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A novel and straightforward one-step method has been developed for the controlled deposition of gold
nanoparticles (AuNPs) with uniform diameters onto the titanosilicate (TS-1) zeolitic surface via a direct anionic
exchange (DAE) approach. This innovative process simultaneously introduces auxiliary mesoporosity into the
zeolite framework, overcoming critical limitations associated with traditional microporous catalysts, including
diffusion constraints and rapid deactivation. The resultant hierarchical Au/TS-1 catalyst demonstrates

Received 6th March 2025, remarkable enhancements in catalytic performance for the liquid-phase propylene epoxidation with H,O,

Accepted 5th June 2025 coupled with outstanding stability, a challenge that has long hindered the application of such materials. With
DOI: 10.1039/d5ma00203f its exceptional catalytic properties and simplified preparation procedure, this system represents a significant

advancement in catalyst design. The developed material shows great potential for industrial applications and
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1. Introduction

Plastic materials have undergone exponential growth in pro-
duction during the last decades due to their ease and low cost
of manufacturing in addition to their versatility. In 2019, it was
estimated that worldwide industrial production of plastics
reached a value of 460 million tons," with the majority (around
99%) coming from fossil-fuel-based resources.” In our current
society these materials are truly essential and it would be
almost impossible to imagine a world without their presence
so, evidently, this industry will keep growing every year, with
the annual demand of these materials being expected to triple
by 2060 to keep up with population increase.” Of the total
current synthetic plastic production, the packaging sector
represents the largest plastic market, accounting for 40% of
all the polymers generated by this industry.>* This industry is
currently designed on the basis of a linear economy, founded
on the single-usage of plastics which are readily discarded
afterwards, producing an excessive amount of waste that has
not been designed to be easily recyclable. Therefore, the
industry needs to shift to a circular economy and use the
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paves the way for the creation of next-generation catalysts essential for sustainable development.

mentioned materials, designing and producing them from
renewable feedstocks while maintaining their properties for
the corresponding purpose, resulting in the reduction of the
associated carbon footprint, which was estimated to be 860
million tons in 2019.* In this sector, polyethylene terephthalate
(commonly referred to as PET) is of great relevance for the
bottling of various beverages, accounting for 7% of global
plastic production.>>® Although it is a recyclable material, its
production involves non-renewable fossil feedstocks, in addi-
tion to being a material that does not decompose easily when
disposed of in the environment, thus contributing to soil and
water pollution.

A sustainable alternative to petroleum-derived polymers is
polypropylene furanoate (PPF), which stands out as a competi-
tive and bio-renewable option. PPF is a new generation plastic
with matching properties to PET (even outperforming it in
certain aspects such as improved barrier properties for O, and
CO,),” ™ which can be obtained through the polymerization of
2,5-furandicarboxylic acid (an oxidation product of the platform
chemical HMF derived from biomass) and propylene glycol. A
sustainable approach for the production of glycol is to use plastic
waste (such as polyethylene and polypropylene) as starting feed-
stock, an inexpensive source of hydrocarbon chains which has
proven to be exceptionally promising for the selective obtention
of propylene through cutting-edge metathesis processes.'’™*
Subsequently through its corresponding epoxidation and poster-
ior ring-opening hydration, the respective diol could be obtained
starting from propylene. This way a truly circular process could
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be developed, reducing the amount of fossil-derived plastic
waste found in the environment by replacing it with its bio-
based counterpart PPF.

The traditional industrial routes for propylene oxide (PO)
synthesis, namely chlorohydrin and hydroperoxide processes,
are efficient but present significant environmental challenges. In
the past years, an environmentally benign process known as the
HPPO (hydrogen peroxide propylene oxide) process has risen as
the most promising alternative due to the obtention of water as
the sole by-product and the use of hydrogen peroxide as a green
oxidant. However, methanol is also employed in the process to
increase propylene solubility and because of the mixture of
solvents employed, the resulting epoxide is susceptible to suffer
from ring-opening reactions due to the nucleophilic attack of the
solvent, whether methanol or water. This way, the corresponding
glycol can be obtained through the hydrolysis of the epoxide,
while other products can also be found such as monomethyl
ethers of propylene glycol, 1-methoxypropan-2-ol (1M2P) and 2-
methoxypropan-1-ol (2M1P), highlighting the need for the devel-
opment of a highly selective catalyst in this transformation
(Fig. 1). In this process, titanium silicalite-1 (TS-1), a micro-
porous zeolite with an MFI-type structure, is used as a catalyst
due to the presence of tetrahedrally coordinated Ti(iv) sites
within the TS-1 framework which are capable of activating
H,0,. Despite its remarkable activity in the oxidation of organic
substrates, TS-1 suffers from limitations in liquid-phase reac-
tions because of its purely microporous structure, restricting the
diffusion of larger molecules thus hindering its catalytic effi-
ciency, in addition to poor stability and rapid deactivation due to
pore blockage and carbon deposition. To address these limita-
tions, zeolites can be endowed with a hierarchical structure
through the creation of mesopores alongside the intrinsic micro-
pores, allowing better access to active sites and avoiding their
deactivation by pore-blockage or carbon deposition.

