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The distribution of Brgnsted acid sites in three-dimensional 12-membered pore channels of Beta zeolite was a
decisive factor in the alkylation of benzene with cyclohexene. Here, the Brgnsted acid site distribution in Beta
zeolitic channels was precisely regulated by tuning the content of Na™ in crystallization system combined with
tetraethylammonium cation, the Beta-55 with Brgnsted acid sites exclusively located in straight channels (along
a- and b-axis directions) was successfully synthesized by utilizing tetraethylammonium as the structure-directing
agents without Na™ species, and the fraction of Brgnsted acid sites in sinusoidal/straight channels of Beta zeolites
can be accurately controlled by tailoring the content of Na™ in synthesis gel. Catalytic properties in the liquid
alkylation between benzene and cyclohexene exhibited that Beta-55 zeolites with the Brgnsted acid sites solely
located in a-axis and b-axis channels showed the highest cyclohexene conversion, cyclohexylbenzene selectivity
and longest lifetime in this reaction. In addition, the resultant Beta zeolites also exhibited low coke generation

rate and robust regeneration performance in the alkylation reaction.

1. Introduction

Cyclohexylbenzene (CHB) is a high value-added fine chemical with a
freezing point close to room temperature and a high boiling point [1],
which can be used in the production of high-boiling solvents, high-end
plastics, scintillator and blends in diesel fuel [2]. Cyclohexylbenzene
can also be used as a protectant in lithium-ion secondary batteries to
prevent overcharge of the battery [3-5]. The CHB is produced by
alkylation of benzene with cyclohexene, which is performed based on
the conventional homogeneous catalysts including hydrofluoric acid,
anhydrous aluminum chloride, and Sc(OTf)s. Although these catalysts
exhibit good performance in the synthesis of cyclohexylbenzene, they
also bring into serious issues such as equipment corrosion, environ-
mental pollution, difficulty in separation [6,7]. Therefore, it’s highly
desired to explore an efficient and eco-friendly solid acid catalytic
technology for the production of cyclohexylbenzene.

Beta zeolite is a promising solid catalyst in the preparation of
cyclohexylbenzene, it has a three-dimensional 12-membered ring (MR)

interleaved pore structure with straight pores of 6.6 x 6.7 A diameter in
the a-axis and b-axis directions, and a curved pore of 5.6 x 5.6 A
diameter in the c-axis direction that crosses the a-axis and b-axis [8,9].
The kinetic diameters of benzene and cyclohexene are ~5.6 A and ~6.2
A [10], respectively, thus the benzene molecules can diffuse in all 12 MR
channels of Beta zeolite while cyclohexene can only diffuse in the a-axis
and b-axis channels of Beta zeolite. The kinetic diameter of cyclo-
hexylbenzene is ~6.7 A 11, which is matched with the pore size of
Beta zeolite in the a-axis and b-axis directions, so the Beta zeolite pos-
sesses shape-selectivity towards cyclohexylbenzene.

For aluminosilicate zeolites, the acidic sites of zeolites are highly
correlated with the aluminum atoms in the framework [12,13].
Aluminum atoms can occupy different positions within the zeolite
framework, which influences the distribution of acidic sites. For the
alkylation between benzene and cyclohexene catalyzed by Beta zeolites,
the distributions of benzene and cyclohexene molecules in a-axis, b-axis
and c-axis channels of Beta zeolites are different based on the above
analysis, which reduces the alkylation efficient and causes the repaid
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deactivation of Beta zeolites because of the existence of unwanted
Brgnsted acid sites in the c-axis channels for the alkylation reaction
[14-16]. As a consequence, the distribution of acidic sites within Beta
zeolites should be delicately tuned by manipulating the location of
aluminum atoms in the framework [17]. The acidity of Beta zeolite is
highly correlated with the T atom of framework, and the acidic sites of
Beta zeolite can be regulated by in situ and post-treatment methods,
such as: dealumination, construction of hierarchical porosity, surface
passivation, tuning Si/Al ratio and embedding heteroatoms [18-26].
However, these techniques are difficult to precisely control the distri-
bution of acidic sites in different pore channels of Beta zeolites, which
impedes its application in the synthesis of cyclohexylbenzene.

