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Abstract

A new green composite material with antioxidant properties and specific-targeting capabilities was developed

using Montmorillonite Clay in modified forms for rosemary essential oil gaseous adsorption without harmful chemi-
cals or excessive heat. The modified clays were tested for their adsorption capabilities, with the sodic clay show-

ing the highest affinity for the essential oil. The study also found that the adsorbed essential oil on sodic clay had

the highest antioxidant activity compared to the organic and pillared clays. Adsorption isotherms revealed values

of 40, 30, and 18 mg g™ for sodic, organic, and pillared clay respectively. To assess the experimental data three models
were used: First Order, Second Order, and Intra-particular Diffusion. According to the models' data, the Second Order
model fits the experimental results. These results suggest combining modified clays with essential oils can create
materials suitable for controlled release systems in food and pharmaceutical applications.

Highlights

- The capacity of gaseous adsorption of REO on sodic, organic, and pillared clays depends essentially on the inter-
action between the clay’s external surface and the essential oil-active molecules.

- Adsorbed essential oil on clays’ surfaces without any direct contact shows an antioxidant activity against DPPH
that can be explored in further research concerning food packaging, drug delivery...etc.

-+ The desorbed amount of REQ is practically less than half of the adsorbed quantity which involves both physisorp-
tion and chemisorption interactions.
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Introduction

The process of adsorption has extensive applications in
various fields, including drug delivery, the food industry,
gas storage, catalysts, wastewater treatment, air purifica-
tion, and separation.

Adsorption is divided into two common types, physi-
cal adsorption and chemical adsorption, depending on
attractive interactions between the adsorbate molecules
and the adsorbent surface ruled by strong or weak inter-
molecular forces.

Physical adsorption or physisorption is reversible and
is caused by weak intermolecular Van der Waals interac-
tions between the adsorbate molecules and the adsorp-
tion sites on the adsorbent material. On the other hand,
chemical adsorption or chemisorption occurs when the
molecules of the adsorbate and the adsorbent surface
form a strong, chemical bond that is typically irreversible
(Kennedy et al. 2018).

The approach of active molecules adsorption on clays
involves reversible attachment of the active molecules
into/onto the nano-clay particles by incorporation or
adsorption. In other words, the active molecule can fill
into the clay matrix and induce changes to the support
or can be adsorbed on the surface without any changes to

the clay structure depending on the characteristics of the
clay (surface area, pore size distribution, charge... etc.)
and the active molecules (size, shape, polarity... etc.). The
active molecules that are adsorbed, as well as the type of
clay utilized, may differ based on the specific objectives
of the process. Typically, these active molecules are pre-
dominantly present in essential oils in their natural state.
It is important to highlight that the conditions facilitat-
ing adsorption significantly influence the development of
this system; thus, a comprehensive analysis of these con-
ditions necessitates theoretical investigations (Oliveira
et al. 2022).

Essential oils (EOs) are fragile, volatile substances
(Scalvenzi et al. 2024) that are naturally produced by
plants as a by-product of their metabolism. EOs have
gained a lot of attention and are being used extensively
in the food industry and as biological agents with anti-
viral, antioxidant, and anti-inflammatory properties
thanks to the synergetic effect of their components (Bak-
kali et al. 2008; Shaaban and H., Farouk, A. 2022). The
chemical makeup of these substances consists of a intri-
cate mixture of nonvolatile elements, including fatty
acids, hydrocarbons, and carotenoids, which constitute
a minor fraction of their overall mass. In contrast, the
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predominant portion of their weight is comprised of nat-
urally volatile compounds such as terpenoids, alcohols,
aldehydes, and esters. Essential oils (EOs) are widely used
in aromatherapy, applied topically and sometimes even
taken internally (Ali et al. 2015). Reviews on the proper-
ties of EOs can be found in the literature (Unalan et al.
2021). Because of their composition, EOs are unstable
in the environment and are prone to degradation. They
are also volatile at ambient temperature, have low water
solubility, and are sensitive to light, humidity, and oxy-
gen. Numerous efforts have been undertaken to maintain
them by trapping them in various host matrices (Majeed
et al. 2015). Real-world applications often face challenges
due to intricate and costly preparation methods, which
typically require heat, organic solvents, and matrices that
can modify the physical, chemical, and biological prop-
erties of essential oils (EO) molecules, thereby restricting
their use. To enhance their applicability, it is essential to
develop a sustainable adsorption strategy utilizing a suit-
able host that can safeguard these molecules from oxi-
dation and other forms of degradation. This approach
also facilitates controlled release and targeted delivery
(Saucedo-Zuiiga et al. 2021).

Research has predominantly focused on the encapsu-
lation of essential oils within organic matrices to regu-
late their release. However, the direct incorporation of
these oils into polymeric materials presents challenges
due to their volatile characteristics, which result in a
swift migration to the surface and subsequent evapora-
tion, leading to significant loss (Keawchaoon and Yoksan
2011; Maji and Hussain 2008; Parris et al. 2005; Paula
et al. 2011). It was proposed that adsorption of EOs onto
an inorganic porous material could provide controlled
release and protection against polymer processing condi-
tions (Kinninmonth et al. 2013; Elmiz et al. 2019).