In this study, several TS-1 catalysts with different Si/Ti ratios
have been synthesized and subsequently used as support for the
deposition of gold nanoparticles through a direct anionic
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exchange (DAE) procedure which simultaneously introduces aux-
iliary mesoporosity in the zeolitic framework and increases the
number of catalytically active tetrahedral Ti sites in the silicalite
surface. The resulting TS-1 and Au/TS-1 catalysts’ performance has
been studied in the H,0,-assisted liquid phase epoxidation of
propylene and in the case of the gold-containing catalysts they
were compared to their conventional counterparts prepared by
incipient wetness impregnation and colloidal deposition. Key
parameters influencing catalytic activity and selectivity were sys-
tematically analyzed, such as gold loading, Si/Ti molar ratio and
presence of auxiliary mesoporosity. Additionally, catalyst stability
was assessed over multiple consecutive runs.

2. Experimental section

2.1. Materials

For the synthesis of TS-1 zeolites with different Si/Ti molar ratios
the following precursors were employed: tetraethyl orthosilicate
(TEOS, >98%, Sigma-Aldrich) as a Si source, tetraethyl orthoti-
tanate (TEOT, >97%, Sigma-Aldrich) as a Ti source and tetra-
propylammonium hydroxide (TPAOH, 1 M aqueous solution,
Sigma-Aldrich) as a structure directing agent. In the posterior
deposition of gold nanoparticles HAuCl, (Johnson Matthey) was
employed as an Au precursor and NH; (Sigma-Aldrich) was used
for the DAE procedure. For the preparation of the Au/TS-1
catalyst through colloidal deposition polyvinyl alcohol (PVA,
Sigma Aldrich) and NaBH, (Alfa-Aesar) were required.

For the liquid-phase catalytic epoxidation tests the following
reagents were used: hydrogen peroxide (H,O, 30% wt Sigma-
Aldrich), methanol (>99.9%, Merck Millipore) and propylene
(99.95%, Linde). Additionally, for the residual hydrogen per-
oxide concentration titration KMnO, (>99%, Panreac) and
Na,Cy04 (=>99.5%, Sigma-Aldrich) were employed.

2.2. Preparation of TS-1 catalysts

TS-1 zeolites employed in this research have been synthesized
following the two-step hydrolysis procedure described by
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Obtention of propylene glycol through HPPO route and posterior polymerization with FDCA to produce PEF.
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Deng et al.*” Initially, a mixture of the entirety of TEOT (0.375-
1.5 mmol) to be employed in the reaction and a third of the total
amount of TEOS (25 mmol) is prepared. This mixture is added
dropwise into a 1 M TPAOH solution under constant stirring
at room temperature. The resulting gel is heated at 323 K for
30 min in a hydrolysis step and subsequently temperature is
increased to 353 K for another 30 minutes in order to promote
alcohol removal by evaporation, obtaining a sol with molar
composition: 1.0Si0,:(0.015-0.06)TiO,:0.7TPAOH:38H,0.

After cooling down, the remaining TEOS (50 mmol) is added
to the previously prepared sol dropwise under continuous
stirring. Moreover, 20 mL of distilled water is poured into the
vial to favor hydrolysis and replenish the lost volume in the
system. The heating steps for hydrolysis and alcohol removal
are repeated under the same conditions as the previous step.
The resulting mixture is transferred to a stainless-steel auto-
clave where its crystallization will take place for 48 hours at
443 K. The obtained solid is recovered and washed several
times through centrifugation. Ultimately, said whitish dust is
dried overnight at 373 K and calcined at 873 K for 6 hours to
remove the remaining organic species present in the frame-
work’s pores. The resulting zeolites are designated as “TS_X”
being X the molar ratio Si/Ti for each sample.

