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Abstract

In the current study, a green method that can be easily used in different industrial
applications, based on the modification of sodium exchanged montmorillonite (Na*-Mt) with
essential oils (EO) such as thyme oil, thymol and carvacrol was presented. The obtained results
show the prepared clays-essential oils hybrids were promising nanomaterials to encapsulate the
active compounds and to control their release selectively in the functional applications. X-ray
diffraction (XRD) analysis was used to study the adsorption of EO, thymol and carvacrol
molecules, in the interlayer space. To verify the adsorption of thyme EO, thymol and carvacrol
into Na*-Mt layers and to determine the temperature range where the EO, thymol and carvacrol
release took place, thermogravimetric analysis (TG) was used. Attenuated total reflecting-
Fourier-transform infrared (ATR-FTIR) spectroscopy was used to verify and to study the
adsorption mechanism. The obtained results show that the interlayer space of Na*-Mt was not
affected by the adsorption of thyme EO, thymol or carvacrol molecules. The release of the
adsorbed molecules of thyme EO, thymol or carvacrol from Na*-Mt surface was obtained
above 180°C. Combination of simulation with all obtained experimental results, confirm that
the adsorption process of thyme EO, thymol, and carvacrol molecules on the Na*-Mt took place
on the external surface i) by hydrogen bonds between the OH groups of thyme EO, thymol or
carvacrol molecules and OH groups of Na*-Mt surface, and ii) by hydrogen bonds between

these adsorbed molecules. The release study shows that the adsorption of EO like thyme, and
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its constituents such as thymol and carvacrol onto an inorganic porous material such as Na*-
Mt provides extended controlled release of all adsorbed active molecules with their chemical
stability due to the protection against environmental conditions. In addition, the release of

thyme oil constituents (like thymol and carvacrol) occurs by a selective process in time.
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1. Introduction

Essential oils (EO) are natural, volatile liquids extracted from various plants which are
responsible for several use in medicine, agriculture, and perfumes for many years [1]. Interest
in these EO has massively increased in recent years, thanks to their physico-chemical and
biological properties. Actually, numerous authors have shown biocide, antioxidant and
antimicrobial activities, which are usable in many areas [2-4]. EO are essentially composed of
simple molecules called terpenes and can be easily extracted using a variety of different
distillation and extraction techniques [5].

Recently, the use of EO as biopesticides has become alternative methods to control various
types of insects such as the treatment of honeybee pests (Apismellifera L.) as a Varroa
destructor [6-10] Beekeepers in Morocco have been found that the Varroa has fewer impact
on colonies of bees foraging on thyme stands (Thymus satureioides) [10]. They are also using

the plant directly for fumigating the beehives to control the pest.

Thymus satureioides Coss. and Origanum elongatum Bonn. formations exist wildly in the
central and western High Atlas and in north-eastern Rif regions of Morocco, respectively
[10,11]. So, they are important natural sources of EO. Thyme EO contains a number of active
compounds such as thymol, carvacrol, p-cymene, myrcene, linalool, borneol, and others [12],
although most of them are showing important antioxidant and antimicrobial effects against a
wide variety of gram-negative or gram-positive bacteria. The phenols such as thymol,
rosmarinic acid, and carvacrol are the most important active compounds of thyme EO [13,14].
The carvacrol is a high concentration monoterpenoid compound contained in oregano EO
extracted from the origanum and thyme plants show a high acaricidal potential [10,15-20]. In
addition, many important biological properties, such as antioxidant antimicrobial, anti-
mutagenic, antitumor, cell-protective, and anti-inflammatory activities, have been reported for

thyme EO, thymol, and carvacrol [10,17,20-22]. EO bioactivity is primarily attributed to its



chemical structure, and in specific to the functional groups of the principal constituents
[10,23,24].

However, their direct use may be limited by their aromatic properties and their instability to
the environmental conditions. In addition, to prevent infection from living with resistant
parasites, a sequential and controller release of EO compounds is necessary. Therefore, the
adsorption and the encapsulation may be a useful strategy to be further studied and widen the

application of thymol and thymol-based ingredients such as thyme oil [25,26].

