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A B S T R A C T

Metal-modified heterogeneous catalysts based on mesoporous supports such as MCM-41 and SBA-15 were pre-
pared and evaluated in the one-pot tandem transformation of β-pinene, along with MgO. This route involves
epoxidation with H2O2 followed by the subsequent isomerization of the epoxide, yielding myrtanal as the major
product; this aldehyde has wide-ranging applications as a fine chemical in fragrances, flavors, and as a precursor
for pharmaceutical products. Several metals (Sn, Fe, Cu, Co) were anchored onto the supports by wetness
impregnation methodology and the solids were thoroughly characterized using ICP/OES, XRD, N2 physisorption,
TEM-EDX, pyridine-FTIR, NH3-TPD, and XPS techniques. Among these catalysts, Fe (5.07 wt%)/SBA-15 (FeS1)
exhibited the highest yield to myrtanal (63 %) with a H2O2 efficiency of up to 60 %; this catalyst had a total
acidity of 138 μmol g− 1, a surface area of 496 m2 g− 1, a pore volume of 0.96 cm3 g− 1, and an acid site density of
0.28 μmol m− 2. Myrtanal selectivity was also high with Sn-based catalysts, while it was poor with Cu-based
materials and the null activity of Co catalysts. Total Lewis acidity and acid site density were identified as suit-
able kinetic descriptors of catalytic data, owing to their crucial role in the ring-opening of monoterpene epoxides.
The most active catalyst showed reusability without considerable loss of substrate conversion or selectivity to-
wards myrtanal. Additionally, no leaching of Fe was observed. Based on materials characterization and catalytic
results, a plausible reaction pathway was proposed for the one-pot tandem transformation of β-pinene towards
myrtanal.

1. Introduction

The fine chemistry industry stands as a pivotal sector, crucial for the
production of targeted molecules utilized as precursors in fragrances,
pharmaceuticals, drugs, and related compounds [1,2]. Synthesizing
these products entails working on small scales of production, typically
around 10,000 metric tons per year. Despite their relatively modest
volume, these chemicals command high unit prices compared to others,
owing to their exceptional purity, exceeding 99 % with less than 10 ppm
of metal residues, and stringent quality requirements, with pharma-
ceuticals often requiring an enantiomeric excess exceeding 98 % [3].
Terpenes and terpenoids represent the most abundant and diverse class
of natural products, exceeding 75,000 variants, often found within
essential oils (EOs), which are volatile and concentrated liquids
extracted from various plant parts [4,5]. Monoterpenes and sesquiter-
penes typically dominate the composition of EOs; for instance, turpen-
tine oil, predominantly comprising α-pinene and β-pinene, is extracted

from the raw resin obtained through steam distillation of pine trees [6].
Notably, the chemical composition of turpentine varies significantly
based on factors such as wood species, biomass growth region, pulping
process or mill, and even harvesting season [7].

The oxidation of monoterpenes over heterogeneous catalysts has
been widely investigated, focusing on two competitive routes; the first
one corresponds to typical oxidation by radical pathways using
oxidizing agents, while the second one is associated with the epoxida-
tion of the C=C bond to achieve the corresponding cyclic ether [3]. The
predominance of each reaction pathway depends on the olefin nature,
the oxidizing agent, the catalyst, and the reaction conditions. Bioderived
biomass such as β-pinene monoterpene has gained tremendous impor-
tance nowadays as it can be converted to β-pinene epoxide (Fig. 1),
which is an important chemical used in the production of polymers,
fragrances, formulations in manufacturing, pharmaceuticals, and cos-
metics, among others [8,9]. However, as β-pinene epoxide is a highly
strained molecule, it can be rearranged under mild conditions into
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thermodynamically more stable compounds such as myrtanal, myrtenol,
or perillyl alcohol (Fig. 1). These products have a wide variety of ap-
plications in the fine chemistry industry such as fragrances, flavors,
precursors of pharmaceutical products, and diesel additives [10,11].

Table 1 presents some heterogeneous catalysts that have been re-
ported for the oxidation/epoxidation of β-pinene using different
oxidizing agents such as molecular oxygen (O2), hydrogen peroxide
(H2O2), tert-butyl hydroperoxide (TBHP), cumene hydroperoxide (CHP),
and urea hydroperoxide (UHP). Entries 1–5 (Table 1) show that air or O2
was the oxidizing agent in the epoxidation with catalysts such as ZnCo-

MOF [8], CoOX/mordenite [12], MoCl2O2Bipy/TiO2-NT [13], ZSM-5/
Co-MOF [14], and [Co(NH3)6]Cl3 [15]. The highest yield to β-pinene
epoxide (56.8 %), using O2 as an oxidant and CHP as the initiator, was
achieved with the ZSM-5/Co-MOF composite catalyst (entry 4), result-
ing also in a highly active material for the epoxidation of α-pinene and R-
(+)-limonene with yields to the epoxides of 94.5 % and 47.1 %,
respectively. These results suggest a dependence of the reactivity on the
monoterpene structure, due to the presence of a bicyclic structure in
pinenes, favoring the reactivity in comparison with limonene.

On the other hand, from an environmental point of view, H2O2 is

Fig. 1. Reaction pathways of the β-pinene transformation towards isomers of β-pinene epoxide.

Table 1
Heterogeneous catalytic systems for the oxidation/epoxidation of β-pinene.

Entry Catalyst Reaction conditions Oxidizing agent Xβ

(%)
Si (%) Ref.

1 ZnCo-MOF 30 mg catalyst, 3 mmol substrate, 10 g DMF, 90 ◦C, 5 h 40 mL min− 1 air 70.8 62.5 Epoxide [8]
2 CoOX/mordenite 100 mg of catalyst, 6 mmol of substrate, 10 g of DMF, 90 ◦C, 4 h 40 mL min− 1 air and 0.6

mmol CHP
36.8 93.3 Epoxide [12]

3 MoCl2O2Bipy/TiO2-
NT

15 mg catalyst, 0.1 mmol substrate, 10 mL CH3CN, 19 ◦C, 18 h, light λ =

360 nm.
O2 46 72 Epoxide

18 Myrtenal
[13]

4 ZSM-5/Co-MOF 10 mg catalyst, 3 mmol substrate, 10 g DMF, 90 ◦C, 5 h 40 mL min− 1 air and 0.3
mmol CHP

72.6 78.3 Epoxide [14]

5 [Co(NH3)6]Cl3 5 mg catalyst, 3 mmol substrate, 10 g, 90 ◦C, 5 h, 40 mL min− 1 air and 0.3
mmol TBHP

43 55 Epoxide [15]

6 FeCl3⋅6H2O 25 mg catalyst, 0.5 mmol substrate, 9 mL t-amyl alcohol, 25 ◦C 1.5 mmol H2O2 91.0 >50 Epoxide [19]
7 PdCl2 100 μmol catalyst, 2.5 mmol substrate, 10 mL CH3CN, 60 ◦C, 8 h 3 mmol H2O2 58 19 Epoxide

57 Pinocarveol
24 Pinocarvone

[20]

8 9 mmol H2O2 55 4 Epoxide
47 Pinocarveol
49 Pinocarvone

9 [LMn(O)3MnL]
(PF6)2

1.25 μmol catalyst, 1.25 mmol substrate, 5 mL CH3CN, 25 ◦C, 0.5 h 6.25 mmol H2O2 NR 10 Epoxide a [21]

10 Pd/HPA-300/SBA-
15

15 mg catalyst, 1 mmol substrate, 1 mL acetone, 50 ◦C, 18 h 6.8 mmol H2O2 99 63 Pinocarveol
12
Pinocamphone
16 Myrtenol

[22]

11 Pd(0.5)/HPA-SBA-15 90 67 Pinocarveol
13
Pinocamphone
15 Myrtenol

12 MgO 1: 1.2: 30.2: 19.7: 3.2: 15.6 wt ratios for β-pinene: MgO: H2O: acetone:
H2O2: acetonitrile, 50 ◦C, 2 h.

H2O2 100 74 Epoxide [17]

13 [(nBu3Sn)2MoO4] 30 mg catalyst, 5 mmol substrate, 10 mL CH3CN, 50 ◦C, 10 h 10 mmol UHP 40 70 Epoxide
11
Pinocamphone
9 Pinocarveol

[23]

Xβ: β-Pinene conversion. Si: Selectivity to product i. DMF: Dimethylformamide. CHP: Cumene hydroperoxide. UHP: Urea hydroperoxide. Bipy: 2,2′ − bipyridine-4,4′
− dicarboxylato. NR: Not reported. aValue corresponds to the yield.
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convenient because it generates water as a byproduct [9]. However, for
safety reasons, H2O2 is often available commercially in aqueous solu-
tions (30 wt%), whose water content can have a significant effect as a
real inhibitor of catalysts by metals, slowing down the reaction. In
general, the epoxide selectivity is poor in the presence of water or protic
solvents due to the ring-opening secondary reaction leading to the for-
mation of glycol compounds [16]. Therefore, it is an important chal-
lenge to investigate optimal reaction conditions to avoid undesirable
reactions and maximize the selectivity to the target molecules. Many
systems have used H2O2 as the oxidizing agent (entries 6–12, Table 1),
with MgO (entry 12) standing out as the significantly superior catalyst
for the epoxidation of β-pinene, achieving complete conversion and 74
% selectivity to the epoxide after 2 h and at a very low temperature
(50 ◦C) [17]. This catalyst is used in a Payne system consisting of the
formation of an epoxidizing agent like peroxyacetimidic acid from H2O2
using acetonitrile as the activator, acetone as solvent, and water as an
improver [17]. This catalytic system has also been employed for the
versatile epoxidation of R-(+)-limonene, yielding either limonene ep-
oxides (endo and exo) or limonene diepoxide, depending on the reaction
conditions [18]. With UHP as an oxidizing agent and an organotin-
oxometalate coordination polymer, [(nBu3Sn)2MoO4], as catalyst
(entry 13), a significantly low conversion (40 %) was achieved after a
long reaction time (10 h).

In the context of β-pinene epoxide isomerization, various heteroge-
neous catalysts have been investigated. Among them, one notable
catalyst is a microporous and crystalline material characterized by pores
with a diameter of at least 0.52 nm [24,25], whose empirical formula is
Hw(MwTixSnyZrzSi1-w-x-z)O2; this catalyst exhibited a remarkable 98 %
conversion and 94 % selectivity towards myrtanal (80 ◦C, 1 h, aceto-
nitrile as solvent). In addition, mesoporous catalysts based on Me/MCM-
41 (Me = Sn, Ti, Zr, Al, and Si) have been also explored. Notably, Sn/
MCM-41 emerged as the most effective catalyst, achieving complete
conversion with 82 % selectivity towards myrtanal, 4 % to myrtenol,
and 5 % to perillyl alcohol (80 ◦C, 1 h, nitromethane as solvent) [11]. It
has been suggested that Sn enhances acidity strength and Lewis behavior
required for myrtanal synthesis. Other catalysts reported in the litera-
ture include Sn-β [26], supported ionic liquid [27], Sn-MCM-41 [28], Fe-
β zeolite [29], and tetraimidazolium nitrate ([PEimi][HNO3]4) [30].
Therefore, experimental findings have indicated that myrtanal forma-
tion is favored by Lewis acidity, particularly in non-polar solvents like
toluene.

