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ABSTRACT: Volatility is an inherent fragrance attribute and
typically implies a reduced perception over time. One possibility to
elongate odor perception is utilizing controlled fragrance-delivery
systems. Herein, the Y type of faujasite with different extra-
framework cations (abbreviated as ZY, where Z represents Na*,
Ca®™, or La**) was examined as potential carriers for fragrance
entrapment and delivery. p-Limonene (Lim) and linalool (Lol) as
model fragrances were loaded in the pore space of Y zeolites,
yielding composites FG@ZY (FG = Lim, Lol). It was found that
the fragrance release profiles correlate highly with the cationic
species located in the nonframework. The retention of fragrances in
matrices increases in the order NaY < CaY < LaY for either
limonene or linalool. Interestingly, the release rate of limonene was
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significantly slower than that of linalool when encapsulated in the same zeolite, although neat limonene has a much higher saturated
vapor pressure than linalool. For instance, the total fraction of aroma released from Lim@LaY over 30 days was about 10%, while the
value was ~20% for Lol@LaY. Based on the density functional theory calculations, the above results could be well rationalized by the
electrostatic attraction and shape selectivity of microporous matrices to the dopant molecules.

1. INTRODUCTION

Fragrances are indispensable ingredients formulated into
everyday consumer products, such as cosmetics, cleaning,
personal care items, and so on.! From the perspective of
practical applications, extending the perception of a character-
istic scent of perfume compounds is highly desirable but
usually hard to achieve due to the inherent volatility of
olfactory components.” Hence, a range of controlled fragrance
release systems has been developed, which can be roughly
divided into the chemical barrier and physical barrier systems.’
The chemical barrier is based on the concept of profragrance,
which is only applicable to fragrant compounds with functional
groups. As for the physical barrier, there are concerns that the
most commonly applied resinous-type capsules may cause
microplastic contamination, resultlng from the limited
degradability of wall materials.”> Recently, 1norgan1c porous
materials such as mesoporous silica spheres’ "’ and metal—
organic frameworks (MOFs )'%~" have been considered to be
a promising matrix to encapsulate fragrance, flavor, and
essential oils, in which the hosts can stabilize and slow down
the evaporation of active ingredients due to the pore/channel
confinement effect.

Zeolites are crystalline aluminosilicates formed by corner-
sharing [SiO,]*” or [AlO,]°” tetrahedra, which possess
periodic one-to-three-dimensional frameworks, unique pore
structure, and fine physical and chemical stabilities. "> These
microporous materials have found widespread applications in
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industrial fields, including adsorption, ion exchange, separation,
and catalysis.'® Since the past decade, zeolites have become
prominent nanomaterials for biomedical applications such as
drug delivery,'” wound healing,lg’19
molecular imaging.”’ Recently, Strzemiecka and co-workers
successfully applied both natural and synthetic zeolites as
fragrance carriers and found that the latter is more effective
than the former.”’ Tekin et al.”* studied the desorption
kinetics of a fragrance molecule (triplal) in the X-type zeolites
with different average particle diameters 20 and 4 um,
demonstrating that larger crystals have slightly lower
desorption rate constants.

Zeolites have many merits as carriers for fragrance
encapsulation and controlled release, including high void
fraction, good biocompatibility, and low toxicity.'*'”'®*!
Nevertheless, there exists a need for a more profound
understanding of the sorption and interaction mechanisms of
volatile dopants in the microporous matrix.”' Herein, we
utilized Dp-limonene and linalool as model molecules to
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Scheme 1. Schematic Illustration Showing the Ion Exchange of Y-Type Zeolites (A) and Preparation for Fragrance-Loaded
Composites FG@ZY (B) as well as the Structure of Fragrant Molecules Studied in This Work”
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Figure 1. (A) Ion-exchange degree of Ca(II)—NaY and La(III)—NaY systems with increasing soaking cycles. (B) X-ray diffraction (XRD) patterns
of the parent zeolite NaY and Cagy Y and Laye Y generated by ion exchange. (C) N, adsorption—desorption isotherms of LaggY as a
representative measured at 77 K (inset: the corresponding pore width distribution curve derived from desorption isotherm branches by the HK
method). (D) Representative scanning electron microscopy (SEM) image of Cayo,Y and (E) corresponding overlapped elemental mapping.

examine aroma adsorption and retention in a representative Y-
type synthetic faujasite (FAU). The choice of both the active
component and the carrier was primarily governed by the
possibility of probing host—guest interactions in the fragrance-
loaded composites. Limonene and linalool represent the main
components of the majority of essential oils, which are widely
used as a base fragrance ingredient in perfumes, body lotions,
household cleaners, and personal care products.l’10 Both are
monoterpenoids, but the latter as alcohol has potential
interacting sites and a higher polarity relative to the former.
Such a structural difference should be reflected in their
adsorption and release behavior.

