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Abstract

Metal nanoparticles immobilized at various supports have outstanding catalytic
activity in hydrogenation reactions. Zeolites are used as supports, mainly due to
their porous structure. In this work, metal nanoparticles were immobilized on
MFI nanosponge zeolites. Zeolite nanosponges (pure silica and degallated) were
impregnated with pure platinum and platinum mixed with rare-earth elements
(cerium, lanthanum, and yttrium) to form alloys. The main aim of this work was
to investigate the activity of bimetallic nanoparticles immobilized on zeolite
nanosponges in hydrogenation of cinnamaldehyde. It is a versatile model
reaction to investigate catalysts, due to the presence of three different reducible
groups (C=C bond, C=0 bond and benzene ring) in the cinnamaldehyde
molecule. The objective was to focus on selectivity effects of various catalyst
towards three possible products of cinnamaldehyde hydrogenation

(hydrocinnamaldehyde, cinnamyl alcohol and hydrocinnamyl alcohol).

The metal alloys evolution is more feasible on the degallated zeolites due
to the defects in the structure called silanol nests. These defects stabilize
bimetallic nanoparticles. Moreover, samples prepared with use of degallated
support showed larger surface areas. Pure-silica zeolites impregnated with

metals were also prepared for comparison.

Powder X-ray diffraction, scanning electron microscopy, transmission
electron microscopy, energy dispersive X-ray analysis and argon sorption were
used to investigate the structure, crystals morphology, dispersion of
nanoparticles in the zeolite matrix, and textural properties of these materials,

respectively.

Pt-Ce bimetallic samples showed high selectivity (at 30% conversion) to
hydrocinnamaldehyde, while catalysts with only platinum nanoparticles were
selective (at 30% conversion) towards cinnamyl alcohol. Samples with Pt-La
nanoparticles also showed selectivity towards hydrocinnamyldehyde, but the
preference of the C=C bond reduction is lower than in the case of Pt-Ce catalysts.

In the case of Pt-Y samples, the catalyst based on pure-silica support were more



selective to cinnamyl alcohol, while catalyst based on degallated support were

selective to hydrocinnamaldehyde.

Key words

Zeolites, nanosponge materials, hydrothermal synthesis, electron microscopy,

catalysis.



Abstrakt

Kovové nanocastice imobilizované na rtiznych nosi¢ich vykazuji vynikajici
katalytickou aktivitu béhem hydrogenacnich reakci. Zeolity se pouzivaji jako
nosice hlavné diky jejich porézni struktuie. V této praci byly kovové nanocastice
imobilizovany na MFI nanosponge zeolity. Tyto zeolity (zaloZzené na Cistém
oxidu kfemicitém a degalované) byly impregnovany Cistou platinou a platinou
ve smési s prvky vzacnych zemin (cer, lanthan a ytrium), které utvofily slitiny.
Hlavnim cilem této prace bylo zkoumani aktivity bimetalickych nanocastic,
které jsou imobilizované na zeolitech, béhem hydrogenace cinnamaldehydu
(skoficového aldehydu). Tato reakce je univerzalni modelovou reakci, a to
zejména diky pfitomnosti tfi riznych redukovatelnych skupin (C=C dvojna
vazba, C=0 vazba a benzenovy kruh) v molekule skoficového aldehydu. Cilem
bylo zaméfit se na selektivitu pfipravenych katalyzatori k tfem moZnym
produktim této reakce (hydrocinnamaldehyd, cinnamyl alkohol a

hydrocinnamyl alkohol).

Slitiny kovi se 1épe tvofi na degalovanych zeolitech, a to diky defektim
ve struktufe, které se nazyvaji silanolova hnizda. Tyto defekty stabilizuji
bimetalické nanocastice. Navic pfipravené vzorky s degalovanymi nosici
vykazovaly vétsi povrch. Pro srovnani byly pfipraveny zeolity z Cistého oxidu

kfemicitého impregnované danymi kovy.

Ke zkoumani struktury, morfologie krystali, disperze nanocastic a
texturnich vlastnosti material byla pouZita praskova rentgenova difrakce,
skenovaci a transmisni elektronovd mikroskopie, energeticky disperzni

rentgenova analyza a sorpce argonu.

Bimetalické katalyzatory s platinou a ceriem vykazovaly vysokou
selektivitu (pt1 30% konverzi) k hydrocinnamaldehydu, zatimco katalyzatory
impregnované¢ pouze platinovymi nanocasticemi byly selektivni (pii
30% konverzi) vici cinnamyl alkoholu. Katalyzatory s nanocasticemi platiny a
lanthanu také vykazovaly selektivitu k hydrocinnamaldehydu, ale preference k
redukci C=C dvojné¢ vazby byla niz§i nez v ptipadé¢ Pt-Ce katalyzatort.

V ptipad€ vzorkl s platinou a ytriem byl katalyzator zaloZzeny na ¢istém oxidu



kiemicitém vice selektivni k cinnamyl alkoholu, zatimco katalyzator

s degalovanym nosic¢em byl selektivnéjsi k hydrocinnamaldehydu.

Klicova slova

Zeolity, nanosponge materidly, hydrotermalni syntéza, elektronova

mikroskopie, katalyza.
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1 Introduction

Zeolites are porous aluminosilicates with a three-dimensional frameworks
consisting of connected SiO4 or AlO4 tetrahedra. Some zeolites can contain other
heteroelements in the framework, such as Ge, Ti, Ga, and others.' Zeolites are
often used as supports for metal nanoparticle incorporation. In this work, metal
nanoparticles were immobilized at MFI nanosponge zeolite. The introduction of
metal to this type of material results in the better dispersion of nanoparticles in
the pore system due to the nanosponge architecture, which has disordered
three-dimensional network of nanolayers. Functionalization of this material with
metal nanoparticles can be realized post-synthetically. In this work, pure
platinum and bimetallic catalysts with rare-earth elements (cerium, lanthanum,
and yttrium) were prepared. Pure silica based and degallated zeolite MFI
nanosponge were used as supports. Degallated zeolite is generated by removal
of Ga (degallation) from framework of gallosilicate nanosponge MFI zeolite.
Removal of Ga generates framework defects in the form of silanol nests. The
rear-earth elements are stabilized by covalent bonds thanks to the silanol nests,
enabling easier formation of bimetallic alloys (Figure 1). Rare-earth elements
oxides themselves have very low reduction potential. This potential can be
increased by converting rare-earth elements into single atomic specimens that
better diffuse onto platinum.>® Prepared material were subjected to catalytic
trials to investigate effects of type of active sites and type of support on the

activity of prepared platinum and bimetallic catalysts.

~~,
i T S

Figure 1. Deffects (silanol nests) formed after degallation in the MFI zeolite
framework. The yellow dot represents the rare-earth element. Blue atoms
represent silicon and red atoms represent oxygen. (Adapted from the reference?)
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Hydrogenation of cinnamaldehyde was chosen to compare yields of the
product and selectivity of the reaction over prepared catalysts. The main goal is
to investigate the selectivities of synthesized materials. Selected reaction was
appointed due to a versatile reactant (cinnamaldehyde), having three different
groups that can be reduced. Thus, this model reaction is a good candidate for

description of selectivity effects of different functionalities of prepared catalysts.

For investigation of the structure, metal location and size distribution, as
well as textural properties of prepared catalysts powder X-ray diffraction,

electron microscopy and argon sorption were used.
The aims of the present bachelor thesis were:

» Synthesis of pure-silica (MZ) and degallated (DMZ) MFI nanosponge
zeolite supports.

