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ABSTRACT: Ultrasonic pretreatment of gel composition followed by hydrothermal synthesis produces the nanocrystallite zeolite
beta (ZB) with crystal sizes of 10.3, 22.6, and 9.1 nm for ZB-1, ZB-2, and ZB-3, respectively. The effect of ultrasonic pretreatment
and the (SiO2/Al2O3) ratio of gel composition on physical, textural properties, and also on the catalytic activity of ZB catalysts with
increasing time on stream (TOS) was investigated. The specific surface area and mesopore volume for ZB-1, ZB-2, and ZB-3 are
438, 380, and 429 m2/g and 0.17, 0.05, and 0.14 cm3/g, respectively. The activity studies of ZB-1 and ZB-3 catalysts were confirmed
that the anisole conversion initially increased with TOS until it attained the maximum value and then started decreasing further with
TOS due to the deactivation of the catalyst caused by the strong interaction of the product with the acidic sites in the mesopore
region. However, in the case of ZB-2, the anisole conversion (>45%) was sustained for a longer TOS due to its smaller particle size,
low mesopore volume, and more acidic sites in the micropore volume that are inclusively made for retardation in the catlytic
deactivation rate. The CHNS and TGA analysis of the spent catalysts confirm that ZB-1 and ZB-3 catalysts are susceptible for a
significant coke formation attributed due to strong product retention in their large mesopore volume, which lead to the catalytic
deactivation.

1. INTRODUCTION
Friedel−Crafts reaction is one of the most promising synthetic
tools for the successful incorporation of acyl and alkyl moieties
over the benzene ring to produce aromatic ketones and alkyl
derivatives of aromatic compounds.1−4 Aromatic ketones/
acetophenones are the pivotal intermediates for the production
of fine chemicals, drugs, agrochemicals, fragrances, and
pharmaceutical industries.5 Conventionally, homogeneous
Lewis acids such as AlCl3, BF3, and FeCl3 were used as
catalysts to foster the rate of reaction to produce aromatic
ketones using activated carboxylic acids (acid chlorides and
acid anhydrides) as acylating agents. Acylation of anisole
reaction over metal halides possess several demerits such as
stoichiometrically excess requirement of catalyst, batch
process, formation of corrosive products, environmental
adulteration, non-reusable hazardous catalyst, and generation
of a large amount of waste during the neutralization and
hydrolysis step. The production of 4-methoxyacetophenone
(4-MAP) in the batch process causes an escalation in process

economics and imposes technical complications during the
separation of products from the catalyst. So, it is a prerequisite
to develop an efficient and environmentally benign green
catalytic process in continuous mode to attenuate the critical
drawbacks triggered in the conventional approach.
Heterogeneous solid acid catalysts were identified as eco-

friendly and promising catalysts for Friedel−Crafts acylation
reactions because of their tailorable acidity, pore topology,
tunable textural properties, high thermal stability, trouble-free
handling, easy separation from reaction media, a lower amount
of catalyst requirement, and reusability for multiple times after
regeneration. Various three-dimensional solid acid catalysts
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such as mesoporous silica,6−8 heteropolyacids,9,10 H-MFI,11 H-
FAU,12 H-BEA,13−15 and H-MOR1,2 have been extensively
examined for catalytic activity studies on acylation of anisole
under various ranges of process parameters in the batch
reactor. Among the solid acid catalysts mentioned above,
zeolite beta (BEA) is considered as a prominent catalyst for the
acylation of anisole because of its divertive strong acidity
originating from a structural framework constituted by two
polymorphs and interconnecting channels with a high
concentration of structural defects,16−18 which provides a
higher level of anisole conversion, and also its pore topology
oriented toward the regioselective formation of 4-MAP.19−25

Synthesis of organic compounds over solid acid catalysts often
suffers from rapid catalytic deactivation because of their strong
interaction with oxygenated products, dealumination, and
trapping of heavier molecular weight products in micropores/
mesopores or on the intercrystalline surfaces because of their
diffusion limitation.1,2,5,26−29 A deactivated catalyst always
needs to undergo catalyst regeneration, which triggers an
increase in the process economics and yield loss and imposes
technical complexities.
The present investigation aims to study the effect of

crystallite size and (Si/Al)global ratio of synthesized BEA on
the catalyst properties, activity, and stability in continuous
mode. The changes in the properties of the spent catalysts
were thoroughly characterized by using standard analytical
techniques to understand the reasons for catalytic deactivation.