Among the zeolite family, faujasites are of particular interest
because they have two independent and interconnecting three-
dimensional networks of cavities.”””* The net negative charge
of zeolite is compensated by extra-framework cationic species.
One network consists of large cavities, called supercages, which
have a diameter of about 12.4 A. They are linked in a
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tetrahedral, diamond-type lattice by sharing rings of 12
tetrahedra. These rings have a free diameter of about 7.4
A.>® The other network is formed by linking smaller cages of a
10.0 A inner diameter (ie., sodalite cages) in a tetrahedral,
diamondlike lattice, through adjoining rings of six tetrahedra,
thus generating hexagonal prisms (D6R), whose opening is of
2.3 A between sodalite cages. This hierarchical pore structure
makes them suitable for selectively adsorbing various organic

25,26
molecules.”™

Moreover, the exchangeability of counterions
located in both networks of cavities provides flexibility in the
regulation of their performance.27 In this work, we focus on the
influence of the valence state of cations in the Y-type FAU
zeolites (Si/Al ratio of ~2.5) on the ability to adsorb and
preserve the selected model fragrances and try to elucidate the
fundamental processes involved through density functional
theory (DFT) calculations.
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2. RESULTS AND DISCUSSION

2.1. Preparation and Characterization of CaY and
LaY. Scheme 1 outlines the ion-exchange process of the Na(I)
form of Y zeolite (NaY) with Ca®*/La** ions as well as the
loading of fragrance in the matrices. As starting materials, NaY
has the advantage that it is readily available and can be easily
converted into other types with di- and trivalent cations for
various applications.'”"*** The Ca(II)- and La(III)-exchanged
zeolites are hereafter named in a simplified way CaY and LaY
or Ca,Y and La,Y when necessary, where x represents the ratio
of the equivalent of Ca(1I) or La(III) to the total equivalent of
cationic species in the zeolite. The value is the equivalent
fraction of the ion of interest, indicating the extent of ion
exchange. The resulting fragrance-loaded composites are
denoted FG@ZY (FG = Lim or Lol; Z = Na, Ca, La).

The impregnation method was efficient for the Ca(II)—NaY
exchange system. As shown in Figure 1A, the exchange degree
(x) increased with the number of soaking and finally reached a
platform of 0.91 after ten cycles. However, lanthanum
penetrates the zeolite with great difficulty during La(III)
exchange and only a moderate extent of exchange (x = ~0.77)
was attained even in the twentieth cycle. Taking into account
the fact that the crystalline aluminosilicate is composed wholly
of sodalite cages, this result is understandable because the size
of the hydrated lanthanum cation of 7.9 A does not allow
passing directly through the six-membered ring openings (d =
2.3 A) into the small cages.”® Besides, the Coulombic repulsion
between the hydrated cations and the anionic sites may be
another important factor that impedes the exotic ion from
entering the sodalite cage.

To improve the exchange efficiency of the La(Ill)-NaY
system, an alternative strategy was proposed. Specifically, the
La,Y samples with a lower exchange extent were subjected to
calcination for 6 h at 400 °C and then soaked in a LaCl,
solution. After several calcination—impregnation cycles, a series
of La(Ill)-exchanged zeolites with x values of 0.9—0.97 was
obtained (Table S1). It is generally believed that calcination
results in the dehydration of hydrated La®* ions located
preferentially in the supercages and, thereby, facilitates
migration of the cationic species with a sufficiently small size
to the sodalite cage.””*” Lercher et al.”® demonstrated that
lanthanum cations are predominantly stabilized within sodalite
cages in the form of multinuclear OH-bridged lanthanum
clusters or as monomeric La>" at the S sites.

Figure 1B presents the X-ray diffraction patterns of the
selected zeolite samples. It shows that the peak positions of
Cag,Y and Lagg,Y are identical to that of their precursor NaY.
The retained integrity of the Y-zeolite frameworks was further
proved by the SEM/energy-dispersive spectroscopy (EDS)
observation (Figures I1D,E, SI, and S2 in the Supporting
information, SI). These results suggested the great structural
stability of the crystalline aluminosilicate backbone. The
obtained XRD patterns for both CayoY and Layg Y were
characterized by weaker XRD intensities at 26 of 9—13°
compared to NaY, which indicates that the cations have been
redistributed in the zeolite.”” ™"

From N, adsorption—desorption isotherms (Figures 1C and
S3), we can see that these samples show Type I isotherms
according to IUPAC classification,> indicating the micro-
porous nature of Y zeolites. The pore size distribution (Figure
1C inset and Figure S3, descended from the desorption
branch) is very narrow, and the most probable pore widths