2.3. Au nanoparticle deposition over TS-1

For the deposition of gold nanoparticles over the surface of
previously prepared titanium silicalite a direct anionic
exchange (DAE) procedure assisted by NH; was followed."®"”
Deposition of gold (1% wt) in the several zeolitic supports was
achieved through their addition to a HAuCl, aqueous solution
(10™* M) at 343 K under constant stirring. Once mixed, the
solution was aged for 20 minutes before the addition of 20 mL
NH;. The resulting slurry was finally filtered, washed with water
and dried at 373 K overnight. Subsequently, samples are
reduced at 423 K for 1 hour under a 4% H, flow and ultimately
calcined at 573 K for 1 hour in an 8% O, flow (both balances
performed with N, as inert gas). The resulting zeolitic catalysts
are labeled “Au/TS_X” being “X’ once again the molar Si/Ti
ratio of each sample.

2.3.1 Safety note. Ammonia reaction with a gold precursor
solution can lead to the formation of potentially explosive gold
ammonia complexes, known as “fulminating gold”. For safety
reasons a highly diluted gold precursor solution is employed.
Anyway, this preparation procedure is not dangerous when the
gold complexes are strongly attached to the support by the DAE
method.

Moreover, conventional Au/TS-1 catalysts were prepared by
incipient wetness impregnation and colloidal deposition for
comparison. For the colloidal method, a 5 x 10~* M solution of
HAuCl, was employed upon which was added a PVA solution
(1% wt aqueous solution) in order to reach a PVA:Au weight
ratio of 0.85. After 20 minutes of stirring, the required amount
of a freshly prepared 0.1 M NaBH, solution was poured until
achieving a NaBH, : Au molar ratio equal to 10. Upon additional
20 minutes of stirring, the resulting colloid was put in contact
with the adequate amount of TS-1 in order to have a nominal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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gold loading of 1 wt%. The obtained mixture was centrifuged at
15000 rpm with the aim to successfully anchor the entirety of
the colloidal gold into the support. Subsequently, the sample
was filtered, dried overnight at 100 °C and finally calcined
at 300 °C for 2 h in static air, obtaining the catalyst labeled as
Au/TS_30-C (C stands for “colloidal”).'® The sample prepared
by incipient wetness impregnation was named Au/TS_30-I
(I stands for “impregnation”).

2.4. Catalytic tests

Catalytic activity of the previously synthesized TS_X zeolites and
their gold-modified analogues (Au/TS_X) was analyzed in the
liquid phase epoxidation of propylene. These trials were carried
out in a 25 mL Parr autoclave reactor, equipped with mechan-
ical stirring in addition to a precise temperature and precision
control.

In a typical run 150 mg catalyst, 10 mL methanol and
2.58 mL H,0, (30 mmol, 35% wt) were fed into the reactor.
Once the reactor has been sealed and checked for leaks with N,
it is purged twice with propylene to replace internal air. Reaction
was performed at 323 K for 2 hours with constant stirring under
a propylene pressure of 0.4 MPa. After this period, the reactor is
cooled down with an ice bath and a reaction sample is taken
through microfiltration for its posterior product identification by
gas chromatography in a Shimadzu GC-2010 chromatograph
equipped with an Sh-rxi-5ms column coupled to a Shimadzu
GCMS-TQ8040 mass spectrometer. Product quantification was
performed in a Shimadzu GC-2010 Pro chromatograph equipped
with the same column and a flame ionization detector (FID). In
order to be able to carry out the quantification, the response
factors of each compound had been previously determined using
acetonitrile as an internal standard. Residual H,O, concen-
tration in the liquid phase is determined by indirect permanga-
nometric titration, through its previous standardization with
sodium oxalate. The catalytic performance was evaluated using
the following expressions (eqn (1)-(4)):

PO yield = 22— x 100% (1)
anpylene
POselect =0+ 100% 2)
npo + npG + nmp
nOH 0, ~ "H,0,
H,0, conv. = % x 100% (3)
"H,0,
H,0, off, — PO TG TIMP 6007 )

np,0, — "H,0,

where npo, npg and nyp denote the molar content of PO, PG and
MP, respectively. Eqn (1) and (2) were additionally employed to
determine PG and MP yield and selectivity by exchanging the
numerator in the expression. Moreover, ”?{202 and ny o, repre-
sent the initial and final molar amount of hydrogen peroxide,
respectively.
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2.5. Characterization

XRD measurements were performed in an X'Pert Pro PANaly-

tical diffractometer equipped with a Cu anode and working at
45 kv/40 mA. Diffractograms were registered in the 5 to 90° 20
range with a 0.05° step and 300 seconds of acquisition time.
Structure and phase determination were conducted in compar-
ison to the database PDF2 ICDD2000 (Powder Diffraction File 2
International Center for Diffraction Data).

