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1. Introduction

Correlating mesoporosity/acidity with catalytic
performances for surfactant-templated
mesoporous FAU zeolites

3 Anne Galarneau, (2 *© Jeremy Rodriguez,®
© and Mariya Shamzhy (2 *®

Yong Zhou,
Maksym Opanasenko

Hierarchical zeolite catalysts containing additional meso- or macropores have attracted significant
interest due to their beneficial performance in various reactions involving bulky molecules. A surfactant-
templated post-synthesis of zeolites in basic medium (NaOH) advances from the uniform mesopore size
distribution and easy regulation of micro-to-mesopore volume ratio in thus prepared hierarchical
zeolites, although their synthesis—acidity—performance relationships remain elusive. In this study, we
tackled this problem by designing a series of surfactant-templated hierarchical FAU catalysts with
systematically varied textural and acidic characteristics, while assessing their catalytic performance in
two model reactions: (1) acid-site-strength insensitive O-alkylation of bulky alcohols (1-octadecanol and
1-adamatylmethanol) and (2) acid-site-strength sensitive Friedel-Crafts benzoylation of p-xylene. A
systematic increase in the NaOH/Si molar ratio in the synthesis from 0.075 to 0.25 decreased the
number of strong Brensted acid sites in hierarchical FAU zeolites, while it increased the concentration of
Bronsted acid sites accessible for bulky molecules (up to 67% in hierarchical zeolites vs. 21% in the
parent FAU zeolite). The development of transport mesopores was shown to positively affect the
outcome of the studied reactions independently of the required acid site strength. Although, the optimal
interplay between the concentration of strong Breonsted acid sites and their ‘accessibility’ (i.e., fraction of
acid sites accessible to molecules with a kinetic diameter larger than the micropore opening in zeolites)
was found to differ for O-alkylation of bulky alcohols or Friedel-Crafts benzoylation of p-xylene, the
possibility of balancing these characteristics in the hierarchical surfactant-templated zeolites was shown
by adjusting the NaOH/Si ratio used for their preparation. The results of this study contribute to the
understanding of the synthesis—property—performance relationships of surfactant-templated hierarchical
zeolite catalysts and provide a guide to tailor the best catalyst for a given reaction.

system of zeolites makes them unique shape-selective catalysts,
but imposes internal mass transport limitations, specifically in

Zeolites are crystalline microporous aluminosilicates that are
applied in important industrial processes because of their large
surface area, tunable acidity, high ion-exchange capacity, mole-
cular sieving ability, and high thermal stability. Specifically,
zeolites are widely used as catalysts and adsorbents in petro-
leum refining, fine chemical production, gas separation, etc.'
In terms of catalytic applications, the inherent microporous
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the transformation of bulky molecules.*™®

To eliminate diffusion restrictions and to enhance the
catalytic activity of zeolites in the transformation of bulky
molecules, many synthetic strategies have been developed for
the preparation of zeolite catalysts with additional meso- or
macroporosity.” Traditionally, secondary porosities are intro-
duced into zeolites by post-synthesis demetallation methods,
including dealumination,® desilication,® degermination,'® and
unbiased dealumination/desilication."™** The demetallation
approach benefits from a simple and cheap synthesis protocol
but produces hierarchical zeolites with mesopores, which are
mostly embedded inside the crystals; as a result, the developed
mesoporosity provides limited improvement in the transport of
reacting molecules to/from the active sites of a catalyst. Hier-
archically porous zeolites could also be generated by the
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addition of hard or soft templates as mesoporogens during
direct hydrothermal synthesis.”*™*® The obtained hierarchical
zeolites have uniform transport mesopores, although using
mesoporogens may hinder the formation of the targeted zeolite
phase. In addition, there are several mesoporogen-free
methods that are implemented using seed assistance'”"'® and
crystallization kinetic regulation,®™" thus requiring careful
optimization of the synthesis conditions. Hierarchical zeolites
have been tested in various catalytic reactions, such as catalytic
cracking of hydrocarbons,?® methanol to hydrocarbons,*
Fischer-Tropsch synthesis,> Friedel-Crafts acylation®> and
alkylation®®?” reactions among others, in which they showed
remarkably improved catalytic activity, selectivity, or stability
compared to traditional zeolites.