* Impregnation of the synthetized zeolites by platinum as well as bimetallic
platinum and rear-earth (cerium, lanthanum, and yttrium) nanoparticles.

» Investigation of structure and texture of synthetized materials by powder
X-ray diffraction, electron microscopy and argon sorption.

* Performing catalytic hydrogenation of cinnamaldehyde and comparison
of the catalytic performance between pure-silica based and degallated
zeolites doped with nanoparticles. Comparison of bimetallic catalysts

with different rare-earth metals.
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2 Theoretical part

2.1 Zeolites

Zeolites were discovered in nature as aluminosilicate minerals almost 250 years
ago. The first zeolite was described by A. F. Cronsted who named this group as
“zeolites”, which is derived from two Greek words zeo (to boil) and lithos
(stone). This name came from the ability of zeolites to adsorb water. Release of
water while heated gives the impression that stone is boiling.! Zeolites are widely
used for catalysis due to their high surface area, acidity, shape selectivity, high
thermal and chemical stability and non-toxicity.* They found many applications
in sorption, ion-exchange, and catalysis due to their precisely defined micropore
systems.” The first catalytic reactions on zeolites were isomerization and
cracking, and since that zeolites started to play a big role in processes utilized in
oil refining and petrochemistry.! Zeolites were found as more active than
amorphous silica-alumina catalyst, which was used before. Nowadays, they are

widely used also as desiccants, ion-exchangers, molecular sieves and sorbents.’

Zeolites are crystalline aluminosilicates with micropores and cavities.
Porous materials are divided by the International Union of Pure and Applied
Chemistry (IUPAC) into three groups: micropores (size below 2 nm), mesopores
(2 to 50 nm), and macropores (50 to 1000 nm).® Zeolites have three-dimensional
frameworks consisting of AlO4 and SiO4 tetrahedra which are linked to each
other by oxygen atoms, two neighboring tetrahedra forming one oxygen bridge.!
Tetrahedra are the primary structure units and their various combinations make
the secondary building units, which connected together lead to three-
dimensional structure.! Due to the tetrahedra building a zeolite framework, Si
and Al are so-called T-atoms (the atoms in tetrahedral coordination). It is
possible to incorporate other T-atoms into zeolite producing,
e.g. germanosilicates, titanosilicates, or gallosilicates.”  Zeolites are also
classified according to the number of T-atoms, which are building the ring (pore)
openings. Small pore zeolites have 8 T-atoms composing the ring, medium pore
zeolites have 10 T-atoms, large pore zeolites have 12 T-atoms, and extra-large

pores have rings built from 14 T-atoms or more.’ Various sizes and shapes of

15



channels (zeolite topology) depend on the synthesis conditions, mainly the type
of structure directing agents (SDA) used and the composition of reaction

mixture.®

More than 250 different types of a zeolitic structures were recognized
up-to-date, based on different combinations of tetrahedra creating the
framework. Each type of structure is classified by a three-letter code. All existing
frameworks types are listed in the database of the International Zeolite
Association (IZA).} In zeolite framework, the distance between silicon or
aluminum and oxygen atom vary from 1.58 to 1.78 A and the angle of the

silicon/aluminum-oxygen-silicon/aluminum is between 130° and 160°.°

The presence of some T-atoms, i.e. Al, generates the framework charge,
which is compensated by cations.” Exchange of cations in aluminosilicates can
lead to the modification of the zeolite properties. The most important example is
the exchange of metal (Na, K") cations by protons (H") creating acidity (the
zeolite can act as a solid acid).® Zeolites can also be use as supports for
catalytically active species, e.g. metal nanoparticles.”!? These metals, or metal
alloys, can play a key role in hydrogenation reactions. Among the most used are
noble metals, i.e. Pt, Pd, etc.’ Adding the second metal to the system, hence
preparation of bimetallic species, can change activity and selectivity of catalytic
reactions and it can also alter the catalyst deactivation. Second metal can modify

the size or electronic structure of catalytically active surface.!!

Zeolites can provide shape selectivity to catalytic reaction - the effect
caused by their pore size and shape. There are several types of shape selectivity.
Reactant shape selectivity occurs when only certain size molecules can enter the
pores of the zeolite, while product shape selectivity happens when only reactants
that are sterically compatible with the size of pores can be eluted. Another type
of selectivity is transition-state shape selectivity which depends on the size of
transition product of the reaction. There are other types of selectivity effects that
can occur only in some types of zeolites.* For example, silanol nests (framework
defects that are formed, e.g. by degallation) can affect the formation of

catalytically active centers.’
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2.2 Zeolites with MFI topology

The three letter code MFI was designated to ZSM-5, a material that was
synthetized by Argauer Landolt and coworkers in 1972.12 ZSM-5 is a medium
pore zeolite with 10-ring pores having a diameter of between 5.1 — 5.6 A. MFI
has three-dimensional channels defined by 10 ring pores as it is shown in
Figure 2.!»13  These three-dimensional interconnected channels are a
combination of two systems. Sinusoidal channels along the a-axis are
interconnected with 10-ring pore straight channels along the b-direction.’ This
type of zeolite is widely used as a heterogenous catalyst, i.e. for fluid catalytic
cracking (FCC), isomerization of xylenes, NOx reduction, Fischer-Tropsch
reaction, synthesis of ethylbenzene and toluene disproportionation.'* There are
many types of ZSM-5 zeolites, such as: 3D, layered and pillared nanosheets with
lamellar structure, and nanosponges having mesoporous cavities.!? The layered
forms can be multi- and mono-layered, or self-pillared.!® Zeolite nanolayers are
mostly of 2.5 nm thick.'* Herein, MFI has been chosen as a support due to its
rich chemistry and possibility of preparation of this zeolite with so-called

nanosponge architecture type. This architecture is based on disordered

6

three-dimensional network of nanolayers with thickness of 2.5 nm.!

Figure 2. The structure of MFI framework. (Adapted from IZA database'”)
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2.3 Characterization methods

2.3.1 X-ray diffraction (XRD)

X-ray diffraction is a very important non-destructive characterization method
which gives us information about the structure, as well as indication of the size
of the crystallites. X-rays are electromagnetic waves with wavelength between
0.5 A and 2 A. They interact with the charges of all electrons and then emit wave
with the same wavelength as the incident radiation. The amplitude is
commensurable to the number of electrons in the atom. Electromagnetic
radiation enters into crystals and diffracted electrons are detected at specific
angles. It can be described by Bragg’s law, relating the scattering angles to lattice
spacing in the crystal. Diffraction rings are typical for poly-crystalline materials
while diffraction spots are detected for single crystal.%!1!181 Powder XRD
(PXRD) is more commonly used than single crystal diffraction because sample
preparation is easier. Analyzed powder sample must have a relatively flat

surface.?’

2.3.2 Transmission electron microscopy (TEM)

Electron microscopes use electron beam and electromagnetic lenses to create
images of the sample.?! The first magnetic lens was built by Knoll and Ruska in
1931 and their invention led to the development of the first TEM, which had

three lenses, magnification of 1200x and a resolution of 50 nm.*?

In the electron microscope, electrons are focused as a beam by
a condenser lens. Beam goes through a column, that is under high vacuum to
avoid unwanted interaction of electrons with objects on their path (e.g. electrons
and X-rays are absorbed by air molecules). Beam penetrates specimen and
interact variously with the sample, some of the electrons are diffracted, and some
of them are transmitted, and then focused by the objective lens.?! There are
various TEM-related techniques, such as: electron diffraction (ED), high-
resolution transmission electron microscopy (HRTEM), scanning transmission

electron microscopy (STEM) or electron tomography (ET).?