In recent discussions, clay nanoparticles have emerged
as a promising alternative for the entrapment of essen-
tial oils (EOs), primarily due to their accessibility, cost-
effectiveness, environmental friendliness, and distinctive
physicochemical properties, such as surface charge, sub-
stantial specific surface area, and ion exchange capacity,
among others. Montmorillonite (Mt), a naturally occur-
ring smectite clay characterized by its large layered struc-
ture, has garnered significant attention as an effective
carrier for essential oils. The considerable surface area of
montmorillonite, resulting from its layered configuration,
enhances its efficacy as an adsorbent. The adsorption
capabilities of montmorillonite have been extensively
studied and documented in scientific literature, showcas-
ing numerous instances of organic material adsorption,
including 2,4,6-trichloroanaline (Gianotti et al. 2008)
and tetracycline (Parolo et al. 2012). It may be modified
using several versatile processes through intercalation
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of organic compounds, pillarization, acid activation, and
thermal treatments. These endow the montmorillon-
ite with new properties and adsorption sites and spaces
that enhances the organic component adsorption. This
modified montmorillonite may be characterized by a
high surface area, organophilicity, hydrophobicity and
other singular characteristics. These traits improve its
affinity to specific molecules like phenols which is ini-
tially limited by several factors (Franca et al. 2022). These
interactions between clays and phenols occur as a result
of interfacial reactions, catalysis or complexation with
modified clays according to the chemical composition
of the phenols and the physical characteristics of clays.
Adsorption of EOs onto montmorillonite is a new area of
study; a paper by Nguemtchouin et al. (2013) investigated
the adsorption of Ocimum gratissimum EO onto Mt
and organically modified Mt. A further study examining
the adsorption of essential oils onto layered silicates has
demonstrated the appropriateness of these materials as
carriers for active compounds (Kinninmonth et al. 2013).

In their study, Giannakas et al. (2017) investigated
the use of oregano oil, thyme oil, and basil essential oil
with a purified and organo-modified montmorillon-
ite for applications involving controlled release while
Ghrab et al. (2018a) utilized eucalyptus essential oil in
combination with modified beidellite using cationic sur-
factants for insecticidal purposes. There are multiple
ways to load EOs onto unmodified or modified clays.
The most common batch approach involves dissolv-
ing the EO in an organic solvent before adding it to the
clay (Nguemtchouin et al. 2015) or to mix them together
and heat them at 120 °C for 24 h (Giannakas et al. 2017;
Ghrab et al. 2018b; Essifi et al. 2022). Studies have shown
that encapsulated orange and thyme essential oils exhibit
excellent adsorption/encapsulation efficiency and bio-
logical effectiveness (Giannakas et al. 2017; Essifi et al.
2022).

The majority of the investigations have primarily
focused on adsorption studies, whereas desorption stud-
ies concerning Mt have not garnered equivalent atten-
tion. Nonetheless, there have been instances where
controlled desorption has been successfully accom-
plished through the application of clays (Kim et al. 2005).

The ability to capture active molecules after the
adsorption process and to release them is regarded as
a vital feature due to its wide-ranging applications as in
food packaging where it fulfills two primary functions:
the safeguarding of the quality and safety of the product
from spoilage while simultaneously prolonging its shelf
life. This is achieved by shielding the food from a range
of potential damages, which encompass chemical, bio-
logical, environmental, and physical hazards encoun-
tered during transportation and storage (Arif et al
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Fig. 1 Graphical abstract

2022; Khalid and Arif 2022; Haghighi et al. 2021; Solis
and Silveira 2020). An additional significant aspect
addressed through the process of bio-preservation is
the utilization of environment friendly materials. This
approach effectively mitigates the issue of non-biode-
gradable waste, which is often costly to manage and
detrimental to the environment (Hamed et al. 2022).

The main objective of the present work is to study
the adsorption of rosemary essential oil on three differ-
ent types of clay from the eastern region of Morocco
(hydrophilic, hydrophobic and porous pillared clay)
and its pathway release as a function of time in gase-
ous phase using a chemical free method (as shown on
Fig. 1) demonstrating that it is possible for a volatile
compound to be adsorbed onto a substrate without
any direct contact. Crucially, this method facilitates the
formation of durable bonds between the two entities,
ultimately leading to the development of a novel com-
pound that holds significant potential as an antioxidant
agent within the food industry.

X-ray diffraction (XRD), Fourier transform infra-
red spectroscopy (ATR-FTIR), and thermogravi-
metric analysis (TGA) were used to characterize the
blank clays and the REO-clays. Furthermore, the REO
adsorbed clay samples were subjected to an examina-
tion using the DPPH free radicals’ assay.

