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Abstract: Hierarchical Beta zeolites with interconnected intracrystalline mesopores and high struc-
tural stability are highly attractive for catalytic applications involving bulky reactants. Here, by
introducing a suitable amount of polydiallyldimethylammonium chloride into the initial synthesis
system, micron-sized Beta zeolite crystals with abundant hierarchical porosity (Beta-H) were hy-
drothermally synthesized. The sample named Beta-H_1 exhibited very high catalytic activity and
durability for the Friedel-Crafts acylation of anisole with acetic anhydride. A 92% conversion rate of
acetic anhydride could be achieved after 1 h of reaction in a fixed bed reactor, and 71% conversion still
remained after 10 h, much better than the rate for conventional Beta zeolite (which decreased rapidly
from 85% to 37% within 10 h). The enhanced catalytic performance of Beta-H zeolites could be mainly
attributed to the relatively lower strong acid density and the faster transport rate of the hierarchi-
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1. Introduction

Friedel-Crafts acylation of aromatics is an industrially important reaction in man-
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agrochemicals, pharmaceuticals, and fragrances [1,2]. Traditionally, acylation processes
are mainly carried out in the presence of stoichiometric amounts of anhydrous metal
halides such as AICl; and FeCls [3]. However, there are some serious limitations in these

conventional homogeneous Lewis acid catalysis processes with respect to environmental
concerns and resource utilization, mainly arising from the disposal of the huge amount of
metal halides and toxic wastes. In order to meet the demands of green chemical industry,
recent efforts have been devoted to exploring heterogeneous acylation catalysts, including
supported heteropolyacid [4-6], solid superacid [7], carbon-based metal oxides [8,9], and
zeolites [10-20].

Among the various investigated zeolite catalysts, zeolite Beta with *BEA topology has
received more attention, due mainly to its relatively high catalytic activity and excellent
structural stability [3]. Two commercial processes based on the application of zeolite Beta
in the industrial production of 4-methoxyacetophenone and 3,4-dimethoxyacetophenone
have already been realized through the acylation of anisole and veratrole with acetic
anhydride [21]. In spite of this progress, however, the zeolite Beta-catalyzed acylation
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reactions still need improvements, e.g., to deal with the rapid deactivation of the zeolites
caused by the deposition of heavy reaction products within the pores or on the external
surface of the zeolite crystallites.

Previous literature works have demonstrated that the fabrication of hierarchical pores
(mesopores and/or macropores) in microporous zeolites might be an effective way to de-
crease the deactivation rate in various acid-catalyzed reactions, including catalytic cracking,
alkylation, and acylation reactions [22-25]. As reported in the literature, hierarchical Beta
zeolites could be synthesized by introducing some organic compounds as mesoporous
templates [26-28]. However, the resultant mesopores present in these hierarchical Beta
zeolites are usually made of secondary particle-piled pores or built with amorphous pore
walls [29-33]. In this case, an obvious decrease in the structural stability of the hierarchical
zeolite framework is commonly detected during the catalytic reaction process (including re-
generation via high-temperature calcination), thus leading to a gradual decrease in catalytic
acylation activity with increasing the number of recycling times [12,34,35].

Alternatively, hierarchically porous Beta zeolites containing intracrystalline meso-
pores may be synthesized by using some mesoporous carbon materials as hard tem-
plates [25,36,37]. The structural stability of these kinds of hierarchical Beta zeolites is
higher, owing to the formation of crystalline framework walls of the mesoporous system.
However, some drawbacks are still present concerning the complexity of synthesis proce-
dures and the high cost of the hard template. Recently, some low-cost polycations such as
polydiallyldimethylammonium chloride (PDAD) have been widely used as surface stabi-
lizers or growth modifiers to tailor the structure and morphology of metal nanoparticles
and porous materials [38—41]. For instance, Xiao and co-authors reported that hierarchical
Beta zeolite containing intracrystalline mesopores could be synthesized by using PDAD
as a mesoscale template [40,41]. The interconnected mesopores with zeolitic crystal walls
bring about excellent hydrothermal stability for the generated hierarchical Beta zeolites,
thus leading to the formation of highly active and stable catalysts for several acid-catalyzed
reactions involving the activation of large molecules, such as the alkylation of benzene with
benzyl alcohol and the condensation of benzaldehyde with glycerol. This progress clearly
reveals the great potential of polycations like PDAD in creating hierarchical zeolite Beta
with desirable features for application in various industrially important catalytic processes.

