probability of the reac-
tants accessing the acidic sites and the time the reactant molecules
spend inside zeolite crystals [5]. As a consequence, improving the
transport of molecules in microporous crystals is attracting sig-
nificant research interest [5-7]. For a given zeolite material, the
basic strategy to improve diffusion is to shorten the length of the
micropore channels [2,3,6-13] or to widen the pore diameter. In
zeolites, this can be accomplished by decreasing the crystal size or
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by introducing an additional (meso) pore system within an indi-
vidual zeolite crystal [2].

In the past decades, a considerable number of attempts have
been devoted to minimizing the diffusion limitation of microp-
ores in zeolites by adjusting their crystal sizes to nanoscale ranges,
which has been achieved by adding growth inhibitors, by increasing
supersaturation, or by quenched crystallization [2]. However, none
of these attempts produced an easy means of controlling the crys-
tal size [14]; the colloidal properties makes separating the small
zeolite crystals from the reaction mixture a difficult task [2], and
this severely hinders their practical applications. Moreover, the vol-
ume and surface area of the micropores in the nano-sized zeolites
were lower because the ordering of the three-dimensional net-
work of the zeolite particles deteriorated [15]. Another approach to
improve diffusion in the given zeolite materials is to insert meso-
or macropores into zeolite particles [6,7,15-19]. Because the dif-
fusion in mesopores is several orders of magnitude faster than
that in micropores, the created meso- or macroporosity facilitates
physical transport and leads to a more effective use of these mate-
rials [6,7,20]. In this way, the micropores of the zeolite have been
effectively shortened, and their molecular accessibility has been
largely enhanced [5,21,22]. The hierarchical pores in the microp-
ore zeolite crystal can be created by a post-treatment [6-13,19,23]
or templated approach [15,24-29]. The introduction of mesopores
in the micropore zeolite by post-treatment has been mainly con-
centrated on alkali-leaching [6-9] and acid-leaching [1] as well as
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steaming. In recent years, using a template to synthesize hierar-
chical pores zeolites has been shown to be very effective. Jacobsen
et al. [25,26] synthesized mesoporous zeolite crystals using a car-
bon matrix with a mesopore system or multiwall carbon nanotubes
as the mesopore-forming agents. Tao et al. [15,27-29] reported
a method of preparing meso-zeolite with a carbon aerogel with
uniform mesopores as the template. The zeolite crystals were
nucleated within the three-dimensional mesoporous system of car-
bon aerogels. Removal of the carbon aerogels by burning resulted
in a monolithic zeolite with a mesoporous system.

Despite the fact that hierarchal materials have been extensively
researched, however, the question of whether the quantity of the
mesopores introduced into microporous materials is appropriate
and optimal had not been reported until Pérez-Ramirez studied
the effect of alkalinity on the mesopore formation in the ZSM-5
zeolite [30]. The preparation of hierarchal materials should pursue
a strategy that encompasses forming extensive mesoporosity while
minimizing the loss in microporosity. Pérez-Ramirez et al. [30]
thought that the excessive introduction of meso- or/and macro-
pores into zeolites was not beneficial, as the penalty paid in the
micropore volume rendered a less efficient catalyst. They therefore
put forward a conception of the HF (hierarchy factor) and showed
that it is an appropriate tool to classify hierarchically structured
materials. The latter point is of interest to the scientific community
as it not only embraced mesoporous zeolites obtained by desili-
cation methods but also enabled a quantitative comparison and
correlation of various materials obtained by different synthetic
methodologies [30].

In this paper, we synthesize a series of zeolite composites by
employing a 3 or Y zeolite as the nutrient for the other phase of zeo-
lite growth. We selected the catalytic cracking of isopropylbenzene
and the dehydration of methanol to DME to investigate the per-
formance effects of the hierarchical pores and the tunable acidity,
respectively, in the as-synthesized zeolite composite catalysts. The
relationships between the catalytic activity and the hierarchy fac-
tor (HF) or Lewis/Bronsted ratio (L/B ratio) of the different catalysts
with different porosities and related acidities were investigated.

2. Experimental
2.1. Synthesis

BFZ (a composite zeolite prepared using [3 zeolite as the core
and Y zeolite as the shell): B zeolite was prepared with the
following molar composition: 2.2Na,0:20Si0,:Al,05:4.6(TEA),O:
4.6(NH4);0:440H,0. It was then hydrothermally treated at 413K
for 240 h. A volume of 72 mL of the reacted mixture that contained
the pre-synthesized [3 zeolite was directly used in the second step
of the synthesis. Then 3.0 g sodium aluminate and 3 mL seeds of Y
zeolite were added to the reacted mixture, and the value of [OH™]
in the synthesis solution was adjusted to 1.0-2.0 mol/L by adding
sodium hydroxide or concentrated sulfuric acid. The solution was
then stirred for 2 h at room temperature. The new mixture was then
loaded into an autoclave for hydrothermal treatment at 363 K for
18 h under autogenous pressure. The as-synthesized solid product
was recovered by filtration, washed with water, dried in airat 373 K
overnight, and denoted as BFZ-x (x stands for the concentration of
OH™ in units of mol/L).