Consequently, the production of myrtanal using β-pinene as a start-
ing material has been carried out through two independent stages.
Firstly, β-pinene epoxide is obtained in one reactor, which is then pu-
rified to obtain high-purity epoxide. Subsequently, it is used as a sub-
strate for the epoxide rearrangement in another reaction vessel to obtain
the target molecules, either myrtanal, myrtenol, or perillyl alcohol.
However, a significant contemporary challenge in organic chemistry is
the search for alternative cleaner, safer, and environmentally friendly
technologies [31], which are aimed at contributing to the goals of sus-
tainable development and the principles of green chemistry. Therefore,
the reduction of waste, together with the use of renewable feedstock,
environmentally friendly reagents, and catalysts, is significant to
achieving more sustainable processes [31]. An effective approach is to
synthesize myrtanal as the target molecule in a single reaction vessel,
which is directly related to the ‘one-pot’ concept, being able to apply to a
multi-step reaction, method, or synthesis. This approach is promising
and effective because the two involved transformations (β-pinene
epoxidation and epoxide isomerization) can be carried out in a single
pot, avoiding several intermediate purification processes, minimizing
chemical waste, saving time, and simplifying practical aspects [32].

To our knowledge, as of the current date, there have been no reports
found in open literature regarding one-pot reactions for the trans-
formation of β-pinene into myrtanal, myrtenol, or perillyl alcohol as the
main products. Few reports exist regarding the one-pot reaction of a
similar monoterpene, α-pinene, into campholenic aldehyde primarily.

However, these systems are not highly selective towards the aldehyde;
instead, the route is quite competitive, yielding various products.
Selectivity towards the aldehyde was increased over the bifunctional
PrAlPO-5 catalyst [33] by decreasing the (Al + P)/Pr ratio that enhanced
Lewis acidity, reaching up to 90 % at complete conversion (70 ◦C, 12 h,
chloroform as solvent, and air as the oxidizing agent). Zeolite Y encaged
Ru (III) and Fe(III) complexes [34], prepared by the flexible ligand
method, showed complete conversion of α-pinene towards campholenic
aldehyde (35.9 %), α-pinene epoxide (34.1 %), and verbenone (20.7 %)
after 18 h at 80 ◦C, using H2O2 as the oxidizing agent and acetonitrile as
solvent. V-MCM-41 [35] synthesized via the direct hydrothermal
method, exhibited an α-pinene conversion of 12.8 % with selectivities up
to 13.4 % for campholenic aldehyde, 15.9 % for 1,2 pinanediol, 36.3 %
for trans-sobrerol, and 11.4 % for verbenol (70 ◦C, 7 h, H2O2 as the
oxidizing agent, and acetonitrile as solvent). Outdated papers reported
Co/SiO2 [36] and Ti-HMS [37,38] as catalysts that exhibited low
α-pinene conversions, typically below 40 %, under the tested reaction
conditions.

Although significant progress has been evidenced in the field of one-
pot catalytic reactions over the past decades, these reactions have not
yet found general application in the production of fine chemicals due to
the difficulty of reaction control [39]. Hence, this study aims to utilize
the catalysis-in-tandem approach [40], which involves using multiple
catalysts combined in a single reaction vessel, undergoing a sequence of
precisely staged catalytic steps, specifically monoterpene epoxidation
and epoxide rearrangement. This research focus was to investigate the
catalytic system composed of MgO, for promoting the β-pinene epoxi-
dation through a Payne system with H2O2, and a Lewis acid catalyst
based on Me/Support (Me = Sn, Fe, Cu, Co; Support = MCM-41, SBA-
15), favoring the rearrangement of β-pinene epoxide, under compat-
ible and mild reaction conditions. The aim was to establish optimal re-
action conditions for the selective synthesis of myrtanal from a biomass-
derived source like β-pinene.

2. Experimental section

2.1. Materials

Commercial reagents were used as received unless stated otherwise.
Reagents for the synthesis of mesoporous catalysts were myristyl-
trimethylammonium bromide (MTAB, 99 wt%, Sigma Aldrich), tet-
raethyl orthosilicate (TEOS, 98 wt%, Sigma-Aldrich), ammonium
hydroxide (NH4OH, 29 wt%, Merck), poly(ethylene glycol)-block-poly
(propylene glycol)-block-poly(ethylene glycol) (P123, PEG 30 wt%,
Sigma-Aldrich, molecular weight of 5800), hydrochloric acid fuming
(HCl, 37 wt%, Merck), iron(III) nitrate nonahydrate (Fe(NO3)3⋅9H2O,
99.5 wt%, PanReac AppliChem), copper(II) nitrate trihydrate (Cu
(NO3)2⋅3H2O, 99.5 wt%, Carlo Erba), cobalt(II) nitrate hexahydrate (Co
(NO3)2⋅6H2O, 100 wt%, J.T. Baker), and stannous chloride dihydrate
(SnCl2⋅2H2O, 100 wt%, AlfaAesar). Reagents for catalytic tests were
β-pinene (99 wt%, Sigma-Aldrich), hydrogen peroxide (H2O2, 30 % w/v,
PanReac AppliChem), acetone (99.9 wt%, PanReac AppliChem), aceto-
nitrile (99.5 wt%, Merck), and magnesium oxide (MgO, 99.6 wt%, J.T.
Baker). Reagents for the quantification of H2O2 were cerium (IV) sulfate
solution (Ce(SO4)2⋅4H2O, 0.1 mol/L, Titripur, Merck), and manganese
(IV) oxide (MnO2, > 99 wt%, Sigma-Aldrich).

2.2. Synthesis of mesoporous supports

MCM-41 and SBA-15 supports were synthesized following the pro-
cedures reported by Grün et al. [41] and Shah et al. [42], respectively. In
the case of MCM-41, the template MTAB was dissolved in deionized
water under magnetic stirring (750 rpm) to achieve a concentration of
0.055 mol L− 1. The pH was adjusted with NH4OH, and TEOS was then
added dropwise using a Masterflex model 77200–60 peristaltic pump
(0.7 mL min− 1). The molar ratio of the mixture was 1 TEOS: 0.1380

L.A. Gallego-Villada et al.
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MTAB: 1.6280 NH4OH: 147.0995 H2O. The resulting suspension was
stirred at room temperature for 1 h, and the precipitate was filtered,
dried overnight at 100 ◦C, and calcined at 550 ◦C for 5 h at a heating rate
of 1 ◦C min− 1. Typical synthesis conditions included 22.43 g MTAB,
101.71 g TEOS, 104.60 mL NH4OH, and 1.2 L of deionized water.

For SBA-15, P123 was dissolved in a mixture of deionized water and
HCl (2 M) under magnetic stirring (450 rpm) at room temperature for 1
h. Subsequently, TEOS was slowly added using a peristaltic pump (0.42
mL min− 1). The molar ratio of the mixture was 1 TEOS: 0.0058 P123:
5.7757 HCl: 195.9030 H2O. The mixture was stirred at 40 ◦C and 500
rpm for 24 h, then transferred to a Teflon flask for hydrothermal treat-
ment at 100 ◦C for 48 h. The precipitated solid was filtered, washed with
abundant deionized water, dried for 24 h at room temperature, and
finally calcined for 24 h at 550 ◦C with a heating rate of 1 ◦C min− 1.
Typical synthesis conditions included 2.2450 g P123, 4.2687 g TEOS,
60.0182 g HCl (2 M), and 15.0185 g of deionized water. Schemes of the
experimental methodology are presented in Figures S1 and S2.

2.3. Synthesis of Metal-Modified catalysts

The anchoring of the metals as the active phases onto supports was
conducted through the wetness impregnation procedure (Figure S3). In
this method, 40 mL of an aqueous solution of the salt precursor with a
specified loading, was added to 1 g of the previously dried support. The
resulting mixture was stirred continuously at 750 rpm for 2 h at room
temperature and subsequently dried overnight at 80 ◦C. Then, the syn-
thesized materials (Table 2) were activated by calcination at 550 ◦C for
5 h at a heating rate of 1 ◦C min− 1.

2.4. Catalyst characterization

The metal-modified mesoporous catalysts were thoroughly analyzed
by several techniques. The concentration of the metals (Sn, Fe, Cu, and
Co) in the catalysts was determined using inductively coupled plasma
optical emission spectroscopy (ICP/OES) with a spectrometer coupled to
Plasma iCAP XP (Thermo Scientific). A microwave digestor (Ethos Easy
model, Milestone) equipped with 24 positions and an acid purifier
(Duopur model, Milestone) was used for sample preparation. Powder X-
ray Diffraction patterns (XRD) were obtained using a Malvern-
PANalytical Empyrean 2012 diffractometer equipped with a PIXcel3D
detector and a copper source (λ = 1.541874 Å). The measurements were
conducted at 45 kV and 40 mA, with a low Bragg range of 2θ = 0.5–10◦.
The goniometer was configured for omega/2theta scans, employing
reflection transmission spinner mode with a 4 s rotation period. The scan
step size was 0.02◦, and each step took 80 s.

The textural properties were investigated by nitrogen physisorption
isotherms at 77 K acquired using a Micromeritics ASAP 2020 PLUS in-
strument. Before analysis, the samples underwent pretreatment at
350 ◦C for 8 h under a high vacuum for degassing. Surface areas were
determined utilizing the BET model, while the pore size distribution was

calculated using the BJH model for the desorption isotherm, incorpo-
rating the Harkins and Jura correction [43]. This correction accounts for
surface tension and capillary forces influencing nitrogen desorption in
small pores. The morphology of the catalysts was examined via trans-
mission electron microscopy (TEM) using a TECNAI F20 Super Twin
microscope operating at a resolution of 0.1 nm with an acceleration
voltage of 200 kV. The microscope was equipped with a GATAN US
1000XP-P chamber. The samples were dispersed in an ethanol mixture
using an ultrasonic bath for 10 min at room temperature and subse-
quently placed on the Cu lacey carbon grid of 200 mesh and allowed to
dry. For determining the elemental composition in the materials, an
Oxford Instruments XMAX EDX detector was employed. To calculate the
average size of metal particles, the diameter of approximately 250
particles was measured using ImageJ software.

The acidity type of mesoporous catalysts was assessed through
infrared spectroscopy using a Frontier FT-IR spectrometer (PerkinElmer,
spectrum 65 model) with pyridine (≥ 99 %) as a probe molecule. This
method enabled both qualitative and quantitative determination of
Brønsted and Lewis acid sites. The spectrometer was equipped with a
high-resolution Mercury Cadmium Telluride (MCT) detector and a
diffuse reflectance cell (DRIFT). Spectra were recorded with a resolution
of 4 cm min− 1, ranging from 1750 to 1350 cm− 1, over 40 sweeps; the
samples were pressed into thin pellets (5–10 mg). Before analysis, the
sample underwent pretreatment, gradually reaching 550 ◦C at a rate of
1 ◦C min− 1 and held at that temperature for 5 h. Subsequently, the
DRIFT cell’s sample holder was heated to 400 ◦C (10 ◦C min− 1) in a
helium flow, capturing spectra at 10 ◦C intervals (blanks). The pyridine
adsorption process was initiated at 40 ◦C for 30 min, followed by the
removal of excess pyridine from the solid surface using a helium flow for
30 min. Desorption started up to 400 ◦C (10 ◦C min− 1), with spectra
recorded every 10 ◦C. Finally, the difference between the spectra with
pyridine and blanks was calculated; Brønsted acid sites (BAS) and Lewis
acid sites (LAS) were determined using spectral bands at 1545 cm− 1 and
1450 cm− 1, respectively [44].