In this study, a facile strategy is designed to prepare hierarchical Beta
zeolites with precisely controlled distribution of Brgnsted acid sites in
the a-, b- and c-axis channels of Beta zeolites, in which the ratio of TEA™"
and Na™' is modulated by tuning the contents of sodium chloride in the
synthetic precursors to regulate the distribution of [AlO4] species in
Beta zeolites, it in turn controls the distribution of Brgnsted acid sites in
the 12-MR channels of Beta zeolites. In addition, the catalytic properties
of prepared Beta zeolites are investigated in the liquid-phase alkylation
between benzene with cyclohexene. It’s observed that the Beta zeolites
with Brgnsted acid sites mainly distributed within the a-axis and b-axis
pore channels not only improve the catalytic activity of alkylation re-
actions, but also restrict the self-polymerization of cyclohexene and
improve the selectivity of alkylation products. Furthermore, it’s found
that the Beta zeolites with Na™ free system is benefit to reducing the
coke deposition, which is essential for the practical utilization of Beta
zeolites in alkylation reaction of benzene and cyclohexene.

2. Experiment
2.1. Materials

Fumed silica (SiO;, Aladdin), Sodium chloride (99.5%, Damao),
aluminum isopropoxide (99.8%, Macklin), cetyltrimethylammonium
bromide (99%, Macklin), tetraethylammonium hydroxide (35% in H>O,
Energy Chemical), benzene (99.5%, Macklin), cyclohexene (99%,
Macklin), n-decane (99%, Macklin), deionized water, pyridine (AR,
Macklin) and 2,4,6-Trimethylpyridine (99%, Macklin) were used. All
reagents in this experiment were commercial reagents and used directly.

2.2. Synthesis of catalysts

Hierarchical Beta zeolites with precisely controlled Brgnsted acid
sites were synthesized by a simple one-step method. In a representative
preparation: 23.14 g of TEAOH, 13.77 g of H,0 and a certain amount of
NaCl were stirred uniformly in a beaker at 298 K until the solid was
dissolved, then the temperature was raised to 333 K, 1.06 g of aluminum
isopropoxide was added to the above solution and dissolved it under
stirring, 1.42 g of CTAB (cetyltrimethylammonium bromide) was added
sequentially, finally 6.0 g of fumed silica was slowly added under
vigorous stirring, and then continued stirring for 4 h at 298 K. The
resulting gel with an ultimate molar composition of 100 SiOa: 5.2 AlOs:
55 TEAOH: 3.9 CTAB: x NaCl: 1600 H2O (x =0, 1, 3, and 6, respectively)
was poured into a stainless steel autoclave lined with Teflon and reacted
at 423 K for 188 h under a static environment. The reacted autoclave
was cooled and then the obtained Beta zeolites were centrifugally
washed to pH neutrality and finally dried at 373 K for 4 h. Finally, these
Beta zeolites were subjected to calcination at 823 K for 5 h, and the
resultant samples were denominated as Beta-55-xNaCl depending on the
amount of NaCl (x = 0, 1, 3, and 6, respectively).

2.3. Catalyst characterization

The crystal structures of the prepared zeolites were characterized by
X-ray diffraction instrumentation equipped with a Brucker D8 Advance
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diffractometer with Cu Ka radiation. The pore structure parameters of
Beta zeolites were measured by Micromeritics ASAP 2460 devices at 77
K. Zeolite were pretreated under the condition of 473 K and vacuum for
6 h. The total surface area of the resulting samples was determined by
the Brunauer-Emmett-Teller (BET) model, while the pore size distribu-
tion was obtained by the Barrett—Joyner—Halenda model based on N2
desorption isotherm. The crystal morphology of the samples was ach-
ieved on a ZEISS Gemini 500 devices. The total acidity and external
acidity were determined by Fourier transform infrared spectroscopy
with the probe molecules of pyridine and 2,4,6-Trimethylpyridine,
respectively, using a Bruker VERTEX 70 spectrometer. The zeolites
were first degassed at 723 K for 2 h before the measurements, Pyridine
or 2,4,6-Trimethylpyridine molecules were then adsorbed on the above
zeolites for 0.5 h at 298 K. The temperature of the sample was raised to
423 K 1 h to get rid of the weakly bound pyridine molecules. After the
samples were cooled to 298 K, the acidity of zeolites was measured by
infrared spectroscopy at 30 scans and a resolution of 2 cm ™. In the Py-IR
spectra, the characteristic peak of Brgnsted acid sites of zeolite is at
~1545 ecm™}, corresponding to a molar extinction coefficient of 2.22
cm/pmol. In the 3MPy-IR spectra, the characteristic peak of Brgnsted
acid sites inside the pore channel along the a- and b-axis directions is at
~1636 cm™!, corresponding to a molar extinction coefficient of 10.1
cm/pmol, the amount of acidity of samples were calculated according to
our previous report [28]. The Si/Al ratios of zeolites were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES)
using an Agilent 720 ES. Thermogravimetric analyses (TG) were used to
determine the coke content on Beta zeolite after the reaction, and
measurements were carried out in a STA449F5 device. The samples were
gradually increased in temperature from 298 K to 1073 K at a ramp rate
of 10 K min~! under an air flow rate of 60 mL min~'.