(Wpea) are 0.59, 0.56, and 0.61 nm for NaY, Cayy,Y, and
Lag oY, respectively. Comparison of data in Table 1 reveals

Table 1. Physicochemical Properties of Zeolite NaY and Its
Two Representative Counterparts Containing Ca(II) and
La(III) Ions®

Si/Al crystal size peak

AspET V. W,
(mifg) (cm®/g)  (nmy

Code x ratio (nm)

NaY 2.5 600 + 108 829 0.34 0.59
CageY 091 24 600 + 90 721 032 056
LageY 090 2.5 §97+111 714 0.31 0.61

“Chemical composition and the ion-exchange degree (x) determined
by EDS analysis (see Section 4.4 and Table S2), mean crystal size
measured by SEM observation, a,ppr determined by N, adsorption—
desorption isotherms at 77 K, and total pore volume (V) obtained at
0.997 P/P,.

that the Si/Al ratio and crystallite size of the zeolites as well as
the pore structure were not greatly affected by the ion-
exchan%e _process, which is consistent with previous
reports.‘(”3 However, the calculated Brunauer—Emmett—
Teller (BET) surface area (a,ppr) changed significantly,
dropping from 829 for NaY to 721 and 714 cm’/g for
Cagg,Y and LagygY, respectively.

2.2. Fragrance Loading in Y Zeolites and Release
Behavior. The encapsulation of fragrances was rather
straightforward, viz., dipping the activated zeolites in a fragrant
oil for 24 h, filtering, and then rinsing the solid with n-hexane
in a gentle N, flow (Scheme 1B). The resulting composites had
negligible amounts of solvent residues, which has been
evidenced by gas chromatography analysis.

To identify the loading of fragrant molecules in zeolites,
Fourier transform infrared (FT-IR) spectroscopy, thermogravi-
metric analysis (TGA), and XRD methods were used to reveal
the interaction between the adsorbate and matrix. As shown in
Figures 2A and S4, the characteristic absorption peaks of
Lim@ZY and Lol@ZY samples appeared in the range of
2965—2850 cm™', which are assigned to the C—H stretching
vibrations of adsorbed monoterpene compounds. However,
there are no signs observed that would describe the interaction
of linalool with the matrix because the hydroxyl signals of
linalool at 3426 cm™' merged fully with that of zeolite at
around 3440 cm ™’ in the spectra of Lol@ZY (Figure S4C,D).
From SEM images and XRD patterns of the composites
(Figures SS and S6), the introduction of fragrances does not
affect the crystalline structure of the zeolite and its
morphology. In the case of FG@NaY, a slight decrease in
the intensity of some XRD peaks compared with that of zeolite
NaY can be considered a consequence of the variation of
spatial positioning of extra-framework cations due to the
interaction with adsorbed molecules.”>**

Figure 2C—E depicts the TGA curves of three zeolites (NaY,
CayeY, and LageY) and their fragrance-loaded composites,
respectively. The corresponding loading contents thereby
obtained are plotted in Figure 2B. According to various
fragrant molecules as well as cationic species, these composites
have a loading content (LC,,) ranging from 23 to 28% (w/w,
relative to the zeolite matrix). When the values were
normalized to the number of FG molecules per unit pore
volume (LC,) adsorbed in different zeolites, it seems clear that
for a specified carrier on which the amount of limonene

adsorbed is slightly higher than that of linalool. The difference
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Figure 2. (A) FT-IR spectra of limonene, Lay oY, and Lim@La 4,Y as representatives. (B) Fragrance loading capacity of three Y zeolites expressed
in weight percent (column) and the molecule number of adsorbate per unit pore volume (line). TG (solid line) and derivative TG (DTG) (dash
line) curves of fragrance-loaded composites FG@NaY (C), FG@Cayo,Y (D), and FG@La, oY (E), where black, blue, and red lines represent the

zeolite, Lim@ZY, and Lol@ZY samples, respectively.
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Figure 3. (A) Time-elapsed release profiles of FG@NaY, FG@Cay,,Y, and FG@LaygY in comparison to the corresponding free fragrances at
ambient conditions (25 °C, ~70% humidity). Dash lines represent the kinetic curves fitted by the Weibull function for FG@NaY (red) as well as by
the zero-order kinetic equation for both FG@Cay,,Y (blue) and FG@Lay Y (green). (B) Cumulative release percentages of FG@NaY, FG@
Cay,Y, and FG@La, oY over 30 days. For free limonene and linalool, the release time was two and three days, respectively. Data points represent
mean =+ standard deviation (SD) from triplicate samples, and error bars represent the standard deviation (n = 3).

in adsorption is probably related to the discriminated kinetic
diameter of molecules as discussed in the following section.
Overall, the loading capacity decreases with decreasing BET
surface areas (see Table 1) and the cation content as well in
the order NaY > Cagg,Y > LaggY.