The determination of total acidity strength was performed using
ammonia-temperature programmed desorption (NH3-TPD) on a Micro-
meritics Autochem 2920 instrument. Initially, around 100 mg of the
sample underwent in-situ activation at 550 ◦C for 30 min (10 ◦C min− 1).
Subsequently, the sample was cooled to 50 ◦C under helium flow of 50
mL min− 1 and saturated with a gas mixture containing 0.3 vol% NH3/He
(50 mL min− 1) for 90 min. The physisorbed NH3 was then flushed with
helium (50 mL min− 1) at 50 ◦C for 1 h; lastly, the sample underwent
heating to 600 ◦C (10 ◦C min− 1) under a helium flow of 50 mL min− 1 for
the desorption of NH3. Eq. (1) was used to quantify the acidity strength
based on the calibration of the TCD signal and the NH3 concentration,
where CDes corresponds to NH3 acidity (mol NH3 g− 1), mcat is the mass of
the catalyst, V̇He is the volumetric flow of the carrier gas (50 mL He
min− 1), Vm is the molar volume of one mole of an ideal gas at standard
conditions (22.4 L mol− 1), β is the heating rate (10 ◦C min− 1), and Ci is
the ammonia concentration (% vol).

CDes =
1
mcat

V̇He

Vm

1
β

∫ Tf

T0

CidT (1)

X-ray photoelectron spectroscopy (XPS) analyses were conducted
utilizing a Specs X-ray photoelectron spectrometer (NAP-XPS) equipped
with a PHOIBOS 150 1D-DLD analyzer. A monochromatic Al-Kα source
(1486.7 eV, 13 kV) was employed, and the step energy for general
spectra was set at 85.36 eV, while for high-resolution spectra, it was 20
eV. 20 scans were performed for the high-resolution spectra and 5 scans
for general spectra. Charge compensation was applied during sample
measurements with an energy of 3 eV and 20 μA. All spectra were
calibrated using the adventitious carbon 1 s peak at 285.0 eV. A Shirley-
type background was subtracted from the spectra, and CasaXPS software
was utilized for processing the XPS data.

In our recent work [18], MgO was thoroughly characterized using

Table 2
Description of the prepared catalysts.

Entry Support Metal Nominal loading (% wt.)a Catalyst

1 MCM-41 Sn 2.96 SnM1
2 MCM-41 Sn 5.16 SnM2
3 MCM-41 Fe 5.06 FeM1
4 MCM-41 Cu 5.06 CuM1
5 MCM-41 Co 5.07 CoM1
6 SBA-15 Sn 4.95 SnS1
7 SBA-15 Sn 10.10 SnS2
8 SBA-15 Fe 3.08 FeS1
9 SBA-15 Fe 5.11 FeS2
10 SBA-15 Cu 5.04 CuS1
11 SBA-15 Co 5.27 CoS1

a Calculated as the ratio of metal mass to support mass.
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various techniques, including XRD, nitrogen adsorption–desorption
isotherms, thermogravimetric analysis (TGA), Fourier transform-
infrared spectroscopy (FTIR), and scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDX).

2.5. Catalytic measurements

The one-pot catalytic reactions were performed in 2 mL batch re-
actors, capped vials covered with silicone septa. The reaction tempera-
ture was maintained by immersing the vials in a well-stirred oil bath
controlled by an EKT Hei-Con Heidolph controller. Catalytic tests were
carried out using a sufficiently high liquid volume-to-catalyst mass ratio
and vigorous agitation (1000 rpm) to overcome external mass-transfer
limitations. Additionally, small catalyst particles (<75 μm) were uti-
lized to suppress internal mass-transfer limitations. Reactions were
stopped by cooling the vials in an ice bath, followed by separating cat-
alysts from the reaction mixture through centrifugation at 3000 rpm for
8 min. Two catalysts were employed in the heterogeneous system, MgO,
renowned for its excellent catalytic activity in the epoxidation of
monoterpenes [17,18], and acidic mesoporous materials (Table 2) to
promote the isomerization of epoxide. In a typical experiment, 0.1 mmol
of β-pinene was loaded into the reactor, with weight ratios of 1: 0.72:
1.2: 30.3: 19.7: 15.7: 0.8 for β-pinene: acidic catalyst: MgO: H2O:
acetone: acetonitrile: H2O2, the suspension was stirred at 1000 rpm at

50 ◦C. An aliquot of the centrifuged mixture was utilized for quantifying
H2O2, while MnO2 was added to the remaining mixture for oxidant
decomposition before GC–MS analysis.

The reaction products were identified using gas chromatography
coupled with mass spectrometry, employing a GC–MS Agilent 7890 N
equipped with a DB-1 column (30 m, 320 μm, 0.25 μm), a FID detector,
and an autosampler. The carrier gas was He (30.462 cm s− 1, 2.2912 mL
min− 1), with a split ratio of 15:1. The detector temperature was set at
250 ◦C, with an injection volume of 1 μL. The oven temperature was
initially kept at 70 ◦C for 2 min, followed by heating up to 130 ◦C (10 ◦C
min− 1) for 1 min, and finally, an increase to 180 ◦C (20 ◦C min− 1). The
β-pinene conversion (Xβ), the selectivity (Sj), and the yield to the product
j (Yj) were calculated using Eqs. (2)-(4).

Xβ(%) =
Cβ,0 − Cβ,t

Cβ,0
*100 (2)

Sj(%) =
Cj,t

Cβ,0 − Cβ,t
*100 (3)

Yj(%) =
Cj,t

Cβ,0
*100 (4)

Cβ,0, Cβ,t, and Cj,t denote the initial molar concentration of β-pinene, the
molar concentration of β-pinene after time t, and the molar concentra-

Table 3
Metal loading, unit cell parameters, and textual properties of catalysts based on MCM-41 and SBA-15.

Catalyst % Metala 2θ (◦) d100
b (nm) a0

c (nm) ACSd (nm) BET area (m2/g) Pore volume (cm3 g¡1) APSe (nm) MCf(molec nm¡2)

MCM-41 0.00 2.76 3.20 3.69 19.29 1394 0.49 2.31 0.00
SnM1 1.25 2.82 3.13 3.61 24.40 1188 0.47 1.66 0.05
SnM2 2.17 2.85 3.10 3.58 22.86 1113 0.42 1.66 0.10
FeM1 8.50 2.87 3.07 3.55 20.24 954 0.26 1.66 0.96
CuM1 5.59 2.98 2.96 3.42 18.04 610 0.25 3.37 0.87
CoM1 4.55 3.01 2.93 3.39 15.96 1803 0.96 3.39 0.26
SBA-15 0.00 0.96 9.19 10.61 62.98 860 [45] n.r n.r 0.00
SnS1 2.32 0.88 10.03 11.58 165.89 611 1.23 7.70 0.19
SnS2 2.24 n.a n.a n.a n.a 628 1.22 7.55 0.18
FeS1 5.07 0.93 9.49 10.96 123.98 496 0.96 6.37 1.10
FeS2 5.14 0.91 9.70 11.20 96.22 617 1.09 6.42 0.90
CuS1 4.54 0.91 9.70 11.20 150.81 555 1.08 6.44 0.78
CoS1 5.35 0.90 9.80 11.32 165.89 533 1.17 7.69 1.03

a The weight percentage of the metal was determined by ICP/OES.
b The interplanar spacing for the plane (100) (d100) was calculated using the Bragg equation, Eq. (7).
c The unit cell parameter (a0) was calculated using Eq. (8).
d The average crystal size (ACS) was calculated with the Scherrer equation, Eq. (9).
e The average pore size (APS) was estimated from the pore size distributions (Fig. 3.C and 3.D).
f Metal coverage (MC) = (% metal/100)*(NA/MW)*(1/BET), where NA is Avogadro’s number and MW is the molecular weight of metal. n.a: Not available because

the (100) Bragg reflection was not observed. n.r: Not reported.

Fig. 2. XRD patterns of catalysts based on (A) MCM-41 and (B) SBA-15.
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tion of the product j after time t in the reaction mixture, respectively;
concentrations were calculated with the area normalization method.

2.6. Quantification of oxidizing agent

The H2O2 concentration was monitored via cerimetric titration, as
reported previously in our work [18]. Briefly, the yellow cerium (IV)
sulfate reacts with H2O2 to produce colorless cerium (III) sulfate, sulfuric
acid, and oxygen. A 100 μL sample was placed into a beaker with 5 mL of
deionized water and titrated using a Metrohm 775 Dosimat equipment.
The endpoint was reached when the solution changed from colorless to
yellow, indicating an excess of titrant agent in the medium. The con-
centration in wt. % was calculated using Eq. (5), where θSF is the stoi-
chiometric factor (1/2 for H2O2/Ce(SO4)2), CT is the concentration of
the titrant agent, Vs is the spent volume for the sample titration, Vb is the
spent volume of the titrant for the blank test (5 mL of deionized water),
MWH2O2 is the molecular weight of H2O2, and Ws is the weight of the
sample. The H2O2 conversion, as defined in Eq. (6), was calculated using
the initial molar concentration (CH2O2 ,0).

CH2O2 =
θSFCT(VT − Vb)MWH2O2

Ws
*100 (5)

XH2O2 (%) =
CH2O2 ,0 − CH2O2

CH2O2 ,0
*100 (6)

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Chemical analysis
The quantification of metals in the catalysts, determined by ICP/

OES, is presented in Table 3. Values ranging from 0.0 % (unmodified
supports) up to 8.5 wt% (FeM1) were obtained; clearly, these values
differ from the nominal metal loadings reported in Table 2.

3.1.2. X-ray diffraction
Fig. 2 presents the XRD patterns for the prepared catalysts based on

MCM-41 (Fig. 2.A) and SBA-15 supports (Fig. 2.B). Three diffraction
peaks corresponding to reflections (100), (110), and (200) are
observed in all the catalysts, which are characteristic of the typical
hexagonal arrangement of these two materials [6,46–49]. The main
diffraction peaks for the MCM-41 series of catalysts are located at 2θ =

2.8◦, 4.8◦, and 5.4◦, corresponding to the crystallographic planes (100),
(110), and (200), respectively. It is noteworthy that in all materials, the
main peak associated with the (100) crystallographic plane can be
clearly observed, but in the metal-modified MCM-41 catalysts, the in-
tensity of the other two peaks decreased compared to the support.
Furthermore, slight shifts (Δ2θ) were observed in the (100) peak in the
catalysts after the impregnation of metals, with a maximum shift of
0.25◦ for CoM1. Additionally, XRD of the materials that contained Co,
Cu, or Fe indicates a decrease in the well arrangement of the hexagonal
pores due to a decrease in the intensity of the main diffraction peak,
while materials with Sn exhibit an XRD like the support.

For the SBA-15 series of catalysts, the same three crystallographic
planes are located at 2θ = 1.0◦, 1.6◦, and 1.8◦, respectively. Notably, the

Fig. 3. N2 adsorption–desorption isotherms (A, B) and pore size distributions (C, D) for catalysts based on MCM-41 (A, C) and SBA-15 (B, D).
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intensity of SnS2 significantly decreased in comparison with the SBA-15
support and the other metal-modified catalysts. This decrease can be
attributed to the high Sn loading. Similar results regarding the high
loading of Fe anchored on SBA-15 have been reported, where the in-
tensity of the (100) plane almost completely disappeared [45]. On the
other hand, the catalyst with Co (CoS1) exhibited an appreciable loss of
hexagonal rearrangement, as suggested by the low intensity of the main
diffraction peak. Co-supported on MCM-41 (CoM1) also showed the
lowest crystallinity due to a broad peak and low intensity.