In addition to the above-mentioned preparation strategies,
the surfactant-templating approach was developed for straight-
forward synthesis of hierarchical zeolites with uniform trans-
port mesopores.”® This method combines (i) the partial
dissolution of the initial zeolite in the basic medium (for
example, an aqueous solution of NaOH) in the presence of
alkyltrimethylammonium bromide containing 10-22 carbon
atoms in the alkyl chain (C,TAB, n = 10-22), (ii) simultaneous
rearrangement of the formed debris around the C,,TAB micelles
under hydrothermal conditions and (iii) the removal of surfac-
tant from the formed zeolite-surfactant composite by calcina-
tion, which releases the voids with sizes resembling the
diameter of micelle and corresponding to the formation of
uniform mesopores. In this way, hierarchical zeolites of differ-
ent types with a uniform size distribution of introduced meso-
pores were prepared. The advantage of the surfactant-assisted
method is that the mesopore-to-micropore volume ratio of the
produced zeolites could be varied by a simple adjustment of the
basicity in the synthetic mixture. Using this method, Mehlhorn
et al. synthesized a family of micro-mesoporous FAU zeolites in
the presence of octadecyltrimethylammonium surfactant.>**°
These materials feature uniform mesopores of ca. 4 nm dia-
meter, while their textural and acidic properties varied depend-
ing on the NaOH/Si ratio used in the reacting mixture.
Similarly, Desmurs et al. obtained a series of surfactant-
templating hierarchical MFI zeolites with variable mesopore
volumes by tuning the NaOH/Si ratios in the synthesis gel.**
They observed that increasing the NaOH/Si ratio resulted in
zeolites with a higher mesopore volume but a decreased
Bronsted acid site concentration. Among the studied zeolite
catalysts, the micro-mesoporous MFI zeolites obtained with
NaOHy/Si = 0.38 showed the highest yield in the synthesis of 2,4-
di-tert-butylphenol through alkylation of phenol with tert-butyl
alcohol, while the micro-mesoporous MFI catalyst prepared
using NaOH/Si = 0.50 was the most active in the esterification of
benzyl alcohol with hexanoic acid. The obtained results reflect
a generally accepted increase in the activity of zeolite catalysts
in the transformation or synthesis of bulky molecules with both
the ‘accessibility’ and the number of acid sites,**** although,
to our best knowledge, clear synthesis-acidity-performance
relationships for surfactant-templating zeolites remain elusive.
As both the reactants transport to/from active sites and the
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characteristics of active sites play an important role in the
catalytic transformations over zeolite catalysts, understanding
the effect of synthesis conditions on the characteristics of
surfactant-templating hierarchical zeolites would open the
way to rational optimization of their properties for a given
catalytic reaction.

This work aimed at understanding the synthesis-property-
performance relationships in surfactant-templating zeolites
taking the FAU structural type as a representative example.
For that, we have designed and synthesized a series of micro-
mesoporous FAU zeolites with systematically varied micropore-
to-mesopore volume ratios, comprehensively characterized the
textural and acidic properties of the as-prepared catalysts using
various techniques (e.g., transmission electron microscopy,
X-ray diffraction, nitrogen physisorption, FTIR spectroscopy
of adsorbed probe molecules) and related them to the catalytic
performance of the designed zeolites in tetrahydropyranylation
of bulky alcohols and acylation of p-xylene, representing acid-
site-strength insensitive and acid-site-strength sensitive reac-
tions, respectively. The obtained results are expected to further
the understanding of synthesis-property—-performance relation-
ships of surfactant-templated hierarchical zeolite catalysts and
to provide a guide for optimizing their properties for a given
catalytic reaction.

2. Materials and methods

2.1. Preparations of catalysts

H'-FAU zeolite with Si/Al = 15 (CBV720) was provided by Zeolyst.
A series of micro-mesoporous FAU zeolites with uniform meso-
pore size distributions and a tunable micro-to-mesopore volume
ratio was prepared using a surfactant-templating synthesis
method, which we have previously established.>® Octadecyltri-
methylammonium bromide (C,3TAB) was chosen as the surfac-
tant to shape the uniform mesopores of ca. 4.5 nm in the
resultant zeolite catalysts.>* Typically, the required amount of
sodium hydroxide (NaOH) (0.6-2.0 g, corresponding to 0.075-
0.25 mol of NaOH per 1 mol of SiO,, assuming zeolites as pure
silica) was dissolved in 180 g of water under ambient conditions.
Then, 7.85 g (0.02 mol) of C;3TAB was added. After complete
surfactant dissolution, 12 g of CBV720 was added to the above
solution. After being stirred for 2 hours, the mixture was
transferred to a Teflon-lined stainless-steel autoclave and kept
at 115 °C for 20 hours under static conditions. The micro—-
mesoporous FAU zeolite products were filtered and thoroughly
washed with water, then dried at 80 °C for 12 hours and calcined
in air at 550 °C for 8 hours. The calcined micro-mesoporous FAU
zeolites were then ion-exchanged with a 0.1 mol L™' NH,NO5/
ethanol solution at 90 °C for 1 hour three times to obtain the
NH," form of the materials. A calcination at 450 °C for 6 hours
was then applied to decompose NH," into NH; and hence
produce the H' form of the catalysts. The obtained catalysts
were denoted as NaOH/Si-n (n = 0.075, 0.095, 0.125 and 0.25,
referring to the NaOH/Si molar ratios used for catalyst
preparation).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Characterization studies of catalysts

Transmission electron micrograph (TEM) images were obtained
using a JEOL 1200 EX2 microscope operating at 100 kV at
“Plateau Technique du Pole Chimie Balard Montpellier”.

Powder X-ray diffraction (XRD) patterns of the catalysts were
collected using a Bruker D8 Advance diffractometer using Cu
Ko radiation (30 kV, 40 mA). The textual properties of the
catalysts were determined by nitrogen sorption isotherms at
—196 °C using an ASAP 2020 Micromeritics apparatus. 100 mg
of materials were outgassed under vacuum at 350 °C for 6 h
prior to nitrogen sorption analysis. The specific surface area
was determined using the BET method. The relative pressure
range to use the BET equation (p/p,)/[V(1 — p/po)] = f(p/po) was
determined using the superior limit given by the maximum of the
Rouquerol curve V(1 — p/po) = f(p/po).>> The mesopore pore-size
distribution was evaluated using the Broekhoff and de Boer (BdB)
method?® at the inflection point of the desorption step, while the
values of micropore and mesopore volumes and surfaces were
determined by the corrected t-plot method.>**” As a comparison
and to establish pore size distribution for micro- and mesopores,
pore diameters were also calculated by the NLDFT method with
software SAIEUS of Micromeritics (model: zeolites (H-form)-N2-77,
NLDFT (cylindrical)) using the desorption branch of the isotherms.