Catalysts’ textural properties were determined through N,
physisorption at 77 K in a Micromeritics Tristar II equipment.
Previous to the adsorption, samples were degassed at 573 K for
4 hours in a Micromeritics 061 VacPrep vacuum system. BET
method was employed to determine specific surface area
through the adsorption isotherms and pore size distribution

was calculated according to the BJH method.

Inductively couple plasma optical emission spectroscopy
(ICP-OES) was employed in order to perform the elemental
and quantitative analysis of the synthesized catalysts. Si, Ti and

Au content was determined using an iCAP 7200 ICP-OES Duo

(ThermoFisher Scientific) spectrometer. To carry out the measure-
ments samples were previously digested in an acid media employ-
ing a microwave digestion system ETHOS EASY (Milestone).
TS-1 zeolite particles were visualized through scanning
electron microscopy (SEM) in an S4800 Hitachi equipment with
a 200 kv acceleration potential. After gold nanoparticles’
deposition in the zeolitic surface, samples were analyzed in a
high-resolution transmission electron microscope (HR-TEM)

JEOL 2100Plus (200 kV) equipped with a LaBg filament. Digital

images were taken with a CCD camera (Gatan) with the samples
being deposited over a copper grid.

X-Ray photoelectron spectroscopy (XPS) experiments were
performed in a PHOIBOS-100 spectrometer with a nonmono-
chromatic Al-Ko (1486.6 eV). Low resolution survey spectra were
obtained with a pass energy = 50 eV, while high energy resolu-
tion spectra of detected elements (i.e., Au4f, Ti2p, C1s, O1p, and
Si2p) were obtained with a pass energy = 35 eV. The analytical
chamber operates at ultra-high vacuum at around 10~° torr
pressure. The XPS spectra are recorded at room temperature
and referenced to the C1s, adjusted to 284.6 eV and fitted using
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CasaXPS software with Gaussian-Lorentzian peak shapes and
Shirley baselines.

3. Results and discussion

3.1. Characterization of TS-1 and Au/TS-1 catalysts

3.1.1 X-Ray diffraction. X-Ray diffraction patterns of the
synthesized TS-1 and Au/TS-1 catalysts with different Si/Ti atomic
ratios are displayed in Fig. 2. All samples exhibit the 5 character-
istic diffraction peaks typically assigned to a MFI-type zeolite
structure, namely 20 = 7.9°, 8.8°, 23.1°, 23.9° and 24.4°."°>
Additionally, no peak can be seen at 25.4°, characteristic of the
anatase crystalline phase corresponding to the formation of extra
reticular TiO,, suggesting a satisfactory introduction of the entirety
of the titanium species in the zeolitic framework without the
formation of extra-framework anatase.”*** In the gold-containing
samples it can be observed how the diffractograms exhibit the
same pattern, indicating that the structure is maintained after
metal loading, hardly affecting the initial silicalite properties.
Moreover, diffractograms of catalysts prepared through incipient
wetness impregnation and colloidal method are compared to the
ones obtained by the DAE procedure (Fig. S1, ESIt), exhibiting the
same pattern. No peak can be assigned to the characteristic
diffraction of Au (20 = 38.1°) in the DAE and colloidal catalysts
corresponding to its (111) crystal plane.>"*>*® This fact highlights
the obtention of highly dispersed gold nanoparticles through-
out the zeolitic surface, successfully avoiding its aggregation
during the preparation procedure. However, gold deposition
through incipient wetness impregnation results in larger particles
since its corresponding diffraction peak is detected (Fig. S2, ESIT).
The samples’ crystallinity is maintained as Ti content is increased,
judging by the equivalent relative intensity of the MFI-type peaks,
and thus it is safe to state that the introduction of Ti atoms does
not have a significant effect on the MFItype structure of the
studied samples or their crystallinity.>*>**”

3.1.2 N,-Physical adsorption. N, adsorption isotherms of
the synthesized catalysts are displayed in Fig. 3. These graphic
representations exhibit the shape of a combined isotherm of
type I and type IV according to IUPAC, a characteristic feature of
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Fig. 2 XRD patterns of the synthesized TS_X and Au/TS_X catalysts.
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a hierarchical porous material that presents both micro- and
mesopores.”"**#3 The presence of micropores can be con-
firmed by the sharp increase in the quantity adsorbed at low
relative pressures (P/P, < 0.1). Likewise, mesopores are evi-
denced by a similar increase at higher relative pressures in
addition to an evident H4 hysteresis loop in the P/P, 0.2-1.0
range. In the TS_X catalysts, the narrow hysteresis loop arises as
a result of the interparticle spacing. However, deposition of
gold produces a steeper increase at high relative pressures
which can be attributed to a promoted formation of mesopores
during the DAE procedure.