BFZ-s (a composite zeolite prepared with (3 zeolite-embedded
aluminosilicate extrudates as the nutrients for Y zeolite growth):
The fabrication of BFZ-s (shaped) zeolite composites generally
involved preparation of the 3 zeolite-embedded aluminosilicate
extrudates followed by the hydrothermal transformation process.
The [ zeolite-containing aluminosilicate extrudates were typically
prepared as follows: 100g of 3 zeolite powder (SiO,/Al;03 =25),

80¢g of NaAlO,, 150 mL of silica sol and 60 mL of Y zeolite seeds
were well mixed with an appropriate amount of pseudoboehmite
or/and amorphous silica-alumina as the binders [31]. The mixtures
were then kneaded and extruded into cylindrically shaped extru-
dates with a diameter of ~2.0 mm. After drying at 373K, 8 g of the
extrudates, 2 mL of Y zeolite seeds, and 2 g of sodium hydroxide
were added to 72 mL water and put in a stainless steel autoclave.
The autoclaves were then enclosed and heated at 363 K. After crys-
tallization for 12 h, the as-synthesized solid product was recovered
by filtration, washed with water, dried in air at 373 K overnight and
denoted as BFZ-s.

FBZ (a composite zeolite prepared with Y zeolite as the core as
well as the nutrients for 3 zeolite growth) was prepared using the
procedure proposed in one of our recent studies [31].

FAU-BEA (a composite zeolite obtained by the overgrowth of 3
zeolite on the core Y crystal) was prepared using the procedure
proposed in another of our recent studies [32].

Pure phase zeolite Y (SiO,/Al;03=5) and zeolite f
(Si0y/Al,03 =25) were used as references. All the as-synthesized
samples were calcined in air at 823K for 5h, and the NH4* form
of the sample was obtained by performing an ion exchange with
0.5M NH4NO3 solution (I:s=10) twice at room temperature, for
2 h both times. The protonic form was then obtained by calcining
the NH4* form at 823 K for 5 h.

2.2. Characterization

The XRD patterns were recorded using a Rigaku Dmax/2500 X-
ray diffractometer, which employed Ni-filtered Cu Ko radiation and
was operated at 40 kV and 80 mA. A working plot can be obtained
by plotting the intensity of the diffraction peak at 260 =6.16 versus
the mass fraction of Y zeolite by measuring a series of physical
mixtures with known mass fractions of Y zeolite. The mass fraction
of Y zeolite in the BFZ composite can be estimated from the intensity
of the XRD diffraction peak at 20 =6.16, which is the characteristic
peak of Y zeolite.

The crystal size and morphology of the as-synthesized samples
were investigated on a JSM-6301F scanning electron microscopy;
the crystal faces and interface structure (crushed by 3 MPa pres-
sure prior to the TEM analyses) were studied on a JEOL JEM-1011
transmission electron microscopy (TEM).

The N, adsorption at 77 K was performed in a NOVA 1200e gas
sorption analyzer to study the micro- and mesoporosity of the zeo-
lite crystals. The mesopore size distribution was calculated using
the Barret-Joyner-Halenda (BJH) pore size model, as applied to the
desorption branch of the isotherm [33]. The microporous structure
was obtained from the t-plot analysis of the adsorption branch of
the isotherm.

To measure pyridine adsorption, infrared spectra were obtained
on a SHIMADZU FTIR-8400 spectrometer. To make a sample,
~12mg of sample was pressed into a self-supporting wafer that
was 10 mm in diameter. The wafer was first evacuated in situ in an
IR cell at 573K for 2 h, and the IR spectra were recorded at room
temperature. Pyridine was then introduced into the cell at room
temperature until the saturated adsorption was reached. Finally,
the desorption of pyridine was performed at 423K at 3 x 10~3Pa
of pressure, and the spectra were recorded at various tempera-
tures.

