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Accelerated Synthesis of Nanolayered MWW Zeolite by

Interzeolite Transformation

Peerapol Pornsetmetakul,”™® Ferdy J. A. G. Coumans,” Jason M. J. J. Heinrichs,"
Hao Zhang,™ Chularat Wattanakit,” and Emiel J. M. Hensen*™

Hierarchical zeolites can offer substantial benefits over bulk
zeolites in catalysis. A drawback towards practical implementa-
tion is their lengthy synthesis, often requiring complex organic
templates. This work describes an accelerated synthesis of
nanolayered MWW zeolite based on the combination of
interzeolite transformation (IZT) with a dual-templating strat-
egy. FAU zeolite, hexamethyleneimine (HMI), and cetyltrimeth-
ylammonium bromide (CTAB) were respectively employed as Al
source and primary zeolite, structure directing agent, and
exfoliating agent. This approach allowed to reduce the syn-
thesis of nanolayered MWW to 48 h, which is a considerable
advance over the state of the art. Tracking structural, textural,

Introduction

Zeolites are ubiquitously used as catalysts in important
chemical processes owing to their well-defined pore and
channel systems, strong acidity, and high solvothermal
stability. For instance, the production of aromatics, an
indispensable class of chemicals in modern society for manu-
facturing polymers, medicine, dyes and many other products,
involves the use of zeolite catalysts."? Currently, such chemical
processes start from non-renewable fossil resources."™ It is
estimated that the global aromatics market will continue to
grow and surpass 76 billion USD by 2025.”% Due to the concerns
about climate change, alternative technologies based on
renewable resources are also being developed for the supply of
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morphological, and chemical properties during crystallization
showed that 4-membered-ring (4MR) units derived from the
FAU precursor are involved in the faster formation of MWW in
comparison to a synthesis procedure from amorphous precur-
sor. CTAB restricts the growth of the zeolite in the c-direction,
resulting in nanolayered MWW. Moreover, we show that this
approach can speed up the synthesis of nanolayered FER. The
merits of nanolayered MWW zeolites are demonstrated in terms
of improved catalytic performance in the Diels-Alder cyclo-
addition of 2,5-dimethylfuran and ethylene to p-xylene com-
pared to bulk reference MWW sample.

sustainable aromatics. Examples of such approaches are (cata-
Iytic) fast pyrolysis of lignocellulosic biomass,” catalytic upcy-
cling of plastic waste, methanol-to-aromatics,”’ and Diels-
Alder cycloaddition reactions involving sugar-derived furans.”
Most of these catalytic conversion processes employ 10-
membered ring (10MR) zeolite catalysts. A common strategy to
improve the performance of crystalline zeolite is the reduction
of the size of the crystallite domains, which reduces intracrystal-
line residence times and, thus, in general the enhanced catalytic
performance.”” Among the many strategies, nanolayering of
zeolites into sheet form with a thickness of a few nanometers
can be effective™ For instance, nanolayering of MWW into
assemblies of a few MWW layers enhances the catalytic
performance of alkylation of aromatics, the Diels-Alder cyclo-
addition of 2,5-dimethylfuran, and methane dehydroaromatiza-
tion reactions due to shorter diffusional pathways and
improved accessibility of Brgnsted acid sites.” Likewise, nano-
layering of FER zeolite resulted in enhanced catalytic perform-
ance in the oligomerization of 1-pentene to liquid fuels,
(skeletal) isomerization reactions, and benzylation of toluene in
comparison to bulk FER zeolite.'”

Nanolayering can be achieved by inclusion of bulky organic
molecules in the interlayer, leading to the exfoliation of the
zeolite structure into very thin layers with increased
accessibility." Compared to this post-synthetic approach,
bottom-up hydrothermal synthesis offers a simpler and broader
applicable approach to obtaining nanolayered zeolites. For
instance, a bifunctional diquaternary ammonium surfactant was
employed to direct the formation of nanolayered MWW zeolite
with crystallization times in the range of 7-31 days."'™'? While
the adamantyl ammonium head group in this bifunctional
template is thought to stabilize MWW layers by electrostatic
interactions, the C,s hydrophobic tail leads to the separation of

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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the layers during zeolite synthesis, thus exfoliating the other-
wise formed bulk zeolite into nanolayers. Such templates with
two functionalities need to be synthesized on purpose and
often require multiple synthesis steps, rendering this approach
costly. A dual template strategy would allow the use of simpler
chemicals, for instance by using monoquaternary surfactants for
texture control with a conventional structure directing agent
(SDA) for zeolite formation. Corma and co-workers combined
hexamethyleneimine (HMI) as the SDA and the cationic
surfactant, N-hexadecyl-N'-methyl-DABCO, as a delaminating
agent to obtain delaminated MWW zeolite using a relatively
long hydrothermal synthesis of 7 days.™™" The increased
external surface area and better accessibility of the Brgnsted
acid sites could be tuned by adjusting the amount of
delaminating agent in the synthesis gel. A larger amount of this
component resulted in a larger fraction of MWW sheets
containing single or two MWW layers in the final ITQ-2 material.
The use of two templates has led to several follow-up
works.”**' Among these, dual-template synthesis using the
cheap and widely available cetyltrimethylammonium
ammonium (CTAB) is worthwhile mentioning. Wu and co-
workers demonstrated that a combination of custom-made 1,3-
bis(cyclohexyl)imidazolium hydroxide, CTAB led to a pillared
multilamellar structure involving calcined ITQ-1 (MWW) seeds."
With complete interlayer condensation being prevented, sub-
sequent calcination not only removes the organic modifiers but
also results in a disordered arrangement of MWW nanosheets
(ECNU-7). Recently, Rimer and co-workers succeeded in the
synthesis of MWW nanosheets using commercially available
chemicals, HMI and CTAB, as templates in 7 days.” Easy-to-
prepare monoquaternary templates N,N-diethyl-cis-2,6-dimethyl
piperidinium and 3-ethoxyl-1-methylimidazolium were used to
synthesize ultrathin FER nanosheets in the presence of F
mineralizer."“'* Nanolayered FER zeolite was also obtained by
a dual-templating method using piperidine and cetylmeth-
ylpiperidinium bromide"®, and N-methylpyrrolidine and 2-
dimethyl-3-hexadecyl-1H-imidazol-3-ium."®  Fully crystalline
materials could only be obtained after 5-7 days. Recently, Wu
and co-workers showed that the combination of CTAB with
piperidine not only leads to nanosheet morphologies but also
promotes nucleation of fully crystalline FER after 5days of
hydrothermal synthesis."® Whilst many of these studies report
benefit of the application of the nanolayered zeolites as
catalysts, most involve rather lengthy synthesis procedures
(typically >7 days), the use of customized (i.e, expensive)
templates, and the occasional undesirable use of HF. Such
aspects render the synthesis of nanolayered zeolites costly,
energy-inefficient, and non-compliant with green chemistry
considerations.®®< 1% > 17 |ndustrial manufacture of nanolayered
MWW and FER zeolite catalysts requires further improvements.