The TEM machine consists of the main five parts (the electron gun, the

illumination stage, the objective lens, the magnification and projection system
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and the detector), but it has other subsystems like the high voltage system, the
vacuum system (for electrons travelling inside the column), the cooling system,
radiation shields or the photographic, CCD, or CMOS camera system. The
electron gun is capable of generating electrons that are then accelerated trough a
potential of more than 200 kV. This high potential is reached by the high voltage
system, which is separated from the whole machine, but it is connected to the
electron gun. The electromagnetic lenses are made of soft iron materials with
copper coils, and they can tune a magnetic field which is almost parallel to the
direction of travel path of the electrons. Electrons travel along the lenses, that
decrease their radius to create parallel beam of the electrons. Other types of
lenses are condenser lenses, which demagnify the beam and control its diameter.
Thus, it is possible to get a small spot of the beam using condenser lenses, and
further to control the beam brightness. Next type of lens is an objective lens. It
is used for focusing and magnifying the object and it creates the image and
diffraction pattern. Finally, there are intermediate lenses that magnify the image
and allow switching between imaging and diffraction mode. Further, projector
lenses magnify the images formed by the intermediate lenses. The final image

magnification (M) formula can be written as:
M = Mypj - Ming - Mpyo; (1)

where M,s; is the objective magnification, M. is the intermediate magnification

and M, is magnification of the projector lenses.?*?*%°

The sample preparation for TEM imaging is crucial, and the specimen
should be thinner than 100 nm. This is, in most cases, a thickness through which
electrons can penetrate. When a sample is in a form of a powder, carbon covered
metal grids are used as a support. Among available grids, the most frequently
used is copper grid because copper is not expensive, and it is also not magnetic.
Copper grid is covered with thin carbon film (continuous or with holes) that

allows immobilization of sample and reduction of the background.?*

As mentioned before, two modes of measurement exist — diffraction and
imaging. Crystalline sample diffracts electrons, and they form a diffraction

pattern which is observable at the objective lens. In the both modes, we can use
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both, bright or dark-field mode. In bright-field mode images are generated by
transmitted electrons and it can be used to observe the size, shape and dispersity
of nanomaterials.?® Also in diffraction mode the undeflected beam can make
image in bright field mode or deflected beam can make image in dark field

mode.!!

Transmission electron microscopy is widely used for the characterization
of zeolites, which are considered as beam-sensitive materials. The Si/Al ratio of
zeolite framework composition is among important factors, which is limiting the
lifetime of zeolites under the electron beam. Zeolite with a lot of Si is more stable
than one with a low Si/Al ratio. With decreasing Si/Al ratio the water content
increases and its ionization is critical factor regarding the stability of zeolite

under electron irradiation.>*

2.3.3 Scanning electron microscopy (SEM)

Scanning electron microscopy provides information of the surface topography
and by collecting signals which are generated by a sharp electron probe. Images
provide visualization of morphology and one of the advantages is the possibility
to zoom to range of nanometers (the maximum resolution is around 1 nm,
depending on the quality of the microscope). The first scanning electron
microscope was constructed by Manfred von Ardenne, who was inspired by

invention of transmission electron microscope, in years 1937-1938.%7

SEM consists of an electron gun, which generates electrons of high
energy (1 — 30 kV), column where the electrons travel through electromagnetic
lenses, deflection system, electron detector, a chamber for a sample and
computer for image processing.”® SEM column is under high vacuum to avoid
scattering of the electrons along their path, as well as high voltage discharge and
contamination. Electrons generated by electron gun go through the
electromagnetic lenses and then they form a fine probe which hits the surface of
the sample in the chamber. The beam is scanned across the sample surface by
scan coils. They are above the objective lenses. Stigmator, another component,
is used to correct astigmatism, which is one of the optical aberrations.?” The

electron gun, condenser lenses and vacuum system are similar as in the TEM.?

20



Image is generated by detection of electrons emitted from surface on the
same side as primary electron beam. Secondary electrons with energy of less

than 50 eV or backscattered electrons can be detected and used for imaging.>>'®

2.3.4 Scanning transmission microscopy (STEM)

The principles of SEM and STEM were first discovered by von Ardenne, et al.
in 1938 when he put scanning coils between two magnetic lenses.?! STEM
microscope combines the advantages of the TEM and SEM. The high energy
electron beam of 100 to 300 keV is focused to a small spot where the beam scans
a sample, and a detector measures the transmitted intensity at each point. The
signals from X-rays, transmitted electrons, secondary or backscattered electrons
can be collected. The final image can be bright field which is from the
transmitted beam or a dark field from diffracted beam. One of the advantages of
STEM is the exact standardization of the working conditions and minimum
absorption and fluorescence due to sample thickness. On the other side, the
disadvantage is that scan does not give equivalent beam time at all points during
the scanning mode and the thin sample can be easily damaged during the

measurements because the electron beam is focused on the small area.!">>*°

After the beam hits the sample, elastic and inelastic scattering of
electrons occurs. During the elastic scattering the primary electron changes its
direction and it does not lose almost no energy. This type of scattering is caused
by interaction with the nucleus, and it is important for generation of the
diffraction pattern. On the other hand, during the inelastic scattering the electron
loses energy, and it does not change the direction and it is generated from
interaction with bound electrons and also with the nucleus. The elastic scattering
determine the shape of the interaction volume but the inelastic scattering

determine the size of the interaction volume.>-°

2.3.5 Energy-dispersive X-ray analysis (EDS)

Hilier and Baker proposed that using an X-ray signal generated by a focused
electron beam can be used to obtain the element composition of a sample.?’ The
X-rays, which are emitted after the interaction of primary beam with the sample,

are characteristic for the element, which is in the sample due to energy of the
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X-ray photons. This depends on the atomic number of the element. The amounts
of the emitted X-rays can also tell us quantitatively, how much of the element is
present in the sample. The spectrum is made from the collected X-rays in which
the position of the peak and its energy have the main information about the

element. 2>-3°

This analysis is carried out together with TEM or SEM. The SEM-EDS
must be corrected for absorption and fluorescence, while in the case of
TEM-EDS only atomic number of analyzed element is considered. The best
quantitative approximation in TEM-EDS is the Cliff and Lorimer method. This
method is based on the supposition that there is no absorption or fluorescence

effect in thin samples.?

2.3.6 Argon sorption

Measurement of gas sorption isotherms is another way to characterize porous
materials. The surface area and pore volume of catalysts are important
information for catalysis, especially for proper description of shape selectivity.*!
Gas, such as nitrogen or argon, is physisorbed (Van der Waals forces).*> The
result of this measurement is the adsorption isotherm, which is a relation between
the adsorbed amount and the equilibrium pressure of the gas. Isotherm provides
information about the pore characteristics, and the strength of adsorbent and
adsorbate interaction.>* The International Union of Pure and Applied Chemistry

(IUPAC) classified adsorption isotherms into eight types.>*

Argon was chosen because it fills micropores with diameter from 0.5 to
1 nm at higher relative pressure than nitrogen and it is better to compare small
differences in texture of micropores.*? It is important to make measurement at

constant temperature (87.3 K is used for argon sorption).*?