2.4. Catalytic tests

The catalytic properties of synthesized Beta zeolites were evaluated
by alkylation of benzene with cyclohexene in a micro-fixed-bed reactor
with an inner tube diameter of 10 mm at atmospheric pressure and 353
K, and the catalyst was pelletized with a size of 20-30 mesh. Prior to
reaction, the resultant Beta zeolites with additional Na + species were
ion exchanged three times with 1 M NH4NO3 solution at 353 K for 12 h.
All catalysts were activated at 393 K for 12 h preceding the alkylation
test. The benzene-olefin molar ratio in the reactants was 20:1, and n-
decane was employed as an internal standard agent for quantification.
The total weight hourly space velocity (WHSV) was 2h™! or 12 h™L. The
mixture after the reaction was regularly captured from the reactor
piping and characterized using a gas chromatograph equipped with an
HP-5 column and an FID detector. The conversion of cyclohexene and
the selectivity of cyclohexylbenzene (CHB) were computed as follow:

C
Conversion of Cyclohexene = (1 — C—A> x 100% (Eq.1)
A0
.. NcHB
Selectivity of CHB = x 100% (Eq.2)
Y (nCHB + 2npcens + 2nTcD) ’ q

where Cp o was the incipient cyclohexene concentration (mmol L Y and
Ca was the concentration of cyclohexene (mmol L) at reaction time t.
The ncyp, npcyp and nycp was the molar quantities of cyclo-
hexylbenzene, dicyclohexylbenzene, and tricyclo[6,4,0,0(2,7)]dodec-
ane, respectively. Catalyst regeneration was performed for spent Beta-55
or Beta-55-6NaCl in a muffle furnace with an air atmosphere. The ramp-
up procedure was as described below: the temperature was increased
from 323 K to 823 K at a ramp rate of 2 Kmin-1 and kept at 823 K for 5 h.
The resultant zeolites were named as Regenerated Beta-55 or Regener-
ated Beta-55-6NaCl.
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3. Results and discussion
3.1. Characterization of zeolite

The powder XRD patterns of Beta-55 and Beta-55-xNaCl samples
were presented in Fig. 1. It was seen that all catalysts exhibited the
characteristic diffraction peaks of BEA topology at 20 = 7.6° and 22.5°
[27], and these diffraction peaks also matched with the that of the
‘standard’ database as shown in the bottom of Fig. 1 (red line), indi-
cating that typical Beta zeolites were successfully prepared. Meanwhile,
the resultant Beta zeolites also showed similar diffraction intensities,
suggesting that the additional sodium chloride had no obvious effect on
the crystallinity of these samples.

The SEM images of all Beta zeolite samples were displayed in Fig. 2.
In the absence of sodium cations, Beta-55 exhibited regular ellipsoidal
morphology with aggregated nanocrystals, and the average size of
aggregated nanocrystals was ~27 nm. When sodium cations were added
into the synthesis system (SiO»: NaCl = 100 : 1), Beta-55-1NaCl particles
became irregular with a slight increase in nanocrystal size (~34 nm).
While the Beta-55-3NaCl sample was composed of a stack of dense
nanocrystals, and the Beta-55-6NaCl sample exhibited an obvious
irregular aggregate due to the rapid growth of zeolite crystals in random
directions arising from excessive Nat, which can accelerate the nucle-
ation under the structure directing effect, leading to the changes of
zeolitic morphology.