Recently, adsorption of EO onto a nonporous inorganic material has been suggested to
control the release and protection from polymer processing condition [27—-33]. Thanks to its
layered structure and high surface area as well as its high cation exchange capacity and its
ability to swell, the montmorillonite (Mt) is an ideal adsorbent and nano-carrier of such EO
[27-30,33-36]. In previous studies [27,29-33], the adsorption of EO on inorganic
nanomaterials was obtained using various organic solvents, such as acetone [31-33] or heptane
[30]. Indeed, possible residues of solvents in the final materials tend to have been a

disadvantage of using such modified clay minerals in the functional applications.

Moreover, in the study reported by Giannakas et al., (2017), a method for the adsorption of
EO on clays was carried out via adsorption/evaporation with using the high temperature. The
sensitivity of EO to temperature introduces the possibility to endanger their physical-chemical
and biological properties. Recently, an adsorption method was documented for use with only
essential oil components such as allyl isothiocyanate, carvacrol, transcinnamaldehyde, diallyl
disulphide, eugenol, and thymol [37]. This method based on the direct mixing of
montmorillonite samples and essential oil components followed by a heating step. In this work,
a green evaporation/adsorption method for the adsorption of essential oils and EO components
on clay minerals is presented without the use of organic solvents and without using the high

temperature.

The aim of the preparation approach was to produce powdered final EO-clay mineral
hybrids in order to make their usage easier to control the release of active compounds of EO
which are well-known for their significant acaricidal, fungicidal, larvicidal, and insecticidal
properties [6-10]. The EO that were used were thyme oil, thymol and carvacrol. XRD, TG and
FTIR characterization methods were employed to investigate the mechanism and the effect of

adsorption of thyme oil, thymol and carvacrol into a natural sodium exchanged hydrophilic



montmorillonite (Na*-Mt), and the GC analysis was used to study the release in gas phase of
all EO from obtained Na*-Mt/EO hybrids.

2. Materials and Methods
2. 1. Essential oil and active compounds used

Thyme EO from Jerada (Province of Oriental region Morocco) was extracted by steam
distillation, Thymol (2-isopropyl-5-methylphenol, 99% purity) and Carvacrol (5-isopropyl-2-
methylphenol, CARV, 98% purity) were purchased from Sigma—Aldrich. A result of GC-MS
analysis of different adsorbents, such as thyme EO, thymol, and carvacrol was presented in
(4.6 section).

2. 2. Purification and preparation of sodium exchanged montmorillonite

The starting raw clay from Nador (North-East of Morocco) is an industrial bentonite rich
in montmorillonite [38]. The montmorillonite used in this study was purified according the
method already described in a previous paper [38]. Briefly, pretreatment of the raw bentonite
is carried out by a series of washing with distilled water to make the elimination of the
impurities of all the crystalline phases (such as quartz, calcite, feldspar...) and to obtain a well-
defined granular fraction with size <2 pum. This granular fraction has been followed by a series
of treatments by sodium chloride solution to prepare the sodium montmorillonite homo-ionized
(sodium exchanged montmorillonite). In practice, this purification consists of dispersing a
mass of 1 kg of crude clay in 5 liters of distilled water with a solid/liquid ratio: 1:5. The mixture
was mechanically stirred for an hour till the complete homogenization. Then a treatment with
HCI (0.5 M) was made to remove carbonate. To oxidize organic matter a washing with H.O>
(10%) of the resulting mixture was made. A number extensively (6 times) of washing with
NaCl 1 M followed by centrifugation of the resulting product was made to give saturated clay
minerals. The fraction enriched in impurities (the dark gray residue in the centrifuge tube) was
eliminated. The clear fraction was then washed and dialyzed with distilled water until the
conductivity in the dialysis bath was less than 2 uS/cm (conductivity of used distilled water).
The obtained dispersion was then air-dried and was gently grounded to obtain powder sodium

exchanged montmorillonite (Na*-Mt), and the necessary characterizations have been made.