2.4. Hydrogenation of cinnamaldehyde

Hydrogenation of cinnamaldehyde (CAL) is a hydrogenation reaction which
includes two parallel paths to different products (Figure 3). In CAL molecule
there are two groups which can be reduced: carbonyl group and carbon-carbon

double bond. The easier way is the reduction of double bond because of lower
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bond energy which is resulting in hydrocinnamaldehyde (HCAL) as a main
product. Nevertheless, if some metals (Pt, Ir, Os, etc.) are used as catalysts, we
can observe higher selectivity to cinnamyl alcohol (COL). The most used are
platinum-based catalysts. COL and HCAL can be both further reduced to
hydrocinnamyl alcohol (HCOL).3>-3

We can modify the metal (e.g, Pt) electrical properties by choosing
differnt support or with addition of a promoter (e.g, second metal — Ce, La, Y).
Another option is to change morphology of dispersed metal with adding metal
oxide as support. The last approach is steric effect which can be achieved by
changing particle size of metals. The better selectivity to COL is achieved with
larger particle size of platinum, because the planar molecule of CAL prefers
adsorption of C=0 bond to a metal surface compared to smaller particles which
have bigger curvature. Smaller particles do not have steric inhibition so the CAL
can be absorbed via C=C bond and C=0O bond. Another option to increase the
COL selectivity is using the mesoporous material as a catalyst, because the pores

decrease the possibility of C=C bond absorption.*>

Cinnamyl alcohol is a fragrance ingredient for decorative cosmetics,
shampoos, toilet soaps, household cleaners and detergents. The global usage of
this compound is from 100 to 1000 metric tons per year.>’” Hydrocinnamaldehyde
is used for production of pharmaceutical intermediates, e.g. intermediate for
synthesis of HIV treatment drugs. There are a lot of ways how to synthetize
cinnamyl alcohol and hydrocinnamaldehyde, however, selective hydrogenation
of cinnamaldehyde is preferable as it does not produce any corrosive products or

waste. -8
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Figure 3. Scheme of the hydrogenation of cinnamaldehyde. The C=C doble bond
in CAL can be reduced and then the HCAL is the product of the reaction, or the
carbonyl group can be reduced to COL. Both HCAL and COL can be reduced
again and then arise HCOL as the product of the reaction, which cannot be
further reduced.
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3 Experimental part

3.1 List of chemicals

Table 1. List of chemicals that were used for synthesis of SDA and zeolites,
impregnation, and catalysis.

Chemical Purity Manufacturer
1-Bromobutane 99%  Sigma Aldrich
1-Bromooctodecane 98%  Alfa Aesar
Acetonitrile 99%  Merck
Cerium(III) nitrate hexahydrate 99,99% Sigma Aldrich
Diethylether p.a.  Lachner
Gallium nitrate 99,9%  Sigma Aldrich
Isopropyl alcohol p.a.  Lachner
Lanthanum(III) nitrate hexahydrate 99,9%  Sigma Aldrich
Mesitylene 99%  Sigma Aldrich
N,N,N’,N’-tetramethyl-1,6-diaminohexane <98%  TCI Chemicals
Platinum on silica — Sigma Aldrich
Silica — Sigma Aldrich
Sodium hydroxide p.a.  Lachner
Sulfuric acid 95%  Acros Organic
Tetraammineplatinum(II) nitrate 99,9 % Sigma Aldrich
Toluene 100% VWR Chemicals
Trans-cinnamaldehyde <95%  Sigma Aldrich
Yttrium(IIT) nitrate hexahydrate 99,8%  Sigma Aldrich

3.2 Synthesis of structure directing agent

Structure directing agent (SDA) Ci8CsC4 was prepared according to procedure
described in the article’* 16 g of 1-bromooctodecane and 81 g of
N,N,N’",N’-tetramethyl-1.6-diaminohexane was dissolved in the mixture of

200 g of toluene and 200 g of acetonitrile. This mixture was heated under reflux
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at 60°C for 12 hours. After this step, the 'H NMR spectroscopy was used to
confirm the purity of the transition product. Then, solvent was removed by
a rotary evaporator at 45°C. 200 ml of diethylether was added and this mixture
was stirred for 3 hours at room temperature. After stirring, the flask was put in
the refrigerator for the overnight to get paste type mixture. This mixture was
filtered using a sintered funnel and washed with 500 ml of cooled diethylether.
The surfactant was dried at 45°C in a vacuum oven, then the 'H NMR was

checked again.

To further extend the chain, second step of the SDA synthesis followed.
The product of the first step was dissolved in 200 g of toluene and 200 g of
acetonitrile and 36.8 g of 1-bromobutane was added. The following steps of
synthesis (heating, stirring, cooling, and filtration) were the same as the first part

of the synthesis of SDA.

3.3 Synthesis of MFl nanosponge zeolites

3.3.1 Preparation of pure-silica MFI

At first, 1.5 g of NaOH was dissolved in 20 g of distilled water and this mixture
was stirred for 10 minutes. Then 4 g of silica and another 12 g of distilled water
was added, shaken by hand and then stirred again for 10 minutes. After that, the
3.2 g of SDA was added. This mixture was stirred overnight. The solution of
1.2 g of concentrated H2SO4 and 12 g of distilled water was made, and it was
added dropwise to the zeolite mixture during the stirring. It was stirred overnight
and then separated into autoclaves. Autoclaves were put into a tumbling oven at
150°C for 96 hours. The zeolite was filtered and dried at 100°C and finally it

was calcined on air at 550°C for 6 hours.

3.3.2 Synthesis of degallated MFI

1.5 g of NaOH was dissolved in 20 g of distilled water and stirred for 10 minutes.
Then, the mixture of 4 g of Silica and 12 g of distilled water was added. It was
shaken by hand, and stirred for 10 minutes. 3.2 g of SDA was added, and the
mixture was stirred overnight. 0.34 g of gallium nitrate and 4 g of distilled water

was added dropwise during the stirring. After that, the mixture of 1.2 g of
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concentrated H>SO4 and 12 g of distilled water was added dropwise, as well. It
was stirred overnight and then separated into autoclaves. The synthesis
conditions for are the same as in the case of pure-silica MFI (temperature 150°C
for 96 hours). Prepared zeolite was filtered and dried at 100°C, and calcined on

air at 550°C for 6 hours.

Degallation was performed by treatment of prepared gallosilicate in
65% HNO; water solution. 500 ml of the HNOs3 solution was mixed with 5 g of
zeolite and heated under reflux at 100°C for 12 hours. The mixture was filtered
and washed with distilled water to reach neutral pH. Final product was dried at

100°C.

3.4 Impregnation of MFI nanosponge zeolites

All the synthesized MFI nanosponge zeolites were impregnated with platinum
and rare-earth elements. Equivalent of one weight percent of platinum was added
to all samples and an additional equivalent of one weight percent of rare-earth

metal (cerium, lanthanum, yttrium) was added to prepare bimetallic catalysts.

3.4.1 Zeolites with platinum nanoparticles

At first, 1 g of tetraammineplatinum(II) nitrate was mixed with 5 ml of distilled
water and this mixture was stirred for 5 minutes. Then, this solution was added
dropwise to 5 g of prepared MFI zeolite and the mixture was stir for 1 hour at
room temperature. The sample was dried overnight in the oven at 60°C. Dried
sample was calcined on air at 350°C for 2 hour and the temperature rate was 1°C

per minute.

3.4.2 Zeolites with bimetallic nanoparticles

For the preparation of all samples, 0.0204 g of tetraammineplatinum(II) nitrate
was used. Amounts of the source of the second metal varied — 0.0257 g of
cerium(III) nitrate hexahydrate, 0.0258 g of lanthanum(III) nitrate hexahydrate
and 0.0346 g of yttrium(III) nitrate hexahydrate. These amounts were calculated
to result in 1 wt % of platinum and 1 wt % of rare-earth meal in the final samples.
The tetraamine platinum nitrate was mixed with rare-earth metals source and

then dissolved in 5 ml of distilled water. This mixture was added dropwiseto 1 g
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of synthesized zeolite, and stirred for 1 hour at room temperature. The samples
were then dried at 60°C overnight and then calcined on air at 350°C for 2 hours

(the temperature rate was 1°C per minute).