The results of Ny adsorption-desorption isotherms for all Beta zeolite
samples were presented in Fig. 3a. It was evident that the adsorption of
N, increased markedly at low relative pressure P/Py < 0.05 for all Beta
zeolites, which corresponded to micropore adsorption of Beta zeolites,
and the Ny adsorption increased rapidly for all samples accompanied by
a hysteresis loop at relative pressure P/Py > 0.85, which was assigned to
the mesopores of stacking zeolite nanoparticles. The BJH pore size dis-
tributions of all samples were displayed in Fig. 3b, it was observed that
all Beta zeolites possessed obvious bimodal mesopores, the small mes-
opores (3-4 nm) were intracrystalline mesopores produced by CTAB
micelles [28], while the large mesopores (20-30 nm) were attributed to
intercrystalline mesopores resulting from crystal stacking.

Table 1 showed the detailed textural properties of Beta-55 and Beta-
55-xNaCl samples. Beta-55 possessed the highest total BET surface area,
indicating that the additional sodium chloride in the synthesis system
was not favorable for improving the surface area of zeolites, and Beta-
55-3NaCl and Beta-55-6NaCl with nano-sized morphology exhibited

Beta-55-6NaCl

Beta-55-3NaCl

-
o

10 20 30 40 50 60
2Theta (degree)

Intensity (a.u.)

Beta-55-1NaCl

Beta-55

Fig. 1. XRD patterns of resultant catalysts.
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enhanced total and mesoporous volumes due to their abundant meso-
pores generated by the stacking of nano-sized zeolites.

3.2. Tuning the distribution of Brgnsted acid sites for beta zeolites

Aluminum is the main source of acidic sites in aluminosilicate zeo-
lites, and the distribution of aluminum atoms in tetrahedral sites directly
determines the location of Brgnsted acid sites (Si-OH-Al) of Beta zeo-
lites, which are crucial for the alkylation of benzene with cyclohexene
based on the aforementioned analysis. Here, the FT-IR (Fourier Trans-
form Infrared) spectra of adsorbed different organic base were employed
to identify the distributions of Brgnsted acid sites for obtained Beta ze-
olites. The molecular size of pyridine is ~5.4 A [29,30], which is smaller
than the size of the 12 MR pore channel of Beta zeolite, so pyridine
molecules can enter into all channel along the a-axis, b-axis and c-axis
directions of Beta zeolites, and determining the total Brgnsted acid sites
of resultant catalysts. While the 2,4,6-trimethylpyridine (MesPy) has a
large molecular size (6.2 x 5.6 A) that can only access the pore channel
along a-axis and b-axis of Beta zeolites (6.6 x 6.7 A) [31-33], which is
employed to detect the Brgnsted acid sites exclusively located in the
12-MR channels along the a-axis and b-axis of Beta zeolites. In general,
the FT-IR band of 1545 cm ™! is the adsorption of pyridine at the
Brgnsted acid site of Beta zeolite [34], while the FT-IR band of 1636
em™! is assigned to the adsorption of 2,4,6-trimethylpyridine at the
Brgnsted acid site of Beta zeolite [35]. The FT-IR spectra of H-form
Beta-55 and Beta-55-xNaCl samples adsorbed with pyridine and 2,4,
6-trimethylpyridine were displayed in Fig. 4a and b, respectively, and
the Brgnsted acidity of resultant Beta zeolites were summarized in
Table 2.

It is found from Table 2 that the Brgnsted acid sites in the a- and b-
axis directions of Beta-55 accounted for 99% of the total Brgnsted acid
sites, indicating that the Brgnsted acid sites mainly located in the 12 MR
channels along a- and b-axis for Beta-55 without Na™ species, because
the large TEA * can only entered the 12 MR channels along a- and b-axis
of Beta zeolites, as observed in Scheme 1, in which the positive TEA™
interact with negative [AlO4]", resulting in high proportion of Brgnsted
acid sites in the 12 MR channels along a- and b-axis directions for Beta-
55. In contrast, the Na™ with a ~0.19 nm diameter can freely diffuse in
all three-dimensional 12-MR channels of Beta zeolites along the a-, b-
and c-axis directions [36] (Scheme 1).

