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ARTICLE INFO ABSTRACT

Keywords: Parent, hierarchical, and metal-modified hierarchical zeolite Y were investigated as heterogeneous catalysts in
Zeolite Y the R-(+)-limonene epoxidation, a catalytic route for synthesizing precursors of bio-polycarbonates, an alter-
Hierarchical zeolite native to isocyanate polyurethanes. The fresh catalysts underwent detailed characterization using XRD, Ny
fgﬁif:;:’“ physisorption, TEM, SEM-EDX, pyridine-FTIR, NH3-TPD, CO,-TPD, UV-Vis-DRS, and solid-state NMR. Spent
Catalyst materials were investigated by TPO-MS and TGA, confirming low coke formation on the catalytic surface. The

most active material was K-Sn-modified dealuminated zeolite Y, reflected in a high turnover frequency (TOF) of
96 h™. This material exhibited the lowest Bronsted to Lewis acidity ratio (0.1), the highest mesoporosity fraction
(43%), and the lowest total surface area (465 m* g~1). Aprotic polar solvents with high polarity and medium
donor capacity appeared suitable for limonene epoxidation. Limonene conversion of ca. 97% was reached at
70 °C, HpO2: limonene molar ratio = 7, and acetonitrile as a solvent, while selectivity to total monoepoxides
exhibited values up to 96% under different reaction conditions. Hydration of internal epoxides to limonene diol
was favored at high temperatures and high HyOg/limonene molar ratios. The efficiency of HyO, reached
maximum values of about 85% at low H,05 amounts, while no significant influence was observed for temper-
ature, catalyst amount, and the initial concentration of limonene. A plausible reaction mechanism was proposed
for the R-(+)-limonene epoxidation with HyO5 based on the experimental findings.

1. Introduction

Molecular sieves refer to crystalline materials with a variety of
compositions that exhibit shape-selective adsorption and reaction
properties [1]. Zeolites, a specific type of molecular sieve, are crystalline
aluminosilicates with a three-dimensional framework structure that
creates uniformly sized pores of molecular dimensions, ranging from
angstroms (f\) to a couple of nanometers (nm) [2]. These pores selec-
tively adsorb molecules that fit easily within their confines while
excluding larger molecules [3]. The remarkable and highly exploitable
properties of zeolitic materials, including their ion-exchange capacity,
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strong acidic sites, large surface area, high thermal stability, sorption
capacity, shape selectivity, catalytic activity, and their role as hosts in
advanced materials, are primarily governed by their unique structures
[4]. However, the microporosity of zeolites limits their applicability for
transforming relatively large organic molecules due to the pore diffusion
limitations imposed by the microporous network structure [5]. To
overcome these limitations, various synthesis methods have been
employed to produce zeolites with mesoporous (2-50 nm) [6,7] and
macroporous (> 50 nm) [8,9] dimensions, which are generally preferred
and well-known as hierarchical zeolites.

Zeolites are extensively used in applications of gas separation [10,
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Fig. 1. Reaction pathways for the catalytic transformation of limonene via oxidation.

11] and adsorption [12-14], but also as heterogeneous catalysts in
different areas such as the petrochemical industry [15-17], the pro-
duction of biofuels [18-21], and the synthesis of fine chemicals [22-27].
Fine chemistry represents one of the most important industries with a
projected estimated market of ca. US $ 185 x 10° million in 2023,
covering perfumes, intermediates in the synthesis of active pharma-
ceutical ingredients (APIs), and various green chemicals [28]. Zeolites as
heterogeneous catalysts offer the advantage of being relatively inex-
pensive, easy to recover, and recyclable. These aspects are closely
aligned with the objectives of green chemistry, aiming to minimize or,
ideally, eliminate waste generation in chemical processes. As a result,
there has been a growing awareness of the importance of green chem-
istry metrics in catalysis studies, making the research of efficient het-
erogeneous materials as catalysts imperative [29].

Limonene is a monoterpene (C1oHi6) with two double bonds (ring
and external), which is typically the major constituent of essential oils
derived from various biomass found in citrus fruit peels, such as lemons,
limes, grapefruits, mandarins, and oranges. The citrus fruit production
in 2021 was estimated at 162 million tons, being China (28.8%) the top
country in worldwide production, followed by Brazil, India, Mexico, and
Spain [30]. The citrus waste during juice production is about 50%,
which includes peels, seeds, pomace, and wastewater [31]. Specifically,
about 15 million tons of orange peel waste are generated annually where
60,000 metric tons correspond to extracted R-(+)-limonene [32,33].

Limonene finds extensive use in various industrial applications,
serving as a flavor and fragrance additive in cleaning and cosmetic
products, food, beverages, and pharmaceuticals. Additionally, it plays a
crucial role in the manufacturing of resins, acts as a wetting and
dispersing agent, and contributes to the insect control. Moreover,
limonene has been employed as a sorption promoter or accelerant to
enhance transdermal drug delivery and works by penetrating the skin,
effectively reducing barrier resistance in a reversible manner [34]. On
the other hand, limonene is an important precursor in the synthesis of
oxygenated compounds such as monoepoxides (cis and trans of internal
and external configurations) and diepoxides (cis and trans). Recently,
these epoxides products have been considered promising building blocks
in the production of bio-polycarbonates which have shown attractive
thermal and optical properties [35-40]. Limonene-based carbonates

offer a versatile option for producing non-isocyanate polyurethanes
(NIPUs) with properties comparable to those of commercially available
polyurethanes, without the utilization of toxic isocyanates in their
synthesis [41,42].

The reaction pathways of limonene with HyO5 as the oxidizing agent
(Fig. 1) can yield various products depending on the catalyst, the sol-
vent, and the reaction conditions such as the H,O5: limonene ratio, HyO5
concentration, amount of solvent, and temperature. The synthesis of
allylic products, such as carveol and carvone, has been favored over
epoxides and hydration products using V/MCM-41 [43], nanoporous
carbon [44], Ti/SBA-15 [45], and Cu/MCM-41 [46] as heterogeneous
catalysts and HyO5 as an oxidizing agent, reaching selectivities about
61.5%, 65.2%, 45.6% and 41.3%, respectively, but with low limonene
conversions (<42%), under the tested reaction conditions. More active
systems with Hy0, have been reported based on zeolite Y immobilized
with heterogenized binuclear V(IV)O ([VO(salzbz)]2-Y) and Fe(II) ([Fe
(salgbz) (H20)212-Y) complexes [47] with limonene conversions larger
than 80% and selectivities to allylic products of ca. 49.0% and 46.0%,
respectively, using acetonitrile as a solvent and 80 °C for 24 h.
Furthermore, limonene glycol was observed as the main byproduct with
these catalysts, reaching selectivity of 39.0% and 43%, respectively. A
Keggin heteropolyacid (HsPMo;204¢) supported on SiO; has been re-
ported as a catalyst in a solvent-free system, with TBHP as an oxidizing
agent, showing limonene conversion of 91% and selectivity to glycol of
ca. 47.0% [48].

Many heterogeneous catalytic systems yield limonene monoepoxides
as the main products, which are based on oxides such as MgO [49],
WO3/SiO5 [50], y-AlO(OH)-nanorods [51], and W/SiO5 [52]; hybrid
composites such as a Co-substituted phosphomolybdate acid encapsu-
lated in the UiO-66 framework (PMollCo@UiO-66) [53], an
organic-inorganic hybrid based on MoOs chains with 2,2-biimidazole
ligands ([MoO3(biim)]) [54], and Mg/Al hydrotalcites-Au nanoparticles
[55]; complexes-based catalysts such as a terpyridine-based Mo(VI)
complex on manganese ferrite (MnFeyO4/Phttpy-MoO2) [56], a
5-(2-pyridyDtetrazolate complex of Mo(VI) (MoOs(Hpytz)) [57], and
two layered double hydroxides ZnAl-LDH and MgAI-LDH functionalized
with bis(4-HOOC-phenyl)-acenaphthenequinonediimine (BIAN) [58];
MOFs-based catalysts such as Mo/Hf-MOF [59] and Zn/Co-MOF [60];
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Table 1
Description of the catalytic materials.

Entry Catalyst Description

1 HY H-Y-30

2 HYD H-Y-30-DA

3 SnHYD1 2 wt% Sn-H-Y-30-DA

4 KSnHYD1 K-2 wt% Sn-H-Y-30-DA

5 SnHYD2 15.8 wt% Sn-H-Y-30-DA

6 KSnHYD2 K-15.8 wt% Sn-H-Y-30-DA
DA refers to the dealumination procedure.

activated carbons as Ru/Darco-G60 [61]; mesoporous materials such as
Co/SBA-16 [62], Ni/SBA-16 [62], TiO2/SiO2-Mn [63], Ti/SBA-16 [64,
65], Mo-TUD-1 [66], and Ti/KIT-6 [67]; and microporous materials
such CoOy/mordenite [68]. The ZnAl-LDH-BIAN-Mol; catalyst has been
reported to exhibit the highest selectivity for limonene monoepoxides
(97%) with a remarkable limonene conversion (94%) when using TBHP
as the oxidizing agent and toluene as the solvent at 110 °C for 24 h [58].
The [MoOs3(biim)] catalyst is another promising material, which yielded
limonene conversion of 97% with selectivity of 80% towards monoep-
oxides when TBHP and «, o, a-trifluorotoluene (TFT) were employed as
the oxidant and the solvent, respectively.

