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ABSTRACT: Interzeolite transformation has been used to
produce a novel family of hierarchical catalysts featuring excellent
textural properties, strong acidity, and superior catalytic perform-
ance for the Friedel—Crafts alkylation of indole with benzhydrol,
the Claisen—Schmidt condensation of benzaldehyde and hydroxy-
acetophenone, and the cracking of polystyrene. Intermediate solids
of the FAU interzeolite transformation into BEA display both
increased accessibility—due to the development of mesoporos-
ity—and strong acidity—caused by the presence of ultrasmall
crystals or zeolitic fragments in their structure. The use of
surfactants allows for the development of the hierarchical catalysts
with very narrow pore size distribution. The properties of
interzeolite transformation intermediates (ITIs) can be fine-
tuned simply by stopping the interconversion at different times.

1. INTRODUCTION

For more than five decades, zeolites have been used as catalysts
in some of the most important industrial processes due to their
combination of strong acidity, well-defined structure, and
excellent hydrothermal stability."”> Today, worldwide con-
sumption of zeolite catalysts reaches ~250000 metric tons per
year.” Their commercial impact is difficult to overestimate;
they are responsible, for example, for ca. 30% of the gasoline
produced in refinery operations.” These crystalline micro-
porous materials are typically prepared under hydrothermal
conditions from amorphous aluminosilicate gels in the
presence of structure-directing agents (SDAs), which can be
inorganic cations and/or organic molecules, in basic or fluoride
media. Zeolites can also be produced by the densification of
other more open structures,” a process usually referred to as
zeolite interconversion or interzeolite transformation.® This
method is a convenient strategy for the synthesis of many
relevant structures, often requiring shorter synthesis times than
traditional approaches.6 However, although the interzeolite
transformation is a widely used and versatile approach, its
mechanism remains elusive.”

On the other hand, despite their pivotal role in catalysis and
their wide use in separation and adsorption, the intrinsic
microporosity of zeolites imposes severe diffusion limitations
to large-sized reactant/product molecules,g’9 limiting con-
version, while increasing coke formation, which results in an
accelerated catalyst deactivation. Two main approaches are
used to improve mass transport in zeolites: (i) the preparation
of hierarchical zeolites featuring a secondary mesoporous
19712 and (ii) the generation of nanosized crystals."”
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Interzeolite transformation

By combining these two approaches, mesoporous solids
composed of zeolite fragments or nanocrystals were prepared.
To achieve this objective, these two strategies were used: the
first is the synthesis of mesoporous solids using zeolitic
precursors, as performed by Pinnavaia and co-workers, who
reported the formation of mesoporous materials using FAU,
MFI, and *BEA zeolites seeds.'*”'® These materials presented
higher catalytic activity for the transformation of bulky
molecules and improved hydrothermal stability than equivalent
mesoporous solids prepared from noncrystalline precursors,
which was attributed to the presence of zeolitic fragments. The
second strategy is based on the use of organic SDAs and/or the
partial crystallization of zeolites, starting from the typical
synthetic conditions of zeolite formation and quenching the
synthesis in an initial amorphous phase."’~>* This method
produced materials with superior catalytic performance as
compared to the fully crystalline materials for the conversion of
bulky molecules and, usually, improved hydrothermal
stabilities over mesoporous amorphous solids.

Recently, a new approach has been added to the toolbox by
Valtchev and co-workers: embryonic zeolites, which are
ultrasmall zeolite crystals supported on an aluminosilicate
matrix.”*">" They combine high specific surface area and a
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Scheme 1. Schematic Representation of the Three Interzeolite Transformation Methods Evaluated”
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“The parent zeolite (FAU) was hydrothermally treated (ITI1) in the presence of TEAOH, (ITI2) the same procedure by starting from an
uncalcined surfactant-templated FAU zeolite, and (ITI3) similar to ITI1 by using a mixture of TEAOH and CTAB. The treatments were
maintained until fully crystalline BEA zeolite was obtained.

micro-/mesoporous architecture (1—3 nm), resulting in zeolite (BEA) by using tetraethylammonium hydroxide (TEAOH) as
excellent accessibility and enhanced catalytic performance in SDA. One gram of CBV720 zeolite was stirred in a Teflon-lined
the dealkylation of triisopropylbenzene or the synthesis of stainless-steel autoclave with 2 mL of a 43 M aqueous TEAOH

solution for 1 h; then, the mixture was hydrothermally treated at 140
°C for 0.5—1.5 days under static conditions. The obtained material
was filtered, washed with distillated water, dried at 60 °C overnight,
and calcined at 550 °C for 5 h (2 °C min™"). The hierarchical
materials prepared by using TEAOH as SDA (Interzeolite Trans-
formation Intermediates 1) were labeled as ITI1-x, where x is the time

dimethyl ether from syngas.

Herein, we present a new strategy for the synthesis of
superior hierarchical catalysts, whose properties evolve during
interzeolite transformation. They are composed of zeolitic
fragments and display improved accessibility. Because of these

features, they effectively catalyze reactions involving large of treatment in days.

molecules. We realized this strategy for the interconversion of In a second approach, a mesoporous FAU zeolite prepared by
FAU into BEA. Additionally, we used quaternary ammonium surfactant templating”* was used as starting material in the interzeolite
surfactants to develop well-defined mesoporosity in the transformation into BEA. The surfactant-templated FAU zeolite was
intermediates. By stopping the interconversion of FAU into obtained by using the method described elsewhere.>® In brief, 2.5 g of
BEA at different times, we were able to produce Interzeolite the commercial FAU zeolite (CBV720) was mixed with 157 mL of a

basic surfactant solution ([NH,OH] = 0.19 M; CTAB = 0.5 g); the
mixture was then stirred at room temperature for 20 min. The
synthetic mixture was transferred to a Teflon-lined stainless-steel
autoclave where the hydrothermal treatment was performed at 150 °C
for 12 h under static conditions. The sample was filtered, washed, and

Transformation Intermediates (ITIs) showing optimized
catalytic performance for the Friedel-Crafts alkylation of
indole and the Claisen—Schmidt condensation of benzalde-
hyde.”* ™" Similarly, these catalysts also significantly reduce

the cracking temperature of pol}fstyrene, a model reaction for dried at 60 °C for 12 h. Finally, 1.2 g of the uncalcined surfactant-
the asseglsrgent of the catalytic performance of cracking templated FAU zeolite was interconverted into BEA by using the
catalysts.” procedure described in ITI1 for 0.5—2 days. The materials prepared

by using this strategy were labeled as ITI2-x, where x is the time of
2. METHODS treatment in days.

