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Abstract

Recently reported groundbreaking discovery of efficient delamination of zeolite MCM-56, producing colloidal suspensions
of MWW monolayers dispersed in the liquid phase, created unprecedented possibilities for the synthesis of a zeolite catalyst.
Based on this innovation, the concept of using MWW monolayers to prepare silica-supported zeolite nanosheet catalysts
suitable for transformations of large organic molecules was explored in this work. A series of silica-MWW preparations was
synthesized from colloidal suspensions of the monolayers, using both solid and colloidal silica sources. The synthesized solids
were thoroughly characterized with various physicochemical methods and their catalytic performance was tested in alkylation
of mesitylene with benzyl alcohol. The obtained results indicate that solids containing MWW layers dispersed on silica show
promising catalytic properties. The mixed MW W:silica catalysts synthesized from dispersions of MWW monolayers and
liquid silica were found to exhibit high specific catalytic activity (with TOF values of 3.4x 107> to 4.8 x 107 s71), despite
the high content of inactive amorphous silica support (40-60%). Materials synthesized from solid fumed and precipitated
silicas showed low or negligible overall activity, which could be attributed to the small incorporation of the zeolitic active
phase. For one of such materials, a notable high TOF (4.8 x 107> s~!) was found. It was found earlier that ethanol is an effec-
tive flocculent for zeolite layers by themselves, but in the presence of solid silica its efficiency was reduced.

Keywords Layered zeolites - MCM-56 - MWW colloids - Exfoliation - Catalysis - Friedel-Crafts alkylation

1 Introduction

The growth of industries has resulted in large-scale pro-
duction of goods and consumption, which induced a con-
siderable rise in the standard of living, but it also presents
a substantial threat to human health and the environment
[1-6]. The importance of heterogeneous catalysis cannot be
overestimated in both areas, since it is assessed that 90%
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of chemical technology processes utilize heterogeneous
catalysts [7-9]. Porous materials, especially microporous
zeolites, constitute an important class of heterogeneous
catalysts [10—12]. However, modern catalysts must offer
not only high surface areas and superior acidity but also
mesopores or hierarchical pore structures to enhance dif-
fusion and hence activity in the conversion of large organic
molecules [13-15].

Post-synthesis treatment of classic 3D zeolites, originally
limited to ion-exchange or isomorphic substitutions, was
successfully followed by dealumination or desilication, lead-
ing to a change in the porosity due to partial structure modi-
fication [16]. The discovery of layered precursors of zeolites,
was a game changer because pore enlargement beyond the
I nm limit and enhancement of the external surface areas
could since then be realized by non-destructive methods,
preserving the layer integrity—via swelling, delamination,
pillaring, or silylation [17-23]. The availability of exfoliated
zeolite monolayers [24], suspended in a solution, allowed
another breakthrough—combination with any particle, layer
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or reagent to produce nanoscale composite and hierarchical
materials, exemplified by zeolite—zeolite intimate structures
[25], and in the future also with other two-dimensional crys-
tals obtained via delamination/exfoliation [26, 27]. Previ-
ously studied systems included MWW layers with siliceous
MFI and showed that dilution of the former active phase
with the latter up to 50% did not reduce the overall activ-
ity. This presents a question about the behavior of intimate
hybrids comprising zeolite monolayers and inert silica,
the latter acting as a support and skeletal reinforcement or
binder in the formed catalyst. In our previous work, MWW
monolayers were precipitated by an ethanoic solution of
tetraethyl orthosilicate (TEOS) in the presence of isopro-
pyl alcohol to produce pillared MWW derivatives [28]. The
possibility investigated here, is based on the deposition of
MWW layers on the solid silica, or co-precipitation of SiO,
with MWW layers, to produce a supported zeolite catalyst.
Different types of silica are examined: Aerosil A200 (fumed
silica, Evonic), Ultrasil VN3 (precipitated silica, Grolman),
and Ludox LS (colloidal silica, Sigma Aldrich, LS-30).