Concentrations of Lewis (Cy5s) and Bronsted (Cgas) acid sites
were determined after adsorption of pyridine (Py) by Fourier-
transform infrared spectroscopy (FTIR) on Nicolet iS50 FTIR
with MCT/B detector. The zeolites were pressed into self-
supporting wafers with a density of 8-12 mg cm > and activated
in situ at 450 °C for 4 h. Pyridine adsorption was carried out at
150 °C for 20 minutes at 600-800 Pa partial pressure, followed
by desorption for 20 minutes at 150, 250, 350 or 450 °C. Before
adsorption, pyridine was degassed by freezing and thawing
cycles. All spectra were recorded with a resolution of 4 cm™*
by collecting 128 scans for a single spectrum at room tempera-
ture. Spectra were calculated at a wafer density of 10 mg cm™>.
The total concentration of BAS (Cpaspy) and LAS (Cpaspy) Was
evaluated from the integral intensities of the absorption bands
at 1545 cm™ ' 1455 cm ™' after pyridine desorption at 150 °C
(A139:€ and 4{3%;€) using molar absorption coefficients, &;545 =
1.54 cm pmol ™ *, and &;545 = 1.71 cm pumol **® according to the
following equations:

4l50°C |
Cpas = —2—= [umolmg ™' (1)
m - €1545
AjC - |
Cias = —>—— [umolmg™ 2
- m - €1455 [“ £ ] @

where S is area of the wafer (cm”) and m is the weight of the
wafer (mg).**

To estimate the fraction of strong Lewis and Bregnsted acid
sites, the intensity of the characteristic bands at 450 °C was
related to those at 150 °C as follows:
450°C
1545

150°C
A1545

BASqrong = % 100 [%] 3)
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A relatively large probe molecule 2,6-di-tert-butylpyridine
(DTBP) with a kinetic diameter of 0.79 nm*® was used to deter-
mine the ‘accessibility’ of acid sites within prepared zeolites.*'
DTBP adsorption took place at 150 °C at equilibrium probe vapour
pressure for 15 minutes. Desorption proceeded at the same
temperature for 1 hour, followed by the collection of spectra at
room temperature. Molar absorption coefficient from ref. 42 was
used for the evaluation of Cgag accessible for DTBP using the

integral intensity of the absorption band at ca. 3360 cm ™.

2.3. Catalytic tests

The catalytic performances of micro-mesoporous FAU zeolites
were evaluated in the liquid-phase tetrahydropyranylation
and acylation reactions. Both reactions were conducted under
atmospheric pressure on a multi-experimental workstation
StarFish™!. Before catalytic tests, 50 mg of the zeolite sample
was activated at 450 °C for 1.5 hours to evacuate possible guest
molecules that may bind to the acid sites in the zeolite pores.
The liquid-phase tetrahydropyranylation reaction was performed
at 65 °C. Typically, 3,4-dihydro-2H-pyran (DHP, 10 mL), internal
standard (mesitylene, 0.4 g), and catalyst (50 mg) were added to a
three-neck flask equipped with a thermometer and a condenser.
Alcohol (2 mmol of 1-octadecanol or 1-adamantanemethanol)
was added to the flask when the required temperature was
reached. The surfactant-templated zeolite catalysts were studied
under conditions providing high conversion values relevant for
practical application, but not allowing us to use the obtained
results for the kinetic analysis. Therefore, the catalytic perfor-
mance of surfactant-templated zeolites in THP reaction of bulky
alcohols was analyzed focusing on the impact of mass transport
limitations rather than being discussed within the context of
kinetic analysis.

The liquid-phase acylation reaction was performed at
130 °C. p-Xylene (5 mL), internal standard (dodecane, 0.25 g),
and the catalyst (50 mg) were added to a three-neck flask.
Benzoyl chloride (5 mmol) was added to the flask when the
required temperature was reached.

The samples of the reaction mixture were taken periodically
and analyzed using a gas chromatography instrument (Agilent
7890B) equipped with a HP-5 column (30 m x 0.32 mm X
0.25 pm) and an FID detector.

Conversion (X), yield (Y) and selectivity (S) were calculated
according to the following equations:

X = [(n(reactant), — n(reactant),)/n(reactant),] x 100[%]

(5)
Y = [n(product),/n(reactant),] x 100 [%] (6)
S = [Y/X] x 100[%] (7)

where n(reactant), and n(reactant), are the amounts of the
reactant in the reaction mixture initially and after a specific
time ¢; n(product), is the amount of the product formed after a
specific time ¢. n(reactant) and n(product) values in eqn (5) and

Mater. Adv,, 2024, 5, 3207-3219 | 3209
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(6) were determined based on the internal standard calibration
method, using commercially available 1-octadecanol (99%,
Sigma Aldrich), 1-adamantanemethanol (99%, Fisher Scienti-
fic) and benzoyl chloride (>99%, Sigma Aldrich). The amounts
of commercially unavailable products, n(product), were esti-
mated using the concept of effective carbon number.*?

