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ABSTRACT: Hierarchical beta zeolites obtained in the concentrated ] ]

. . . d . ial Biomass-derived substrate
reaction mixtures (H,O/Si = 2.5) and micromesoporous materials Environmentally friendly process
synthesized using a dual-template approach from a zeolite beta Easily obtained and green catalysts
precursor were rigorously characterized and tested in a sustainable and
environmentally friendly process of a-pinene oxide isomerization. The
highest yield of trans-carveol (42%) with chemopreventive activity of
mammary carcinogenesis was achieved over low crystalline micro-
mesoporous materials characterized by well-developed mesoporosity,
an increased fraction of weak-to-medium Brensted acid sites and low 0. pin

Bronsted and Lewis acid sites (BAS/LAS) ratio. In turn, highly Mild acidic zeolite beta based
crystalline hierarchical beta zeolites with a lower mesopore volume and micro-mesoporous materials
the mesopore surface area, stronger Bronsted acidity, and a higher
BAS/LAS ratio favored the formation of campholenic aldehyde (31%

yield). The mechanism of the desired product and byproducts formation was discussed and its feasibility was confirmed by kinetic
modeling.
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H INTRODUCTION (e.g, polydialyldimethylammonium chloride),"* and silylating
agents (phenylaminopropyltrimethoxysilane).'> Multiquater-
nary ammonium surfactants'®'” can be used as mesoporogens
to prevent zeolite crystal growth and thereby to stabilize zeolite
nanoparticles and nanosheets. Subsequently, after calcination,
hierarchical zeolites are formed exhibiting interparticle
mesopores. However, synthesis of multiquaternary ammonium
surfactants is a costly and labor-consuming process. Hier-
archical beta zeolites can also be obtained without additional
mesoporogens by a thorough choice of the synthesis
conditions (composition and pH of the reaction mixture,
temperature, and duration of the hydrothermal treatment)."®
This approach has several drawbacks such as a nonuniform
mesopore size distribution, low crystallinity, and a limited
concentration of strong Brensted acid sites in the synthesized
materials. One of the perspective pathways to obtain beta
nanoparticles with interparticle voids is the hydrothermal
treatment of concentrated reaction mixtures (H,0/Si = 2.5—
14) without using of complex poly quaternary ammonium

Hierarchical zeolites (also called mesoporous zeolites) are
considered among the most promising catalytic materials.' ™
These materials are built from a crystalline network of TO,
tetrahedra (T = Si, Al) and have uniform micropores inherent
to zeolites and secondary porosity, in most cases, associated
with mesopores (2—50 nm)."* The presence of mesopores in
hierarchical zeolites improves diffusion of the reactants and
products and elevates accessibility of catalytically active sites
for the bulky molecules.’ The existence of medium-to-strong
and tunable acidity, well-developed mesoporosity in hierarch-
ical zeolites and improved thermal and hydrothermal stability
of these materials have led to their successful application as
catalysts in a large variety of acid-catalyzed reactions involvin

bulky organic molecules, such us production of fine chemicals,

biomass transformation,® catalytic cracking, and petroleum
refining.”

Beta zeolites find a wide application in industry as a
heterogeneous catalyst, mainly in alkylation and acylation,"’
due to good thermal stability and high acidity. For extending
the application of beta zeolite to the reactions involving bulky
organic molecules, various direct strategies to synthesize
hierarchical beta zeolite have been proposed. They can be
obtained by utilization of hard templates (e.g., carbon
nanoparticles and nanofibers, polystyrene spheres),"”'> non-
ionic (e.g,, urea-formaldehyde resin)"® and cationic polymers
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surfactants.'”~>* This synthesis strategy includes abundant
zeolite beta nucleation under specific crystallization conditions
with further agglomeration and dense packing of the particles
limiting their further growth. These materials with well-
developed mesoporosity and moderate acidity demonstrated
high catalytic activity and selectivity toward the targeted
products with pharmacological activities in Prins—Friedel—
Crafts reaction of butyraldehyde with 3-buten-1-ol and
anisole,”> Prins cyclization between (—)-isopulegol and
acetone,”* and tetrahydropyranylation of bulky alcohols (1-
octadecanol and 1-adamantanemethanol).”” Another effective
route to obtain micromesoporous materials is the assembly of
mesostructured materials (SBA-15, KIT-6, MCF) from
protozeolitic seeds (the dual-template method) under strongly
acidic conditions (pH < 2).>>~*” A highly mesoporous beta/
MCF material with mild acidity showed enhanced catalytic
activity in verbenol oxide isomerization and allowed to obtain
the targeted paramenthanic diol with anti-Parkinson activity in
the highest yield (58%) among investigated catalysts.”**” The
last two approaches can be realized using the same reaction
mixture with the pH adjustment and addition of a nonionic
surfactant for assembly of protozeolitic seeds providing the
additional benefits for practical applications of zeolitic
materials.

Terpenes is a sustainable and diverse source for the
production of value added chemicals.’®*" The turpentine
oleoresins obtained from coniferous trees and terebinth and
the essential oils from citric compounds are the most valuable
sources of terpenes. The bicyclic terpenes (- and fS-pinenes)
are the main components of wood turpentine.”” Catalytic
epoxidation of a-pinene allows to obtain a@-pinene oxide
(APO). This oxide isomerizes in the presence of acid catalysts
forming various compounds (Scheme 1).337*

The most industrially desired products of APO isomer-
ization are campholenic aldehydes (CA) and trans-carveol
(TCV). Campholenic aldehyde is regarded as an intermediate