2 Experimental

2.1 MCM-56 synthesis and preparation
of monolayer dispersions

The parent MCM-56 zeolite was prepared, using the pub-
lished procedures [29-31], from the following reagents:
deionized water, 50% NaOH solution (Sigma Aldrich),
sodium aluminate (Riedel-de Haén, 40-45% Na,O, 50—56%
Al,0;), hexamethyleneimine (HMI, 99%, Sigma Aldrich),
aniline (AN, >99%, Sigma Aldrich), and Aerosil (A200,
Evonic) in the following molar ratios: Si/Al=12.5, OH/
Si=0.18, HMI/Si=0.1, AN/Si=0.2 and H,0/Si=45. The
reaction mixture was placed in a Teflon-lined autoclave,
rotated overnight at room temperature, and then heated at
143 °C for 176 h. The solid was isolated by filtration, washed
with deionized water, and dried at room temperature. The
sample was denoted as MWW _parent.

Colloidal dispersions of unilamellar MWW nanosheets
were prepared using the published procedure [24]. 0.4 g of
MCM-56 (MWW parent) was mixed with 5.9 g 40% tetrabu-
tylammonium hydroxide (TBAOH) and 14.8 g of deionized
water and stirred for 2 h at room temperature, followed by
centrifugation at 10,000 rpm (10K rpm) for 30 min and
decantation of the supernatant as a discard. The remaining
wet solid was stirred with 20 ml of water for another 2 h,
centrifuged for 30 min at 10K rpm, and decanted as a trans-
lucent liquid. Typically, 0.4 g of MCM-56 yielded 0.2 g of
precipitated MWW nanosheets and 0.15 g when calcined.
The sample was denoted MWW _coll.
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2.2 Preparation of silica-supported zeolite catalysts

Three different MW W:silica mixtures were prepared using
Aerosil (Aerosil A200, Evonic), Ultrasil (VN3, Grolman),
and Ludox (LS30, Sigma Aldrich, 30%wt solution) as a
fumed, precipitated and colloidal silica sources, respec-
tively. The starting weight ratio of MWW to silica was
fixed to 1:1. The samples were denoted MWW:1Aerosil,
MWW:1Ultrasil, MWW:1Ludox. Additional formula-
tions were obtained using a twofold and threefold excess
of silica for the most promising catalysts: MWW:2Aerosil,
MWW:2Ludox, MWW:3Ludox. The mixtures of silica and
MWW colloid were stirred overnight at room temperature.
After that, 45 ml of ethyl alcohol was added as the precipitat-
ing agent. The resulting solids were centrifuged and washed
with deionized water. The final materials were obtained by
calcination at 540 °C for 6 h in air. The yields observed
in these syntheses differed considerably, from only 2-4%
for the materials obtained using Ludox as a silica source to
29-51% for those based on the solid silicas. Additionally,
the reference material, MWW:Ludox_p, was prepared, the
physical mixture of precipitated MWW layers (MWW_coll)
with dried Ludox, with a 1:1 ratio.

2.3 Material characterization

The crystallinity of the obtained materials was determined
by powder X-ray diffraction, using a Rigaku MiniFlex
diffractometer in refection mode with Cu-Ka radiation
(A=0.154 nm) in the ranges 3°-30° 20. The XRD patterns
were collected with steps of 0.02°.

Scanning transmission electron microscopy (STEM)
imaging was carried out to assess the morphology and distri-
bution of the MCM-56 layers using a JEOL NeoARM 200F
microscope operated at 200 kV. Images were collected using
annular dark-field (ADF) and annular bright-field (ABF)
detectors. The alignment of the microscope was performed
using the standard Ronchigram adjustment method.

The concentrations of Lewis (LAS) and Brgnsted (BAS)
acid sites were determined using pyridine adsorption [32],
followed by IR spectroscopy (Tensor 27 from Bruker, MTC
detector, spectral resolution 2 cm™"). The following absorp-
tion coefficients were used: e(Py-LAS)=0.165 cm?/umol,
and e(Py-BAS)=0.044 cm?*/pmol. The calcined zeolites
were pressed into self-supporting wafers and activated in situ
at 500 °C for 1 h at vacuum (102 mbar) in a home-made
quartz cell, allowing activation and adsorption inside the
infrared spectrometer. After adsorption of the pyridine vapor
at 170 °C (ca. 20 mbar equilibrium pressure), the samples
were evacuated for 20 min and the spectrum was collected.
All spectra were recalculated to the same mass equal to
10 mg.
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Nitrogen adsorption/desorption isotherms at— 196 °C
(liquid nitrogen temperature) were determined using a static
volumetric Autosorb IQ apparatus (Quantachrome Instru-
ments). Prior to the measurements, all samples were acti-
vated under vacuum for 0.5 h at 80 °C, 0.5 h at 120 °C,
and 8 h at 350 °C (2 °C/min). Specific surface area values
were determined using the BET method. The mesopore and
external surface area values, micro- and mesopore volumes
were obtained using the t-plot method. Pore size distribu-
tions were calculated based on N, adsorption data using the
NLDFT model provided by ASiQwin (Quantachrome) soft-
ware for zeolite/silica with cylindrical pores.