Despite a wide range of catalytic materials reported in the literature,
mesoporous zeolitic materials (hierarchical zeolites) with appealing
morphological, textural, and acidic properties have not been extensively
explored as heterogeneous catalysts for the valorization of limonene
towards its monoepoxides. Herein, this study aims to investigate the
limonene epoxidation route using HoO3 as a green oxidizing agent over
hierarchical zeolite Y-based catalysts. The research will focus on
studying the physicochemical properties of the catalysts, including
crystalline phases, morphology, textural properties, acidity, and envi-
ronment of the species in the zeolitic materials, and correlating them
with the catalytic performance. The effect of various parameters such as
the solvent nature, substrate initial concentration, catalyst loading,
oxidant/substrate feed ratio, reaction temperature, and catalyst stability
will be evaluated.

2. Materials and methods
2.1. Reagents

Commercial materials were used in the experiments without further
processing. Reagents for the synthesis of catalysts were UHY zeolite
(CBV 720, SiOy/Al;03 molar ratio = 30, Zeolyst International), nitric
acid solution (HNOs, 70 wt %, Fischer Scientific), tin (IV) chloride
pentahydrate (SnCls-5H20, 98 wt %, Sigma-Aldrich), triethylamine
(TEA, 99 wt %, Alfa Aesar), and potassium chloride (KCl, > 99.5 wt %,
Merck). Reagents for the catalytic tests were R-(+)-limonene (CioHjig,
97 wt %, Sigma-Aldrich), hydrogen peroxide solution (H205, 30 wt %,
Sigma-Aldrich), acetonitrile (CH3CN, gradient grade for liquid chro-
matography, Merck), N-N-dimethylformamide (DMF, > 99.5 wt %,
VWR Chemicals), ethyl acetate (C4HgO2, > 99.5 wt %, Sigma-Aldrich),
dimethyl carbonate (DMC, 99 wt%, Sigma-Aldrich), cyclohexane
(99.9 wt%, Thermo Scientific), tetrahydrofuran (THF, 99.9 wt%, Sigma-
Aldrich), and 2-butanol (99 wt%, Acros Organics). Reagents used as
standards for the quantification through the multipoint calibration
curves were cis-(—)-limonene oxide (C19H160, 98 wt %, Sigma-Aldrich),
trans-limonene-1,2-epoxide (C1oH160, 97.5 wt %, Sigma-Aldrich), (4R,
8RS)-limonene-8,9-epoxide (CioH160, 95 wt %, Biosynth), p-dihy-
drocarvone (C19H160, > 97 wt %, mixture of isomers, Sigma-Aldrich), L-
carveol (CyoH;60, mixture of cis and trans, > 95 wt %, Sigma-Aldrich),
R-(—)-carvone (CjoH140, 98 wt %, Sigma-Aldrich), o-terpineol
(C10H180, > 95 wt %, Sigma-Aldrich), dipentene dioxide (C10H;602, 95
wt %, Sigma-Aldrich), and (1S,2S,4R)-(+)-limonene-1,2-diol (> 97 wt
%, Sigma-Aldrich). Reagents for the quantification of HoO5 concentra-
tion were ammonium cerium (IV) sulfate solution (Ce(NH4)4(SO4)4, 0.1
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mol L™!, VWR Chemicals), ferroin solution indicator (1,10-phenan-
throline iron (II) sulfate, VWR Chemicals) and sulfuric acid (H2SO4,
95-98 wt %, Fluka).

2.2. Synthesis of catalysts

The catalysts were prepared following the procedure outlined by
Jimenez-Martin et al. [69] with some modifications (Table 1). Com-
mercial CBV 720 zeolite (H-Y-30), designated as HY, was dealuminated
treating it with a 10 M aqueous HNO3 solution (20 mL g~* of zeolite) for
1 h at room temperature with continuous stirring (120-150 rpm). The
resulting solid was recovered via filtration, washed thoroughly with
distilled water until reaching a neutral pH, and subsequently dried at
105 °C overnight. This dealumination procedure was repeated twice to
ensure the effective removal of a substantial amount of the initial
aluminum loading. The resulting material was denoted as HYD.

Sn was introduced by combining SnCls-5H20 (2 or 15.8 wt % Sn)
with 250 mL of distilled water, followed by stirring the suspension at
room temperature (120-150 rpm) for 5 h. The objective of extending the
contact time was to enhance the diffusion of the tin source within the
porous structure of the zeolite, fostering a close interaction between the
metal precursor and the zeolite support. Subsequently, TEA was intro-
duced with stirring (120-150 rpm) for 2 h to chemically facilitate Sn
incorporation, maintaining a TEA: SnCl4-5H20 molar ratio of 4. During
this stage, TEA acted as an activator for the grating of the metal, acti-
vating the silanol groups in the dealuminated zeolite. These active
groups readily attracted the tin species, resulting in the formation of
Sn-0O-Si bonds. Simultaneously, TEA acted as a neutralizer for the
hydrogen chloride generated in the reaction, leading to the formation of
a soluble adduct in water, such as triethylamine hydrochloride. The
zeolite was subsequently recovered by filtration and dried at 105 °C
before undergoing calcination in static air through a stepwise procedure.
This involved heating the catalyst from room temperature to 250 °C for
75 min, maintaining this temperature for 40 min, raising the tempera-
ture to 550 °C within 120 min, holding it for 240 min, and finally cooling
the catalyst to 25 °C over 100 min. The resulting solid was designated as
SnHYDx, with x = 1 for a Sn loading of 2 wt % and x = 2 for 15.8 wt %.

The calcined material is modified by the alkaline ion exchange
method. The procedure consisted of suspending the SnHYDx material in
an aqueous solution of KCl (0.5 M, 100 mL g~ " of zeolite) with stirring
(120-150 rpm) for 2 h at room temperature. The final catalyst
(KSnHYDx) was filtered, dried at 105 °C overnight, and calcined with
the same previous step calcination procedure.

2.3. Catalysts characterization

The prepared metal-modified zeolite Y-based catalysts were char-
acterized by employing several characterization techniques. The
textural properties were determined by nitrogen physisorption using a
Micromeritics 3Flex-3500 at —196 °C using 50-100 mg of the catalysts.
First, the sample was degassed ex-situ in a Micromeritics VacPrep 061
Sample Degas System under vacuum at 180 °C overnight, followed by in-
situ degassing in the physisorption equipment under vacuum for 4 h at
250 °C. The specific surface area was calculated using the BET and
Dubinin-Radushkevich methods and the pore size, pore volume, and
pore size distribution were calculated with the Horvath-Kawazoe and
the non-local density functional theory (Ny-Tarazona NLDFT) methods.

The phase purity and identification of the crystal phases were
determined by powder X-ray diffraction (XRD), whose patterns were
recorded using a PANalytical Empyrean diffractometer with five axis
goniometers. The incident beam optics consisted of Bragg-Brentano HD
x-ray mirror, fixed 1/4° divergence slit, 10 mm mask, 0.04 rad soller slit
and 1° antiscatter slit. The diffracted beam optics consisted of 7.5 mm
divergence slit, 0.04 rad soller slit and PIXcel detector array. The used x-
ray tube was Empyrean Cu LFF. The X-ray radiation was filtered to
include only CuKgy; and CuKyy components. The results were analyzed
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with MAUD (Material Analysis Using Diffraction) analysis program
[70]. Instrumental broadening was evaluated with Si standard sample.
The results were obtained with 26 scan range from 5° to 120°.

The strength and concentrations of both Brgnsted and Lewis acid
sites were measured using Fourier Transform Infrared Spectroscopy
(FTIR) and pyridine as the probe molecule. Pyridine-FTIR spectra were
acquired with an IRTracer-100 (Shimadzu) spectrophotometer pressing
the solid catalysts into thin wafers and placed into the FTIR cell, which
was outgassed and heated to 450 °C for 1 h. After that, the cell was
cooled to 100 °C and the background spectrum was recorded. Pyridine
(> 99 wt %, Acros Organics) was adsorbed on the solid surface for 30
min followed by measurements after desorption at 250 °C, 350 °C, and
450 °C under vacuum for 1 h at each temperature. Brgnsted acid sites
(BAS) and Lewis acid sites (LAS) were identified using the spectral bands
at 1545 cm ™! and 1450 cm™?, respectively, and the corresponding
concentrations were calculated using the extinction coefficients re-
ported by Emeis [71].

The catalyst morphology was investigated by transmission electron
microscopy (TEM) with a JEM-1400Plus (JEOL, Japan) instrument.
Prior to analysis, the catalyst samples were suspended in ethanol and
affixed to a copper grid. To determine the average size of metal particles,
the diameter of more than 200 particles was measured using ImageJ
software. Additionally, the crystal morphology of the catalysts was
examined through scanning electron microscopy (SEM) using a Zeiss Leo
Gemini 1530 instrument, which was equipped with a Thermo Scientific
UltraDry Silicon Drift Detector (SDD).

The total acidity strength was measured using NHs-Temperature
Programmed Desorption (NH3-TPD) on a BELCAT II analyzer (Microtrac
MRB). Initially, approximately 50 mg of the sample underwent in-situ
activation at 500 °C for 1 h (ramping at 10 °C min~!). Subsequently,
the sample was cooled to 50 °C under a helium flow (30 mL min~') and
saturated with a gas mixture of 5 vol % NHs/He (30 mL min~1) for 1 h.
Physisorbed ammonia was then flushed with helium (30 mL min’l) at
50 °C for 1 h. Finally, the sample underwent heating to 600 °C at a rate
of 10 °C min ! under a helium flow of 30 mL min " for the desorption of
NH;.