There are many parameters that affect the conventional
synthesis of zeolites such as the Si/Al ratio, the type and
concentration of amorphous silica and amorphous alumina
precursors and the use of mineralizers, which have been
classified by Dusselier and co-workers."® In the past decade,
there has also been growing attention for alternative ways to
steer zeolite synthesis, i.e., by use of hydroxyl radical-assisted
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synthesis, interzeolite transformation (IZT), and the use of
microwave heating to reduce the synthesis time and phase
selectivity."” For instance, Yu and co-workers discovered that
hydroxyl radicals generated by H,0, and microwave heating
can promote the formation of Si-O—Si bonds, thereby accelerat-
ing the crystallization of several zeolites and expanding the Si/
Al ratio window for nanosized BEA synthesis.""*” Employing
ultrasonication or microwave irradiation leads to faster nuclea-
tion and shorter induction periods and improves uniform
heating during aging and crystallization."*® The IZT strategy
has been used to accelerate zeolite crystallization of various
targeted secondary zeolite frameworks from the primary zeolite
used as a nutrients source. For example, FAU and BEA can be
used to obtain CHA and MFI, respectively.”® YNU-5 and AEI
zeolites are examples of zeolites that can only be obtained by
IZT of FAU and BEA.®™" Although AEl can be prepared from
amorphous precursors, the use of AEl seed crystals obtained by
IZT of FAU is still required.”® A benefit of IZT as an approach to
modify zeolite synthesis is that it can accelerate zeolite
synthesis without requiring extra equipment. For IZT, FAU and
BEA are frequently used as the primary zeolites, for instance in
their conversion to zeolites such as CHA,”¥ AEL?* AFX,?! MFI,2
MWW, and FER." The use of FAU and BEA is advantageous
as they can be obtained at an industrial scale without the use
of organic SDA.*®

Most of the work on IZT focuses on the synthesis of
conventional bulk zeolites with little attention so far for the
formation of mesopores or hierarchical structures during zeolite
synthesis. This is likely the result of a lack of detailed under-
standing of the assembly processes underlying IZT. An early
study by Zones et al. described that moderate dissolution of the
primary [B]-BEA zeolite can yield a high surface area substrate
that acts as nucleation centers for AEl formation.?'? In contrast,
less desirable phases were obtained when most of the
precursor was dissolved. Currently, it is thought that the transfer
of composite building units (CBU) from the primary zeolite to
the secondary zeolite and the higher stability of the secondary
zeolite are essential aspects of the IZT approach.” In the past
few years, several IZT cases have been described in which CBUs
were found to completely disassemble during crystallization,
prompting the authors to propose the involvement of secon-
dary building units (SBU) or ring building units (RBU) such as in
the IZT of BEA-to-AEl,** BEA-to-MFI,?*? FAU-to-AEI,®” and FAU-
to-BEAR" The transfer of specific moieties from a primary
zeolite has so far only been proposed for the case of FAU-to-
CHA IZT where the FAU had a tailored Al distribution and where
no additional Si and Al source nor a SDA were used.””

A general description of the mechanism of IZT is lacking.
Raman spectroscopy is frequently used to study IZT as it is
sensitive to the various building units involved in zeolite
synthesis. Xiao and co-workers found that the increase of 6MR
units during crystallization of conventional MFI goes at the
expense of FAU D6R units as monitored by UV-Raman (note
that one D6R unit can disassemble into two 6MR units).”® The
same group also demonstrated that a decrease in 5MR units of
primary BEA and MFI zeolites correlated with an increase of
4MR and 6MR units of the target AEl zeolite.*” This prompted

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

858017 SUOWILLIOD @A 18810 3ol dde aup Aq peuenc aJe Ssjolie YO ‘8sN JO SaInJ 0§ A%eid 78Ul UO A8]IAA U (SUORIPUOO-PUB-SW.BI W00 A8 | Im AeIq 1 U1 |UO//SdNY) SUORIPUOD pUe SWiB | 8L 88S *[7202/20/50] Uo Ariqiauliuo A8|1M ‘Uenoypuid AISIBAIUN EOIUY9e | AQ TE6Z0EZ02 WeLD/Z00T 0T/I0p/L00 A3 1m Aelq 1 uluoadoine-Ans iwayo//sdny wouy pepeojumod ‘L ‘V§0Z ‘S9.ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202302931

them to conclude that 5MR units rearrange into 4MR and 6MR
units before being built into AEl zeolite. Overall, it was found
that 4MR units are more dominant during the IZT than 6MR
units. Wakihara and co-workers showed that dealuminated FAU
containing a high amount of 4MR units are essential for
obtaining bulk AEIl zeolite via IZT of FAU.B” Guo and co-workers
demonstrated that 4MR units are more retained than 5MR units
in the solid during the IZT of BEA-to-CHA, where they obtained
CHA after the complete rearrangement of 5MR units into 4MR
and 6MR units in only 22 h”” Complementary to these
insights, a recent study combined high-energy total X-ray
scattering study using pair distribution function analysis with
Raman analysis mentioned that 4MR units are essential
nutrients among the RBU (4MR, 6MR and 8MR units) in the
induction period, prior to construction of CBU of CHA zeolite.®?
Whilst these results are made for a synthesis starting from
amorphous precursors, they also emphasize a critical role of
4MR RBU.

Despite the lack of a widely accepted mechanism, recent
reports showed that the IZT approach can also be employed to
prepare hierarchical or nanolayered zeolites. Examples are the
preparation of nanolayered FER from FAU,"*® nanocrystalline
CHA from MFI®? and hierarchical BEA from FAU.P'3* Only
Garcia-Martinez and co-workers investigated the mechanism of
IZT to prepare hierarchical zeolites. They proposed that 6-
membered ring (6MR) units can be transferred from the primary
FAU zeolite to MFI zeolite in the synthesis of (mesoporous)
FAU-MFI zeolite composites, as followed from the decrease of
double 6-membered ring (D6R) units of FAU along with the
increase of 5MR units of MFLE* The same group showed that
4MR units remained in the synthesis during the synthesis of
hierarchical BEA during the IZT of FAU,®" suggesting that 4MR
units are transferred from FAU to BEA. Thus, a mechanism
involving RBU transfer is not only relevant to IZT of conven-
tional (bulk) zeolite but also of hierarchical zeolites.

Herein, we explore the synthesis of nanolayered MWW
zeolite by combining the concept of IZT with a dual-template
strategy, aiming at substantially reducing the synthesis time
against the state of the art.**' Hexamethyleneimine (HMI) and
cetyltrimethylammonium bromide (CTAB) were selected as
agents to respectively direct atomic structure and exfoliate the
MWW layers during their synthesis, while FAU zeolite was
chosen as the primary zeolite that provides the Al nutrients. It
should be noted that the exfoliation of the MWW layers during
their synthesis is the consequence of limiting the growth of the
MWW crystal structure in the c-direction due to CTAB. All these
chemicals are readily available, avoiding the tedious preparation
of complex SDAs. As we will show, this approach offers a
significant reduction in the time to prepare nanolayered MWW
from 168 h to 48 h. We tracked the evolution of the solids
during the MWW crystallization by a combination of several
techniques aimed to understand structure, morphology, texture
and surface properties. Moreover, we showed that the same
approach can also be used to obtain nanolayered FER. Besides
extensive characterization, we also evaluated the performance
of nanolayered MWW zeolite in the Diels-Alder cycloaddition of
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2,5-dimethylfuran and ethylene, which provides access to
biobased p-xylene.

