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ABSTRACT

Layered zeolites, especially MWW, have been used to synthesize pillared micro/mesoporous hybrids with the
goal to enhance catalytic activity towards larger molecules. The critical preparation step is expansion of the
interlayer space by swelling with cationic surfactants at high pH. Recently reported solutions of MWW mono-
layers, obtained by exfoliation of the zeolite MCM-56, can be used to prepare analogous materials by flocculation
(precipitation) with surfactant solutions. This previously unavailable approach is studied in this work with both
high pH (0.2 M, pH > 13.3) and lower pH (0.01 M, pH~12) solutions, and resulted in finding conditions for
preparation of catalysts that can be more active than pure microporous layers (zeolite) despite large content of
unreactive silica pillars. Both the high and low pH conditions afforded similar expanded surfactant-MWW
composites, but their behavior differed during pillaring with TEOS. Well-defined expanded interlayer dis-
tances indicated by a low angle reflection in XRD above 3 nm d-spacing was observed only with the high
alkalinity preparations. An additional benefit was observed with TEOS treatment in the presence of isopropyl
alcohol leading to a product showing high catalytic activity in model alkylation reaction (mesitylene with benzyl
alcohol) proceeding faster than with the pure zeolite. The products obtained under different conditions were
characterized by textural methods, nitrogen adsorption and QE-TPDA, and FT-IR to investigate acid site pa-
rameters. Notably, the MCM-56 used in this work was prepared with addition of aniline as the structure-
promoting agent and is the second formulation affording exfoliable MWW materials.

1. Introduction

2-dimensional (2D) forms has offered many new possibilities adding the
potential of post-synthesis expansion and modification by design [8,9].

Zeolites are one of the major classes of heterogeneous catalysts with
diverse microporous structures combined with high activity, shape
selectivity, thermal resistance and potential for modification [1]. They
play an important role in petroleum industry in various commercial
processes including hydrocracking, isomerization and aromatization
[2-4]. Zeolites are prominent in green chemistry, especially in
replacement of environmentally problematic processes with cleaner
technologies [5].

The field of conventional zeolites with rigid 3-dimensional struc-
tures, exemplified by the ‘big five’ - FAU, MFI, MOR, FER, BEA as well as
others [6,7], has become quite mature from the point of view of practical
applications. The discovery of layered zeolite precursors and other
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The initial efforts focused on swelling the MCM-22P precursor with
cationic surfactants and subsequent pillaring with tetraethyl orthosili-
cate (TEOS) resulting in the material designated MCM-36 [10] and
delamination by ultrasonication producing ITQ-2 [11]. Diverse modifi-
cation methods provided new tools to explore improvement and
expansion of existing applications by preparation of more active or
efficient catalyst based on increased access to active sites and more open
architectures [12,13]. Layered zeolites have been especially studied
towards catalytic conversion of larger molecules because of constrains
imposed by the 3D frameworks [14,15].

The investigation of 2D zeolites indicated potential for significant,
practical benefits due to flexible structures that might allow better
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exploitation of their catalytic activity and generation of more complex
hierarchical structures [16]. By analogy to other 2D solids [8], zeolites
have been subjected to modification methods [12,17] such as swelling
and pillaring [10,18], delamination [11,16,19], but also provided un-
precedented forms, e.g. interlamellar expanded zeolites as ordered pil-
lared materials [20]. All this has been done with the goal of production
of materials with higher catalytic activity, where mass transport of
molecules can be facilitated.

Commercially used zeolite MWW with medium pores and large
surface cavities [21] showed particular facility for producing 2D forms,
directly or post-synthesis [13,22]. Its high Al form, MCM-56, can be
considered a delaminated zeolite, comprising disordered stacks of layers
without connection (in the ideal), that is obtained by direct synthesis
[23,24]. It is so far the only directly synthesized delaminated zeolite
among the 20 odd zeolites with confirmed 2D structures (all frameworks
should be capable to make layers). The delaminated nature of MCM-56
has been confirmed by the recently reported achievement of direct,
spontaneous exfoliation into monolayers in the liquid phase upon
treatment with solutions of tetrabutylammonium hydroxide (TBAOH)
[25]. This is a high yield treatment, e.g. 70% w/w layers vs. the starting
MCM-56 solid, with few technical obstacles to being scaled-up, if justi-
fied. In contrast to the direct exfoliation used herein, the prior ap-
proaches, like delamination, required surfactant swelling and multi-step
processing affording very low yield of monolayers in solution [16]. The
key to the high yield direct exfoliation are suitable synthesis mixture
compositions and conditions for preparation of the initial zeolite ma-
terial, which presumably must be obtained with low level of layer/-
crystal intergrowths. This aspect is still in the trial-and-error stage for
other frameworks. An especially interesting approach to the synthesis of
MCM-56 and others has been utilization of aniline as a
structure-promoting agent [26] in addition to hexamethyleneimine
(HMI) as the structure directing agent. This method, named
temperature-controlled phase transfer hydrothermal synthesis, allowed
reduced usage of the HMI exhibiting high toxicity, but seemed to be even
more beneficial in another respect — MCM-56, which so far has been
formed only as an intermediate converting to the 3D MCM-49 upon
prolonged synthesis, was found to be effectively the end product. This
has significant implications for its larger scale synthesis and the product
has one of the highest acid activities among reported MCM-56 prepa-
rations. Its additional unexpected quality was facile exfoliation into
monolayers in solution, which was exploited in this work.