Materials and methods

Materials

The raw clay used in this study was collected from
Nador (North-East Morocco). The clay was puri-
fied, and exchanged using sodium chloride, a cati-
onic surfactant Cetyl Pyridinium Chloride (CPC) and
[Al;30,(OH),,(H,0);,]”* Keggin ion before it was used.
CPC used was from HIMEDA, 98%, pure and Alumin-
ium chloride hexahydrate, 99% was from Bernd Kraft.
The clay used in this study is a bentonite rich in mont-
morillonite clay and has been previously described by E!
MIZ (Mohamed et al. 2017).

The essential oil derived from Rosmarinus officinalis
L. (REO) was sourced from a distillation facility situated
in Jerrada, located in the eastern region of Morocco, and
was subsequently stored at a temperature of —1 °C until
the time of analysis. The essential oil’s characterization
has been detailed in earlier research conducted by Ber-
raaouan et al. (2023).

Preparation of homosodic clay Na-B

Raw bentonite was purified using hydrochloric acid
(0.5 M. 37%) and hydrogen peroxide (10% w/v) to remove
the organic impurities and those of the crystalline phases.
Then, the purified clay was homoionized at a solid:liquid
ratio of 1/50 using a 2 M NaCl (99%) solution. After an
overnight stirring, the clay underwent a series of rinsing
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Table 1 The main parameters determined for the different clays

Clay CECipacu BET (m%g) PoreVolume ZetaPotential
(meq/100 g) (cm/g) (mV)

Na-B 91.66 94.25 0.28 —24.72

CPC-B 27.89 2563 0.108 2949

Al-B 20.98 107.28 0.104 -18.05

CEC: is the cationic exchange capacity using the copper ethylene diamine
complex [Cu (EDA)2]2+ and BET: specific surface of clays

and centrifugation then was dried for no longer than 24 h
at 60 °C (Elmiz et al. 2019). Organic and pillared clays
were produced using a fraction of the homosodic clay.

Preparation of organic clay CPC-B

The synthesis of organic clay followed Srinivasan and
Fogler’s method (Srinivasan 1990). Homosodic clay was
added to 1% Cetyl-pyridinium chloride solution prepared
by dissolving the surfactant in distilled water 1% w/v
and left to stir for 12 h at room temperature. Finally, the
organic clay was rinsed with distilled water until the foam
was diminished then centrifuged and dried at 60 °C. The
obtained organic clay was grounded to powder for fur-
ther use.

Preparation of pillared clay Al-B

The modification method followed consists on adding a
pillaring solution containing [Al;;0,(OH),,(H20),,]"*
cations at pH=4.5 into a homosodic clay suspension
under stirring for 6 h until complete homogenization.
After that, the pillared clay was dried after being centri-
fuged and filtered and finally, the calcination was carried
out at 350 °C for 6 h. The physical characterization of the
clays samples is detailed in Table 1.

As shown in Table 1, the zeta potential of CPC-B is
—29.49 mV, while that of Na-B is —24.72 mV. The phe-
nomenon can be attributed to the surfactant’s positive
charges, which increase the overall amount of negative
charges present in the clay, thereby inducing electrostatic
repulsion. Additionally, the hydrophobic chain of CPC
interacts with the negatively charged edges of the clay,
creating immobilizing bridges that reduce the floccula-
tion capacity of the clay (Yalcin et al. 2002). On the other
hand, the zeta potential drops to -18.05 mV for pillared
clay. This results from Al-OH oligomers creating a posi-
tive charge on the particle surface (Avena et al. 1990).

Characterization methods

In order to analyze and identify the raw and modified
samples, X-ray diffraction (XRD), Infrared spectroscopy
(FT-IR), and Thermal (TGA) analysis are used.
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Mineralogical analyses by X-ray diffraction

The interlayer space of all Na, CPC and Al-B and Na,
CPC and Al-B/EO was estimated from the XRD using a
Shimadzu XRD diffractometer D6000 station. The dif-
fractograms were obtained using monochromatic cop-
per K, radiation (1.54 A) and a scanning angle of 2 h
from 5° to 80°.

Attenuated total reflection Fourier transform infrared
(ATR-FTIR)

The analysis utilizing attenuated total reflectance-Fou-
rier transform infrared (ATR-FTIR) spectroscopy was
performed with a FTIR-8400S SHIMADZU spectro-
photometer (Japan) to identify the functional groups
present in various clays, rosemary essential oil, and
clays combined with rosemary essential oil within the
wavelength range of 400 to 4000 cm™. To prepare the
samples, a small quantity was mixed with KBr powder,
99% in a 1:9 ratio, then compressed to create a thin pel-
let, which was subsequently placed in a sample holder
to allow infrared radiation to pass through. The spectra
obtained for each sample were generated by averaging

32 scans at a resolution of 4 cm™.