The indexing of the diffraction peaks [50,51] can be performed using
Bragg’s law, Eq. (7), and the interplanar spacing (d) for the hexagonal
structure can be calculated with Eq. (8), where d represents the inter-
planar spacing for the plane (h k l), with h, k, and l being the Miller
indices. θ denotes the diffraction angle, λ is the wavelength of the
incident X-ray beam (0.154 nm for a copper lamp), and a0 is the unit cell
parameter in the hexagonal structure.

nλ = 2dsin(θ) (7)

a0 =
2d̅̅

̅
3

√
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2

+ hk + k2
√

(8)

Additionally, the average crystal size (ACS) can be calculated using
the Scherrer equation [52], described by Eq. (9), where K is the shape
factor constant (0.94), and β (in radians) is the full width at half
maximum (FWHM) of the most intense diffraction peak (100).

ACS =
Kλ

βcos(θ)
(9)

The results of the unit cell parameters (d100 and a0) and the ACS are
presented in Table 3. The values of d100 and a0 for the metal-modified
MCM-41 catalysts decreased compared to the MCM-41 support, as ex-
pected from the shift in the diffraction peak associated with the (100)
plane. In contrast, for the catalysts based on SBA-15, these values
increased with respect to the SBA-15 support, which is evidenced with a
shift to the left of the main diffraction peak. It is noteworthy that the
corresponding values of d100 and a0 for catalysts based on SBA-15 are
around three times those for catalysts based on MCM-41. Additionally,
the loading of Sn onto MCM-41 (SnM1 and SnM2) and Fe onto SBA-15
(FeS1 and FeS2) seems to have no significant influence on d100 and a0.

Among the MCM-41 catalysts, SnM1 and SnM2 exhibited the highest
ACS values (24.4 and 22.9 nm, respectively) showing a narrower main
diffraction peak at the lowest Bragg angle (Eq. (9) and Fig. 2.A).
Conversely, the lowest ACS value (16.0 nm) was obtained for CoM1,
based on its wider peak and the most rightward shift (2θ = 3.01◦). For
the SBA-15 catalysts, all materials exhibited values of at least 63 nm;
SnS1 showed the highest value (165.9 nm).

3.1.3. Textural properties
The N2 adsorption–desorption isotherms (Fig. 3.A and B) of the

catalysts were measured to determine the textural properties, such as the

Fig. 4. Transmission Electron Microscopy (TEM) images of a. MCM-41, b. SnM1, c. SnM2, d. FeM1, e. CuM1, f. CoM1, g. SnS1, h. SnS2, i. FeS1, j. FeS2, k. CuS1,
l. CoS1.
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BET surface area, pore volume, and average pore size (APS), as illus-
trated in Table 3. The presence of mesopores in catalysts based on MCM-
41 and SBA-15 is confirmed by Fig. 3.A and B, respectively. All materials
exhibit type IV-like isotherms according to the IUPAC classification
[53–55]. However, notice that the MCM-41 support and the catalysts
based on MCM-41, such as SnM1, SnM2, and FeM1, did not exhibit the
hysteresis loop, which can be attributed to the low pore sizes of those
materials (Table 3), practically at the boundary of micropores and
mesopores, as has been previously reported [48,56]. All materials in
Fig. 3.A show strong adsorption at around a relative pressure of 0.2.
Contrarily, isotherms of all materials based on SBA-15 (Fig. 3.B)
exhibited a typical hysteresis loop of type H1 with steep condensation
and evaporation branches between relative pressures of 0.7 and 0.75,
indicating a narrow mesopore size distribution and demonstrating the
good quality of the materials [57]. In addition, the further increase in
the adsorbed volume at the end of the isotherm can be associated with
the adsorption on the external surface of the porous materials [57]. The
isotherms for SBA-15 materials allow the conclusion that they belong to
porous systems that consist of cylindrical geometry pores opened on
both sides [58].

The BET areas (Table 3) of the catalysts based on MCM-41 show that
the support exhibited a very high BET area (1394 m2 g− 1) and this value
decreased along with the incorporation of different metals like Sn, Fe,
and Cu, obtaining a value below 50 % for CuM1 (610 m2 g− 1), sug-
gesting possible pore blocking or clogging in those materials. For cata-
lysts based on SBA-15, the surface area of the support is 860 m2 g− 1 [45].
When the metals were anchored onto the support by wetness impreg-
nation, like catalysts with MCM-41, a decrease in the surface areas was
observed, reaching the lowest value for the FeS1 catalyst (496 m2 g− 1)
signifying a loss of about 42 % of the area concerning the support. In this
way, it is clear that the incorporation of metals significantly affects the
catalyst surface, reducing their BET area, as reported in similar catalysts
for Prins condensation and isomerization reactions [45,48]. On the
other hand, the Sn loading did not exhibit an effect on the BET area for
MCM-41 and SBA-15 catalysts, while appreciable differences were
observed with different Fe loadings onto SBA-15. The BET surface area
was utilized in conjunction with the metal percentage determined by
ICP-OES to determine the metal coverage (MC), as reported in Table 3.
This parameter represents the number of metal entities per unit area of

the catalyst.
Furthermore, notice that the pore volume (Table 3) can be directly

related to the BET area, reaching the highest values for the MCM-41
support (0.49 cm3 g− 1) and SnS1 (1.23 cm3 g− 1), among each series of
catalysts. However, although the BET areas for catalysts based on MCM-
41 were larger than those for SBA-15 materials, the pore diameter and
the pore volume of SBA-15 catalysts are much larger than for MCM-41
catalysts [59], which can be attributed to the cylindrical shape of the
pores in the SBA-15 which allows low packing density, existing more
space between the pores, resulting in a larger total pore volume. These
characteristics are useful for the fabrication of electrochemical sensors
[60] and dental applications [61].

The pore size distributions for catalysts based on MCM-41 and SBA-
15 are presented in Fig. 3.C and D, respectively. Fig. 3.C shows that the
average pore size (APS) for the materials MCM-41, SnM1, SnM2, and
FeM1 is very close to 2 nm, limiting between micropores and mesopores,
while distributions for CuM1 and CoM1 are shifted to the right, with APS
values of 3.37 and 3.39 nm, respectively. This observation aligns with
the behavior of the N2 isotherms. For SBA-15 catalysts (Fig. 3.D), SnS1,
SnS2, and CoS1 exhibit closer values between 7.55 and 7.70 nm, while
FeS1, FeS2, and CuS1 show lower values between 6.37 and 6.44 nm.
Therefore, it can be concluded that the loading of Sn and Fe onto the
mesoporous supports did not significantly affect the pore size of the
catalysts.

3.1.4. TEM-EDX analysis
The TEM images for the prepared catalysts are shown in Fig. 4 and

Figs. S4-S15. Fig. 4.a–f and Figs. S4-S9 depict the morphology of the
catalysts based on MCM-41, where the characteristic channels with a
typical ordered hexagonal array mesostructure for these materials are
observed in most of them [48,62]. However, Fig. 4.f and Figs. S9 show
the morphology for cobalt-modified MCM-41 (CoM1), which does not
clearly exhibit the ordered structure. This aligns with the previous re-
sults of XRD (Fig. 2.A), which showed a low intensity of the main
diffraction peak, which suggested the absence of a well-arranged
structure in that material. Conversely, Fig. 4.a and Fig. S4 show a very
high and uniform distribution of hexagonal rearrangement of pores in
the unmodified support (MCM-41), validating the successful synthesis of
the support. For catalysts based on SBA-15, the TEM images are shown
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in Fig. 4.g–l and Figs. S10-S15, revealing excellent ordering in the
channels with well-defined and uniform pores, typical of SBA-15 ma-
terials [63,64].

The materials modified with Sn in either MCM-41 (Fig. 4.b–c and
Fig. S5-S6) and SBA-15 (Fig. 4.g–h and Figs. S10-S11) exhibit well-
dispersed metal particles over the supports, as has been detected for
Sn nanoparticles in heterogenous catalysts based on microporous and
hierarchical zeolite Y-based catalysts [65,66]. The images of meso-
porous catalysts with Fe (Fig. 4.d, i, j and Figs. S7, S12, S13) and Cu
(Fig. 4.e, k and Figs. S8, S14) suggest that metal nanoparticles are
located inside the channels. These results differ significantly from those
previously reported for different loadings of Fe and Cu supported onto
MCM-41 and SBA-15 [45], where the authors observed Cu nanoparticles
in the TEM images of all materials and also Fe nanoparticles in some of
the synthesized materials. These notable differences are attributed to the
post-grafting procedure utilized by them, which used incipient wetness
impregnation with the same salt precursors with a defined volume of salt
precursor depending on the support (5.4 mL g− 1 MCM-41 and 3.0 mL
g− 1 SBA-15), while in this study, wetness impregnation was used,
characterized by an excess of the salt precursor solution, which is a more
reproducible method and easier to scale-up for the synthesis of a bigger
batch of catalysts. Therefore, it is concluded that the post-impregnation
procedure in the preparation of the catalysts for the metal nanoparticles
is of great importance and influences the location of the active phase in
the mesoporous supports.

The elemental maps of silicon, oxygen, and the corresponding metal
(Sn, Fe, Cu, Co) for four catalysts, namely FeM1, SnS1, CuS1, and CoS1,
are presented in Figures S16-S19. These maps indicate the excellent
distribution of metals in the support achieved through wetness
impregnation. This conclusion is drawn from the similarity in the
physical form of the elemental maps for the metals to the elemental
maps of oxygen and silicon in each mesoporous catalyst. Additionally,
there is no presence of concentrated or agglomerated regions, further
supporting the effective distribution of metals throughout the catalysts.

As previously mentioned for the four Sn-modified catalysts, and
despite the qualitative information concluded from the TEM images, the
distribution of Sn particle sizes can be obtained from at least 250 mea-
surements from the TEM micrographs for each catalyst, as shown in
Fig. 5. The two catalysts based on MCM-41, SnM1 and SnM2, exhibited a
lower average particle size with values of 4.1 and 7.3 nm, respectively,
in comparison with values for the SBA-15 catalysts, SnS1 and SnS2, with
values of 7.6 and 8.4 nm, respectively. Notice that values for materials
based on MCM-41 differ significantly, which can be associated with the
notable difference in Sn loadings (Table 3). In contrast, no appreciable
difference in loading was observed in materials based on SBA-15. The
average particle size for several catalysts based on Sn and K-Sn deal-
uminated zeolite Y was reported [66], showing values ranging from 4.9
nm to 6.1 nm, using SnCl4⋅5H2O as the salt precursor, and different
materials Sn-zeolite Y (SiO2/Al2O3 molar ratio = 5.1, 30, and 80, and the
corresponding dealuminated zeolites) using SnCl4⋅5H2O and SnCl2 as

salt precursors [65], which exhibited average values between 7.3 and
10.4 mm. Interestingly, higher average particle size was observed with
higher metal loading in the catalysts in those studies, similar to our
findings.

The elemental composition of the catalysts was determined using
EDX, and the results are presented in Table 4 as atomic weight per-
centages. All materials exhibit the presence of Si, O, and the respective
metal, with no detectable impurities (weight balance totaling 100 %).
The differences in the weight percentages of metals, as compared to the
values determined by ICP/OES (Table 3), can be readily explained. EDX
in TEM micrographs provides point analysis, meaning that the compo-
sition depends on the specific region where the analysis was conducted.
On the other hand, ICP/OES is a more robust technique for quantifica-
tion across the entire sample.