Zeolite monolayers dispersed in a solution are like gigantic mole-
cules that provide virtually unlimited potential for preparation of de-
rivative structures and composites with other active components by
reassembly and flocculation as solids [13,27,28]. This potential is
investigated herein for the preparation of pillared derivatives including
by an effective approach developed in our group [29], based on the
original idea of Letaief et al. [30], in which alcohols were used as a
medium controlling hydrolysis of TEOS in pillaring of clay minerals. It
was shown that the addition of alcohol during the pillaring process can
lead to high overall catalytic activity, despite apparent reduction of acid
site concentration caused by the introduction of inert silica and potential
degradation during treatments.

The aim of this work was:

1) to study the exfoliation of MCM-56 zeolite synthesized in the pres-
ence of aniline,

2) to examine the effect of alkalinity of the exfoliated MWW monolayer
solutions on the properties of eventual pillared samples,

3) to compare two pillaring methods based on catalytic activity of the
pillared MWW catalysts.

The preparation procedures consisted of reacting the solutions of exfo-
liated MWW layers with the cationic surfactant cetyl-
trimethylammonium chloride (CTMACI), which afforded composites
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equivalent to swollen MWW precursors, pillaring with TEOS using
different conditions and calcination.

2. Experimental
2.1. Preparation of catalyst

The following mixture compositions was used for the synthesis of
MCM-56 with aniline: deionized water, 50% NaOH solution (Sigma
Aldrich), sodium aluminate (Riedel-de Haén, 40-45% Na50, 50-56%
Al03), hexamethyleneimine (HMI, 99%, Sigma Aldrich), aniline (AN, >
99%, Sigma Aldrich) and Aerosil (A200, Evonic), with molar ratios Si/Al
=12.5,0H/Si =0.18, HMI/Si = 0.1, AN/Si = 0.2 and H,O/Si = 45. The
gel was reacted in a Teflon-lined autoclave (200 mL) for 240 h at 143 °C
with continuous rotation. The solids were isolated by centrifugation,
washed three times with deionized water and dried in air. This product
was used in subsequent transformations but for characterization it was
calcined at 540 °C for 6 h with 2 °C/min ramp, ion exchanged using 1 M
ammonium nitrate solution (3 times for 1 h). The same calcination and
ion exchange procedure was performed also for all the other studied
materials. This sample was labelled as “parent”.

2.1.1. Exfoliation

The colloid suspensions of MWW monolayers were obtained by two
methods (see Scheme 1): A — two-step, resulting in lower alkalinity
medium, and B - 1-step in 5% TBAOH. In the first approach (A) 0.5 g of
the parent, as-synthesized MCM-56-aniline was stirred with 11% tetra-
butylammonium hydroxide solution (TBAOH 40% in H0O, Sigma-
Aldrich) for 2 h. The suspension was centrifuged (2 times for 10 min
at 10 000 rpm), the supernatant was decanted and the precipitate con-
taining all of the zeolite was stirred with 20 mL of deionized water for
1.5 h. The obtained translucent solution was separated from the solid by
centrifugation at 10 000 rpm for 20 min. The supernatant was decanted
and precipitated using CTMACI (25% wt. in H0, Sigma-Aldrich). The
solid was centrifuged out, washed with deionized water (20 mL), dried
in air at RT, calcined and ion exchanged. This material was labelled as
"A".