The activity of zeolite catalyst was assessed by their initial
reaction rate per acid site. The initial reaction rate was calcu-
lated as a slope to the graph of product concentration against
the reaction time at ¢ = 0 and then normalized to the total
concentration of BAS and LAS as determined by FTIR-Py after
desorption of the probe molecule at 150 °C (Rotar) O to the
concentration of strong BAS and LAS as determined by FTIR-Py
after desorption of the probe molecule at 450 °C (Rstrong)-

3. Results and discussion

3.1. Physicochemical properties of FAU zeolites prepared via a
surfactant-templating method

The structural properties of the hierarchical FAU zeolites
NaOH/Si-n obtained by the surfactant-templating method in
basic medium with variable NaOH/Si ratios were studied using
TEM, XRD, and nitrogen physisorption. TEM images show
the decrease in the size of the crystalline zeolite nanodomains
in NaOH/Si-n (n = 0.075; 0.095; 0.125) compared to CBV720
(Fig. 1). For the NaOH/Si-0.25 sample obtained with the highest
base concentration, the crystalline domains almost completely
disappeared and a hexagonal structure ordered on a mesoscale,
similar to MCM-41,***> could be seen in majority.

In agreement with the TEM results, the XRD patterns of the
initial CBV720 and NaOH/Si-n (n = 0.075; 0.095; 0.125) samples
clearly show intensive Bragg peaks characteristic of FAU zeolite
(e.g., 111, 220, 311, 331 in Fig. 2a), while NaOH/Si-0.25

CBV720 NaOH/Si-0.075

NaOH/Si-0.25

Fig.1 TEM images of FAU-Y (CBV720) and micro—mesoporous FAU
zeolites (NaOH/Si-n).
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demonstrated a remarkable decrease in the intensity of these
diffraction lines.*® In particular, the intensities of the peaks
attributed to FAU zeolite decreased in the following order
CBV720 > NaOH/Si-0.075 ~ NaOH/Si-0.095 > NaOH/Si-0.125
> NaOH/Si-0.25, which suggested a higher depletion of zeolite
phase for the samples synthesized at higher NaOH/Si. Another
characteristic feature seen in XRD patterns of NaOH/Si-n sam-
ples is the appearance of the low-angle 20 peak at around 2°
(Fig. 2b), indicating the mesoscale ordering.*’

The nitrogen sorption isotherms of NaOH/Si-n zeolites exhi-
bit a combined type I + IV, characteristic of materials posses-
sing both micro- and mesopores (Fig. 2c). A steep increase in
the adsorbed amount in the range of 0.35 < p/p, < 0.55
characteristic of all NaOH/Si-n materials suggested a narrow
mesopore size distribution®® centered at 4.0-4.5 nm (as eval-
uated by the BdB and NLDFT methods, Table 1). Both
mesopore-to-micropore volume ratios and surface areas of
hierarchical surfactant-templated NaOH/Si-n zeolites increased
as the n value grew (Table 1). Notably, all NaOH/Si-n
samples with n < 0.25 possess a similar external surface area
(50 m> g~ ") and high Cggpr parameters (578-815) as expected for
materials containing micropores. On the contrary, NaOH/Si-
0.25 has a larger external surface area (90 m”> g~ ') (Table 1), but
Cger as low as 125. The results of physisorption validate NaOH/
Si-0.25 as close to a pure mesoporous catalyst, similar to the Al-
MCM-41-type material, although containing some strong
Bronsted acid sites (vide infra).

The type, concentration, and strength of acid sites in the
designed hierarchical FAU zeolites were determined by FTIR
spectroscopy using probe molecules of different kinetic dia-
meters: pyridine (0.54 nm) and 2,6-di-tert-butylpyridine
(0.79 nm). The spectra of activated CBV720 and NaOH/Si-n
samples showed the bands corresponding to the Brensted acid
sites (BAS) in the OH vibration region (3631 and 3565 cm*,
Fig. 3a), while the adsorption of pyridine completely removed
these bands, suggesting the 100% ‘accessibility’ of BAS in all
the studied materials for the pyridine probe. Analysis of the
characteristic absorption bands in the FTIR-Py spectra revealed
a remarkable decrease in the concentration of BAS (by 35-68%)
and less severe drop in the number of Lewis acid sites
(by 11-21%) in micro-mesoporous NaOH/Si-n zeolites (n =
0.075; 0.095; 0.125) compared to the initial CBV720 (Fig. 3c
and Table 2). Among NaOH/Si-n samples, the zeolite-poor
mesostructured NaOH/Si-0.25 showed the highest drop in
BAS concentration by 78%, but increased number of Lewis acid
sites. Notably, zeolite-poor mesostructured NaOH/Si-0.25 pos-
sessed significantly lower part of strong BAS (Fig. 3b), while the
micro-mesoporous FAU NaOH/Si-n samples (n = 0.075; 0.095;
0.125) prepared with lower NaOH/Si ratios contained a similar
fraction of strong Breonsted and Lewis acid sites retaining
pyridine at 450 °C as the initial CBV720 zeolite.