Basicity was measured using COs-Temperature Programmed
Desorption (CO2-TPD), which was carried out on a BELCAT II analyzer
(Microtrac MRB). First, around 50 mg of sample was activated in-situ at
500 °Cfor2h (10°C min’l). Then, the sample was cooled down at 50 °C
while flowing helium (30 mL min~ 1) and saturated with 30 mL min~" of
a gas mixture of 5 vol % COy/He for 1 h. Physisorbed CO5 was flushed
with 30 mL min~! He at 50 °C for 1 h. Finally, the sample was heated up
to 900 °C with a heating rate of 10 °C min " under a helium flow of 30
mL min~* for the desorption of CO,.

UV-Vis reflectance spectra were obtained using an Avantes Avaspec
HS-TEC CCD spectrometer, coupled with an Avantes FC-UV600-1-SR
fiber optic cable of 600 pm diameter. The light source employed was
the Avantes Ava-Light-DHc, which utilized deuterium and halogen
lamps. A BaSO4 disc from Edinburgh Instruments served as the
reference.

The 2°Si and Al MAS NMR spectra were recorded on a Bruker
AVANCE-III spectrometer operating at 79.50 MHz (*si) and 104.26
MHz (¥’Al) using a CP-MAS 4 mm solid state probe. The 2’Al spectra
were obtained with a 90° pulse (zg0) and a recycle delay of 0.05 s at a
spinning speed of 14 kHz, while the 2°Si spectra were acquired with a
90° pulse (zg) and a recycle delay of 100 s at a spinning speed of 14 kHz.

The characterization of the spent catalyst also included powerful
techniques to detect and quantify the coke formation such as
temperature-programmed oxidation (O2-TPO)-mass spectrometry (MS)
and thermogravimetric (TGA) analysis. O2-TPO was carried out on a
BELCAT II analyzer (Microtrac MRB) coupled with a mass spectrometer
(Pfeiffer OmniStar GSD 350). First, around 200 mg of the sample was
pre-treated at 120 °C for 2 h (10 °C min 1), followed by cooling to 35 °C.
The analysis was carried out by heating up to 900 °C at 5 °C min ™~ using
a 30 mL min~! of a mixture of 5 vol% O/Ar. The holding time of the
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target temperature was 10 min. TGA was performed using an SDT650
TA Instrument equipped with a 90 pL alumina sample cup. About 5 mg
of the samples were heated in an air flow of 100 mL min~! from room
temperature up to 800 °C at 10 °C min~! and held for 6 s. The results
obtained for the spent catalyst were compared to the results for the fresh
one.

2.4. Catalytic tests

The epoxidation reaction of R-(+)-limonene with Hy0, as the
oxidizing agent was carried out in the liquid phase using a 100 mL three-
neck glass flask as a batch reactor. The flask was equipped with a
thermocouple, a sampling valve, and a condenser that utilized glycol as
the coolant fluid (at 1 °C). The setup also included an oil-heating jacket
(ECO E4 Silver immersion thermostat) and mechanical stirring (Hei-
dolph RZR-2041 instrument) for precise temperature control and mix-
ing. In a typical experiment, 1.9611 g (14.40 mmol) of limonene and 43
mL of the solvent were loaded into the reactor. The solution was then
preheated to a reaction temperature of 70 °C while stirring at 750-800
rpm. Next, 2.4483 g (71.98 mmol) of H>0, was added to the reactor.
After a few minutes, when the reactor temperature stabilized, the
catalyst (648 mg) was rapidly introduced, marking the start time of the
reaction. Approximately 0.6 mL samples were taken at specific time
intervals and analyzed using a Shimadzu Nexis GC-2030 equipment
equipped with a DB-225 capillary (30 m length x 320 pm internal
diameter x 0.25 pm film thickness), an FID detector, and an autosampler.
Helium was used as the carrier gas (24 mL min~1) with a split ratio of
10:1. The detector temperature was set to 250 °C, and the injection
volume was 1 pL. The oven-temperature program ramped from 50 °C to
220 °C at a rate of 10 °C min~' and was held for 1 min. The nature of the
products was further confirmed with an Agilent GC/MS 6890 N/5973 N
equipped with a DB-1 capillary column (30 m length x 250 pm internal
diameter x 0.5 pm film thickness).

The R-(+)-limonene conversion (X ), the selectivity to the product i
(Si), and the yield to the product (Y;) were calculated based on Egs. (1)-
(3.

Do — N

X0 (%) = * 100 €h)
Ny o
n; ¢
Si(%) =—* 5 100 ©))
npo — N
_ 0 _ XL * Sl
Yi(%) = o100 = =500 3)

Where n, o, n;,, and n;, represent the initial moles of limonene, the
moles of limonene after a time t, and the moles of the product i after a
time t, in the reaction mixture, respectively. The concentrations of
limonene as the substrate and different oxidation products such as cis
(—)-1,2-epoxide, trans (—)-1,2-epoxide, (4R, 8RS)-limonene-8,9-
epoxide, dihydrocarvone, carveol, carvone, limonene diepoxide, and
limonene diol were determined from the multipoint calibration curves.

The initial reaction rate (-r;o) and turnover frequency (TOF) for
limonene can be calculated using Egs. (4) and (5), where Cp o corre-
sponds to the initial molar concentration of limonene, V is the total re-
action volume, X is the conversion, m is the catalyst mass, At is the time
interval (2 h), and TA is the total acidity measured by pyridine-FTIR.

CLox V%X
— = 4
ILo Y ()]
TOF = 110 (5)
TA

For the reusability test, the catalyst was recovered from the reaction
mixture through filtration, followed by abundant washing with acetone.
Subsequently, the solid was dried at 105 °C overnight. This resulting
solid was labeled as “spent”. Leaching tests were conducted using the
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Fig. 2. XRD patterns of the catalysts.

hot-filtration method to remove the catalyst from the reaction mixture.
The reaction proceeded for 4 h, after which the catalyst was separated
from the liquid at the reaction temperature. A liquid aliquot was then
analyzed by GC to quantify limonene conversion and product selectivity,
while the remaining mixture continued to react for an additional 20 h.
Finally, the sample was analyzed by GC to determine the conversion
after removing the catalyst.

2.5. Quantification of H202

The Hy0, concentration was followed in the reaction via titration
using a cerium sulfate solution as has been reported in the literature
[72]. An aliquot of the reaction sample was accurately weighed and
placed in an Erlenmeyer flask containing 50 mL of H2SO4 (10 % w/v)
and sufficient amount of ice to maintain the temperature between 0 and
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10 °C. Two drops of the ferroin indicator were added and the flask so-
lution was titrated with 0.1 N ammonium cerium (IV) sulfate solution
until the disappearance of the salmon color by formation of a light blue.
The Hy02 concentration (Cy,0,) and conversion (Xu,0,) can be calcu-
lated according to Egs. (6) and (7), respectively.

_ ViCrMWigo,

CH:()2 (Wt. %) DWW
SEYVs

100 (6)

CHzOz 0 CHzOz

)

XH202 - CH 05,0
202,

Where Ogr refers to the stoichiometric factor of (NH4)4Ce(SO4)4:H20,
with a value of 2, Cr is the concentration of the titrant (0.1 mol L’l), Vr
is the volume of the spent titrant, MWy,o, is the molecular weight of
H,0,(34.01 g mol ™), W, is the sample weight, and Cy,0, o is the HoO2
initial concentration.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. X-ray diffraction (XRD) patterns

The XRD patterns for the prepared catalysts are illustrated in Fig. 2.
All diffraction patterns can be adequately explained by the presence of
faujasite (ICSD 24869) and SnO (ICSD 92552) phases. In all samples,
ordered structures are evident, as indicated by the narrow diffraction
peaks corresponding to the main crystallographic planes (111), (220),
(311), (331), (511), (440), (533), (642), and (555) located at 20 = 6.2°,
10.1°, 11.9°, 15.6°, 18.6°, 20.3°, 23.6°, 26.9°, and 31.3°, respectively
[73,74]. The ordered structures are clearly visible in all samples, as
shown in Figs. S1-S7.

Concerning the Sn species, some broad diffraction peaks are
observed at 33°, associated with the SnO phase [75], and at 26.5° and
51.7°, associated with SnO; [76], in SnHYD2, KSnHYD2, and spent
KSnHYD2 materials (Figures S4, S6 and S7). Although the refinement of
the diffraction models suggests minor SnO traces in the SnHYD1 and
KSnHYD1 catalysts (Figs. S3 and S5), their identification from the XRD
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Fig. 3. N, adsorption-desorption isotherms (A), cumulative pore volume (B), pore size distribution of the fresh materials (C), and pore size distribution of the fresh

and spent KSnHYD2 (D).
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Table 2

Textural properties of the prepared catalysts.
Catalyst SAger (m” g ') SApubinin (M g 1) APS (&) Vinie (em® g7 Vines (cm® g1 Vr (em®g ™) Mesoporosity® (%) Vinic/ Vines
HY 789 1115 6.6 0.40 0.10 0.50 20 3.8
HYD 553 753 7.7 0.27 0.08 0.35 23 3.2
SnHYD1 586 816 8.4 0.28 0.10 0.38 26 2.7
KSnHYD1 584 809 8.5 0.27 0.11 0.38 28 2.6
SnHYD2 493 674 8.4 0.23 0.10 0.33 31 2.2
KSnHYD2 348 465 8.5 (7.5) 0.16 0.12 0.28 43 1.3
KSnHYD2S?* 302 407 8.5(7.5) 0.14 0.12 0.26 45 1.2

SA: surface area. APS: Average pore size estimated from the pore size distribution with the NLDFT method (Fig. 3). Vic: Micropores volume. Vyes: Mesopores volume.
V1: Total pore volume. ® S denotes spent catalyst. ® Value in parenthesis was estimated by Horvath-Kawazoe method. ¢ Mesoporosity is calculated as the Vpes/Vr ratio.