Evaluation of thermal stability by TGA

The thermogravimetric analysis was performed using a
SHIMADZU TA-60WS thermal analyzer (Japan), with
each sample having an initial mass of 22 mg. The sam-
ples were placed in an alumina holder and subjected
to a heating rate of 20 °C/min until reaching 1000 °C
under nitrogen atmosphere.

Adsorption and desorption studies

Under saturated conditions of REO, gas-phase adsorp-
tion of the active compounds on the studied clays was
carried out using the ethylene glycol adsorption pro-
tocol for specific surface area determination (Mulla
1985). Clay samples weighing 1 g each were subjected
to heating at 60 °C for an extended period overnight.
Following this process, the samples were reweighed and
subsequently placed in a vacuum desiccator containing
silica gel equipped with a moisture indicator. This setup
was employed to eliminate any residual moisture and to
ensure that the adsorption sites remained unoccupied
by water molecules.

Next, masses of rosemary essential oil, twice the mass
of clay, were deposited in the desiccator after removing
the silica gel. The samples were maintained in a vacuum
environment. The purpose of conducting the experi-
ment under vacuum conditions is to enrich the atmos-
phere within the desiccator with active compounds,
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which are known to be volatile. This approach facilitates
the investigation of their gaseous diffusion towards the
clay while avoiding direct contact.

The adsorbed /desorbed quantity of REO is calculated
following the Eq. (1):

Wlf — m;
Quds/Qdes = ——— (1)
mj

Where Qu4 is the adsorbed quantity of REO,
myand m; are the final and the initial mass after adsorp-
tion or desorption. The identification of active com-
pounds within the clays is accomplished through
infrared spectroscopic techniques. Following the sta-
bilization of the clay mass, the process of adsorption
ceases, indicating that the mineral has reached satu-
ration. To determine the amount of REO desorbed,
calculations are made based on the mass difference
observed after the clay surface has become saturated.
At this juncture, the clays are re-evaluated using infra-
red spectroscopy.

Three different kinetic models, namely the pseudo-
first order (PFO), pseudo-second order (PSO) and
intraparticle diffusion (ID), have been utilized to elu-
cidate the adsorption kinetics. The rate constants for
the adsorption of REO onto different clays were deter-
mined using the expressions of these models. The linear
form of the pseudo-first order equation, as represented
by Eq. (2), was employed to characterize the adsorption
resulting from the ion exchange process (Lagergren
1898):

k1
1 —gt) =1 —(—— )¢
og(qge — gqt) = logge (2'303> (2)

On the other hand, the linear form of the pseudo-sec-
ond order model, as indicated by Eq. (3), is based on
the assumption that the rate-limiting step is the num-
ber of active sites available for adsorbent occupation
(Ho et al. 1996):

t 1 + 1 ;
S 3
a kq; e ®)
Finally, the intraparticle diffusion model which
describes the diffusion /transport of the REO to the
clay is expressed following the Eq. (4) (Weber and Mor-
ris 1963):

g =Ky +C (4)

where ge and qt the adsorbed amount of REO at equi-

librium (e) or time (t); K;, K, and K, the adsorption rate
constant for PFO, PSO and ID, respectively and C is the
intercept.
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Determination of antioxidant activity

The antioxidant activity of clay adsorbed with rosemary
essential oil was assessed using 1.1-diphenyl-2-picrylhy-
drazyl (DPPH 95%), following the procedure outlined by
Ling et al. (2022). In summary, a 0.1 mM ethanolic solu-
tion (99% HPLC Grade) of 1.1-diphenyl-2-picrylhydrazyl
(DPPH) was prepared from which 2.5 mL was forcefully
added to a mass of 500 mg of each clay followed by a
30-min dark incubation period at room temperature. The
absorbance, determined by a Rayleigh UV-VISIBLE 1800
spectrophotometer (Model Jasco 560, Pekin, China) at
517 nm was used to calculate the IC;, of each sample.

Results and discussion

Mineralogical analyses by X-ray diffraction

Diffractograms of the clays studied are shown in Figs. 2
and 3. The characterization of raw and sodic (Na-B) ben-
tonite using X-ray diffraction (XRD) indicates that the
material belongs the smectite family, with reflection (001)
concentrated at 14.27 A. This suggests that bentonite in
its raw and natural form is calcic. The line at d=1.49 A
is present in both clays, indicating that the majority of its
composition is made of montmorillonite. At d=3.07 A,
crystalline phases manifest Quartz (Q) impurities.

The modification process that aims to convert raw ben-
tonite into purified and sodium-exchanged bentonite is
verified by analysis of the sodium bentonite diffracto-
gram. The successful exchange of calcium and sodium
ions is indicated by the shift of the (001) line from 14.27
to 12.27 A. The lines that represent the crystalline phases
of impurities, namely quartz, are situated at d=3.34 A
was minimized, whereas certain lines that relate to mont-
morillonite are intensified at d=3.07 A.