Tables 1 and 2 display the textural properties of the several
catalysts studied in this research. In general terms, it can be
affirmed that as the Ti content is increased the BET surface area
is also enhanced due to silicalite unit cell expansion because of
the introduction of titanium species in the MFI-type structure, as
previously reported in the literature.”****” All TS_X samples
exhibit similar pore volume; however, it can be seen how for
the ones with the highest Ti content the mesopore proportion is
increased to the detriment of micropores (Table 1, Samples
TS_20 and TS_30). After gold deposition, all catalysts exhibit
increased surface area, pore volume and pore size in comparison
to their pure titanosilicate counterparts. During the deposition
process, the change in the pH values to which the zeolite is
subjected due to the presence of NH; may cause the titanosili-
cate to undergo ammonia-assisted surface etching, further
enhancing its surface area due to the formation of additional
porosity. Aforementioned auxiliary porosity introduced in the
samples during the gold deposition procedure is made up solely
of mesopores, since it can be seen how equivalent samples show
the same (or even lower, due to micropore blockage by the gold
nanoparticles) values of microporosity while its mesoporosity is
greatly enhanced after the DAE procedure (e.g. Table 1, entry
TS_20 vs. Table 2, entry Au/TS_20), as illustrated in Fig. 4
displaying the change in pore size distribution after the deposi-
tion of Au nanoparticles. This way, we can confirm the successful
controlled introduction of uniform intracrystalline mesopores of
ca. 4 nm width in the TS-1 samples, achieving an enhanced
mesoporosity at the expense of microporosity.
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Table 1 Textural properties of representative TS_X samples with different
Si/Ti molar ratios

Surface area (m? g~ ') Pore volume (cm?® g~ )

Sample SBET Smicro SBJH VT Vmicro Vmeso Pore size (A)
TS_20 389 110 279 0.21  0.05 0.16 21.68
TS_30 417 142 275 0.23  0.06 0.17 21.85
TS_80 350 259 91 0.21 0.12 0.09 23.70
TS_100 351 250 101 0.22  0.12 0.10 24.90

Table 2 Textural properties of representative Au/TS_X samples with
different Si/Ti molar ratios

Surface area (m”> g ') Pore volume (cm® g~ ")

Sample SBET Smicro SB]H VT Vmicro Vmeso Pore Size (A)
Au/TS_20 429 130 299 0.34 0.05 0.29 31.48
Au/TS_30 449 127 322 0.34 0.05 0.29 30.71
Au/TS_80 434 186 248 0.41 0.09 0.32 38.14
Au/TS_100 444 204 240 0.42 0.10 0.32 38.04

3.1.3 Electron microscopies. Fig. 5 shows SEM images of
two TS-1 catalysts prepared with different Si/Ti ratios. The TS-1
particles exhibit a blueberry-like morphology with an average
size of ca. 180 nm. It can be seen how the surface of TS_20
particles is rougher than TS_80 likely owing to the precipitation
of small amounts of extra-reticular TiO, in the form of anatase,
while the lower Ti-containing sample has incorporated success-
fully all the Ti species in the framework resulting in a smoother
surface. Upon gold deposition it is quite obvious that the change
in the surface properties of both samples, being able to observe a
greater number of pores, in addition to being larger in size, in
accordance with the textural properties previously determined by
N, physisorption. Furthermore, in the TS_20 samples, it can be
seen how its gold-containing counterpart exhibits a smoother
surface due to the “cleansing” effect that takes place due to the
presence of ammonia, dissolving extra-reticular titanium species
which has been reported to be beneficial for epoxidation activity
since those species decompose hydrogen peroxide reducing the
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Fig. 3 N, adsorption—desorption isotherms at 77 K for the TS_X and Au/TS_X catalysts.
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efficiency in the process.’®* This dissolution step increases the

proportion of surface tetrahedrally-coordinated Ti sites through the
removal of extra-framework octahedral species, achieving a more
efficient catalyst not only by enhancing the number of active sites
per silicalite weight but also by improving the reactants’ accessi-
bility to said sites by the enlargement of the pores and shortened
diffusion path lengths, avoiding mass transfer issues and lowering
the probability of secondary reactions taking place.’>**® In addi-
tion, this dissolution process leads to a gradually decreased amount
of terminal silanol groups (Si-OH), improving the hydrophobicity
of the catalyst’s surface and favoring the desorption of PO mole-
cules, restraining the deposition of carbonaceous species and self-
poisoning of the active sites.*?%39%°