At the same time, compared to the initial CBV720 sample,
the fraction of Brensted acid sites accessible for DTBP increases
greatly for NaOH/Si-n (n = 0.095; 0.125; 0.25) (44-67%, Table 2),
while NaOH/Si-0.075 prepared with the lowest NaOH/Si ratio
showed just a slight increase in BAS ‘accessibility’ compared to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Powder XRD patterns (a) and (b), N, sorption isotherms at 77 K (c) and NLDFT pore size distribution (d) of FAU-Y (CBV720) and micro—
mesoporous FAU zeolites (NaOH/Si-n).

Table 1 Textural properties of FAU zeolites

REIative SBET Smicb mesb Sextb Vtotb Vmicb Vmesb DBCIB DNLDFTe
Catalyst pressure region® (m*g™"  Cper (m*g™") (m’g") (m’g!) (mLg') (mLg!) (mLg") (nm) (nm)
CBV720 0.001-0.043 946 2304 832 0¢ 99 0.37 0.37° 0 224 25
NaOH/Si-0.075  0.010-0.075 910 815 581 280 49 0.53 0.32° 0.21 43 4.5
NaOH/Si-0.095  0.010-0.100 934 578 493 390 51 0.62 0.28° 0.34 4.3 4.4
NaOH/Si-0.125  0.019-0.126 879 707 349 477 53 0.65 0.22 0.44 4.2 4.3
NaOH/Si-0.25  0.040-0.275 969 123 44 835 90 0.81 0.02 0.78 4.0 3.9

“ Relative pressure domain for Sggpr calculation obtained following Rouquerol criteria.’” b Determined by the corrected t-plot method.*” © V.
supercage = 0.28 mL g~ '; supercages could remain in these FAU zeolites. ¢ Some mesopores are present in the initial dealuminated FAU-Y
(CBV720), as observed by TEM, but they are mainly embedded inside the crystals without connections to the exterior of the crystals, as revealed by
the horizontal hysteresis characteristic of cavitation phenomenon in the nitrogen sorption isotherm. However, a small fraction of mesopores is
connected to the exterior of the crystals, as observed by the vertical hysteresis at p/p, ~ 0.90, corresponding to mesopores of 22 nm diameter and a
mesopore volume of ~0.09 mL g~ . These very large mesopores are not counted in the corrected z-plot method, and the external surface area can
be counted as the mesopore surface area for CBV720. ¢ Pore diameters calculated by the NLDFT method with software SAIEUS of Micromeritics
model: zeolites (H-form)-N2-77, NLDFT (cylindrical) are given for comparison. Micropore diameters calculated by this method were 0.63 nm for
FAU-Y (CBV720), NaOH/Si-0.075 and NaOH/Si-0.095, and 0.61 nm for NaOH/Si-0.125 and NaOH/Si-0.25. FAU-Y features windows of 0.74 nm and
cavities of 1.3 nm, and the chosen NLDFT model gives an equivalent cylindrical diameter of 0.63 nm.

CBV720 (29%). This result is in line with a decrease in the size
of the crystalline zeolite domains of the FAU samples con-
firmed by TEM (Fig. 1) and an XRD (Fig. 2) and increase in the
fraction of mesopores confirmed by nitrogen physisorption
(Table 1).

3.2. Catalytic performances of micro-mesoporous FAU
zeolites

The results of the above comprehensive characterization stu-
dies for a series of hierarchical surfactant-templated FAU

© 2024 The Author(s). Published by the Royal Society of Chemistry

zeolites indicate a systematic increase in the volume and sur-
face area of mesopores, a decrease in the volume and surface
area of micropores, and a decrease in the number of Brgnsted
acid sites with an increase in the NaOH/Si ratio used for their
synthesis (Fig. 4).

The decrease in BAS concentration appears to follow the
decrease in the micropore surface area (Fig. 4) (and a related
increase in the mesopore surface area). To understand the
influence of the collaborative change in textural properties
(facilitating the transport of reacting molecules) and acidic

Mater. Adv,, 2024, 5, 3207-3219 | 321
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vibration region (right) before (thin lines) and after (thick lines) pyridine adsorption. Absolute total concentrations (bars) and relative concentrations of
strong acid centers (circles) for (b) BAS and (c) LAS, determined by FTIR spectroscopy of adsorbed pyridine.

Table 2 Acidic properties of FAU-Y (CBV720) and micro—mesoporous
FAU zeolites determined by FTIR using pyridine (Py) and 2,6-di-tert-
butylpyridine (DTBP) as molecular probes

Pyridine (mmol g™ ') DTBP (mmol g ")

Catalyst Cras-py Cras-py LAS/BAS Cgas.prep

CBV720 0.37 0.19 0. 5 0.08 (21%)
NaOH/Si-0.075 0.24 (—35%)“ 0.17 (—11%)“ 0 0.07 (2 9%)
NaOH/Si-0.095 0.18 (—51%)“ 0.15 (—21%)“ 0 0.08 (44%)
NaOH/Si-0.125 0.13 (—68%)" 0.15 (—21%)“ 1 0.07 (54%)
NaOH/Si-0.25 0.09 (—76%)% 0.21 (+11%)“ 2. 3 0.06 (67%)"

“ The values in brackets show the % change in the concentration of acid
sites in NaOH/Si-n samples compared to the initial CBV-720.”? The
values in brackets are the ratio of Cgas.prep t0 Cpas.py, indicating the %
of BAS accessible for DTBP.

characteristics (decreasing the number of catalytically active
sites) in surfactant-templating hierarchical zeolites on their
catalytic performance, the designed series of NaOH/Si-n cata-
lysts were tested in model reactions with different requirements
to the strength of acid sites: (1) O-alkylation of alcohols which
proceeds on both strong acid sites and acid centers of relatively
low strength; and (2) Friedel-Crafts acylation, requiring rela-
tively strong acid sites.