In the second approach (B) 0.5 g of the parent, as-synthesized MCM-
56-aniline was stirred with a 5% TBAOH solution for 2 h. The slurry was
centrifuged and the solution of MWW monolayers was decanted and
used for the reaction with the 25% solution of CTMACI (volume ratio
1:2) resulting in immediate precipitation of a white solid. This solid was
separated by centrifugation, washed with deionized water (20 mL) and
dried in air at RT. The series of material based on this preparation was
identified with the letter "B".

2.1.2. Pillaring
The obtained MWW-surfactant composites were pillared by reaction
with TEOS in two ways:

1) excess amount of TEOS (1:100 w/w),
2) 1:5 w/w ratio solid to TEOS.

In the 1st method, dried solids were mixed with TEOS (1:100 w/w)
and stirred for 1 day or 5 days at room temperature. They were sepa-
rated on a Biichner funnel, dried at RT, calcined and ion exchanged. The
products were labelled as B-pill-1d and B-pill-5d.

In the second method, dried solids were first dispersed in 13 mL of
isopropanol (iP) and stirred for 2 h. Then, 2.6 g of TEOS was added and
the mixtures were stirred for 1 or 5 days at room temperature. The
products were separated on a Biichner funnel, dried at RT, calcined and
ion exchanged. The materials obtained using this method were labeled
as A-iP/pill-5d, B-iP/pill-1d, and B-iP/pill-5d.
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Scheme 1. Modification of the parent MCM-56 zeolite leading to the formation of exfoliated and pillared materials.

2.2. Characterization

2.2.1. Structure

X-ray powder diffraction (XRD) patterns were collected on a Bruker
AXS D8 Advance diffractometer equipped with a graphite mono-
chromator, position sensitive detector (Vantec-1) in Bragg-Brentano
geometry in the range 1-10° 20 and Rigaku MiniFlex diffractometer in
the ranges 3-30° in reflection mode. Cu K, radiation (A =0.154 nm) was
used in both cases. The XRD patterns were collected with steps of 0.02°.

2.2.2. X-ray fluorescence (XRF)

Relative content of Al and Si was determined in the samples
formulated into pellets, 13 mm in diameter, with the use of Energy-
Dispersive XRF spectrometer (Thermo Scientific, ARL QUANT X). The
X-rays of 4-50 kV (1 kV step) with the beam size of 1 mm were gener-
ated with the Rh anode. The detector used was a 3.5 mm Si(Li) drifted
crystal with a Peltier cooling (ca. —90 °C). For quantitative analysis,
calibration with a series of metallic standards and UniQuant software
(Version 3, Thermo Fisher) were used.

2.2.3. Porosity

Nitrogen adsorption isotherms were measured using a static volu-
metric Autosorb IQ apparatus (Quantachrome Instruments) at — 196 °C.
All samples were activated under vacuum prior to the measurements for
0.5h at 80°C, 0.5h at 120 °C and 8 h at 350 °C (2 °C/min ramp).
Values of the specific surface area were determined using the BET
method. Values of the mesopore and external surface area as well as of
the micro- and mesopore volume were obtained using the t-plot method.
Pore size distributions were calculated based on Ny adsorption data
using the NLDFT model provided by ASiQwin (Quantachrome) software
for zeolite/silica with cylindrical/spherical pores. The porosity was
additionally studied by quasi-equilibrated temperature programmed
desorption and adsorption (QE-TPDA) of hexane and nonane. The
instrumentation and experimental procedures were described in detail
previously [31-33]. Prior to the QE-TPDA measurements a sample
(6-7 mg) placed in a quartz tube was activated by heating up to 400 °C
(10 °C/min) in the flow of helium (7 cm3/min), then cooled to room
temperature. After activation, the hexane or nonane vapors were added
to the helium stream resulting in isothermal sorption at RT. Signal of the
thermal conductivity detector, consisting of desorption maxima and
adsorption minima, recorded during cyclic heating and cooling of the
sample at constant rate, represented a QE-TPDA profile.

2.2.4. Atomic force microscopy (AFM)
Silicon wafers were sonicated in ethanol (96%, p.a. Chempur) for
15 min, dried and placed in UV-ozone cleaner for 30 min. Such cleaned
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substrates were then placed in the glass vials with polyethylenimine
solution (PEI, 600 g/mol, Sigma Aldrich, concentration 1 g/dm®) in
0.01 M NaCl (p.a. Chempur). PEI deposition was supported by pulse
sonication (15 min). After completion, the samples were rinsed with
copious amount of deionized water and dried in the stream of argon.
Finally, the diluted colloid solution (10-fold) was spin-casted (2
000 rpm, 120 s) on the PEI modified support.