Results and Discussion
Synthesis

Nanolayered MWW zeolites were prepared for the first time by
a bottom-up approach involving a combination of a dual
templating strategy (involving SDA for zeolite formation and an
exfoliating agent for separating layers) and interzeolite trans-
formation (IZT). The former is an effective method to prepare
hierarchically porous zeolites specific to some topologies, while
the latter approach is known to enable or accelerate the
synthesis of some zeolites.*® Inspection of relevant literature
showed that relatively long synthesis times (>168 h) are
needed to obtain nanolayered MWW zeolite using conventional
synthesis methods involving amorphous precursors (Table S1).
Our strategy to shorten the hydrothermal synthesis time is
based on the use of hexamethyleneimine (HMI) and
cetyltrimethylammonium bromide (CTAB), which respectively
act as SDA and exfoliating agent, together with H-FAU as the
primary zeolite for IZT. In IZT, it is thought that certain structural
building units (CBU, SBU or RBU) are retained during dissolution
of the primary zeolite and used in the assembly of the
secondary zeolite. Besides, H-FAU provides in our case all Al
nutrient and some of the Si nutrient, the remainder being
supplemented by colloidal silica (Ludox HS-40) to obtain a
particular Si/Al ratio in the synthesis gel. CTAB is commercially
available, making this synthesis cheaper and more attractive
than other custom-made mesopore-directing agents.*

We obtained bulk crystalline MWW zeolite via IZT without
CTAB already after 72 h as follows from the XRD pattern in
Figure 1a. The textural properties of this sample as shown in
Table S2 correspond to those of bulk MWW zeolite as reported
before.”” We then explored the influence of CTAB by varying
the CTAB/HMI ratio in the synthesis gel. The XRD patterns in
Figure 1a show that crystalline MWW zeolite can be obtained
with CTAB contents up to 6% after 72 h synthesis. A further
increase of the CTAB content results in mixtures of FAU and
MWW zeolites with typically more FAU being present as can be
derived from the XRD pattern of MWW-7.5CTA(72)-as. This
result is most likely due to the stabilization of FAU zeolite by
CTAB, preventing its transformation to MWW zeolite.®® TGA
analysis of the as-synthesized MWW samples reveals that the
content of organics trends well with the CTAB content (Fig-
ure 1b), which points to the inclusion of CTAB in the IZT-derived
MWW zeolites. SEM images of the as-synthesized MWW samples
show that most of the sheets are thinner when the CTAB
content is higher than 2.5 %. After calcination, the XRD patterns
of MWW-xCTA(72) samples contain three reflections of (001),
(101), and (102), at 7.3°, 8.2°, and 10.1°, respectively (Fig-
ure S1a), which belong to partially disordered layered MCM-
22511039 Ar physisorption isotherms of MWW-xCTA(72) sam-
ples show a higher Ar uptake in the relative pressure range
> 0.8 for samples prepared at higher CTAB content (Figure S1b),
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Figure 1. a) XRD patterns, b) TGA profiles, and c¢) SEM images of MWW-
XxCTA(72)-as samples.

which points to the presence of intercrystalline meso- and
macropores. In contrast, the Ar uptake at low relative pressure
due to micropore filling decreases with increasing CTAB content

(Figure S1c). Thus, crystalline nanolayered MWW zeolite was
obtained via IZT in a relatively short time of 72 h, starting from
a gel containing FAU as the primary zeolite, HMI as SDA and
CTAB as exfoliating agent in the range of 2.5%-7.5% to the
synthesis gel, which is a considerable advance over the state of
the art.

We further tracked the evolution of |ZT-derived MWW
zeolite by characterization of solids taken at intermediate stage
of the synthesis. MWW synthesis with a CTAB content of 5%
was selected for this study. Figure 2 shows XRD patterns as
function of the crystallization time for MWW-5CTA(z)-as samples
as well as MWW reference samples derived only from
amorphous precursors (MWW-CTA(z)-amorph-as). The XRD
patterns of IZT-derived samples obtained after less than 48 h
synthesis contain only reflections due to crystalline FAU zeolite
and a broad diffuse scattering feature typical for amorphous
silica. After 48 h, a small amount of MWW (3 %) can be observed
together with a strong decrease of the contribution of FAU
(from 100% to 5%). The MWW-5CTA(72)-as sample is fully
crystalline MWW zeolite. Prolonging the synthesis beyond 72 h
led to the transformation of part of MWW to FER zeolite as
indicated in the MWW-5CTA(120)-as sample after 120 h (Fig-
ure 2 and Figure S2). The FAU-MWW-FER transformation se-
quence has also been observed during the synthesis of conven-
tional microporous MWW zeolite via IZT (without CTAB as
exfoliating agent).?” In contrast, diffraction lines of MWW can
be observed only after 120 h when the synthesis was solely
based on amorphous precursors. In this case, we obtained
phase-pure MWW zeolite with high crystallinity after 168 h
(~84%). The onset of crystallization (induction period) of MWW
derived from amorphous precursors is about 72 h, which is
three times longer than for the IZT synthesis (24 h). Likewise,
the crystallization period of the latter is much shorter than that
of the former (~24 h for IZT vs. ~96 h for amorphous route).
Thus, nanolayered MWW synthesis can be considerably accel-

a) b) C) 100 "= wwactae 100
¢ * FER * MWW ! ® m Mww-scTASs
°© MWW l I! —&- MWW-5CTA-amorph-as
\ —
0 FAU . 8041 i .l f 80
— i | / ~
-~ ~ 2 i ] 2>
= Wi = . > 1 I ! =
© © T 604 I ! k60 =
~ 120n] ~—~ = ; i / P
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o c 5 404 ! . 40 O
D 2 i i !
L u ! 7
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\.\ " /{/ =
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Figure 2. XRD analysis of MWW samples: a) XRD patterns of MWW-5CTA(z)-as as a function of the synthesis time, b) XRD patterns of MWW-CTA(z)-amorph-as
as a function of the synthesis time and c) contributions of FAU and MWW phases during zeolite synthesis (contributions based on the changes of the area of
the diffraction peaks at 20~6.3° for FAU and 20~24.5-28 ° for MWW references to the peaks areas of parent H-FAU and MWW-AP-CON-as.
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erated by employing FAU as a precursor instead of amorphous
precursors.