Notably, these zeolite composites significantly delayed the
thermal evaporation and decomposition of the entrapped
fragrances, and the effect was associated with the extra-
framework cations. From the derivative TG (DTG) curves in
Figure 2C, Lol@NaY lost weight faster than Lim@NaY at the
initial release stage before ~145 °C. The peak top temperature
corresponding to the maximum weight loss (T,,,,) appeared at
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370 and 380 °C for Lol@NaY and Lim@NaY, respectively.
These values are much higher than that of free linalool (153
°C) and limonene (138 °C) (see Figure S7). When Cago,Y
and Lagg Y served as the carrier, the resulting composites
displayed different thermal properties from FG@NaY. In
detail, both Lol@Cags,Y and Lol@LayeY showed the DTG
patterns similar to that of Lol@NaY, but their T,,,,’s shifted to
460—470 °C (Figure 2D,E). In the case of Lim@Cagy,,Y and
Lim@Lay .Y, the T, reached up to 470—480 °C, and an
additional small peak was observed at around 200 °C in their
DTG curves. As a general trend, limonene encapsulated in
zeolites was less volatile than the corresponding linalool,
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although in the free state the former has a higher saturated
vapor pressure than the latter (Lim: 1.5 + 0.2 mmHg at 25 °C,
bp 176—177 °C; Lol: 0.1 & 0.8 mmHg at 25 °C, bp 199—200
°C).*® The poorer thermal stability of linalool is probably
related to the dehydration of hydroxyl groups, which is prone
to occur in the presence of zeolites.'”’

Subsequently, we examined the aroma release behavior of
the composite FG@ZYs in comparison to the neat fragrances
as the reference at ambient conditions. It can be seen from
Figure 3A that both free limonene and linalool evaporated
completely in a couple of days, and as expected, the former was
lost much faster than the latter. By contrast, the release of
fragrance molecules from zeolites was extensively prolonged
compared to free fragrances. A comparison of these composites
reveals that FG@NaY releases aroma at a faster rate in the first
tew days and then slows down, whereas its Cayg,Y and Lag Y
counterparts showed steady and much slower release profiles.
Thus, the 30-day total fraction of aroma released from the
matrix decreased in the order NaY > Cagg,Y > Lagg,Y, being
51, 28, and 22% for linalool and 39, 19, and 10% for limonene,
respectively (Figure 4B). Especially for FG@Lago,Y and FG@
Cay,,Y, the steady aroma release can last for more than one
month. Release profiles of both compare very well with those
obtained for the encapsulation of fragrances in certain matrices
reported earlier, such as MOFs'>"* and polymers,*~*
particularly considering the simplicity of the approach
followed.

To gain an insight into the aroma release mechanisms, four
mathematic models were applied to fit the obtained release
data, including zero-order (r = kt), first-order (r = 1 — e k),

Higuchi (r = kt*°), and Weibull (r = 1 — e~ ") models (see
Section 4.5). The values of the correlation coefficient (R?) to
each model are summarized in Tables S3 and S4. From Figure
3A (red dash lines) and Table S3, the experimental data of
both Lim@NaY and Lol@NaY fit well to the Weibull equation
with R* values greater than 0.98. The release rate constant (k)
was determined to be 1.7 X 1077 s™! for Lol@NaY, which is
1.8-times larger than that of Lim@NaY (6.1 X 107% s7'). The
two parameters’ exponential function is usually applied to the
analysis of drug dissolution and release studies.*’ Values of the
exponent n lower than 0.75 suggest a Fickian diffusion
mechanism, whereas higher values correspond to a non-
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Fickian delivery of biologically active molecules.**** For Lol@
NaY and Lim@NaY, the values of n parameter were 0.40 and
0.38, respectively, both below 0.75, suggesting that the release
of fragrance from NaY vehicles follows a classical Fickian
diffusion, similar to the MOF-based systems reported
recently.'