Compared to Na-B, which basal spacing is of 1.27 nm
(20=6.94°), the basal reflection of organophilic clay
(CPC-B) is displaced to a lower angle (20 =4.18°), and the
basal spacing has increased from 12.27 to 21.5A°. This
indicates that the surfactant was successfully intercalated
into the sodium bentonite. Because of the length and
density of the alkyl chain and the surface charges of the
clay, the carbon chain of the alkylammonium group can
form either monolayers or bilayers in parallel with the
supercoat layer of the clay (Elmiz et al. 2019).

The DRX analyses of the pillared clay show a signal
variation at 12.27 A, which corresponds to the character-
istic smectite signal for Na-B at a value close to 19.39 A,
representing an increase in the basal spacing (the inter-
foliar space) of the pillared clay. This indicates that the
chemical change from sodic clay to pillared clay has
taken place. The basal spacing, which expands to around
19.39 A, is equal to the thickness of a clay layer (9.69 A)
plus the height of an Al,; cation (9.7 A).
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Fig. 3 Diffractograms of Na-B, CPC-B and Al-B

Attenuated total reflection fourier transform infrared
(ATR-FTIR)

The results of infrared analysis of the various clay sam-
ples are shown in Fig. 4. The examination of the spectra
reveals absorption bands as follows:

For raw (Raw) and sodic (Na-B) clays, two absorption
bands are observed in the spectrum between 1556 and
1630 cm™! and between 3440 and 3623 cm™'. The first
is linked to the valence vibrations of the OH grouping

of adsorbed and constituted water. The second repre-
sents the characteristic band of montmorillonite and
corresponds to the vibratory movements of OH elon-
gation in the octahedral layer. The band between 916
and 1030 cm™! corresponds to the valence vibrations
of the Si—O bond. In sodic clay, it is centered at around
1040 cm™. The bands between 464 and 524 cm™! are
assigned to the deformation vibrations of the Si—-O-Mg,
Si—O-Fe and Si—O-Al bonds.
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Fig. 4 FT-IR spectra of RAW, Na-B, CPC-B and Al-B clays

In the case of the infrared spectrum of organophilic
clay (CPC-B), the asymmetrical and asymmetrical C-H
stretching movements that appear at 1484, 2852 and
2918 cm™! are attributed to the intercalation of the CPC
surfactant in the clay. In addition, we note the disap-
pearance of a bending vibration band signal concerning
H-O-H in the CPC-B spectrum, which is present in the
raw, sodic and pillared clays at 3435, 3440 and 1630 cm™*
respectively. In the case of the pillared clay (Al-B), the
bands corresponding to the presence of hydroxyl groups
and water molecules in the clay interlayers appear at
3435 cm™".

It can be seen that at 3621 cm™, the intensity of the
OH elongation vibration band is a function of the nature
of the interlayer cations. For Al-B, the intensity is lower
than the intensity of Na-B.

At low frequencies, the infrared spectra of Na-B and
Al-B are quite similar. The latter shows a low-intensity
band between 468 and 525 cm™' which is due to the
folding of Si—O bonds and the elongation movements of
Al-O caused by the increased aluminum content of the
substrate. The Al-B absorption band at 1630 cm™! corre-
sponds to an increase in water content due to the inter-
calation of AlI-OH cations in the inter-foliar space of the
clay.

Evaluation of thermal stability by TGA

The thermograms of the clays studied are shown in
Fig. 5. The analysis of the TGA thermal profile for the
clays under investigation indicates that the curve for Raw
clay exhibits a thermal event at 123 °C, attributed to the

release of zeolitic and hygroscopic water. Additionally, at
798 °C, the loss of structural water is observed as a low-
intensity endothermic event.

In the low-temperature range, an intense phenomenon
occurs at 126.94 °C for Na-B corresponding to the depar-
ture of hygroscopic and zeolitic waters from the benton-
ites. At 798 °C, another less intense phenomenon occurs.
It is linked to the departure of structural water (OH
groups bound to the edges of clay sheets are eliminated).

Thermogravimetric analyses were conducted on organ-
ophilic clay to elucidate the role of CPC in enhancing the
hydrophobic properties of the modified clay. The weight
loss observed between 224 and 418 °C is attributed to
the decomposition of CPC that is adhered to the external
surface of the clay. A significant weight reduction occurs
in the temperature range of 418 to 743 °C, which is asso-
ciated with the breakdown of inter-foliar CPC.

In the case of pillared clay, a notable event is detected
at 137 °C, indicating the loss of absorbed water. The mass
loss in this instance is less than that observed in raw clay,
which can be explained by the presence of hydrated cat-
ion exchanges within the inter-foliar spaces. Dehydroxy-
lation takes place between 342 and 633 °C, resulting in a
stabilization of weight loss, a phase that is indicative of
the stability of the pillars. The thermal stability of Al-B
pillared clay is corroborated by the findings from the
thermogravimetric analysis.

Adsorption and desorption kinetics
Adsorption and desorption kinetics of rosemary essen-
tial oil on the different clays, Na-B, CPC-B and Al-B
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Fig.5 Thermogravimetric analysis of Raw, Na-B, CPC-B and Al-B

were studied under vacuum at a system temperature of
22 +°1 °C. The results are shown in Figs. 6, 7 and 8 for
Na-B, CPC-B and Al-B, respectively.