The surface areas and the pores volume of the samples were determined by Micrometrics

ASAP 2000 volumetric adsorption-desorption apparatus, using nitrogen as adsorbent [39], the



result gives specific surface Sger = 83.49m?g™, total pore volume Vi = 0.213 cm®g?, specific

external surface Sex; = 82.93m?g™.

The cation exchange capacity (CEC) was also determined by adsorption of a copper
ethylene diamine complex [40,41], the obtained CEC is 90 meq/100 g clay mineral. Chemical
analyses of the samples are given in Table 1.

Table 1. Chemical composition (wt. %) of sodium modified and raw montmorillonite.

SiOz A|203 CaO MgO Fe,Os3 Na,O, K,O SO3 CUOTiOz Zn0O

Na*-Mt 61.17 1513 400 6.00 3.25 11 052 038 013012 01

Raw-Mt 64.05 16.33 413 6.69 3.44 1.12 0.65 037 0.09 0.1 0.05

2.3. Preparation of Na*-Mt/Thyme oil, Na*-Mt/Thymol and Na*-Mt/Carvacrol hybrids

Loading of thyme oil and its constituents thymol and carvacrol into Na*-Mt was carried out
via evaporation/adsorption procedure without using high temperatures and organic solvents.
This innovative procedure of directly mixing EO with clay minerals, avoids the formation of
clay/EO slurries. The heating of EO has not been done in order to not to endanger the physical-
chemical and biological properties. Before the evaporation/adsorption procedure, the Na*-Mt
is dried in an oven at 120°C overnight. 1g of this sample was spread out in an aluminum beaker
and placed in a desiccator under vacuum for more than 2 hours in the presence of separate
containers, containing 250g of anhydrous CaCl, and 2509 of P2Os to remove all traces of
moisture, the air gases in the desiccator and subsequently the water adsorbed in the surface of
the clay (Figure 1a). Then, the anhydrous salts were replaced by 2g of EO, thymol or carvacrol,
and the system is kept under vacuum for 1 to 2 hours (Figure 1b). The temperature inside the

desiccator is 30 °C.

The clay mineral samples are left under an EO atmosphere, then weighed after variable
equilibrium time in hours (see the day) to know the quantities of EO adsorbed and at the end
let the system equilibrate under vacuum for a certain period (approximately 10 days). Under
these conditions the most volatile EO components were evaporated and adsorbed into Na*-Mt,
when the evaporation-adsorption procedure ended the obtained Na*-Mt/EO clay hybrids were

labeled and put in sealed closed glass beakers for further characterization.
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Fig. 1. Gas evacuation and desorption of adsorbed water in the clay surface (a),

evaporation/adsorption process of thyme EO, thymol and carvacrol on Na*™-Mt (b).

3. Characterization techniques
3.1. XRD analysis

XRD analysis was used to estimate the interlayer space of all clay mineral EO hybrid
powders using a Shimadzu XRD-6000 X-ray diffractometer in the range from 2 to 40
(26) with a step size of 0.02° 26 angle and CuKa radiation (1 = 1.5418 A).

3.2. TG analysis

TG experiments were realized with a Shimadzu DTG-60 apparatus. A sample mass of Na*-
Mt, Na*-Mt/EO, Na*-Mt/thymol, Na*-Mt/carvacrol or of pure adsorbents was loaded in an
alumina crucible and heated from room temperature to 900°C (heating rate: 5°C min™?) in the

air flow (75 mL min™%),
3.3. Attenuated total reflecting-Fourier-transform infrared (ATR-FTIR) investigation

The functional groups of EO on the Na*-Mt surface were investigated by ATR-FTIR which
was recorded on a Jasco4700-ATR spectrophotometer (Shimadzu, Japan). These experiments
were also used to confirm the presence of EO in the Na*-Mt nanoparticles. Powder of dried
sample was sandwiched between the ATR accessory and the diamond crystal. Spectra of
samples were recorded in the wavelength region between 400 and 4000 cm X, Each spectrum
was obtained by averaging 32 scans at a resolution of 4cm™. Spectra of substrates before and
after adsorption of the thyme EO, thymol, and carvacrol were compared respectively to spectra
of the pure thyme EO, thymol, and carvacrol in order to confirm the presence of these adsorbed

molecules. The experiments were performed in triplicates and showed good reproducibility.