Scheme 1. Isomerization of a-Pinene Oxide (APO) (1)“

“The products are campholenic (CA) (2) and fencholenic (FA) (3)
aldehydes, pinocarveol (PC) (4), trans-carveol (TCV) (S), 2,8-
menthadien-1-ol (MD) (6), and p-cymene (PCY) (7).
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for the production of flavor and fragrance chemicals, such as
sandalwood-like fragrance, being applied as an odorant in the
preparation of perfume and medicines.” trans-Carveol is a
valuable component of the valencia orange essence oil used in
the production of flavors and fragrances. This product of APO
isomerization also exhibits chemopreventive activity of
mammary carcinogenesis.”® An a-trans-dihydroxy derivative
of CA possesses potent anti-Parkinson activity in animal
models.”” A large number of publications are devoted to the
selective preparation of CA by APO isomerization.”*~*> High
selectivity toward CA being 96% at the complete conversion of
APO was reached over Lewis acidic Ti-MCM-22 catalyst in
nonpolar solvent (toluene) at 70 °C.** However, isomerization
of APO into TCV has not been adequately investigated. trans-
Carveol was obtained in the yield up to 45% using molecularly
imprinted polymers,”> H- and Fe-modified zeolite beta
catalysts*® and ZSM-5 based micromesoporous materials*” in
polar basic solvents (e.g., N,N-dimethylacetamide, N,N-
dimethylformamide). Lower formation of CA in polar basic
solvents can be associated with an interaction of the molecules
of basic solvent with strong Lewis acid sites of the
catalysts.*** Selectivity toward TCV up to 90% at complete
conversion was achieved over heteropoly acids,*”*°
supported heteropoly acids,”" silica-supported cerium and tin
catalysts,”” and Ce-modified MCM-41 and SBA-15" in polar
basic solvents. High solubility of heteropoly acids in such
solvents and leaching problems with cerium and tin catalysts
imply that the synthesis of TCV was performed with
homogeneous catalysts*”>* leading to significant issues, such
as laborious catalyst separation and regeneration, toxic waste,
and corrosion. Recently, it was shown that sulfonic acid
functionalized carbon®® and phosphonate acid-functionalized
carbon spheres™ were efficient catalysts for highly selective
isomerization of APO to TCV (selectivity 67—85% at the
complete conversion, N,N-dimethylformamide as a solvent,
140—160 °C). Nevertheless, application of a large amount of
concentrated sulfuric acid for functionalization of carbon and
labor-consuming two-step process of phosphonate function-
alized carbon synthesis and also of serious concern hindering
implementation of these approaches. Easily synthesized
hierarchical beta zeolites and beta-based micromesoporous
materials characterized by well-developed mesoporosity, high
accessibility of the active sites, and tunable acidity can be
promising catalysts for APO isomerization into TCV. The
important challenge is to investigate the influence of the type,
concentration, and strength of the zeolitic material acid sites
on the yields of TCV and CA in this process.

The aim of this work is to assess the impact of pore texture
and acidic properties on the catalytic behavior for hierarchical
beta zeolites obtained in concentrated reaction mixtures and
for micromesoporous materials synthesized by a dual-template
synthesis approach from a zeolite beta precursor. This method
implies utilization of tetraethylammonium hydroxide as a
structure-directing agent and a nonionic surfactant Pluronic P-
123. The catalytic properties of developed micromesoporous
materials and conventional (microporous) beta zeolite were
also compared. According to our knowledge data concerning
the application of hierarchical beta zeolites and beta-based
micromesoporous materials as catalysts for APO isomerization
are absent in the open literature.

silica-

https://doi.org/10.1021/acssuschemeng.2c00441
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B EXPERIMENTAL SECTION

Synthesis of the Samples. The samples MZ-1-MZ-3 (MZ,
mesoporous zeolite) were obtained in the concentrated beta zeolite
reaction mixture (H,O/Si = 2.5, Si/Al = 25) according to the
technique given in refs 22 and 24. Tetraethylammonium hydroxide
(TEAOH, 40% aqueous solution, SACHEM, Inc, 5.3 mL) as a
template and 0.4 mL of HCI (35 wt %, Sigma-Aldrich) were added to
4.8 mL of H,0. Then 1.497 g of fumed silica (Aerosil A-175), 0.515 g
of as-synthesized aluminum hydroxide gel (9.8 wt % Al,O;), and
0.057 g of NaOH (Lach-Ner, 99%) were added to the solution of
TEAOH. The obtained reaction mixture was stirred for 1 h.
Aluminum hydroxide aqueous suspension was prepared by dissolving
Al(NO;);-9H,0 (Sigma-Aldrich, 98%) in distilled water followed by
adjusting pH to about 7 by adding NaOH solution (20 wt %).
Al(OH); gel was obtained by washing the suspension with water and
subsequent centrifugation. The obtained zeolite reaction mixture
(1Si0,:0.02A1,0,:0.028Na,0:0.6TEAOH:0.2HCI:20H,0) was con-
centrated at 75 °C to a H,0O/Si molar ratio in the mixture of 2.5
(Table 1), followed by the hydrothermal treatment (HTT) of the

Table 1. Synthesis Conditions, Particle Size, and Relative
Crystallinity of the Catalysts in H-Form

relative
H,0/Si avg particle crystallinity
sample molar ratio T (°C) 7” (days)  size (nm) (%)
MZ-1 2.5 140 2 56 SS
MZ-2 2.5 140 7 45 75
MZ-3 2.5 140 9 80 85
MZ-4 178 1007 1 240 10
MZ-5 178 1207 1 330 30
CB-1 20 140 7 450 100

“T, temperature of hydrothermal treatment. bz, duration of
hydrothermal treatment. “From the particle size distribution
according to TEM (Figure S3). 9The beta zeolite reaction mixture
was aged at 140 °C for 20 h before hydrothermal treatment in the
presence of P-123.

samples in a Teflon-lined autoclave at 140 °C for 2—9 days under
static conditions (samples MZ-1—-MZ-3, Table 1). The reference
sample (CB-1, conventional beta) was obtained under similar
conditions (HTT at 140 °C for 7 days, H,0/Si = 20).

Micromesoporous zeolite-containing materials (MZ-4, MZ-5) were
obtained via the dual-template synthesis from zeolite beta precursor in
the presence of nonionic surfactant Pluronic P-123 (poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) HO-
(CH,CH,0),,(CH,CH(CH;)0),,(CH,CH,0),,H, Sigma-Aldrich)
used for the synthesis of mesoporous cellular foam (MCEF). The
general procedure for the synthesis of MZ-4 and MZ-5 is given in ref
28. For obtaining the beta zeolite precursor, the reaction mixture for
the synthesis of CB-1 was aged at 140 °C for 20 h under static
conditions. Then the precursor was added to the solution using for
synthesis of MCF and stirred at 40 °C for 24 h. This solution was
obtained by adding 3.14 g of P-123 and 8.1 mL of HCI (35 wt %) to
50.8 mL of distilled water at 40 °C, and then adding 3.6 mL of 1,3,5-
trimethylbenzene (TMB, Sigma-Aldrich, 98%). Then the obtained gel
(18i0,:0.02A1,0,:0.028Na,0:0.6TEAOH:0.027P-
123:4.77HCl:1.27TMB:178H,0) with pH < 1 was subjected to HTT
in a Teflon-lined stainless steel autoclave at 100 °C (MZ-4, Table 1)
or 120 °C (MZ-S) for 24 h under static conditions.

All obtained samples of MZ and sample CB-1 (in Na form) were
subjected to a standard procedure (washing with distilled water,
drying at 100 °C, calcination at 550 °C for 5 h with the rate 2 °C/
min, two times ion-exchange in 1 M NH,Cl solution at 40 °C for 24
h, and heating to 550 °C for S h with the rate 2 °C/ min) to obtain the
H-form.

Characterization. X-ray diffractometer D8 ADVANCE (Bruker
AXS) with Cu K, radiation was used for analysis of the phase
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composition of the obtained samples. The relative crystallinity of the
calcined samples was evaluated by measuring the ratio of the area
under the peak in the 26 = 20—24° range in the PXRD pattern of the
studied samples and CB-1 with the largest area in this range.”® The
crystallinity was considered to be one for CB-1.