The adsorption—desorption kinetics of essential oil of
rosemary on clay surfaces involves several steps, start-
ing with the Initial Contact, when the rosemary essen-
tial oil comes into contact with the clay surface, it begins
interacting with the surface through various forces such
as van der Waals forces, hydrogen bonding and electro-
static interactions. Next, the Adsorption mechanism by
which the molecules of the REO adhere to the clay’s sur-
face depends on the temperature, concentration of the

essential oil, pressure, and the characteristics of the clay
and oil molecules.

As adsorption proceeds, the system eventually reaches
an Equilibrium, at which point steady conditions main-
tain the same quantity of molecules of rosemary essential
oil adsorbed on the clay surface. Finally, the Desorption
is the term used to describe the release of adsorbed mol-
ecules from the surface of clay, allowing them to return to
their initial environment.

Similar to adsorption, desorption kinetics are influ-
enced by factors like temperature, pressure, and the affin-
ity of the molecules to the clay surface.
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Fig. 6 Adsorption (black circle) and Desorption (black square) kinetics for rosemary essential oil on Na-B in the gas phase
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Fig. 8 Adsorption (black circle) and Desorption (black square) kinetics for rosemary essential oil on Al-B in the gas phase

The high sodium content of sodic clays plays a signifi-
cant role in the adsorption process of rosemary essential
oil, leading to unique properties. The findings presented
in Fig. 6 demonstrate the variation in the quantity of
adsorbed REO on sodic clay over time. The examination
of the isotherm reveals that the rate of rare earth oxide
(REO) adsorption on sodic clay exhibits a rapid increase
during the initial hours of interaction, subsequently lev-
eling off as it approaches saturation. The rapid kinetics
of adsorption noted at the beginning of the investigation
reached 34 mg g~!, attributable to the substantial num-
ber of active sites available on the sodic clay surface at
the onset of adsorption. Subsequently, the remaining
vacant sites become increasingly difficult to access due
to repulsive interactions between the free REO and the
REO already adsorbed on the sodic clay. Equilibrium in
the adsorbed quantity is achieved after 37 h, with a final

value of 40 mg g~! reached after a contact time of over
200 h between the clay and the REO.

In contrast, the desorption kinetics display a different
trend from that of adsorption. There was a consistent
release of less than 1 mg/g over a 60-h period, followed
by a sudden increase in release from 75 to 125 h, before
stabilizing at 5.8 mg.g™'. These results indicate the strong
affinity of clay for REO molecules and its ability to retain
them.

Organic clays possess an increased attraction to
organic compounds as a result of their hydrophobic
nature following the introduction of cetyl pyridin-
ium chloride. This alteration in chemical composition
diminishes the presence of water molecules and facili-
tates the binding of non-polar and volatile molecules
present in essential oils to the surface of the clays. The
adsorption process, illustrated in Fig. 7, demonstrates a
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rapid attainment of equilibrium within 25 h, with sub-
sequent stabilization observed throughout the duration
of the study on CPC-B. The quantity of REO adsorbed
reached 30.8 mg g™'.

It should be expected that organic modifications
improve the affinity of clay minerals for rosemary essen-
tial oil, yet it’s the non-organic clay with great hydro-
philicity that would make the most suitable adsorbent
materials for REO, showing the highest adsorbed amount
as reported by Kinninmonth (Kinninmonth et al. 2013).

Research into the adsorption of essential oils onto pil-
lared clays is a rich area with potential applications across
various industries. To improve the surface area and
adsorption potential of natural clays like montmorillon-
ite or bentonite, metal ions or molecules are intercalated
within their layers, resulting in the formation of novel
modified materials as pillared clays. The adsorption of
essential oils onto pillared clays can take place through
several mechanisms: Physical adsorption involves weak
van der Waals forces binding the essential oil molecules
to the surface of the clay particles. The extensive surface
area and porous nature of pillared clays provide numer-
ous sites for physical adsorption to occur. Chemical
adsorption, on the other hand, occurs when the metal
ions or functional groups on the surface of pillared clays
chemically interact with the essential oil molecules. This
interaction can lead to stronger adsorption through
chemical bonding or ion exchange.