Atomic Force Microscopy (AFM) images were obtained with a
Dimension Icon AFM (Bruker) working in the PeakForce Tapping®
(PFT) and QNM® modes. RTESPA-150 (Bruker) probe with a nominal
spring constant of 6 N/m was used for all measurements. The thickness
of the single layer structures was calculated from depth histograms. The
percentage of the single layer structure (image area occupied by single
layer structure/total surface area covered with sample) was calculated
using bearing analysis. The images were captured in a few different
places on the sample (resolution 384 x384, size 5 x5 um for bearing
analysis and 1.5 x 1.5 pm for analysis of topography, see Fig. 2).

2.2.5. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were recorded using a
Tescan Vega3 LMU instrument with a LaB6 emitter. The samples were
coated with gold particles before imaging to reduce charging of the
crystals.
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Fig. 1. XRD patterns in the range of 1-4 20 and 3-35 26.
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Fig. 2. A) AFM topography image of 10-fold diluted colloidal MCM-56 zeolite suspension deposited on a silicon support modified with polyethyleneimine (PEI)
solution, B) cross-section profile captured in the place marked by the gray dotted line and C) depth histogram.

2.2.6. Acidity

The total concentrations of Lewis (LAS) and Brgnsted (BAS) acid sites
were determined using adsorption of pyridine (Py, anhydrous, 99.8%,
Sigma Aldrich), and the concentration of external Brgnsted acid sites
(BASext) by pivalonitrile (trimethylacetonitrile, 98%, Sigma Aldrich)
sorption, followed by IR spectroscopy (Tensor 27 from Bruker, MTC
detector, spectral resolution 2 cm’l). Zeolites were pressed into wafers
and activated in situ at 500 °C for 1 h at high vacuum (103 mbar) in a
home-made quartz cell, equipped with CaF; windows. Before adsorption
of a probe molecule the system was cooled to the proper adsorption
temperature: 170 °C for pyridine and ambient temperature for piv-
alonitrile. After adsorption of the vapors (at ca. 20 mbar) the gas phase
together with weakly adsorbed species were evacuated at the adsorption
temperature for 20 min. All spectra presented in this paper are recal-
culated to the same mass of the pellet (10 mg).

2.3. Catalytic testing

The batch reactor for liquid-phase benzylation of mesitylene with
benzyl alcohol consisted of a three-neck round bottom flask equipped
with a reflux condenser, with heating in a multi-experiment workstation
StarFish (Radleys Discovery Technologies). The reaction temperature
was 80 °C. Typically, 22 mL (19 g) of mesitylene was combined with
50 mg of catalyst and 0.1 g of dodecane as an internal standard. The
reaction mixture was maintained for 30 min at the required reaction
temperature and then 0.2 g of benzyl alcohol was added. This was
considered as the beginning of the reaction. Liquid samples (0.4 mL)
were withdrawn at regular intervals and analyzed by the gas chro-
matograph PerkinElmer Clarus 600 GC with the FID detector using a
30 m packed column Elite-1MS.

3. Results and discussion
3.1. Exfoliation of MCM-56 and preparation of pillared materials

As-synthesized MCM-56 was transformed into solutions of mono-
layers by a soft-chemical exfoliation with tetrabutylammonium solu-
tions in two pathways. The first, denoted low alkalinity or low pH, was
carried out in two steps starting with stirring in 11% TBAOH, centrifu-
gation and decantation of the solution that did not contain any zeolite.
Water was added to the remaining solid and upon stirring, centrifuga-
tion and decantation a translucent liquid containing MWW monolayers
was obtained. This solution has pH around 12. The second method using
5% TBAOH is carried out in one step with the layers dispersed in this
‘high alkalinity’ medium (pH > 13.3, 0.2 M). Both solutions with MWW
layers were mixed with 25% solutions of cetyltrimethylammonium
chloride (CTMAC]) producing analogues of swollen MWW materials
with -d-spacing around 5 nm. Pillaring was carried out by contacting the
isolated solids with TEOS according to 2 methods: (i) using excess
amount of TEOS (1:100 w/w), (ii) using 1:5 w/w ratio solid to TEOS.
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Additional variations included addition of isopropanol and different
times of reactions, 1 and 5 days. The treatments and various pillared
samples are summarized in Scheme 1. Two pure zeolite samples were
used for reference, the original MCM-56-aniline (parent) and the sur-
factant precipitated solid (A) after calcination.