All of the catalytic experiments were conducted at atmospheric
pressure in a fixed-bed micro-reactor apparatus with a quartz tube
(i.d. of 6 mm). Prior to each experiment, the H-zeolite was pressed
into a cylinder, broken into 20-40 mesh particles, activated under
flowing N, (50 mL/min) at 823 K for 2 h and then kept at the desired
reaction temperature. Isopropylbenzene cracking was carried out
at 523 K over 200 mg of catalyst; the molar ratio of isopropylben-
zene to N, was kept constant at 0.014. The total gas flow at the
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Fig. 1. XRD patterns of the as-synthesized zeolite composite samples.

reactor inlet was kept constant at 50 mL/min, and the lines were
kept at 433K using heating tapes. The methanol conversion was
investigated with a WHSV of 2.26g-1h-! and a methanol par-
tial pressure of 11.4KPa; nitrogen was used as a carrier gas. All
of the products were analyzed by an online gas chromatograph
(Agilent1790) with a flame ionization detector (FID) and GDX-101
column.

3. Results and discussion
3.1. Synthesis and characterization

The powder XRD patterns of the four as-synthesized samples are
presented in Fig. 1. The peaks at 6.08°, 15.72°, 18.75°, 20.43° and
23.67° are the characteristic diffraction peaks of Y zeolite phase,
and the peaks at 7.63° and 22.19° are the [(3-zeolite characteristic
peaks. These results indicate the co-existence of Y and {3 zeolite
phases in the as-synthesized samples. Fig. 1 also shows that the
sample BFZ-s has a relatively low crystallinity due to the massive
amorphous bonder in the cylindrical-shaped extrudates.

The dissolution of the preformed 3 crystals in basic medium is
a key procedure in obtaining BFZ and BFZ-s zeolite composites. The
low stability of the 3 framework in alkaline solutions [12] can pro-
vide nutrients for the growth of Y zeolite during the second step of
the synthesis. The action of the base is to promote the extraction of
silicon species from the framework of the {3 zeolite. The extracted
silicon species react with the aluminum species supplemented dur-
ing the second step of the synthesis, which promotes the growth of
Y zeolite. The experimental results show that the concentration of
OH~ in the solution for synthesizing pure phase Y zeolite is approx-
imately 0.9-1.0 mol/L, which is much lower than the 1.3-1.8 mol/L
concentrations used for synthesizing the Y zeolite phase in the com-
posite zeolite BFZ. On one hand, base plays an important role in the
formation of the composite zeolites, but on the other hand, the for-
mation of the Y zeolite phase in the composite zeolites differs from
the synthesis of the pure phase Y zeolite. Excessive OH™ satisfies
the requirement for a soluble silicon species for the growth of the
Y zeolite phase in the composites by partly degrading the 3 zeolite
crystals. The experimental results also show that the extracted sili-
con must match the supplemented aluminum species. An increased
aluminum species supplemented at the second step of the synthe-
sis need a relatively higher concentration of OH™ in the solution
because the extraction of the silicon species is controlled by the
alkalinity in the synthesis solution.

The formation process of the zeolite composite was also
tracked by FT-IR spectroscopy, as shown in Fig. 2. The bands at
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Fig. 2. FT-IR spectra of the as-synthesized composites and the reference Y and 3
zeolites.

440-463 cm~! are assigned to the O-T (Si or Al) bending vibra-
tions, the bands at 520-580 cm~! are assigned to the double ring
external linkage vibrations [34,35], the bands at 740-760cm™!
are assigned to the external linkage symmetrical stretching vibra-
tions, and the bands around 1002 cm~! are assigned to the internal
tetrahedral asymmetrical stretching vibration. For BFZ and BFZ-s,
the gradual transformation of 3 zeolite into an FAU structure was
demonstrated by the simultaneous increase of the characteristic
Y bands at 463 and 1002cm~! and a decrease of the B zeolite
bands at 1071 and 1227 cm~! during the formation of the com-
posite zeolites. This indicates that the framework of the (3 zeolite
was partially converted into Y zeolite; however, the gradual trans-
formation of the FAU zeolite into the [ zeolite structure was also
proven by the simultaneous increase of the characteristic 3 zeolite
bands at 1071 and 1227 cm~! and decrease of FAU zeolite bands
at 463 and 1002 cm~! during the formation of the FBZ and FAU-
BEA composite zeolites (not shown here). It is interesting that a
new vibration band appears in the FBZ composites and shifts from
1035cm~! to 1050cm~! as the proportion of the § phase in the
composites increases, which suggests a new internal tetrahedral
asymmetrical stretching vibration at the interface between the Y
zeolite and 3 zeolite in the composites [31]. The vibration band lies
between 1002 cm~! and 1071 cm~!, which are the peak locations
used to identify the Si/Al ratio of the framework of Y and 3 zeolites,
respectively. The existence of the band in this region indicates that
the Si/Al ratio of the composites is higher than that of Y zeolite but
lower than that of (3 zeolite [31,36].