3.2.1. Tetrahydropyranylation of alcohols with 3,4-dihydro-
2H-pyran. Hierarchical NaOH/Si-n zeolites with systematically
varied textural properties were first investigated in acid-site-

3212 | Mater. Adv., 2024, 5, 3207-3219

strength-insensitive O-alkylation of two bulky alcohols (1-octa-
decanol and 1-adamantanemethanol) with 3,4-dihydro-2H-
pyran (Fig. 5a). According to the literature, both Brgnsted and
Lewis acid sites can catalyze this reaction, but strong BAS are
more active than LAS.*®*°° In addition, the diffusion of reac-
tants in zeolite catalysts was reported as the rate-determining
step.”® Therefore, hierarchical zeolites with transport mesopores or
macropores that facilitate the diffusion of reactants are considered
the best candidates for the tetrahydropyranylation reaction.>*>> In
our study, only targeted tetrahydropyranyl ethers were detected as
products (i.e., selectivity >99%) in the O-alkylation of both alcohols
over the investigated catalysts, initial CBV720 or hierarchical
NaOH/Si-n. Over CBV720, the conversion of 1-octadecanol gradually
reached a plateau at ~45% after 120 min (Fig. 5). In turn, all
surfactant-templated micro-mesoporous FAU NaOH/Si-n materials
showed higher 1-octadecanol conversion of 72-87% achieved after
60 min. Specifically, the activity of micro-mesoporous FAU catalysts
in O-alkylation of 1-octadecanol increased in the order of NaOH/Si-
0.075 (77% yield after 60 min) < NaOH/Si-0.095 (80%) < NaOH/Si-
0.125 (87%), which is consistent with facilitation of the transport of
reacting molecules as the total pore volume and the mesopore
volume increase. The mesostructured sample NaOH/Si-0.25 with
the highest mesopore volume-to-micropore volume ratio
(Table 1) was the only exception to this trend. While outperform-
ing the initial CBV720 catalyst, NaOH/Si-0.25 showed a slightly
lower 1-octadecanol conversion (72% after 60 min) compared to
other studied hierarchical zeolites. This result may be related to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of the studied O-alkylation reaction. Alcohol conversions (equivalent to product yields) in tetrahydropyranylation of

(b) 1-octadecanol and (c) 1-adamantanemethanol with 3,4-dihydro-2H-pyran over FAU-Y (CBV720) and micro—mesoporous FAU zeolites (NaOH/Si-n)
as a function of reaction time. Reaction conditions: 50 mg of zeolite catalyst, 10 mL of 3,4-dihydro-2H-pyran as both solvent and reactant, 2 mmol of
1-octadecanol or 1-adamantanemethanol, and 0.4 g of mesitylene as internal standard, 65 °C.

the dominating concentration of less active Lewis acid sites in
NaOH/Si-0.25 (LAS/BAS = 2.3) compared to NaOH/Si-n with n <
0.25 (LAS/BAS = 0.7-1.2, Table 2).

Similarly, in the O-alkylation of bulkier 1-adamantane-
methanol, all surfactant-templated micro-mesoporous FAU
zeolites outperformed the initial CBV720 (1-adamantane-
methanol conversion after 360 min of 13-21% for NaOH/Si-n
vs. 8% for initial FAU-Y, Fig. 5c). The highest conversion of
1-adamantanemethanol was observed over NaOH/Si-0.95 pre-
pared at a medium NaOH/Si molar ratio. Compared to NaOH/
Si-0.95, less active NaOH/Si-n showed a smaller mesopore
volume (n = 0.075, Fig. 4) or a lower concentration of Brgnsted
acid sites (n = 0.125 and n = 0.25, Fig. 4).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Incomplete conversion of both alcohols even for the most
active FAU NaOH/Si-n catalysts can be partially related to the
reversible character of tetrahydropyranylation reaction®® and
catalyst deactivation. The generally lower conversion reached
for 1-adamantanemethanol compared to 1-octadecanol over the
studied zeolite catalysts may be explained by the difference in
the reactivity of two alcohols, including diffusion restrictions.
While a rigid adamantyl alkyl substituent provides permanent
bulkiness to the respective reactant molecule, the long-chain
1-octadecanol molecule can exist in a linear or elongated con-
formation. This conformational flexibility is assumed to increase
the probability of transformation of 1-octadecanol at the
active sites located at the micropore entrances in comparison

Mater. Adv,, 2024, 5, 3207-3219 | 3213
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while the acid sites at the
external surface are considered accessible for both alcohol
reactants.