Recently, we and our co-workers carried out some works on modulating the morphol-
ogy, porosity, and particle size of zeolite crystals [42-45]. By optimizing the usage amount
of PDAD, hierarchical TS-1 zeolites with abundant intracrystalline mesopores could be
obtained, and the resultant zeolites exhibit much higher catalytic activity and recyclability
than the conventional TS-1 zeolites for the catalytic oxidation of bulky organosulfur com-
pounds [42]. It was also found that the deactivation rate of Beta zeolites could be decreased
somewhat by reducing the crystalline size or introducing intercrystalline mesopores, which
are derived from the usage of additional additives like Triton X-100 (polyethylene glycol
tert-octylphenyl ether) or PDAD in the synthesis systems [35,45].

Here, we report the synthesis and catalytic application of a kind of micron-sized
hierarchical Beta zeolite (Beta-H) with abundant mesopores and suitable strong acid density.
By adjusting the sol-gel composition and the addition amount of PDAD, the condition-
optimized zeolite named Beta-H_1 showed enhanced catalytic activity and a decreased
deactivation rate for the acylation of anisole with acetic anhydride. In particular, the
catalytic activity of the spent zeolite Beta-H_1 could be fully recovered by consecutive high-
temperature calcination, confirming the excellent structural stability of the micron-sized
hierarchical Beta zeolites.

2. Results and Discussion
2.1. Catalyst Characterization

Figure 1 shows the XRD patterns of various Beta zeolites prepared by adding different
amounts of PDAD. The conventional Beta-C sample exhibits the characteristic diffraction
peaks of the *BEA structure at 20 angles of 7.8° and 22.5°. The three Beta-H_»n samples
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show the same diffraction patterns as the Beta-C sample, confirming the phase purity of
the PDAD-mediated Beta-H_# zeolites. Among them, Beta-H_1, derived from the usage of
a relatively low amount of PDAD, shows the strongest diffraction peaks, demonstrating
the high crystallinity of the sample, which is defined as 100% relative crystallinity (RC).
With a further increase in the addition amount of PDAD, the relative crystallinities of the
resultant samples (Beta-H_2 and Beta-H_3) decrease somewhat (about 70%, Table 1) but
are still comparable with that of the conventional Beta-C zeolite.

Beta-H_3
Beta-H_2
Beta-H_1
Beta-C

Intensity (a.u.)

10 20 30 ' 40
2Theta (degree)

Figure 1. The XRD patterns of Beta-H_n and Beta-C zeolites.

Table 1. Compositions and textural parameters of various Beta zeolites.

. SBET Smicro °  Vmicro ?  Vmeso ¢ Yield 4 RC®
a micro micro

Samples  Si/Al (m?/g) m?g)  (m¥g)  (cm®/g) (%) (%)
Beta-C 21.3 532 453 023 0.32 73 77

Beta-H_1 18.5 574 447 0.23 0.78 74 100

Beta-H_2 19.3 555 375 0.19 0.69 74 73

Beta-H_3 20.4 517 311 0.16 1.18 76 69

2 Measured via ICP; ? Calculated using the t-plot method; ¢ Calculated using the BJH method (from adsorption);
d Based on the mass of fumed silica used; ¢ Relative crystallinity (RC): calculated by comparing the sum of the
intensity of peaks at 20 =7.8 and 22.5°.