2. EXPERIMENTAL SECTION
Fumed silica (>99.5%), tetraethyl ammonium hydroxide
(TEAOH, 25 wt % in water), sodium aluminate (37−45 wt
% Na2O, 53−56 wt % Al2O3), sodium hydroxide (>99%),
sodium chloride (>99%), ammonium chloride (>99.5%),
dichloromethane (DCM >99.8%), potassium chloride
(>99%), anisole (>99.9%) purchased from Sigma Aldrich
and acetic anhydride (>98%) obtained from s.d. Fine Chem.
Ltd. were directly used without any further purification.
2.1. Catalyst Synthesis. BEA samples with three different

Si/Al ratios 15, 30, and 60 were synthesized according to the
gel composition of 0.0394 Na2O:0.02 K2O:0.5 TEAOH:1.0
SiO2:(0.002−0.025) Al2O3:15 H2O are named as ZB-1, ZB-2,
and ZB-3 (ZB = zeolite beta), respectively. The resultant gel
composition was obtained by sequential mixing of the
ingredients followed by ultrasonication for 10 min and then
was loaded in a PTFE-lined autoclave; crystallization was
carried out in a convective oven at 140 °C for 48 h. The
product was recovered by quenching the autoclave immedi-
ately in a cold water bath, and the resultant wet powder was
centrifuged with deionized water to reduce the pH to <9. The
obtained powder was dried at 120 °C overnight and then
calcined at 550 °C for 6 h to remove the organic template
completely. Na-ZB was converted into NH4

+ form by refluxing
it in 1 M ammonium chloride solution at 100 °C for 2 h and
then calcined at 500 °C for 6 h to obtain H-ZB.
2.2. Characterization. Crystallographic analysis of synthe-

sized catalysts were carried out using Rigaku Ultima-IV X-ray
Diffractometer (XRD) in a scan range of 2−80° with a scan
speed of 2°/min at 40 kV and 20 mA to identify the crystalline
phases. The average crystallite size was evaluated from the
characteristic peaks using the Debye-Scherrer formula without
subtracting the baseline and the percentage of crystallinity
obtained from the ratio of total crystalline peaks area and total
area. Nitrogen (N2) adsorption and desorption studies were