Fourier spectrometer Spectrum One (PerkinElmer) was used for
measuring FTIR spectra of the obtained samples (pellets with KBr,
1:100).

Energy-dispersive X-ray spectroscopy (the MIRA-3 instrument)
was used for determining the content of Si and Al in the obtained
samples.

Field emission SEM MIRA-3 (Tescan) with the accelerating
voltage of 1—-30 kV, and a secondary electron detector was used for
obtaining SEM images of the samples. The recording was carried out
after loading the samples on the conductive graphitized support. Field
emission TEM JEM-2100F (JEOL), with an accelerating voltage of
200 kV, was used for obtaining TEM images. The dispersion of the
sample in ethanol was deposited onto a copper grid coated with an
amorphous carbon film.

The analyzer of porous materials, Sorptomatic 1990 (Thermo
Electron Corp.), was used for measuring nitrogen adsorption by a
volumetric method (—196 °C, up to 1 atm). The measurements were
carried out after evacuation (P < 0.7 Pa) of the sample at 350 °C for S
h. The micropore and mesopore volumes and mesopore surface area
(including also the external surface area) were calculated using the
comparative t-plot method. The micropore size was evaluated by the
method of Saito-Foley. The mesopore size was determined from the
desorption branch of the isotherm using the method of Barrett—
Joyner—Halenda (BJH). For comparison, the mesopore size was also
determined from the adsorption branch of the isotherm (BJH). The
specific surface area Sppr was calculated using the BET equation.

The nature, strength, and total concentration of acid sites were
characterized using the pyridine adsorption with FTIR-spectral
analysis.”” The samples (thin plates 8—12 mg/cm?, without binder)
were evacuated (P = 1.4 Pa) at 450 °C for 1 h in a cuvette with NaCl
windows. Then pyridine was adsorbed at 150 °C for 15 min and
desorbed at 150—450 °C (step SO °C, holding time 30 min). A
Fourier spectrometer Spectrum One (PerkinElmer) was used for
recording the spectra of the adsorbed pyridine. The integral molar
absorption coefficients (¢(LAS) = 2.22 cm/umol and &(BAS) = 1.67
cm/ptmol)58 for the absorption bands at 1454 and 1545 cm™),
respectively, were used for evaluating the concentration of the Lewis
(LAS) and Brensted (BAS) acid sites.

The temperature-programmed desorption of ammonia (NH;-
TPD) was also used to investigate the acidic properties of the
samples.®” The catalysts were treated for 30 min in a helium flow at
550 °C with a heating rate of 15 °C/min, cooled to 100 °C, and
saturated with ammonia (20 min). Purging with helium at 100 °C was
used to desorb the physically bound NH;. Then NH; was desorbed in
the temperature range of 100—700 °C (1S °C/min). A gas
chromatograph LHM-80 (thermal conductivity detector) was used
for recording the NH,;-TPD curve and determining the positions of
the desorption maxima. The total amount of desorbed ammonia was
determined by dissolving ammonia in water, followed by titrating the
ammonium hydroxide with 1 X 107 mol/L hydrochloric acid
solution using an automatic titrating buret. NH;-TPD curves were
deconvoluted using the Gaussian-type peak shape for determining the
peak positions of the thermal desorption of NH;. The average of the
acidity values determined from pyridine adsorption and NH;-TPD
gave an error below 5%.

Catalytic Measurements. A batch-mode-operated glass reactor
was used to perform isomerization of APO over beta zeolites in the
liquid phase. In a typical catalytic experiment, the initial concentration
of APO (Aldrich, 97%) was 0.02 mol/L. The catalyst mass and the
stirring speed were 75 mg and 390 rpm, respectively. The reaction
temperature was 140 °C. N,N-Dimethylacetamide (Aldrich, >99.5%)
was used as a solvent (V = 100 mL). Selection of the reaction
temperature and the polar solvent, N,N-dimethylacetamide, was based
on several previous studies,*** where it has been confirmed that a
polar solvent with a high boiling point and a relatively high reaction

https://doi.org/10.1021/acssuschemeng.2c00441
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temperature are beneficial for the formation of trans-carveol from a-
pinene oxide. Prior to the reaction, the catalyst was treated in the
reactor at 250 °C under an inert argon atmosphere for 30 min to
diminish its water content.” The samples were taken periodically and
analyzed with a gas chromatograph (HP 6890) using a HP-S column
(30 m, 320 um, 0.50 um), applying the following temperature
program: 60 °C (2 min) — S °C/min — 280 °C (1S min) and a split
ratio of 20:1. The injector temperature was 280 °C, while the detector
temperature was 300 °C. The experiments were performed in the
kinetic regime using small catalyst particle sizes (90 ym) and high
stirring speed.””*" GC/MS (Agilent Technologies 6890 N) was used
to confirm the reaction products.

The conversion (X) of APO, selectivity (S;), and the product yields
(Y;) were calculated based on egs 1—3. Conversion and selectivity
were determined using the appropriate reactant and product response
factors in the GC analysis determined from multipoint calibration
curves. The turnover frequency (“TOF”, the number of converted
APO molecules per one acid site per unit time) was evaluated based
on the total concentration of the acid sites accessible for pyridine
molecules according to eq 4.

X(%) = [(C(APO), — C(APO),)/C(APO),] x 100 (1)
§(%) = | C(product),/ Y, C(product), | x 100 @)
Y,(%) = [X X §]/100 (3)
TOF(min~") = [n(APO)y — n(APO) gmin 1/ i sites in7smg catalyst/ 10 min
4)

C(APO), and C(APO);, are the concentrations (mol/L) of APO in
the reaction mixture initially and after a certain time; C(product), is
the concentration (mol/L) of the specific product i at time ¢
n(APO), and n(APO),gp, are the amounts of APO in the reaction
mixture initially and after 10 min; #1,cid sites in 75 mg catalyst 1 the amount
of BAS and LAS in 75 mg of the catalyst, as determined by FTIR of
adsorbed pyridine. The TOF values were calculated after 10 min. The
deviations in the product concentrations in repeated catalytic
experiments are below 5%, and the analytical error in GC analysis
is below 39%.%°

B RESULTS AND DISCUSSION

Catalyst Characterization. Structure and Morphology.
PXRD patterns of MZ-1-MZ-3 and CB-1 (Figure 1) exhibit a
pure *BEA zeolite phase.”” The diffraction patterns of MZ-4
and MZ-§ also show broad peaks characteristic of beta zeolite.
The presence of a low intensity peak at 26 = 0.7° in the low-
angle PXRD patterns of MZ-4 and MZ-5 (Figure 1a) indicates

(a) (b)
t"ﬂ .
_ u.hw CB-1
5 [\ £ IR V72 ]
= P e M2
3| 2| |
c 3| 1
9] | |
gl W LT iz 5| 4
‘ LI = b/ M )\
I I\
[ '.\l'W“w‘u‘"ww,u.‘w"M 1 Wk, M.’WWMZ_E}
A { e
Ny J
"w\w "“'M"N*MM\.«/#-“W"” "“*’“’W"w‘v“t‘«..m nen MZ-2
A MZ- el | ) R
LT R v T ERT——— N"*’MWW«WM‘MZJ
T T T T T T T T
05 10 15 20 25 3.0 10 20 30 40
20 (°, CuKa) 26 (°, CuKo)

Figure 1. Low-angle (a) and high-angle (b) PXRD patterns of the H-
forms of MZ-1-MZ-5 and CB-1 materials.
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that these materials have a partially distorted mesoporous
structure (mesostructure).