.’! ;z

® 3
$a

— e

Fig. 4. TEM images of (A) HY, (B) HYD (x12000), (C) HYD (x60000), (D) SnHYD1, (E) KSnHYD1, (F) SnHYD2, (G) KSnHYD2, (H) KSnHYD2-Spent. The ruler sizes
for the images are 50 nm (D, E, F, G, H), 100 nm (C), 200 nm (A), and 500 nm (B).

patterns is more speculative.

3.1.2. Textural properties

The textural properties of the catalytic materials were measured
using Ny adsorption-desorption isotherms and are illustrated in Fig. 3
and Table 2. The presence of mesopores in all materials, including the
parent zeolite (HY), is confirmed by Fig. 3A, whose isotherms exhibited
type IV hysteresis associated with the capillary condensation that occurs
inside the pores [77]. The plots of the cumulative pore volumes as a
function of the pore width (Fig. 3B) increase more rapidly in the
microporosity range than the mesoporosity range for all the materials,
indicating that the volume of micropores is larger than the volume of
mesopores (Vmic/Vmes >1), as displayed in Table 2. The pore size dis-
tributions (Fig. 3C) illustrate average pore sizes (APS) for the catalysts
ranging from 6.6 to 8.5 A (Table 2), with the lowest values for the parent
(HY) and dealuminated (HYD) zeolites. The catalysts modified with Sn
and/or K did not exhibit appreciable differences regarding the metals
loading. Therefore, the results suggest that the post-incorporation of Sn
(either 2% or 15.8% nominal loading) to the dealuminated zeolite as the
support led to an increase in the APS of materials, although modification

of tin-modified zeolites with K by the alkaline ion exchange method did
not lead to any dependence on the pore size since the values were similar
(8.4-8.5 A). It is worth mentioning, according to Fig. 3D, that spent
KSnHYD2 did not exhibit any change in the APS compared to the fresh
one, even with two methods such as NLDFT and Horvath-Kawazoe,
yielding values of 8.5 and 7.5 A, respectively.

On the other hand, the specific surface areas, reported in Table 2,
were calculated by the conventional Brunauer-Emmett-Teller (BET)
method but also with a powerful method deduced from the micropore
filling theory like the Dubinin-Radushkevich method [78], perfectly
applicable for these hierarchical zeolites Y-based catalysts. The first
observation is that the Dubinin areas are ca. 34-41% larger than BET
areas. The parent zeolite (HY) exhibited the highest surface area of
about 1115 m? gfl, while the dealuminated zeolite (HYD) possessed a
specific area of around 753 m? g1, resulting from a successful nitric acid
treatment forming mesopores in the zeolitic structures. Incorporation of
2% Sn nominal loading (SnHYD1) and K (KSnHYD1) did not exhibit
appreciable changes in the surface areas, with values ranging from 753
to 816 m? g~!, while a higher Sn loading (nominal 15.8%) showed a
decrease in the surface area of around 10% (SnHYD2) compared to the
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Fig. 5. Particle size distribution of (A) SnHYD1, (B) SnHYD2, (C) KSnHYD1, (D) KSnHYD2, (E) KSnHYD2-Spent.

dealuminated support, explained by possible pore blocking or clogging.
When this tin-modified zeolite was further modified with K (KSnHYD2),
an appreciable decrease in the area was observed, around 31% (465 m?
g™ 1), suggesting that potassium incorporation into the tin-modified ze-
olites can tune the total surface area. On the other hand, the surface area
for spent KSnHYD2 showed a decrease concerning the fresh one of
around 13% (407 m? g1). The mesoporosity, calculated as the ratio
between the mesoporous and total volumes, is shown in Table 2, indi-
cating the lowest value (20%) for the parent zeolite (HY) and the higher
values for KSnHYD2 (43%). It is worth noticing that mesoporosity did
not change significantly after their use in the reaction (45%).

3.1.3. Transmission electron microscopy (TEM)

The TEM images for the fresh catalysts and the spent KSnHYD2 are
shown in Fig. 4 and Figs. S8-S14. Micrographs of the dealuminated
zeolite (Fig. 4B and 4C) exhibited large cavities, clearly indicating the
successful creation of mesopores in the structure, at the same time the
nitric acid treatment did not cause a collapse in the structure. Addi-
tionally, the parent zeolite also exhibited some cavities (Fig. 4A) cor-
responding to mesopores but in a lesser extent than the dealuminated
one, which was confirmed by the N5 physisorption results (Table 2) with
20% of mesoporosity for that material. On the other hand, TEM images
for Sn-modified zeolites (Fig. 4D and 4F) and K-Sn-modified zeolites
(Fig. 4E and 4G) show well-dispersed metal particles over the support.
Despite the previous qualitative information obtained from the TEM

analysis, the distribution of metal particle sizes (Fig. 5) can be plotted
from at least 200 measurements for each catalyst image. All fresh metal
catalysts exhibited an average particle size ranging from 4.9 nm to 6.1
nm, indicating a direct relationship between the tin loading and the
particle size, as the lowest values were obtained for the catalysts with
the lower tin loading (SnHYD1 and KSnHYD1,Fig. 5A and 5C) and the
highest values for the higher tin loading (SnHYD2 and KSnHYD2, Fig. 5B
and 5D). Notice that the obtained distributions are unimodal, indicating
that it is not possible to discern the average particle size for K and Sn
individually from the TEM images due to their similar sizes.

3.1.4. Scanning electron microscopy — energy dispersive X-rays (SEM-EDX)

The SEM micrographs of the synthesized catalysts are presented in
Fig. 6. All materials exhibit various crystal shapes such as pyramidal,
rectangular, hexagonal, triangular, and agglomerates with crystal sizes
ranging from 100 to 600 nm (Figs. S15-S21). However, the materials do
not show a visibly uniform distribution of the metal particles over the
dealuminated support. This could be attributed to the use of SnCl4-5H20
as the precursor, as observed recently in our group. The most important
observation from the SEM images is that the dealumination procedure of
the HY zeolite was successful, as evidenced by the absence of the
structure collapse. Conversely, larger particles were broken to create
more mesoporosity (Table 2).

On the other hand, the elemental composition was determined by
EDX and is reported in Table 3 in weight percentage for both atomic and
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Fig. 6. SEM images of (A) HY, (B) HYD, (C) SnHYD1, (D) KSnHYD1, (E) SnHYD2, (F) KSnHYD2, (G) KSnHYD2-Spent.

Table 3
Elemental composition of the materials using SEM-EDX analysis.
Catalyst Weight % Si0,/Al,03 mole ratio
SiO, Al,03 SnO, K50 Si Al o Sn K
HY 94.29 5.71 0.00 0.00 44.07 3.02 52.90 0.00 0.00 28.0
HYD 97.74 2.26 0.00 0.00 45.69 1.19 53.12 0.00 0.00 73.4
SnHYD1 94.96 1.68 3.37 0.00 44.39 0.89 52.07 2.65 0.00 95.9
KSnHYD1 93.56 2.90 3.04 0.51 43.73 1.53 51.92 2.39 0.42 54.8
SnHYD2 78.53 2.32 19.14 0.00 36.71 1.23 46.98 15.08 0.00 57.4
KSnHYD2" 78.28 1.98 16.54 2.66 36.59 1.05 46.58 13.02 2.21 67.09

2 The balance (0.55) corresponds to Cl.

Table 4

Acidity of the catalysts by FTIR using pyridine as probe molecule.
Catalyst Brensted acidity (umol g~ 1) Lewis acidity (pmol g1) BA/LA ratio Total (pmol g~ 1)

Weak Medium Strong Total Weak Medium Strong Total

HY 10 20 190 220 19 10 26 55 4.0 275
HYD 17 2 10 29 19 2 6 27 1.1 56
SnHYD1 9 8 9 26 21 5 10 36 0.7 62
KSnHYD1 3 6 6 15 12 6 7 25 0.6 40
SnHYD2 10 3 6 19 38 14 10 62 0.3 81
KSnHYD2 1 0 3 4 20 2 6 28 0.1 32
KSnHYD2S" 2 1 1 4 14 9 3 26 0.2 30

# S denotes spent catalyst.

oxides. As
treatment,

the parent zeolite (HY) was investigated without further 28.0, easily explained by creation of mesopores resulting from the
the SiO3/Al;03 molar ratio of ca. 28.0 was expected, given removal of aluminum from the starting zeolite. The nominal Sn loading

the nominal SiO5/Al;03 ratio of 30. The dealuminated zeolite (HYD) can be compared with the experimental values obtained by EDX,
and metal-modified catalysts showed that this ratio was larger than resulting in 2.65% and 2.39% of Sn for SnHYD1 and KSnHYD1,
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Fig. 7. NH;3-TPD profiles for the fresh catalysts: (A) HY, (B) HYD, (C) SnHYD1, (D) KSnHYD1, (E) SnHYD2, (F) KSnHYD2.