Porosity was additionally studied by quasi-equilibrated
temperature programmed desorption and adsorption (QE-
TPDA) of hexane. A detailed description of the experimen-
tal procedures has been described in our previous works
[33-35]. Prior to the QE-TPDA measurements, a sample
(ca. 6 mg) placed in a quartz tube was activated by heating
to 500 °C (10 °C/min) in the flow of helium (7.3 cm*/min),
then it was cooled to room temperature. After the activation,
the hexane vapor was added to the helium stream result-
ing in isothermal sorption at room temperature. The ther-
mal conductivity detector signal, consisting of desorption
maxima and adsorption minima, recorded while the sample
was cyclically heated and cooled at a constant rate of 5 °C/
min, represented a QE-TPDA profile.

2.4 Catalytic tests

The catalytic test reaction, liquid phase alkylation of mesi-
tylene with benzyl alcohol, was carried out in a two-neck
round-bottom flask (equipped with a reflux condenser)
heated in a multi-experiment workstation StarFish (Radleys
Discovery Technologies) under atmospheric pressure. The
reaction temperature was 80 °C. Prior to the reaction, the
calcined solids were ion-exchanged into NH,* form, with
a 1 M solution of NH,NO; (three times, 20 ml, 1 h at room
temperature), washed with deionized water, dried, and acti-
vated at 500 °C for 5 h to obtain active hydrogen forms with

minimized content of metal cations such as sodium. Aliquots
of 22 ml of mesitylene, 50 mg of the studied catalyst, and
0.1 g of dodecane, as an internal standard, were combined.
The reaction mixture was maintained for 30 min at 80 °C
and then 0.2 g of benzyl alcohol was added. This moment
was considered as the beginning of the reaction. The liquid
samples were withdrawn at regular intervals and analysed by
the PerkinElmer Clarus 600 GC gas chromatograph with an
FID detector using a 30 m column Elite-1MS. The amount
of reaction liquid to be dosed was 1 pl. The column tempera-
ture program was as follows: 90 °C for 6 min, then heating to
300 °C, ramp 20 °C/min and hold for 0.5 min. The diameter
of the internal column was 0.35 mm.

The conversion of benzyl alcohol was calculated using
the following equation.

ABZ

a=k 100%,

15 Mo
where k is calibration factor (1.13 mol), A, is area of the
peak on the chromatogram for benzyl alcohol (Ag,) or inter-
nal standard (Ag), n, is initial amount of benzyl alcohol
(mol).

3 Results and discussion

The most important property of the MW W:silica mixtures is
their catalytic activity, expressed here as ts, that is, the time
to achieve 50% conversion of benzyl alcohol in its reaction
with mesitylene (Fig. 1a, b; Table 1). The higher the activity,
the lower the ts, values. We used Friedel-Crafts alkylation
of mesitylene by benzyl alcohol as the test reaction, because
it is well understood and used to gauge the accessibility of
larger molecules for zeolites from the MWW family like
MCM-22, MCM-49 and MCM-56 [36-38], as well as their
swollen and pillared derivatives [30, 39]. Mesitylene cannot
access the 10-rings of MWW zeolite, therefore the reac-
tion is primarily occurring on the external surfaces of the
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Table 1 Physicochemical properties of the studied zeolites: textural lated using pyridine as a probe molecule for FTIR studies; ts, values
parameters calculated from N, adsorption isotherms (a) and QE- correspond to the 50% conversion time of benzyl alcohol in Friedel-
TPDA profiles of hexane (b); BAS and LAS concentrations calcu- Crafts alkylation with mesitylene at 80 °C