Materials. USY zeolite (CBV720) and BEA zeolite (CPS14E) Third, the combined use of a quaternary ammonium surfactant
were supplied by Zeolyst, with a nominal Si/Al ratio of 15 and 12.5, (CTAB) and a SDA (TEAOH) was explored. This procedure was
respectively. The following chemicals were purchased from Sigma- adapted from ref 34. In a typical synthesis, 1 g of CVB720 (FAU)
Aldrich (St. Louis, MO): tetraethylammonium hydroxide aqueous zeolite was stirred in 2 mL of an aqueous solution of CTAB (0.6 M)
solution (35 wt % fraction), cetyltrimethylammonium bromide and TEAOH (4.3 M) for 1 h. The mixture was transferred to a
(CTAB), indole (99%), benzhydrol (>99%), 2’-hydroxyacetophe- Teflon-lined stainless steel autoclave and statically heated at 140 °C
none, benzaldehyde, and polystyerene (M, = 35000). Sodium for 2—8 days. The products were filtered, washed, and dried at 60 °C
hydroxide (98% pellets) was supplied by Fluka. overnight. Finally, they were calcined at 550 °C for 5 h (2 °C min™")

FAU to BEA Interzeolite Transformations. To obtain to remove both the surfactant and SDA. The materials prepared by
mesoporous intermediates with improved textural properties, three using this treatment were named ITI3-x, where x is the time of
different methods were evaluated for the transformation of FAU treatment in days.
zeolite into BEA (see Scheme 1). In the first method, the original Materials Characterization. X-ray diffraction (XRD) patterns
microporous CBV720 (FAU) zeolite was interconverted into beta were obtained in a powder X-ray diffractometer (Bruker AXS D8
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Figure 1. Structural and textural characterization of the samples obtained at different times using the three interzeolite transformation methods (1,
top, blue), ITI1, (2, center, red), ITI2, and (3, bottom, green), ITI3. (A) XRD patterns of the products obtained at different treatment times. (B)
N, physisorption isotherms at —196 °C of the same products and (C) their corresponding NL-DFT pore size distributions. (D) Micropore
(diamonds) and mesopore (circles) volumes of the samples produced by each method at different times. The color codes are shown in the legend

(right).

Advance) with graphite monochromatized Cu Ka radiation at 40 kV
and 40 mA. A known amount of graphite (used as internal standard)
was mixed with the samples before the analysis to quantify the
crystallinity of the different solids. The most intense peak of graphite
((002) at 26° 20) was used to normalize all the spectra. The most
crystalline BEA zeolite obtained after interzeolite transformation is
completed, this is, zeolite ITI1-1.5, was defined as 100% crystallinity
and used as reference to calculate the percentage of BEA in the ITI
samples. Nitrogen physisorption isotherms at —196 °C were
performed in an AUTOSORB-6 apparatus. The samples were
previously degassed for 8 h at 250 °C at § X 10™° bar. Adsorption
data were analyzed by using the software QuadraWinTM (ver. 6.0) of
Quantachrome Instruments. Cumulative pore volumes and pore-size
distribution curves were calculated by using the DFT method (NL-
DFT adsorption branch model). The total pore volume was obtained
at the plateau of the cumulative adsorption pore volume plot at a
relative pressure (P/P,) of 0.9. Micropore volume was determined by
NL-DFT as the volume adsorbed at pore sizes <2 nm, and the
mesopore volume was calculated by subtracting the micropore
volume from the total pore volume as shown in ref 12. High-
resolution argon physisorption isotherms at —196 °C and low P/P,
range (1077—0.01) were performed in an ASAP 2425 apparatus from
Micromeritics. The morphology of the samples was evaluated by
transmission electron microscopy (TEM) images collected by using a
JEM-1400 Plus microscope (JEOL, 120 kV, 0.38 nm resolution). The
UV-Raman spectra were recorded on a Jasco NRS-5100 dispersive
Raman system with a laser source of 325 nm. The composition of the
prepared solids was determined by X-ray fluorescence (XRF) in a
sequential spectrometer PHILIPS MAGIX PRO equipped with a
rhodium X-ray tube and beryllium window. The total number of
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Bronsted acid sites in the samples was measured by isopropylamine
decomposition in a simultaneous thermal analyzer (Linseis HP-STA)
as described in ref 35 and in the Supporting Information.

Catalytic Evaluation. The Friedel—-Crafts alkylation reactions
were performed as follows: ca. 0.04 mmol of substrate (S mg of
indole) was stirred with 26 mg of benzhydrol (diphenylmethanol,
0.14 mmol) in a glass vessel containing S mg of the catalyst. The vials
were closed and transferred into an aluminum heating block
preheated to 80 °C. The mixture was stirred (400 rpm) at this
temperature for 30 min.

Claisen—Schmidt condensation reactions were performed in a
similar manner by mixing 10 mg of catalyst, 1.4 mmol of
benzaldehyde (142.7 uL), and 0.7 mmol of hydroxyacetophenone
(85 uL) at 135 °C for 48 h.

To ensure reproducibility, three replicate experiments were
conducted both for Friedel-Crafts alkylation and for Claisen—
Schmidt condensation reactions. After reaction, the mixtures were
cooled, washed with acetone, and centrifuged. Products were
identified by gas chromatography coupled to mass spectrometry
(GC-MS). The conversion was calculated by calibration of the indole
and hydroxyacetopenone (GC-FID) as limiting reactants for the
Friedel-Crafts and Claisen—Schmidt reactions, respectively. Turn-
over frequencies (TOFs) were calculated as moles of indole or
hydroxyacetophenone converted after 30 min and 48 h of reaction,
respectively, per mole of total acid sites.

The catalytic cracking of polystyrene was performed in a
NETZSCH TGA/STA 449 ES Jupiter thermogravimetric analyzer.
The reactions were conducted by loading and evenly spreading 1 mg
of the catalyst in the platinum microcrucible prior to the addition of
10 mg of the polymer. The samples were heated under nitrogen flow

https://doi.org/10.1021/jacs.2c00665
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(100 mL min™") from 70 to 700 °C at 10 °C min™~". The temperature
of the maximum degradation rate (T,,,) for every experiment was
determined from the derivative thermogravimetric (DTG) plots.
Duplicate experiments, conducted for selected samples, produced
deviations below +1 °C. The apparent TOF was calculated by
dividing the moles of polymer decomposed at 350 °C per minute by
moles of total acid sites (see the Supporting Information for more

details).