3. 4. Simulation details



The annealing simulation in the canonical ensemble (constant atom number, volume and
energy [NVE]) was utilized to understand the mechanism of adsorption of thymol, and to
determine the arrangement of thymol molecules on the external surface of Mt on the basis of
minimum adsorption energy of thymol. The vacuum slab with 4ax3bx1c crystal unit was
created and the vacuum slab was orientated along the c-plane with crystal thickness of 12.6A.
Adsorption locator was used to generate the models depicting thymaol on the surface of Mt. All
adsorption locator calculations were performed using compass force field with the surface
region defined by atom set, and with the fixed number of 10 configurations. All simulations
were executed using the adsorption locator and forcite Modules of Materials Studio (version
17.1.0.48). The force field used is COMPASS 2, the system was subjected to energy
minimization for geometry optimization before anneal simulations were conducted. For
minimization calculation maximum iterations of 50,000 was used with an ultra-fine
convergence level. The anneal simulation using NVE lasted for 5-1071? seconds (ps) with a

time step of 10 seconds (fs). The obtained results are presented in (4. 5 section).
3.5. Essential oils release study

The release study of EO from hybrid materials nanoparticles was carried out in the gas
phase, using a Hewlett Packard 6890 gas chromatography equipped with a Hewlett Packard
6890 mass selective detector and an BPX25 capillary column with 5% diphenyl, 95%
dimethylpolysiloxane phase (30 m x 0.25 mm inner diameter x 0.25 um film thickness),
coupled to a QP2010 MS. Split is the injection mode. The pure helium gas (99.99%) was used
as carrier gas with a constant flow rate of 3 mL/min. The injection, ion source, and interface
temperatures were all set at 250°C. The temperature program used for the column oven was 5
°C (held for 1 min), heated to 250°C at 10°C/min and held for 1 min. The ionization energy
was set at 70 eV. Finally, compounds were identified by comparison of their retention times
with those of authentic standards and their mass spectrum fragmentation patterns with those
found in databases or those stored on the National Institute of Standards and Technology
(NIST) 147, 198 compounds. LabSolutions (version 2.5) was used for data collection and
processing: i) to confirm the success of EO adsorption on the Mt; ii) to understand the affinity
of EO with the Na™-Mt nanoparticles; and iii) to determine the stability of EO for the controlled
releasing from the Mt nanoparticles, which is important for further applications of EO-loaded

inorganic clay nanoparticles.



4. Results and discussion
4. 1. Gas phase adsorption of essential oils

The adsorption kinetics in gas phase of EO of thyme, thymol and carvacrol on Na"™-Mt
are represented in Figure 2. The results for the adsorption of thyme show that the adsorption
kinetics are very rapid step to the first day, approximately 113mg of thyme/g of Mt was
adsorbed (72%). After one day the adsorption kinetics are slow, in which the amount adsorbed
increases periodically every two days until the fourth day when it reaches a maximum

adsorption 160 mg of thyme/g of Mt.
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Fig. 2. Adsorption kinetics in gas phase of EO of thyme, thymol and carvacrol on Na*-Mt.

The results show that the kinetics of thymol adsorption is rapid in the first two days,
with approximately 93mg of thymol/g of Mt has been adsorbed (100%). After two days the
kinetics of adsorption is constant. The carvacrol adsorption results show that the adsorption



Kinetics is fast in the first three days, approximately 64mg of carvacrol/g of Mt is adsorbed
(91%). After the first three days, the adsorption Kinetics is slow as shown by the blue curve, in
which the adsorbed amount increases until the fifth day and reaches a maximum adsorption of
70mg of carvacrol/g of Mt (100%).