3.5 Characterization methods

3.5.1 PXRD

Bruker AXS D8 Advance diffractometer was used for confirmation of crystalline
structure of the synthesized zeolites. The diffraction patterns were made. They
plot intensity against the angle of the detector.’® Obtained patterns were

compared with the literature data.

3.5.2 SEM
The secondary and backscattered electrons were used for imaging the samples
to get information on the surface morphology of prepared samples. The

measurement was performed on JEOL IT-800 scanning electron microscope.

3.5.3 STEM-EDS

JEOL JEM NEOARM-200F microscope was used for investigating the structure
on the nanoscale, to find out the dispersion and size of metal nanoparticles in the
samples. JEOL JED-2300 EDS spectrometer was used for elemental analysis
(mapping) of the samples. Images were analyzed using Image] software to

generate particle size distribution graphs.

3.5.4 Argon sorption

Micromeritics 3Flex Version 5.02 was used to measure the argon sorption on the
samples. Results were used to calculate the textural parameters of prepared
materials. BET areas were determined from adsorption data in the p/p° range of
0.0573 —0.1999. T-plot method was used to determine micropore volume,
micropore areas and external surface areas. The measurements were performed

at -186.15 °C (87 K).
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3.6 Hydrogenation of cinnamaldehyde

Before the reaction, the catalyst was reduced in the reduction oven at 700°C for
2 hours, the temperature ramping rate was 1°C per minute and the flow of the

hydrogen and nitrogen was 50 ml-min™' for each.

Hydrogenation was conducted in high-pressure reactor (unit
stainless-steel stirred batch hydrogenation reactors, volume of 50 ml) under
hydrogen pressure of 10 bar, at a temperature 90°C and stirring speed of
1000 rpm. In a typical experiment, 100 mg of a catalyst, 1322 mg of
trans-cinnamaldehyde, 700 pl of mesitylene as internal standard, 38 ml of
2-propanol and 2 ml of distilled water was charged into the reactor. The reaction
was initiated after desired temperature was reached in the reactor, by introducing
hydrogen and increasing of stirring (from 200 rpm to 1000 rpm). The reaction
was performed for 24 hour and seven samples were taken after 1, 2, 4, 12, 15,
18 and 24 hours. Samples were taken via a sampling probe with suspended

stirring, without hydrogen pressure and temperature drop.

The collected samples were analyzed using a gas chromatograph (GC)
Agilent 7890A equipped with an autosampler, a HP-5 column
(30 m x 320 pm x 0,25 um) and a FID detector. The temperature of the inlet and
detector was set to 300°C, while the temperature of column was set on 90°C.

Nitrogen was used as the carrier gas with flow of 0.6 ml-min’.

All of the peak areas were multiplied by the response coefficient (K). The
response coefficient is the ratio of the slopes of the calibration curves for each
analyte. The coefficient values are: 18270 for cinnamaldehyde, 16085 for
hydrocinnamaldehyde, 18712 for cinnamyl alcohol and 20495 for
hydrocinnamyl alcohol. The conversion (x) of cinnamaldehyde was calculated

by following formula:

Ao _ 4

x = AstdAOAstd . 1005 (2)

Astd

where Ay is initial area of cinnamaldehyde, 4, is area of cinnamaldehyde in given

time (i) and Astd is area of the internal standard (mesitylene) in given time.
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The formula for calculating yields (y) of the products can be written as:

Ap

y=72L-100, 3)

AcAL

Astd

where A, is area of product in given time, Acs. is the initial area of

cinnamaldehyde and A is area of internal standard (mesitylene) on given time.

Selectivity (s) of products were calculated from conversion (Formula 2)

and yield (Formula 3). The formula for selectivity can be written as:
=2.
s =2-100, 4

where y is yield of a product and x is conversion of cinnamaldehyde.

The preferred reduction was determined using a parameter (p) that was

calculated using this formula:

— YcoLtYHCOL (5)
yHucAL+YHCOL

where ycor 1s the yield of cinnamyl alcohol, yucar 1is yield of
hydrocinnamaldehyde and ywucor is yield of hydrocinnamyl alcohol. If this
parameter is greater than 1, reduction of C=O bond is preferred. A parameter

p <1 corresponds to a reduction of C=C double bond.
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4 Results and discussion

A set of eight various catalysts were prepared to compare the influence of
different supports and active species on the catalytic performance of these
materials. Four samples have pure-silica based support (denoted MZ) and four
others have degallated support (DMZ). Two samples (for both supports types)
are doped only with platinum nanoparticles (Pt@MZ and Pt@DMZ). The other
six samples contain bimetallic alloys of different kind (Pt-Ce@MZ,
Pt-Ce@DMZ, Pt-La@MZ, Pt-La@DMZ, Pt-Y(@MZ and Pt-Y@DMZ). The
catalytic activity of synthesized materials was compared with standard Pt on

silica catalyst (1 wt % of Pt, Sigma Aldrich).

4.1 Structure of MFI nanosponge zeolites

The structure of the synthetized materials was investigated by powder X-ray
diffraction. All pure silica-based zeolites after impregnation with metal evince
the same structure and the peaks indicate to the MFI nanosponge type (Figure 4).
Also, all the metal-doped degallated zeolites show similar XRD diffractograms,
indicating MFI nanosponge architecture (Figure 5). Diffractograms of materials
with both support type (MZ and DMZ) also show peak broadening, which may
be due to the presence of defects in the sample structure, but most importantly

indicate the nanosponge character of crystals.*
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Figure 4. PXRD patterns of pure silica zeolites doped with metal nanoparticles.
The characteristic peaks located around 10 and 25 26° indicate the MFI
nanosponge structure. Results confirmed the literature data.’
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Figure 5. PXRD patterns of degallated catalysts also confirm the MFI
nanosponge structure. Results are matching the literature data.?
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SEM images show that the morphology of all prepared catalysts is very
similar and all of them form aggregates, but each sample has different size of
polycrystals. Pt@MZ has diameter of polycrystals of approximately 350 nm.
Similarly, agglomerates of Pt@DMZ are approximately of 340 nm in size
(Figure 6). Pt-Ce(@MZ has bigger crystals with size of 600 nm in diameter but
the degallated Pt-Ce@DMZ has crystal size of around 500 nm in diameter
(Figure 7). Materials with lanthanum have smaller crystals than zeolites with
cerium — Pt-La@MZ and Pt-La@DMZ have crystal size of approximately

400 nm in diameter (Figure 8). The lowest crystal size of around 300 nm in

diameter have samples with platinum-yttrium bimetallic nanoparticles

(Figure 9).

Figure 6. SEM images of samples with platinum nanoparticles: (a) Pt@MZ and
(b) Pt@DMZ.

Figure 7. SEM images of crystal aggregates doped with platinum and cerium
nanoparticles: (a) Pt-Ce@MZ and (b) Pt-Ce@DMZ.
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Figure 8. SEM images of samples impregnated with platinum and lanthanum
nanoparticles: (a) Pt-La@MZ and (b) Pt-La@DMZ.

Figure 9. SEM images of zeolites doped with platinum and yttrium
nanoparticles: (a) Pt-Y@MZ and (b) Pt-Y@DMZ.