3. RESULTS

Evolution of the Structural and Textural Properties.
The solids recovered at different times during the interzeolite
transformation of FAU into BEA were thoroughly charac-
terized to gain insight into how their properties evolve as one
zeolite (FAU) interconverts into the other (BEA). Three
different approaches were explored (summarized in Scheme
1): (1) CBV720 was hydrothermally treated in the presence of
TEAOH (ITI1), (2) an uncalcined surfactant-templated
CBV720 was also treated with TEAOH (ITI2), and (3)
CBV720 was treated with a mixture of TEAOH and CTAB
(IT13). The treatment was maintained until no more BEA
zeolite was obtained. A time-resolved study for each one of the
three approaches was conducted by interrupting the
interconversion at different treatment times to monitor the
evolution of the properties of the ITI materials, see Table S1,
which includes a summary of all the synthesized samples and
their characterization. The development of the BEA phase was
followed by powder XRD analysis (Figure 1(A1—A3)). Under
the conditions used, interzeolite transformation yields
amorphous solids at short times. As observed in Figure
1(A1—A3), FAU zeolite completely loses its crystallinity before
BEA zeolite starts to form. Interzeolite transformation through
an amorphous phase has been reported elsewhere.”® The
authors postulated that FAU zeolite is interconverted into BEA
zeolite via a liquid-phase-mediated mechanism. The alkaline
media produces the amorphization and partial dissolution of
the parent FAU zeolite; however, as it will be discussed later
on, these mesoporous intermediates are composed of FAU
fragments that evolve to produce BEA structural units. The
evolution of the Si/Al ratio of the solids over time supports this
liquid-mediated mechanism (Figure S1). The amorphous
material presents the lowest Si/Al ratio of all the ITI samples,
yet the solids recovery was very high in all cases (>50%, see
Table S1) because of the presence of the quaternary amines,
which inhibit desilication. As the interconversion continues,
the Si/Al ratio almost recovers its initial value, indicating the
incorporation of the dissolved material into the final zeolite. It
is worth mentioning that this increase in the Si/Al ratio of the
samples coincides with the formation of the BEA zeolite (see
Figure S1), as evidenced by X-ray diffraction data (Figure
1(A1—A3)). The bump in the baseline at ca. 25° 26 at short
times of transformation indicates the presence of a residual
amount of amorphous phase in the sample. Fully crystalline
BEA zeolite was obtained by using any of the three methods, if
enough time is allowed. In all cases, the bump of the baseline
gradually disappears. Even though the structural evolution of
the samples is very similar in the three methods, different
kinetics are observed (Figures 1 and 3E). ITII1 and ITI2 have
very similar kinetics; however, the presence of the surfactant
inside the FAU zeolite slightly delays its interconversion (ca.
50% of BEA phase in 24 h instead of 18 h, Figure 3E).
However, the addition of the CTAB to the transformation
mixture (ITI3) significantly slows down the conversion. When
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this method is used, the first XRD peaks due to the BEA phase
appear only after 2 days of hydrothermal treatment (see Figure
1(A3)). As shown in Figure 3E, a 50% of BEA crystallinity is
reached after 6 days of treatment; this is 8 times longer than
when using ITI1. This marked delay is likely due to the
presence of surfactant in the reaction mixture, which can
interfere with the crystallization process. The competition
between the two quaternary amines used in the ITI3 method
causes a significant delay in the interzeolite transformation,
which is driven by the TEAOH. However, in the case of the
ITI2, the presence of CTAB only in the interior of the FAU
zeolite barely impacts the kinetics of the interzeolite trans-
formation (Figure 3E). We performed a control experiment to
determine the effect of CTAB inside the zeolite in the kinetics
of the transformation. A calcined surfactant-templated FAU
zeolite was transformed by using the ITI1 method, yielding
very similar materials and kinetics than when using a
conventional FAU zeolite (CBV720) and the same ITI1
method, as shown in Figures S2 and S3 (see the Supporting
Information for additional details). This confirms that the
embedded surfactant only slightly delays the interzeolite
transformation process.

The N, physisorption isotherms of all samples are shown in
Figure 1(B1-B3), and their corresponding pore size
distribution (PSD) in Figure 1(C1—C3). The parent FAU
zeolite (CBV720) shows a type I isotherm, which is typical of
microporous materials. There is a continuous uptake of N,
from P/P, > 0.8 due to the porosity generated by the supplier
during the ultrastabilization of the zeolite by steaming.”’ The
intermediate materials can be divided in two groups: (1) those
obtained by using the ITI1 method, which displays a broad N,
uptake at a relative pressure ca. P/P;, = 0.7, indicating the
presence of large and irregular mesopores, and (2) those
obtained by ITI2 and ITI3 methods which present a sharp N,
uptake at ca. P/P, = 0.3, characteristic of surfactant-templated
materials. From the XRD and N, physisorption data we
conclude that the parent FAU structure undergoes through an
amorphous mesoporous phase before the BEA zeolite forms
(see also Figure 1(A1—A3)). This amorphous phase is also
evidenced by the very low microporous volume of the
intermediate samples (Figure 1(D1-D3)). At longer times
of transformation, the obtained samples show very different
textural properties. Mesoporosity disappears as the new BEA
microporous phase emerges. This evolution is clearly shown in
Figure 1(D1-D3). With regard to the type and size of the
pores, in the case of the FAU zeolite treated with TEAOH
(ITI1) the intermediate samples show a wide distribution of
mesoporosity (Figure 1(C1)) ranging from 4 to 16 nm,
centered at around 8 nm. On the other hand, the incorporation
of CTAB in the interzeolite transformation, either by using a
noncalcined surfactant-templated zeolite (IT12) or by adding
CTAB to the reaction mixture (ITI3), yields materials with
much narrower PSD (see Figure 1(C2,C3)) and a smaller
average pore size ca. 4 nm, which is in good agreement with
the size of the CTAB micelle.’® The incorporation of
surfactants in the interzeolite transformation by means of
any of the above-mentioned methods allows for the precise
modulation of the textural properties of those ITIs and for the
development of a well-defined and tunable mesoporosity.

A deeper analysis of the transformation from FAU to BEA
zeolite was performed by monitoring the changes of the
micropore structure of the solids by Ar physisorption at —196
°C. As shown in Figure S4, FAU and BEA zeolites present very
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Figure 2. TEM micrographs of the products obtained at different times by using the three interzeolite transformation methods: (top) ITI1,
(center) ITI2, and (bottom) ITI3. The names of the samples, indicating the treatment times, are included in each micrograph. Scale bar represents

200 nm.

distinct isotherms in the low P/P, region (1077 to 0.01) due to
the different size, shape, and connectivity of their micropore
systems. Interestingly, the adsorption profile of the inter-
mediate samples evolves from that of the FAU zeolite to that of
the BEA zeolite. This observation indicates that the
intermediates do not possess a bimodal micropore system,
but rather this evolves from the microporous structure of the
parent FAU zeolite to that of BEA zeolite. At low P/P,, the
isotherms of the samples produced at short times of treatment
resemble that of the mesoporous Al-MCM-41 material,
indicating their amorphous mesoporous character and
confirming the conclusions obtained by XRD. However, at
longer treatment times, the new micropore system of the
samples becomes increasingly similar to that of BEA zeolites.
The study of the evolution of the isotherms at low P/P,
provides detailed information about the changes in the
microporous structure of solids, which is especially useful in
the case of interzeolite transformation and complementary to
the information obtained by XRD data.