According to the results of the gas phase adsorption of EO of thyme and its constituents,
thymol and carvacrol, thyme EO is better absorbed than thymol and carvacrol on Na*-Mt. In

addition, thymol adsorbs better than carvacrol on the Na*-Mt.

On the other hand, the maximum adsorption kinetics is faster in the case of thymol, it
occurs from the second day whereas it occurs only around the fourth day for thyme oil and the
maximum adsorption Kinetics only comes on for the fifth day for carvacrol. These results allow
to choose the adequate constituent for the encapsulation of the active material and to predict

the adsorption time.

4. 2. XRD analysis

In Figure 3, are presented the XRD diffractograms of the obtained hybrid materials after
EO, thymol, and carvacrol adsorption into Na*-Mt and of purified Na"™-Mt (included for
comparison). The d(001)-values for purified Na*™-Mt and all Na*-Mt/EO, Na*-Mt/thymol, and

Na*-Mt/carvacrol hybrids were calculated and reported in Table 2.

The examination of all XRD diffractograms (Figure 3), shows that the 001 reflection of all
Na*-Mt modified with the various adsorbents did not show a significant variation of 2 theta
values in comparison to the purified Na*™-Mt. The d(001)-values for all the hybrid samples were
almost the same as the d(001)-value of Na*-Mt sample (Table 2).

Table 2. Amount adsorbed and d(001)-values, of Na*-Mt, and the obtained hybrids Na*-
Mt/thyme oil, Na*-Mt/thymol and Na*-Mt/carvacrol.

Amount adsorbed (mg EO/g Mt) | d(001)(A)
Na*'-Mt - 12.6
Mt-Thyme Oil 160 12.90
Mt-Thymol 93 12.84
Mt-Carvacrol 70 12.82

As the interlayer space between Na*-Mt layers is not higher in the modified materials than
in the purified Na*-Mt, this suggests that the adsorption of the thyme EO, thymol and carvacrol



on Na*-Mt mainly took place on the external surface of Na*-Mt by adsorbent-adsorbate

electrostatic interactions, similarly to the results reported by [26,30].
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Fig. 3. XRD diffractograms for the six substrates between 26 values of 2 and 45 °,
highlighting the differences in d(001) reflections between the natural Na*-Mt and the
obtained Na*-Mt/EO hybrids.

4. 3. TG experiments

The TG plots of and all obtained as well as Na*-Mt purified are presented. The TG plots
of pure essential thyme oil and EO constituents (thymol, carvacrol) (Figure 4a) show that all
EO mass loss started above 100°C and ended before 220°C (dotted lines in Figure 4a). In all
obtained Na*-Mt/EO hybrids (dotted lines in Figure 4b) the mass loss started below 180°C and
finished before 600°C where the dehydroxylation of Na™-Mt has been initiated [42,43]. Two
mass loss steps were observed in this total mass loss, the low-temperature step below 180°C
and the high-temperature step above 180°C to approximately 600°C.

In agreement with X-ray results, where lower d-spacing was obtained for all obtained Na*-

Mt/EO, Na*-Mt/thymol, and Na*-Mt/carvacrol hybrids, the following conclusions can be
obtained:



i) water molecules were not desorbed by applied vacuum in the first step of the
adsorption process (see Figure 1a), so, they are being adsorbed in the Na*-Mt
interlayer space and were desorbed at the first mass loss step at the low temperature
(below 180°C)

i) EO, thymol, and carvacrol molecules were surely adsorbed on the external Na*™-Mt
surface and were released during the second mass loss step at the higher
temperatures (above 180°C). Similar results have been found by [26], suggesting
that the oregano, thyme, and basil essential oils were probably adsorbed on the
external Na*-Mt surface through hydrogen bonds between OH groups of EO and
OH groups of Na*-Mt.
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Fig. 4. TG curves of (a) thyme oil, thymol, carvacrol, and (b) purified Na*-Mt and all
obtained Na*™-Mt/EQO hybrids.