To provide more insight into the acidity-activity relation-
ships for O-alkylation of bulky alcohols over surfactant-
templated micro-mesoporous FAU zeolites, we further esti-
mated the activity of the catalysts. Specifically, we estimated
the catalysts’ activity in terms of initial reaction rates (R)
normalized per acid site.> This metric represents the number
of reactant molecules converted per acid site per hour and was
calculated based on the slope to the graph of products concen-
tration against the reaction time at ¢ = 0. This calculation was
made under the assumption that catalyst deactivation at this
initial point was negligible. In addition, although the initial
reaction rate may vary depending on experimental conditions,
such as the initial concentrations of reagents, it was considered
a reliable descriptor of the studied catalysts as the catalytic
experiments were conducted under identical conditions. Thus
evaluated initial rate values were separately analyzed for acid
sites that retain pyridine at 150 °C (Rioa1, Fig. 6a and b) and for
the strongest acid sites that retain pyridine at 450 °C (Rgtrongs
Fig. 6¢c and d). These activity indicators enable a direct compar-
ison of catalysts containing different concentrations of acid
sites and differing in their strength.
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For both 1-octadecanol and 1-adamantanemethanol, Ryt
values increased in the order of CBV720 < NaOH/Si-0.075 <
NaOH/Si-0.095 < NaOH/Si-0.25 < NaOH/Si-0.125 (Fig. 5a and c).
Except for NaOH/Si-0.25 (showing a markedly lower fraction of
strong acid sites compared to other catalysts studied), the
increase in catalyst activity corresponds to the increase in the
volume of transport mesopores (Fig. 4). In turn, the obtained
Rgirong values suggest a similar intrinsic activity of acid sites with
similar strength to NaOH/Si-0.125 and NaOH/Si-0.25 with the
highest ‘accessibility’ of acid centers showing similar Rgiong
(Fig. 5b and d).

A comparison of NaOH/Si-n and CBV720 catalysts in the
acid-site-strength insensitive tetrahydropyrahylation of 1-
octadecanol and 1-adamantanemethanol revealed a positive
effect of the development of transport mesopores in hierarch-
ical surfactant-templated FAU zeolites for either conformation-
ally flexible or rigid bulky alcohols, the trend, which is not
compromised by either increase in LAS/BAS ratio or decrease in
the total concentration of acid sites.

3.2.2. Acylation of p-xylene with benzoyl chloride. To
further investigate the effect of the development of transport
mesopores combined with a decrease in the concentration of
BAS with increasing NaOH/Si ratio in surfactant-templating
synthesis of hierarchical zeolites, we tested the designed
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Initial reaction rates per acid site values in the tetrahydropyranylation of 1-octadecanol (a) and (b) and 1-adamantanemethanol (c) and (d) with

3,4-dihydro-2H-pyran on FAU-Y (CBV720) and micro—mesoporous FAU zeolites (NaOH/Si-n). (a) and (c) Rates calculated based on the total
concentration of acid sites (LAS + BAS) determined by FTIR-Py at 150 °C and (b) and (d) rates calculated based on the concentration of strong acid
sites (LAS + BAS) determined by FTIR-Py at 450 °C. Reaction conditions: 50 mg of zeolite catalyst, 10 mL of 3,4-dihydro-2H-pyran as solvent and
reactant, 2 mmol of 1-octadecanol or 1-adamantanemethanol, 0.4 g of mesitylene as internal standard, 65 °C, and 6 hours.
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micro-mesoporous FAU catalysts in the acylation of p-xylene
with benzoyl chloride, requiring relatively strong acid sites.
Zeolites with medium Brensted acid sites (e.g., Ga-associated
BAS) and strong Brensted acid sites (e.g., Al-associated BAS)
were reported to catalyze the formation of targeted 2,5-
dimethylbenzophenone (pathway 1 in Fig. 7a) by facilitating
the formation of a benzoic ion intermediate, which interacts
with arene to offer the desired product.®® In contrast, zeolites
with weak Bronsted acid sites (e.g., B-associated BAS) showed
the preferential formation of undesired benzoyl anhydride due
to side reactions of benzoyl chloride hydrolysis (pathway 2 in
Fig. 7a).>>°° An interesting feature of heterogeneously catalyzed
Friedel-Crafts acylation reaction is the phenomenon of product
inhibition related to strong adsorption of the ketonic products
on the Lewis acid sites.>>*’

Over FAU-Y (CBV720) and micro-mesoporous FAU zeolites
(NaOH/Si-n) catalysts, 2,5-dimethylbenzophenone was formed
as the main product (selectivity > 80%). The formation of the
undesired benzoic anhydride product increased with decreas-
ing concentration of strong acid sites according to previous
reports.>>>® At 15% benzoyl chloride conversion, the selectivity
in the undesired benzoic anhydride product increased in the
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following order: NaOH/Si-0.075 (1%) < NaOH/Si-0.095 (5%) <
NaOH/Si-0.125 (7%) < NaOH/Si-0.25 (20%). Among hierarchi-
cal FAU zeolites, only NaOH/Si-0.075 with the highest fraction
of the remaining zeolite phase and the highest concentration of
Bronsted acid sites outperformed the initial CBV720 in terms of
benzoyl chloride conversion (Fig. 7b) and yield of 2,5-
dimethylbenzophenone (Fig. 8).