The changes in the morphology and microstructure of the
solids during interzeolite transformation were further studied
by TEM (Figure 2). A mesoporous sponge-like material, which
maintains the initial shape of the FAU crystals, was obtained
during the initial stages of hydrothermal treatment, indicating
that some desilication or partial dissolution occurs, which is
consistent with the decrease in the Si/Al ratio of the samples at
short times of treatment as aforementioned. This porosity is
highly homogeneous when the surfactant is present during the
interzeolite transformation (ITI2 and ITI3). As treatment
progresses, BEA nanocrystals start to form on the surface of the
amorphous phase (see Figure 2, images ITI1-0.75, ITI2-0.5,
and ITI3-4. They grow in size and population over time to
finally yield only fully crystallized BEA zeolite. As evidenced by
TEM, the interconversion of FAU into BEA undergoes
through an amorphous phase, from which BEA nanocrystals
develop. As described by Ivanova et al,’” interzeolite
transformations can proceed through two mechanisms: (1) a
solid — solid transformation (from amorphous to crystalline)
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and (2) a solution-mediated mechanism involving the
dissolution of the initial phase. On the basis of our data, we
speculate that a combination of these two methods occurs
during the transformation of FAU into BEA. First, part of the
original zeolite dissolves, as evidenced by the reduction of the
Si/Al ratio (XRF) and TEM studies. The structural units of the
new zeolite form from these fragments. In fact, as it has been
described elsewhere,*® the formation of S-membered rings
(SR) units, present in BEA structure, from a zeolite which does
not contain this kind of unit, such as the FAU structure, which
is made of 6- and 4-membered rings, should occur through
dissolved silicate species from a medium- or high-silica zeolite.
The new zeolite grows from the mesoporous amorphous
phase, as zeolite nanocrystals (see Figure 2, images ITI1-0.75,
IT12-0.5, and ITI3-4). The growth of the BEA zeolite from
these nanocrystals proceeds via a solid—solid mechanism (as
high recovery yield was obtained in all cases). A nonclassical
mechanism of crystal growth can also be involved, as it has
been described for the crystallization of zeolites from
amorphous precursors.”" The intimate contact of the different
phases suggests the assembly and attachment of fragments or
particles from the amorphous phase to the new BEA phase.
From all these results, we conclude that at one point of the
interzeolite transformation highly mesoporous materials
containing immature crystals of BEA are formed. They
constitute a whole family of new materials, which properties
can be kinetically adjusted by simply interrupting the
interzeolite transformation at different times, allowing for the
development of osptimized catalysts for the transformation of
bulky molecules.”

The structural evolution of the samples was further analyzed
by UV-Raman spectroscopy.”” Figure 3A—C shows the time-
resolved UV-Raman spectra of solids prepared by the three
different methods. The initial FAU zeolite (see Figure SS)
shows the typical three bands associated with its structural
units: (i) a strong band at ca. 508 cm ™" for the breathing mode
vibration of the 4-membered ring (4R),™ (ii) a shoulder band
at 490 cm™" due to the breathing vibration mode of the 4R in
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Figure 3. Time-resolved UV-Raman spectra of samples prepared by
using the interzeolite transformation method: (A) ITI1, blue; (B)
IT12, red; and (C) ITI3, green. The treatment times are indicated
over each spectrum. Evolution of the (D) ratio between the intensities
of the SR and 4R bands in UV-Raman and (E) BEA crystallinity,
calculated against the intensity of the (302) peak of the most

crystalline sample (ITI1-1.5).

the 6-membered double rings (D6R),** and (iii) a third band
at ca. 300 cm™' corresponding to the bending mode of the
D6R.** In the initial stages of the transformation, the
characteristic band of the D6R units almost disappears, which
confirms the loss of the FAU structure (Figure 1(A1—A3));
however, a very small band attributed to the 6-membered rings
(6Rs) formed by decomposition of the D6R structures can be
observed in the UV-Raman spectra.** In all cases, the band due
to the 4R members is quite noticeable, even though much less
prominent. Simultaneously, the 4R bands shift to lower values,
indicating that the 4Rs units in the FAU structure (ca. 500
cm™") gradually transform into 4Rs units in the BEA structure
(ca. 465 cm™).** The presence of these 4R and 6R units in the
solids since the beginning of the transformation indicates that
these shared units do not completely disappear during the
process; instead, they evolve from the FAU to the BEA
framework. Moreover, their existence in the ITI samples can be
related to the formation of mesoporous material-containing
zeolite building units, which is usually associated with higher
hydrothermal stability and stronger acidity as compared to
amorphous aluminosilicate mesoporous materials that do not
show these features.'*° At longer treatment times, the bands
attributed to the 6Rs (at 320 and 345 cm™) increase, while an
incipient band at 400 cm™' starts to develop due to the
formation of the SR units. The SR units are associated with the
formation of BEA fragments in the hierarchical catalysts. FTIR
analyses show the same structural evolution (see more details
in Figure S6).

Figure 3D shows the evolution over time of the ratio of the
intensities of the band corresponding to SR units (at ca. 400
cm™!), which are only present in BEA zeolite, and that
corresponding to 4R units (at ca. 500—465 cm™"), which are
present in both FAU and BEA zeolites. Therefore, this ratio
(SR/4R) can be used as a proxy for the amount of BEA zeolite
per total amount of zeolite. Therefore, its evolution can be
used to monitor the interzeolite transformation (Figure 3D).
Although the XRD patterns do not show any noticeable BEA
peaks because of the poor long-range crystallinity (Figure 3E),
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Figure 4. Catalytic performance (TOF) of the ITI materials for the (top) Friedel—Crafts alkylation of indole with benzhydrol, (center) Claisen—
Schmidt condensation of benzaldehyde and hydroxyacetophenone, and (bottom) polystyrene cracking as a function of the degree of BEA

transformation, expressed as BEA crystallinity.
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the SR bands in the Raman spectra, even at early stages of the
interzeolite transformation, confirm the presence of BEA units
(small fragments) in the hierarchical catalysts.

Catalytic Evaluation of the Samples. The parent
zeolites and the solids produced by interzeolite transformation
were tested for three different reactions, which are widely used
to assess the catalytic performance of mesoporous zeo-
lites.””~* First, the catalysts were tested in two fine-chemistry
reactions producing very large derivatives, which formation
might be inhibited by the narrow porosity of the zeolites,
namely, the Friedel-Crafts alkylation of indole with
benzhydrol and the Claisen—Schmidt condensation of
benzaldehyde and hydroxyacetophenone (see Figure 4).
Second, the catalysts were evaluated in the cracking of
polystyrene, a bulky compound whose accessibility in micro-
porous zeolites is greatly hindered (Figure 4).