Partitioning involves the separation of essential oil
components into the interlayer gaps of pillared clays and
the aqueous phase. The partitioning behavior is influ-
enced by the characteristics of the clay, as well as the
polarity and molecular size of the oil components. Lastly,
pore filling occurs when certain components of essential
oils enter the pores and interlayer spaces of pillared clays,
effectively filling them and facilitating adsorption. The
REO composition consisted of hydrocarbon-based mol-
ecules, with a CH; group typically measuring 0.4 nm in
width (Kadar et al. 2006). Therefore, in order to accom-
modate the REO molecules, the interlayer space of the
substrate would need to be at least 0.4 nm. Considering
the usual thickness of a layered aluminosilicate platelet
is 0.94 nm (MacEwan 1948). This leads to a consequent
reduction in the penetration of REO molecules into the
galleries of CPC-B and Al-B, leading to a significant por-
tion of the surface area being inaccessible for adsorption.
On the other hand, the enhanced adsorption observed
with sodic clay Na-B may be attributed to the presence of
Brensted and Lewis acidic sites on its surface. These sites
could facilitate hydrogen bonding between oxygenated
species and the clay surface, a phenomenon commonly
observed in various REO molecules (Kinninmonth et al.
2013).
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Contrary to gaseous phase, silicates have been observed
to expand when in a liquid state (Moavenian and Yasrobi
2008). The expansion that occurs during the adsorption
process has the potential to enlarge the interlayer space
enough to accommodate the EO molecules.

A prior study has indicated that the incorporation
of bentonite clay as a nanofiller within biodegradable
polymer matrices can significantly enhance the biodeg-
radability of food packaging materials (Maurizzi et al.
2022; Punia Bangar et al. 2023). In a separate investiga-
tion, Baniasadi et al. (2025) developed antibacterial and
sustainable food packaging films by utilizing carboxym-
ethylcellulose and chitin nanofibrils derived from fungi,
reinforced with clay to improve mechanical strength,
moisture resistance, and gas barrier properties. To fur-
ther improve the efficacy of food packaging systems in
both environmental protection and food preservation
without the use of harmful preservatives, research has
shown that free essential oil (EO) molecules can influence
the organoleptic properties of food and diminish their
antimicrobial and antioxidant effects due to the rapid
release of volatile compounds. In contrast, encapsulating
these EOs facilitates a controlled release in response to
both internal and external stimuli (Maurizzi et al. 2022).

The IR spectra of clays, rosemary essential oil (REO)
and clays loaded with REO are shown in Fig. 9. A large
number of adsorption bands appear on the spectrum,
the most important of which are as follows: The band
between 3430 and 3500 cm™! is attributed to the elon-
gation vibration of the O—H phenolic hydroxyl group.
The intense band at 2900-3000 cm™! corresponds to
the asymmetrical and symmetrical elongation of CH,
and CH,. Peaks around 1500-1700 cm™" correspond to
the C=0 and C-C vibrations of the aromatic ring. The
bands at 1350-1380 and 1050-1270 cm™! correspond
to the deformation of the CH; group of CH,4(CO) and to
the symmetrical and asymmetrical vibrations of C-O-C,
respectively. The bands obtained in the 650-1070 cm™
region can be assigned to the out-of-plane deformation
of the C-H belonging to the aromatic ring.

Infrared spectra of clays after adsorption of rosemary
essential oil show a shift of the 3400-3500 ¢cm™" peak,
attributed to OH phenolic vibrations, towards 3000 cm ™.

Specifically, the spectra of the sodic clay loaded with
REO (Fig. 9a), the fingerprint characteristic of rosemary
essential oil (2600—-3200 cm™!) were observed in the
spectra of Na-B-REO clay but were absent in the Na-B
clay. Moreover, the peak at 1630 cm-1, associated with
the valence vibrations of the OH group of adsorbed and
structured water, exhibited increased intensity in Na-
B-REO as compared to Na-B clay, indicating potential
interactions of inclusion between the clay and rosemary
essential oil. The peak at 1630 cm™! which is linked to the
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valence vibrations of the OH grouping of adsorbed and
constituted water was intensified in Na-B-REO compared
to the Na-B clay suggesting interactions of incorporation
between the clay and rosemary essential oil.

It is necessary to mention that DRX analysis has been
done to the clay after adsorption and showed that the
Clay-REO pattern is similar to that reported for the dif-
ferent clays before the adsorption in such a way that
there are hardly any changes in the profiles of the diffrac-
tograms. The absence of changes in the d001 reflection
suggests that rosemary essential oil was not intercalated
in the interlayer space, which should cause an increase
in the basal spacing of the sodic and modified mont-
morillonites. Thus, this result shows that REO must be
adsorbed on the external surface of the studied clays
(Kinninmonth et al. 2013).

Modelling of the adsorption kinetics of the three active
compounds on clays in gas-medium is summarized in
Table 2.

The correlation coefficients R? for the pseudo-second-
order kinetic model were found to be 0.99, 0.982 and
0,981 for Na-B, CPC-B and Al-B respectively indicating
a strong agreement between the experimental values
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of q., and the calculated values qy,, as presented in
Table 2. This alignment suggests that the pseudo-second-
order model is the most appropriate for characterizing
the adsorption of rosemary essential oil onto the puri-
fied and the modified clays. Comparable findings were
reported in studies examining the adsorption of terpenic
compounds from Eucalyptus globulus essential oil onto
beidellite, modified beidellite (Ghrab et al. 2018a), and
organo-palygorskite (Ghrab et al. 2018b). These results
imply that the adsorption mechanism is predominantly
governed by surface control through chemisorption
(Ghrab et al. 2018b).