NaOH/Si-n (n = 0.095, 0.0125 and 0.25) catalysts with lower
concentration of BAS and higher LAS/BAS ratio showed lower
yields of 2,5-dimethylbenzophenone in comparison to the
initial CBV720 zeolite (Fig. 8). As mentioned above, the acyla-
tion reaction is generally promoted by medium and strong acid
sites on zeolite catalysts, while the probability of “product
inhibition” increases with the LAS/BAS ratio.>®>” Therefore,
the enhanced benzoyl chloride conversion and target product
selectivity over NaOH/Si-0.075 should be attributed to the
higher concentration of strong acid sites, lower LAS/BAS ratio
in this hierarchical zeolite in comparison to NaOH/Si-n
(n = 0.095, 0.0125 and 0.25) and better transport of reagents
compared to CBV720. Ry Numbers calculated based on the
total concentration of Brgnsted and Lewis acid sites in
hierarchical zeolites showed an interesting trend, suggesting

0
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(a) Schematic representation of the reaction of p-xylene acylation. (b) Conversion of benzoyl chloride over FAU-Y (CBV720) and micro—

mesoporous FAU zeolites (NaOH/Si-n) as a function of reaction time. (c) Initial reaction rates per acid site values in the acylation of p-xylene with benzoyl
chloride over FAU-Y (CBV720) and micro—mesoporous FAU zeolites (NaOH/Si-n). Reaction conditions: 50 mg of zeolite catalyst, 5 mL of p-xylene as
both solvent and reactant, 5 mmol of benzoyl chloride, 0.25 g of dodecane as internal standard, and 130 °C.
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Fig. 8 Yield of the targeted products for O-alkylation of 1-octadecanol (blue),
O-alkylation of 1-adamantanemethanol (red) and the Friedel-Crafts acylation of
p-xylene with benzoyl chloride (black) as a function of mesopore volume for
the initial CBV720 zeolite and hierarchical FAU NaOH/Si-n (n values are shown
in grey). The change in the total number of Brensted acid sites for the studied
catalyst is shown as a function of their mesopore volume in green.

the importance of the acid site type, rather than their ‘accessi-
bility’ for the activity of a catalyst in the benzoylation of p-
xylene. Specifically, after a notable increase in the Ry, value
for NaOH/Si-0.075 vs. initial CBV720, the Ry, decreased in
NaOH/Si-0.95 and was similar to NaOH/Si-n (n = 0.125; 0.25)
despite an increase in the ‘accessibility’ of acid sites (Fig. 7c).
A comparison of NaOH/Si-n and CBV720 catalysts in Friedel-
Crafts acylation of p-xylene with benzoyl chloride revealed that
the best hierarchical zeolite catalyst for this reaction maintains
a high concentration of BAS together with the addition of
mesopores, which is in line with the crucial role of acid site
type and strength for the Friedel-Crafts acylation reaction.

4. Conclusions

This study aimed to shed light on the cumulative effect in the
change of activity-determining textural and acidic characteristics
concurrently altered during the preparation of surfactant-
templated hierarchical zeolites. For this, a series of surfactant-
templated hierarchical FAU catalysts with systematically varied
textural and acidic characteristics was designed, while their
catalytic performance was assessed in two model reactions:
(1) acid-site-strength insensitive O-alkylation of bulky alcohols
(1-octadecanol and 1-adamatylmethanol) and (2) acid-site-
strength sensitive Friedel-Crafts benzoylation of p-xylene.

A systematic increase in the NaOH/Si ratio from 0.075 to 0.25
used for the surfactant-templating synthesis of hierarchical
FAU zeolites led to a progressive decrease in the size of crystal-
line FAU zeolite domains resulting in: (1) an increase in the
mesopore volume from 0.21 to 0.78 mL g '; (2) a decrease in the

3216 | Mater. Adv, 2024, 5, 3207-3219
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micropore volume from 0.32 to 0.02 mL g~ '; (3) an increase in the
fraction of Brensted acid sites accessible for 2,6-di-tert-
butylpyridine from 29% to 67%; but (4) a decrease in the concen-
tration of Brensted acid sites characteristic of a zeolite phase.

A comparison of NaOH/Si-n and CBV720 catalysts in Friedel-
Crafts acylation of p-xylene with benzoyl chloride and in the
tetrahydropyrahylation of 1-octadecanol and 1-adaman-
tanemethanol suggests that the development of transport
mesopores in hierarchical surfactant-templated FAU zeolites
positively affected their performance in either acid-site-
strength sensitive and acid-site-strength insensitive reactions.
However, the optimised micro-mesoporous zeolite catalysts are
different for the reactions studied (Fig. 8). For the O-alkylation
reaction, which requires moderate acidity, hierarchical zeolites
prepared in a NaOH/Si ratio of 0.095 or 0.125 and featuring
highly developed mesoporosity (e.g., mesopore volume
>0.33 mL g~ ') were the most active catalysts, despite a drop
in the concentration of strong BAS. In turn, for catalytic
reactions that need strong acid sites, such as acylation, the
best catalyst was NaOH/Si-0.075, which maintains a high
concentration of BAS (0.24 mmol g~ ') together with the addi-
tion of mesopores (0.21 mL g~ ). The results obtained in this
work complete our understanding of synthesis-property—per-
formance relationships of zeolite catalysts and open the way to
rational fine-tuning of their properties.
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