With regard to the Friedel—Crafts alkylation, in all cases, the
intermediate materials, which feature high mesoporosity and
medium acidity, exhibited higher conversion than both the
parent FAU zeolite and the microporous BEA zeolite (final
product of the interzeolite transformation; see Figure 4 (top)
and Table S2). The improved accessibility of the hierarchical
catalysts resulted in a 6-fold increase in TOF over the
commercial FAU (CBV720, parent zeolite). Similarly, the
commercial BEA zeolite (CP814E) shows lower catalytic
activity than the materials prepared by interzeolite conversion.
These results confirm the well-known role of mesoporosity in
the production of bulky compounds. However, an AlI-MCM-
41 with similar Si/Al ratio (Table S2) also shows significantly
lower conversion, indicating that mesoporosity alone is not
enough and that strong acidity is also needed. Analogous
results were obtained for the Claisen—Schmidt condensation
reaction. By plotting the turnover frequency of the catalysts for
both reactions as a function of the BEA crystallinity (used here
as a proxy of the degree of interzeolite transformation), we
were able to identify that the best performing catalysts were
produced during the early intermediate stages of the FAU to
BEA transformation (ca. 15% BEA crystallinity). These
catalysts have low—medium acidity and high—medium
mesoporosity, as shown in Figure S7. As reported else-
where,"”** both accessibility and strong acidity are needed in
the heterogeneous catalytic transformation of fine chemicals, as
large substrates and/or intermediate products are usually
involved and the reaction typically takes place in liquid
phase.””~>' Consequently, conventional zeolites (FAU and
BEA) and the amorphous mesoporous solid (Al-MCM-41)
display the lowest catalytic activity (Figure 4 and Figure S7).

We also tested our materials for the transformation of very
bulky starting compounds, namely, the catalytic cracking of
polystyrene. In this case, the activity of each catalyst was
related to its capacity to lower the temperature of maximum
degradation rate. As can be observed in Table S3 and Figure
S8, the ITI materials reduce, in all cases, the temperature of
degradation of polystyrene up to a maximum of ca. 60 °C as
compared to the parent CBV720 zeolite. This reduction was
higher for the materials with more mesoporosity; however, as
aforementioned for the Friedel—Crafts alkylation and Claisen—
Schmidt condensation reactions, mesoporosity is not sufficient,
as an AI-MCM-41 with a similar Si/Al ratio was not able to
shift the degradation temperature to the same degree (38 °C vs
60 °C). The presence of strong acidity, provided by the zeolite
fragments present in the intermediates, is also needed to
achieve optimum performance. The apparent TOF of each
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catalyst was obtained at constant temperature (350 °C), as
shown in Figure S8. It is quite remarkable that also in the case
of the cracking of polystyrene (Figure 4, bottom) the best
performing catalysts were the same ones that provided
optimum results for the Friedel—Crafts alkylation and the
Claisen—Schmidt condensations reactions. This is, those
obtained when the interzeolite transformation reached ca.
15% BEA crystallinity. The striking similarity of the curves
shown in Figure 4 obtained for quite different reactions,
reactants, and conditions not only confirms the superior
performance of the hierarchical catalysts prepared by partial
zeolite interconversion but also highlights the possibility of
fine-tuning their behavior simply by stopping the interconver-
sion at different times.

4. CONCLUSIONS

Interzeolites Transformation Intermediates (ITIs) are excellent
hierarchical catalysts whose properties evolve as one zeolite
transforms into another. These intermediates yield superior
catalytic performance in reactions involving bulky molecules
due to their improved accessibility and strong acidity. The use
of CTAB in the synthesis (either by embedding it inside a
surfactant-templated zeolite or by its addition to the reaction
mixture) allows for the precise control of the textural
properties of the intermediates, resulting in materials with
very narrow pore size distribution. Intermediates with well-
defined mesoporosity and BEA nanocrystals in their structure
show a 6-fold increase in TOF in the Friedel—Crafts alkylation
of indole using a bulky alcohol as alkylating agent than the
parent FAU zeolite. Similar results were obtained in the
Claisen—Schmidt condensation. In this case, the best perform-
ing hierarchical catalysts displayed a 3-fold enhancement in
TOF over the parent FAU. As controls, the commercial BEA
and a mesoporous Al-MCM-41 with similar Si/Al ratio both
present lower catalytic performances, confirming the key role
of both mesoporosity and acidity to carry out these reactions.
Similar results were obtained in the cracking of polystyrene,
confirming the superior catalytic performance of the
hierarchical catalysts prepared by interzeolite transformation
in the conversion of bulky molecules. An important advantage
of this strategy is that the physicochemical properties and,
therefore the catalytic performance, of the hierarchical catalysts
can be finely tuned by simply stopping the interzeolite
transformation at different times. This creates countless
opportunities for the development of hierarchical catalysts
with optimized properties and superior catalytic performance
for those reactions in which zeolites present significant
diffusion limitations.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.2c0066S.

Experimental details regarding the catalytic evaluation of
the materials, supplementary tables (with the description
of the samples and the catalytic results) and figures
(showing the Si/Al ratio, UV-Raman and FTIR spectra
of the discussed samples) (PDF)

https://doi.org/10.1021/jacs.2c00665
J. Am. Chem. Soc. 2022, 144, 5163-5171


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00665?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00665/suppl_file/ja2c00665_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

B AUTHOR INFORMATION

Corresponding Authors

Noemi Linares — Laboratorio de Nanotecnologia Molecular,
Departamento de Quimica Inorgdnica, Universidad de
Alicante, 03690 Alicante, Spain; ® orcid.org/0000-0001-
9376-2984; Email: noemi.linares@ua.es

Javier Garcia-Martinez — Laboratorio de Nanotecnologia
Molecular, Departamento de Quimica Inorgdnica,
Universidad de Alicante, 03690 Alicante, Spain;

orcid.org/0000-0002-7089-4973; Email: j.garcia@ua.es

Authors

Monica J. Mendoza-Castro — Laboratorio de Nanotecnologia
Molecular, Departamento de Quimica Inorginica,
Universidad de Alicante, 03690 Alicante, Spain

Erika De Oliveira-Jardim — Laboratorio de Nanotecnologia
Molecular, Departamento de Quimica Inorgdnica,
Universidad de Alicante, 03690 Alicante, Spain

Nelcari-Trinidad Ramirez-Marquez — Laboratorio de
Catdlisis Heterogénea, Departamento de Quimica,
Universidad Nacional de Colombia, 111321 Bogotd,
Colombia; © orcid.org/0000-0002-4100-8290

Carlos-Alexander Trujillo — Laboratorio de Catdlisis
Heterogénea, Departamento de Quimica, Universidad
Nacional de Colombia, 111321 Bogotd, Colombia;

orcid.org/0000-0001-6204-2378

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.2c00665

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the European Commission for funding
through the H2020-MSCA-RISE-2019 program (Ref. ZEO-
BIOCHEM-872102) and the Spanish MINECO and AEI/
FEDER, UE, through Project Ref. RTI2018-099504-B-C21.
N.L. also acknowledges the University of Alicante support
(UATALENTO17-05). M.J.M. thanks the Generalitat Va-
lenciana for a PhD fellowship (GRISOLIAP/2020/165).
Carlos A. Trujillo and Nelcari T. Ramirez M. express their
gratitude to the Universidad Nacional de Colombia for
providing physical and technical resources for this research
also to Minciencias and Ecopetrol in the frame of Contract
0402-2013.