Sample Sper (M72) Vi (€m¥g) V.. P (cm¥g) BAS (umol/g) LAS (umol/g) ts,(min) TOF (107357 MWW (%)
MWW _parent 399 0.07 0.10 892 91 64 29 100
MWW_coll 452 0.11 0.11 949 245 67 2.4 98
MWW.:Ultrasil 187 0.01 0.02 107 11 - 8
MWW:1Aerosil 205 0.00 0.05 335 86 122 4.8 20
MWW:2Aerosil 153 0.01 0.01 0 381 - 1
MWW:1Ludox 272 0.00 0.07 628 167 74 4.1 56
MWW:2Ludox 265 0.01 - 607 91 82 34 50
MWW:3Ludox 203 0.00 0.08 471 95 73 4.8 43
MWW:Ludox_p 351 0.01 0.07 - - 117 28
Ultrasil 202 0.01 - - - - -
Aerosil 225 0.00 - - - - -
Ludox 263 0.00 - - - - -

The relative content of MWW was calculated on the basis of the integral intensities of double six ring (D6R) FT-IR maxima (see text for
details). Ludox refers to the solid sample precipitated by NH,NO;. TOF values were calculated on the basis of BAS concentration and t, values

layers (in the external cups and pore mouths). Remarkably, = decreased the activity only slightly despite a reduction of
even when the zeolite content was reduced due to the pres-  the zeolite phase content by about one-half. This is similar
ence of chemically and catalytically inactive silica, the ts,  to the composite of MWW layers with siliceous MFI (cata-
values were only slightly higher for MWW deposited on  lytic activity was comparable to the parent material while
silicas, especially for MWW:1Ludox samples (73-82 min), ~ the MWW content was diluted by 50%; for a physical mix-
in comparison to the pure phases: the parent MWW (64 min)  ture of MCM-56 and MFI, the activity decreased by half)
and precipitated monolayers—MWW_coll (67 min). The [25]. When pillared zeolites were produced from exfoliated
MWW:1Ultrasil sample was not active even with the 1:1 MWW monolayers in solution, the reaction was faster than
MWW:silica ratio and the activity of the MWW:1Aerosil  for the parent sample [28].
was quite low (t;o =122 min) and become negligible for The quality of the tested MWW materials was first
MWW:2Aerosil. assessed by powder XRD (Fig. 2). The XRD patterns con-
Samples may be assigned to three groups: one with  tained reflections characteristic for MWW zeolites at 7.2°
high activity (MWW_parent, MWW _coll, together with 20 (hkl 100), ca. 25 and 26° 20 (220, 310) as well as a wide
MWW:1Ludox and MWW:2Ludox), second with very low peak between 8° and 10° 20 (related to 101 and 102), with-
activity (MWW:2 Aerosil, MWW:Ultrasil), and the third  out the dip indicating spatially disorganized layers [30, 40,
with intermediate activity (MWW:1Aerosil, MWW:3Ludox,  41]. The quality of the parent MWW and the layers precipi-
MWW:Ludox_p). The use of liquid phase silica (Ludox) tated from the colloid (MWW _coll) seem to be comparable,

Fig.2 XRD patterns of a b
uncalcined (a) and calcined (b) 5000 5000 -
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MWW-Ludox_p
4000 4000 |
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as indicated by a similar overall intensity of the XRD pattern
and absent valley at 8°—10° 20 as evidence of disordered lay-
ers. The materials obtained with solid silicas, Ultrasil and
Aerosil, seem to be practically amorphous with very weak
reflections due to MWW that disappear almost completely
after calcination. In contrast, precipitation of the MWW col-
loid nanosheets in the presence of the liquid silica source,
Ludox, resulted in samples with clearly present crystalline
phase. It should be noted that with increasing concentra-
tion of silica the intensity of scattering near 10° 20 becomes
elevate creating impressing of a dip between 8° and 10° 260,
which might imply ordering of the layers. The effect is minor
and may be caused by other factors, so for now it must be
considered unknown. This scattering has a triangular shape
that resembles the XRD of SSZ-70 [42, 43] but its posi-
tion and the presence of scattering around 8° 26 rule out
this possibility. The intense reflections at ca. 18° 20 for
MWW:2Ludox and MWW:3Ludox, are probably due to the
presence of organics (TBAOH), because they disappear after
calcination. In conclusion, the use of liquid silica source
(Ludox) seems to be the most advantageous for the forma-
tion of the MWW:silica composites, ensuring incorporation
of the zeolite layers. At the same time, the model catalytic
activity is also the highest for all MWW:Ludox samples,
almost independently of the MWW content. Even the sample
with the lowest MWW content (MWW:3Ludox) performs
better than the samples made with the use of solid silicas,
for which the MWW content is higher.