3.1.5. Catalyst acidity
The quantification through adsorption–desorption FTIR analysis of

pyridine as a probe molecule for the prepared catalysts is presented in
Table 5 and Figure S20. This analysis plays a crucial role in identifying
the strength of acid sites (weak, medium, and strong), as well as the type
of acidity (Brønsted and Lewis), which needs to be performed at various
temperatures (100 ◦C, 200 ◦C, and 300 ◦C). Typical FTIR spectra for the
materials are depicted in Figure S20, where the band around 1545 cm− 1

associated with Brønsted acidity was not observed [65,66]. On the
contrary, a well-defined band associated with Lewis acidity was
observed around 1450 cm− 1 in all materials [45,48]. The very slight
band around 1480–1490 cm− 1 has been associated with the presence of
Bronsted + Lewis sites [67], indicating only Lewis acid sites for these
materials. The intense band around 1595 cm− 1 corresponds to the
interaction of pyridine with hydrogen linked to silanol groups [68].
Therefore, the reported values in Table 5 for the prepared catalysts
correspond entirely to the Lewis acidity type. This aligns with previous
reports based on Fe, Cu, and Sn-supported mesoporous materials
[45,48,63,69,70].

All FTIR spectra of materials show appreciable absorbance changes,
decreasing as the temperature increases, indicating no very significant
strong acidity in the mesoporous catalysts, as evidenced by the values
presented in Table 5. CoM1 exhibited the highest % of strong acidity
with a value of 22.2 %, followed by SnM1 with 16.7 %; the other cat-
alysts presented strong acidity < 10 %. On the contrary, FeM1 presented
the highest % of weak acidity (91.6 %) followed by CuS1 (90.3 %). SnM1
exhibited the lowest % of weak acidity (36.7 %) and the highest % of
medium acidity (46.7 %). SnS1 and FeS1 exhibited the highest total
acidity with values of ca. 138 μmol/g. It is noteworthy that total acidity
increases with the metal loading, as observed for SnM1 and SnM2 with
values of 30 and 81 μmol/g corresponding to Sn loadings of 1.25 and
2.17 % (Table 3), respectively. In contrast, the pairs SnS1 and SnS2, and

Table 4
Elemental composition of the prepared catalysts using TEM-EDX analysis.

Catalyst Weight %

Si O Metal

SnM1 39.50 46.59 13.91
SnM2 42.99 51.50 5.51
FeM1 45.94 49.94 4.12
CuM1 45.78 51.45 2.77
CoM1 47.25 52.33 0.42
SnS1 47.21 51.02 1.77
SnS2 54.07 40.93 5.00
FeS1 46.96 52.36 0.68
FeS2 47.81 51.31 0.88
CuS1 53.37 44.09 2.54
CoS1 47.58 50.38 2.04

Table 5
Acidic properties of the catalysts by pyridine-FTIR.

Catalyst Aciditya

(μmol g¡1)
Acid sites densityb

(μmol m¡2)

Weak Medium Strong Total

SnM1 11 14 5 30 0.025
SnM2 68 8 5 81 0.073
FeM1 87 5 3 95 0.100
CuM1 81 15 7 103 0.169
CoM1 27 1 8 36 0.020
SnS1 101 24 13 138 0.226
SnS2 93 8 5 106 0.169
FeS1 113 13 12 138 0.278
FeS2 83 11 7 101 0.164
CuS1 102 7 4 113 0.204
CoS1 99 6 9 114 0.214

a Measurements at 100 ◦C: weak + medium + strong; measurements at
200 ◦C: medium + strong; measurements at 300 ◦C: strong.

b Calculated as total acidity/ BET area.
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FeS1 and FeS2 differ in the values of total acidity, although these ma-
terials have similar metal loadings, as evidenced in Table 3. These dif-
ferences in the distribution of acid site strengths can be explained by the
silanol group environments, as it is well-known that the acidity of
mesoporous materials such as MCM-41 and SBA-15 is caused by the
silanol groups on the structure [71,72]. Furthermore, Table 5 shows the
density of acid sites for each metal-modified catalyst.

The strength of acidity in the catalysts was also investigated using
NH3-TPD, which can be classified according to the deconvoluted signals
as very weak, weak, medium, and strong acidity with a maximum band
in the range < 150 ◦C, < 250 ◦C, < 330 ◦C, and 330–500 ◦C [48,73],
respectively. Fig. 6 shows that none of the materials exhibit deconvo-
luted signals above 330 ◦C, associated with strong acidity, verifying the
low values previously reported using pyridine-FTIR analysis. Table S1
displays the quantification through NH3 as a probe molecule for all the
catalysts.

3.1.6. Surface chemistry
The investigation into the oxidation states on catalytic surfaces and

surface chemical composition was conducted using X-ray photoelectron
spectroscopy (XPS), employing survey scans in wide scan and high-
resolution spectra modes for all metal-modified catalysts based on
MCM-41 and SBA-15 supports. The wide spectra for catalysts with Sn,
Fe, Cu, and Co are presented in Figures S21-S24, respectively. All ma-
terials exhibited characteristic peaks at around 26, 104, 155, 285, 533,
and 977 eV binding energy, corresponding to O2s, Si2p, Si2S, C1s, O1s,
and oxygen KLL Auger transition, respectively [48,74]. Peaks associated
with Sn3d5/2 and Sn3d3/2 were observed in Figure S21 at around 487
and 496 eV [48], respectively; while peaks linked to Co2p3/2 and Co2p1/

2 were evident in Figure S24 at approximately 780.8 and 795.9 eV [75],
respectively. In contrast, peaks associated with Fe (Figure S22) and Cu
(Figure S23) were not discernible in the wide XPS spectra. However,

Fig. 7 displays high-resolution XPS spectra for Sn3d, Fe2p, Cu2p, and
Co2p for all the catalysts. Additionally, Figure S25 depicts high-
resolution spectra of all catalysts for Si2p, showing a peak around
104 eV attributed to Si-O-Si of the silica network, while Figure S26 ex-
hibits O1s spectra with two deconvoluted signals around 533 and 534
eV, attributed to oxygen from the silica framework and silanol groups on
the surface, respectively [48].

The Sn3d spectra (Fig. 7) exhibit well-defined spin–orbit doublet
peaks at around 487.6 eV and 496.1 eV, associated with Sn4+ 3d5/2 and
Sn4+ 3d3/2, respectively [63,76], with a separation of ca. ΔV=8.4–8.5
eV [77,78]. In the Fe-supported MCM-41 catalyst (FeM1), peaks at
around 710.4 eV and 725.8 eV binding energies correspond to Fe 2p3/2
and Fe 2p1/2, respectively, indicating the Fe3+ oxidation state [77,79].
However, the presence of Fe2+ can be inferred after deconvolution of the
Fe 2p3/2 signal to a lesser extent compared to Fe3+, as reported in the
literature [80]. Fe-supported SBA-15 catalysts (FeS1 and FeS2) did not
exhibit clear signals, suggesting the absence of Fe species on the catalyst
surface, as indicated by morphology analysis (Fig. 4) that showed their
presence within the channels.

Catalysts impregnated with Cu showed clear signals for both Cu 2p3/

2 and 2p1/2 at around 934 eV and 953.7 eV, respectively [77,80,81]. The
low-energy peaks of Cu 2p3/2 (933.8 eV) are typically attributed to Cu2+

in octahedral sites, while high-energy peaks (936.5 eV) correlate with
Cu2+ in tetrahedral sites [82]. However, the binding energy for Cu+ is
quite similar (≈ 933 eV). Therefore, the absence of a strong Cu2+ sat-
ellite peak around 943 eV led to the conclusion of the presence of only
Cu1+ species on the catalyst surface (CuS1). Notably, no signals were
observed for CuM1, similarly to FeS1 and FeS2 [77,80,82].

XPS spectra for catalysts containing Co displayed spin–orbit com-
ponents Co 2p3/2 and Co 2p1/2 at around 780.1 and 795.4 eV [75,83],
respectively. The doublet of 2p3/2 can be deconvoluted into two peaks at
around 780.7 and 782.1 eV, attributed to Co3+ and Co2+ species,

Fig. 6. NH3-TPD profiles for the metal-modified catalysts.
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respectively. Furthermore, the presence of a satellite peak in the vicinity
of the 2p3/2 region around 788 eV further demonstrates the existence of
cobalt oxides [75].

The surface composition of the catalysts is presented in Table 6. All
materials exhibited oxygen content ranging from 61.30 to 64.77 wt%

and silicon content ranging from 35.23 to 38.32 wt%, resulting in O/Si
ratios between 1.60 and 1.84. These values are consistent with those
previously reported for catalysts based on ordered silica materials [48].
SnM1 showed the highest metal species composition, with 1.28 wt%
Sn4+. It is noteworthy that this surface composition of metal species is

Fig. 7. High-resolution XPS spectra of Sn, Fe, Cu, and Co over MCM-41 and SBA-15.

Table 6
Surface composition of all catalysts.

Catalyst Weight %

O Si Sn4þ Fe3þ Fe2þ Cu1þ Co3þ Co2þ

SnM1 62.32 36.41 1.28 0.00 0.00 0.00 0.00 0.00
SnM2 61.66 37.11 1.22 0.00 0.00 0.00 0.00 0.00
FeM1 61.30 38.32 0.00 0.27 0.11 0.00 0.00 0.00
CuM1 64.77 35.23 0.00 0.00 0.00 0.00* 0.00 0.00
CoM1 62.03 37.00 0.00 0.00 0.00 0.00 0.42 0.55
SnS1 62.15 37.56 0.29 0.00 0.00 0.00 0.00 0.00
SnS2 62.37 36.62 1.02 0.00 0.00 0.00 0.00 0.00
FeS1 62.23 37.77 0.00 0.00* 0.00* 0.00 0.00 0.00
FeS2 61.94 38.06 0.00 0.00* 0.00* 0.00 0.00 0.00
CuS1 61.91 37.89 0.00 0.00 0.00 0.20 0.00 0.00
CoS1 63.20 36.55 0.00 0.00 0.00 0.00 0.05 0.20

The quantification was performed using the equation Cx =
Ix/Sx
∑

Ii/Si
, where Ix represents the area of the relative peak of the photoelectrons of element x, and Sx denotes

the relative sensitivity factor (RSF) [78], as reported by Scofield [84]: RSF (O1s) = 2.93, RSF(Si2p) = 0.817, RSF(Sn3d5/2) = 14.8, RSF(Fe2p3/2) = 10.82, RSF(Cu2p3/

2) = 16.73, and RSF(Co2p3/2) = 12.62.
* These values were taken as 0 due to the absence of defined signals in Fig. 7.
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notably lower than the elemental composition previously reported by
TEM-EDX (Table 4), suggesting that active species are also present
within the channels, as it was shown by the TEM images and the lack of
defined signals in the high-resolution XPS spectra for some catalysts
based on Fe and Cu.

3.2. Catalytic performance

3.2.1. General aspects
Fig. 1 depicts the general scheme of the products obtained in the

rearrangement of β-pinene epoxide, including cis-myrtanal, trans-myr-
tanal, myrtenol, and perillyl alcohol. However, additional products are
yielded in this contribution, with their retention times and mass spectra
outlined in section 7 of the Supporting Information. Suggestions for the

corresponding compounds of some of these products are also provided.
Additionally, the repeatability of the experiments was investigated using
the FeS1 catalyst as presented in Figure S40. Results demonstrated the
reliability of the experimental setup.