carried out using an Autosorb 1 (Quantachrome) sorption
analyzer to determine the specific surface area, total pore
volume, and pore size distribution of the samples at −196 °C.
Prior to the analysis, the three samples were preheated in N2 at
200 °C for 2 h. Solid-state 27Al MAS NMR was carried out
using a triple resonance HXY 4.0 mm ZrO2 probe in a Bruker
400 MHz advance impulse spectrometer. Ammonia temper-
ature-programmed desorption (NH3-TPD) of H-ZB catalysts
was carried out using a Micrometrics Autochem-II 2920
instrument. Before the analysis, a known amount of calcined
H-ZB catalysts was degassed in pure He gas with a flow rate of
50 mL/min at 600 °C for 30 min and then allowed to cool
naturally up to 90 °C. Adsorption of samples was carried out
with NH3 (10 vol %) as a probe molecule in He with a flow
rate of 30 mL/min for 1 h and subsequently flushed with pure
He for 30 min to remove the excess residual ammonia from the
catalyst surface. Desorption of ammonia was carried out in
pure He by increasing the sample temperature from 90 to 550
°C with a ramp rate of 10 °C/min, and the desorbed ammonia
was recorded using a thermal conductivity detector. Fourier
transform infrared (FTIR) spectroscopy analysis was per-
formed on Perkin-Elmer FTIR spectrometer to determine the
functional groups present in the sample in a wavenumber range
of 4000−400 cm−1 using the conventional KBr pellet. The
chemical composition of catalyst samples was measured using
an OCEAN PUMA 7600D X-ray fluorescence (XRF)
spectrometer. The sample’s average particle size, surface
morphology, and surface chemical composition were deter-
mined using a JEOL JSM-7610F Field Emission Scanning
Electron Microscope (FE-SEM) equipped with Energy
Dispersive X-Ray (EDX) spectroscopy. Elemental analysis of
spent catalyst samples was carried out using a Vario Micro
Cube CHNS analyzer to estimate the amount of coke
accumulated in the catalyst pore during the reaction. Thermal
stability studies of the catalyst samples were carried out using a
NETZSCH 449F3 Thermogravimetric Analyzer (TGA) in an
air environment from RT to 800 °C with a heating rate of 10
°C/min with an airflow rate of 50 mL/min.
2.3. Catalyst Activity and Spent Catalyst Studies.

Synthesized ZB catalysts were pelletized using polyvinyl
alcohol (PVA) as an organic binder with a die size 6 × 3
mm (d × t), and the resultant tablets were cut into small
pellets having an average diameter of 0.5 mm. Acetyl
functionalization of anisole was carried out using acetic
anhydride as an acylating agent over the synthesized ZB
catalysts (calcined prior to loading in the reactor to remove
PVA) in a down-flow fixed bed reactor maintained at 100 °C.
The molar ratio of anisole to acetic anhydride was 2:1, the
WHSV was 1.8 h−1, and the feed flow rate was 3.6 mL/h. Once
the reactor was adjusted to the test temperature, feedstock was
introduced into the reactor with the desired flow rate, and the
products were periodically collected and analyzed using a
Shimadzu Gas Chromatograph equipped with an MS detector
(GC-MS) connected with an Optima-5-MS column having
dimensions 60 × 0.25 × 0.25 (L × D × t) in m × mm × μm.
The activity, selectivity, and stability of the three catalysts were
compared over TOS. After completion of the reaction, the
reactor was purged with N2 gas at a flow rate of 100 mL/min
for 2 h at 100 °C to remove the residual feedstock over the
catalyst bed. The catalyst was unloaded from the reactor and
dried at 120 °C for 12 h in a convective oven. The spent
catalyst was thoroughly characterized by XRD, FTIR, XRF,
CHNS, and TGA to understand the deactivation of ZB
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catalysts. One gram of spent catalyst was immersed in 50 mL
of DCM taken in an RB flask equipped with a spiral coil-type
condenser to extract the retained compounds present in the
catalyst pores at 100 °C for 12 h, and the extracted compounds
in the solvent were analyzed by using GC−MS.

3. RESULTS AND DISCUSSION
The ZB-1, ZB-2, and ZB-3 catalysts with increasing (Si/
Al)global ratio were obtained by increasing in SiO2/Al2O3 molar
ratio in the gel composition. The (Si/Al)global ratio and the
quantity (in g/100 g of gel) of powder obtained (yield) after
calcination with the change in SiO2/Al2O3 molar ratio in the
gel composition are depicted in Figure 1.

The crystal growth rate, number of crystals produced per
unit mass of gel, efficiency of silica incorporation into the
framework, and resultant ZB powder (g) yield per 100 g of the
gel are decreased with an increase in SiO2/Al2O3 molar ratio in
the gel composition,30 as shown in Figure 1. The (Si/Al)global
ratios of the resultant powder were obtained by metal analysis
using XRF and EDX ( Table 1).