The FTIR spectra of the investigated materials are shown in
Figure S1. The absorption bands at 520 and 575 cm™ in the
FTIR spectra of MZ-1—MZ-3 and CB-1 is associated with the
presence of five- and six-membered rings of Si(Al)O,,
tetrahedra in these samples.”>®® The presence of these bands
also indicates that the MZ samples have a zeolite micro-
structure. Only one weak band at 570 cm™ is observed in the
FTIR spectra of MZ-4 and MZ-S5 with a low relative
crystallinity (Table 1). The samples MZ-1-MZ-3 contain
beta zeolite nanoparticles with a size of 45—80 nm (according
to microscopy study, Figures 2, S2, and S3), which are smaller
than conventional beta (0.45 um). A low amount of water in
the reaction mixture (H,O/Si = 2.5) facilitates the formation
of the zeolite nuclei, which agglomerate, preventing the growth
of nanoparticles into large crystals.””*"** The nanoparticle size
decreases from 56 to 45 nm with extending the HTT at 140 °C
(from 2 to 7 days, samples MZ-1 and MZ-2), which can be
associated with the dissolution of the amorphous phase and the
formation of particles with a higher crystallinity (75%, Table 1)
and a smaller size. Further extending the HTT (MZ-3, 9 days,
Table 1) results in an increase in the nanoparticle size up to 80
nm and a relative crystallinity of the material (85%). Changes
in the relative crystallinity by PXRD of MZ-1—MZ-3 (Table 1)
coincide with the variations in the intensities of the absorption
bands at 520 and 575 cm™" in FTIR spectra of these samples
(Figure S1).

According to TEM (Figure 2) and SEM (Figure S2) data,
the samples MZ-4 and MZ-5 obtained via the dual-template
synthesis (TEAOH, P-123) consist of zeolite particles with an
average size of 0.24—0.33 um (Table 1, Figure S3) as well as
the amorphous particles with the mesostructure ordering. The
increase in the temperature of the HTT (from 100 to 120 °C,
samples MZ-4 and MZ-5) results in an increase in the average
zeolite particle size and relative crystallinity from 10 to 30%
(Table 1) due to a higher crystallization rate at a higher
temperature.28 Thus, the samples MZ-4 and MZ-5 can be
referred to as composite materials, featuring both zeolite
structure and mesostructure.’>*

Textural Properties. Figures 3 and S4 show that N,
adsorption—desorption isotherms for the obtained samples
MZ-1-MZ-5 and MCF are of type IV (according to IUPAC
classification).”” The isotherms of these samples are charac-
terized by a high uptake of N, by micropores at a low p/p,
region (<0.05) and by the presence of a hysteresis loop at p/p,
0.60—0.97. For MZ-1—MZ-3, the hysteresis loop corresponds
to type Hj, which is associated with the nitrogen filing of
interparticle pores formed by the agglomeration of zeolite
particles. The hysteresis loop of the H; type for the samples
MZ-4, MZ-S, and MCEF is mainly related to the N, adsorption
in the mesopores of the amorphous aluminosilicate. The
isotherm of the conventional beta (CB-1) is of type I, typical
for microporous materials with a low external surface area (20
m?/g). The micropore volume of the obtained samples is
dependent on the relative crystallinity and reaches 0.23—0.25
cm®/g for MZ-1-MZ-3 (Table 2). The micropores of MCF
(Vimicro = 0.04 cm®/g) are formed by the removal of hydrophilic
polyethylene glycol blocks of P-123 that are present in the
walls of an as-synthesized sample.”® Micromesoporous zeolite-
containing materials (MZ-4 and MZ-S) with a low-ordered
mesostructure are characterized by a larger mesopore volume
(1.11-1.33 cm?®/g) and surface area (190—330 m?/g)
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Figure 2. TEM images of the H-forms of MZ-1 (a), MZ-2 (b), MZ-3 (c), MZ-4 (d), MZ-S (e), and CB-1 (f).

compared to MZ-1-MZ-3 (V.o = 0.43—0.69 cm®/g, S,.oco =
85—130 m?/ g, Table 2). The sample MZ-2 with the smallest
particle size (45 nm) among hierarchical zeolites MZ-1-MZ-3
(Table 1) possesses an enhanced mesopore volume (V. =
0.69 cm®/g, Do = 36 nm) and surface area (130 m*/g, Table
2). For comparison, the mesopore size distribution (BJH)
curves from the adsorption branch of the isotherms for MB-1—
MB-5 samples and MCF are given in Figure S4. The MZ-5
sample obtained at a higher temperature of HTT (120 °C) has
a larger mesopore volume (1.33 cm®/g, D,..., = 22 nm) and
surface area (330 m?/g) compared to MZ-4 (HTT at 100 °C).
This can be explained by the formation of the mesostructure
with a higher degree of condensation of silanol groups during
HTT in an acidic media at an elevated temperature.

6646

Chemical Composition and Acidity. Hierarchical zeolites
MZ-1-MZ-3, obtained in concentrated reaction mixtures,
have a similar chemical composition (Si/Al = 27—31, Table 3)
close to the initial reaction mixture (25). For the conventional
zeolite beta CB-1, the Si/Al ratio is lower (20) than in
hierarchical zeolites. This is associated with the better
dissolution of silica species than alumina in the diluted mixture
(H,O/Si = 20) at high pH (ca. 13). On the contrary, a certain
part of Al in the beta zeolite precursor is dissolved during the
second step of the MZ-4, MZ-S synthesis in strong acidic
media (pH < 1), and the obtained materials have higher Si/Al
ratios (48—49) than in the initial reaction mixture (25). In
strong acidic media, Al species mainly exist in the form of AI**
rather than the Al oxo form; thereafter, only a few Al species
are incorporated in the final materials.””
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Figure 3. Nitrogen adsorption—desorption isotherms at —196 °C (a, c) and mesopore size distribution (from the desorption branch, BJH method)

curves (b, d) for the H-form of MZ-1—-MZ-5 and CB-1 materials.