4918 | Mater. Adv., 2025, 6, 4913-4924

In Fig. 6 it can be observed a representative TEM image
taken with a HAADF detector of both Au/TS_X catalysts pre-
viously analyzed by SEM along with their respective size dis-
tribution histogram for the Au nanoparticles. This way it is
evidenced once again by the additional mesoporous structure
that has been induced during the deposition procedure and
etching treatment, resulting in wider pores that penetrate deep
into the particle structure. Regarding the gold nanoparticles, it
can be stated that they have been introduced in a controlled
way, obtaining highly dispersed particles throughout the sur-
face with a narrow size range that obeys a normal distribution.

3.1.4 Elemental analysis. Table 3 displays the elemental
quantification experimental values obtained by ICP of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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several catalysts studied, along with their average Au nanoparticle
size. In general terms, the targeted Si/Ti ratios are quite close to the
nominal values, which were arduous to achieve due to the
challenging introduction of Ti species into the MFI framework.
Regarding gold loading, the obtained experimental values are once
again satisfactorily close to the nominal value of 1% wt in the
samples with a high titanium content (low Si/Ti ratio). However, it
can be noticed that the gold content gradually decreases as the
titanium content diminishes, deviating significantly from the
nominal value especially in the Au/TS_150 sample. This fact can
be attributed to the modification of the support isoelectric point
(IEP) by the introduction of Ti, which results in the obtention of a
more positively charged surface with higher IEP values. Therefore,
due to the inherent characteristics of the DAE method, these
positively charged surfaces of the Ti-rich samples would adsorb
gold anionic species more favorably than the samples with a high
Si/Ti ratio, achieving complete gold deposition.*"

3.1.5 X-Ray photoelectron spectroscopy (XPS). The general
XPS spectra of the TS_30 and Au/TS_30 samples are summar-
ized in Fig. S3 (ESIt). Overall, the deposition of gold does not
provoke any significant changes in the general scan except for
the Au presence for the Au/TS-30 sample.

A detailed analysis of the Ti 2p high resolution spectra
(Fig. 7) reveals two doublets, the one at 458.2 + 0.2 eV assigned

03
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Table 3 Elemental quantification and average gold nanoparticle size of
studied Au/TS_X catalysts

Catalyst Si/Ti (ICP) % Au wt (ICP) Au NPs diameter (nm)
Au/TS_20 23.8 1.13 6.88 + 3.50
Au/TS_30 25.4 0.92 5.72 £ 3.01
Au/TS_80 81.4 0.96 5.23 + 2.40
Au/TS_100 108.7 1.07 5.16 + 2.06
Au/TS_120 115.4 0.84 3.66 £ 1.50
Au/TS_150 149.1 0.55 5.67 + 2.60

to octahedral Ti like the one present in titania and the second
at 460.2 £ 0.2 eV assigned to tetrahedral Ti incorporated to the
zeolite framework.*>™**

While the tetrahedral coordination refers to titanium
accommodated into the silica framework the octahedral coor-
dination derives either from the conversion of tetracoordinated
titanium located at the surface to octahedrally coordinated
through reaction with water or to the segregation of TiO,
during TS-1 synthesis. Considering the lower Si/Ti ratio of this
sample one can presume that an important part of Ti is
segregated as octahedral Ti. The fresh TS-30 sample shows a
Tion/Tirq ratio of 2 which diminishes after the gold deposition
(Table S1, ESIt) due to the decreased TiO, contribution after
ammonia treatment. On the other hand, the surface Si/Ti ratio

k=3
N
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Fig. 6 Representative TEM image with HAADF detector of (a) Au/TS_20 and (b) Au/TS_80 catalysts and their respective gold nanoparticles size-

distribution histogram.
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Fig. 7 Ti 2p high resolution XPS spectra of TS_30 and Au/TS_30 samples.

is close to the measured by ICP and increases after gold
deposition due to the decrease of the Ti surface composition
owing to the ammonia-assisted etching, being the Tip loss
much more important than that of Tipq, resulting in an
increase in the number of catalytically active sites relative to
silicalite weight.