3.1. Powder X-ray Diffraction Analysis. The powder X-
ray diffraction patterns of the resultant solid product obtained
from the gel composition after hydrothermal treatment with
different Si/Al ratios are depicted in Figure 2. The synthesized
ZB samples show the Bragg’s diffraction patterns at 2θ = 7.9
and 22.6 were well coordinated with the BEA characteristic
peaks, which also indicate that ZB-1, ZB-2, and ZB-3 possess a
high degree of crystallinity without any phase impurities.
However, the change in the alumina precursor concentration
has impact on the intensities of Bragg’s reflections that
appeared at 2θ = 7.9 and 22.6 were different due to the
formation of sub-colloid (<10 nm) and colloidal (10 nm)
particles.31 The broad peak at 2θ = 7.9 indicates the presence

of two polymorphs with smaller crystal sizes and relatively
sharp reflections at 2θ = 22.6 that are associated with the
highly ordered BEA crystal orientation with larger crystal sizes.
Ultrasonication of the gel composition generates a localized

high temperature and high-pressure sonic waves, which causes
the breaking down of the complex precursors of silica and
alumina to very fine fragments, leading to enhanced nucleation
rate, which results in an efficient and rapid decrease in the
crystal size.32,33 The average crystal size of the three catalysts is
evaluated from the characteristic diffraction peaks using the
Debye-Scherrer formula, and the values are 10.3, 22.6, and 9.1
nm (Table 1) for ZB-1, ZB-2, and ZB-3, respectively. The
sharp and high intense reflection at 2θ = 22.6 due to a rapid
increase in the crystallite size of ZB-2 compared to ZB-1 and
ZB-3. The percentage of relative crystallinity was estimated
from the area under the diffraction peaks, and the values are
98.9, 83.4, and 100% for ZB-1, ZB-2, and ZB-3, respectively,
indicating that an increase in the average crystal size results in
the reduction of the percentage of crystallinity in the case of
ZB-2.
3.2. Textural Property Analysis. The textural properties

of ZB-1, ZB-2, and ZB-3 samples that were evaluated using N2
adsorption−desorption isotherms are displayed in Figure 3. All
three samples exhibited type-IV isotherm possessing intrinsic
mesoporous nature along with a hysteresis loop. The specific
surface area is obtained using the BET method when the
relative pressure P/P0 < 0.3, and the values are 438, 380, and
429 m2/g for ZB-1, ZB-2, and ZB-3, respectively. The specific
surface area of the ZB-2 catalyst is lower due to the formation
of large-sized crystals (confirmed through XRD) during the
hydrothermal synthesis. The external surface area was
estimated by a t-plot method, the total pore volume was
evaluated at a relative pressure P/P0 = 0.995. The BJH method
was used to estimate the mesopore volume and average pore
size from the desorption curve, and the data is summarized in
Table 2.
A sudden uptake in the N2 adsorbed volume was observed

(Figure 3a) when the relative pressure P/P0 > 0.8, indicating
the existence of larger mesoporous intercrystallites in the case
of ZB-1 and ZB-3. High fraction of mesopore volume and large
mean pore diameter were observed in ZB-1 and ZB-3 catalysts,
which are attributed to the formation of interparticle voids and
large mesoporous intercrystallites generated from the disor-
dered agglomeration of nanoscale crystals during the
crystallization step.34,35 In the case of the ZB-2 sample, the

Figure 1. Effect of gel SiO2/Al2O3 molar ratio on Si/Al ratio and the
quantity of ZB catalysts.

Table 1. The (Si/Al)global Ratios and Relative Crystallinities
(%) of ZB-1, ZB-2, and ZB-3

code
relative

crystallinitya
average crystal sizea

(nm)
Si/Al wt
ratiob

Si/Al wt
ratioc

ZB-1 98.9 10.31 14.7 19.8
ZB-2 83.4 22.62 32.0 37.9
ZB-3 100 9.09 40.3 52.1

aXRD. bEDX. cXRF.