The mass loss values during these two distinguished steps, as well as the total mass loss
values, were calculated and presented in Table 3 for pure adsorbents such as thyme EO, thymol,
and carvacrol and for all Na*-Mt/thyme oil, Na*-Mt/thymol, and Na*-Mt/carvacrol hybrid
materials. As can be seen: the EO are more thermally stable in hybrid form. This result
corroborates the use of obtained Na™-Mt/EO, Na*-Mt/thymol, and Na*-Mt/carvacrol
nanostructured hybrids in controlled release functional applications where it will be expected

to have different release rates with a selective release.



Table 3. Designation and % Mass loss values of thyme oil, thymol, carvacrol, purified Na*-

Mt and all obtained Na*™-Mt/EO hybrids calculated from TG curves.

Code name Yo mass loss Yo mass loss Total % mass loss
below 180°C above 180°C

Thyme Oil 85 (below 220°C) 11 (above 220°C) 96
Thymol 98 (below 220°C) 0 98
Carvacrol 98 (below 220°C) 0 98
Na*-Mt 8.5 5.5 14
Mt-Thyme Oil 9 195 28.5
Mt-Thymol 7.5 11 18.5
Mt-Carvacrol 7.5 9.5 17

4.4, ATR-FTIR measurements

The ATR-FTIR spectra of the adsorbents such as thyme oil, thymol, and carvacrol, and
all obtained Na*-Mt/thyme oil, Na*-Mt/thymol, and Na*-Mt/carvacrol hybrid materials were

presented in Figure 5. A series of vibrations and elongation bands were classified as follows:

-For all adsorbents, the thyme oil, the thymol, and the carvacrol, abroad band at

~3400 cm ™! attributed to hydrogen-bonded O-H stretching is observed.

-Bands at ~3050-3000 cm™* were assigned to the aromatic cycle and alkenic H-C=C-H
stretch vibrations [26,30,44].

-In all the adsorbents spectra, three observed bands in the range 2850-3000 cm™ (indicated
with a dotted line in Figure 5) were assigned to the C-H stretching vibration of aliphatic CH>
bonds. This group of bands was a strong indicator of adsorption of thyme oil, thymol, and
carvacrol on Na*-Mt, due to the absence of bands in this wavenumbers range in the pure Na*-

Mt spectrum.

- In wavenumbers range 1500 cmtand 1000 cm!several bands for all the adsorbents were

observed, which were assigned to the C-O-H bending and the C-H bending of the aliphatic



groups (CH.). Noteworthy, their overlap with those of the Na*-Mt spectrum is not expected.
Consequently, they should be visible in the spectra of the hybrid materials [26,30]. Finally, the
observed bands below 1000 cmtwere not considered as significant for adsorption study, due
to their overlap with those of the Na*-Mt spectrum [26,30].

In the ATR-FTIR Na*-Mt spectrum (Figure 5), the following attributions are shown:

A band at ~3620 cm ™! was attributed to the characteristic absorption band of OH group
stretching bonded with AI®* cation [36,42,45]; a large band centered at ~3400 cm™* assigned to
the stretching vibration of the O-H bonds of the H.O molecules; the observed band at
~1633 cm ™! was assigned to the bending vibrations of the O-H bonds of the H>O molecules;
the obtained bands at wavenumbers ~1110 cmtand at ~981 cm(see Figure 5) were attributed
to the stretching vibration of Si-O [38,42,46]. The observed bands at 913, 878, and
841 cmrepresent the OH bending modes. Moreover, the bands at, ~913 cm™, ~878 cm*and
~841 cm™* were respectively attributed to the bending mode of Al-Al-OH; Al-Fe-OH; and Fe-
Fe-OH groups [38,42,47,48].