On the other hand, the release process of fragrances from
both FG@Cayy,Y and FG@LajoY composites exhibited a
zero-order kinetic feature, as shown in Figure 3A (blue and
green dash lines) and Table S4 (R* > 0.99), indicating that the
aroma evaporation is linear and independent of the initial load.
Such a release behavior is highly desirable because it allows the
constant release of entrapped olfactory compounds, thus
keeping the smell at a certain level."” The k values for Lol@
Cay,,Y, Lim@Cayy,Y, Lol@Lay o0Y, and Lim@Lag oY were 1.0
X 107,47 %1078 8.6 x 1078, and 3.7 X 1078 57, respectively.
In other words, the linalool always escapes faster than
limonene from the CaY or LaY zeolite matrix, as seen in the
Lol@NaY/Lim@NaY pair. These observations revealed that
the release kinetics of volatile cargos can be effectively tailored
depending on the nonframework cationic species in FAU
zeolites.

2.3. Theoretical Computation. To obtain further
elucidation of the observed adsorption and retention behavior
of limonene and linalool in the zeolites, the interaction of
fragrant molecules with the matrices was studied using density
functional methods. As depicted in Figure S8, the primitive cell
of faujasite contains one supercage and six hexagonal windows
connecting the sodalite with the supercage. Taking into
account the size of the guest molecules (vide infra), we
chose the Sy sites in the supercage as the most accessible ones,
which are also the most occupied cationic sites.”® To account
for the potentiality of the faujasite to capture volatile organics,
the previously defined dispersion correction method (TS/HI,
Tkatchenko—Scheffler/Hirshfeld)*” is used to compute geo-
metric and energetic parameters involved in the adsorption of
limonene and linalool molecules.

Figure 4 presents the most stable adsorption configurations
of the two model fragrance molecules onto the zeolites
together with the corresponding interaction energies (AE,,).
In the composite Lol@ZYs, the oxygen atom of the alcohol
hydroxyl group interacts with the metal cation at distances of
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NaY

LaY

Figure S. Electronic density difference isosurfaces plot upon adsorption of linalool (left panel) and limonene (right panel) onto Y zeolites. The blue

(yellow) zones indicate density decrease (increase).

229, 2.26, and 2.37 A for NaY, CaY, and LaY, respectively.
The interaction energy in absolute value improves from 73.1
for Lol@NaY to 152.9 for Lol@CaY and to 191.0 kJ/mol for
Lol@LaY, which is proportional to the oxidation state of
cations. The quite short optimized distances and AE, , values
suggest the formation of a chemical bond between the metal
atom and the oxygen atom of the guest molecule, similar to the
covalent bonds in bulk materials (e.g,, Na—O = 2.32 A" Ca—
O =240 A¥ La—0 = 2.37-2.73 A*°). The phenomenon is
typical of adsorption between oxygenated species and metals.”*

Limonene adsorbs into the zeolites in a 7-complexation
mode by preferentially interacting its exocyclic vinyl moiety
with the metal ions (down panel of Figure 4). The distances
between the double bond carbon atoms and the positive ion
are slightly longer than those for the conjugated olefin—zeolite
adsorption systems reported by Badawi et al.”* For example,
they demonstrated that 1,3-butadiene adsorbs on the NaY
zeolite via an interaction between the two middle carbon
atoms and one Na* ion with distances of 2.73 and 2.81 A,
respectively. Also, for the Lim@NaY, the double bond carbon
atoms are 2.85 and 2.99 A away from the sodium ion. Similar
to the case of Lol@ZYs, the interaction strength of limonene
with the matrix increases in the order NaY < CaY < LaY, but
the AE;,, value is much small when compared pairwise for a
specified zeolite. Among them, the computed interaction
energy for the adsorption of limonene onto NaY amounts to
—28.0 kJ/mol, being 45.1 kJ/mol lower than that for Lol@
NaY.

Figure S depicts the electron density difference isosurface
plots of FG@ZY composites. The plots clearly show an
increase in electron density upon adsorption of linalool (blue
zone) around Na*, Ca®*, or La®* ions (the left panel of Figure
5), indicating that there is a metal cation sufficiently close to
the guest molecule to interact with the latter through strong
electrostatic interactions.”* In contrast, the introduction of
limonene in the NaY zeolite does not lead to any obvious
change in the electron density around Na* cations. In this case,
the van der Waals forces could be considered to be the
dominant contribution to the interaction. Nevertheless, for
both CaY and LaY zeolites, the electrostatic interaction is likely

to occur upon adsorption of limonene, as evidenced by small
blue areas around the metal ions in the electron density
difference plotted in the right panel of Figure S.

On the other hand, the Bader analysis’® provided further
support for the electrostatic interaction mechanism present in
the fragrance-loaded systems except for Lim@NaY. As shown
in Table 2 by the total Bader charge difference (AQ), linalool

Table 2. Total Electronic Charge Difference (AQ) of
Fragrances upon Adsorption onto Y-Type Zeolites (ZY)
with Various Extra-Framework Cations”

Lol Lim

7Y NaY CaY LaY NaY CaY LaY
AQ 0.5670 0.6780 0.7350 0.0268 0.0824 0.1590

“Detailed data on the Bader charge of the atoms in linalool and
limonene molecules are presented in Tables SS and S6.

displays a greater degree of electron transfer relative to
limonene during adsorption. It was found that whether
limonene or linalool, the AQ value increases in the order
Na* < Ca®* < La*, which is in line with the Bader charge of
the cations located at the Sy site in the supercages (Table 3).