Figure 2. Powder XRD patterns of ZB-1, ZB-2, and ZB-3.
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decrease in the mesopore volume and mean pore diameter
indicates that formation of small range of mesopore
intercrystallites during the hydrothermal synthesis.36

3.3. 27Al MAS NMR Analysis. Solid-state 27Al MAS NMR
was used to determine the aluminium local environment of the
synthesized ZB catalysts. As shown in Figure 4, it is revealed

that all synthesized catalysts possessed strong centered
resonance approximately at 54 ppm corresponding to the
incorporation of Al in the framework (FAL) in tetrahedral
coordination. The Brønsted acidity in ZB catalysts originated
from charge compensating protons generated by partial
substitution of Al in the Si framework showing the tetrahedral
coordination. The FAL concentration was evaluated by
integrating the intensity of the broad peak at δ = 54 ppm,
and the intensity decreases with an increase in the Si/Al ratio.
The Al tetrahedral peak positions were 54.7, 55.3, and 55.7

ppm for ZB-1, ZB-2, and ZB-3, which are slightly shifted

toward the left from a central position. This might be due to a
small distortion that occurred in the framework during the
synthesis because of the change in the SiO2/Al2O3 molar ratio
of the gel composition or smaller particles possessing high
surface energy that produces greater strain in the lattice, which
causes the peak broadening. The small signal at the chemical
shift at 0 ppm corresponds to the octahedral coordination of Al
generated either from non-framework aluminium or during the
calcination of the process by converting the Brønsted acidic
sites (BAS) into Lewis acidic sites (LAS). Octahedral
aluminum is assigned as the extra framework Al (EFAL)
present in the pore channels. The concentration of both FAL
and EFAL decreases with increasing the Si/Al ratio due to
decrease in the alumina precursor concentration in the gel
composition.37,38

3.4. Temperature-Programmed Desorption Studies.
The NH3-TPD profiles of ZB-1, ZB-2, and ZB-3 are displayed
in Figure 5, and all three catalysts that possess three distinct

desorption temperatures are assigned as to weak, medium, and
strong acidic sites. The NH3 desorption peaks located in the
temperature region of 50−200 °C, 200−350 °C, and 350−500
°C correspond to the weak, moderate, and strong acid sites,
respectively. Weak acidic sites resulted from the non-
framework alumina or strong adsorption of NH3 to the
terminal silanol group, while the medium and strong acidic
sites originated from the bridging Si-OH-Al group when Al
atom replaces the Si atom from the framework.

Figure 3. (a) N2 Adsorption−desorption isotherms and (b) pore size distribution of ZB-1, ZB-2, and ZB-3.

Table 2. Textural Properties of ZB-1, ZB-2, and ZB-3

surface area
(m2/g) pore volume (cm3/g)

code
total
(BET) externala micropore mesoporeb total

mean pore
diab (nm)

ZB-1 438 115 0.17 0.18 0.35 3.2
ZB-2 380 102 0.14 0.05 0.20 2.07
ZB-3 429 142 0.17 0.14 0.30 2.82

at-plot method. bBJH method.

Figure 4. 27Al MAS NMR spectra of ZB-1, ZB-2, and ZB-3.

Figure 5. NH3-TPD curves for ZB-1, ZB-2, and ZB-3.
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The acidic strength and acidic site concentration for all three
catalysts are summarized in Table 3. The peak temperature for

ZB-1, ZB-3, and ZB-3 are 344, 311, and 295 for medium acidic
sites and 428, 416, and 422 °C for strong acidic sites,
respectively. From NH3-TPD analysis, it is revealed that the
total acidity decreases with increasing the Si/Al ratio due to
decreasing the concentration of Al in both framework and non-
framework.
3.5. FTIR Analysis. The FTIR spectra of H-ZB with

different Si/Al ratios are depicted in Figure 6. The broad band

at 3300−3700 cm−1 attributed to the presence of bridged Si-
O(H)-Al or strong BAS and the terminal Si-OH group
attached to the strongest hydrogen bond having strong internal
structural defects. In addition, IR band at 1640 cm-1