3.2.2. Conversion and product distribution: Role of the acidic catalyst
The role of the acidic catalyst (Figs. 8-9) was evaluated in the con-

version and product distribution in the one-pot tandem transformation
of β-pinene with H2O2. The first step consists of synthesizing β-pinene
epoxide through a Payne system with MgO as a catalyst, achieving
complete conversion after 2 h under the tested reaction conditions [17].
The second step corresponds to rearranging the epoxide towards target
products like myrtanal (cis + trans) as the major product, which is
greatly influenced by the type of acidic catalyst, as will be evaluated

Fig. 8. Role of acidic catalysts based on MCM-41 support in the one-pot transformation of β-pinene: (A) β-Pinene conversion, (B) yield of β-pinene epoxide, (C) yield
of myrtanal, (D) yield of perillyl alcohol, (E) cis/trans-myrtanal molar ratio. Reaction conditions: 0.1 mmol of β-pinene with weight ratios of 1: 0.72: 1.2: 30.3: 19.7:
15.7: 0.8 for β-pinene: acidic catalyst: MgO: H2O: acetone: acetonitrile: H2O2, 50 ◦C, 1000 rpm.
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below.
The effect of the prepared catalysts on the β-pinene conversion and

yield of products based on MCM-41 is illustrated in Fig. 8, while the
results with catalysts based on SBA-15 are displayed in Fig. 9. The blank
test (without acidic material, Fig. 8.A and 9.A) resulted in complete
conversion after 2 h of reaction, as reported for β-pinene [17] and
limonene [18] under similar reaction conditions in a Payne system.
Additionally, those studies demonstrated that the catalytic epoxidation
of both monoterpenes did not proceed in the absence of MgO because it
is a heterogeneous reaction. With the MCM-41 support and some metal-
modified catalysts such as SnM1, SnM2, and FeM1 (Fig. 8.A), complete
conversion can also be reached after 2 h, demonstrating no existence of
an antagonistic effect of the acidic material in the first step of the

epoxidation of the substrate. Conversely, the catalyst modified with Cu
exhibited a maximum conversion of ca. 73 % after 48 h, while null ac-
tivity was reached with CoM1. In the case of catalysts based on SBA-15
(Fig. 9.A), complete conversion was reached after 2 h with the support,
and the Sn- and Cu-modified materials, while catalysts modified with Fe
exhibited conversion values between 42 and 51 % at the same time.
However, with these two catalysts, the complete conversion was reached
later. Similarly, the CoS1 catalyst exhibited no reactivity of β-pinene in
the epoxidation route as CoM1.

The decrease in β-pinene conversion at 2 h with some metal-modified
catalysts (CuM1, FeS1, FeS2, CoM1, and CoS1) could suggest blocking of
the active sites of MgO caused by the metallic agglomerates, resulting in
inhibition of the formation of β-pinene epoxide. However, it can also be

Fig. 9. Role of acidic catalysts based on SBA-15 support in the one-pot transformation of β-pinene: (A) β-Pinene conversion, (B) yield of β-pinene epoxide, (C) yield of
myrtanal, (D) yield of perillyl alcohol, (E) cis/trans-myrtanal molar ratio. Reaction conditions: 0.1 mmol of β-pinene with weight ratios of 1: 0.72: 1.2: 30.3: 19.7:
15.7: 0.8 for β-pinene: acidic catalyst: MgO: H2O: acetone: acetonitrile: H2O2, 50 ◦C, 1000 rpm.
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explained by the rapid consumption of H2O2 through decomposition
caused by metals, as reported previously in the literature [85,86], with
cobalt being a more active phase for decomposition. The H2O2 efficiency
will be discussed later.

The yield of β-pinene epoxide with all catalysts based on MCM-41
(Fig. 8.B), except CuM1 and CoM1, exhibited maximum values of ca.
80–83 % at 2 h, whereas CuM1 showed the maximum value of 49 % at
24 h. On the other hand, Fig. 9.B shows similar maximum values of the
yield of epoxide with all materials, except Fe-modified catalysts (FeS1
and FeS2) which showed their maximum yields at 7 h corresponding to
76 % and 80 %, respectively. Cobalt-based catalysts are not active in the
reaction, which causes the yield of epoxide to be zero. The blank test
(Fig. 8.B and 9.B) demonstrated a 50 % yield of epoxide at 48 h,
explaining the necessity of using an acidic material, either MCM-41,
SBA-15, or metal-modified support to promote the rearrangement of
the epoxide towards isomers. In the case of catalysts based on MCM-41
(Fig. 8.B), yield of epoxide of ca. 2.5 %, 6.4 %, 10.2 %, and 16.0 % were
reached at 48 h with MCM-41, SnM2, SnM1, and FeM1, respectively,
whereas with catalysts based on SBA-15 (Fig. 9.B), yield of epoxide of 0
%, 5.3 %, 7.3 %, 12.2 %, and 20.5 % were achieved with SBA-15, FeS1,
FeS2, SnS2, and CuS1, respectively. Surprisingly, the yield to epoxide at
48 h with SnS1 catalyst is like the blank test. It is noteworthy that the
yield (or selectivity) to epoxide decreases as the reaction progresses,
explained by the formation of its main isomers like cis/trans-myrtanal
and perillyl alcohol, and suggested hydration of the epoxide to a diol
(C10H18O2) represented by the product 6 (section 7, Supporting
Information).

With MCM-41 prepared catalysts (Fig. 8.C), the materials MCM-41,
SnM1, SnM2, and FeM1 exhibited higher yields of myrtanal ranging
from 50 to 53 % after 48 h, compared with 38 %, 29 %, and 0 % asso-
ciated with the blank, CuM1, and CoM1, respectively. In the case of SBA-
15 materials (Fig. 9.C), catalysts impregnated with Fe (FeS1 and FeS2)
significantly demonstrated the highest yields of myrtanal at 48 h with
values of 62.3 % and 59.0 %, respectively, in comparison with the other
catalysts with values between 35 % and 45 % for SnS2, FeS1, and SBA-
15. Notice that CuS1 presented a very low yield of myrtanal of ca. 15 %,
lower than the analogous material based on MCM-41. These results are
consistent with previous yields of β-pinene epoxide, which means the
yield of myrtanal increases as the yield to epoxide decreases, intrinsi-
cally explained by the consecutive isomerization reaction of the epoxide
(Fig. 1). Additionally, the findings underscore the limitations of Cu and
Co as active phases for achieving highly selective transformation to-
wards myrtanal as the target molecule. However, an active phase is
required to further enhance the yield of myrtanal, observing favoring

this target product with Fe and Sn materials.
The yield of perillyl alcohol, another typical product resulting from

the rearrangement of β-pinene epoxide, varies between 0 % and 10 %, as
depicted in Fig. 8.D and Fig. 9.D. The highest yields (6–10 %) are
attained with longer reaction times using materials containing Sn
(SnM1, SnM2, SnS2) and Fe (FeM1, FeS1, FeS2) as active phases.
Conversely, Cu-modified catalysts yield perillyl alcohol in amounts
lower than 5 % throughout the entire reaction time. Some literature
reports using heterogeneous catalysts based on Fe and Sn have shown
the production of perillyl alcohol. For instance, Sn-MCM-41 achieved a
yield of 65 % at 70 ◦C over 24 h using dimethylsulfoxide (DMSO) as a
solvent [28], while Fe-β zeolite yielded 63 % at 70 ◦C over 3 h, also in
DMSO [29]. The authors attributed the enhanced selectivity to perillyl
alcohol to the presence of a strong basic polar solvent like DMSO.

The cis/trans-myrtanal molar ratio reaches a maximum of ca. 2.0 in
the absence of a catalyst (Blank) after 24 h, as depicted in Fig. 8.E and 9.
E. Similarly, with mesoporous materials such as MCM-41 (Fig. 8.E) and
SBA-15 (Fig. 9.E), a very similar maximum was achieved within the
same time. With Sn and Fe-modified catalysts, a positive trend is
observed over time, resulting in molar ratios between 1.5 and 2.0 at 48 h
with MCM-41-based catalysts (Fig. 8.E) and between 1.8 and 2.3 at 48 h
with SBA-15-based catalysts (Fig. 9.E). Conversely, Cu-modified cata-
lysts exhibited molar ratios between 2.5 and 2.9 at 48 h. Our results
demonstrate that cis-myrtanal is preferred over trans-myrtanal, regard-
less of the heterogeneous catalyst used. Although, typically in alde-
hydes, the trans configuration can be more stable than the cis
configuration due to steric hindrance and electronic effects, as the larger
groups in the trans configuration are farther apart, our results indicate
that under the reaction conditions, the cis isomer is more kinetically
favored than the trans isomer. These findings are novel, as there is no
existing knowledge of other studies reporting the preference of myrtanal
isomers.

Figure S41.A and Fig. S42.A illustrate the yield of myrtanal as a
function of the yield of β-pinene epoxide for materials based on MCM-41
and SBA-15, respectively. From those results is concluded the consecu-
tive reactions of epoxidation and isomerization, as the yield of myrtanal
increases with the decrease in the yield of epoxide, signifying its ring
opening. Similarly, Figure S41.B and Fig. S42.B show that diol (product
6, C10H18O) is formed as β-pinene epoxide disappears in the reaction.
The investigation to determine precisely whether diol is obtained from
the hydration of epoxide, as previously reported for limonene-1,2-
epoxide [66], or from an intermediate like the other products
mentioned in the Supporting Information, is beyond the scope of our
study.

Fig. 10. Efficiency of H2O2 in the one-pot transformation of β-pinene with the catalysts based on MCM-41 (A) and SBA-15 (B). Reaction conditions: 0.1 mmol of
β-pinene with weight ratios of 1: 0.72: 1.2: 30.3: 19.7: 15.7: 0.8 for β-pinene: acidic catalyst: MgO: H2O: acetone: acetonitrile: H2O2, 50 ◦C, 1000 rpm. Efficiency was
calculated as XH2O2,epox/XH2O2,global [66], where the numerator represents the partial conversion of H2O2 through the epoxidation reaction, and the denominator
represents the overall conversion of H2O2 determined by cerimetric titration.
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Fig. 11. Total acidity (A, B, C, D) and acid sites density (E, F, G, H) as descriptors of yield of epoxide (A, E), yield of myrtanal (B, F), yield of product 6 (C, G), and
cis/trans-myrtanal molar ratio (D, H). Reaction conditions: 0.1 mmol of β-pinene with weight ratios of 1: 0.72: 1.2: 30.3: 19.7: 15.7: 0.8 for β-pinene: acidic catalyst:
MgO: H2O: acetone: acetonitrile: H2O2, 50 ◦C, 1000 rpm.
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3.2.3. Conversion and efficiency of the oxidizing agent
The profiles of H2O2 conversion (Figure S43) were determined using

the mathematical procedure outlined in our recent work [66], employ-
ing the global conversion of H2O2 calculated via cerimetric titration.
These profiles effectively demonstrate that the reaction rate of H2O2
decomposition follows the sequence: Co > Cu > Fe > Sn, whether
supported on MCM-41 (Figure S43.B) or SBA-15 (Figure S43.D). Addi-
tionally, the H2O2 efficiency [66] for materials based on MCM-41
(Fig. 10.A) and SBA-15 (Fig. 10.B) indicate that efficiency is null for
cobalt-based catalysts, whereas for Sn-modified catalysts, nearly 100 %
efficiency can be achieved within 2 h, albeit decreasing with an increase
in the reaction time. Therefore, Sn emerges as a promising metal for
substantially mitigating the decomposition of H2O2, consistent with
recent studies utilizing Sn-dealuminated zeolite Y for the efficient
epoxidation of R-(+)-limonene [66], reaching efficiency values up to 85
%, demonstrating that most of the consumption of H2O2 is directed to-
wards the production of the corresponding epoxide. It is noteworthy that
with the blank test, efficiency remains consistently high throughout the
entire reaction time, as expected due to the absence of metal species
promoting decomposition. On the other hand, although Sn yielded the
highest efficiency among the various active phases, the results with Fe
are also promising. This is particularly notable considering that catalysts
based on Fe anchored on SBA-15 showed the highest yields of myrtanal.