Table 3. Bader Charge (Q) of the Metal Atoms at Site II in
the Zeolites with Adsorbed Fragrance Molecules

Na Ca La
Lol@ZY +0.8493 +1.2018 +2.6284
Lim@ZY +0.8557 +1.1476 +2.6118

In other words, the higher the Bader charge of the metal ion,
the larger the electronic charge difference for fragrances
adsorbed on it and the higher the corresponding interaction
energy.

Summarizing, the electrostatic interaction is a predominant
component to the computed interaction energies, by which we
can reasonably explain the fragrance adsorption and release
behavior revealed in the previous section. To be specific, the
release of both linalool and limonene from the zeolites slows
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Figure 6. Molecular van der Waals surfaces (au) with electrostatic potential and kinetic diameters. (A) Lim with kinetic diameters (A) of 9.81, 6.43,

and 5.75. (B) Lol with kinetic diameters (A) of 12.22, 6.40, and 6.04.

down in the order NaY > Cajo,Y > LaggY (Figure 3), which
was attributed to the increased electrostatic attraction of the
metal ions to the guest molecules. Also, a decrease in the
loading capacity for these zeolites in the same order reported
in Figure 2B is consistent with the decrease in the number of
cations as binding sites because each of the exchanged Ca(1II)
and La(III) ions replaced two and three Na* ions in the parent
zeolite NaY, respectively.

Notably, the aroma retention performance of zeolites is
difficult to be interpreted solely by the computed interaction
energies. As shown in Figure 3, for a given zeolitic matrix, the
release rate of limonene is always lower than that of linalool.
This result was surprising since based on the intuitionistic
knowledge of their chemical structure and the interaction
energy calculation (Figure 4), it is anticipated that limonene
should escape more quickly than the latter. Furthermore, it has
been reported that the confined nanochannels of zeolites
would enhance the intermolecular hydrogen-bond interactions
of alcohol compounds,54 which also contributes to their
retention in the matrix.

The observation that limonene was better retained within
zeolites than linalool may be rationalized from the match
between the size and shape of the FAU framework and the
sorbate molecules. From the electrostatic potential (ESP)
distribution of the two fragrant molecules plotted in Figure 6,
limonene shows an overall smaller geometry size relative to
linalool, with the kinetic diameters of 9.81, 6.43, and 5.75 and
12.22, 6.40, and 6.04 A, respectively. This suggests that both
can access the faujasite supercage through its 7.4 A opening.
However, the sodalite cage does not allow a sufficiently large
space for linalool molecules because its pore diameter (10.0
A)* is less than the length of the latter (12.22 A). On the
contrary, it can be expected from limonene to occupy the
sodalite cage through a hexagonal window (diameter of 6.6 A)
joining with the supercages (Figure S11). The speculation is
supported by the fact that Y-type zeolites were loaded with
more limonene and the resulting composite Lim@ZY had
higher thermal stability than their corresponding counterparts
Lol@ZY (Figure 2B—E). This also means that the limonene
molecules confined in sodalite cages would have a longer
diffusion path to be passed and therefore release more slowly
compared to linalool. Similar size or shape selectivity has also
been found in the adsorption and catalytic sgfstems based on
MOF and zeolite microporous materials.>> >

3. CONCLUSIONS

We utilized the Y-type FAU zeolites to construct fragrance-
delivery systems with limonene and linalool as model perfume
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compounds. The resulting fragrance composites, featuring a
moderate loading content (28—32 wt %) and high thermal
stability, displayed the characteristics of sustained and steady
release. Experimental and computational results have demon-
strated a specific contribution of the extra-framework cationic
species to aroma retention and release kinetics. The fragrance
release rates (FG@NaY > FG@CaygY > FG@Lag oY) follow
the opposite trend calculated for electrostatic attraction of
metal ions with guest molecules by DFT (NaY < CaY < LaY).
The fragrance release mechanism from the NaY matrix is a
Fickian diffusion, while for CaY- and LaY-based carriers, the
aroma transport obeys zero-order kinetics. Also, limonene was
found to be entrapped more efficiently in a given zeolite
compared with linalool and the aroma evaporation is
significantly slower than the latter. The unusual behavior
could be attributed to the exact match between the limonene
molecule and the pore structure of the zeolite framework,
which allows it to penetrate deeply into the sodalite cages and
thereby retain longer in the matrix. Overall, this work provides
new insights into the host—guest interactions in zeolitic
matrices while at the same time introducing a convenient
platform for the construction of fragrance-controlled release
systems.