SEM images of the Beta-C and Beta-H_n zeolites are shown in Figure 2. It can be seen
that zeolite Beta-C exhibits a smooth surface morphology with an average particle size of
1.3~1.7 pm (Figure 2a). Compared with that of Beta-C, the particle size of the Beta-H_1
zeolite is larger (mostly above 2.1 um). With a further increase in the addition amount of
PDAD, the resultant Beta-H_2 and Beta-H_3 become non-uniform; a considerable amount
of smaller particles can be observed besides the micron-sized zeolite crystals. These results
suggest that the addition of a small amount of PDAD does not have an obvious effect on
the formation of micron-sized Beta zeolite (i.e., Beta-H_1), while a higher amount of PDAD
may have a negative effect on the formation of large zeolite crystals.
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5 um

Figure 2. SEM images of (a) Beta-C, (b) Beta-H_1, (c) Beta-H_2, and (d) Beta-H_3.

The nitrogen adsorption—desorption isotherms of various Beta zeolites are presented
in Figure 3a, and the textural properties of these zeolites are summarized in Table 1. The
isotherm of Beta-C is of type I, with a steep uptake at relative pressure below 0.01. The
rapid rise at p/pp > 0.95 should be related to the presence of a small amount of particle-piled
macropores in Beta-C. For the three Beta-H_n samples, an obvious hysteresis loop appears
from 0.6 to 0.9 (p/py), assignable to the capillary condensation of nitrogen in mesopores. At
a higher relative pressure above 0.9, the curves continue to rise without reaching a plateau,
corresponding to the filling of interparticle voids between the smaller zeolite particles. The
inset in Figure 3a reveals the presence of a relatively high amount of mesopores ranging
from 5 to 25 nm. According to the related literature, such mesopores might be mainly
derived from the release of voids within the zeolite crystals filled by the cationic polymer
after calcination [40]. The TEM images of Beta-C and Beta-H_1 show the lattice fringes with
consistent orientations, indicating the single crystalline nature of the zeolites (Figure 3b,c).
For the other two samples (Beta-H_2 and Beta-H_3), a relatively rough surface with different
lattice orientations was detected, further confirming the nonuniformity of these two zeolites
as already revealed by the SEM measurements. From the detailed data listed in Table 1, a
drop in the micropore volume from 0.23 cm3/g to 0.16 cm®/g can be seen with an increase
in the PDAD addition amount, accompanied with an increase in mesopore volume. It
should be mentioned here that it is unusual to synthesize micron-sized Beta zeolite crystals
with hierarchical porosity, since most of the previously reported synthesis approaches
commonly generate hierarchical Beta zeolites with smaller crystalline size (0.10-0.60 um)
and relatively poor stability [41,46]. Here, Beta-H_1 has a much larger crystal size (2.1 um)
compared with the literature-reported hierarchical Beta zeolites, including the one with an
average crystal size of 0.6 um synthesized by Wang et al. using a similar approach (with
TEAOH and PDAD as co-templates) [40,47]. The main difference between our work and the
literature work is that a relatively low addition amount of TEAOH (with a TEAOH/SiO,
ratio of 0.20) was adopted in the present case, while a much higher TEAOH/SiO, ratio of
0.68 was used in the literature work [47]. These results suggest that optimizing the sol-gel
composition is quite an important factor for adjusting the porosity and crystal size of the
hierarchical Beta zeolites.
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Figure 3. (a) The nitrogen adsorption-desorption isotherms of various Beta zeolites. The inset is
the pore size distribution curves calculated from the adsorption branch (BJH). (b—e) High-resolution
TEM images of the Beta-C, Beta-H_1 Beta-H_2, and Beta-H_3 zeolites, respectively.