Determination of antioxidant activity
Antioxidants are substances that retard the oxidation
process by inhibiting the polymerization chain initiated
by free radicals. The antioxidant activity of the adsorp-
tion and encapsulation media used in this study was car-
ried out after adsorption/addition of rosemary essential
oil, and the results are shown in Fig. 10.

With regard to formulation type, we observed that carri-
ers containing bridged clay (Al-B) showed the highest anti-
oxidant capacities 368.69 ul/ml, which may be attributed

Table 2 Modelisation parameters of adsorbed REO on Na-B, CPC-B and Al-B

Pseudo first order

Clay R? Value Std Err K, Jex Uthe

Na-B 0.8691 Slope -0.01924 0.001996 -0.01924 40 4.01
Intercept 1.391 0.1188

CPC-B 0.8371 Slope —-0.01018 0.001246 -0.01018 30.89 335
Intercept 1.209 0.08199

Al-B 0.8799 Slope —-0.01286 0.001270 —-0.01286 18.33 3.10
Intercept 1.134 0.08489

Pseudo second order

Clay R? Value Std Err K, Qex Gthe

Na-B 0.9988 Slope 0.02425 0.0002214 0.005 40 41.23
Intercept 0.1176 0.01461

CPC-B 0.9827 Slope 0.03200 0.001136 0.0038 30.89 31.25
Intercept 0.2676 0.08036

Al-B 0.9814 Slope 0.05159 0.001833 0.0042 18.33 19.38
Intercept 0.6250 0.1309

Intraparticle diffusion model

Clay R? Value Std Err Kig C

Na-B 0.7843 Slope 2.738 0.3589 2.738 14.39
Intercept 14.39 2.565

CPC-B 0.7688 Slope 1.835 0.2598 1.835 1143
Intercept 1143 1.933

Al-B 0.8936 Slope 1.279 0.1103 1.279 5018
Intercept 5.018 0.8310
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Fig. 10 Antioxidant activity of encapsulated REO with Na-B, CPC-B and Al-B

to the nature of the formulation. In this study, pillared clay
showed the less value for both adsorption and desorption
while the antioxidant activity for Al-B is higher than those
of Na and CPC-B. This can be explained by the involve-
ment of the Al Keggin ion which has been demonstrated
to possess antioxidant properties in prior research (Lei
et al. 2023), and the quality of the entrapped REO phenolic
components responsible for the quenching of free radicals
(Dimitrios 2006).

Clays are recognized not only for their role as carriers of
antioxidants but also for exhibiting intrinsic antioxidant
properties, which are influenced by their functionaliza-
tion and modifications through the adsorption of oxidative
species or redox reactions involving naturally occurring
metals such as iron and manganese. Research conducted
by Gutiérrez et al. (2017) indicates that montmorillonite
clay demonstrates minimal antioxidant activity unless it is
combined with active compounds. Conversely, Mylarappa
et al. (2023) reported significant scavenging activity in clay
when it is not associated with Ruthenium oxide nanocom-
posites, while Gul et al. (2023) observed that kaolin clay can
also display antioxidant activity independently. Organically
modified clays, particularly those treated with surfactants,
enhance radical scavenging capabilities, especially for
hydrophobic antioxidants, due to the presence of amino
groups that significantly contribute to antioxidant efficacy
(Omidi and Kakanejadifard 2019). Lastly, pillared clays
enhance the antioxidant activity by facilitating electron
transfer through redox reactions, which effectively reduces
the IC;, value.

Conclusions

The aim of studying the gas-phase adsorption of the
active compounds used in this study was to compare
the adsorption capacity of different clay supports in a

state other than liquid. Adsorption in a liquid medium
increases the contact surface as colloidal particles are
suspended in the solution, allowing the solute to reach
the inner surface and intercalate into the clay structure.
This is probably due to the fact that the CPC surfactant
occupies the available adsorption sites, reducing the
adsorption area. Infrared analysis has clearly demon-
strated the presence of phenolic groups, the imprint of
active compounds, on clay materials.

This research revealed that essential oil molecules with
hydrophilic functional groups were absorbed effectively,
suggesting that the hydrophilic nature of the layered sili-
cates played a crucial role in attracting these molecules.
Consequently, layered silicates with increased hydro-
philicity are considered to be the optimal choice for
adsorbing essential oils in gaseous phase. The study also
demonstrated that the size of the molecules and the pres-
ence of hydrophilic functional groups greatly influenced
the gaseous adsorption levels of rosemary essential oil.

The novel adsorption method utilized in this research
is devoid of chemical agents, illustrating the feasibility
of a volatile compound being adsorbed onto a substrate.
Importantly, this approach enables the establishment of
robust bonds between the two components. As a result
of this work, the Na-B clay/REO system obtained is a low
cost, non-toxic and can be used in pharmaceutical, food
and cosmetic industry.
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