4. EXPERIMENTAL SECTION

4.1. Materials. The zeolite Y in the Na(I) form (denoted
NaY) was supplied by Nankai University Catalyst Co., Ltd.
(Tianjin, China). p-Linalool (Lol, 98%) and p-limonene (Lim,
95%) were purchased from J&K Scientific (Beijing, China) and
used directly. Deionized (DI) water was used in all of the
experiments. CaCl,-H,0, LaCl;, and other chemicals of
analytical grade were brought from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China) and used as received.

4.2. Characterizations. Fourier transform infrared (FT-
IR) spectra were recorded between 400 and 4000 cm ™" using a
Bruker TENSOR 1II spectrophotometer with 32 successive
scans at a resolution of 2 cm™". Solid samples were mixed with
potassium bromide and compressed into a pellet for the
measurements, while the neat fragrances were measured by the
liquid film method. Powder X-ray diffractometric analysis
(PXRD) was performed on a Panalytical X'Pert diffractometer
(Netherlands) operated at 40 kV, 40 mA, and 0.02°/min with
Cu Ka radiation (4 = 1.5418 A) in the 20 range of 5S—60°. The
morphologies of zeolites and fragrance-loaded composites
FG@ZYs were observed by a field-emission scanning electron
microscope (SEM) on an SU8010-SEM (Hitachi, Japan).
Samples were sputtered with platinum and imaged at an
accelerating voltage of 3 kV. The particle size was analyzed by
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Nano Measurer software (version 1.2.5) and expressed as
mean + standard deviation based on 150 measurements. An
energy dispersive spectroscopy (EDS) accessory was also used
for imaging and quantifying the element distribution of the
samples. The specific surface area and porosity characteristics
of zeolites were investigated by N, adsorption—desorption
measurements at 77 K on a BELSORP-max physical
adsorption instrument (MicrotracBEL Corp., Japan). Before
the tests, the samples were degassed at 120 °C and 1 X 10 Pa
for 24 h. The specific surface area was calculated by the
Brunauer—Emmett—Teller (BET) equation from the adsorp-
tion isotherm branch. The total pore volume was obtained at a
relative pressure of 0.990. The micropore size distribution was
determined by the Horvath—Kawazoe equation from adsorp-
tion isotherm data, while the mesopore size distribution was
obtained according to desorption isotherm data via the
Barrett—Joyner—Halenda (BJH) equation. Thermogravimetric
analysis (TGA) of the neat fragrance and zeolite and
composites thereof was performed under a N, atmosphere
using a Pyris 1 TGA thermogravimetric analyzer (PerkinElm-
er). Samples were heated from room temperature to 800 °C at
a heating rate of 15 °C/min.

4.3. Preparation of CaY and LaY. Y zeolites with Ca(Il)
or La(IlI) counterions were prepared from the precursor NaY
according to a previously reported ion-exchange method.”> A
typical ion-exchange experiment is as follows: 6 g of NaY was
added to an aqueous solution of 1.0 M CaCl, or LaCly (150
mL), and the mixture was stirred at 200 rpm for 24 h at 80—90
°C. After filtration, this procedure was repeated by mixing the
isolated solid with a fresh batch of solution. The impregnation
of zeolite in the salt solution for 24 h was considered as an ion-
exchange cycle. Finally, the separated powder was dialyzed
against DI water and lyophilized to yield the desired product as
a white solid. The ion-exchange degree (x) was determined by
analyzing the Na* content of the zeolite phase before and after
exchange based on the energy-dispersive spectroscopy.

4.4, Encapsulation of Fragrances in Zeolites (FG@ZY).
Encapsulation of fragrances in zeolites was carried out on a
Schlenk line. A certain amount of zeolites was placed in a flask,
degassed at 120 °C for 6 h, and filled with dry nitrogen. Then,
an excess of fragrance was added, and the resulting mixture was
stirred at ambient temperature for 24 h and then rinsed with n-
hexane several times in a N, flow to remove residual fragrance
on the solid surface. The as-prepared composites (denoted as
FG@ZY; Z shows the type of cation in the zeolite) were put
into a vial and stored in a desiccator.

The loading content of fragrance in the composites was
calculated by the following equation based on thermogravi-
metric analyses.

LC, (%) = Wig/Wpy X 100% (1)

where Wgg and Wy are the weights of adsorbed fragrance and
the carrier, respectively.