The acidic properties of various Beta zeolites were studied by means of NH3-TPD
measurement and FT-IR spectroscopy. The NH;3-TPD profiles of all samples show two
major desorption peaks at about 190 °C and 350 °C (Figure 4), which represent the weak
acid sites and strong acid sites, respectively. Among them, conventional Beta-C possesses
the largest amount of strong acid sites, and the strong acid density decreases in the order of
Beta-C > Beta-H_1 > Beta-H_2 > Beta-H_3. Moreover, it can also be observed that increasing
the PDAD addition amount led to a gradual shift of the high-temperature desorption peak
towards lower temperatures (from 356 °C to 340 °C). These results suggest that both
the density and strength of the strong acid centers in the resultant Beta-H zeolites could
be tuned to a certain extent through changing the usage amount of PDAD in the initial
synthesis sol-gel system.
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Figure 4. NH;3-TPD profiles of conventional Beta zeolite and hierarchical Beta zeolites.
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Figure 5 depicts the FI-IR spectra of the hydroxyl groups in various Beta zeolites.
Three major vibration bands appear in the region, namely, partially framework-connected
Al-OH (band at 3778 cm 1), Si-OH (band at 3733 cm 1), and the Bronsted acidic bridging Si-
OH-Al (band at 3602 cm 1) [48-50]. An increase in absorbance at 3778 cm ! and 3733 cm ™!
can be observed with increasing PDAD content, suggesting that the addition of PDAD may
lead to the formation of more defects in the zeolite crystals, in line with the appearance
of mesopores within the zeolite crystals [48,50]. The peak intensity of the Bronsted acidic
sites decreases with increasing PDAD content, following the same order as described in the
NH;-TPD results.

13733

Absorbance

I v I v L) M L) v
3800 3600 3400 3200 3000
Wavenumber (cm™')

Figure 5. FT-IR spectra of hydroxyl groups in various Beta zeolites.

The above characterization results demonstrate that hierarchical Beta zeolites with
different porosities, crystal sizes, and acidities could be obtained by changing the addition
amount of the co-template PDAD in the initial synthesis system. As the texture parameters,
including the acidity, of the zeolites are the key factors influencing their catalytic properties
for various acid catalysis processes, it seems reasonable to expect that the catalytic per-
formance of these Beta-H_n zeolites could be tuned to a certain extent in the acylation of
anisole with acetic anhydride.

2.2. Catalysis Test
2.2.1. Acylation of AN with AA in a Batch Reactor

The catalytic properties of various Beta zeolites were first investigated for the acy-
lation of AN with AA carried out in a round-bottom flask. In the present case, all the
acylation reactions were achieved with quite high selectivity (>99%, without consider-
ation of the deposited carbonaceous species on the catalysts) to the main product of 4-
methoxyacetophenone (4-MAP), in line with the results reported in the literature [12,17,35].
Table S1 shows the main catalytic results for the various Beta zeolites in the acylation
reactions with different AA/AN ratios (i.e., 1/6 and 1/1).

In the anisole-rich system (AA/AN = 6/1), all the Beta-H_n zeolites present relatively
higher catalytic activities than that of Beta-C, while Beta-H_1 gave the highest AA con-
version (66%) after 1 h of reaction. The difference in the catalytic activities of the above
zeolite catalysts is not significant under such test conditions, due mainly to the fact that
the excessive AN could also act as a solvent to inhibit the rapid deactivation of the zeolites
by avoiding the fast accumulation of heavier products. Their catalytic activities decreased
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drastically when a lesser amount of AN was used. When a stoichiometric ratio of reactants
was adopted (AA/AN = 1/1), an obvious difference in the catalytic performance between
the hierarchical Beta-H_n zeolites and Beta-C was detected. The AA conversion over Beta-
H_n zeolites is much higher than that over the conventional one, showing that Beta-H_1 is
the most efficient catalyst in the equimolar reaction system. Apparently, the growth trend
of the AA conversion over Beta-C declines more quickly in comparison with that over the
hierarchical Beta-H zeolites, implying that the deactivation rate of Beta zeolites could be
decreased to some extent by generating more mesopores within the zeolite crystals.

2.2.2. Acylation of AN with AA in a Fixed Bed Reactor

The catalytic behaviors of Beta-C and Beta-H_1 in a fixed bed reactor were also com-
paratively studied. It should be mentioned that during the first 15 min, the concentration of
4-MAP in the collected products was quite low over both zeolites, which could be explained
by the strong adsorption of the ketone products on the zeolites.