3.2. Product identity and quality by X-ray powder diffraction (XRD)

The XRD patterns shown in Fig. 1 allow reliable identification of
MCM-56 and its derivatives as random assemblies of MWW layers. This
is based on expected features regarding intra- and inter-layer reflection
for the MWW structure, published simulations and numerous experi-
mental patterns [34]. The prominent, relatively narrow peaks in the
range to 35°20 at 7.1, 14.2 (calcined), 25 and 26°26, assignable to 100,
200, 220 and 310 Miller indices, confirm the MWW structure and to
some extent its quality and estimated amount. The second feature, a
broad band in the range 8-10°26 differentiates disordered layer aggre-
gates from the ordered structures, e.g. MCM-22 and MCM-49, which
show two sharp 101 and 102 reflections in this region. This wide “band”
between 8° and 10°26 diagnoses absence of ordering in ¢ direction [23,
35]. The general profile including positions and shapes of broad unre-
solved bands is also remarkably consistent, proving MCM-56-like
structure and layer disorder. The third group of reflections are the
interlayer ones, present or absent, which indicate regular layer separa-
tion and spacing, if any. All of the solids obtained after precipitation
with CTMACI showed a low angle line at the d-spacing of approximately
5nm indicating the typical multilamellar structure with expanded
interlayer galleries and alternating MWW surfactant bilayers [25,34]. As
a result of pillaring with TEOS and calcination, only the samples ob-
tained from high alkalinity solutions (series B) show distinct low angle
lines, at 4 nm (B-iP/pill-1d) and 3.5 nm (B-iP/pill-5d). Both of these
samples also showed an additional peak below 7°20 of uncertain origin
which may be the 003 reflection. It is often observed in swollen MWW
materials with CTMACI at 5.5°26 consistent with 5 nm d-spacing. In
contrast to the samples showing distinct low angle 001 peaks in the XRD,
those without such peaks are viewed as partially pillared because they
show increased textural properties. The exact structure is hard to
determine and may include pillared sections (separated by amorphous
silica props) with irregular interlayer distance, delaminated-like with
disorganized layer arrangements and mesoporous silica domains. The
positive effect of high alkalinity can be rationalized as possibly facili-
tating TEOS hydrolysis. In general, specific explanations are hard to
propose because the mechanism of pillaring is not well understood and
the presence of isopropanol (iP) compounds the complexity.

3.3. Confirming unilamellar nature of the MWW nanosheets in solution
by AFM

The original first exfoliation of MCM-56 with TBAOH [25] was
validated by a series of techniques that proved unambiguously the
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predominance of unilamellar, 2.5 nm thick nanosheets with the MWW
topology in solution. The present preparation with aniline produced
analogous solutions in appearance (translucent) and behavior (floccu-
lation with organics) but nonetheless required confirmation. The uni-
lamellar nature of the MWW layers in solution was corroborated by
Atomic Force Microscopy (AFM) of diluted samples. The AFM analysis
indicated successful exfoliation to separated monolayers (Fig. 2). The
thickness of the prepared monolayers 2.5 + 0.1 nm was determined
from depth histograms (examples presented in Fig. 2C) generated from
AFM topography maps acquired in a few places on the sample surface.
Sporadic double or multi layers of uncertain origin, e.g. initially present
or agglomerated after dispersion were detected, but their total contri-
bution in the sample was estimated to 15% by bearing analysis (con-
ducted for two 5 x5 um topography maps), while the rest 85% were
monolayers.

3.4. Textural properties

They represent the second crucial characterization, after XRD, of the
nature and quality of pillared products. Nitrogen adsorption-desorption
isotherms presented in Fig. 3 and BET values in Table 1 show that higher
alkalinity of the starting MWW layer solutions resulted in greater
porosity of the final pillared products. This correlates with the positive
results indicated by the XRDs, which showed distinct 001 peaks for
samples pillared in the presence of isopropanol. This effect will be
further analyzed after presentation of the acid site concentration data.
The isotherms obtained for the pure MWW materials, the parent zeolite
and the surfactant precipitated colloid, are characteristic for micropo-
rous solids possessing low external surface area and large, most probably
interparticle mesopores. The isotherms exhibited by the pillared mate-
rials show considerable increase of adsorption in the p/p° range of
0.05-0.25 (Table 1). The highest BET surface area values were obtained
for the TEOS treated samples with isopropanol (1189 m?/g for B-iP/pill-
1d and 919 m?/g for B-iP/pill-5d). Both showed distinct 001 lines in the
XRD.