Table 2. Characteristics of the Porous Structure (N,, —196
°C) of the Materials in the H-Forms

Vinigro” Vo Dinesg” Smgso” Sper”
sample  (em'/g)  (eamg)  (am)  (mg)  (m'g)
MZ-1 0.24" 0.43 50+ 7 110 670
MZ-2 025 0.69 36 + 15 130 760
MZ-3 023 0.46 g 85 640
MZ-4 0.13 111 g 190 490
MZ-5 0.15 1.33 22 + 14 330 690
CB-1 0.25 0.06 g 20" 645
MCF 0.04 1.70 941 360 470

TV ierey micropore volume. “V, .., mesopore volume. D,

mesopore diameter from the desorption branch of the isotherm.
Gaussian distribution (standard deviation) is used to estimate the
error in the mesopore diameter. dSmeso, mesopore surface area. “Sgpr,
total specific surface area (including also external surface area).
fMicropore diameter for the samples given in Table 2 is 0.68 nm.
EMesopore size distribution without a maximum. "The external
surface area of beta zeolite.

FTIR with pyridine adsorption (Table 3, Figure SS) and
temperature-programmed desorption of ammonia (NH;-TPD,
Table S1) were used to characterize the acidity of the samples.
According to pyridine adsorption, the total acid site
concentration in the H-form of the samples MZ-1-MZ-5 is
152—333 umol/g (Table 3). An increase in the crystallinity of

Table 3. Si/Al Molar Ratio in the Catalysts and Their
Acidity by FTIR with Pyridine Adsorption

BAS concentration (#mol/g)

total acid

LAS sites
concn concn

sample Si/Al weak” medium strong total (umol/g) (umol/g)
MZ-1 27 35 37 35 107 73 180
MZ-2 31 36 40 48 124 62 186
MZ-3 29 28 38 37 103 49 152
MZ-4 48 34 0 0 34 140 174
MZ-5 49 96 48 57 201 132 333
CB-1 20 36 66 156 258 87 345

“Weak acid sites: pyridine is desorbed in the range of 150—250 °C;
medium acid sites: pyridine is desorbed in the range of 250—350 °C;
strong acid sites: pyridine remains after desorption at 350 °C.

MZ-1—MZ-S materials is accompanied by a rise in the fraction
of medium-to-strong Brensted acid sites (52% — 73% among
total BAS, Table 3) as well as a Bronsted-to-Lewis acid site
ratio BAS/LAS (0.2 — 2.1, Table 3). The MZ-4 sample with a
low relative crystallinity (10%) possesses only weak Bronsted
acid sites (34 pmol/g) in addition to Lewis acid sites (140
umol/g). The bridging Si—OH—Al groups are referred to as
strong Bronsted acid sites, while silanol groups that interacted
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Figure 4. Isomerization of a-pinene oxide: TOF (a) for different catalysts, (b) as a function of total acid site concentration according to pyridine
adsorption, and (c) as a function of the catalyst mesopore volume. MZ-1—-MZ-S denote hierarchical beta zeolites and CB-1 conventional beta
zeolite. Reaction conditions: 2 mmol of a-pinene oxide, 100 mL of N,N-dimethylacetamide (solvent), 7S mg of catalyst, 140 °C. TOF was

calculated after 10 min of the reaction.

Table 4. Acidity and Catalytic Performance in «-Pinene Oxide Isomerization

fractions of Brensted acid sites

selectivity at 70%  yield after 3 h

accessible for pyridine” (%) conversion (%) (%)
sample BAS/LAS weak” medium strong conversion of a-pinene oxide after 3 h (%) TCV* ca? TCV CA CS/C6°
MZ-1 15 33 34 33 70 37 33 26 23 0.80
MZ-2 2.0 29 32 39 91 35 34 32 30 1.10
MZ-3 2.1 27 37 36 95 35 34 34 31 1.10
MZ-4 0.2 100 0 0 88 44 27 39 24 0.50
MZ-§ 15 48 24 28 92 45 27 42 2S5 0.49
CB-1 3.0 14 25 61 89 37 32 34 27 0.87

“Fractions were calculated as [Cy(X)/Cy(Y)] X 100%, Cy(X) is the concentration of Brensted weak, medium, or strong acid sites, C(Y) is the
total Bronsted acid concentration. "Weak acid sites: pyridine is desorbed in the range of 150—250 °C; medium acid sites: pyridine is desorbed in
the range of 250—350 °C; strong acid sites: pyridine remains after desorption at 350 °C. “trans-Carveol. 4Campholenic aldehyde. °C5/C6 is the
molar ratio at 70% conversion. CS products are campholenic and fencholenic aldehydes. C6 products are trans-carveol, 2,8-menthadien-1-ol, and p-

cymene.

with the nearest Al Lewis acid sites are referred to as weak-to-
medium Bronsted acid sites.”’

Microporous beta zeolite (CB-1) features predominantly
strong Brensted acid sites (61% of total BAS) and it is
characterized by a high BAS/LAS ratio (3.0). NH;-TPD data
(Table S1 and Figure S6) confirm the results of pyridine
adsorption. Samples MZ-2, MZ-3, and CB-1 (with 75—100%
relative crystallinity) possess a concentration of medium-to-
strong acid sites (240—380 ymol/g, NH; desorption maximum
> 300 °C) higher than MZ-1, MZ-4, and MZ-5 (84—160
pumol/g), with 10—55% relative crystallinity.

Catalytic Activity of Hierarchical Zeolites in a-Pinene
Oxide Isomerization. Hierarchical beta zeolites (MZ-1—MZ-
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3), micromesoporous aluminosilicates (MZ-4, MZ-5) and
conventional beta zeolite (CB-1) were tested in APO
isomerization. The highest TOF value was achieved in the
presence of the hierarchical zeolite MZ-3 (Figure 4). This is
obviously associated with a larger fraction of medium-to-strong
Bronsted acid sites in this sample (73% among total BAS,
Table 4) compared to other micromesoporous materials (52—
71%). Thus, the highest APO conversion is reached over
medium-to-strong Brensted acid sites. Furthermore, the total
acid site concentration was the lowest for this catalyst (Figure
4b). The protonation of a-pinene oxide occurs at a lower rate
over weak acid sites (Table 4). The lowest TOF value for CB-1
is due to the limited diffusion of a-pinene oxide and reaction
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products in the micropores of the zeolite in the absence of
mesopores in its structure (Figure 4a,c). This is also in line
with the calculations of the dimensions of trans-carveol, which
has a minimum value 0.53 X 0.85 nm increasing to 0.77 X 1.09
nm when taking into account van der Waals radius.”” These
values imply diffusional limitations considering that the pore
size of beta zeolite is 0.68 nm."” The achieved TOF values over
investigated catalysts (1.1—3.1 min~") exceed the correspond-
ing value for a natural zeolite (heulandite, chabazite, and
clinoptilolite as main crystallographic phases; TOF = 0.12
min~!)”" due to a higher accessibly of the active sites of beta-
based catalysts for a-pinene oxide.