The textural properties of the MWW-5CTA samples taken at
different crystallization times as determined by Ar physisorption
are shown in Figure 3a, Figure S3a, and Table S2. The micropore
volume, the total pore volume, the BET surface area, and the
external surface area initially decrease with respect to those of
the starting H-FAU precursor. When prolonging the crystalliza-
tion time to 24 h, the BET surface area and the total pore
volume decrease substantially. Moreover, the micropore volume
is almost completely lost (<0.01 cm?® g™"). These changes point
to a complete loss of the microporous structure of the parent
FAU zeolite, while the obtained materials remain (meso)porous
with a significant external surface area. After 24 h, the micro-
pore volume has the lowest value and the Sg./Sger displays a
maximum, indicative of a highly mesoporous material (Fig-
ure 3b). It can also be seen that the external surface area
decreases the least among the other textural parameters, which
hints at the transformation of the zeolite part to amorphous
material. During the next 24 h, there is an increase in the
micropore volume along with other parameters, underpinning
the formation of crystalline zeolite, which is in line with the
observation of diffraction lines of MWW zeolite after 48 h. At
72 h, the micropore volume is similar to the micropore volume
of the MWW-AP-CON sample, which demonstrates the high
crystallization degree (Table S2, Figure S3b). These findings
show the complete FAU-to-MWW IZT into phase-pure MWW
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Figure 3. a) Textural properties, b) V,;/Vio: and Sg,/Sger ratios and c¢) SEM
images of H-FAU and MWW-5CTA(z) samples. H-FAU was included as the
starting point at 0 h. Red-square indicates visible MWW sheet formed after
48 h.

Chem. Eur. J. 2024, 30, €202302931 (5 of 14)

materials after 72 h crystallization, which is consistent with the
XRD results.

The evolution of the morphology of the MWW-5CTA
samples was investigated by SEM and TEM (Figures 3b and 4).
SEM images show that the initial FAU zeolite is composed of
crystals with a size smaller than 1 pm."” However, after 6 h of
crystallization, we observe fluffy-like particles on the surface of
these crystals. In addition, some of the crystals aggregate into a
size larger than the initial FAU. These events are mainly due to
the amorphization of the FAU precursor (Figure 3b). After
prolonging the crystallization time to 15 h, the shape of the
globular particles becomes irregular, which can be explained by
the dissolution of the FAU and Si sources, followed by
formation of new initially amorphous particles. Subsequently,
the first particles with a sheet-like structure can be observed
after 48 h, next to particles with an irregular shape. Agglom-
erated MWW nanolayers are clearly observed after a crystal-
lization time of 72 h. Likewise, TEM images show that the
nanoparticles attached to the well-defined shape bulk particles
aggregate after 6 h synthesis (Figure 4). The globular particles
obtained after 15 h are irregular in shape. While TEM still shows
particles with an irregular shape together with nanolayered

15 11 ,mﬂ m

0 3 6 5 12 15 18 21 24
Nanolayer thickness (nm)

Figure 4. TEM images of a) MWW-5CTA(6), b) MWW-5CTA(15), c) MWW-
5CTA(24), d) MWW-5CTA(48), and e) MWW-5CTA(72). f) The corresponding
nanolayer thickness distribution of MWW-5CTA(72) determined by measure-
ment of 171 nanolayers.
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particles after 48 h, nanolayered particles can be clearly
observed after 72 h. As the growth of nanolayered MWW is
limited in the c-direction, the nanolayer structure cannot be
very well resolved in the samples before 72 h. The average
thickness of MWW layer of crystalline MWW-5CTA(72) sample is
8.4+3.6 nm, which represents 3-4 MWW unit cells in the c-
direction. Considering the changes in the texture and morphol-
ogy, the nanolayered zeolite synthesis via IZT appears to
proceed through the nearly complete dissolution of the FAU
precursor before formation of nanolayered MWW zeolite occurs.

IZT can proceed via the transfer of CBU, SBU or RBU.****"! To
understand the underlying mechanism in the formation of
nanolayered MWW from FAU, we compared the evolution of
such units during MWW-5CTA synthesis by ATR-IR and Raman
spectroscopy in comparison to MWW-CTA-amorph synthesis.
Figures 5a and b show the ATR-IR spectra in the region of
structural zeolite vibrations (550-1400 cm™'). Bands due to
asymmetric and symmetric T-O-T stretching modes and D6R
unit can be observed at 700-1250 and 550-600cm™’,
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Figure 5. ATR-FTIR spectra of MWW-5CTA(z) (a) and MWW-CTA(z)-amorph (b)
samples. Raman spectra of MWW-5CTA(z) (c) and MWW-CTA(z)-amorph (d)
samples. ATIR-FTIR and Raman spectra of H-FAU and MWW-AP-CON were
included for comparison.
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respectively.®”? While the band at 605 cm™" due to the D6R unit
in MWW slowly increases during the synthesis of MWW-CTA-
amorph, this unit is represented initially in the FAU sample at
590 cm™' and appears in the MWW-5CTA synthesis at 605 cm™'
after 72 h (Figure 5a). The MWW-AP-CON sample contains this
feature also, confirming its assignment to the MWW topology
(Figure 5a). The solids were further characterized by Raman
spectroscopy. Figures 5¢ and d show Raman spectra in the
region of 200-800 cm™". H-FAU exhibits bands due to the D6R
unit at 300 cm™' and 4-membered-ring (4MR) units at 487 and
502-506 cm~'.“? Based on the Raman bands of the reference
MWW-AP-CON sample and literature,** the signals correspond-
ing to 6MR units of MWW zeolite are located at 266 and 339-
342 cm™, and the signal due to 4MR units of MWW is observed
at 522 cm™". The broad bands of the MWW-CTA-amorph sample
after 72 h in the region of 300-530 cm ™' are common features
of amorphous aluminosilicate solids. The signals of the 6MR
units of MWW appear after 120 h (Figure 5d) and the Raman
characteristics due to the 6MR and 4MR units develop into
similar features as in the reference MWW-AP-CON, which
supports the complete crystallization after 168 h (Figure 5d). In
the MWW-5CTA synthesis, the D6R unit of FAU (300 cm™) is not
observed anymore after 6 h, whereas the 4MR unit of FAU
(502 cm™") persists up to 48 h. This is not surprising as XRD
shows that FAU remains present up to 48 h next to the
presence of MWW and amorphous phases. Afterwards, the
Raman bands of 6MR and 4MR units of MWW appear in the
Raman spectra. The persistence of 4MR units of FAU and MWW
during IZT process suggest a role of the transfer of such RBU in
accelerating synthesis of nanolayered MWW via IZT as sug-
gested before for other zeolites.?*?%30=3"