Nitrogen adsorption together with QE-TPDA was used
as a complementary tool for assessing the properties of the
products. The nitrogen adsorption—desorption isotherms for
the studied materials are presented in Fig. 3. Although in
the case of Aerosil and Ultrasil the isotherms are typical
for nonporous materials, the one observed for Ludox-based
silica reveals the presence of mesopores (Fig. 3a). The tri-
angular hysteresis loop (type H2a), related to the capillary
condensation, with nearly vertical closing, should be attrib-
uted to the interconnected, partially restricted mesopore
system [44]. Similar adsorption—desorption hysteresis
loops have been observed for ordered mesoporous silicas
SBA-16 and KIT-5, containing large spherical pores inter-
connected with much smaller windows [45]. The shape of
the isotherm observed for pure MWW materials (Fig. 3b).
is characteristic of microporous solids with a considerable
content of large, usually intercrystalline, mesopores [46].
In the isotherms obtained for the MW W:silica materials,
smaller offsets in the low-pressure range may be observed
than in those observed for the pristine MWW materials, indi-
cating smaller micropore volumes. Indeed, the t-plot analysis
of these isotherms resulted in low values of the micropore
volume. However, we have previously found [28] that this
method can underestimate micropore volume in modified
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Fig.4 Pore size distributions calculated using the NLDFT method
(equilibrium model)

MWW zeolites and a more realistic picture is obtained with
QE-TPDA, as discussed later.

The pore size distributions (Fig. 4), calculated from N,
desorption isotherms using the NLDFT method, show more
precisely differences in the porosity of the studied materials.
Among pure silica samples, only Ludox shows the presence
of mesopores with a characteristic prominent peak between
10 and 20 nm with the maximum at about 13 nm. Both
the MWW layers alone from colloid and all MWW:Ludox
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Fig.5 QE-TPDA profiles for hexane sorption (5 °C/min)

preparations show a similar mesopore size distribution, most
uniform in the 1:1 sample. In contrast, the calcined parent
zeolite (MWW _parent) contains mainly larger mesopores
(25-30 nm). It is more likely that the mesoporosity observed
with the MWW:Ludox mixtures has more to do with the
former (the arrangement of the zeolite layers) than with the
Ludox component. This conclusion is postulated because the
intensity of the PSD peak decreases with increasing Ludox
content. Aerosil- and Ultrasil-based MW W:silica mate-
rials have much larger mesopores (20-35 nm) than those
of the Ludox counterpart. The mesopores in all prepared
MWW:silica materials are large enough to accommodate the
reactants of the Friedel-Crafts reaction; hence, their actual
size has in all probability a negligible effect on the catalytic
activity of the materials.

The high intensity of the PSDs for both MWW zeolites
alone at very low pore size values indicates considerable
microporosity of these materials, the micropore volumes
are 0.07 and 0.11 cm3/g for MWW _parent and MWW_coll,
respectively. All MWW:silica samples have low microporos-
ity, very hard to characterize properly by low temperature
nitrogen adsorption.

As mentioned earlier, values of the micropore volume
determined from N, adsorption isotherms using the t-plot
method are often underestimated. For this reason, we applied
QE-TPDA of hexane as an additional method for assessing
microporosity of the studied materials. Due to the low rela-
tive pressure of the adsorptive in the carrier gas, applied in
these measurements (p/p=0.03), initial adsorption in these
experiments is limited to the micropores. The QE-TPDA
profiles shown in Fig. 5 exhibit broad desorption maxima
and adsorption maxima, corresponding to structural MWW
micropores. They confirm the microporosity of the stud-
ied MWW:silica materials, except for MWW:1Ultrasil and
MWW:2Aerosil. Additional low-temperature maxima (in the
25-50 °C range) should be attributed to the strongest adsorp-
tion sites present on the mesopore or external surface [47].
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Negligible values of the micropore volume (Table 1,
Vo) based on the QE-TPDA data found for
MWW:Ultrasil and MWW:2Aerosil are consistent not only
with the lack of catalytic activity of these materials, but
also with the absence of reflections characteristic for MWW
framework in the XRD results.