The crystal morphology of the as-synthesized zeolite compos-
ites differs from those of Y or 3 zeolites, as shown in Fig. 3. The
[3 zeolite and Y zeolite shows sphere-like crystal particles and an
octahedral morphology, respectively (Fig. 3A). The sizes of the pure
zeolite Y and pure zeolite {3 particles are ~1 pm, which is smaller
than those of the composite (~2 pm). The relatively larger crystal
size of the BFZ composite can be ascribed to the fact that Y zeolite
crystals were grown around 3 zeolite particles. The morphology
of the BFZ composite appears like rough spheres inlayed by many
faujasite crystals (Fig. 3B). As shown in Fig. 3C, the crystal morphol-
ogy of the FBZ zeolite composite still keeps the octahedral shape of
the core Y zeolite despite having been covered by a polycrystalline
shell composed of nano-sized 3 zeolite crystals. The SEM analysis
of the as-synthesized FAU-BEA samples reveals that the compos-
ite is composed of FAU zeolite as the core and nanometer-sized
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Fig. 3. SEM images (A-E) of zeolite composite samples and a photograph (F) of the precursory extrudates used for BFZ-s. (A) zeolites Y and 3; (B) BFZ; (C) FBZ; (D) BFZ-s; (E)

FAU-BEA (see Ref. [32]).

[ zeolite as the polycrystalline shell (Fig. 3E). Fig. 3E also shows
that the core-shell zeolite-zeolite FAU-BEA composite has lost the
octahedral crystal morphology of the core (FAU) zeolite due to arel-
atively thicker shell compared with FBZ. It can be seen from Fig. 1
and Table 1 that there is a higher concentration ratio of 8 zeo-
lite to Y zeolite in the FAU-BEA composite than that in FBZ. It can
be seen from Fig. 3 that all of the zeolite crystals in polycrystalline
shells have a smaller size than the crystals grown in the bulk, which
could be caused by the steric hindrance provoked by the concur-
rently growing crystals in the shell [37]. Fig. 3D and F are the SEM
images of BFZ-s and the photograph of the precursory extrudates,
respectively. The FAU zeolite crystal with a typical octahedral crys-
tal morphology can be clearly observed in the cross section of the
cylindrical products. Interestingly, most of the particles are found
to have enriched macroporosity in the SEM images, which should
be attributed to the digestion of silica-alumina species or binder,
especially the inner 3 zeolite, during the crystallization process.
The 3 zeolite crystals are prone to being dissolved by the synthe-
sis solution due to their instability in aqueous alkali solution with
higher OH™ concentrations, and they therefore act as nutrients for
the growth of Y zeolite during the hydrothermal process.

The adsorption-desorption of nitrogen on the purely microp-
orous Y and 3 zeolites is a type-I isotherm, as shown in Fig. 4a,
indicating the presence of micropores only. However, larger hys-
teresis loops occur in the adsorption-desorption isotherms of the
zeolite composites, indicating the presence of the mesopores in the
as-synthesized composite samples. The mesopores created in the

composites can be caused by polycrystalline accumulation [32,37]
as well as silicon extraction by the base in the synthesis solu-
tion [6,7,23]. Some N, adsorption-desorption data are presented
in Table 1. It can also be inferred from Table 1 that the value of
Vmeso (volume of mesopore) in the composites follows an order
of BFZ>FAU-BEA >FBZ > BFZ-s. The Vineso Of the composites may
be dependent on which of the polycrystalline accumulations and
the silicon extractions dominates during the synthesis process. The
BFZ zeolite composite has a larger Vieso, Which increases with
the increased alkalinity during the second step of the synthesis,
indicating that the mesopores of the BFZ zeolite composite were
mainly caused by the alkali-leaching action because of a higher
alkalinity during the second step of the synthesis. The loss of silica
by base treatment induces a significant change in the pore struc-
ture of the zeolite [6,7], and the alkaline-assisted hydrolysis of the
Si-0-Si bonds from the zeolite framework was directed toward
mesoporosity development [2,23]. Both FBZ and FAU-BEA are com-
posites with a Y zeolite as the core and nano-sized {3 zeolites as the
polycrystalline shell. A relatively low concentration of OH™ (about
0.4-0.5 mol/L) was present in the solution during the second step of
the synthesis, resulting in a low amount of mesopores due to alkali-
leaching. Therefore, the mesopores created in BFZ and FAU-BEA
may mainly result from the polycrystalline accumulation rather
than the alkali-leaching action. It is surprising that a lower value
of Vineso Was found in BFZ-s. This may be due to extensive silicon
extraction from 3 zeolite, resulting in the formation of larger meso-
or macropores, as shown in Fig. 3D. Table 1 also shows that the value
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Table 1