B REFERENCES

(1) Millini, R.; Bellussi, G. Industrial Perspectives for Mesoporous
Zeolites. In Mesoporous Zeolites; Wiley-VCH Verlag GmbH & Co.
KGaA: Weinheim, Germany, 201S; pp 541—564.

(2) Abdo, S. F.; Wilson, S. T. In Zeolites in Catalysis: Properties and
Applications; The Royal Society of Chemistry: 2017; Chapter 9, 310—
350.

(3) Abate, S.; Barbera, K.; Centi, G.; Lanzafame, P.; Perathoner, S.
Disruptive Catalysis by Zeolites. Catal. Sci. Technol. 2016, 6 (8),
2485-2501.

(4) Yilmaz, B,; Miiller, U. Catalytic Applications of Zeolites in
Chemical Industry. Top. Catal. 2009, S2 (6), 888—895.

(5) Navrotsky, A.; Trofymluk, O.; Levchenko, A. A. Thermochem-
istry of Microporous and Mesoporous Materials. Chem. Rev. 2009,
109 (9), 3885—3902.

(6) Goel, S.; Zones, S. I; Iglesia, E. Synthesis of Zeolites via
Interzeolite Transformations without Organic Structure-Directing
Agents. Chem. Mater. 2015, 27 (6), 2056—2066.

5170

(7) Qin, W.; Jain, R.; Robles Hernéndez, F. C.; Rimer, J. D. Organic-
Free Interzeolite Transformation in the Absence of Common Building
Units. Chem. - A Eur. J. 2019, 25 (23), 5893—5898.

(8) Garcfa-Martinez, J.; Li, K. Mesoporous Zeolites: Preparation,
Characterization and Applications; Wiley-VCH Verlag: 2015.

(9) Shamzhy, M.; Opanasenko, M.; Concepcién, P.; Martinez, A.
New Trends in Tailoring Active Sites in Zeolite-Based Catalysts.
Chem. Soc. Rev. 2019, 48, 1095—1149.

(10) Serrano, D. P.; Escola, J. M.; Pizarro, P. Synthesis Strategies in
the Search for Hierarchical Zeolites. Chem. Soc. Rev. 2013, 42 (9),
4004—403S.

(11) Sachse, A; Garcia-Martinez, J. Surfactant-Templating of
Zeolites: From Design to Application. Chem. Mater. 2017, 29 (9),
3827-3853.

(12) Mendoza-Castro, M. J.; Serrano, E.; Linares, N.; Garcia-
Martinez, J. Surfactant-Templated Zeolites: From Thermodynamics
to Direct Observation. Adv. Mater. Interfaces 2021, 8 (4), 2001388.

(13) Mintova, S.; Jaber, M.; Valtchev, V. Nanosized Microporous
Crystals: Emerging Applications. Chem. Soc. Rev. 2015, 44 (20),
7207-7233.

(14) Liu, Y.; Zhang, W.; Pinnavaia, T. J. Steam-Stable
Aluminosilicate Mesostructures Assembled from Zeolite Type Y
Seeds. . Am. Chem. Soc. 2000, 122, 8791—8792.

(15) Liu, Y.; Zhang, W.; Pinnavaia, T. J. Steam-Stable MSU-S
Aluminosilicate Mesostructures Assembled from Zeolite ZSM-5 and
Zeolite Beta Seeds. Angew. Chemie Int. Ed. 2001, 40 (7), 1255—1258.

(16) Liu, Y.; Pinnavaia, T. J. Aluminosilicate Mesostructures with
Improved Acidity and Hydrothermal Stability. J. Mater. Chem. 2002,
12, 3179—3190.

(17) Jacobs, P. A.; Derouane, E. G.; Weitkamp, J. Evidence for X-
Ray-Amorphous Zeolites. J. Chem. Soc. Chem. Commun. 1981, 12,
591-593.

(18) Bellussi, G.; Perego, C.; Carati, A.; Peratello, S.; Massara, E. P.;
Perego, G. Amorphous Mesoporous Silica-Alumina with Controlled
Pore Size as Acid Catalysts. Stud. Surf. Sci. Catal. 1994, 84 (C), 85—
92.

(19) Rizzo, C.; Carati, A,; Barabino, C.; Perego, C.; Bellussi, G.
Silica-Aluminas: Sol-Gel Synthesis and Characterization. Stud. Surf.
Sci. Catal. 2001, 140, 401—411, DOIL 10.1016/50167-2991(01)
80169-S.

(20) Manton, M. R. S.; Davidtz, J. C. Controlled Pore Sizes and
Active Site Spacings Determining Selectivity in Amorphous Silica-
Alumina Catalysts. J. Catal. 1979, 60 (1), 156—166.

(21) Corma, A.; Pérez-Pariente, J.; Fornés, V.; Rey, F.; Rawlence, D.
Synthesis and Characterization of Silica-Alumina Prepared from
Tetraalkylammonium Hydroxides. Appl. Catal. 1990, 63 (1), 145—
164.

(22) Inagaki, S.; Thomas, K; Ruaux, V.; Clet, G.; Wakihara, T.;
Shinoda, S.; Okamura, S.; Kubota, Y.; Valtchev, V. Crystal Growth
Kinetics as a Tool for Controlling the Catalytic Performance of a
FAU-Type Basic Catalyst. ACS Catal. 2014, 4 (7), 2333—2341.

(23) Corma, A; Diaz-Cabafas, M. J. Amorphous Microporous
Molecular Sieves with Different Pore Dimensions and Topologies:
Synthesis, Characterization and Catalytic Activity. Microporous
Mesoporous Mater. 2006, 89 (1-3), 39—46.

(24) Haw, K-G.; Goupil, J-M; Gilson, J.-P.; Nesterenko, N.;
Minoux, D.; Dath, J.-P,; Valtchev, V. Embryonic ZSM-5 Zeolites:
Zeolitic Materials with Superior Catalytic Activity in 1,3,5-
Triisopropylbenzene Dealkylation. New J. Chem. 2016, 40 (S),
4307—4313.

(25) Haw, K.-G; Gilson, J.-P.; Nesterenko, N.; Akouche, M.; El
Siblani, H.; Goupil, J.-M,; Rigaud, B.; Minoux, D.; Dath, J.-P;
Valtchev, V. Supported Embryonic Zeolites and Their Use to Process
Bulky Molecules. ACS Catal. 2018, 8 (9), 8199—8212.