4.5. Fragrance Cumulative Release Profiles and
Release Kinetics. The fragrance release experiments were
carried out at room temperature according to the previously
reported procedure.” At regular intervals, ~5 mg of sample was
taken out from a desiccator with a small air outlet to analyze
the fragrance residues by TGA. Each cumulative release
percentage of fragrance was derived from three independent
measurements and was expressed as the mean + standard
deviation.

Four mathematical models were applied to fit the release
profiles of FG@ZY composites, including a first-order equation
(eq 2), a Higuchi equation (eq 3), a Weibull equation (eq 4),
and a zero-order equation (eq $).

r=1-e* )
r= kt* )
p= ] el (4)
r=kt ()

where r is the fraction of fragrance released at time t to the
initial loading content (viz. % cumulative release), k is the
release rate constant, and n is a parameter related to the release
mechanism.

4.6. Computational Models and Methods. For the
consideration of computational cost and convenience, we
simplified the standard cubic cell of a faujasite framework
(Siyg20354)” into a primitive rhombohedral cell (SigOg6) and
replaced 12 Si atoms in the structure with 12 Al atoms to
obtain a Si/Al ratio of 3, which was close to the experimental
value of about 2.4. Thus, 12 Na*, 6 Ca**, or 4 La*" were
introduced to balance the negative charges of the framework
and were assigned to the following binding sites according to
the well-known experimental cationic distribution:** 6 Na* at
Sy (supercages), 2 Na* at S; (D6R cages), 4 Na* at Sy (sodalite
cages); 1 Ca®" at Sy, 1 Ca®" at Sp, 4 Ca®" at Sp; and 1 La®" at Sy,
3 La*" at S;. The lattice constants are optimized from the
Birch—Murnaghan fit to the total energies as a function of the
unit cell volume. The lattice parameters of NaY, CaY, and LaY
zeolites are as follows: a =b=c= 17716 A, a ==y =60%a
=b=c=17714 A, a=f=y=60%anda=b=c=17.855A,
a = f =y = 60° respectively. The optimized primitive cells of
NaY, CaY, and LaY zeolites considered for DFT calculations
are shown in Figure S8.

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP).*” The semilocal Perdew—Burke—
Ernzerhof (PBE) exchange—correlation functional was em-
ployed in the generalized gradient approximation (GGA)
proposed by Perdew et al°’ The electron—ion interactions
were described using the projector augmented planewave
(PAW) method,”” and the Kohn—Sham equations® were
solved self-consistently until the energy difference between
cycles became lower than 1077 eV. The planewave cutoff
energy was set to 450 eV. Gaussian smearing of o = 0.1 eV was
applied to occupations to improve the total energy
convergence. The structural relaxations have been performed
until all forces were smaller than 0.01 eV/A. The calculations
were done using the I'-point only due to the large size of the
unit cell. The van der Waals interactions were considered using
dispersion corrections. To be more specific, we adopted the
Tkatchenko—Schefller scheme with iterative Hirshfeld parti-
tioninog, as implemented in VASP by Bucko and co-work-
ers.””°* This method has been shown to accurately describe
the interaction of small molecules with zeolites.””*"** The
interaction energies (AE,;,) of the fragrance molecules with
zeolite Y at 0 K are calculated from eq 6

AE, =Ey_p — Ey — Eg (6)

where Ey_p. represents the energy of zeolite Y with adsorbed
fragrance molecules and Ey and E; denote the energy of the
empty zeolite and isolated fragrance molecules in the gaseous
phase, respectively.
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For a given fragrance-loaded composite, the most stable
adsorption configuration has been optimized and the differ-
ence in electronic density (Ap) upon adsorption of the
fragrant molecule into the zeolite was determined for an
improved understanding of the bonding interactions. These
adsorption configurations and electronic distribution modes
are visualized using VESTA.®® To this end, we have calculated
from a relaxed structure of fragrance molecules adsorbed in the
zeolite (ZY; Z = Na, Ca or La) the electronic densities of the
following fragments: the clean ZY (py), the molecule (pp), and
the ZY with the adsorbed molecule (pyjy). Then, Ap is
calculated from the following expression

Ap =py =Py = Pr (7)

Bader’s analysis was also performed to obtain the electronic
charge and charge difference of the systems after fragrance
adsorption.

The optimized geometries of limonene and linalool
molecules were calculated using the DFT PBE0/6-31G(d,p)
basis set by Gaussian 09. The molecular van der Waals
surfaces, defined as 0.001 au electrostatic potential isosurface
by Bader,’® colored by electrostatic potential (ESP), were
calculated by Multiwfn® and shown by Visual Molecular
Dynamics (VMD).68
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