Physico-chemical properties of the catalysts.

wt%) HF4

Conversion® (

Acidity (Py)® (mmol/g) L/B (Py)

Y wt’% content? Si/Al ratio Sper (m?/g) Smicro (M?/g) Smeso (M?/g) Vmicro (cm?/g) Vineso (cm?/g)

Samples

Bronsted
0.49
0.45
0.46
0.41
0.37
0.11
0.40
0.43
0.58
0.53

Lewis
0.58
0.86
1.05
1.23
1.30
0.98
0.57
0.69
0.24

1.16

0.078

77.2

1.2
1.9
23
3.0
35
8.9
14
1.6
0.4
22

0.21
0.22
0.22
0.24
0.27
0.08
0.13
0.11
0.04
0.02

0.19
0.15
0.18
0.19
0.19
0.25
0.19
0.23
0.18
0.36

80
112

364
300
355
367
378
461
440
491
367
701

486

432

8.1

15
32

BFZ-1.30

0.107
0.129
0.146
0.100
0.073

89.7

6.9
6.1

BFZ-1.35

91.3

130
172
130

454
520
514
495

BFZ-1.40

97.2

4.8

61

BFZ-1.45

88.1

39
35

75

BFZ-1.50
BFZ-s

17.4

45

69
43

0.071

71.1

64
72
29

530
578
517
738

10.6

FAU-BEA
FBZ

0.084
0.045
0.012

82.1

5.7
125

84.7

BEA

53.6

25

FAU
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2 The relative content of the Y zeolite phase in the zeolite composite.

b Pyridine desorption was performed at 423 K.

¢ Catalytic cracking of isopropylbenzene at 523 K.

d The hierarchy factor (HF) is determined by the product (Vmicro/Vpore) X (Smeso/Seer) (see Ref. [30]).

of the BET surface area of the zeolite composites BFZ, BFZ-s, FBZ and
FAU-BEA is lower than that of the corresponding physical mixture
composed of pure microporous Y and 3 zeolites. The decrease in the
BET surface area in the composites can be caused by the dissolution
and partial amorphization of the original as-synthesized zeolite
framework. The dissolution of the as-synthesized zeolite results
in the breakdown of some of the micropores [3,15]. During the sec-
ond step of the synthesis, the as-synthesized zeolite was etched
by the synthesis solution, which leads to partial amorphization of
its framework. Some channels may therefore be filled with debris
from the amorphization of the framework and the silicon and/or
aluminum scraps extracted from the framework. The decrease to
the nanocrystalline range of the zeolite particles in the polycrys-
talline shell may also play a role in causing the deterioration of the
ordering of the three-dimensional network [15].

As shown in Fig. 4b, the pore size distribution of the BFZ compos-
ite illustrates the existence of a mesopore structure with pore sizes
ranging from 5 nm to 30 nm; the mesopore structures centered at
10nm and 45 nm are found in the FAU-BEA and FBZ, respectively.
The BFZ-s has a much wider pore distribution. However, the BJH
pore size distribution derived from the desorption branch of the
isotherm does not show a similar distribution in the pure micro-
pore Y or [3 zeolites. It is important to note that the pronounced
peak at 4 nm in the BJH desorption pore size distribution does not
suggest a real pore but is instead due to the tensile strength effect
(TSE) of the adsorbed phase [11,33,38,39].

Direct evidence for the presence of mesopores with a fairly uni-
form diameter of 5-30 nm is also provided by the TEM images of BFZ
zeolite composites, as shown in Fig. 5A, which is in excellent agree-
ment with Ny-adsorption analyses. This reveals the intracrystalline
nature of the newly created mesopores as well as their distribution
and size uniformity. The FBZ zeolite composite crystal displays a
solid image (Fig. 5B) that is in good agreement with one of our
recent studies [31]. It is surprising that almost no alteration is seen
upon treatment in the FBZ zeolite composite crystal; no mesopores
created in the core zeolite Y can be ascribed to the lower alkalinity
during the second step of the synthesis, despite the higher reac-
tion temperature. This further confirms that the new mesoporous
structure observed in the adsorption-desorption of nitrogen on the
FBZ zeolite composite is caused by the accumulation of nano-sized
[ zeolites in the polycrystalline shell, as observed by SEM (Fig. 3C).
This result also indicates that relatively mild synthesis conditions
(a lower alkalinity in the synthesis solution) hardly alter the core
zeolite Y (FBZ and FAU-BEA).