(26) Akouche, M.; Gilson, J. P.; Nesterenko, N.; Moldovan, S.;
Chateigner, D.; Siblani, H. El; Minoux, D.; Dath, J. P,; Valtchev, V.
Synthesis of Embryonic Zeolites with Controlled Physicochemical
Properties. Chem. Mater. 2020, 32 (5), 2123—2132.

https://doi.org/10.1021/jacs.2c00665
J. Am. Chem. Soc. 2022, 144, 5163-5171


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noemi+Linares"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9376-2984
https://orcid.org/0000-0001-9376-2984
mailto:noemi.linares@ua.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Garci%CC%81a-Marti%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7089-4973
https://orcid.org/0000-0002-7089-4973
mailto:j.garcia@ua.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monica+J.+Mendoza-Castro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erika+De+Oliveira-Jardim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nelcari-Trinidad+Rami%CC%81rez-Marquez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4100-8290
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos-Alexander+Trujillo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6204-2378
https://orcid.org/0000-0001-6204-2378
https://pubs.acs.org/doi/10.1021/jacs.2c00665?ref=pdf
https://doi.org/10.1039/C5CY02184G
https://doi.org/10.1007/s11244-009-9226-0
https://doi.org/10.1007/s11244-009-9226-0
https://doi.org/10.1021/cr800495t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800495t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm504510f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm504510f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm504510f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201901067
https://doi.org/10.1002/chem.201901067
https://doi.org/10.1002/chem.201901067
https://doi.org/10.1039/C8CS00887F
https://doi.org/10.1039/C2CS35330J
https://doi.org/10.1039/C2CS35330J
https://doi.org/10.1021/acs.chemmater.7b00599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b00599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admi.202001388
https://doi.org/10.1002/admi.202001388
https://doi.org/10.1039/C5CS00210A
https://doi.org/10.1039/C5CS00210A
https://doi.org/10.1021/ja001615z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001615z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001615z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1521-3773(20010401)40:7<1255::AID-ANIE1255>3.0.CO;2-U
https://doi.org/10.1002/1521-3773(20010401)40:7<1255::AID-ANIE1255>3.0.CO;2-U
https://doi.org/10.1002/1521-3773(20010401)40:7<1255::AID-ANIE1255>3.0.CO;2-U
https://doi.org/10.1039/b204094h
https://doi.org/10.1039/b204094h
https://doi.org/10.1039/c39810000591
https://doi.org/10.1039/c39810000591
https://doi.org/10.1016/S0167-2991(08)64100-2
https://doi.org/10.1016/S0167-2991(08)64100-2
https://doi.org/10.1016/s0167-2991(01)80169-5
https://doi.org/10.1016/s0167-2991(01)80169-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0167-2991(01)80169-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9517(79)90078-2
https://doi.org/10.1016/0021-9517(79)90078-2
https://doi.org/10.1016/0021-9517(79)90078-2
https://doi.org/10.1016/S0166-9834(00)81712-1
https://doi.org/10.1016/S0166-9834(00)81712-1
https://doi.org/10.1021/cs500153e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500153e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500153e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.micromeso.2005.09.028
https://doi.org/10.1016/j.micromeso.2005.09.028
https://doi.org/10.1016/j.micromeso.2005.09.028
https://doi.org/10.1039/C5NJ03310A
https://doi.org/10.1039/C5NJ03310A
https://doi.org/10.1039/C5NJ03310A
https://doi.org/10.1021/acscatal.8b01936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01936?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b05258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b05258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(27) Paltic, A; Jaén, S. N.; Wu, D.; Cai, M,; Liu, C.; Pidko, E. A,;
Khodakov, A. Y.; Ordomsky, V.; Valtchev, V. Embryonic Zeolites for
Highly Efficient Synthesis of Dimethyl Ether from Syngas. Micro-
porous Mesoporous Mater. 2021, 322, 111138.

(28) Chung, J. Y. L. L; Steinhuebel, D.; Krska, S. W.; Hartner, F.
W.; Cai, C.; Rosen, J.; Mancheno, D. E.; Pei, T.; Dimichele, L.; Ball,
R. G,; et al. Asymmetric Synthesis of a Glucagon Receptor Antagonist
via Friedel-Crafts Alkylation of Indole with Chiral a-Phenyl Benzyl
Cation. Org. Process Res. Dev. 2012, 16 (11), 1832—1845.

(29) Zhy, J.; Zhu, Y.; Zhu, L.; Rigutto, M.; Van Der Made, A.; Yang,
C,; Pan, S; Wang, L; Zhu, L; Jin, Y,; et al. Highly Mesoporous
Single-Crystalline Zeolite Beta Synthesized Using a Nonsurfactant
Cationic Polymer as a Dual-Function Template. J. Am. Chem. Soc.
2014, 136 (6), 2503—2510.

(30) Linares, N; Cirujano, F. G. F. G,; De Vos, D. E,; Garcia-
Martinez, J. Surfactant-Templated Zeolites for the Production of
Active Pharmaceutical Intermediates. Chem. Commun. 2019, 5§ (85),
12869—12872.

(31) Aguado, J; Serrano, D. P.; Miguel, G. S; Escoly, J. M;
Rodriguez, J. M. Catalytic Activity of Zeolitic and Mesostructured
Catalysts in the Cracking of Pure and Waste Polyolefins. J. Anal. Appl.
Pyrolysis 2007, 78 (1), 153—161.

(32) Caldeira, V. P. S.; Peral, A; Linares, M.; Araujo, A. S.; Garcia-
Muiloz, R. A,; Serrano, D. P. Properties of Hierarchical Beta Zeolites
Prepared from Protozeolitic Nanounits for the Catalytic Cracking of
High Density Polyethylene. Appl. Catal. A Gen. 2017, 531, 187—196.

(33) Sachse, A.; Grau-Atienza, A.; Jardim, E. O.; Linares, N.;
Thommes, M.; Garcia-Martinez, J. Development of Intracrystalline
Mesoporosity in Zeolites through Surfactant-Templating. Cryst.
Growth Des. 2017, 17 (8), 4289—4305.

(34) Jon, H; Ikawa, N,; Oumi, Y.; Sano, T. An Insight into the
Process Involved in Hydrothermal Conversion of FAU to *BEA
Zeolite. Chem. Mater. 2008, 20 (12), 4135—4141.

(35) Osorio Pérez, Y.; Forero, L. A. P.; Torres, D. V. C.; Trujillo, C.
A. Bronsted Acid Site Number Evaluation Using Isopropylamine
Decomposition on Y-Zeolite Contaminated with Vanadium in a
Simultaneous DSC-TGA Analyzer. Thermochim. Acta 2008, 470 (1—
2), 36—39.

(36) Jon, H.; Nakahata, K.; Lu, B.; Oumi, Y.; Sano, T. Hydrothermal
Conversion of FAU into *BEA Zeolites. Microporous Mesoporous
Mater. 2006, 96 (1-3), 72—78.

(37) Kenvin, J.; Mitchell, S.; Sterling, M.; Warringham, R.; Keller, T.
C.; Crivelli, P.; Jagiello, J.; Pérez-Ramirez, J. Quantifying the Complex
Pore Architecture of Hierarchical Faujasite Zeolites and the Impact
on Diffusion. Adv. Funct. Mater. 2016, 26 (31), 5621—5630.