4.2 Impregnation of nanosponge MFI zeolites

STEM images show that metal nanoparticles are well dispersed in nanosponge
matrix of the zeolites (Figure 10 — 18). Metal nanoparticles in images are visible
as bright dots. All our materials contain approximately 1 wt % of platinum.
Commercial catalyst also contains 1 wt % of platinum, thus all used catalysts are
suitable for direct comparison. The low magnification mode was used for
imaging of one whole crystal and dispersion of nanoparticles in the zeolite. The
particle size distribution was also investigated based on STEM images and there
are some differences between the size distribution of nanoparticles in prepared
catalysts. Pt@DMZ contains nanoparticles with relatively bigger diameter
(Figure 15) and their size is 4.6 nm in diameter while Pt-Ce@DMZ has the
smallest nanoparticles (Figure 16) with 0.2 nm in diameter. In commercial

catalyst, the size of nanoparticles is very diverse, the smallest nanoparticles have
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size of 0.2 nm and the largest particles have size of 4.6 in diameter (Figure 10).
This diverse representation of nanoparticles makes this catalyst great for
comparing the results with prepared samples. Finally, the image of single
nanoparticle was taken using the high-magnification. In particular cases,
structure of zeolite support is visible, e.g. clearly observable in the case of

Pt-Y@DMZ (Figure 18).

HHHH HNHWHHHHHHWWWHW% o
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Figure 10. STEM images of platinum on silica (commercial catalyst) and particle
size distribution graph. The biggest nanoparticles have size of 4.6 nm in
diameter. The sizes of nanoparticles are in the range from 0.2 to 4.6 nm.
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Figure 11. STEM images of Pt@MZ and particle size distribution graph. The
majority of nanoparticles have diameter between 0.6 and 2.6 nm, but there are
also some bigger particles which are 3.0 nm in diameter.
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Figure 12. STEM images of Pt-Ce@MZ and particle size distribution graph. The
most nanoparticles have diameter between 0.6 and 2.4 nm, but some of the

nanoparticles are bigger than 3.0 nm in diameter. The biggest fraction of
nanoparticles is 1.2 nm in diameter.
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Figure 13. STEM images of Pt-La@MZ and particle size distribution graph. The
most nanoparticles have diameter between 0.7 and 2.3 nm, but there are any
nanoparticles that are bigger than 3.0 nm in diameter.
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Figure 14. STEM images of Pt-Y@MZ and particle size distribution graph.
Almost all the nanoparticles have diameter between 0.5 and 2.3 nm. The biggest
fraction of nanoparticles is of 1.1 nm in diameter.
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Figure 15. STEM images of Pt@DMZ and particle size distribution graph. The
most nanoparticles have diameter between 0.8 and 3.6 nm, but there are some
bigger nanoparticles which are 4.6 nm in diameter.
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Figure 16. STEM images of Pt-Ce@DMZ and particle size distribution. There
are particles with diameter between 0.2 and 2.8 nm. Some of them diameter of
3.0 nm and the biggest nanoparticles are 3.7 nm in diameter.
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Figure 17. STEM images of Pt-La@DMZ and particles size distribution graph.
The most particles have diameter between 0.6 and 2.7 nm. The biggest
nanoparticles have diameter of 3.5 nm and the largest fraction of nanoparticles

are 1.2 nm in diameter.
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Figure 18. STEM images of Pt-Y@DMZ and particle size distribution graph.
The most of nanoparticles have diameter between 0.3 and 1.7 nm, but there are
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not bigger nanoparticles than 2.1 in diameter. In the high-magnification image
is nicely visible the framework of the material.

The results obtained from STEM-EDS elemental mapping analysis
(Figure 19) show that in all samples the platinum and rear-earth element
nanoparticles are well-dispersed and uniformly distributed throughout the
crystals. Imaging and corresponding elemental distribution maps showed
homogeneity of prepared materials. Also, there are no visible impurities or

unwanted phases in the samples.
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Figure 19. STEM images and respective EDS elemental distribution maps of
silica (red), platinum (blue), certum (orange), lanthanum (green) and yttrium
(pink): (a) Pt-Ce@MZ, (b) Pt-La@MZ, (c) Pt-Y@MZ, (d) Pt-Ce@DMZ,
(e) Pt-La@DMZ and (f) Pt-Y(@DMZ.
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4.3 Ar sorption

The textural properties of prepared materials were determined from argon
adsorption isotherms (Figure 20 and 21), and all of them are shown in Table 2.
All the samples have BET area higher than 450 m?-g™! except for Pt-La@MZ
and Pt-Y@MZ. Pt-Ce@DMZ has the highest BET area (582 m?-g’!). Clearly,
degallated samples have higher BET areas and larger external surfaces than the
pure silica-based zeolites. This difference is observable during analysis of the
catalytic results (following chapter). The volume of micropores is in the range
between 0.08 to 0.11 cm?-g™! for all samples and their size is between 0.50 to
0.60 nm which is typical for MFI structure. Volume and size of the mesopores
differs for various samples, where Pt-La@MZ has the biggest mesopores and
Pt-Ce@DMZ has the highest volume of mesopores, however, the differences are

insignificant, so it is obvious that there are not influence of internal diffusion.

The adsorption isotherms indicate the type IV(a) that have hysteresis
loop, implying that pore width is greater than 4.0 nm.** However, pure silica
based and degallated zeolites correspond to a different type of hysteresis
loops — pure silica has H2(a) type while degallated samples have H2(b) type.
H2 type is typical for complex mesopore structures.*’ This type of isotherm
corresponds to the synthesized material, which has nanosponge structure with

mesopore size of 0.50-0.60 nm.
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Figure 20. Ar sorption isotherms of pure silica based samples — Pt@MZ (black),
Pt-Ce@MZ (red), Pt-La@MZ (blue) and Pt-Y @MZ (green).
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Figure 21. Ar sorption isotherms of degallated samples — Pt@DMZ (black),
Pt-Ce@DMZ (red), Pt-La@DMZ (blue) and Pt-Y @DMZ (green).
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Table 2. Textural properties of synthesized materials: BET areas (BET), external
surface area (Sgxr), volume of micropores (Vmic) and mesopores (Vmeso), total
pore volume (Vrtor) and average (Dmi) and mesopore size (DmEeso).

Sample BET SEXT Vmic  Vmeso  Vrtor Dvi  DwmEso

it N fentg] fentg’] femtg’)  foml o
PtoMZ 457 340 0.10 0.53 0.63 0.50-  broad
Pt-Ce@MZ 460 352 0.10 0.51 0.61 (())56(;)- 5.2
Pt-La@MZ 375 273 0.08 0.41 0.49 (())56(;)- 5.8
Pt-YoMZ 396 302 0.08 0.44 0.52 (())56(;)- 5.4
Pt@DMZ 570 486 0.11 0.53 0.64 (())56(;)- 4.9
Pt-Ce@DMZ 582 496 0.11 0.55 0.66 (())56(?- 4.9
Pt-La@DMZ 552 465 0.11 0.52 0.63 (())56(?- 5.0
Pt-Y@DMZ 523 453 0.10 0.46 0.56 (())56(?- 4.4

0.60

The size of micropores corresponds to zeolites with MFI topology
(results confirmed the literature data!”). Degallated samples have larger BET
areas and external surface areas than pure silica-based materials due to the
removal of gallium from the framework during the synthesis procedure. This
corresponds with the assumptions, and confirm the creation of the structural

defects during degallation.

4.4 Catalytic results

All the catalysts (with platinum nanoparticles and bimetallic catalysts) were
tested in catalytic hydrogenation of cinnamaldehyde. Commercial Pt/SiO:
(1wt% of Pt) served as benchmarking reference. The side reaction
(acetalization) was suppressed by distilled water; reaction in pure 2-propanol
promotes the formation of diacetals during the hydrogenation.*!
Cinnamaldehyde (CAL) conversions and yields of hydrocinnamaldehyde
(HCAL), cinnamyl alcohol (COL) and hydrocinnamyl alcohol (HCOL) were the
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key wvariables. Yield of a product versus CAL conversion plot gives the

selectivity curve.