The acidic properties of the as-synthesized zeolite composites
were investigated by pyridine absorption, as measured by IR spec-
tra (Fig. 6). All of the samples exhibit weak Lewis bond pyridine
bands at ~1445cm~!, bands at 1454cm~! that correspond to a
strong Lewis bond, and Brénsted bond pyridine bands at 1545 cm™1,
as well as the bands at 1490 cm~! thatare pyridine bands associated
with both Brénsted- and Lewis-acid sites.

The Lewis/Bronsted ratios of the samples are obtained by cal-
culating the peak area corresponding to the Lewis-acid sites and
the Bronsted-acid sites in the IR spectra of pyridine adsorption of
the as-synthesized samples; the results are shown in Table 1. Most
of Lewis/Bronsted ratios are between those of the pure phase H-
Y and H-3 zeolites. However, BFZ-1.45 and BFZ-1.50 show higher
Lewis/Bronsted ratios than that of the pure phase Y zeolite, indi-
cating that the acidic properties in the zeolite composite are not
a simple superposition of Y and 8 zeolites. The relatively high
Lewis/Bronsted ratio in the composite could be caused by a number
of reasons, including the destruction of some Si-O-Si and Si-O-Al
bonds in the (3 zeolite and the formation of additional AIOH groups
as well as the influence of the smaller crystal sizes of Y zeolites in
the composites. The crystal size of the Y phase in the polycrystalline
aggregate is much smaller than that of the pure Y zeolite. A smaller
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Fig. 4. (a) N, adsorption-desorption isotherms of the samples. (1) FBZ; (2) BFZ-s; (3) BFZ-1.45; (4) FAU-BEA; (5) Y; (6) B. (b) The corresponding BJH pore size distribution

curves.

Fig. 5. High resolution TEM images. (A) BFZ and (B) FBZ (see Ref. [31]).

crystal size reduces the protonic acidity and increases the Lewis
acidity [40,41]. The amorphization of the original zeolite frame-
work and the aluminum scraps extracted from the framework may
also play a role in enhancing the Lewis/Bronsted ratio.

Fig. 6 and Table 1 also show that the second crystallization
in mild conditions (such as BFZ-1.35) hardly altered the amount
of Bronsted-acid sites but led to a slight increase in the amount
of Lewis-acid sites. It can also be inferred from Fig. 6 that the
increased OH™ concentration during the second step of the syn-

w 5150

BFZ-1.45
BFZ-1.40

BFZ-1.35
BFZ-1.30

T T T T T T 1
1440 1480 1520 1560

-1
wavenumber/cm

Fig. 6. IR spectra of pyridine adsorption of the BFZ-x zeolite composite (x stands for
the concentration of OH™ (mol/L) during the second step of the synthesis).

thesis increases Lewis-acid-site peak strength in the BFZ zeolite
composite, although it slightly decreases Bronsted-acid-site the
peak strength, which results in an increased Lewis/Bronsted ratio
(Table 1). The enhanced OH™ concentration in the synthesis solu-
tion during the second step of the synthesis leads to the extra
destruction of some Si-O-Si and Si-O-Al bonds in the 3 zeolite
and the formation of additional AIOH groups during the compos-
ite synthesis. Not only the Bronsted-acid sites decrease with an
increased damage of framework caused by the increasing alkalin-
ity, also Lewis-acid sites increase with an increase in no-framework
aluminum species as well as the partial amorphization of the
framework caused by the increasing alkalinity. Despite an increas-
ing Lewis/Bronsted ratio with the increasing alkalinity in the
second step of the synthesis, the BFZ-x zeolite composites main-
tain relatively constant acidity values of the Brénsted-acid sites;
the absolute acidity value of the Bronsted-acid sites was only
slightly decreased from 0.49 mmol/g in BFZ-1.30 to 0.41 mmol/g
in BFZ-1.45. The relatively stable absolute acidity values of the
Bronsted-acid sites can be ascribed to the growth of Y zeolite in
the polycrystalline shell, which partly eliminates the disadvan-
tageous influence of the framework breakdown of the (3 zeolite
crystals. The Y zeolite phase is increased from 15wt% in BFZ-
1.30 to 61 wt% in BFZ-1.45. These results also indicate that the
alkalinity during the second step of the synthesis plays a very
important role in the acidic properties and the distribution of
these sites in the BFZ-x zeolite composite. These results also
suggest that the Lewis/Bronsted ratio in the composite can be
adjusted by controlling the alkalinity during the second step of the
synthesis.
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Fig. 7. Catalytic cracking of isopropylbenzene over the composite catalysts. (A) The relationship between the cracking activity and the HF (hierarchy factor) of the different
catalysts. s+ stands for the relationship between the cracking activity and the HF of B at 523 K; A and a are the relationships between the cracking activity and the HF of BFZ-s
at 523 K and 623 K, respectively and (B) the relationship between the cracking activity and the acidity of different catalysts.