The ATR-FTIR spectra of Na*™-Mt with loadings of EO of thyme, thymol and carvacrol
are presented also in Figure 5. In agreement with XRD and TG results of all obtained Na*-Mt
hybrids materials, the OH stretching modes at 3400 cmsupport the suggestion that water
molecules remain adsorbed in the interlayer spaces of Na"-Mt after the applied vacuum. In all
the obtained hybrid samples, it is clear that the suggested adsorption of thyme oil, thymol, and
carvacrol molecules on the external Na*-Mt surface has occurred, leading to the observed two
groups of bands, in the range of 1200 to 1500 cm(denoted with dotted rectangular in Figure
5) and 2800 to 3050 cm*(denoted with a dotted line in Figure 5d) which were characteristic
EO, thymol and carvacrol molecules bands. To call attention, all these characteristic bands
were denoted with different colors dot lines in Figure 5. In addition, for all obtained hybrid
materials a shift of bands to higher wavenumbers was observed, accompanied by stretching
bands in the case of the second group of bands at the 2800-3050 cm™ range (see Figure 5d).
Furthermore, in the higher wavenumbers part, was observed broadening bands of the
characteristic Al-OH group at ~3620 cm ™ for all obtained hybrid Na*-Mt (see Figure 5d).

After studying the relationship between the shift of aliphatic C-H bands to the higher
wavenumbers in 3050-2800 cm ™ range and their broadening and the increasing stretching band
of the characteristic Al-OH group of Na*-Mt, it can be confirmed that the thyme EO, thymol,

and carvacrol molecules were bonded on the external Na*™-Mt surface by hydrogen bonds



between EO, thymol or carvacrol OH groups and OH groups of Na*-Mt surface. Hydrogen
bonds between adsorbed molecules were also suggested. This proposed adsorption process
shows a correlation between ATR-FTIR (strong interactions between OH groups of adsorbed
molecules and OH groups of external Na*-Mt surface), XRD (no significative increasing of
Na*-Mt interlayer spaces was observed, Figure 3) and TG results, see Table 3 (the EO, thymol,
and carvacrol molecules released from Na™-Mt above 180°C signifying a strong created

hydrogen bonds).
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Fig. 5. Attenuated total reflecting-Fourier-transform infrared spectra (ATR-FTIR) of Na*-Mt,
thyme oil and Mt-thyme oil hybrids (a), Na*-Mt, thymol and Mt-thymol hybrids (b), Na*-Mt,
carvacrol and Mt-carvacrol hybrids (c) in the range of (a) 4000-500 cm™* and Mt-thyme oil
hybrids, Mt-thymol hybrids and Mt-carvacrol hybrids (d), in the range of (a) 4000-2500 cm™*

4. 5. Simulation result

The simulation results (Figure 6) show - that the adsorption of thymol molecules onto Na*-
Mt nanoparticles took place in the external surface by creating hydrogen bonds between OH

groups of thymol and OH groups of Na*-Mt surface, and- that the adsorption was made through



the formation of hydrogen bonds between the thymol molecules, which explains the increase

in the adsorption rate although there are a few OH groups in the external Na*-Mt surface.
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Fig. 6. (In left) Structure of modified Mt with EO molecules (side view), (In right) Zoom of
part of EO OH groups bonded on surface OH groups of Na*-Mt. Ball and stick colors: Dark
purple (Na*), gray (C), red (O), white (H), green (Mg), purple (Al), gold (Si).