We then investigated the chemical composition of the
solids obtained during the synthesis by elemental analysis as
well as their Si and Al speciation by *Si and Al MAS NMR
spectroscopy. The resulting data are plotted against the
crystallization time in Figure 6. All solid samples exhibit higher
Si/Al ratios than the Si/Al ratio in the starting gel (12.5) and in
the H-FAU precursor (~2.5). The Si/Al ratio first increased from
its initial value of 12.5 to a maximum of ~23.3 after 24 h
followed by a decrease to ~16 after 48 h (Figure 6a). The Si/Al
ratio then remains constant up to 72 h. Together with the
previously discussed data, this trend can be explained by
dissolution of the FAU precursor, releasing Al into the solution
during the first 24 h, which is followed by Al reinsertion into
newly formed phases during the next 48 h. The *Si NMR spectra
shown in Figure 6b show much broader bands for the solids
retrieved from the synthesis than the FAU precursor. This
emphasizes the amorphous or at least less crystalline nature of
these phases. According to literature, Al-rich FAU contains
mostly Q* species with different Al distributions (i.e., (4-n)Si,
nAl).** For the MWW-5CTA samples, the spectra were deconvo-
luted into contributions of Q* (4Si and 3Si, 1Al), Q* (3Si, 10H),
and Q? (2Si, 20H), occurring respectively at —120 to —104 ppm,
—103 to —96 ppm, and below —94 ppm (Figure 6¢).*? The
fraction of Q* species started to increase after 15h at the
expense of Q° species, and became more or less constant after
48 h. These changes can be associated with the formation of
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Figure 6. a) Si/Al ratio of MWW-5CTA(2) samples as determined by ICP-OES analysis, b) Si MAS NMR, c) Si speciation in terms of Q% Q* and Q* species, d)
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referenced to the final MWW-5CTA(72) sample.

crystalline zeolite. Consistent with this is also the observation of
a small amount of Q* defects, which is common for nanolayered
MWW zeolite.®*”” The broad #Si NMR peaks of the MWW-CTA
sample after 72 h are indicative of the layered structure of the
MWW zeolite prepared by the combined dual-templating and
IZT approach as compared to bulk MWW.B703%45]

The “AlINMR spectra contain typical signals of tetrahedral
Al (AlY) and octahedral Al (Al") species between 45 and 60 ppm
and around 0 ppm, respectively, in addition to a contribution of
distorted tetrahedral or penta-coordinated Al between 20 and
40 ppm (Figures 6d and 6e).**** The starting FAU contains
contributions of all three Al species. Clearly, some of the
framework Al in this sample has already migrated to other
positions outside the zeolite framework, which is consistent
with the low stability of FAU with a high Al content.”® Different
from FAU with only one T site, MWW has 8 different T-sites.””
Al in these sites is typically represented by a dominant AlY
signal at 55 pm accompanied by shoulders at 60 ppm and
49 ppm. Already after 6 h of crystallization, all octahedral and
most of the distorted tetrahedral or penta-coordinated species
are not visible anymore, which is likely because they were
extraframework Al species. During the synthesis, the character-
istic framework Al"Y band of FAU at 59-60 ppm decreases, while

Chem. Eur. J. 2024, 30, €202302931 (7 of 14)

new bands appear at 49 and 55 ppm. While after 24 h the band
at 49 ppm is strongest, the band at 59 ppm is the most intense
after 48 h.After 72 h, the AI" region is similar to that reported
for crystalline MWW, namely with a strong signal at 55 ppm and
two shoulders at 49 and 60 ppm. The evolution of these spectra
points to a complex formation mechanism. Figure 6f shows the
integrated Al NMR signal during the synthesis referenced to the
final MWW-CTA sample after 72 h. The dissolution of Al during
the initial stages of the synthesis is clear from the decrease of
the AINMR signal. The minimum is attained around 12 h.
Prolonged synthesis leads to a higher AINMR signal, which
points to inclusion of Al from the solution into the new phases.
The total Al signal increases up to 48 h and becomes constant
up to 72 h, which coincides with the constant Si/Al ratio of the
solids during this stage of the synthesis. Overall, nearly all Al
from the precursor was included in the nanolayered MWW
zeolites, while the solids yield of 66% for our synthesis was
nearly the same as reported for hierarchical MWW synthesis by
Corma and co-workers."”” To verify the nature of the AINMR
signal in the 20-40 ppm region, we also measured Al
MQMAS NMR spectra (Figure 7). The absence of a cross peak in
the MQMAS spectra in the region of 20-40 ppm implies that
the samples do not contain penta-coordinated Al Thus, the
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Figure 7. Al MQMAS NMR spectra of H-FAU precursor and MWW-5CTA(z) samples.

signals are mostly due to distorted AlY species, initially part of
the FAU and later in amorphous aluminosilicates.

Crystalline nanolayered MWW was obtained in the MWW-
5CTA synthesis after 72 h by using colloidal silica as the main Si
source. As it can be expected that the synthesis time depends
on the rates of dissolution (via polymeric silica depolymeriza-
tion), hydrolysis and condensation, it is worthwhile to inves-
tigate whether different Si sources can shorten the synthesis
time. The properties of the used Si sources are summarized in
Table S3. The hydrothermal synthesis time was reduced to 48 h.
The XRD patterns and SEM images of the resulting materials
show that the use of TEOS as Si source led to MFI and MOR
zeolite, while fumed silica led to mixtures of FAU and
amorphous products, just like the synthesis with colloidal silica
(Figure 8). However, with silica gel it was possible to already
obtain a pure MWW phase after 48 h. It is likely that the highly
reactive nature of TEOS results in rapid crystallization of MFI

Chem. Eur. J. 2024, 30, €202302931 (8 of 14)

followed by MOR formation after the release of Al into the gel
by FAU dissolution. The higher surface area of porous silica gel
compared to colloidal silica and fumed silica (Table S3) and its
higher silanol density™® make this precipitated silica more
reactive, resulting in a shorter zeolite synthesis time.* We also
repeated nanolayered MWW synthesis with silica gel using only
amorphous precursors, which however only led to amorphous
solids after 72 h (Figure S4). These results show the complexity
of the IZT approach in which the formation of reactive Si
species should be matched with the release of the Al nutrients
and possibly structural motifs of the parent zeolite. Thus, also
the surface area, silanol density and porosity of the Si source
will impact the crystallization time and phase selectivity in the
dual-template nanolayered MWW synthesis via IZT.

We also explored the possibility to prepare other Al-rich
zeolites such as FER using the same gel system but with a lower
Si/Al gel ratio of 7.5 using a synthesis time of 72 h. It should be
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Figure 8. a) XRD patterns and b) SEM images of MWW-5CTA(48)-as samples obtained with different Si sources at the synthesis time of 48 h.

noted that HMI can also direct the formation of FER zeolite.””