3.2. Effects of hierarchical pores and tunable acidity

The effects of hierarchical pores on the performance of the as-
synthesized zeolite composites were investigated by measuring the
catalytic cracking of isopropylbenzene. The relationship between
the catalytic activity in the cracking of isopropylbenzene and the
hierarchy factor of the different samples (purely microporous and
hierarchical) has been plotted and is shown in Fig. 7A. The catalytic
activities of most of the catalysts show a linear dependence with
the hierarchy factor (except for 3 and BFZ-s). The catalytic cracking
over the hierarchical zeolite composite is better than that of the
purely microporous Y zeolite. The benefit of improved transport
in the composite catalysts is therefore more influential than the
loss of microporosity, and the net effect still results in an improved
catalytic performance [30]. The relationship between the catalytic
activity and the HF of the (3 and BFZ-s catalysts, which are shown
in Fig. 7A, could be due to their different acidic properties. A lower
activity is found for the BFZ-s catalyst, which can be ascribed to its
smaller acidity (especially the much smaller number of Bronsted-
acid sites (only 0.11 mmol/g), which is much lower than that of
other catalysts) due to the presence of massive amorphous bon-
ders; the higher activity of the 3 catalyst with a lower HF can be
ascribed to its larger number of Bronsted-acid sites (as shown in
Table 1). The slope of the line in Fig. 7A reflects the dependent
degree of the activity of catalytic cracking of isopropylbenzene
on the hierarchy factor. Fig. 7A also shows that with a relatively
lower reaction temperature, such as 523K, the cracking activity
of isopropylbenzene strongly depends on the HF, indicating that
the catalytic cracking of isopropylbenzene with the catalysts is
a diffusion-controlled reaction at relatively low reaction temper-
atures; when the reaction temperature increases to 623 K, most
of the catalytic activity still shows a linear dependence with the
HF (except for BFZ-s), but the degree of the dependence is lower
(it has a smaller linear lope). When isopropylbenzene cracking
was performed at 523K, the cracking activity shows a discrete
dependence with the total acidity of different catalysts (Fig. 7B),
indicating a diffusion-controlled reaction rather than the acidity-
controlled reaction under a relatively low temperature. Fig. 7 also
shows that the hierarchy factor put forward by Pérez-Ramirez et al.
[30] is a very appropriate tool to classify hierarchically structured
materials that have similar acidities and compositions (such as

FAU-BEA, FBZ and BFZ, which were composed of FAU and BEA phase
zeolites).

Methanol dehydration to DME was used in this study to evaluate
the effect of tunable acidities on the hierarchically porous zeo-
lite composites, and the composites are compared with the pure
phase Y and (3 zeolite. It is well known that both the Bronsted-
acid sites and Lewis-acid sites are responsible for the dehydration
of methanol; the stronger Bronsted-acid sites are more responsi-
ble for the formation of hydrocarbons, but not for forming DME.
Lewis-acid sites behave in the opposite manner: they tend to form
DME, but not hydrocarbons. The Lewis/Bronsted ratios of differ-
ent catalysts with different acidities were therefore used in this
study to investigate their effect on the activity or selectivity in the
dehydration of methanol. The experimental results show that the
dehydration conversion of methanol over the zeolite composite is
far higher than that over H-Y and somewhat lower than that over
H-. However, the selectivity of DME over the H-BFZ is much higher
than that over H-f3. The higher activity of H-B is attributed to its
higher Bronsted-acid sites, as shown in Table 1. Despite the lower
number of Bronsted-acid sites in BFZ-1.4 and BFZ-1.5 zeolite com-
posites compared with a Y zeolite catalyst, much higher activity
occurs with the two composite catalysts due to their unique crys-
talline structures. The dehydration of methanol is an exothermic
reaction, and the mesopore structure created in the composite cat-
alysts helps not only mass transfer but also heat transfer in the
reaction [42]. In addition, the higher conversion of methanol on
the H-BFZ zeolite composite could be caused by both the faster dif-
fusion of products from the active centers in its channel and the
higher accessibility of the Bronsted-acid sites resulting from the
existence of the mesopores in the composite [5]. This accessibility
partly eliminates the penalty of Bronsted-acid sites by introducing
mesopores into the zeolite composites. The hierarchical pore sys-
tem in the composite also gives the reactants easy access to the acid
sites [22].