Calculations of the external and total surface area were based on the
analysis of t-plots for the Ny adsorption isotherms and require additional
comments (Fig. S1). For the parent and A samples, only one linear part in
the t-plot may be found, which is consistent with prevailing micropo-
rosity of these materials. Based on these t-plots, the values of the
micropore volume and external surface area was calculated. In contrast,
the t-plots obtained for pillared MCM-56 zeolites exhibit two separate
linear segments, disjointed by increase of the adsorbed amount corre-
sponding to the capillary condensation in the mesopores. Hence, for
each of these materials the t-plot analysis could be performed for each of
the separate parts. It resulted in values of the micropore volume and
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—e—A —e— B-pill-5d
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total surface area as well as values of the total pore volume and the
external surface area [36]. The total surface area (Stota]) combines the
external and the mesopore surface area, while the pore volume (Vpore) is
the sum of the micropore and the mesopore volumes. Detailed expla-
nation of the t-plot calculations are shown in Fig. S1.

The differences in mesoporosity of the studied materials are illus-
trated in Fig. 4 showing pore size distributions (PSD). The parent zeolite
and sample A (surfactant preciptated and calcined) have similar PSDs,
showing small contribution of the mesopores. The materials from the B
series that were synthesized from the solution of higher alkalinity (5%
TBAOH) present similar patterns of mesopore size distributions with
intense PSD maxima in the range of 5-7 nm and less intense ones at ca
8 nm. Shorter pillaring times resulted in formation of smaller and more
uniform mesopores of about 2.6 nm. The material obtained via 1 day
isopropanol-assisted pillaring (B-iP/pill-1d) exhibited the highest mes-
opore volume and external surface area (0.99 cm3/g and 1189 mz/g,
respectively).

Pore characterization was also carried out by the QE-TPDA method,
using hexane or nonane as probe molecules, and the results were
consistent with the nitrogen adsorption results. The QE-TPDA profiles of
hexane (Fig. 5) characterize in principle the microporosity of the studied
samples, as they were recorded at low relative partial pressure of the
adsorptive, away from the saturation conditions. All pillared materials
exhibit distinct peaks at about 50 °C, observed just after the start of
heating in the QE-TPDA desorption phase. They correspond to the
strongest adsorption sites located on the external surface or on the
surface of the mesopores. Additional wide maxima, observed in the high
temperature range (100-200 °C), should be attributed to desorption
from the micropores. Their presence confirms that the structural mi-
cropores, characteristic for the MWW layers, were to some extent
retained after modification.

The QE-TPDA profiles of nonane are dominated by low temperature
maxima resulting from desorption from the surface and mesopores
(Fig. 6). Additionally, they all show similar high temperature maxima
(150-250 °C) corresponding to nonane desorption from the structural
micropores. However, desorption patterns in the low-temperature range
(25-100 °C) are more diverse. They exhibit one maximum for A-iP/pill-
5d, two maxima for B-pill-1d or even three maxima for the other B series
materials, thus reflecting complexity of the mesopore systems formed
upon pillaring. The first peaks (counting from the low temperature limit)
could be attributed to desorption from the external surface. The second
peaks may result from desorption from wide mesopores or from insta-
bility of the liquid-like adsorbate meniscus in the pores of ca 4 nm. The
third peaks should be assigned to desorption from narrow mesopores or
large micropores. The pore size distributions calculated from the
desorption parts of the QE-TPDA profiles of nonane are in good

00 02 04 06 08 10
p/p

Fig. 3. Nitrogen adsorption-desorption isotherms of studied materials.
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Table 1
Porosity data from N, sorption, acid site concentration data from pyridine (BAS, LAS) and pivalonitrile (BAS,,) adsorption and catalytic turnover frequency (TOF) in
Friedel-Crafts alkylation of mesitylene with benzyl alcohol.

name exfoliation  pillaring Si/ XRD surface area [m?/g] pore volume [cm®/g] acid sites TOF,-10~%
Al concentration, [pmol/ st
gl
TBAOH TEOS time, 001 Sper “Sext “Stotal  Vimeso  Vimicro  Vimicro BAS  BASe,  LAS
days position
parent - - - 10 - 369 159 - 0.47 0.03 0.09 607 231 122 2.13
A 11% - - 12 - 464 173 - 0.35 0.09 0.27 965 306 150 1.18
A-iP/pill- 1:5 +i- 5 10 - 620 170 518 0.67 0.04 0.12 492 264 188 1.17
5d Pr
B-pill-1d 5% 1:100 1 13 - 709 108 599 0.57 0.05 0.12 435 225 187  2.46
B-pill-5d 5 15 - 817 109 795 0.61 0 0.15 500 255 135 237
B-iP/pill- 1:5 +i- 1 13 4.0 1189 201 1152 0.99 0.01 0.21 442 305 148 4.61
1d Pr
B-iP/pill- 5 13 3.5 919 56 844 0.65 0.03 0.21 421 288 230 3.06
5d