corresponds to adsorbed water hydroxyl group H-O-H
bending vibrations. A large and broad band that appears at
1030−1200 cm−1 represents the assymetric stretching
vibrations of Si-O-Si-Al group, which is sensitive to the
framework Si/Al ratio. The IR band that appeared at 900−
1000 cm−1 belongs to the terminal Si-OH group on the
external surface of the crystallites. The band at a wavenumber
range of 750−820 cm−1 is attributed to the O-T-O symmetric
stretching vibrations, and the wavenumber position is shifted
to the right with a decrease in the Al content in the framework.
The band at wavenumber 525−580 cm−1 indicates the
presence of the five and six membered T-O-T rings structure
as the characteristic peak of crystalline ZB catalyst.
3.6. Morphology Studies. The surface morphology and

average particle size were examined using FE-SEM, and (Si/
Al)global ratios were determined from EDX analysis, both are
shown in Figure 7.

The surface morphology of ZB samples exhibited well-
defined spherical at all Si/Al ratios with different average
particle sizes. A lower crystallization temperature favors the
nucleation rate compared to crystal growth, leading to a
smaller size of crystals. The average particle size was obtained
from Image J software after careful image thresholding and
normalizing. The average particle size of ZB-1, ZB-2, and ZB-3
are 850, 101.5, and 345.3 nm, respectively. The average
particle size entirely depends on the framework SiO2/TEAOH
and SiO2/Al2O3 ratio and the extent of Al incorporated into
the framework from the gel during the hydrothermal
crystallization. EDX analysis was used to obtain the elemental
composition (Table 4), and the Si/Al ratio values were
calculated from EDX are 14.8, 32, and 40.3, respectively, for
ZB-1, ZB-2, and ZB-3. The amount of alumina incorporated
into the framework decreases with increasing the SiO2/Al2O3
molar ratio of gel composition, as also confirmed through XRF
analysis.
3.7. Catalyst Activity Studies. The catalytic activity

studies as a function of time for ZB catalysts are shown in
Figure 8. Three catalysts exhibited extremely high anisole
conversion (>45%) with enhanced selectivity (>98%) toward
the desired product (4-MAP) without the formation of any
multi-acylated anisole that was confirmed by GC−MS. In the
case of the ZB-1 catalyst, maximum conversion was attained
within 1 h due to possessing more number of acidic sites. On
the other hand, the ZB-2 and ZB-3 catalysts had achieved
maximum conversion after 4 h on stream, which signifies the
role of acidic site concentration, and these observations are
consistent with NH3-TPD results. Interestingly, all three
catalysts were showing high catalytic activity, indicating that
even a moderate number of acidic sites are sufficient for
attaining the maximum conversion over the strong catalyst
surface. The ZB catalysts are extremely regioselective (>98%)
toward the facile formation of 4-MAP, and the extent of
formation of other side products such as ortho and meta-
isomers is much lower due to the catalyst pore topology and
pore connectivity.2 To minimize the deactivation in micropore
volume, the feed molar ratio of 2:1 has been chosen to enhance
the catalyst stability by using excess anisole that can act as a
self-solvent and mitigate the probability of the formation of
higher acylated products. Catalytic activity has been rapidly
decreased with increasing TOS in the case of ZB-1 and ZB-3
due to the leaching of aluminum from the catalyst surface by
acetic acid, (formed in the reaction) and also the strong
retention of the product in the intercrystallite and mesopore
region of ZB catalysts due to having higher equilibrium
adsorption constant of 4-MAP compared to feedstock
molecules.28,39 The access of active sites to the fresh feedstock
molecules is hindered by retention of product in the catalyst
pore due to strong interaction of 4-MAP with BAS causes
catalytic deactivation. The retention of 4-MAP in the
intercrystallite and mesopore volume is very high compared
to that in micropore volume.28 In the case of ZB-2, the
deactivation rate is relatively very low due to possessing a
smaller particle size and medium acidic strength, and most of
the acidic sites responsible for the reaction are in the
micropore volume and lower mesopore volume inclusively
makes the ZB-2 catalyst relatively stable among three catalysts.
3.8. Spent Catalyst Studies. The powder X-ray

diffraction patterns of the spent catalysts were compared
with those of the fresh catalysts (Figure 9). The diffraction
patterns of the spent catalysts are well-matched with those of