Table 5

Acidity of the catalysts by NH3-TPD.

Catalyst Acidity (mmol g1)
Weak Medium Strong Total

HY 64 45 53 162
HYD 23 0 11 34
SnHYD1 6 6 4 16
KSnHYD1 7 7 0 14
SnHYD2 32 14 11 57
KSnHYD2 12 11 0 23

respectively, while obtaining 15.08% and 13.02% for SnHYD2 and
KSnHYD2, respectively. The K loadings presented a maximum of 2.21%
for KSnHYD2.

3.1.5. Catalysts acidity and basicity

The quantification of Brgnsted (BA) and Lewis (LA) acid sites
(Table 4, Fig. S22) in the catalytic materials was performed using pyr-
idine as a probe molecule in the adsorption-desorption FTIR analysis.
The parent zeolite (HY) exhibited the highest total acidity (275 pmol
g’l) and the highest BA/LA ratio (4.0), associated with the highest
aluminum amount (Table 3). After dealumination, the materials showed
significantly lower Brgnsted acidity reflected in both total acidity and

—HY

— HYD

SnHYDI

— KSnHYDI
SnHYD2
KSnHYD2
— KSnHYD2-Spent

—_

o2

N

9 404

c

8 304

o

3 204

0

< o/
0_
200

400 500
Woavelength (nm)

300

Fig. 8. UV-Vis-DRS spectra of the catalysts.
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the BA/LA ratios. When Sn was anchored on the dealuminated zeolite, K into the catalysts led to a decrease in total acidity and the BA/LA ratio,
an increase in total acidity was observed, primarily associated with an mainly associated with lower Brgnsted acidity. The spent KSnHYD2
increase in Lewis acidity, resulting in values of 62 and 81 pmol g~ for exhibited acidity values similar to the fresh one. The lowest BA/LA ra-

SnHYD1 and SnHYD2, respectively. The difference between them can be tios were obtained with the highest tin loadings (SnHYD2 and
explained by variations in the loading of Sn onto the catalysts (2.65% KSnHYD2).
and 15.08%, respectively, Table 3). On the other hand, incorporation of The acidity strength of the catalysts was also studied by NH3-TPD,

10
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Fig. 11. Role of catalyst in the R-(+)-limonene conversion and product distribution: Limonene conversion as a function of the reaction time (A); selectivity to
limonene-1,2-epoxides (B), selectivity to limonene-8,9-epoxides (C), selectivity to limonene diol (D), and cis/trans-limonene-1,2-epoxide molar ratio (E) as a function
of the conversion; selectivity to diol (F) and cis/trans-1,2-LE molar ratio (G) at 18% conversion as a function of the BA/LA ratio. Reaction conditions: C; o = 0.27 M,
acetonitrile as a solvent, H,O,/limonene molar ratio = 5:1, 432 mg of catalyst, 70 °C, 800 rpm.

quantified according with Eq. (8) [79,80], where npes are the desorbed
moles of ammonia, Vg, is the volumetric flow of carrier gas, Vp, is the
molar volume of 1 mol of ideal gas at standard conditions (22.4 L
mol ™), B is the heating rate and C; is the ammonia concentration (%
vol).

Vie 1

Ty
CdT

ZHe 8
Vi B 1, ®

Npes =

11

The acidity strength is classified as weak, medium, and strong
acidity, related with the bands of the deconvoluted TCD signal in the
different temperatures ranges of <150 °C, <250 °C, and >250 °C, as is
shown in Fig. 7. Parent zeolite (HY) and tin-dealuminated zeolites
(SnHYD1 and SnHYD2) exhibited weak, medium, and strong acid sites,
while potassium-modified catalysts showed the absence of strong acidity
due to the lack of a band at high temperature. Table 5 shows the acidity
strength values measured by NH3-TPD, observing a close relationship
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Fig. 12. Effect of the HyO2/limonene molar ratio in the R-(+)-limonene conversion and product distribution over KSnHYD2 as a catalyst: Limonene conversion as a
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limonene-1,2-epoxide molar ratio (E) as a function of the conversion. Reaction conditions: C; o = 0.27 M, acetonitrile as a solvent, 648 mg of catalyst, 70 °C,

800 rpm.

between these results with the pyridine-FTIR (Fig. S23).

Basicity of the potassium-modified catalysts was investigated using
CO2-TPD analysis coupled with mass spectrometry. Results showed
absence of basic sites as no signal was observed in desorption of COq, as
shown in Fig. S24. Furthermore, these results were expected according
to the EDX analysis (Table 3).

3.1.6. UV-vis-DRS analysis

The UV-Vis-DRS analysis (Fig. 8) is one of the most widely used
methods for assessing the environment of the metal Lewis-acid center in
zeolites [81]. The peak at ca. 210 nm observed in materials with the
highest Sn loading (SnHYD2, KSnHYD2, and spent KSnHYD2) is attrib-
uted to the absorption of isolated sn*t species in tetrahedral coordina-
tion located inside the channels of the mesopores of hierarchical zeolites
[82]. The wide band observed between 200 and 300 nm for all materials
has been assigned to extra-framework Sn species, namely octahedrally
coordinated and/or oligomeric Sn species [81,83,84], which could be
present in synthesized catalysts with Sn (IV) centers located outside the
zeolite pores [79,85]. Spectra for the parent (HY) and dealuminated
(HYD) zeolites exhibited no bands, as expected. On the other hand, the

12

spent KSnHYD2 showed a shoulder around 450 nm, which can be
associated with impurities after the reaction.

3.1.7. Solid-state NMR

This technique has been established as an efficient method to
determine the coordination and local structure of Si and Al species in
zeolites [86]. Fig. 9 illustrates the 27A1 spectra (Fig. 9A and 9B) and the
296i spectrum (Fig. 9C) for all synthesized catalysts. Two well-defined
27A1 resonances around 60 and O ppm are observed for all the sam-
ples, attributed to the four-coordinated framework Al and
six-coordinated extra-framework Al, respectively [86,87], although
some authors have recently assigned the resonance at 0 ppm to
aluminum entities with octahedral coordination [88]. The absence of
resonance around 30 ppm indicates the absence of five-coordinated
extra-framework Al [89]. Specifically, materials with potassium dis-
played a slight resonance at 0 ppm, as shown clearly in Fig. 9B. On the
other hand, the resonance observed around —110 ppm for 2°Si NMR
(Fig. 9C) is due to Si [4Si] environments and reflects the unique local
geometries within the zeolite Y unit cell [90,91].
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Fig. 13. Effect of the limonene initial concentration in the conversion and product distribution over KSnHYD2 as a catalyst: Limonene conversion as a function of the
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epoxide molar ratio (E) as a function of the conversion. Reaction conditions: H,O»/limonene molar ratio = 5:1, acetonitrile as a solvent, 648 mg of catalyst, 70 °C,

800 rpm.

3.2. Catalytic performance

A preliminary study of heterogeneous catalysts, in which micro and
mesoporous materials based on zeolites were investigated, revealed the
modified materials on hierarchical zeolite Y as promising for the epox-
idation reaction of R-(+)-limonene (Fig. S25). Therefore, these materials
are further examined in this contribution. Furthermore, the repeatability
of the experimental procedure was confirmed using the KSnHYD2
catalyst, as depicted in Fig. S26.

3.2.1. Initial reaction rate and turnover frequency

The initial reaction rate (-ry, o) of R-(+)-limonene transformation and
the turnover frequency (TOF) were correlated with the Brgnsted/Lewis
acidity mole ratio (BA/LA) and the mesoporosity fraction, as shown in
Fig. 10. Fig. 10A demonstrates an inverse relationship between -1 o and
the BA/LA ratio, where the highest initial rates were obtained with the
catalysts exhibiting the highest Sn loadings and the lowest BA/LA ratios,
such as KSnHYD2 (BA/LA = 0.1) and SnHYD2 (BA/LA = 0.3), with
values of 3.1 and 2.5 mmol g~ h™}, respectively. In contrast, the hier-
archical support (HYD, BA/LA = 1.1) exhibited the lowest value, cor-
responding to 0.1 mmol g~! h™L. On the other hand, -11,0 exhibited a
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direct relationship with the mesoporosity fraction (MES), as observed in
Fig. 10B. KSnHYD2 (MES = 43%) followed by SnHYD2 (MES = 31%)
were the materials with the highest mesoporosity values. The other
catalysts with mesoporosities between 20% and 30% exhibited the
initial rates below 1.1 mmol g~! h™!. For TOF, similar observations
regarding the BA/LA ratio (Fig. 10C) and mesoporosity (Fig. 10D) can be
made, with the highest values of 96.1 and 30.2 h™! for KSnHYD2 and
SnHYD2, respectively. It is noteworthy that the parent zeolite (HY),
while exhibiting a higher initial rate than HYD (7 times), demonstrates
TOF values that are remarkably similar for both materials (2.4 and 1.3
h™1). In general, high TOF and -11,0 values can be observed at low surface
areas (Figures S27A and S27E), and low Brgnsted acidity (Figure S27D
and S27H). These trends are consistent, except for the hierarchical
zeolite (HYD), which exhibits almost negligible activity despite its high
surface area of approximately 753 m? g’l. Furthermore, there is no clear
relationship between -1, o and TOF with either the total acidity of the
materials (Figures S27B and S27F) or Lewis acidity (Figures S27C and
S27G).