This result was in correlation with the previous obtained experimental results such as -
ATR-FTIR (strong electrostatic interactions on the Na*-Mt surface), - XRD results where no
increase of d-spacing was observed for all obtained Na*™-Mt hybrid materials (Figure 3) and -
TG results also showing this kind of adsorption where it was observed that thyme EO, thymol,
and carvacrol molecules released from Na*-Mt surface above 180°C (Table 3) suggesting a

strong bond.
4. 6. Release study

The qualitative release profiles of thyme oil, thymol and carvacrol from Na*-Mt/thyme oil,
Na*-Mt/thymol, and Na*-Mt/carvacrol hybrid materials were determined as follows: the Na'-
Mt nanoparticles loaded with EO, thymol or carvacrol was introduced in a vial of HPLC and
was closed and placed at 25°C. The release was monitored every 24 hours using gas
chromatography. The results of release in gas phase of thyme oil, thymol and carvacrol from
the Na™-Mt are illustrated in Figure 7, as well as the chromatograms of pure EO, thymol and

carvacrol are presented.
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Fig. 7. Chromatograms of pure EO of thyme, thymol and carvacrol (a), and the qualitative
release chromatograms of thymol (b), carvacrol (c), and thyme EO (d) from Na*-Mt/OE

hybrid materials

To better follow the release kinetics by gas chromatography, the constituents of the
different adsorbents, thyme EO, thymol and carvacrol have been identified. Analysis of the
chromatogram of thyme EO, thymol and carvacrol (Figure 7a) shows that the EO of thyme is
essentially composed of seven different constituents with different percentages: thymol
(39.22%), carvacrol (36.12%), p-cymene (11.06%), y-terpinene (10.47%), linalool (1.8%), -
myrcene (0.82%) and a-pinene (0.52%). The vast majority of the composition of thyme oil are
thymol and carvacrol. Chromatography analyzes show that the EO of thyme, thymol and

carvacrol used are pure.

Chromatography analyzes of the release of thymol (Figure 7b) and carvacrol (Figure 7c),
from their respective hybrid materials show that the EO constituents, thymol and carvacrol,
remain stable in hybrid systems and show that adsorption of EO components like thymol and



carvacrol onto an inorganic porous material such as Na*-Mt provide controlled release and

protection against environmental conditions.

For release of thyme EO, the results show that there is a chemical selectivity on the release
of the components of thyme oil from the hybrid materials Na*-Mt/thyme, as shown in Figure7d,;
after the first three days of release, only two components are released, p-Cymene and thymol,
the latter is released quantitatively compared to p-Cymene. After three days of release, the
chromatograms obtained show that in addition to p-Cymene and thymol there is the release of
carvacrol with a significant amount. The ratio of carvacrol and thymol released is raised by
increasing release of carvacrol and decreasing of thymol. In addition, the extended release of
all EO and the chemical stability are remarked. These results make it possible to know the

selectivity of the kinetic release of the active compound of the EO.

5. Conclusion

The thyme EO, and its constituents such as thymol and carvacrol were adsorbed on Na*-Mt
according an evaporation/adsorption process without using organic solvents and without using
a high temperature. The original adsorption procedure for EO retention on clay surface

proposed in this study presents some advantages reported in the following notes:

1. It avoids the use of organic solvents, unwanted in various functional applications
(due to their toxicity degree).

2. It avoids the heating of EO and volatile molecules such as thymol and carvacrol, so
as not to endanger their physical-chemical properties.

3. It leads to prepare Na*-Mt loaded with EO like thyme oil and/or volatile molecules
such as thymol and carvacrol in the powder form (powder hybrid nanomaterials),

which is desirable and more applicable for various functional applications.

In summary, the combined simulation results and all obtained experimental results, confirm
that, the adsorption process of thyme EO, thymol, and carvacrol molecules on the Na*-Mt took
place on the external surface of the clay mineral by hydrogen bonds between EO, thymol or
carvacrol OH groups and OH groups of Na'-Mt surface, and by hydrogen bonds between

adsorbed molecules.

The release study by chromatographic in gas phase shows that the adsorption of EO like
thyme oil and its volatile constituents such as thymol and carvacrol onto an inorganic porous

material such as Na*-Mt provide extended controlled release of all adsorbed volatile molecules



and their chemical stability due to the protection against environmental conditions. In addition,
a selectivity of the kinetic release in gas phase of constituent thyme oil such as the carvacrol

and thymol from the powder of Na*-Mt has been observed.
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