As shown in Figure 6a, both the Beta-H_1 and Beta-C zeolites exhibit very high initial
activity with an AA conversion rate of about 90%. A rapid drop in activity can be observed
over Beta-C with time on stream, as the AA conversion decreased from 85% to 37% after 10
h of reaction. During the same reaction period, the hierarchical Beta-H_1 sample showed a
much lesser deactivation rate than Beta-C, along with a gradual decrease in AA conversion
from 92% to 71%. According to the related literature [51], it is believed that the strong
Bronsted acidic sites in zeolites are the main active sites for the acylation of AN with AA,
while the weak acidic sites (normally present on the external surface of the zeolites) make
little contribution. In this case, the rapid deactivation of the Beta-C zeolite could be mainly
assigned to the inefficient mass transportation of the micropore system, as well as the easier
poisoning of the stronger acidic sites by the formed ketone products. On the other hand,
the relatively low deactivation rate of Beta-H_1 can be mainly attributed to the presence of
abundant interconnected mesopores that can improve the accessibility of active sites and
facilitate the mass transfer and diffusion of bulky molecules within the zeolite channels.
Moreover, the relatively low density of the strong acid sites in Beta-H_1 should also be
helpful for suppressing the formation of heavier products, including some carbonaceous
deposits [5,52].

100 100
(a) - (b)
°‘\o’ 80 Beta-H_1 é 804
“5 601 "'6 60 —=—Fresh
< Beta-C c —e— 1st
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Figure 6. (a) Conversion of AA over Beta-C and Beta-H_1 as a function of time on stream in the
acylation of anisole with acetic anhydride; (b) recycling study on Beta-H_1 after regeneration by
calcination in air. Reaction conditions: AA/AN = 1/5 (mol/mol), reactant mixture flow rate of
0.08 mL/min, nitrogen flow rate of 23 mL/min, temperature of 90 °C.

The reusability of Beta-H_1 zeolite was also examined. As shown in Figure 6b, the
catalytic activity of the spent Beta-H_1 was fully recovered by calcination in air flow
at 580 °C for 4 h, and no obvious loss in activity was detected after three successive
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regeneration cycles. This feature is quite valuable for the Beta zeolites with hierarchical
porosity, since previously reported hierarchical Beta zeolites derived via other synthesis
strategies commonly suffered from a gradual loss in catalytic activity with an increasing
number of regeneration cycles [12,34,35,41,53].

To further elucidate the deactivation phenomenon in this process, an equimolar re-
action mixture of AA and AN (1:1) was also adopted to accelerate the deactivation of the
zeolite catalysts in a fixed bed reactor. As illustrated in Figure S1, both the Beta-C and
Beta-H_1 zeolites showed steeply decreasing activity in 6 h of time on stream, with loss of
the initial catalytic activities (based on the AA conversion after a 40 min reaction) of around
80% and 63%, respectively.

Various characterizations were then conducted to gain insight into the evolution of
the catalysts underlying the deactivation phenomenon. Figure 7 depicts the TGA curves
of the spent catalysts. The weight loss in the range of 40 to 150 °C could be mainly
assigned to the desorption of the physically adsorbed water and ethanol (as the washing
solvent) on the zeolites. The weight loss between 150 and 700 °C can be attributed to the
removal of the adsorbed reagents (i.e., acetic anhydride and anisole), the aromatic ketone
products, and the coke-like deposits trapped in the channels or on the surface of the zeolite
catalysts [52,54]. By comparing the weight loss rates in the higher-temperature region,
which were 9.0% and 7.7% for Beta-C and Beta-H_1, respectively, it was found that less
carbonaceous deposits were present on the Beta-H_1 zeolite over the same reaction period.
Moreover, the N, adsorption-desorption results, shown in Figure S2, reveal that an obvious
decrease in N, uptake (below p/pg < 0.01) occurred in both spent zeolite catalysts, while
the loss of the microporous volume in the spent Beta-C was more serious compared with
that in the spent Beta-H_1 catalyst (with remaining micropore volumes of 43% vs. 56%,
Table 2). In addition, the hysteresis loop of the spent Beta-H_1 is smaller than that of the
fresh Beta-H_1, suggesting that a portion of the mesopores in the zeolites were also filled
by some carbonaceous deposits. Considering the fact that zeolite Beta-H_1 has a larger
crystal size than the conventional Beta-C zeolite, it could be deduced that the presence
of rich intracrystalline mesopores in Beta-H_1 plays a determinative role in improving
the diffusion capability for both reagents and products, thus effectively decreasing the
deposition rate in the zeolite by the fast transportation of coke-like precursors out of the
larger zeolite crystal.