Over 90% conversion of a-pinene was obtained with the
catalysts exhibiting both Brensted and Lewis acid sites and for
the most active catalyst the BAS/LAS ratio varied in the range
of 1.5-2.1, except MZ-1, which exhibited a slightly lower
mesopore volume and less strong Bronsted acid sites than MZ-
2, MZ-3, and MZ-5 (Table 4). The highest conversion of APO
in the time interval of 1—180 min was achieved when using
hierarchical zeolite MZ-3 (Figure S, 95% conversion after 3 h),

100
—e— MZ-1 v
—a—MZz-2
v—MZ-3 '/
801 _«—mz4 /
——MZ5 o
—=—CB-1
60 /
)

N
o
1

Conversion of a-pinene oxide (%)
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Figure S. Conversion of a-pinene oxide as a function of reaction time
over hierarchical beta zeolites (MZ-1—MZ-5) and conventional beta
(CB-1). Reaction conditions: 2 mmol of a-pinene oxide, 100 mL of
N,N-dimethylacetamide (solvent), and 7S mg of catalyst, 140 °C.

which was the most crystalline material (85% relative
crystallinity, Table 1) among investigated mesoporous zeolites.
The highest activity of MZ-3 material can be explained by the
increased concentration of medium and strong acid sites (240
umol/g, NH; desorption maximum at 340 °C) and the
presence of interparticle voids (Ve = 0.46 cm’/g), which
contributed to better diffusion of molecules to and from these
acid sites, respectively. The second highest conversion,
observed for MZ-5 is due to its high mesoporous volume
(Table 2). A lower conversion (70—91% after 3 h) was
obtained in the presence of a highly crystalline MZ-2,
microporous CB-1 catalyst with the increased concentration
of the acid sites (251—380 pmol/g, Table S1) and a low
crystalline MZ-4 which also exhibited a lower total specific
surface area in comparison to MZ-1-MZ-3 and MZ-5. In the
presence of MZ-1, conversion of APO reached only 70% after
3 h of the reaction (Table 4) due to a low acid sites
concentration (133 gmol/g, according to NH;-TPD method)
and lower mesoporosity (Ve = 043 cm®/g, Speso = 110 m?/

g)-
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The main targeted products of APO isomerization are trans-
carveol (TCV) and campholenic aldehyde (CA, Table 4).
trans-Carveol and other products of APO isomerization (2,8-
menthadien-1-ol and p-cymene) are referred to C6 products.
CS products are campholenic and fencholenic aldehydes. Low
crystalline micromesoporous materials MZ-4 and MZ-S
exhibited the highest selectivity toward TCV (44—45% at
70% conversion of APO) and other product with para-
menthene structure (2,8-menthadien-1-ol, 18—19% selectivity
at 70% conversion) compared to MZ-1—MZ-3 and CB-1 (35—
37% selectivity to TCV and 9—13% to MD at 70%
conversion). The CS/C6 ratio (0.49—0.50, Table 4) over
MZ-4 and MZ-S was lower than in the presence of MZ-1-MZ-
3 and CB-1 (C5/C6 ratio is 0.80—1.10). A high selectivity
toward products with the para-menthene structure is
associated with the increased fraction of weak-to-medium
Bronsted acid sites in MZ-4 and MZ-S (72—100% of total BAS
concentration, 40—67% for other samples, Table 4), as well as
a low BAS/LAS ratio for these materials (0.2—1.5).
Hierarchical zeolites MZ-1-MZ-3 and conventional beta
(CB-1) display higher selectivity toward CA (32—34% at
70% conversion of APO) and other CS product (fencholenic
aldehyde, 11—16% at 70% conversion) than MZ-4 and MZ-$
(27% and 5% selectivity for both to CA and FA, respectively, at
70% conversion). MZ-1-MZ-3 samples and CB-1 feature
stronger Bronsted acid sites (33—61% of strong acid sites
among total BAS concentration, Table 4) as well as a higher
BAS/LAS ratio (1.5—3.0) compared to MZ-4—MZ-$ (fraction
of strong BAS acid sites up to 28% and BAS/LAS ratio up to
1.5). Thus, the C5/C6 molar ratio decreases with increasing
the fraction of weak-to-medium BAS in the obtained
mesoporous zeolite (Figure 6) and increases with an increasing
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Figure 6. Variation of C5/C6 molar ratio at 70% conversion of a-
pinene oxide as a function of the fraction of weak-to-medium BAS in
MZ1-MZ-3 and MZ-5 samples. The data for MZ-4 are omitted due
to the absence of medium and strong BAS in this sample. The line
denotes a trend.

fraction of strong BAS (not depicted here). Moreover, the CS/
C6 ratio increases from 0.49 to 1.10 at 70% conversion of APO
with an increase of the BAS/LAS ratio from 0.2 to 2.1 for MZ-
1—MZ-S (Table 4). These findings are in a good agreement
with the earlier obtained results,” reporting the C5/C6 ratio
of about 1.7—1.8 at 70% conversion of APO in N,N-
dimethylacetamide as a solvent at 140 °C over commercial
H-beta catalysts (Si/Al = 25 and 150) exhibiting the strongest
BAS. The lowest C5/C6 ratio (1.20) was obtained over
commercial and Fe-modified beta zeolites (Si/Al = 300) with
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Figure 7. Selectivity to trans-carveol (a), campholenic aldehyde (b), C6 (c), and CS (d) products vs conversion of a-pinene oxide (a) over

hierarchical beta zeolites (MZ-1—MZ-5) and conventional beta (CB-

1).

weak Brensted acidity.”® The C5/C6 ratio also increases from
1.20 to 1.82 for these beta zeolites with elevation of the BAS/
LAS ratio from 1.2 to 4.1. The other products of APO
isomerization over investigated samples are pinocarveol (PC,
1-2% selectivity at 70% conversion of APO) and p-cymene
(ca. 2% selectivity at 70% conversion of APO). p-Cymene is a
product of dehydration of the compounds with the para-
menthene structure (TCV and MD).

Selectivity dependence on APO conversion over investigated
catalysts is depicted in Figure 7. Selectivity toward TCV
increases with an increase of APO conversion (Figure 7a),
while the selectivity to other C6 products (MD and p-cymene)
is almost constant (Figure S7a,d). The total selectivity toward
C6 products increases with APO conversion (Figure 7c). In
turn, the selectivity toward CA decreases and FA increases with
conversion of APO (Figures 7b and S7b). The total selectivity
toward these products (CS products) does not change
significantly as the reaction proceeds (Figure 7d). Selectivity
to PC over investigated catalysts decreases from 14 to 1%
during the APO conversion (Figure S7c). According to these
changes in selectivity to the products with APO conversion, it
can be assumed that C5 products are formed in parallel fashion
with C6 products and pinocarveol (PC), at the same time
TCV is generated at least partially through adsorbed PC.
Selectivity to p-cymene, formed via dehydration of trans-
carveol, was very minor, below 2% (Figure S7d). The
thermodynamic analysis performed previously™ indicated
that the Gibbs free energies for formation of different products
apart from p-cymene formation were negative not reflecting
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the product distribution. Subsequently the kinetic control
linked to catalyst properties determines selectivity to different
products.