As for gold, the surface composition of the Au/TS_30 sample
indicates a very good dispersion and pure metallic state (Fig.
S4, ESI%).

3.2. Propylene epoxidation

3.2.1 Catalytic performance. Product yields and selectiv-
ities with the different TS_X and Au/TS_X catalysts in the
propylene epoxidation reaction are included in Tables S2-S4
(ESIT) and represented in Fig. 8 along with hydrogen peroxide
conversion and efficiency. All TS-1 catalysts exhibit similar
product distribution, being propylene oxide (PO) the major
product in every case, with selectivity values exceeding 95% at

Il PO Yield [T ] MP Yield [ |PG Yield —=— PO Select —=— MP Select

R - W ®
90

80

Yield, Selectivity, Conversion (%)

23 25 81
TS-1 Catalysts

108

Fig. 8 Product distribution in propylene epoxidation reaction with TS_X and
2.58 mL H,0, 35% wt (30 mmol) and 4 bar propylene for 2 hours at 50 °C.
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every instance and obtaining only a minor amount of PG and
MP as side-products. Despite this outstanding selectivity, the
achieved yields are quite far from being satisfactory, reaching
only an appreciable propylene conversion with the higher Ti
loading catalysts. With the introduction of gold, a drastic shift
can be observed in the catalytic properties of the system. In
general terms, every catalyst exhibits higher yields upon gold
deposition due to an increased propylene conversion.

For the zeolites with the lower Ti content the overall propy-
lene conversion and PO yield are still rather low even though
they still show a remarkable selectivity. As the Si/Ti ratio is
decreased, the PO yield is greatly enhanced at the cost of
sacrificing its initial selectivity. Catalyst Au/TS_30 achieves a
POyield close to 50% while still maintaining its selectivity value
proximate to 90%, reaching a compromise between both para-
meters and resulting in the most promising catalyst for this
transformation due to its minority production of secondary
compounds. Increasing the Ti content even further results in a
slight improvement of PO yield, displaying an accurate expo-
nential relationship between the obtained PO yield and the Si/
Ti ratio of the studied catalysts, as shown in Fig. S5 (ESIt). This
increase in activity noticeably enhances MP production as well,
as a result of using methanol as a solvent in the process.

Usage of water: methanol mixtures could shift the catalyst
selectivity towards the production of PG, leading to an increased
yield of this compound and resulting in a promising and greener
process for the in situ production of bio-based polymers such as
PPF. Besides the drop in selectivity with this catalyst we can
highlight its outstanding performance in the activation of propy-
lene, being the catalyst that provides the highest conversion values.

As for the use of hydrogen peroxide as an oxidant, it is
evidenced that the presence of gold nanoparticles in the
catalyst enhances both the conversion and efficiency in its
usage by promoting H,0O, activation. This way, the synergistic
interaction between the gold nanoparticles and the Ti active
sites can be confirmed, resulting in higher yields for PO
formation in this transformation.*®

PG Select —— H,0, Conv H,0, eff
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Au/TS_X catalysts. Reaction conditions: 150 mg catalyst, 10 mL methanol,
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Catalysts prepared with the DAE procedure and their coun-
terparts obtained by impregnation and colloidal deposition are
compared in Table S4 (ESIt) where their catalytic performances
are summarized and it can be observed that the DAE procedure
stands out with the highest PO yield. Gold deposition through
other methods not only does not achieve the same values as
DAE but also worsens the catalytic activity of bare TS_30,
promoting the formation of side-products, mainly MP, at the
expense of reduced PO yields. Gold nanoparticle size can be
ruled out as the possible explanation for this loss of selectivity,
since colloidal deposition (Au/TS_30-C) achieves small particles
of controlled-size that are outperformed by its DAE equivalent.
Despite the lower selectivities, gold presence improves propylene
conversion in every case through enhanced H,O, activation.
Therefore, it can be stated with certainty that the gold deposition
method plays a crucial role in enhancing this transformation,
not only by facilitating propylene conversion and increasing
oxidant utilization efficiency, but also by tailoring TS-1 inherent
textural properties in a simple deposition procedure. In this way,
enlarged pore channels are obtained, favoring mass transfer and
diffusion processes, which in addition to the improved hydro-
phobicity of the resulting surface, reduced acid strength and the
exposure of a larger number of active sites (tetrahedral Ti
species, as evidenced by XPS analysis) translates into an
enhanced propylene conversion and PO yield.>*3!3%3%:10:46:47