100 4

98 4

96 - Beta-H_1
94 4 Weight loss
=9.0%

92 4

Weight (%)

90 1

88 4

86 1

4 T v T v T M J
0 200 400 600 800
Temperature (°C)

Figure 7. TGA curves of Beta-C and Beta-H_1 after reaction in the fixed bed reactor.
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Table 2. Textural parameters of the Beta-C and Beta-H_1 zeolites before and after use.
Samples SgeT (M?/g) Smicro * M2%/8)  Viicro 2 (cm®/g)  Vineso P (cm®/g)
Beta-C 532 453 0.23 0.32
spent Beta-C 237 186 (41%) © 0.10 (43%) © 0.11
Beta-H_1 574 447 0.23 0.78
spent Beta-H_1 354 250 (56%) € 0.13 (56%) © 0.77

2 Calculated using the t-plot method.  Calculated using the BJH method (from adsorption). ¢ The numbers in the
parentheses represent the percentages of Smicro OF Viicro content left in the catalysts.

Some additional characterization results such as XRD and % Al MAS NMR results
further demonstrated the high structural stability of the Beta-H_1 catalyst. The XRD pattern
(Figure 8a) and a SEM image (Figure S3) of the regenerated Beta-H_1 show negligible
change in comparison with the pristine sample. The ? Al MAS NMR spectra shown
in Figure 8b reveal that the coordination environments of Al species in the regenerated
Beta-H_1 zeolite are well consistent with those in the fresh catalyst, since both the major
signal (57 ppm) related to the tetrahedrally coordinated framework Al and the weak signal
assigned to the octahedrally coordinated extra-framework Al (0 ppm) remain well after the
catalytic tests and regenerated treatment [55,56]. The FI-IR result reveals a slight decrease
in the peak intensity of the Brénsted acidic sites (bridging OH groups at 3602 cm ') after
consecutive catalyst regeneration (Figure S4a), which is in line with the NH;3-TPD result
(Figure S4b). The slight loss in the stronger acidic sites of the zeolite catalysts can be
explained by the inevitable detachment of a small part of bridging OH groups (related to
the framework Al species) after undergoing repeated regeneration treatments at higher
calcination temperatures (580 °C, air flow) [57,58].

(@) (b)

; 57 ppm

Beta-H_1

—— Beta-H_1 after 4 runs

Beta-H_1 after 4 runs

Intensity (a.u.)

Beta-H_1

10 20 30 40 100 75 50 25 0 25 -50
2Theta (degree) Chemical shift (ppm)

Figure 8. (a) XRD patterns and (b) Al MAS NMR spectra of Fresh Beta-H_1 and regenerated
Beta-H_1 after 4 catalytic runs.

3. Materials and Methods
3.1. Chemicals and Materials

Fumed silica (Aerosil 200, 99.8%, Degusa, Germany), sodium aluminate (NaAlO,
chemically pure, Sinopharm, China), sodium hydroxide (NaOH, 96%, Sinopharm, China),
tetraethylammonium hydroxide (TEAOH, 25 wt% aqueous solution, Alfa Aesar, China),
and polydiallyldimethylammonium chloride (PDAD, 35 wt% aqueous solution, Aldrich,
USA) were used in the preparation of Beta zeolite. Ammonium nitrate (NHsNO3, 99%, Bei-
jing Chemical Reagent, China) was used for ion exchange in the zeolites. Acetic anhydride
(AA, 98.5%, Sinopharm, China) and anisole (AN, 99%, Sinopharm, China) were used for
catalytic tests. All the above materials were used as purchased, without purification.
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3.2. Catalyst Preparation