The sample after 24 hours varied widely in particular cases, thus this
point was not used for the comparison. The initial reaction rates were calculated
for each reaction. The overall results of the catalytic experiments were

summarized in Table 3 and Table 4.

Table 3. Catalytic results of prepared catalysts and commercial catalyst: initial
rate of the reaction (v), conversion (x) reached after 18 hours and yields (y)
reached after 18 hours of the reaction.

Catalyst [mOI‘l_}’_mm_l] [3/101 y (g/f])L) y (H[‘g]AL) y (H[%OL)
Pt/SiO; 0.065 39 22 13 4
P@MZ 0.015 38 19 12 3
P@DMZ 0.14 40 23 12 4
Pt-Ce@MZ 0.085 47 10 26 4
Pi-Ce@DMZ ~ 0.038 49 8 22 8
Pt-La@MZ 0.027 27 10 14 2
Pt-La@DMZ ~ 0.071 28 9 12 4
Pt-Y@MZ 0.026 25 16 10 2
Pt-Y@DMZ 0.071 31 9 12 3
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Table 4. Selectivity (s) of COL, HCAL and HCOL at 30% conversion. Parameter
(p) that determines which reduction is preferred at 30% conversion and preferred
bonds.

preferred
Catalyst s(COL) s(HCAL) s(HCOL) bond
[%] [%] [%] .

reduction
Pt/SiO; 55 33 9 1.5 C=0
Pt@oMZ 53 30 7 1.6 C=0
Pt@wDMZ 53 33 10 1.5 C=0
Pt-Ce@MZ 23 53 7 0.5 Cc=C
Pt-Ce@DMZ 27 47 17 0.7 C=C
Pt-La@MZ 40 47 10 0.9 C=C
Pt-La@DMZ 28 42 14 0.7 C=C
Pt-YoMZ 53 33 3 1.5 C=0
Pt-Y@DMZ 29 39 9 0.8 C=C

4.4 .1 Influence of support

To investigate the effect of the support, experiments were performed with
commercial catalyst (Pt/SiO) that has platinum nanoparticles immobilized in
amorphous silica. Furthermore, degallated and pure silica-based support with
platinum nanoparticles were used for comparison. Conversion of CAL after
18 hours is very similar for all catalysts — 39 % for Pt/SiO2, 38 % for Pt@MZ
and 40 % for Pt@DMZ (Figure 22). The big difference is in the initial reaction
rate, where Pt@DMZ is most active (0.14 mol-1""-min™"). The initial reaction rate
for Pt/SiO; is 0.065 mol-1"!-min™!, while Pt@MZ has the lowest initial reaction

rate of these three catalysts (0.015 mol-I''-min™").
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Figure 22. Conversions over Pt@MZ (dark blue curve) and Pt@DMZ (pink

curve) compared with conversion over the commercial catalyst (light blue
curve).

The yields of COL, HCAL and HCOL after 18 hours of the reaction are
also very similar for these three catalysts. The highest yield of COL was

achieved by Pt@DMZ (23 %) and the highest yield of HCAL was reached by
Pt/S10; (13 %) (Figure 23 and Figure 24).
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Figure 23. Yields of products reached by platinum on silica (on the left side) and
the selectivity curve of this catalyst (on the right side). Products of
reaction — COL (red curve), HCAL (black curve) and HCOL (blue curve).
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Figure 24. Yields of the product reached by Pt@MZ (on the left side) and
Pt@DMZ (on the right side). Products of the reaction: COL (red curve), HCAL
(black curve) and HCOL (blue curve).

Comparing the selectivity at 30% conversion, it can be seen that all these
catalysts are selective to COL — 55 % using Pt/SiO; and 53 % using Pt@MZ and
Pt@DMZ. The selectivity to HCAL at 30% conversion is around 33 %
(Figure 23 and Figure 25). Reduction of C=0 bond is preferred in all three cases
(calculated using the parametr). From these results we can say that there is no

obvious influence of the support on the reaction.
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Figure 25. Selectivity curves of Pt@MZ (on the left side) and Pt@DMZ (on the

right side). Products of the reaction: COL (red curve), HCAL (black curve) and
HCOL (blue curve).
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4.4.2 Influence of bimetallic nanoparticles

The first bimetallic catalyst was doped with platinum and cerium nanoparticles.
Both catalysts (based on pure-silica and degallated zeolite supports) showed very
similar conversion after 18 hours of the reaction: 47% conversion was reached
by Pt-Ce@MZ and 49% conversion by Pt-Ce@DMZ. Commercial catalyst
reached lower conversion than bimetallic samples after 18 hours of the reaction
(Figure 26). The difference is in the initial rate of the reaction, where Pt-Ce@MZ
is more active (0.085 mol-1"!-min™!) than Pt-Ce@DMZ (0.038 mol-I"'-min™").
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Figure 26. Conversions reached over Pt-Ce@MZ (dark blue curve) and
Pt-Ce@DMZ (pink curve) compared with commercial catalyst (light blue
curve).

The main product after 18 hours of the reaction was HCAL for both
catalysts. The yield of HCAL reached by Pt-Ce@MZ was 26 % and 22 % by
Pt-Ce@DMZ. In the case of Pt-Ce@DMZ, yields of COL and HCOL after
18 hours are the same (8 %). However, if we compare the yields reached by
catalyst with degallated support after 24 hours of the reaction, it is clear that
yield of COL remained constant, while yield of HCOL increased. This is due to
the fact that at this stage of the reaction, HCOL started to form from COL
(Figure 27). Both catalysts are most selective to HCAL (at 30% conversion). The
selectivity is 53 % while using Pt-Ce@MZ and 47 % while using the
Pt-Ce@DMZ. The difference is in the selectivity to HCOL (at 30% conversion),
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where Pt-Ce@DMZ showed higher selectivity (17 %) than Pt-Ce@MZ (7 %)
(Figure 28). In both cases the C=C bond reduction is preferred (at 30%

conversion).
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Figure 27. Yields reached by Pt-Ce@MZ (on the left side) and Pt-Ce@DMZ (on

the right side). HCAL (black curve), COL (red curve) and HCOL (blue curve)
were products of the reaction.
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Figure 28. Selectivity curves of Pt-Ce@MZ (on the left side) and Pt-Ce@DMZ

(on the right side). There is shown selectivity to HCAL (black curve), COL (red
curve) and HCOL (blue curve).

Another investigated bimetallic catalysts were zeolites with immobilized
platinum and lanthanum nanoparticles — Pt-La@MZ and Pt-La@DMZ. Also, in
this case, the conversions after 18 hours of the reaction are very similar for both
catalysts. It was 27 % over Pt-La@MZ and 28 % over Pt-La@DMZ. However,

the Pt on silica reached higher conversion after 18 hours of the reaction
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(Figure 29). If we compare the initial rate of the reaction, it is exactly the
opposite of Pt-Ce catalysts. In this case, the Pt-La@DMZ had higher initial rate
of the reaction (0.071 mol-1"'-min™') than Pt-La@MZ (0.027 mol-1"!-min™").
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Figure 29. Conversions over Pt-La@MZ (dark blue curve) and Pt-La@DMZ

(pink curve) compared with the conversion over commercial catalyst (light blue
curve).