(38) Goyal, P. S.; Dasannacharya, B. A.; Kelkar, V. K.; Manohar, C.;
Srinivasa Rao, K; Valaulikar, B. S. Shapes and Sizes of Micelles in
CTAB Solutions. Phys. B Phys. Condens. Matter 1991, 174 (1—4),
196—199.

(39) Bruter, D. V.; Pavlov, V. S; Ivanova, I. I Interzeolite
Transformations as a Method for Zeolite Catalyst. Pet. Chem. 2021
613 2021, 61 (3), 251-275.

(40) Suhendar, D.; Buchari; Mukti, R. R; Ismunandar. Simple
Approach in Understanding Interzeolite Transformations Using Ring
Building Units. IOP Conference Series: Materials Science and Engineer-
ing 2018, 349, 012016.

(41) De Yoreo, J. J.; Gilbert, P. U. P. A; Sommerdijk, N. A. J. M,;
Penn, R. L; Whitelam, S.; Joester, D.; Zhang, H.; Rimer, J. D,;
Navrotsky, A.; Banfield, J. F.; Wallace, A. F.; Michel, F. M.; Meldrum,
F. C,; Colfen, H.; Dove, P. M. Crystallization by Particle Attachment
in Synthetic, Biogenic, and Geologic Environments. Science 2015, 349,
2aa6760.

(42) Ren, L; Li, C.; Fan, F.; Guo, Q; Liang, D.; Feng, Z.; Li, C.; Li,
S.; Xiao, F. UV—Raman and NMR Spectroscopic Studies on the
Crystallization of Zeolite A and a New Synthetic Route. Chem. — A
Eur. J. 2011, 17 (22), 6162—6169.

(43) Yu, Y; Xiong, G; Li, C; Xiao, F. S. Characterization of
Aluminosilicate Zeolites by UV Raman Spectroscopy. Microporous
Mesoporous Mater. 2001, 46 (1), 23—34.

5171

(44) Zhang, J.; Chu, Y,; Liu, X.; Xu, H.; Meng, X.; Feng, Z.; Xiao, F.
S. Interzeolite Transformation from FAU to CHA and MFI Zeolites
Monitored by UV Raman Spectroscopy. Chin. J. Catal. 2019, 40 (12),
1854—1859.

(45) Fan, F,; Feng, Z.; Li, G; Sun, K;; Ying, P.; Li, C. In Situ UV
Raman Spectroscopic Studies on the Synthesis Mechanism of Zeolite
X. Chem. - A Eur. ]. 2008, 14 (17), 5125—5129.

(46) Li, P,; Liu, L,; Xiong, G. Effect of Zeolite Precursor on the
Formation of MCM-41 Molecular Sieve Containing Zeolite y
Building Units. Phys. Chem. Chem. Phys. 2011, 13, 11248—11253.

(47) Yan, Y; Guo, X; Zhang, Y.; Tang, Y. Future of Nano-/
Hierarchical Zeolites in Catalysis: Gaseous Phase or Liquid Phase
System. Catal. Sci. Technol. 2018, S, 772—785.

(48) Feliczak-Guzik, A. Hierarchical Zeolites: Synthesis and
Catalytic Properties. Microporous Mesoporous Mater. 2018, 259, 33—
4S.

(49) Linares, N; Cirujano, F. G.; De Vos, D. E.; Garcia-Martinez, J.
Surfactant-Templated Zeolites for the Production of Active
Pharmaceutical Intermediates. Chem. Commun. 2019, 55 (85), 12869.

(50) Jain, R,; Chawla, A.; Linares, N.; Garcia Martinez, J.; Rimer, J.
D. Spontaneous Pillaring of Pentasil Zeolites. Adv. Mater. 2021, 33
(22), 2100897.

(51) Martins, A.; Neves, V.; Moutinho, J.; Nunes, N.; Carvalho, A. P.
Friedel-Crafts Acylation Reaction over Hierarchical Y Zeolite
Modified through Surfactant Mediated Technology. Microporous
Mesoporous Mater. 2021, 323, 111167.

https://doi.org/10.1021/jacs.2c00665
J. Am. Chem. Soc. 2022, 144, 5163-5171


https://doi.org/10.1016/j.micromeso.2021.111138
https://doi.org/10.1016/j.micromeso.2021.111138
https://doi.org/10.1021/op300249q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op300249q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op300249q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja411117y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja411117y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja411117y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC06696A
https://doi.org/10.1039/C9CC06696A
https://doi.org/10.1016/j.jaap.2006.06.004
https://doi.org/10.1016/j.jaap.2006.06.004
https://doi.org/10.1016/j.apcata.2016.11.003
https://doi.org/10.1016/j.apcata.2016.11.003
https://doi.org/10.1016/j.apcata.2016.11.003
https://doi.org/10.1021/acs.cgd.7b00619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm703676y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm703676y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm703676y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tca.2008.01.016
https://doi.org/10.1016/j.tca.2008.01.016
https://doi.org/10.1016/j.tca.2008.01.016
https://doi.org/10.1016/j.micromeso.2006.06.024
https://doi.org/10.1016/j.micromeso.2006.06.024
https://doi.org/10.1002/adfm.201601748
https://doi.org/10.1002/adfm.201601748
https://doi.org/10.1002/adfm.201601748
https://doi.org/10.1016/0921-4526(91)90606-F
https://doi.org/10.1016/0921-4526(91)90606-F
https://doi.org/10.1134/S0965544121030105
https://doi.org/10.1134/S0965544121030105
https://doi.org/10.1088/1757-899X/349/1/012016
https://doi.org/10.1088/1757-899X/349/1/012016
https://doi.org/10.1088/1757-899X/349/1/012016
https://doi.org/10.1126/science.aaa6760
https://doi.org/10.1126/science.aaa6760
https://doi.org/10.1002/chem.201100098
https://doi.org/10.1002/chem.201100098
https://doi.org/10.1016/S1387-1811(01)00271-2
https://doi.org/10.1016/S1387-1811(01)00271-2
https://doi.org/10.1016/S1872-2067(19)63287-0
https://doi.org/10.1016/S1872-2067(19)63287-0
https://doi.org/10.1002/chem.200800560
https://doi.org/10.1002/chem.200800560
https://doi.org/10.1002/chem.200800560
https://doi.org/10.1039/c1cp20185a
https://doi.org/10.1039/c1cp20185a
https://doi.org/10.1039/c1cp20185a
https://doi.org/10.1039/C4CY01114G
https://doi.org/10.1039/C4CY01114G
https://doi.org/10.1039/C4CY01114G
https://doi.org/10.1016/j.micromeso.2017.09.030
https://doi.org/10.1016/j.micromeso.2017.09.030
https://doi.org/10.1039/C9CC06696A
https://doi.org/10.1039/C9CC06696A
https://doi.org/10.1002/adma.202100897
https://doi.org/10.1016/j.micromeso.2021.111167
https://doi.org/10.1016/j.micromeso.2021.111167
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