% Ny adsorption: Sext, Stotal a0d Vinicro calculated using the t-plot method, Vineso calculated as Viora1(p/po =0.97) — Viicro;
b calculated from QE-TPDA profiles of hexane, TOF - turnover frequency (TOF) relative to external Brgnsted acid sites only, Si/Al based on XRF.

0.35 0.35
1A —o—parent B B-pill-1d
0.304 ——A 0.30; B-pill-5d
| —— A-iP/pill-5d —o— B-iP/pill-1d
£ 0231 £ 0.251 —o— B-iP/pill-5d
=~ 0.20 =
E Y T ]
) [a)
3 0.15- 3
3 ] 3
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0.05 4
0.00 ; .
0 4

D, nm D, nm

Fig. 4. Pore size distribution calculated using NLDFT method (cylinder/sphere pore model).
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Fig. 5. QE-TPSA profiles for hexane sorption. Fig. 6. QE-TPDA profiles for nonane sorption.
agreement with the BJH PSDs based on the desorption isotherms found in [36] and the references therein.

(Figs. S2 and S3). More detailed interpretation of the QE-TPDA profiles
of nonane and hexane, observed for modified MWW zeolites may be
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3.5. Acid site characterization

IR spectra in the region of OH vibrations are presented in Fig. 7. The
most intense band, at 3745 cm’l, is characteristic for terminal, isolated
silanols. After pillaring the shoulder appears at 3730 cm™?, assigned to
hydrogen-bonded silanols which is due to the presence of amorphous
silica [35], forming pillars (Fig. 7 and Fig. S4). This shoulder is the most
intense for the samples pillared without isopropyl alcohol (B-pill-1d,
B-pill-5d). The most important from the standpoint of determination of
Bronsted acid site (BAS) concentration is the IR band of the acidic
Si—-OH-Al groups, which is located at 3622 cm™!, practically the same
for all pillared samples. BAS accessibility towards bulky molecules was
determined by pivalonitrile sorption. Pivalonitrile cannot diffuse
through 10-membered rings of MWW zeolites and therefore allow
determination of the concentration of acid sites located at the external
surfaces, in the mesopores, and the pore mouths (spectra are presented
in Fig. S5). The BASy concentration increased from 231 to 305 and to
288 pmol/g for samples pillared in the presence of isopropanol for one
and five days respectively, so evidently the shorter treatment leads to
material with higher BAS¢ concentration.

The striking feature of the pillared materials is similarity of total acid
site concentration values (Brgnsted plus Lewis, equal to 590-650 pmol/
g, Fig. 56) irrespective of the treatments and differences in XRDs and
textural properties. This is also reflected by almost constant Si/Al ob-
tained by XRF measurement, which indicated increased Si content in
comparison to the parent. It suggests that in all cases similar amounts of
silica were deposited during the treatments with TEOS. Acid site
blockage is ruled out because the FTIR experiments showed absence of
free acid hydroxyl groups after pyridine adsorption (i.e. centers un-
available to pyridine molecule). Similar amounts of introduced silica but
different XRD and textural properties can be explained by postulating
that higher alkalinity stabilizes the original expanded structure of the
MWW-CTMA composites during the reaction with TEOS and promotes
the formation of interlayer props. The presence of isopropanol is even
more beneficial. In contrast, the composites prepared at lower alkalinity
are probably less stable and undergo surfactant leaching before they can
be stabilized by the introduction of silica precursor between layers.
Previously reported MCM-56 pillaring results obtained in our group [29]
showed that BAS concentration could be reduced by more than 90%
compared to the parent material and still result in only minor effect on
the catalytic activity and indicated that isopropanol-assisted method
could be beneficial for the pillaring process.

3.6. SEM images

The images presented in Fig. 8 show the parent zeolite to consist of

SIOHAI
A-iP/pill-5d

A

parent

|
3600

|
3800

wavenumber, cm’t

| |
3400 3800
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A-iP/pill5d

§

Fig. 8. SEM images of selected materials.

large agglomerates of layers (exceeding 5 pym in size). These plate-like
features, clearly visible on the surface of the parent zeolites agglomer-
ates, disappeared upon modification. Additionally, for the modified
material A-iP/pill-5d numerous droplet-like nanoparticles could be
noticed on the surfaces of the agglomerates. The materials in B series
(especially B-iP/pill-1d) were composed of much smaller and irregular
particles (below 1 pym).