Hierarchical Beta zeolites (Beta-H) were hydrothermally synthesized in the presence
of the TEAOH template and the PDAD polymer according to the procedure reported in
the literature [47], but with a much lower content of TEAOH in the initial sol-gel system.
The molar composition of the synthesis gel was 1.0 SiOp: 0.025 Al,O3: 0.06 NayO: 0.20
TEAOH: 15 H;O. Typically, 0.224 g of NaOH, 0.328 g of NaAlO,, 14.5 g of water,and 9.4 g
of TEAOH aqueous solution (25 wt.%) were mixed and stirred, followed by the addition
of 4.8 g of fumed silica. A viscous gel was formed after stirring for 5 h; a certain amount
of PDAD solution (1.0, 2.0, or 3.0 g for Beta-H_1, Beta-H_2, and Beta-H_3, respectively)
was then added into the gel, which was stirred at 80 °C for 3 h. After that, the mixture
was transferred into a stainless autoclave equipped with a Teflon liner and hydrothermally
crystallized at 150 °C for 5 days (to obtain Beta-H_1 and Beta-H_2) or 7 days (to obtain
Beta-H_3). The solid products were separated by filtration, washed with deionized water,
dried at 80 °C, and then calcined at 550 °C for 6 h in air to remove the template.

Conventional Beta zeolite (Beta-C) was synthesized by using the same procedure and
the same sol-gel composition as described above, just without the addition of PDAD.

The protonic-form zeolite Beta was obtained by ion exchange with 1.0 M NH4NO3
solution at 80 °C for 5 h. After the ion exchange process, the samples were filtered, dried,
and calcined at 550 °C. Unless otherwise stated, H-form Beta zeolites were used for the
following characterizations and catalytic tests.

3.3. Characterizations

Powder X-ray diffraction (XRD) measurements were carried out using an Empyrean X-
ray Diffractometer from PANalytical B.V., (Netherlands) with Cu K radiation (A = 1.5418 A)
operated at 40 mA and 40 kV. The diffraction patterns were recorded in the 26 range of 5-40°.
The N, adsorption-desorption experiments were performed on a Micromeritics ASAP
2010N analyzer (USA) at —196 °C; prior to the measurements, the samples were degassed
at 300 °C for 4 h. Scanning electron microscope (SEM) images were captured with a Hitachi
X-65 electron microscope (Japan). Transmission electron microscope (TEM) images were
collected on a Jeol Jem-2100F (Japan) at an accelerating voltage of 200 kV. The Si/ Al ratios
of the samples were determined by means of inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) using a PerkinElmer emission spectrometer (USA). Thermogravi-
metric analyses were carried out on a NETZSCH STA499F3 QMS403D\ Bruker V70 analyzer
(Germany) from ambient temperature to 850 °C at a heating rate of 10 °C/min~! under
an air flow of 60 mL/min. The acidity of the catalysts was determined by temperature-
programmed desorption of ammonia (NH3-TPD) measurement on a Xianquan TP5079
multi-purpose adsorption instrument (China). For each measurement, 50 mg of zeolite
(40-60 mesh) was pretreated at 500 °C in helium gas for 1 h. After cooling down to 100 °C,
the gas flow was switched to 10% NHjz/He for the adsorption of ammonia for 30 min, then
the sample was flushed with He gas to remove physicosorbed NH3. The desorption was
carried out in the temperature range of 100-550 °C with a heating rate of 10 °C/min, and
the signal was recorded using a TCD detector. Fourier transform infrared spectroscopy
(FT-IR) spectra were recorded on a Thermo Scientific Nicolet™ 6700 spectrometer (USA).
The samples were first pressed into self-supporting wafers, then placed into the vacuum
cell and heated at 350 °C for 2 h under vacuum. After cooling down to room tempera-
ture, the spectra were collected at 4 cm ™! resolution. 2’ Al MAS NMR of the fresh and
regenerated Beta zeolites was performed on a Bruker AVANCE III 600 spectrometer (Ger-
many) equipped with a 4 mm triple resonance probe operating at a resonance frequency of
156.4 MHz. The chemical shifts of 2’ Al were referenced to 1 mol/L aqueous AI(NO3)s.