When comparing the performance of MZ-5 with the data
published in the literature (Table S2), it can be stated that
even higher selectivity to TCV was obtained over sulfonated
carbon®® and phosphonate supported on carbon spheres,”
being 82% and 67% at complete conversion of a-pinene oxide.
In a previous study’* the acidic N—C—SO;H catalyst afforded
high TCV selectivity at high temperature in a polar basic
solvent, N,N-dimethylformamide (pK, = 0.5). Analogously
phosphonate functionalized Brensted solid acid catalyst
supported on carbon spheres™ was very selective to TCV
formation in the same solvent at 140 °C. In the literature®* the
effect of the catalyst mass was also investigated, not resulting in
a linear relationship between the catalyst mass and conversion,
which somehow questions if these experiments were
performed in a kinetic regime. Furthermore, it is difficult to
directly compare performance of hydrophobic carbon
supported catalysts with hydrophilic zeolites and mesoporous
materials. Based on our earlier studies*®*’ using H-Beta-25,
7MMAS, and AlSi-SBA-15 samples as catalysts, it was
interesting to explore if there are any correlations between
the ratio of Brensted to Lewis acid sites and selectivity to TCV.
The results shown in Figure S8 illustrate that selectivity to
TCV was rather unaffected by the BAS/LAS ratio, while as it
was illustrated above (Figure 6), especially strong Brensted
acid sites promoted the formation of cyclic CS components.
These results thus clearly deviate from those reported in refs
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Scheme 2. Plausible Mechanism of @-Pinene Oxide Isomerization Catalyzed by Beta Zeolites”

.. 40
Eﬁ +H*
j (a)
1

+H*

+H*

(d)

“Notation: Routes (a) and (b) require strong Bronsted acid sites, while routes (c) and (d) proceed with weak and medium Bronsted acid sites.
Component 1, a-pinene oxide; 2, campholenic aldehyde; 3, fencholenic aldehyde; 4, pinocarveol, S, trans-carveol; 6, 2,8-menthadien-1-ol; 7, p-

cymene.

54 and 55. MZ-S catalyst with an increased ratio of weak-to-
medium Brensted acid sites to the total concentration of these
sites exhibited a higher selectivity (45%) to TCV at 92%
conversion of APO compared to Fe-MCM-41*" (20% at
complete conversion).

Based on selectivity dependence on APO conversion and on
the results reported previously on isomerization of APO over
H- and Fe-modified beta zeolite,*® formation of the products
can be explained according to the reaction mechanism shown
in Schemes 2 and 3. The interaction of a proton (Schemes 2)
or a vacant orbital of Lewis acid site (Scheme 3) with the
epoxide moiety of APO 1 induces the ring-opening with the
formation of a carbenium ion, which can undergo several
transformations to form various products. A more detailed
mechanism is presented in Scheme 2, while in Scheme 3, for

Scheme 3. Plausible Mechanism of @-Pinene Oxide
Isomerization Catalyzed by Lewis Acid Sites”

“Modified from ref 72. Notation from Scheme 2.
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the sake of brevity, just two routes through the same
carbocations are presented as in the routes catalyzed by
Bronsted sites. Rearrangement of the primary ion can occur via
migration of the C'—C® bond to cationic C” to form the ion A
(pathway a). Cleavage of the C*—~C? bond in this ion and a
subsequent loss of a proton leads to the formation of CA 2. An
alternative pathway b for conversion of the initially formed
carbenium ion is a shift of the C'=C’ bond to C* and the
formation of the ion B, which rearranges similar to A, giving
FA 3. The generation of PC 4 occurs through a direct
hydrogen shift and a proton release (pathway c). TCV § is
formed through adsorbed PC 4, followed by the formation of a
new 7 bond, the C!'-C? hydrogen shift in ion C, and
deprotonation. Similar to TCV, MD 6 is generated through
protonation of APO 1, followed by the formation of a new C'—
C? 7 bond, hydrogen shift in ion D and a proton release. Both
TCV and MD can dehydrate to form p-cymene 7.

It was suggested’” that the formation of trans-carveol over
Lewis acid sites (Scheme 3) occurs through formation of a
tertiary cation C’, similar to cation C in Scheme 2, which was
supposed to be more stable than a secondary cation of type A’.
Moreover, high selectivity to TCV can be linked to an easier
proton transfer to the tertiary cation in the presence of a basic
solvent,”* such as N,N-dimethylacetamide applied in the
current work. On the contrary, for nonpolar and nonbasic
solvents, selectivity to campholenic aldehyde is elevated.””

The highest yield of TCV (39—42% after 3 h, Table 4,
Figure S9) was achieved over low crystalline micromesoporous
materials (MZ-4 and MZ-5). These materials have (1) well-
developed mesoporosity and (2) an increased fraction of weak-
to-medium Brensted acid sites among the total concentration
of these sites and are characterized by (3) the low BAS/LAS
ratio (Table 4). In contrast, highly crystalline hierarchical beta
zeolites (MZ-2 and MZ-3) with a lower mesopore volume and
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surface area, stronger Bronsted acidity, and increased BAS/
LAS ratio exhibited the highest yield of campholenic aldehyde
(31% after 24 h). The increased amount of strong Brensted
acid sites in the catalysts directs the reaction along the routes
(a) and (b), on the contrary, the reaction proceeds through the
routes (c) and (d) with a lower content of such sites. These
findings are consistent with the previously obtained results,*’
reporting that selectivity to TCV and generally to C6 products
at complete conversion of APO decreases, and selectivity to
CA increases with increasing concentration of the Bronsted
acid sites in Fe-modified beta zeolites. The achieved yield of
trans-carveol (42%) using micromesoporous material MZ-S is
comparable with that obtained previously with other zeolite
catalysts, namely, Fe-modified beta zeolite (44%, N-methyl-
pyrrolidone as a solvent)*® and ZSM-5-based micromesopo-
rous material (41%, N,N-dimethylacetamide as a solvent)."’
Moreover, the yield of trans-carveol over MZ-5 outperformed
the results obtained with microporous beta (CB-1, 34%) and
commercial H-beta (Si/Al = 25, 36%, N,N-dimethylacetamide
as a solvent).*”*® The yield of trans-carveol during the reaction
is also higher over MZ-S compared to CB-1 and commercial
H-beta. The improved catalytic performance of the best
micromesoporous materials is associated with their enhanced
mesopore volume and the mesopore surface area as well as
mild acidity. The presence of mesopores in the obtained
material improves accessibility of the active sites for the
reactants, facilitates diffusion of the reactants and products,
and contributes to an increase of the overall reaction rate. The
increased fraction of weak-to-medium Brensted acid sites
among total sites in micromesoporous materials promotes
formation of the desired product (TCV), while stronger
Bronsted acid sites in microporous beta zeolite intensify the
formation of C5 products. The latter was related”” to a more
stable tertiary cation leading to trans-carveol, while the
secondary cyclopentanoic cation is less stable. Subsequently
formation of TCV is more thermodynamically controlled,
while CA formation is kinetically controlled requiring a more
efficient catalysts for its generation with, for example, stronger
Bronsted acid sites.””