3.7. Catalytic testing

Catalytic activity of the prepared materials was evaluated in a model
Friedel-Crafts alkylation of mesitylene with benzyl alcohol, which oc-
curs mainly on external surfaces in the case of MWW materials [14]. The
kinetic curves representing time-conversion profiles, shown in Fig. 9,
indicate comparable activity of the pure MWW layers — the parent
zeolite and the sample A. The pillared material obtained via the low
alkalinity route (series A) is less active. The high alkalinity route (series
B) affords pillared products that are almost as active as pure MWW
layers despite roughly 50% content of inactive silica as pillars.
Remarkably, the material with the highest BET shows faster conversion
than the starting material and represents, at least nominally, a definite
uplift. Its initial slope of the kinetic curve was almost twice that for the
parent zeolite, indicating considerable enhancement of the catalytic
activity. The observed general trend is that given similar acid site

SiOH
SiOHAI
B-iP/pill-5d
B-pill-5d

B-pill-1d

| |
3600 3400

wavenumber, cmt

Fig. 7. IR spectra in the OH vbration region for zeolites under study.
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Fig. 9. Conversion of benzyl alcohol in Friedel-Crafts reaction.

concentrations the activity is influenced by the porosity characteristics.

Catalytic activity of the studied material is additionally represented
by the relationship between TOF values and the external BAS concen-
tration (Fig. 10). The acid sites of the parent material are more active
than the ones present in exfoliated and then recovered sample A and
even its pillared version. Pillared materials of the B series, exfoliated at
higher pH and having enhanced accessibility of the acid sites, show
almost similar values of TOF, except B-iP/pill-1d. This material is the
only one to have acid centers of higher activity than the parent material.
Addition of isopropanol is much more important in the case of the pil-
laring process that is carried out for relatively short time. With pro-
longed pillaring (5 days), the addition of alcohol had no significant
effect on the catalytic activity of the resultant material, even if the
concentration of the external Brgnsted acid sites (BASey) increased
significantly. The XRD results shows that the materials from the B series
are more ordered (presence of the 001 peak), which is obviously posi-
tively affecting catalytic performance.

4. Conclusions

The MWW zeolite form MCM-56 was synthesized in the presence of
aniline as a structure-promoting agent and proved to represent the
second formulation able to produce MWW monolayers solution by
exfoliation with TBAOH. These solutions were used to produce pillared
MWW materials via precipitation with the cationic surfactant CTMA and
treatment with TEOS. Two exfoliation pathways were investigated:
lower alkalinity route in two-steps, starting with initial reaction in 11%
TBAOH and then after solid separation by centrifugation and dispersion
in water and a second route (with higher alkalinity), a single-step
exfoliation with 5% TBAOH. Pillaring variable included the amount of
TEOS (1:100 or 1:5), duration of treatment (1 or 5 days) and addition of
isopropanol. Products were characterized with regard to structure,
porosity, acidity and catalytic activity in the alkylation of mesitylene
with benzyl alcohol, which probes the micro/mesoporous features. The
results clearly indicated that higher alkalinity of the exfoliation is of
critical importance. The derivatives are characterized by well-developed
surfaces, creating diverse system of pores with the trend toward meso-
pores. Despite the relatively large amount of silica from TEOS intro-
duction and decreased concentration of acid centers, the activity can
exceed that of the pure MCM-56. This suggests that higher alkalinity and
inclusion of isopropanol may be the ‘best practice’ for preparation of
pillared MWW materials and maybe other zeolites as well. It has also
implications for understanding the conventional pillaring, which usually
is done after swelling in basic solution. Apparently, high pH environ-
ment is crucial not only for successful swelling but also subsequent

279

Catalysis Today 390-391 (2022) 272-280

X
B-iP/pill-1d

arent
" | P

B-pill-1d B-pill-5d

B-iP/pill-5d
X

A-iP/pill-5d
o

2 . T .
220 240

T T T

T T T
260 280 300 320

BAS,,., umol/g

Fig. 10. Dependence of TOF values vs BASey concentration.

pillaring, leading to more open and ordered structures with enhanced
accessibility of the acid sites and higher catalytic activity.
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