Our approach allowed obtaining FER zeolite in a synthesis with
a CTAB content between 5 and 10%, whereas the synthesis
without CTAB yielded a mixture of MWW and FER phases
(Figure S5a). The final FER zeolite also has a nanolayered
morphology and the extent of exfoliation increases when the
CTAB content is increased from 5 to 10% as follows from SEM
and TEM images (Figure S5b-e). This can explain the higher
mesoporous volume and external surface area for the samples
prepared with a CTAB content of 10% (Table S4). Earlier work
reported that the addition of CTAB can accelerate the formation
of FER nanolayers in a dual-template gel system using
amorphous precursors and piperidine as SDA."® Our findings
confirm that nanolayer FER formation in Al-rich gels can be
accelerated in the presence of CTAB. Without CTAB, a mixture
of MWW and FER zeolite was obtained via this IZT approach.
We also followed the synthesis in terms of intermediate and
final phases and possible building units for the FER-10CTA
synthesis up to 72 h by XRD and Raman spectroscopy (Fig-
ure S6). Similar to MWW synthesis, the XRD patterns in Fig-
ure S6a show that the FER-10CTA samples contain mainly FAU
and amorphous silica phases up to 48 h, while crystalline FER
zeolite is observed from 72 h onwards. Figure S6b shows Raman
spectra in the region of 200-800 cm™' of FER-10CTA synthesis.
A characteristic band due to 4MR units of FAU 502 cm™) is
observed until a synthesis time of 48 h. The bands characteristic
for 5SMR and 6MR units in FER at ~426 and ~330cm™,
respectively, appear after 72 h. At this stage, the 4MR units of
FAU are not observed anymore by Raman spectroscopy. These
findings point to rearrangement of 4MR units of FAU into 5MR
and 6MR units of FER as 5MR unit is not RBU of the primary FAU
zeolite. Similar trends in the Raman spectra were reported
during the IZT of AEl from MFI and BEA zeolites.”*” Specifically,
4MR and 6MR units of AElI were formed at the expense of 5MR
units derived from the primary zeolites, which were argued to
undergo rearrangement of such RBU before assembly of CBU of
the final zeolite. We note that the intensity of the 5SMR-related

Chem. Eur. J. 2024, 30, €202302931 (9 of 14)

band in FER is much higher than that of the 6MR-related band
of FER in the FER-10CTA sample after 72 h. The 6MR units are
only formed after condensation of PREFER layers into the
extended three-dimensional structure of bulk FER (Fig-
ure S6b).""Y Overall, the Raman bands for our final FER-
10CTA(72) sample shows that it represents FER layers different
from PREFER in the sense that the layers are thicker. Moreover,
these findings show that the combination of IZT and dual
templating is also effective for obtaining nanolayered FER in an
accelerated manner as compared to classical syntheses of
nanolayered FER using commercially available templates, as can
be judged from Table S5.

Based on characterization of structural, textural, and chem-
ical changes during crystallization, we propose that the
following main events are involved in the accelerated synthesis
of MWW zeolite based on IZT in combination with a dual-
template strategy (Scheme 1). The FAU precursor is slowly
consumed during the induction period, resulting in the
complete disappearance of D6R ring units, which leads to the
release of a part of Al in the gel. Despite the nearly complete
amorphization of FAU, some of the 4MR units remain intact
after 48 h. These fragments are likely facilitating the nucleation
of MWW zeolite after ca. 48 h, in which HMI acts as a SDA and
CTAB limits the growth of the layers in the c-direction as also
was the case in the previous work of Rimer’s group.” In a
synthesis with the same two templates in which only
amorphous precursors were used, i.e., appropriate amounts of
NaAlO, and colloidal silica replacing FAU, it took 120 h before
the first signs of MWW crystals were observed with 6MR units
being observed before 4MR, 6MR and D6R units of MWW
developed leading to full crystallization after 168 h. As such,
these observations tally with those of Garcia-Martinez and co-
workers®" and Wakihara and co-workers®? showing an impor-
tant role for 4MR units (RBU) in the crystallization of respectively
BEA and CHA zeolites. Although this chain of events does not
present a mechanism, it outlines the key difference observed in
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Scheme 1. Schematic representation of the key events occurring during interzeolite transformation employed to prepare nanolayered zeolite synthesis.

the synthesis with a primary zeolite in IZT as compared to a
synthesis involving only amorphous precursors.

Catalytic activity

The Diels-Alder cycloaddition (DAC) of furans and ethylene to
p-xylene is promising process to convert furanics, which can be
readily obtained from carbohydrates, to aromatics
(Scheme 2).5" Acidic zeolites can act as suitable catalysts for
this reaction.”™*? The increased external surface of nano-
layered MWW zeolite as compared to its bulk counterpart leads
to better accessibility of Brensted acid sites at the hemispherical
cups of the MWW surface.*®** This led to improved catalytic
performance in such reactions as the cracking of 4-
propylphenol® and vacuum gas oil,*” Friedel crafts alkylation
of aromatics,*'¥ and Diels-Alder cycloaddition of furans.™™
Following these studies, we explored the benefit of nanolayered
MWW in the DAC of 2,5-DMF and ethylene to p-xylene by
comparing the performance of MWW-CTA(72) and conventional
MWW-AP-CON. The DAC is a two-step reaction involving the
formation of an oxanorbonene intermediate that is followed by
acid-catalyzed dehydration to the final aromatic product
(Scheme 2). The reaction was carried out in a batch autoclave at
a temperature of 230°C with 2,5-DMF dissolved in 1,4-dioxane
and at an ethylene pressure of ~60 bar.

The numerical reaction results are given in Table S6. The
reaction data show a clear benefit of the nanolayered MWW
zeolites over the bulk reference. Quantification of the total BAS

DAC reaction dehydration
Q
I:> \E/)\ + = _—
H,0
Biomass 2,5-DMF ethylene Oxanorbonene p-xylene

cycloadduct

Scheme 2. Overall approach to the production of p-xylene from 2,5-dimeth-
ylfuran (2,5-DMF) with ethylene from renewable and recycled sources and
the two-step nature of the Diels-Alder cycloaddition.
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density by pyridine IR shows that MWW samples contain the
amount of BAS in the range of 160-230 umolg™' without any
obvious correlation with the CTA content. Obvious differences,
however, occurred in assessing the amount of BAS located at
the external surface as probed by IR spectroscopy using the
larger collidine probe. The amount of external BAS was found
to increase with CTA content for nanolayered MWW. Moreover,
the amount of external BAS for these samples was higher than
for the bulk reference and the sample obtained without CTAB,
i.e., 8 umolg™" in both MWW-AP-CON and MWW-0CTA(72). The
highest amount of external BAS was 21 umolg™' obtained for
MWW-6CTA(72). Based on the nearly similar Si/Al ratio and
framework Al fraction of these samples (Figure S7, Table S7 and
S8) except for the higher Al content of MWW-AP-CON (Si/Al of
10), it is clear that hierarchization of MWW results in a higher
accessibility of pores at the external surface as also known from
literature.*<'353-%9  Accordingly, we correlated the obvious
improved performance of the nanolayered MWW zeolites to the
external surface area and the number of external BAS probed
by collidine IR in Figure 9. Al MWW-CTA(72) catalysts exhibited
a significantly higher conversion and p-xylene yield than the
bulk reference sample. Moreover, it was found that these
reaction parameters improved with increasing CTA content
when the CTA content was higher than 2.5%. Overall, there is a
strong correlation with the external surface area and the
external BAS concentration, whereas such a correlation is
absent when the activity is correlated with the total BAS density
(Figure S8). Notably, the performance of MWW-0CTA(72) was
comparable to that of MWW-2.5CTA(72) in line with low extent
of exfoliation and the nearly similar external surface area (Fig 1c
and Table S7). Nevertheless, these two samples performed
better than the bulk reference with the increased p-xylene yield
up to 40%, which can be explained by the fact that they both
exhibit a higher external surface area and, consequently, higher
amount of external BAS than the bulk sample (Table S7). This
example demonstrates the beneficial aspects of an accelerated
synthesis based on a combination of IZT and dual templating
approach for nanolayered MWW, which would be a promising
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MWW synthesis. Specifically, the replacement of colloidal silica

a 60 - b 22

) - B MAWAPCON 6cTA ) N B MyAP-CON by silica gel allowed further reducing the synthesis time to 48 h.