3.2.2. Conversion and product distribution
Conversion and selectivity toward the main products were
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investigated with the prepared heterogeneous catalysts, as illustrated in
Fig. 11. At the same reaction time, the increasing order of catalytic ac-
tivity, based on conversion (Fig. 11A), was as follows: HYD < HY <
SnHYD1 < KSnHYD1 < SnHYD2 < KSnHYD2. This trend aligns with the
behavior of -1, o and TOF represented in Fig. 10. Under the tested con-
ditions, a conversion of ca. 76% was achieved with KSnHYD?2 after 24 h.
The reaction was also conducted without a catalyst (Blank), resulting in
approximately 5% conversion after 24 h, attributed to the non-catalytic
reaction. This emphasizes the importance of using a heterogeneous
catalyst for successful epoxidation of R-(+)-limonene.

The results clearly indicate that the parent and hierarchical supports
are not very active per se for the catalytic reaction. When the hierar-
chical support is modified with Sn and K, the activity is significantly
enhanced due to modification of the physicochemical properties, as
discussed previously. Selectivity to the internal epoxides with
hierarchical-based catalysts exhibited values of ca. 70-80% at low
conversions (Fig. 11B), which decreases as the reaction progresses,
explained by formation of limonene diol (Fig. 11D) in a consecutive
reaction of epoxides with water present in the commercial oxidant. In
contrast, the parent zeolite (HY) exhibited the opposite behavior,
increasing selectivity from 7% to 25% in the conversion range of 4-20%.
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Regarding selectivity to diol, it varies from 24% to 28% throughout the
conversion range. On the other hand, selectivity to the external epoxides
(Fig. 11C) shows very similar values of ca. 10% for all materials during
the entire conversion range, except for KSnHYD2, which displayed
maximum values of ca. 21% at low conversions (20%), decreasing to
12% at 80% conversion. Fig. 11E illustrates that trans internal epoxide is
preferable compared to the cis configuration for the Sn- and K-modified
catalyst, while for HY and HYD, the profile stabilizes at 0.33 and 0.43,
respectively. Fig. 11F demonstrates that selectivity to diol is favored
with high BA/LA ratios, as previously shown in the literature with hi-
erarchical zeolites [92]. Conversely, Fig. 11G illustrates that the cis/-
trans-1,2-LE ratio decreases as the BA/LA ratio increases but exhibits a
maximum at a BA/LA of ca. 0.3. Fig. S28 shows the concentration of diol
as a function of the concentration of limonene-1,2-epoxide, exhibiting a
typical behavior of a consecutive reaction corresponding to the hydra-
tion of epoxides (Fig. 1).

The results obtained with metal-modified hierarchical zeolites are
comparable to those reported in the literature using two double-layer
hydroxides, such as ZnAl-LDH functionalized with bis(4- HOOC-
phenyl)-acenaphthenequinonediimine) (H2BIAN) as catalysts [58],
along with TBHP as the oxidizing agent. The authors reported 94% of
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Table 6

Activation energy with different heterogeneous catalysts for limonene oxidation.
Catalyst E (kJ mol™1) Reference
PW-Amberlite 76.0 [94]
MgO 52.3 [491
Al,O3 (ILE)” 33.5 [95]
Al,03 (ELE)" 54.4 [95]
Tungsten-based catalyst (LE)” 36.0 [93]
Tungsten-based catalyst (LG)" 79.0 [93]
Tungsten-based catalyst (LD)" 43.0 [93]
KSnHYD2 38.1 This work

@ Activation energy for the transformation of limonene to internal (ILE) or
external (ELE) epoxides.

b Activation energy for the transformation of limonene to monoepoxides (LE),
limonene glycol (LG) or limonene diepoxide (LD).

conversion with 97% selectivity to monoepoxides after 24 h, as opposed
to 76% and 90% achieved with KSnHYD?2 in this contribution, respec-
tively. It is worth noting that the former study employed a significantly
higher temperature (110 °C) compared to 70 °C used in this contribu-
tion. Additionally, conversion and selectivity results in this study
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surpass those reported recently with other heterogeneous catalysts [47,
50,52,62]. A catalytic system with WO3-SiO, as the catalyst, dioxane
and isopropanol as solvents, and HyO, as the oxidant, exhibited 54%
conversion after 4 h at 80 °C, with selectivity values of 53%, 33%, and
9% to monoepoxides, glycol, and allylic products, respectively [50]. The
modification of zeolite Y with a complex of the type [VO(Salybz)]l,
produced high limonene conversion (90%) after 24 h at 80 °C, using
acetonitrile as a solvent, but the main products corresponded to allylic
compounds and limonene glycol with selectivity values of 49% and
39%, respectively [47]. Co/SBA-16 with ethyl acetate as a solvent, and
O, and isobutyraldehyde as oxidants, yielded almost complete limonene
conversion with selectivity to monoepoxides below 50% and to diep-
oxide between 25% and 41% [62]. Tungstenocene (IV) dichloride was
anchored on amorphous silica (W/SiO3) and was tested on limonene
oxidation using HoO5 as the oxidant and acetonitrile as a solvent, pro-
ducing 68% conversion and 63% selectivity to monoepoxides after 6 h at
90 °C [52].

On the other hand, MgO was reported as a successful heterogeneous
catalyst for the selective synthesis of monoepoxides and diepoxides,
depending on the reaction conditions [49]. High yields of monoepoxides
(80%) and diepoxides (96%) can be achieved after 30 min and 2 h,
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respectively, at 50 °C. However, the catalytic system corresponds to a
Payne system, which is more complex than the one used in this contri-
bution. In this system, the oxidant intermediate, peroxyacetimidic acid,
is produced from acetonitrile and HyO», and the presence of water and
acetone is required as solvents.

Therefore, the heterogeneous catalysts reported in this contribution
and prepared based on the hierarchical zeolite Y, are promising for
limonene epoxidation. Thus, as KSnHYD2 was the most active material
for the epoxidation reaction, different reaction conditions were studied
as discussed below.

3.2.3. Effect of the reaction conditions

The feed molar ratio of the oxidant to the substrate plays a crucial
role in the epoxidation of monoterpenes, gaining even more importance
when aqueous solutions of the oxidizing agent, such as HyOs, are used.
This makes sense due to the production of limonene diepoxide is favored
by higher concentrations of the oxidant in the reaction medium [49].
Additionally, higher concentration of water can lead to the undesired
hydration of the internal limonene epoxides toward limonene diol, as
illustrated in Fig. 1. Conversion profiles with varying the Hy05/limo-
nene molar ratio at 3:1, 5:1, and 7:1 are shown in Fig. 12A. These pro-
files exhibit the expected behavior, with limonene conversion increasing
as the oxidant amount in the reaction medium increases, reaching values
of 75%, 84%, and 97%, respectively, after 30 h. The plot between In (-rp)
and In (Cy202,0), illustrated in Fig. S29, exhibits a fractional reaction
order of ~ 0.5, similar to previously reported [93], which suggest a
complex mechanism in the transformation of limonene. Selectivity to
the internal epoxides (cis-1,2-LE + trans-1,2-LE) as a function of con-
version (Fig. 12B) showed that, at the same conversion, selectivity is
favored at the lowest reactant ratio, yielding values of ca. 76-84% in the
entire conversion range.

The selectivity profiles to external epoxides (cis-8,9-LE + trans-8,9-
LE) are shown in Fig. 12C, with values below 20%, indicating no sig-
nificant effect of the reactants molar ratio. Resul et al. [93] reported
similar trends in the yield of monoepoxides (1,2-LE + 8,9-LE) as a
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function of the oxidant amount, demonstrating a preference for mono-
epoxides with a low amount of oxidant in the system. In coherence with
the decrease of selectivity to 1,2-LE as the reaction progresses, the
selectivity to diol (Fig. 12D) is favored with the highest molar ratio (7:1),
reaching values about 39% at almost complete conversion, while only
7% is observed with the 3:1 ratio at 74% conversion. Similar observa-
tions were reported using a tungsten-based catalyst at 50 °C and toluene
as a solvent [93]. Fig. 12E displays the molar ratio of the two isomers of
the internal epoxides as a function of conversion, showing a notable
predominance of the trans configuration over the cis one. Almost zero
value is observed for the highest reactant ratio (7:1) at 97% conversion,
and around 0.5 for the lowest one (3:1) at 74% conversion. These results
could suggest a different dependence on the reaction order for the hy-
dration of cis and trans isomers. The balance of the products corresponds
to traces of allylic products such as carveol and carvone, limonene
diepoxide, and dihydrocarvone as an isomer of the internal epoxides.
The highest selectivity to diepoxide (~ 5%) was reached with the 5:1
ratio after 30 h.

Investigation of the initial concentration of limonene was done using
the Hy02/limonene ratio of 5:1, chosen to prevent hydration of the in-
ternal epoxides and achieve a high yield of monoepoxides. The reaction
rate generally increases as the initial substrate concentration rises,
providing a straightforward explanation for the observed behavior in
Fig. 13A. Limonene conversion is notably enhanced with increasing
initial molar concentrations, reaching values of ca. 86% and 63% after
24 h with 0.32 M and 0.21 M, respectively. The plot between In (-ry) and
In (Cy0), asillustrated in Figure S30A, reveals a fractional reaction order
of ~ 1.7, differing from the first-order dependence reported with a
tungsten-based catalyst [93]. This once again supports the conclusion of
a complex mechanism for the limonene epoxidation route over
KSnHYD?2 as a catalyst.