3.2.4. Acidity-based properties as descriptors of the catalytic activity
The Lewis acid sites play a crucial role in the highly selective syn-

thesis of target products such as myrtanal through the ring-opening of
β-pinene epoxide. Therefore, understanding the dependency of catalytic

data, such as activity in terms of conversion and selectivity to rearrange
products, on total acidity (specifically, Lewis acidity) and acid site
density is of great interest. Recently, acid site density has been identified
as a suitable kinetic descriptor for catalytic reactions employing
microporous materials like zeolites [87] and mesoporous materials [88].
Fig. 11.A shows that the yield of β-pinene epoxide increases as total
acidity increases for Sn-modified catalysts, reaching a yield of ca. 49 %
after 48 h with the SnS1 catalyst possessing a total acidity of 138 μmol g-

1. Conversely, with Fe-modified catalysts, epoxide yield decreases as
total acidity increases, reaching a minimum value of 5.3 % with FeS1,
which has a similar acidity to SnS1. These results suggest the critical role
of the active phase in the one-pot tandem route, as the catalytic behavior
is entirely dependent on the impregnated metal on the mesoporous
supports. Cu-based catalysts exhibit a similar inverse relationship be-
tween the yield of epoxide and total acidity, resembling the behavior of
Fe-based catalysts. However, Co-based catalysts show no activity in the
catalytic reaction, as evidenced by the null efficiency of H2O2 shown in
Fig. 10.

The relationship between the yield of myrtanal at 48 h and total
acidity (Fig. 11.B) shows an opposite profile to the yield of epoxide for
materials impregnated with Sn and Fe. This can be explained by the
consecutive reactions where the epoxide is formed first and subse-
quently myrtanal is obtained from the ring-opening of the epoxide. It is
noteworthy that the yield of myrtanal decreases as the concentration of
acid sites increases with Sn-based catalysts, consistent with previous
reports on Sn-modified beta zeolites [26]. Conversely, authors using Fe-
based catalysts [45] starting from β-pinene epoxide reported no signif-
icant differences in selectivity to myrtanal, whereas in our contribution

Fig. 12. Effect of amount of FeS2 in the one-pot transformation of β-pinene: (A) β-Pinene conversion, (B) yield of β-pinene epoxide, (C) yield of myrtanal, (D) yield of
product 6. Reaction conditions: 0.1 mmol of β-pinene with weight ratios of 1: (0.36, 0.72, 1.45): 1.2: 30.3: 19.7: 15.7: 0.8 for β-pinene: acidic catalyst: MgO: H2O:
acetone: acetonitrile: H2O2, 50 ◦C, 1000 rpm.
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clear differences can be observed in Fig. 11.B. Surprisingly, Cu-based
catalysts show a decrease in the yield of myrtanal as total acidity in-
creases, similar to the behavior of epoxide yield. The low yield of myr-
tanal with these materials, as depicted in Fig. 8.C and 9.C, can explain
the behaviors observed in Fig. 11.A and 11.B. Furthermore, these results
suggest that Cu materials may not be promising for the proposed one-pot
tandem system, as it was previously proposed for a typical isomerization
system starting from high-purity epoxide as substrate [45].

The yield of diol at 48 h (Fig. 11.C) shows slight dependence on total
acidity in Fe-based catalysts, with values between 11–12.5 %; while
values between 14 and 17 % are observed with Sn catalysts in the range
of 30–100 μmol pyridine g− 1. When the total acidity increases within
this range, the yield of diol decreases to 3.7 %. With Cu catalysts, yields
between 4 and 7 % were achieved with total acidity between 100 and
120 μmol g− 1. The cis/trans-myrtanal molar ratio at 48 h (Fig. 11.D)
showed the maximum value for all materials at very similar total acidity
levels of 100–110 μmol g− 1, resulting in a ratio of 2.88 for CuM1 as the
global maximum.

Although total acidity in mesoporous catalysts is significant, surface
area is also a crucial physicochemical property in heterogeneous cata-
lytic reactions, as it directly relates to the availability of active sites for
the reaction to proceed. The surface area is often affected by the type of
impregnated metal and the loading, as previously discussed. Therefore,
correlating this property with total acidity to calculate a robust kinetic
descriptor factor like acid site density (μmol m− 2), as reported in
Table 5, could be very insightful. Fig. 11.E–11.H exhibit the yield of
epoxide, myrtanal, and diol, and the cis/trans-myrtanal molar ratio after
48 h as a function of the acid site density, resulting in similar trends as
reported in Fig. 11.A-11.D. FeS1, the catalyst with the highest yield of

myrtanal (63 %), presented an acid site density of 0.28 μmol m− 2;
furthermore, this catalyst presented a total acidity of 138 μmol g− 1, a Fe
loading of 5.07 %, a BET surface area of 496 m2 g− 1, a pore volume of
0.96 cm3 g− 1, an average pore size of 6.37 nm, and a metal coverage
(MC) of 1.10 entities nm− 2. It is noteworthy that this material presented
the highest MC (Table 3) and total acidity (Table 5), and the lowest BET
surface area (Table 3).

3.2.5. Effect of the reaction conditions
The reaction conditions, based on weight ratios for substrate: MgO:

H2O: acetone: acetonitrile: H2O2, have been previously investigated
using β-pinene [17] and limonene [18] as substrates. Therefore, the best
conditions for those parameters have been employed in this contribu-
tion. Here, the amount of FeS2 in the one-pot reaction of β-pinene is
evaluated by varying the FeS2: β-pinene weight ratio between 0.36 and
1.45. Fig. 12.A confirms that the presence of a large amount of the acid
catalyst in the reaction medium hampers the substrate conversion,
attributed to favoring the decomposition of H2O2 (Fig. 10) [89],
obtaining complete conversions more rapidly with only 0.36 of weight
ratio. Figure S45.A demonstrates that the overall conversion of H2O2
increases with the increase in the amount of FeS2. Additionally,
Figure S45.B shows a linear trend between the initial reaction rate of
H2O2 and the catalyst mass, confirming the absence of mass transfer
limitations. The yield of epoxide (Fig. 12.B) reaches its maximum at
short reaction times for the different ratios, with complete consumption
of epoxide at long times. During this extended period, it is principally
converted to myrtanal (Fig. 12.C) but also to diol (product 6, Fig. 12.D).
Diol is slightly favored with high amounts of acid catalyst (high weight
ratios), which, in turn, reduces the selectivity towards myrtanal as the

Table 7
Heterogeneous catalysts for the isomerization of β-pinene epoxide.

Entry Catalyst Solvent Reaction conditions Conversion
(%)

Selectivity (%) Ref

1* MgO – FeS1 Acetone +

acetonitrile
0.1 mmol of β-pinene, weight ratios of 1: 0.72: 1.2: 30.3: 19.7: 15.7: 0.8 for
β-pinene: acidic catalyst: MgO: H2O: acetone: acetonitrile: H2O2, 50 ◦C, 1000 rpm

100 5.3 epoxide
42.0 cis-myrtanal
20.3 trans-
myrtanal
2.8 myrtenol
6.3 PA
12.3 diol

This
work

2 Fe/MCM-
41

Acetonitrile 0.25 mmol substrate, 26 % of catalyst, 1 mL solvent, 70 ◦C, 1 h 23 90 myrtanal
8 PA
2 myrtenol

[91]

3 Fe/SBA-15 Hexane 27 68 myrtanal
26 PA
6 myrtenol

4 Sn-Beta-
300

Toluene 0.012 mol/L, 75 mg of catalyst, 150 mL total, 70 ◦C, 6 h 72 66 myrtanal
10 PA
2 myrtenol

[26]

5 Zeolite beta
25

DMSO 0.8 mL substrate, 25 wt% of catalyst (based on the substrate), volume ratio
substrate: solvent = 1:5, 70 ◦C, 2 h

100 19 myrtanal
36 PA
10 myrtenol
9p-Menth-1-en-
7,8-diol

[92]

6 Ti/SBA-15 Hexane 0.25 mmol substrate, 10 mg catalyst, 0.5 mL solvent, 80 ◦C, 1 h > 99 20 myrtanal
45 PA

[93]

7 Mo/SBA-15 Hexane > 99 63 PA
8 Mo/MCM-

41
Hexane 98 2 myrtanal

20 PA
5 myrtenol

9 Mo/SiO2 Hexane 99 12 myrtanal
32 PA
2 myrtenol

10 Sn-MCM-
41

DMSO 1.4 mol/L, 10 wt% of catalyst, volume ratio epoxide: solvent = 1:8, 70 ◦C, 24 h 98.4 8.2 myrtanal
66.1 PA
12 myrtenol

[28]

11 Fe-β zeolite DMSO 1.6 mol/L, 10 wt% of catalyst, volume ratio epoxide: solvent = 1:8, 70 ◦C, 3 h 100 63.1 PA [29]

PA: Perillyl alcohol.
* This system corresponds to the one-pot transformation of β-pinene towards myrtanal as the major product.
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target molecule. Figures S44.A and B illustrate the yield of myrtanal and
the yield of diol as function of the yield of β-pinene epoxide, respec-
tively. They demonstrate the consecutive reactions of epoxidation and
isomerization.

The effect of H2O2 concentration (H2O2/β-pinene weight ratio) has
been previously investigated in our research group for this system [90],
demonstrating that 0.80 is the most suitable ratio, favoring the yield of
myrtanal. Additionally, the effect of temperature was evaluated,
showing the inherent behavior of increasing catalytic activity (conver-
sion) with temperature. However, results showed that the best selec-
tivity to myrtanal was achieved at 50 ◦C, which avoids the formation of
many products compared to higher temperatures such as 60 and 70 ◦C.
This is advantageous due to the low energy requirements in the system.

3.2.6. Scope of the one-pot tandem catalytic system
The results of this contribution demonstrated the significance of the

proposed one-pot tandem catalytic system for the highly selective syn-
thesis of myrtanal as the major product, forming a mixture of cis + trans
isomers, in comparison with other heterogeneous catalysts (Table 7)
utilized solely for the second step of the epoxide isomerization. With the
one-pot tandem system (entry 1), a yield of 62.3 % of myrtanal can be
achieved starting from β-pinene, which markedly surpasses previous

catalysts reported, including Sn-Beta-300 (entry 4), which yielded
myrtanal at approximately 47.5 %. This promising catalytic activity
achieved with our one-pot tandem system is noteworthy as it demon-
strates the establishment of compatible and mild reaction conditions for
the one-pot transformation of β-pinene, including very low temperature
(50 ◦C), benign solvents and reagents like acetone and acetonitrile, and a
green oxidizing agent such as H2O2. Conversely, very poor yields of
myrtanal were obtained with the other catalysts (entries 2–3, 5–11).
These results lead to the conclusion regarding the synergistic effect be-
tween the Payne system for the synthesis of β-pinene epoxide and sub-
sequent isomerization, selectively promoting myrtanal formation by
acidic catalysts like FeS1 (Fe/SBA-15).