§ scmao*” = = ;CTA’/;GCTA Apart from MWW synthesis, the approach was applied to the

7] o o < 181 —— nanolayered FER formation and the pure FER phase was

[ y ° R . . — .

E4s QSCTA\é' >16 o, successfully obtained using the similar scheme of synthesis

w 8 Pl i period with a slight modification of synthesis procedure such as

=404 - 144 - Yy

ﬁ . a - Si/Al of the starting synthesis gel. The utility of hierarchization

391 2 of MWW in this way was demonstrated by the improved
304— : . 10+— T - catalytic performance in the DAC reaction of 2,5-DMF and

120 140 160 180 120 140 160 180

External surface area (m?g™") External surface area (m?g™)

60 22
C) @ MWW-CTA(72) d ) @ MWW-CTA(72)
m MWW-AP-CON 6CTA m MWW-AP-CON
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9 5678 5CTA
= 5CTA _.* S o .
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g 2™ oo ® 0CTA .
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= 40 214 4
;
N 35 12
30+ 10 ———————————
6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22

BASgyr (umol g') BASgyr (umol g7)

Figure 9. Correlation between external surface area and a) 2,5-DMF con-
version, b) p-xylene yield. Correlation between external BAS and c) 2,5-DMF
conversion, d) p-xylene yield. (Conditions: catalyst weight=0.1 g, V=30 mL,
2,5-DMF concentration=1M, T =230°C, p=60 bar, time=6 h).

catalyst for biorefinery, especially in biobased p-xylene produc-
tion via DAC.

Conclusions

This works explores the combination of interzeolite conversion
of FAU zeolite as Al source and primary zeolite with the use of a
dual-templating strategy (HMI, CTAB as structure directing
agent and exfoliating agent, respectively) to accelerate the
synthesis of nanolayered MWW within 48-72 h, and this is the
shortest synthesis period that has been reported so far (most of
them require a long synthesis time up to 7 days). The evolution
of the structure, texture, chemical composition, and Si and Al
speciation employed to intermediate solid showed that FAU
consumption was nearly complete, releasing Al nutrients that
are reinserted in an amorphous precursor phase, eventually
producing the MWW phase. To verify secondary building units,
it was observed that 4MR units derived from FAU remain
present during the formation of MWW, suggesting that such
motifs play an important role in the IZT process for zeolite
formation. In strong contrast to this, the absence of correspond-
ing secondary building units during nanolayered MWW syn-
thesis using amorphous precursors indicates that these units
can facilitate the crystallization of MWW zeolite. Apart from 1ZT
aspect, the secondary CTAB template plays a crucial role to
reduce crystal growth in the c-direction, resulting in the
formation of nanolayers. The surface area, silanol density and
porosity of the Si source was also found to impact the
crystallization time and the phase purity of the nanolayered
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ethylene, which could be linked to the enhanced external
surface area and accessibility of strong Brensted acid sites. The
combination of IZT and dual-template strategy thus shows
potential for accelerated synthesis of nanolayered zeolite
catalyst, which can be applied as a promising catalyst in p-
xylene production from biomass-derived compounds.

Experimental Section

Materials

Colloidal silica (Ludox HS-40, Sigma-Aldrich), fumed silica (Cab-O-Sil
M-5), silica gel (Davisil, 100—200 Mesh, Sigma-Aldrich), tetraethylor-
thosilicate (TEOS, Sigma-Aldrich), H-FAU (Si/Al=5.1, Alfa Aesar),
sodium aluminate (NaAlO,, Sigma-Aldrich), sodium hydroxide
(NaOH, 50%, Sigma-Aldrich), hexamethyleneimine (HMI, TClI),
cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich),
ammonium nitrate (NH,NO,, Sigma-Aldrich), 2,5-dimethyl furan
(2,5-DMF, Sigma-Aldrich), 2,5-hexandione (2,5-HD, Merck), 3-methyl-
2-cyclopen-1-one, (MCP, Merck) p-xylene (Merck), 1,4-dioxane
(Sigma-Aldrich), and n-decane (Sigma-Aldrich) were used without
further purification.

Zeolite synthesis

Nanolayered MWW and FER zeolites were obtained by interzeolite
transformation as follows. In a typical synthesis, 6.21 g of double
deionized (DI) water, 0.47 g of 50 wt.% NaOH, 0.97 g of hexameth-
yleneimine (HMI, TCI), and a desired amount of cetyltrimeth-
ylammonium bromide (CTAB, Sigma-Aldrich) were mixed at room
temperature. The solution was homogenized by sonication for
20 min and then stirred overnight. An amount of H-FAU was added
followed by stirring for 30 min. Then, 3.86 g of colloidal silica
precursor was added to obtain a synthesis gel with the composition
of 1 SiO,: y Al,O5: 0.2 HMI: (x/500) CTAB: 0.18 NaOH: 15 H,0, where
y is 0.04 for MWW synthesis and 0.067 for FER synthesis. After
vigorous stirring for 4 h, the gel was transferred into a 45 mL
Teflon-lined stainless-steel autoclave and heated at 150°C under
rotation at 50 rpm. After reaching the targeted hydrothermal
synthesis time, the autoclave was cooled to room temperature. The
resulting zeolite powder was separated by centrifugation, washed
by DI water until pH of filtrate <9, and dried at 110°C overnight.
The resulting samples are denoted as MWW-xCTA(z)-as or FER-IZT-
XxCTA(z)-as, where x denotes the molar CTAB/HMI ratio and z the
synthesis time in h. The organics retained in the samples during
synthesis were removed by air calcination at 600°C for 8 h. The
calcined samples were denoted as MWW-xCTA(z) or FER-xCTA(z).
The proton-form sample was obtained by ion-exchanging the
calcined samples three times using a 0.5M NH,NO; solution
followed by drying at 110°C and calcination at 550°C for 6 h. The
H-MWW-xCTA(z) denotes the proton-form sample. The replacement
of colloidal silica sources by other Si precursors was explored for
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the synthesis of nanolayered MWW zeolite and several other Si
precursors including fumed silica, silica gel and TEOS.