Selectivity to internal epoxides (Fig. 13B) exhibits slightly higher
values at the lowest initial concentration and maintains almost constant
values of ca. 74-76% across the conversion range. For concentrations of
0.27 M and 0.32 M, a similar trend is observed, with a decreasing
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Effect of different solvents in the oxidation reaction of R-(+)-limonene. Conversion and product distribution after 24 h.

Solvent Structure

Dielectric
constant® [99]

Dipole moment
(D) [100,101]

Donor number
(keal mol™1) [97]

-I1,0 (mmol
g'h™h

TOF
™

Limonene
conversion (%)

Product
distribution (%)

Cyclohexane

2.02

0.00

0.0

0.1

2.9

21

12.4 cis-ILE

Dimethyl carbonate /0\”/°\ 3.09° 0.93

(DMC)

Ethyl acetate 6.02° 1.78

Tetrahydrofuran (THF) 7.52 1.63

2-Butanol 17.26 1.7

Acetonitrile 36.64 3.5

N-N-Dimethylformamide 38.25 3.8

(DMF)

I
HJKT/

17.2 0.2 6.8

17.1

20.0 0.1 4.6 4.9

14.1

26.6 0.2 6.6 4.8

72.2 trans-ILE
15.4 ELE

36.6 cis-ILE
31.9 trans-ILE
11.9 ELE
4.1CL

3.6 CNE
491G

24.7 cis-ILE
29.7 trans-ILE
8.3 ELE

1.4 DHC

1.6 CL

1.5 CNE

8.7 LG

15.6 cis-ILE
21.1 trans-ILE
15.3 ELE

1.7 DHC

8.8 CL

5.9 CNE

0.3 cis-ILE
1.6 trans-ILE
1.9 ELE

3.6 CL

2.9 CNE
4.5LD

43.2 LG

17.9 cis-ILE
49.5 trans-ILE
12.3 ELE

0.7 DHC
1.2CL

0.6 CNE
7.3LD

10.5 LG

36.3 cis-ILE
41.5 trans-ILE
16.2 ELE

6.0 CNE

1.7 53.0 26.4

0.1 4.0

3.1 96.1 76.0

Reaction conditions: C; o = 0.27 M, H,0,/limonene molar ratio = 5:1, 648 mg of catalyst, 70 °C (66 °C for THF), 800 rpm. Dielectric constant reported at 220 °C or
Y25 °C. n.a: not available. ILE: Internal limonene epoxide, ELE: External limonene epoxide, CL: Carveol, CNE: Carvone, DHC: Dihydrocarvone, LD: Limonene

diepoxide, LG: Limonene glycol.

selectivity attributed to the transformation of internal epoxides with
water, leading to the formation of the diol. This is clearly depicted in
Fig. 13D, where the maximum values of ca. 18% are observed. In
contrast, selectivity to the external epoxides (Fig. 13C) demonstrates
almost complete independence from the initial concentration, consis-
tently remaining below 20% throughout the entire conversion range.
Similar trends are evident in Fig. 13E for the cis/trans molar ratio, where
values of around 0.34 are reached at 86% conversion for 0.27 M and
0.32 M, while the lowest value (0.6) corresponds to 63% conversion for
0.21 M. The maximum selectivity to limonene diepoxide (11%) was
achieved with an initial concentration of 0.32 M after 24 h.

The effect of the number of active sites, directly related to the
catalyst amount, was studied using different ratios of the catalyst (mg) to
limonene (mmol), ranging from 30:1 to 60:1, as shown in Fig. 14.
Limonene conversion of ca. 92%, 80%, and 76% was reached after 24 h
using ratios of 60:1, 45:1, and 30:1, respectively, exhibiting the profiles
demonstrated in Fig. 14A. On the contrary, selectivity profiles for in-
ternal epoxides (Fig. 14B), external epoxides (Fig. 14C), and diol
(Fig. 14D) showed to be almost independent on catalyst mass. Fig. 14E
displays that formation of trans-1,2-LE is more significant than cis-1,2-LE
due to the cis/trans ratios below 1, which is explained by thermody-
namic favorability of the trans configuration compared to the cis
configuration. This is established with the binding energy of adsorption
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on the active sites of each configuration, with values of —2.1 kJ mol™*
and 5.4 kJ mol_l, respectively [92]. Fig. 14F confirms that non-catalytic
routes are not relevant in this system due to the linear dependence of the
initial reaction rate of the substrate and the catalyst mass.

The effect of the temperature on R-(+)-limonene epoxidation was
investigated within the range of 60-80 °C, as depicted in Fig. 15.
Fig. 15A clearly illustrates higher limonene conversion at high temper-
atures, reaching 67%, 80%, and 93% after 24 h for 60 °C, 70 °C, and
80 °C, respectively. Selectivity to 1,2-LE (Fig. 15B) is negatively
impacted by temperature, as selectivity decreases with the progress of
the reaction. This is explained by subsequent conversion of these ep-
oxides towards diol, as depicted in Fig. 15D. Maximum selectivity to 1,2-
LE and diol correspond to 80% (33% conversion) and 35% (93% con-
version), respectively, achieved at 60 °C and 80 °C. Fig. 15C reveals that
selectivity to 8,9-LE remains below 20% for the three temperatures in
the conversion range, with the maximum values observed at 70 °C.
Similarly, in line with the profile of cis/trans-1,2-LE molar ratio with the
highest HyOy/limonene ratio (7:1) in Fig. 12E, the reaction at 80 °C
demonstrates a possibility of achieving a ratio close to zero at high
limonene conversions (Fig. 15E). This is attributed to preferential hy-
dration of cis-1,2-LE into diol. On the other hand, estimation of the
activation energy of limonene epoxidation can be done using the plot of
the initial reaction rate as a function of 1/T, as shown in Fig. 15F,
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resulting in a value of 38.1 kJ mol~!. Table 6 displays the activation
energy previously reported for limonene oxidation using different het-
erogeneous catalysts. Notably, the estimated value in this work closely
resembles two previous systems that used a homogeneous tungsten-
based catalyst (36.0 kJ rnol’l) and Al,03 (33.5kJ mol’l).

3.2.4. Role of the solvent

Different solvents were tested in the R-(+)-limonene epoxidation to
investigate the solvent features that favor selective formation of the
monoepoxides. Non-polar solvents such as cyclohexane, protic polar
solvents like 2-butanol, and aprotic polar solvents including DMC, ethyl
acetate, THF, acetonitrile, and DMF, were evaluated. Fig. 16A shows
that acetonitrile is by far the solvent allowing the highest limonene
conversion (76%) after 24 h, followed by ethyl acetate with 26%. The
initial reaction rate for limonene was plotted as a function of the inverse
of dielectric constant (1/¢), as shown in Fig. 16C, which clearly displays
the highest catalytic activity with acetonitrile, followed by ethyl acetate.
The other solvents exhibited conversion values below 20%, indicating
their limitations for this heterogeneous epoxidation system. On the
other hand, selectivity to the total monoepoxides (cis-1,2 + trans-1,2 +
cis-8,9 + trans-8,9) as a function of conversion, given in Fig. 16B, shows
values above 90% with acetonitrile for low conversions, which de-
creases as the reaction proceeds. This is explained by the consecutive
reaction of internal monoepoxides towards diol (Fig. 12D, 13D, 14D,
15D). Additionally, the selectivity to monoepoxides at 18% conversion
was plotted as a function of the dielectric constant, as shown in Fig. 16D.
It exhibits a minimum around the value corresponding to 2-butanol,
demonstrating a strong dependency of selectivity on solvent polarity,
as has been discussed [96]. Cyclohexane, DMC, and DMF appeared to be
highly selective to the reaction, being, however, not suitable solvents
due to their low reactivity. THF and ethyl acetate display a wide range of
selectivity values between 25% and 75% during the conversion range
obtained for those solvents. Specifically, hydrophobic limonene was not
easily diffused to the active site in the cyclohexane, explained by the
formation of two phases with the commercial Hy0-.

Table 7 displays the initial reaction rate of limonene, TOF,
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conversion, and product distribution with the studied solvents, as well as
their main properties such as dielectric constant (¢), dipole moment (),
and donor number (DN) developed by Gutmann in 1976 [97]. Limonene
diol was mainly observed using 2-butanol with selectivity of 43%,
making this solvent the least selective to monoepoxides (Fig. 16B). A
crucial aspect to observe is the appreciable difference between the cat-
alytic activity using acetonitrile and DMF as solvents, with TOF values of
96.1 and 6.6 h™1, respectively. Both are aprotic polar solvents with very
similar polarity (¢ = 36.6 and 38.3 and p = 3.5D and 3.8D); however,
this difference in reactivity can be explained by the appreciable differ-
ence in the DN values, being 14.1 and 26.6 for acetonitrile and DMF,
respectively, indicating that acetonitrile is a much weaker Lewis base
than DMF. Furthermore, DMF is bulkier than acetonitrile, i.e., it has a
larger size and more steric hindrance in comparison with acetonitrile
[98]. On the other hand, the second-best solvent was ethyl acetate
(Fig. 16C), which has significantly lower polarity than acetonitrile, but
the DN values are quite similar (17.1 and 14.1). Therefore, these results
suggest that R-(+)-limonene epoxidation over KSnHYD2 as a catalyst
requires aprotic polar solvents with high polarity as well as medium
donor capacity.