3.4. Catalytic Tests

The acylation of anisole with acetic anhydride was first carried out in a round-bottom
flask equipped with a reflux condenser. Typically, 10 mmol AA and 60 mmol AN were
mixed (AA/AN =1/6), then 200 mg of catalyst was added to the mixture before the reaction
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started in an 80 °C oil bath. In some cases, an equimolar reaction mixture containing
35.5 mmol AA and 35.5 mmol AN was also used for evaluating the catalytic performance of
the zeolite catalysts. Small aliquots were withdrawn from the reaction mixture periodically
and filtered with a filter membrane for analysis.

In addition, the catalytic behaviors of the representative Beta zeolites were also inves-
tigated in a fixed bed continuous down-flow reactor at atmospheric pressure. In general,
500 mg of catalyst (40-60 mesh) sandwiched between quartz wools was loaded in a quartz-
tube reactor placed in a vertical furnace. Prior to the reaction, the catalyst was activated
in air flow (30 mL/min) at 550 °C for 1 h; then the air flow was switched to N gas flow
(23 mL/min). After decreasing the temperature of the catalyst bed to 90 °C, the reactant
mixture containing AA and AN (in a molar ratio of 1/1 or 1/5) was pumped into the
reactor by a micropump at a flow rate of 0.08 mL/min to start the reaction. The products
were collected at the bottom of the quartz tube hourly using a cold trap for analysis, and
they were analyzed using a gas chromatograph (Shimadzu GC-8A, Japan) equipped with a
flame ionization detector (FID) and an HP-5 capillary column (30 m x 0.25 mm, Agilent,
USA). A recycling test on the zeolite was conducted after the used catalyst was regenerated
by means of calcination in air flow at 580 °C for 4 h.

3.5. Analysis of the Spent Catalysts

After 6 h on stream (AA/AN = 1/1), ethanol was pumped into the reactor to extract
the soluble organics out of the zeolite channels, and this procedure lasted for 5 h at an
ethanol flow of 0.16 mL/min. The spent catalysts were then dried at 110 °C for 1 h before
further characterization. Nitrogen adsorption—-desorption measurement was carried out to
determine the BET surface area and pore volume of the spent zeolites. Prior to measurement,
the spent catalyst was outgassed at 120 °C for 4 h. The total amount of carbonaceous species
deposited in the zeolite was determined using thermogravimetric analysis (TGA). About
10 mg of sample was heated from room temperature to 850 °C under flowing air with a
heating rate of 10 °C/min.

4. Conclusions

In summary, micron-sized hierarchical Beta zeolites were synthesized by adding
a suitable amount of PDAD into a conventional hydrothermal synthesis system. The
resultant hierarchical Beta-H possessed abundant intracrystalline mesoporosity and lower
strong acid density than the conventional Beta-C zeolite. The condition-optimized Beta-H
zeolite with micron-size crystal particles presented enhanced catalytic activity and a lower
deactivation rate for the acylation of anisole with acetic anhydride in comparison with
the conventional Beta zeolite. The deactivated catalyst was fully recovered by consecutive
calcination treatment without an obvious loss in catalytic activity, demonstrating the
excellent structural stability of the micron-sized hierarchical Beta zeolite. We believe that
this work will be helpful to the development of more efficient zeolite Beta catalysts with
robust stability and regeneration performance for catalytic applications in Friedel-Crafts
acylation reactions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13121517/s1, Figure S1: Conversion of AA over Beta-C and
Beta-H_1 as a function of time on stream in acylation of anisole with acetic anhydride. Reaction
conditions: AA/AN =1/1 (mol/mol), reactant mixture flow rate of 0.08 mL/min, nitrogen flow
rate of 23 mL/min, temperature of 90 °C; Figure S2: Comparison of nitrogen adsorption—desorption
isotherms of fresh and spent BetaH_1 zeolites; Figure S3: SEM images of (a) fresh Beta-H_1 and (b)
regenerated Beta-H_1 after 4 catalytic runs; Figure S4: (a) NH3-TPD profiles and (b) FT-IR spectra
of fresh Beta-H_1 and regenerated Beta-H_1 after 4 catalytic runs; Table S1: Catalytic results of
Friedel-Crafts acylation of AN with AA over different zeolites.
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