3.3. Catalyst stability

The robustness of the FeS2 catalyst was explored through reusability
and leaching tests. For the reuse tests, the catalyst was separated from
the reaction medium by centrifugation (3000 rpm, 8 min) for subse-
quent washing with acetone at 50 ◦C and drying at 100 ◦C [18]. The
β-pinene conversion and selectivity to products after 20 h of reaction are
shown in Fig. 13.A. The results demonstrated that catalytic activity is
completely recovered after washing and drying, showing complete
conversion. Selectivity to target products remains approximately con-
stant between the fresh and reuse runs, with values ranging between
41–44 % for epoxide and 38–40 % for myrtanal.

The leaching test was conducted using the hot-filtration method to
remove the mixture of catalysts (MgO+FeS2) after 4 h of reaction.
Fig. 13.B shows that profiles, when catalysts were removed (dashed
lines), did not significantly change between 4 and 48 h, demonstrating
the heterogeneity of the reaction.

3.4. Plausible reaction pathway

The Payne system has been successfully reported for the epoxidation
route of monoterpenes [17,18] which involves the formation of an
active intermediate oxidant like peroxyacetimidic acid, which is formed
by activating H2O2 with acetonitrile through a nucleophilic attack by
perhydroxyl anion species (HOO–) on the nitrile [94,95]. Furthermore,
the MgO material contains medium-strength basic sites, which favors
the epoxidation route of β-pinene [17]. Fig. 14 shows the proposed re-
action pathway for the one-pot tandem transformation of β-pinene using
two heterogeneous catalysts: MgO and Fe/support, based on a mecha-
nism previously reported by our research group [17].

Initially, the presence of basic sites in MgO, along with deprotona-
tion − favored by a basic pH in the system − and the rehydration of
MgO, facilitate the formation of the epoxidation agent, namely perox-
yacetimidic acid. Subsequently, the substrate undergoes activation on
Mg2+ sites via the exocyclic carbon–carbon double bond and reacts with
the epoxidation agent, resulting in the formation of β-pinene epoxide
and acetamide. Furthermore, a relatively low yield of myrtanal was
observed, attributed to the thermal effect in the rearrangement of the
epoxide. Then, the exo-epoxide adsorbs and coordinates onto the Lewis
acid site (Fe3+) of Fe/MCM-41 or Fe/SBA-15 materials, which are widely
known to favor the ring opening towards myrtanal, leading to iron
reduction, cleavage of the C-O bond, and formation of the tertiary car-
bocation. Subsequently, hydrogen transfer facilitates the formation of
the secondary carbocation at the exo-carbon until the lone pair of
electrons from the oxygen coordinated to iron neutralizes the carboca-
tion charge, resulting in the formation of a C––O bond [45]. Finally,
myrtanal, the desired product, is synthesized, and the acid catalyst is
regenerated.

4. Conclusions

A Payne system consisting of commercial MgO with an acid catalyst
was used to evaluate the one-pot transformation of β-pinene using a

Fig. 13. Stability of FeS2 catalyst in the one-pot transformation of β-pinene:
(A) β-Pinene conversion and selectivity for the fresh and reuse runs after 20 h,
(B) β-Pinene conversion and selectivity as function of time for fresh run (solid
lines) and leaching test (dashed lines), where catalyst was removed at 4 h.
Reaction conditions: 0.1 mmol of β-pinene with weight ratios of 1: 0.72: 1.2:
30.3: 19.7: 15.7: 0.8 for β-pinene: acidic catalyst: MgO: H2O: acetone: aceto-
nitrile: H2O2, 50 ◦C, 1000 rpm.
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catalysis-in-tandem approach. The aim was to synthesize β-pinene
epoxide through the oxidation of β-pinene with H2O2, followed by
isomerization towards a mixture of myrtanal isomers as the target
products. The acid catalysts were based on mesoporous supports such as
MCM-41 and SBA-15, modified with various metals (Sn, Fe, Cu, Co)
using the wetness impregnation method. The synthesized products are
widely employed as fine chemicals in fragrances, flavors, and precursors
for pharmaceuticals.

The synthesized catalysts exhibited typical ordered mesoporous
structures, as confirmed by XRD, although some degree of loss in crys-
tallinity was noted after the anchoring of metals. All catalysts showed
typical type-IV isotherms; however, some lacked the characteristic
hysteresis loop, attributed to low pore sizes at the boundary between
micro- and mesopores. The BET surface area decreased as the metal
loading increased in all materials. Channels with ordered hexagonal
arrays were observed for all catalysts through TEM, except for cobalt-
modified MCM-41, which correlated with a low-intensity peak in XRD.
TEM micrographs suggested the presence of Sn on the support surface,
while for Fe- and Cu-based catalysts, the metal nanoparticles were
located inside the channels. The wetness impregnation method achieved
excellent distribution of metals on the supports, as demonstrated by the
metal mapping. All materials exhibited solely Lewis acid sites, as indi-
cated by the band at 1450 cm− 1 in pyridine-FTIR analysis.

The highest yields of myrtanal (59.0–62.3 %) were obtained with Fe-
SBA-15 materials after 48 h at 50 ◦C, using weight ratios of 1: 0.72: 1.2:
30.3: 19.7: 15.7: 0.8 for β-pinene: Fe-SBA-15: MgO: H2O: acetone:
acetonitrile: H2O2. High concentrations of H2O2, high amounts of acid
catalysts, and high temperatures favored the formation of other products
over myrtanal. The total acidity and the acid site density were proposed
as suitable descriptors of the catalytic activity, highlighting the crucial
role of acidity in the ring opening and selectivity of target products. Fe-
SBA-15, with the highest total acidity of 138 μmol g− 1 and the highest
acid density of 0.28 μmol m− 2, exhibited the best yield to myrtanal
(62.3 %). This material also presented the highest metal coverage of
1.10 entities nm− 2. Cu and Co catalysts showed poor or no activity in the

catalytic reaction due to their high activity in the decomposition of
H2O2. The robustness of the Fe/SBA-15 catalyst was tested through
reusability and leaching tests, resulting in no significant loss of activity
and selectivity for myrtanal, nor leaching of Fe as the active phase.

In this study, a plausible reaction pathway was proposed considering
MgO for the epoxidation route and Lewis acid site (Fe3+) for the selec-
tive ring opening of the epoxide towards myrtanal. Finally, this is the
first study of a one-pot tandem system for the synthesis of myrtanal from
β-pinene under mild reaction conditions.

CRediT authorship contribution statement

Luis A. Gallego-Villada: Writing – original draft, Methodology,
Investigation, Formal analysis, Conceptualization. Edwin A. Alarcón:
Writing – review& editing, Supervision, Resources, Funding acquisition,
Conceptualization. Felipe Bustamante: Supervision. Aída Luz Villa:
Writing – review & editing, Resources.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

The authors extend their gratitude to the Universidad de Antioquia
for providing financial support for this research through the Foundation
for the Promotion of Research and Technology, Project 2022-56550, as
well as Project 2022-53000 as a part of the 2021-2022 Programmatic
Call: Engineering and Technology. Luis A. Gallego-Villada would like to

Fig. 14. Plausible reaction pathway for the synthesis of myrtanal through a one-pot tandem route of β-pinene.

L.A. Gallego-Villada et al.



Journal of Catalysis 438 (2024) 115698

20

express his gratitude to the Universidad de Antioquia for its support of
his Ph.D. studies through the “Beca Doctoral Universidad de Antioquia”
scholarship.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jcat.2024.115698.

References

[1] H.-U. Blaser, Heterogeneous catalysis for fine chemicals production, Catal. Today.
60 (2000) 161–165, https://doi.org/10.1016/S0920-5861(00)00332-1.

[2] C. Lucarelli, A. Vaccari, Examples of heterogeneous catalytic processes for fine
chemistry, Green Chem. 13 (2011) 1941, https://doi.org/10.1039/c0gc00760a.

[3] J.E. Sánchez-Velandia, L.A. Gallego-villada, P. Mäki-Arvela, A. Sidorenko, D.
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S. Arzumanov, P. Mäki-Arvela, D.Y. Murzin, Isomerization of α-pinene oxide using
Fe-supported catalysts: selective synthesis of campholenic aldehyde, Appl. Catal. A
Gen. 470 (2014) 162–176, https://doi.org/10.1016/j.apcata.2013.10.044.

[80] J.E. Sánchez-Velandia, A.L. Villa, Selective synthesis of high-added value chemicals
from α-pinene epoxide and limonene epoxide isomerization over mesostructured
catalysts: effect of the metal loading and solvent, Catal. Today. 394–396 (2022)
208–218, https://doi.org/10.1016/j.cattod.2021.09.011.

[81] J.M. Lázaro Martínez, E. Rodríguez-Castellón, R.M.T. Sánchez, L.R. Denaday, G.
Y. Buldain, V. Campo Dall’ Orto, XPS studies on the Cu(I, II)–polyampholyte
heterogeneous catalyst: an insight into its structure and mechanism, J. Mol. Catal.
A Chem. 339 (2011) 43–51, https://doi.org/10.1016/j.molcata.2011.02.010.

[82] L. Sun, J. Liu, W. Luo, Y. Yang, F. Wang, C. Weerakkody, S.L. Suib, Preparation of
amorphous copper - chromium oxides catalysts for selective oxidation of
cyclohexane, Mol. Catal. 460 (2018) 16–26, https://doi.org/10.1016/j.
mcat.2018.09.007.

[83] A.M. Venezia, X-ray photoelectron spectroscopy (XPS) for catalysts
characterization, Catal. Today. 77 (2003) 359–370, https://doi.org/10.1016/
S0920-5861(02)00380-2.

[84] J.H. Scofield, Theoretical Photoionization Cross Sections from 1 to 1500 keV,
University of California, Livermore, California, 1973.

[85] J.F. Perez-Benito, Copper(II)-catalyzed decomposition of hydrogen peroxide:
catalyst activation by halide ions, Monatshefte Für Chemie/chemical Mon. 132
(2001) 1477–1492, https://doi.org/10.1007/s007060170004.

[86] N. Danyliuk, V. Mandzyuk, Hydrogen peroxide decomposition using cobalt ferrite
catalyst activated by induction heating, Mol. Cryst. Liq. Cryst. 766 (2023)
100–110, https://doi.org/10.1080/15421406.2023.2222256.

[87] D.Y. Murzin, Acid Site Density as a Kinetic Descriptor of Catalytic Reactions over
Zeolites, Chemistry (Easton). 4 (2022) 1609–1623, https://doi.org/10.3390/
chemistry4040105.

[88] D.Y. Murzin, Catalytic kinetics in nanoconfined space of acidic micro/mesoporous
materials, Chem. Eng. Sci. 294 (2024) 120078, https://doi.org/10.1016/j.
ces.2024.120078.

[89] M. Hermanek, R. Zboril, I. Medrik, J. Pechousek, C. Gregor, Catalytic efficiency of
iron(III) oxides in decomposition of hydrogen peroxide: competition between the
surface area and crystallinity of nanoparticles, J. Am. Chem. Soc. 129 (2007)
10929–10936, https://doi.org/10.1021/ja072918x.

[90] L.A. Gallego-Villada, E.A. Alarcón, Transformation of monoterpenes through one-
pot pathways over heterogeneous catalysts, Eng. Transform. (2022) 36–42.

[91] M. Chaves-Restrepo, A. Viloria, J.E. Sánchez-Velandia, A.L. Villa, Effect of reaction
conditions and kinetics of the isomerization of β-pinene epoxide to myrtanal in the
presence of Fe/MCM-41 and Fe/SBA-15, React. Kinet. Mech. Catal. 135 (2022)
2013–2029, https://doi.org/10.1007/s11144-022-02220-y.
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