Kinetic Modeling of a-Pinene Oxide Isomerization.
The applicability of the proposed mechanism (Scheme 2) of a-
pinene oxide isomerization was elucidated by comparison of
the estimated parameters in kinetic model for the case of trans-
carveol formation through pinocarveol (Scheme 1) and parallel
routes of trans-carveol and pinocarveol formation (Scheme
S1). Kinetic modeling for the batch reactor of a-pinene oxide
isomerization over MZ-5 catalyst used in this investigation is
based on the rate equations developed previously.”® The
assumption of a low coverage of the reactant on the catalyst
surface compared to the vacant sites integrated in the
equations for Scheme 1 results in first order dependencies of
the rates as defined below:

f = ky X Cupo ()
r, =k, X Cypo (6)
r = ky X Cypo (7)
ry =k, X Cpc (8)
rs = ks X Crey )
16 = ke X Capo (10)
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where k,—ks are the rate constants for the corresponding
reactions. To simplify the model and avoid an anticipated
correlation between ks and k; the reaction rate r, was
neglected.

The mass balances for different compounds (with the
notation: APO a-pinene oxide, CA campholenic aldehyde, FA
fencholenic aldehyde, PC pinocarveol, TCV trans-carveol, MD
2,8-menthadien-1-ol, PCY p-cymene) are

dc
ﬂ=_"1_r2_"3_r6

dt (11)
dCey _ )

dt ! (12)
dCpy _ .

dt > (13)
dCpc _ L

dt 3o (14)
ey _,

dt £ (15)
dCyp _ .

dt 6 (16)
dCpcy —

dt 3 (17)

The kinetic model of a-pinene oxide isomerization over MZ-
S for Scheme S1, which is slightly different from Scheme 1 in
terms of the routes for trans-carveol formation, is presented in
Supporting Information (eqns S1—S13). The differential
equations for both models were solved using the backward
difference method. The simplex and Levenberg—Marquardt
methods were used for the parameter estimation. Exper-
imentally measured concentrations of APO and the reaction
products were compared with the calculations by the numerical
data fitting using the optimization and simulation software
ModEst.”> The estimated rate constants and calculated
concentrations are shown in Figure 8 and Table S for the
case when trans-carveol is formed from pinacarveol and in
Figure S10 and Table S3 for parallel formation of trans-carveol
and pinocarveol (Scheme S1). In general, a high quality of the
model fit (Figures 8 and S10) and the value of the coefficient
of determination R?, defined as the variance of all experimental
points from the mean value (ca. 99% for both cases), confirm
adequate estimations of experimental results for both models.

A more detailed analysis of the estimated parameters
(Tables S and S3) illustrates as expected similarity in the
rate constants for campholenic and fencholenic aldehydes and
2,8-menthadien-1-ol formation (k;, k,, ks, and ki, k5, ki) for
both reaction schemes (Schemes 1 and S1). A low amount of
the formed p-cymene results in poor identification of the
constants ks and k5 and the large standard error, which was also
previously observed.** However, a large standard error for the
rate constant of pinocarveol formation kj according to Scheme
S1 and a small error for the same rate constant for Scheme 1
(k) allows to conclude a higher probability of trans-carveol
formation through pinocarveol and demonstrate the overall
applicability of the proposed mechanism (Scheme 1).
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Figure 8. Comparison between experimental (symbols) and
calculated (lines) concentrations of reactants and products in a-
pinene oxide isomerization over MZ-S catalyst in the case of trans-
carveol formation through pinocarveol. Notation: (O, blue) a-pinene
oxide, (0, magenta) trans-carveol, (+, red) campholenic aldehyde, (O,
cyan) 2,8-menthadien-1-ol, (¥, black) fencholenic aldehyde, (inverted
triangle, dashed red) pinocarveol, (CJ, green) p-cymene.

Table 5. Estimated Rate Constants (min™') for @-Pinene
Oxide Isomerization According to Scheme 1 over MZ-$§
Catalyst

parameter estimate std error std error (%)
k 2.58 X 1073 442 x 107* 17.1
k, 570 X 107* 7.39 X 107° 13.0
ks 494 x 1073 1.98 x 107* 4.0
k, 199 x 107! 3.57 x 1072 17.9
ks 9.27 X 107° 1.33 x 107 >100
ke 2.10 X 1073 1.03 x 107* 4.9

B CONCLUSIONS

Hierarchical beta zeolites and beta based micromesoporous
materials were obtained via hydrothermal treatment of the
concentrated reaction mixtures (H,0/Si = 2.5) and dual-
template synthesis from a zeolite beta precursor in the
presence of a nonionic surfactant (Pluronic P-123) under
strongly acidic conditions, respectively. The mesopore volume
and the mesopore surface area decreased while the strength of
the acid sites and Bronsted-to-Lewis acid sites ratio BAS/LAS
increased with increasing relative crystallinity of the obtained
mesoporous zeolites. The obtained materials were tested as
sustainable and green catalysts in isomerization of biomass-
derived a-pinene oxide at 140 °C in N,N-dimethylacetamide as
a solvent. It was found that the enhanced mesopore volume
and the mesopore surface area, an increased fraction of weak-
to-medium Brensted among total acid sites and a low BAS/
LAS ratio in beta based micromesoporous materials favored
formation of trans-carveol (42% yield) with chemopreventive
activity of mammary carcinogenesis. A lower mesopore volume
and surface area, stronger Bronsted acidity and an increased
BAS/LAS ratio in the hierarchical beta zeolites afforded the
highest yield of campholenic aldehyde (31% yield). trans-
Carveol was easily desorbed from weak-to-medium Brensted
acid sites and did not undergo further dehydration to p-
cymene over stronger sites. Campholenic aldehyde was formed
over stronger acid sites and desorbed from these sites without
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further transformations. A plausible mechanism of a-pinene
oxide isomerization catalyzed by beta zeolites was discussed.
Kinetic modeling results confirmed that CS5 products
(campholenic and fencholenic aldehydes) were formed in
parallel fashion with C6 products (trans-carveol, 2,8-
menthadien-1-0l, and p-cymene) and the bicyclic compound
(pinocarveol), while trans-carveol was generated according to
kinetic analysis more probably through pinocarveol. The
further investigations in the scope of this work will focus on
(a) developing new green approaches using biodegradable
polymers, amino acids, and so on for synthesis of hierarchically
porous zeolites as highly active and selective catalysts of a-
pinene oxide isomerization and conversion of other biomass-
derived molecules; (b) conducting a-pinene oxide isomer-
ization in the gas phase in a fixed-bed continuous flow reactor
combined with operando spectroscopy; (c) rational optimiza-
tion of the reaction conditions of a-pinene oxide isomerization
using the full factorial experimental approach.
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