The yield of HCAL after 18 hours of the reaction was 14 % in the
case of Pt-La@MZ and 12 % using Pt-La@DMZ. Yields of COL are
lower: 10 % reached by catalyst based on pure silica zeolite support and 9 %
achieved by metals at degallated zeolite support (Figure 30). Both catalysts are
most selective to HCAL. The selectivity at 30% conversion was 47 % using
Pt-La@MZ and 42 % using Pt-La@DMZ. Pt-La@MZ is more selective to COL
(at 30% conversion) than Pt-La@DMZ (Figure 31). In both cases reduction of
C=C bond is preferred, nevertheless this preference is less significant than in the

case of Pt-Ce@MZ and Pt-Ce@DMZ.
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Figure 30. Yields of the products reached by Pt-La@MZ (on the left side) and
Pt-La@DMZ (on the right side). Formed products are: HCAL (black curve),
COL (red curve) and HCOL (blue curve).
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Figure 31. Selectivity curves of Pt-La@MZ (on the left side) and Pt-La@DMZ
(on the right side). Products of the reaction: HCAL (black curve), COL (red
curve) and HCOL (blue curve).

The last investigated bimetallic catalysts were doped with platinum and
yttrium nanoparticles. The conversion of CAL reached after 18 hours of the
reaction were very low for both catalysts — 25 % using Pt-Y@MZ and 31 %
using Pt-Y@DMZ (Figure 32). The catalyst based on degallated zeolite support
had higher initial reaction rate (0.071 mol-I"'-min™') than catalyst based on pure

silica zeolite support (0.026 mol-1"'-min!).
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Figure 32. Comparison of the conversions between commercial catalyst (light
blue curve) and bimetallic catalyst doped with Pt and Y nanoparticles:
Pt-Y@MZ (dark blue curve) and Pt-Y@DMZ (pink curve).

Pt-Y@MZ had COL as the main product after 18 hours of the reaction
(yield of 16 %). However, at the beginning (after 4 hours of the reaction) of the
reaction it had HCAL as the main product. HCOL began to emerge after 15 hours
of the reaction. Pt-Y@DMZ had HCAL as the main product after 18 hours of
the reaction (yield of 12 %) and HCOL started arise from the beginning of the
reaction (Figure 33). Pt-Y@MZ showed higher selectivity to COL (53 %) at 30%
converison, while Pt-Y@DMZ was more selective to HCAL (39 %) at 30%
conversion. The selectivity to HCAL (at 30% conversion) using the catalyst
based on pure silica zeolite support was 33 %, while the selectivity to COL
(at 30% converison) reached by catalyst based on degallated zeolite support was
29 % (Figure 34). Comparing the reduction preferneces, Pt-Y@MZ prefered
reduction of C=0O bond, while Pt-Y@DMZ prefered reduction of C=C bond.
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Figure 33. Yields that was reached by using the Pt-Y@MZ (on the left side) and

Pt-Y@DMZ (on the right side). Products of the reaction: COL (red curve),
HCAL (black curve) and HCOL (blue curve).
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Figure 34. Selectivity curves of Pt-Y@MZ (on the left side) and Pt-Y@DMZ

(on the right side). Products are: COL (red curve), HCAL (black curve) and
HCOL (blue curve).
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5 Conclusions

MFI nanosponge zeolites were synthesized and post-synthetically impregnated
with platinum and rear-earth elements (cerium, lanthanum, and yttrium). As a
result, bimetallic alloy nanoparticles were formed. In addition, two types of
nanosponge MFI zeolite supports were synthetized: pure-silica based (MZ) and
degallated (DMZ), to compare the influence of the support defects on catalytic
activity of the final catalyst. Thus, the two catalyst variables were: the type of

support and the type of nanoparticles, which are the active phase.

All the synthetized materials were characterized by PXRD, electron
microscopy methods (SEM and STEM-EDS), and argon sorption. XRD patterns
confirmed MFTI structure of prepared materials, showing diffractograms typical
for this framework and nanosponge nature. Architecture of crystal agglomerates
and nanoparticles are clearly seen in STEM images, showing uniform metal
dispersion in all analyzed samples. High-resolution images show the structure of
nanoparticles. Based on images, the particle size distributions of nanoparticles
were investigated. The size of nanoparticles varies from 0.2 to 4.6 nm in
diameter, where Pt@DMZ had the largest and the Pt-Ce@DMZ had the smallest
nanoparticles. STEM-EDS was used for elemental analysis showing uniform
dispersion of metals in the samples. SEM images show the morphology of
crystals. Size of polycrystals of Pt-Ce@MZ are the biggest with 600 nm in
diameter while the smallest crystals have Pt@MZ and Pt@DMZ with size of
approximately 350 in diameter. Argon sorption gave the insight to texture of
prepared materials, showing that the higher surface areas have degallated
samples (above 500 m?-g!) than pure silica-based samples (areas under 500
m?-g"). Volume of micropores and mesopores of pure silica and degallated
samples are comparable indicating neglectable influence of internal diffusion.
The volume of micropores is between 0.08 — 0.11 cm®-g! and the volume of
mesopores is in the range of 0.46 to 0.55 cm®-g!. Diameter of micropores is 0.50

—0.60 nm, which also corresponds to MFI structure.

Catalytic activity of prepared materials was investigated in the catalytic

hydrogenation of cinnamaldehyde. Commercial catalyst (1 wt % Pt/SiO2) was
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used as reference. The same loading of Pt (1 wt %) in all investigated samples
allows direct comparison of their activities. The most active catalyst was
Pt@DMZ with initial reaction rate of 0.14 mol-1"!-min!. The least active catalyst
was Pt@MZ with initial reaction rate of 0.015 mol-1""-min'. Catalysts based on
degallated zeolite support showed higher initial reaction rates than catalysts
based on pure silica zeolite support, except for Pt-Ce catalysts. The highest
conversion (after 18 hours of the reaction) was provided by Pt-Ce@DMZ
(49 %), while the lowest conversion was reached over Pt-Y@MZ (25 %).

Pt@MZ, Pt@DMZ and Pt/SiO> were most selective to cinnamyl alcohol
(COL) at 30% conversion and prefer reduction of C=0O bond. Conversions of
cinnamaldehyde (CAL) and yields of the products (after 18 hours of the reaction)
were very similar for these three catalysts. This contradicts to initial reaction
rates. Nevertheless, values of initial reaction rates can be impacted by relatively
high experimental error. Thus, we can conclude that there is no significant

influence of the support on the reaction due to these similarities.

Pt-Ce@MZ and Pt-Ce@DMZ were the most selective to
hydrocinnamaldehyde (HCAL), showing selectivity to HCAL (at 30%
conversion) of 53 % and 47 %, respectively. These catalysts prefer reduction of
C=C bond. Both Pt-La catalysts also showed preferred reduction of C=C bond.
However, this preference is weaker than in the case of Pt-Ce catalysts.
Pt-Y@MZ is selective to COL (53 %) at 30% conversion, while Pt-Y@DMZ
showed higher selectivity (compared to Pt-Y@MZ) to HCAL (39 %) at 30%
conversion. In summary, all the catalysts based on degallated zeolite support
showed higher selectivity to hydrocinnamyl alcohol (HCOL) at 30% conversion

than catalysts based on pure-silica zeolite support.

During this study, the selective hydrogenation of cinnamaldehyde shown
interesting insights into catalytic behavior of bimetallic catalyst with rare-earth
elements. A further investigation could involve a comparison the catalytic
activity of these samples with bimetallic catalysts where the second metal (first
metal is platinum) could be a transition metal, e.g., Ni or Cu, as potential

promoters.
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