When the Na™ species were added to the synthesis gel of Beta zeo-
lites, it expected to tune the distribution of Brgnsted acid sites in 12-MR
channels of Beta zeolites. As can be seen from Table 2, with increasing
Na* species in the synthesis system, the Brgnsted acid sites along the a-
and b-axis directions were decreasing, and a part of Brgnsted acid sites
moved into the c-axis direction of Beta zeolites since the small Na * can
enter the pore channel along c-axis direction of Beta zeolite, which can
interact with the negative [AlO4] species through the charge balance,
resulting in the decrease of proportion of Brgnsted acid sites in the pore
channels along a- and b-axis directions for Beta-55-xNaCl. Based on the
above analysis, the proposed steric hindrance effect between TEA"/Na*
and three-dimensional 12-membered ring pore channels of Beta zeolite
along the a-, b- and c-axis directions combined with [AlO4]" species
based on charge balance interaction was presented in Scheme 2, which
clearly illustrated the regulation mechanism of Brgnsted acid site dis-
tributions along a-, b- and c-axis directions of Beta zeolites.

3.3. The catalytic performances of resultant catalysts

The catalytic performances of resultant Beta-55 and Beta-55-xNaCl
samples in the alkylation of benzene with cyclohexene were investigated
under harsh reaction condition (WHSV = 12 h™1), as displayed in Fig. 5.
It was evident that the activity of Beta zeolites increased in the order of
Beta-55-6NaCl ~ Beta-55-3NaCl < Beta-55-1NaCl < Beta-55, because
the alkylation reaction mainly occurred in the a-axis and b-axis channels
of Beta zeolites owing to the steric hindrance effect of large cyclohexene,
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Fig. 2. SEM images of (a) Beta-55, (b) Beta-55-1NaCl, (c) Beta-55-3NaCl, and (d) Beta-55-6NaCl, respectively.
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Fig. 3. N, adsorption-desorption isotherms (a) and BJH pore size distributions (b) of Beta zeolites.

it was favorable to increase the catalytic activity of Beta zeolites in the
alkylation reaction through promoting the fraction of Brgnsted acid sites
in a-axis and b-axis channels of Beta zeolites, which was consistent with
the acid data (Table 2). More interestingly, the Beta-55 also exhibited
the highest selectivity of cyclohexylbenzene (CHB), indicating that the
side reaction such as self-polymerization of cyclohexene and over-
alkylation of cyclohexylbenzene were effectively inhibited through
modulating the distribution of Brgnsted acid sites and enhancing diffu-
sion based on the contribution of mesopores.

On the one hand, it can suppress the self-polymerization of cyclo-
hexene by increasing benzene/cyclohexene ratio that was achieved by
reducing the faction of Brgnsted acid sites in c-axis channel of Beta

zeolites, which can release the benzene molecules that was absorbed by
Brgnsted acid sites located in c-axis channel, the released benzene
molecules re-entered a- and b-axis channels, increasing the molar ratio
of benzene and cyclohexene in the a- and b-axis channels of Beta zeo-
lites, as presented in Scheme 3. On the other hand, the advanced
bimodal mesopores can greatly intensify the diffusion of guest molecules
in the channels of Beta zeolites, which accelerated the transport of
cyclohexylbenzene and moved them out of the interior of zeolitic
framework as soon as possible, inhibiting the occurrence of over-
alkylation of CHB, resulting in high selectivity of CHB. In addition, the
Beta-55 also exhibited the longest lifetime since the 99% Brgnsted acid
sites located in the a- and b-axis channels of Beta zeolites, which greatly
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Table 1
Textural properties of resultant catalysts.
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Zeolites Si/AI* Sper” [m?g '] Sext [m°g "] Smicro [M°g '] Viot® [em®g '] Viiero” [em®g 1] Vineso” [cm®g ]
Beta-55 15 682 168 514 0.461 0.204 0.246
Beta-55-1NaCl 12 566 133 433 0.623 0.171 0.452
Beta-55-3NaCl 13 651 211 440 0.965 0.177 0.788
Beta-55-6NaCl 10 556 168 388 0.768 0.156 0.612
 Si/Al ratio of samples was determined by ICP-OES.
b Total surface of area was calculated by BET model.
¢ Based on adsorbed volume at P/Py = 0.99.
4 Identified from t-plot model.
N Vmeso = Viol = Vmicro-
[(a
(a) 1450 (b) _—
1
5 ’
1345 Beta-55-6NaCl 1 -
o | 1 2 Beta-55-6NaCl :
? | |2 '
— : i 3 1
] Beta-55-3NaCl @ Beta-55-3NaCl b
= I o g |
= 1
= 1 h o 1
5 - el |5
@ Beta-55-1NaCl g ;
£ 1 I ) Beta-55-1NaCl X
« g 1 -«
1 : : |
| Beta-55 o o i
1 L 1 L L 1
1550 1500 1450 1700 1675 1650 1625 1600