3.3. Efficiency of the oxidizing agent

H30, is consumed through two parallel reactions: its consumption in
the epoxidation reaction with limonene (Eq. (9)) and its decomposition
into water and oxygen (Eq. (10)).

C,oH,¢ + H,0,—Products )

1
H,0, - H,0 + 502 (10)
Assigning X, as the limonene conversion (Eq. (1)), Xep as the partial
conversion of Hy05 through epoxidation reaction (Eq. (9)), and Xgec as
the partial conversion of HpOy through decomposition (Eq. (10)), Eq.
(11) is used to calculate Xep:
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CL.O XL

Ch,0,.0

CLoXL= CH;OZ ,OXep - Xep = (1 1)
Xgec is calculated using the overall conversion of HoO; determined by
cerimetric titration (Eq. (7)), as indicated in Eq. (12):

XH:O: = Xep + Xdec (12)

The efficiency of HyO2 (Eg,0,) in the epoxidation reaction is defined
according to Eq. (13):

Xep

Xm,0,

En,0, = (13)

The profiles of HyO5 conversion are shown in Fig. S31, reflecting the
expected behavior. The overall conversion increases with the feed
H20y/limonene molar ratio, limonene initial concentration, catalyst
amount, and temperature, as previously reported [49]. From
Figure S31D, the activation energy for the HyOy decomposition was
estimated to be 45.3 kJ mol L. The results concerning the efficiency of
H»0,, presented in Fig. 17, do exhibit a strong dependence on the feed
H20y/limonene ratio (Fig. 17A), while not significantly affected by the
initial concentration of limonene (Fig. 17B), catalyst amount (Fig. 17C),
and temperature (Fig. 17D). The highest efficiency values were achieved
with an HyOy/limonene molar ratio of 3:1, resulting in approximately
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85% efficiency at low conversions, gradually decreasing to ca. 65% at
40% conversion. Under other conditions, efficiency ranged between
40% and 60%. Similar results for the efficiency of H2O5 in the epoxi-
dation of R-(+)-limonene have been reported using MgO as a hetero-
geneous catalyst in a Payne system [49].

3.4. Catalyst stability

Robustness of the KSnHYD2 catalyst was investigated through
reusability and leaching tests. The reuse of the catalyst was tested in the
reaction after washing with acetone and regenerating the spent catalyst
at 550 °C. The profiles of limonene conversion are shown in Fig. 18A.
The results demonstrated conversion of ca. 68% with the reuse run after
24 h, which is slightly lower than the fresh run, corresponding to 80%.
This loss of activity can be explained by the leaching test. When the
catalyst was removed after 4 h of the reaction medium by the hot-
filtration method and the reaction was allowed to continue, an in-
crease of ca. 11% in conversion was obtained after 24 h. Therefore, there
is a slight leaching of Sn into the reaction medium. However, the main
contribution to the reaction is through heterogeneous catalysis, as
depicted in the profile with the fresh run reaching high conversions
compared to the leaching test.
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Fig. 19. Plausible reaction pathway for R-(+)-limonene epoxidation with H;O,.

Selectivity to total monoepoxides (Fig. 18B) looks very similar for
fresh and reuse runs, although its value decays significantly when the
catalyst is removed, which makes sense considering the heterogeneous
catalytic nature of the reaction. Regeneration of the spent catalyst by
calcination was required because TPO-MS results (Fig. 18C and 18D)
confirmed coke formation, specifically a peak at 256 °C is associated
with soft coke, while two peaks associated with hard coke were observed
at 432 and 524 °C [102]. Similar results were obtained for the TPO-MS
analysis of the spent SnHYD1 (Fig. S32), spent SnHYD2 (Fig. S33), and
KSnHYD1 (Fig. S34). Once the catalyst was regenerated, no signals were
observed by TPO-MS, showing the success of the procedure (Fig. S35).
Furthermore, around 5.5 wt% of coke formed on the surface of spent
KSnHYD2 was estimated from the TGA analysis (Fig. 18E).

3.5. Reaction pathway

A plausible reaction pathway for the epoxidation of R-(+)-limonene
with HyO5 is proposed in Fig. 19. Three different active sites (AS1, AS2,
and AS3) (1) are suggested based on a previous report that identified
similar sites [103]. Although the presence of silanol (AS3) and internal
siloxane groups is typical, they lack sufficient strength to catalyze the
reaction. Consequently, the most active sites are the Sn—OH groups
(AS1), which exhibit lower steric hindrance than the tetrahedral Sn sites
(AS2). Therefore, AS1 can be suggested as the active site in proposed the
reaction pathway. Initially, acetonitrile is adsorbed in AS1 (2), followed
by adsorption of hydrogen peroxide (3). The catalyst assists in the for-
mation of peroxyacetimidic acid as an epoxidizing agent through
hydrogen bonding [49,104] (4). Then, limonene is presumably adsor-
bed onto either the internal or external double bond (5) undergoing
concerted epoxidation with a syn addition-type, producing limonene
epoxide (1,2 or 8,9). It is important to note that when Hy0, delivers
oxygen for the epoxidation, water is generated. Subsequently, the
catalyst is regenerated, along with the solvent (6). It is noteworthy that
Fig. 19 represents a mechanistic scheme of limonene epoxidation by the
internal double bond, producing limonene-1,2-epoxide. The pathway
for the diepoxide is essentially the same, with the difference that in stage
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(5) the corresponding monoepoxide is adsorbed to produce diepoxide.
Finally, limonene glycol is formed through hydration of limonene-1,
2-epoxide.

4. Conclusions

Heterogeneous catalysts based on zeolite Y were successfully eval-
uated for the epoxidation of R-(+)-limonene, including parent, deal-
uminated, Sn-modified zeolite Y, and K-Sn-modified zeolite Y with a
nominal SiO»/Al,03 ratio of 30. These epoxides have gained importance
due to their use as excellent building blocks in the production of bio-
polycarbonates, offering attractive thermal and optical properties and
avoiding the need for commercially available polyurethanes that may
require toxic isocyanates for their synthesis.

Sn was incorporated using the impregnation method with
SnCly-5H,0 as the salt precursor, and modification with K was carried
out through the alkaline ion exchange method using KCl. Ordered
structures were observed in all materials by XRD, with no loss of crys-
tallinity in the hierarchical catalysts due to the dealumination process
with nitric acid. SnO and SnO, phases were detected in the materials
with the highest Sn loading (SnHYD2 and KSnHYD2). The total surface
area in the catalysts decreased as the Sn loading increased, as well as
when K was incorporated, suggesting pore blocking by the metal species.
No structural collapse due to dealumination was confirmed by TEM and
SEM analysis. The Brgnsted to Lewis acidity ratio increased in the order
KSnHYD2 < SnHYD2 < KSnHYD1 < SnHYD1 < HYD < HY. The total
acidity of the catalysts was directly correlated using NH3-TPD and
pyridine-FTIR, while no basicity was observed in the K-modified cata-
lysts. Isolated Sn** species in tetrahedral coordination inside the mes-
oporous channels were observed only in materials with high Sn loadings,
while extra-framework Sn species were observed in all catalysts. Al
entities with four-coordinated framework and six-coordinated extra-
framework were observed by NMR.

The highest initial reaction rate (3.1 mmol g~ h™!) and the highest
turnover frequency (96.1 h™) were obtained with KSnHYD2 zeolite,
exhibiting the lowest Brgnsted to Lewis acidity ratio (0.1), the highest
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mesoporosity fraction (43%), and the lowest total surface area (465 m?
g_l). However, no direct relationship was observed with the total sur-
face area. The parent and dealuminated zeolites exhibited low catalytic
activity, as reflected in the reaction rate and TOF. Limonene conversion
increased with a higher HyO,/limonene molar ratio or temperature, but
the opposite effect was observed for the selectivity to limonene-1,2-
epoxides, indicating a preference for their hydration towards limonene
diol under those conditions. Additionally, conversion was positively
affected by the initial concentration of the substrate, although selectivity
to the main products did not change significantly. The activation energy
for the R-(+)-limonene epoxidation was estimated to be 38.1 kJ mol 1.
The solvent played a critical role in the epoxidation route, showing a
preference for aprotic polar solvents with high polarity and medium
donor capacity, such as acetonitrile, and to a lesser extent, ethyl acetate.

The efficiency of HyO» in the epoxidation reaction reached maximum
values of up to 85% when employing low H2O2/limonene molar ratios
(3:1). However, a weak dependence was observed with other parameters
such as temperature, initial concentration of limonene, and the catalyst
amount. The activation energy for the H,O, decomposition was esti-
mated in 45.3 kJ mol ™. A coke layer, constituting 5.5 wt%, formed on
the catalyst surface after reaction at 70 °C. Regeneration was achieved
through calcination at 550 °C. The regenerated catalyst was reused in
the limonene epoxidation, demonstrating a conversion loss of ca. 12%
after 24 h of the reaction, attributed to slight leaching of the catalyst into
the reaction medium. In summary, valuable insights have been gained
into the intricate correlation between the structure and catalytic activity
of heterogeneous catalysts prepared based on hierarchical zeolite Y,
which are easily synthesized being also rather robust. Moreover, these
materials produced high limonene conversion (>80%) and high selec-
tivity to monoepoxides (>90%) under different conditions, surpassing
the results reported previously in the literature with many heteroge-
neous catalysts. Those catalysts often showed a competitive trans-
formation between epoxidation (to monoepoxides as well as
diepoxides), hydration, and the allylic route.
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