Values of the parameters characterizing porosity are col-
lated in Table 1.

To supplement the evaluation of zeolite content in the
mixtures by XRD and the sorption methods, FT-IR spectros-
copy was used. The integral intensity of the double band in
the range of 500-600 cm™!, corresponding to the vibrations
of D6R units of the MWW framework (Fig. 6) can be used
to quantify the content in a sample [32]. Both silica and
zeolite are built of SiO, tetrahedra, and the internal T-O
stretching vibrations are independent of their organization.
For this reason, the maximum at 800 cm™!, characteristic of
stretching symmetric vibrations T-O inside tetrahedra, was
used as the normalization factor.

Very low zeolite content in MWW:1Aerosil (20%),
MWW:2Aerosil (1%), and MWW:1Ultrasil mixtures (8%)
is responsible for the low catalytic activity and is also con-
sistent with the very low microporosity of the samples. This
suggests that the attempted deposition of MWW monolayers
on solid silicas is not leading to the formation of permanent
bonds. Co-precipitation of MWW nanosheets and Ludox
produces stable mixtures. However, independently of the
amount of Ludox used, the MWW:Ludox ratio is always
close to 0.5, although it slightly decreases with an increas-
ing amount of added Ludox (MWW content decreases
from 56 to 50 and 43%). Catalytic activity, expressed as
tso (time when 50% conversion was reached), was cor-
related with the calculated content of MWW in prepared
mixtures (Fig. 6). It is interesting that for co-precipitated
MWW:Ludox mixtures even if the zeolite content is halved,
the catalytic activity decreases only by ca. 20% (ts, increases
from 64-67 to 73-82 min). On the other hand, a physical
mixture of MWW_coll with previously precipitated Ludox
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Fig.6 ATR spectra in the pseudo-skeletal vibrations region of the
studied samples. All spectra are normalized to the same integral
intensity of the 800 cm™! maximum (T-O vibrations) and baseline
corrected

to the pure MWW, precipitated from the colloidal solution
(Fig. 8), with decreased intensity of Si-OH—AI maximum at
3624 cm™! and increased intensity of silanols (3745 cm™)
due to the presence of (hydrated) SiO,. In all mixtures, as
well as in MWW _coll, the band at 3670 cm™!, a charac-
teristic of the partially framework Al, is present [48], but
the intensity of this band is rather low and similar for all
samples. It should not influence the catalytic activity of the
mixtures or block the zeolite channels.

Friedel-Crafts alkylation may be also catalyzed on Lewis
acid centers. However, the role of LAS is quite complex.
According to a well-established mechanism, LAS may pro-
duce carbocation from the alcohol in a two-stage reaction
for which formation of carbocation (or alcohol-LAS com-
plex) is the rate determining step [39]. Taking into account
that, for the catalysts studied in this paper, the share of LAS
does not exceed 21% of all acid sites and that the sample
MWW:2Aerosil which contained only LAS (381 pmol/g)
did not show any catalytic activity, we attribute their cata-
Iytic activity to the Brgnsted acid sites located in the 12-MR
cups present at the surface of MWW layers.

Based on the determined concentration of active sites
it was possible to calculate TOFs as the values represent-
ing the average activity of acid sites (Fig. 7c). The highest
TOF values were obtained with the MWW:Ludox samples
(3.4, 4.1 and 4.8 x-107° s71). Interestingly, the TOF value

130 6
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2 1 < 4 MWW:2Ludox|
] MWW:1Ludox £ 100 + NS
5. 600 4 € 90 EER ¢ MW
a MWW:2Ludox 2 & 90 MWW:2Ludox = 2 |MWW:1ludox "
<t + 80 | * o [ ]
= 400 < MWW:3Ludox MWW:3Ludox | = 2 MWW-coll
- 1 L3 4
- 70 MWW-coll :
o . _ MWW:Ludox
< MWW:1Aerosil MWW:1tudox = ! > -
200 60 - MWW 1 ®*MWW:1Aerosil
T 0 T 1 T

T T T T T T T T T T
00 02 04 06 08 1.0
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Fig.7 a Dependence of BAS concentration on the content of MWW
zeolite in the MWW:silica mixtures. The dotted line was fitted,
R%2=0.977, b dependence of the catalytic activity (ts, values) on the
content of MWW zeolite in the MWW:silica mixtures, calculated

has much lower catalytic activity (MWW content ca. 30%)—
tso increase from 64—67 to 122 min, that is, almost doubles.