Wavenumbers (ecm™)

Wavenumbers (cm™)

Fig. 4. FT-IR spectra of H-form Beta zeolites adsorbed with pyridine (a) and 2,4,6-trimethylpyridine (b).

Table 2
The distribution of Brgnsted acidity in Beta zeolites.

Catalysts Ceolal Cap’ (mmol/  C. (mmol/ [(Cap/Crotal) X
(mmol/g) g) g) 100%]
Beta-55 0.101 0.0995 0.0015 99%
Beta-55- 0.082 0.0487 0.0333 59%
1NaCl
Beta-55- 0.077 0.0379 0.0391 49%
3NaCl
Beta-55- 0.088 0.0361 0.0519 41%
6NaCl

@ The total concentration of Brgnsted acid sites measured by FT-IR spectra of
adsorbed pyridine.

> The concentration of Bregnsted acid sites in the a- and b-axis directions
measured by FT-IR spectra of adsorbed 2,4,6-Trimethylpyridine.

¢ C.is the concentration of Brgnsted acid sites in the c-axis direction, C. = Cojal
- Cap

inhibit the self-polymerization of cyclohexene based on the above
analysis, leading to excellent stability.

Moreover, the catalytic properties of typical Beta-55 and Beta-55-
6NaCl in the alkylation of benzene with cyclohexene were also tested
under moderate condition (WHSV = 2 h’l), as illustrated in Fig. 6, in
which they both exhibited enhanced activity under mild reaction con-
dition compared with harsh reaction condition (Fig. 5), and it was found
from Fig. 6a and b that the selectivity of CHB gradually decreased with
time on stream, while the selectivity of tricyclo[6,4,0,0(2,7)]dodecane
(TCD) smoothly increased with time on stream, which can be reasonably
ascribed to the fact that the coke species slowly deposited on the surface
of Beta zeolites with time on stream, and they can accumulate in the
channels of zeolites and further block the pores of Beta zeolites, which

decreased the alkylation efficient and improved probability of self-
polymerization of cyclohexene owing to the limited diffusion, result-
ing in the decrease of CHB selectivity with reaction time, which was
consistence with the data as presented in Fig. 5.

The thermogravimetric analysis (TGA) was performed on the spent
Beta zeolites and the results were shown in Fig. 7, it was observed from
Fig. 7 that all samples exhibited three weight loss, the mass loss between
298 K and 423 K was ascribed to the removal of adsorbed moisture,
while the mass loss between 423 K and 593 K was predominantly caused
by the oxidative decomposition of soft coke arising from the occluded
reactants and products, and the mass loss between 593 K and 1073 K was
ascribed to the hard coke.

The detailed coke results of spent catalysts were given in Table 3, it
could be noticed that Beta-55 showed the highest hard coke and the
smallest amount of soft coke, because Beta-55 experienced the longest
reaction time (Fig. 5), which was inclined to accumulating more hard
coke in the channels of Beta zeolites, and some soft coke were easily
transformed into hard coke with extending reaction time. However, the
coke generation rate of resultant Beta zeolites decreased in the order of
Beta-55-6NaCl > Beta-55-3NaCl > Beta-55-1NaCl > Beta-55, indicating
that tuning the distribution of Brgnsted acid sites in the 12 MR pore
channels of Beta zeolite was crucial to extending the lifetime of catalysts
in the alkylation of benzene with cyclohexene, it was benefit to extend
the lifetime of Beta zeolites by increasing the fraction of Brgnsted acid
sites located in channels along a-axis and b-axis of Beta zeolites with
large pore size (6.6 x 6.7 A), which not only inhibited the self-
polymerization of cyclohexene based on the aforementioned analysis
but also facilitated the transfer of coke precursors from interior to the
outside of zeolites through the large pore, resulting in enhanced
stability.