The relationship between the methanol dehydration activity
as well as the selectivity of DME and the Lewis/Bronsted ratios
of the different samples with different acidic properties has been
plotted and is shown in Fig. 8A. It can be seen from Fig. 8 that
the dehydration activity of methanol over the catalysts decreases
linearly with an increasing Lewis/Bronsted ratio (Fig. 8A), while
the selectivity of DME increases linearly with an increase in the
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Fig. 8. Methanol dehydration to DME. (A) and (B) The dependent relationship of activity and selectivity on the Lewis/Bronsted ratio; (C) and (D) the relationship between

the activity and the selectivity with the HF (hierarchy factor) of the different catalysts.

Lewis/Bronsted ratio (Fig. 8B). It can be inferred from Fig. 8 that a
lower dehydration temperature results in a stronger dependence
of the methanol dehydration activity on the Lewis/Bronsted ratio of
the catalysts (Fig. 8A); however, for the selectivity of DME, a lower
dehydration temperature results in a weaker dependence on the
Lewis/Bronsted ratio (Fig. 8B). The relationship between the activ-
ity and the selectivity with the HF (hierarchy factor) of the different
catalysts is shown in Fig. 8C and D, respectively. It can be seen that
methanol dehydration over the composite catalysts shows a dis-
crete relationship with the HF, showing a good linear dependence
with the Lewis/Bronsted ratio (Fig. 8A and B). This indicates that
methanol dehydration is mainly controlled by the acidity of the
catalyst.

Fig. 8B also shows that an increased reaction temperature leads
to a decreased selectivity for DME. It is well known that methanol
conversion can proceed on molecular sieves either as a simple
dehydration, yielding DME and water as the only products, or
as a process of deep dehydration, producing hydrocarbons [43].
Therefore, the increased reaction temperature is responsible for
the formation of hydrocarbons but not for forming DME due to the
stronger Bronsted-acid sites, as both weak and strong acid sites

facilitate the simple dehydration reaction, but only strong acid
sites facilitate the deep dehydration and the consequent forma-
tion of hydrocarbons [44]. When the temperature arrived at 573 K,
a large amount of byproducts was observed in H-{3, and the catalyst
was coked. This indicates that the strong surface acidity (especially
the strong Bronsted-acid sites) in the catalysts converts methanol
and DME to hydrocarbons and causes coking [44]. The higher DME
selectivity of the composite catalysts can be ascribed to its higher
Lewis/Bronsted ratio. In addition, the hierarchical pore structure
in the composite catalysts may also lead to a decreased residence
time of DME in the channels such that fewer secondary reactions
occur.

Fig. 9 displays the durability of the H-BFZ-1.45 catalyst for
methanol dehydration at 548 K. The sample exhibits a slight deac-
tivation over 72 h. Published data [44] indicated that deactivation
in the methanol dehydration reaction was caused by the deep
dehydration of methanol and DME on strong Bronsted-acid sites
inside the pores of zeolites. However, a 72 wt% conversion of
methanol can still be found in the catalyst. Fig. 9 also shows that
the catalyst maintains a 100 wt% selectivity of DME despite the
deactivation.
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4. Conclusions

Four zeolite composites with different acidities and pore
structures were prepared. The Lewis/Bronsted ratio in the as-
synthesized composite can be adjusted by controlling the synthesis
conditions. The effects of hierarchical pores on the performances
of the as-synthesized zeolite composite samples were tested for
the catalytic cracking of isopropylbenzene, and the influence of
the tunable acidity in the as-synthesized BFZ zeolite composite
was investigated using the dehydration of methanol to DME. The
catalytic activity of isopropylbenzene cracking strongly depends
on the hierarchy factor, indicating that isopropylbenzene cracking
over the catalysts is a diffusion-controlled reaction at a rela-
tively low reaction temperature. The dehydration of methanol to
DME shows that both the DME selectivity and the methanol con-
version have a good linear dependence with the Lewis/Bronsted
ratio; the dehydration activity of methanol over the catalysts
decreases linearly with an increase in the Lewis/Bronsted ratio,
while the selectivity of DME increases linearly with an increased
Lewis/Bronsted ratio. A conclusion can be drawn that the hierar-
chy factor is an appropriate tool to classify hierarchically structured
materials with similar acidities and compositions in a diffusion-
controlled reaction (such as isopropylbenzene cracking); however,
for the acidity-controlled reactions (such as methanol dehydration
to DME), the hierarchy factor may only play a negligible role.
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