Nanolayered MWW zeolite was also obtained via a literature
method without zeolite precursor.®? In brief, 0.29g of a NaOH
solution, 35.88 g of DI water, 0.21 g of NaAlO,, 2.20 g of HMI, and
2.06 g of CTAB were mixed and vigorously stirred overnight. Then,
fumed silica was slowly introduced to obtain a synthesis gel with
the composition of 1 SiO,: 0.033 Al,O;: 0.49 HMI: 0.138 CTAB: 0.18
NaOH: 43.9 H,O. After stirring for 30 min, the gel was transferred
into a 45 mL Teflon-lined stainless-steel autoclave and heated at
150°C under rotation at 30 rpm for 168 h. The treatments after-
wards were identical to those applied for MWW-xCTA(z)-as sample.
The samples are denoted MWW-CTA(z)-amorph-as and MWW-
CTA(z)-amorph for as-synthesized and calcined samples, respec-
tively.

Conventional MWW zeolite synthesis via amorphous precursors
(MWW-AP-CON) was synthesized following a recipe of Corma’s
group.”® 0.92 g of NaAlO,, 24.84g of 1M NaOH, 124.20 g of DI
water, and 7.61 g of HMI were mixed. Then 9.23 of fumed silica
(Degussa, Aerosil 200) was slowly introduced into the solution to
obtain the synthesis gel with the composition of 1 SiO,: 0.03 ALO;:
0.5 HMI: 0.3 NaOH: 40 H,O. After stirring for 30 min, the gel was
transferred into a 125 mL Teflon-lined autoclave and heated at
150 °C under rotation at 60 rpm for 168 h. The following treatments
were identical to those described above. These samples are
denoted MWW-AP-CON-as, MWW-AP-CON, and H-MWW-AP-CON
for as-synthesized, calcined, proton form samples, respectively.

Characterization

The elemental composition was determined using an inductively
coupled plasma-optical emission spectrometer (ICP-OES, Spectro
CirosCCD with axial plasma viewing). The samples were dissolved in
a 1:1:1 (by volume) mixture of HF (40 wt.% in H,0), HNO,
(~60 wt.% in H,0), and H,0O before ICP analysis. X-ray diffraction
(XRD) patterns were obtained using a powder X-ray diffractometer
(Bruker, New D2 phaser, Cu Ka source). Ar physisorption was carried
out at —186°C to determine the textural properties of the zeolites
on a Micromeritics ASAP-2020 apparatus. Before the sorption
measurements, the samples were evacuated at 360°C for 6 h. The
total pore volume was calculated at p/p, of 0.97. The specific
surface area, micropore area, and the micropore volume were
determined by Brunauer-Emmett-Teller (BET), t-plot methods, and
non-local density functional theory (NLDFT) methods, respectively.
SEM and TEM images were obtained with a field emission scanning
electron microscopy (SEM, FEI Quanta 200F) and transmission
electron microscopy (TEM, FEI Tecnai), respectively. TEM sample
preparation involved dispersion of the powder in ethanol followed
by supporting it on a Cu grid with a holey carbon film. Raman
spectra of the calcined samples were recorded using a Witec
alpha300 R confocal Raman microscope equipped with a Zeiss 50x/
0.55 DIC objective and laser excitation with a wavelength of
532 nm at a laser power of 20 mW. The integration time for the
spectra was 30 sec, and the number of scans accumulated per
spectrum was 10. IR spectra of the calcined samples were measured
in the range of 4000-400 cm™' at a 0.5 cm™' resolution averaging
32 scans by using attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR, Thermo Scientific Nicolet iS20 FTIR
Spectrometer). Pyridine-IR and collidine-IR spectra of samples were
measured on a Bruker Vertex 70v instrument in the range of 4000-
1000 cm™' at a resolution of 2 cm™'. Each spectrum was an average
of 64 scans. Typically, the thin wafer samples were placed inside a
controlled-environment transmission cell. The samples were pre-
treated at 550°C in artificial air before measuring the background
spectra at 150°C under vacuum. Then, pyridine or collidine was
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introduced into the cell from an ampoule kept at room temper-
ature. The exposure time was ~10 min followed by desorption for
1 h under evacuation at temperatures of 150°C, 300°C and 500 °C.
After each step, a spectrum was acquired at 150 °C. To quantify the
density of acid sites in zeolites accessible by pyridine, the spectra
were normalized by the weight of the wafer and molar extinction
coefficient values of 0.73 cm/pumol and 1.11 cm/pmol were used for
Brgnsted (BAS) and Lewis acid sites (LAS), respectively.*” To
quantify the external BAS accessible by collidine, a molar extinction
coefficient value of 10.1 cm/umol was used.”™ Thermogravimetric
analysis (TGA/DSC 1, Mettler Toledo) was performed to determine
the organic content of the as-synthesized samples. Typically, ~4 mg
of material was heated to 800°C at a rate of 5°Cmin~" in an
oxygen-containing flow (33 vol.% O, in He). Quantitative *Si magic
angle spinning (MAS) NMR spectra (Bruker DPX-20) were recorded
using a 4 mm diameter ZrO, rotor, a spinning speed of 10 kHz, and
a high-power proton decoupling direct excitation (DE) pulse
sequence with a 54° pulse duration of 3 us and a recycle delay of
120s. Quantitative Al MASNMR and “Al MQMAS NMR were
carried out on 11.7 T Bruker DMX500 NMR spectrometer using a
Bruker 2.5 mm MAS probe head and a 2.5 mm zirconia rotor
spinning at 25 kHz. Prior to the “AINMR measurements, the
samples were saturated in moist air overnight.

Catalytic activity of Diels-Alder cycloaddition of 2,5-DMF and
ethylene to p-xylene

Catalytic activity measurements were performed in a 0.1 L pressur-
ized stirring-batch reactor (TOP Industrie). The catalyst was sieved
(250-500 pum) prior to addition of the reaction solution. 30 mL of
1.0 M 2,5-DMF and 0.03 M n-dodecane in 1,4-dioxane was added,
followed by being manually pressurized with ethylene of 25 bar
(2,5-DMF:C,H, =~ 1:2.8) at room temperature. The reaction time was
started once reaching the desired temperature of 230°C. The
reaction was terminated by disconnecting the heating system,
allowing it to cool down to room temperature, and subsequently
depressurizing the vessel. The liquid-reaction product was sepa-
rated and analyzed using a gas chromatograph (GC-FID, Shimadzu
GC-17 A instrument equipped with an Rxi-5MS column). The
conversion of 2,5-DMF (X) and product yield (Y) were calculated by
the following equations (1) and (2).

X= CZ.S—DMF, reacted %100 (1)

C2.5—DMF. initial

Y G x 100 2)

CZ.S*DMF‘ initial

where Cysoumr, reactea = CONCeNtration of reacted 2,5-DMF in molL ™,
Cys.omr, i =iNitial concentration of 2,5-DMF in molL™", and C;=
concentration of product i in the reaction solution in molL™".
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