Table 3. Acidity and Acidic Strength of ZB-1, ZB-2, and ZB-
3

acidic strength (°C) acidic site concentration (μmol/g)

code weak medium strong weak medium strong
total
acidity

ZB-1 344 428 9.2 149 181.4 339.6
ZB-2 176 311 416 7.5 81.8 124.3 213.7
ZB-3 198 295 422 25.7 81.7 54.5 161.9

Figure 6. FTIR spectra of ZB-1, ZB-2, and ZB-3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01913
ACS Omega 2023, 8, 43454−43462

43458

https://pubs.acs.org/doi/10.1021/acsomega.3c01913?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01913?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01913?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01913?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the fresh catalysts, indicating that no structural deformation
occurred during the reaction. In the case of spent catalysts, the
intensity of the diffraction peaks was decreased in comparison
to the fresh catalysts, probably due to the leaching of alumina
either from the framework or extra framework. In addition, the
relative crystallinity was reduced compared to fresh catalysts
(Table 5), which is due to the retention of 4-MAP in the
catalyst pores.
The (Si/Al)global ratio of spent catalysts increases by 1.2 to 2

times, confirming the leaching of extra framework alumina and
possibly a little extent of alumina from framework by acetic

Figure 7. (a) FE-SEM images of the surface morphology, (b, c) particle size distribution, and (d) EDX plots for ZB-1, ZB-2, and ZB-3.

Table 4. Elemental Composition in wt % from EDX for ZB-
1, ZB-2, and ZB-3

code Si (%) Al (%) O (%) K (%)

ZB-1 48.8 3.3 47.8 0.1
ZB-2 44.8 1.4 53.8 ND
ZB-3 44.4 1.1 54.5 ND

Figure 8. The catalytic activity studies as function of time (a) Anisole conversion and (b) 4-MAP selectivity for ZB catalysts.

Figure 9. The powder XRD patterns of fresh and spent catalysts.
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acid formed during the reaction. The extent of dealumination
has been decreased from 2 to 1.2 times with increasing the Si/
Al ratio from ZB-1 to ZB-3, indicating that catalysts with high
Si/Al ratio are relatively stable compared to lower ratios due to
decreasing the concentration of alumina in the both framework
and extra framework.
In order to determine the amount of coke retained in the

catalyst pore during the reaction, the ZB spent catalysts have
been subjected to CHNS analysis. The amount of coke
retained in the catalyst surface during the reaction were 22.62,
14.96, and 12.88 wt %, respectively, for ZB-1, ZB-2, and ZB-3.
Even though the ZB-2 catalyst consists of ∼15 wt % coke in its
pore volume, most of the acidic sites responsible for the
reaction are situated in the micropore volume that makes this
catalyst sustainable for longer TOS. TGA analysis of spent
catalysts was carried out in an air atmosphere from RT to 800
°C (Figure 10). Rapid weight loss has been observed for the

three catalysts in the temperature range of 150−500 °C,
indicating the oxidization of coke present in the catalyst pore
to CO2 in the air atmosphere. The amount of coke retained in
the catalyst pore was estimated from the weight loss obtained
from RT to 700 °C were 27.36, 22.53, and 14.7 wt % for ZB-1,
ZB-2, and ZB-3, respectively.
Extraction of the retained compounds from the spent