Activity studies were also carried out over different reaction
times in order to gather a better insight into Au/TS_30 catalyst’s
performance, as shown in Fig. 9. It can be observed how for an
initial reaction time of 30 minutes PO is exclusively formed,
highlighting the outstanding selectivity achieved with this
catalyst when propylene is the only compound present in the
media. As the reaction time is increased to 2 hours and PO
starts accumulating in the reactor, the extent to which ring-
opening reactions take place is enhanced, detecting noticeable
quantities of PG and MP, thus resulting in a decline of PO

=
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Fig. 9 Product distribution evolution over time in propylene epoxidation
reaction with Au/TS_30 catalyst. Reaction conditions: 150 mg catalyst,
10 mL methanol, 2.58 mL H,0O, 35% wt (30 mmol) and 4 bar propylene at
50 °C for different time periods.
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Fig. 10 Recyclability test in the propylene epoxidation reaction with the
Au/TS_30 catalyst over 4 consecutive runs. Reaction conditions: 150 mg
catalyst, 10 mL methanol, 2.58 mL H,O, 35 wt% (30 mmol) and 4 bar
propylene for 4 hours at 50 °C.

selectivity. Further extending the reaction time to 4 hours does
not lead to the conversion of any additional propylene, suggest-
ing that at this point only the previously formed PO is the
reactive species and exclusively ring-opening reactions are
taking place, diminishing the resulting PO yield. This fact can
be attributed to pore-blocking deactivation by PO physisorption
as a plausible mechanism, in addition to the selective chemical
deactivation of Ti active sites through PO chemisorption form-
ing a bidentate ether species among Ti-OH and adjacent Si-OH
groups.*®*°

3.2.2 Reusability tests. In order to verify catalyst stability,
recyclability tests were performed with Au/TS_30 in propylene
epoxidation over 4 different runs. The catalyst was recovered
simply through filtering and drying, with no regeneration
cycles in order to subject the catalyst to harsher conditions,
as well as increasing reaction time to 4 hours for the same
reason. The obtained results are shown in Fig. 10. Throughout
the runs it can be seen how PO yield and H,O, conversion are
maintained nearly constant but ring-opening reactions are dis-
favored, resulting in a negligible amount of MP and PG obtained
in the final run. Therefore, far from observing the deactivation of
the catalyst after working for 960 minutes, it was noticed that the
catalyst maintained its activity satisfactorily, even reaching
higher PO selectivity values in the final run, as well as a better
efficiency in the utilization of hydrogen peroxide. As confirmed
by TEM analysis, there does not appear to occur a significant
gold nanoparticle aggregation after the performed recyclability
tests (Fig. 11). This way, we can assure the development of a truly
and exceptionally stable Au/TS-1 catalyst, overcoming the main
drawback characteristic of these catalysts as has been previously
described in the literature.*®*”**>°">> Aforementioned outstand-
ing stability could be attributed to the hierarchical structure of
the catalysts, which inhibits carbon deposition and avoids pore
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distribution histogram.

blockage, as well as the obtention of a more hydrophobic surface
that facilitates PO desorption, resulting in enhanced propylene
conversion and PO yields.?®31:32:34,38:40,46

4. Conclusions

In summary, a simple and straightforward one-step process has
been developed for the controlled deposition of gold nano-
particles of uniform diameter in a titanosilicate zeolitic surface
through a direct anionic exchange (DAE) procedure, simulta-
neously introducing auxiliary mesoporosity in the framework
and removing detrimental octahedral Ti species, exposing a
larger amount of catalytically active tetrahedral Ti sites. The
resulting hierarchic system addresses the main drawbacks
encountered with these catalysts, such as diffusion issues and
rapid deactivation, associated with their microporous nature.
This way, the obtained Au_TS-1 catalyst displays an improved
performance in the propylene epoxidation reaction along with
outstanding stability typically challenging to achieve with these
catalysts. Therefore, due to the exceptional performance of the
developed catalyst and its extraordinarily simple preparation
procedure without the need for a separate hierarchization step,
we do believe that this material can have great relevance in
industrial applications upon further optimization, paving the
way for the design of new-generation materials that will be truly
essential for the sustainable development of our society.
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