To investigate the regeneration performance of obtained Beta
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Scheme 1. The location of TEA* and Na™ in the 12-MR pore channels of Beta zeolite.
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Fig. 5. Catalytic performance of alkylation for the resultant Beta55 and Beta- Scheme 3. Schematic diagram of the distribution of benzene and cyclohexene

55-xNaCl. (Experimental conditions: benzene/cyclohexene mole ratio = 20; in the 12-MR pore channels of Beta zeolite.

T =353 K; P = 0.1 MPa; WHSV = 12 h™}).
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ratio = 20; T = 353 K; P = 0.1 MPa; WHSV = 2 h™1).
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Fig. 7. Thermogravimetric (TG) curves of various spent Beta zeolites.

Table 3
Coke deposit of resultant Beta zeolites.

Catalysts soft coke® (g/go hard coke® (g/go Average coke rate
cat) x 1072 cat) x 1072 (mg-go! - h7! cat)
Beta-55 4.83 7.09 4.13
Beta-55- 5.90 6.59 5.17
1NaCl
Beta-55- 5.49 5.01 6.57
3NaCl
Beta-55- 5.17 5.87 7.70
6NaCl

zeolites in the alkylation, the spent Beta zeolites were directly regen-
erated by calcining them under air atmosphere. Fig. 8 illustrated the
XRD patterns of fresh and regenerated Beta zeolites, all catalysts showed
typical characteristic diffraction peaks of Beta zeolite, and the intensities
of diffraction peak for obtained samples before and after the catalytic
reactions did not change significantly, indicating that the obtained Beta
zeolites possessed excellent stability.

Furthermore, the catalytic performances of typical regenerated Beta-
55 and Beta-55-6NaCl were tested, and their catalytic data were illus-
trated in Fig. 9. It is evident that the regenerated Beta-55-6NaCl showed

Spent Beta-55-6NaCl

Fresh Beta-55-6NaCl

Spent Beta-55-3NaCl

Fresh Beta-55-3NaCl

Spent Beta-55-1NaCl

Intensity (a.u.)

Fresh Beta-55-1NaCl

Spent Beta-55

Fresh Beta-55

L1 Ll al 'R L M u
10 20 30 40 50 60
2Theta (degree)

Fig. 8. XRD patterns of various catalysts before and after catalytic reactions.

excellent regeneration behavior with a slight decrease in lifetime, while
the regenerated Beta-55 exhibited inferior catalytic properties compared
with fresh Beta-55, because Beta-55 possessed the highest amount of
hard coke (Table 3), which was more difficult to remove in the regen-
eration process, leading to inferior regeneration property.

4. Conclusion

In conclusion, a facile strategy was developed to synthesize hierar-
chical Beta zeolites with precisely controlled distribution of Brgnsted
acidic sites in different three-dimension 12 MR pore channels of Beta
zeolite by adjusting the content of Na™ species in crystallization system,
the fraction of Brgnsted acid sites in the a- and b-axis channels of
resultant Beta-55 was about 99%, while the proportion of Brgnsted acid
sites in the a-axis and b-axis channels of Beta-55-xNaCl gradually
decreased in the order of Beta-55-1NaCl > Beta-55-3NaCl > Beta-55-
6NaCl with increasing the content of Na™ species in the crystallization
system, indicating that the present strategy was an efficient method to
regulate the position of Brgnsted acid sites of Beta zeolite. In addition,
the Beta-55 without Na* species exhibited extraordinary catalytic per-
formances in the alkylation of benzene with cyclohexene such as the
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Fig. 9. Catalytic performance of alkylation for fresh and regenerated Beta-55
and Beta-55-xNaCl. (Experimental conditions: benzene/cyclohexene mole
ratio = 20; T = 353 K; P = 0.1 MPa; WHSV = 12 h™1).

highest activity, selectivity of cyclohexylbenzene and the longest life-
time. Additionally, the obtained Beta zeolites also exhibited excellent
regeneration performance, which was decisive for the practical utiliza-
tion of Beta zeolites in the alkylation of benzene with cyclohexene.
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