catalysts was carried out in an RB flask connected with a
condenser using DCM as a solvent at 100 °C for 12 h. Prior to
the solvent extraction, the spent catalyst was dried at 120 °C to
remove the feedstock molecules from the surface of the
catalysts. The GC−MS analysis of extracted solvent has
indicated that no multi-acylated anisole compounds are formed
during the reaction and the analyte contains only 4-MAP. It is
confirmed that catalytic deactivation is mainly due to the
retention of 4-MAP in the catalyst pore, and the coke content
that confirms from both CHNS and TGA analysis is purely
from 4-MAP. The CHNS analysis data of the spent catalysts
before and after solvent extraction is shown in Table 6. The
coke content is not observed in the case of ZB-1 and ZB-2
spent catalysts after solvent extraction indicates that solvent
could extract the product completely from the catalyst pores.

However, the solvent cannot extract the complete coke content
from the ZB-3 spent catalyst that might be due to the retention
of coke in the micropore volume and also strong interaction of
4-MAP with the BAS in the mesopore region of the catalyst.
The FTIR spectra of spent catalysts have shown the band

centered at 2850 and 2930 cm−1 attributed to the stretching
vibrations of the methyl group and asymmetrical stretching
vibrations of the CH2 group, respectively (Figure 11),
confirming the presence of coke.

The IR band at 550−600 cm−1 corresponds to the five-
membered T-O-T ring of crystalline BEA pore topology,
indicating that its crystalline nature remains intact even after
the reaction, and the observations are well matched with the
aforementioned XRD analysis. The band at wavenumbers
around 3460 cm−1 corresponds to the presence of bridging
hydroxyl group, and the intensity of peak is relatively lower
compared to fresh catalysts.

4. CONCLUSIONS
Nanocrystallite sized (10−30 nm) ZB-1, ZB-2, and ZB-3
catalysts with three different Si/Al ratios have been synthesized
by a sonication-assisted hydrothermal method. The catalytic
activity and stability of the synthesized catalysts were tested for
Friedel−Crafts acylation of anisole with acetic anhydride as an
acylating agent in a continuous down-flow fixed bed reactor.
The active sites of ZB-1, ZB-2, and ZB-3 catalysts are readily
accessible for the feedstock molecules that initially lead to very
high anisole conversion (>45%) and higher product selectivity
(>98%) toward 4-MAP. It was observed that with increasing
TOS ZB-1 and ZB-3 catalysts, it started deactivating due to
strong retention of 4-MAP in the mesopore volume and
leaching of aluminum from the catalyst surface during the
reaction. Hence, it was concluded that among three catalysts,

Table 5. Change in Si/Al Ratios and Relative Crystallinities
of Spent Catalysts

code Si/Al wt ratio relative crystallinity (%)

ZB-1 30.5 89.98
ZB-2 58.3 81.82
ZB-3 62.3 100

Figure 10. TGA curves of spent catalysts.

Table 6. CHNS Data Analysis of Spent Catalysts before and
after Solvent Reflux

before solvent reflux (wt %) after solvent reflux (wt %)

code C (%)
H
(%)

N
(%) S (%)

C
(%)

H
(%)

N
(%) S (%)

ZB-1 22.62 4.85 ND 0.14 ND 3.57 ND ND
ZB-2 14.96 1.78 ND 0.2 0.01 2.75 ND 0.02
ZB-3 12.88 1.48 ND 0.05 5.29 1.55 ND 0.04

Figure 11. FTIR spectra of spent catalysts.
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ZB-2 catalyst showed superior catalytic stability throughout the
reaction time due to its smaller particles size, low mesopore
volume, and having more number of active sites responsible for
the reaction that were situated in the micropore volume. A
thorough investigation of spent catalysts revealed that the
structure of BEA remains intact even after carrying out the
reaction. The CHNS and TGA analysis of spent catalysts
indicate that both ZB-1 and ZB-3 catalysts are highly
susceptible for coke formation. The solvent extraction of
spent catalysts was confirmed that the deactivation was mainly
due to retention of product in the catalyst pores.
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