The zeolite content in the MW W:silica mixtures corre-
lates well with the concentration of BAS, determined by
pyridine adsorption (Fig. 6a), suggesting that, since all OH
groups are available to pyridine, the layers are not damaged
when they are mixed with silica and that silica does not
block entrances to the micropores (only their content may be
low). The character of OH groups in the mixtures is similar

— T T T T
0.0 02 04 06 08 1.0
D6R relative content

. ——
00 0.2 04 06 08 1.0
D6R relative content

based on the 500-600 cm™! IR maximum of D6R (double six rings)
integrated intensities, and ¢ dependence of turnover frequency (TOF)
on the content of MWW zeolite in the MW W:silica mixtures

for MWW:1Aerosil is comparably high, but due to the very
low content of the active zeolite phase its overall activity is
low with long t5, (122 min). The TOF values are comparable
to other types of MWW materials such as pillared MWW
layers (produced from exfoliated MWW monolayers in solu-
tion), where in the best case TOF=4.61x-107> s™!) [30] and
even better than in the case where MWW was mixed with
all-silica MFI (TOF=3.38 x-107% s™") [25].
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Fig.8 FT-IR spectra in the region of OH vibrations for representative
samples. Spectra are baseline corrected and vertically shifted

The nature of the Brgnsted acid sites did not change
when the MWW layers were mixed with silica, which was
supported by the positions of the Si—-OH-Al maximum at
3624 cm™! in the FT-IR spectra (Fig. 8). At the same time,
the catalytic activity of the MWW:Ludox mixtures is com-
parable (although a bit lower) to that of the pure MWW sam-
ples despite the dilution of the active phase of the zeolite.
This is accounted for by postulating due to increased acces-
sibility of the acid centers promoted by the added silica. In
short, the decreased concentration of active sites was com-
pensated by enhanced access to these reaction centers.

Another valuable information was received from STEM
images (Fig. 9), which identify differences in the struc-
ture of the three selected materials. For this purpose, only
samples showing crystallinity and good catalytic activi-
ties were selected: MWW:1Aerosil, MWW:1Ludox, and
MWW:2Ludox.

The layers in Aerosil and Ludox silica deposits are well
separated, unorganized, scattered, and covered with silica. In
the MWW-Ludox materials, some layers stack up close to
each other, but not as close as in the MWW _coll, composed
of the precipitated MWW layers.

4 Conclusions

The results obtained in this study indicate that solids
containing MWW layers dispersed on silica support by
interaction with a liquid exfoliated MCM-56 zeolite solu-
tion, can be promising as catalysts for the transforma-
tion of large organic molecules. In particular, composites
obtained MW W:silica from colloidal dispersions of MWW
monolayers and liquid silica precursors (colloidal silica)
exhibit high specific catalytic activity, despite having

@ Springer

Fig.9 STEM images of selected materials: standard MWW,
MWW:1Aerosil, MWW:1Ludox, and MWW:2Ludox. In the upper
right corner, there is a structural model of MWW with indication of
the thickness of a single layer (2.5 nm)

considerable content of the inactive amorphous silica
support. Silica particles in Ludox are dispersed in a liq-
uid, while in the solid sources (Ultrasil and Aerosil) they
are agglomerated, hence the effective surface available
for interaction with the MWW layers is expected to be
lower with them. As a result, the combination of Ludox
nanoparticles with MWW monolayers resulted in mixed
systems with high dispersion of zeolitic domains. Ethanol
is an effective flocculent for zeolite layers by itself, but
in the presence of solid silica its efficiency was reduced,
indicating its limited effectiveness in the construction of
composite catalysts in general. The TOF values (3.4x 107
to 4.8 x 1073 s7!) calculated for these materials were nota-
bly higher than those found for the pristine MWW zeolites
(2.4%107% t0 2.9x 107 s7!), which is attributed to the
enhanced accessibility of the acid sites. Materials syn-
thesized from solid silica precursors showed low or neg-
ligible overall activity which could be attributed to the
small content of the zeolitic active phase. Even so, for
one such material (MWW:1Aerosil) a notable high TOF
(4.8 %1073 s71) was found.
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