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Abstract

Penicillium sp. is among fungi that can infect cereals, maize, and other foodstuffs,
causing not only important yield losses but also contamination of the crops by toxins
production, which make them unsafety for consumption. In this context, the main
objective of this study is the development of clay/essential oil formulations against
this type of fungus. Double-layer hydroxides (LDHs) and Ghassoul were chosen
as clays, and Thyme as an essential oil and its active principle, thymol. The LDHs
and Ghassoul materials underwent purification and activation treatments to increase
their compatibility with the chosen essential oil. The different materials obtained
were characterized by XRD and FTIR. The chemical compositions of the EOs
were analyzed by GC-MS chromatography. The main constituents of Thyme oil
founded were thymol (67.13%), p-cymene (4.85%), Z-Caryophyllene (1.77%) and
y-terpinene (2.74%). The adsorption of thymol on the different materials developed:
activated Ghassoul (Gh-A), Hydrotalcite (HT3), and LDH (ZnAl-COs;), showed that
the adsorption isotherms can be satisfactorily described by the Langmuir model.
Also, the modeling of the adsorption kinetics revealed its conformity to the pseudo-
second order model for the different materials. As a result, the adsorption capacity
of thymol increases in the following order: ZnAl-CO;, HT3, and Gh-A. The for-
mulations made from the different clays allowed for the preparation of an effective
and useful fungicide for wheat storage. The in vitro antifungal activities were tested
against the strain Penicillium sp. The results obtained revealed that the formulations
based on Gh-A and LDHs retained their antifungal activity even after 5 months of
storage. Therefore, in order to evaluate the potential of the formulations on cereals
storage (wheat storage case), in vitro antifungal tests with the Gh-A/Thyme formula-
tion were performed on four types of wheat (sterile, non-sterile, dried, and washed
then dried wheat). These experiments demonstrated that sterile and washed-dried
wheat had a significant inhibition against Penicillium sp. growth even after six
months of storage.
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Introduction

Fungal contamination of food was considered one of the major concerns in food
storage and preservation [1] and poses a serious threat to human and livestock
health. Aspergillus, Penicillium, and Fusarium are the major genera of fungi infect-
ing wheat, rye, and corn grains during various field-related manipulations and
storage [2]. Fungal growth on raw and processed foods can lead to several types
of spoilage, including textural and sensory changes, development of off-flavors and
emission of odors, decay, and formation of pathogenic and allergenic propagules [3].

The conditions and practices developed at the ‘storage’ stage contribute to the
development of favorable conditions for the growth of filamentous fungi, mainly
(Penicillium and Aspergillus) and other microorganisms on cereals. Fungi may orig-
inate from the soil and be transmitted to the grain by air or water, or they may be
transported from the field at harvest time or during grain handling operations [4, 5].
Once the development of the fungi takes place, they can cause important losses and
an alteration of the food and sanitary quality of cereals. More seriously, they can
cause intoxication by the production of mycotoxins [6]. Worldwide, more than 5 to
10% of the economic losses of cereals are generated by the development of filamen-
tous fungi and the release of their secondary metabolites ‘mycotoxins’ [7]. Accord-
ing to Pitt et al., about 25-40% of cereals are contaminated by mycotoxins [8]. The
countries concerned are African countries, South Asia and South America, which
are known for their hot and humid climatic conditions.

Due to pressure from consumers and government agencies to either eliminate
these toxic chemicals or use natural alternatives for the preservation and extension
of the product’s shelf life, the food sector tends to employ fewer chemical preserva-
tives with antifungal activity [9]. Essential oils (EOs) or their active compounds rep-
resent one of these natural additives and have powerful biological activities. These
EOs are used as protective agents against phytopathogenic fungi [10] and microor-
ganisms that invade foodstuffs [11]. They have no negative effects on the environ-
ment and the consumer [12, 13]. Unlike chemicals such as pesticides, insecticides,
and fertilizers.

For the protection of foods that have been preserved, EOs are currently an alterna-
tive control method [14, 15]. Due to the short period of their actions, their volatility
creates a serious challenge for their use [15]. Some techniques can reduce the impact
of these concerns that determine the industrial application of EOs. Two techniques are
commonly used: Encapsulation and adsorption on support like clays or what was called
formulation [14—-16]. The formulations allow to immobilize the volatile compounds of
the EO, protect against the light and the temperature of the EO constituents, and also
modulate their releases in time. Furthermore, formulations can decrease introduced
concentrations without compromising the efficacy of the finished product, which will
assist the company cut costs. Due to the actions of the clay and the EO when used
together, the clay/EO mixture delivers a double benefit. Applications as an insecticide
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against corn weevil have been made [14, 16, 17]. In order to investigate the in vitro
and in situ antifungal activity against the rice-affecting Aspergillus niger, Aspergillus
flavus, Aspergillus parasiticus, and Penicillium chrysogenum, Hossian et al. developed
formulations based on EO and "chitosan/cellulose" nanocomposite [18].

In the context of preserving the quality of cereals, which are one of the vital pillars of
the Moroccan diet, the use of formulations appears to be an advantageous approach for
the conservation of cereals. Indeed, this sector requires more effort for the implementa-
tion and improvement in storage techniques which remains, in most cases, traditional.

The objective of this work was initially the regulation of the volatilization of terpene
compounds of the EO to increase their activity duration. To do this, formulations based
on Thyme EO and its active ingredient ‘thymol’ with a natural clay Ghassoul activated
by acid and a synthetic clay double lamellar Hydroxides ‘LDHs’ have been devel-
oped. It was also a question of evaluating the adsorption capacity of the constituents of
Thyme EO by these various clays. The chosen materials were Ghassoul, because of its
availability and its low cost, and LDHs in particular Hydrotalcite (MgAI-COj) for their
easy synthesis and their availability in a wide variety of compositions. Secondly, the
study of the antifungal activity of the formulations prepared in vitro was carried out.
Finally, tests were conducted to explore the potential of the prepared formulations by
evaluating their application in wheat preservation during storage.

Material and methods
Reagents and products

NaOH 98%, Na,CO; 99.9%, metal salts (MgCl,, 6H,0), and (AICl;, 6H,0) 99%,
NaNO;, MgSO,; 7H,0, KCI, FeSO,; 7H,0, K,HPO,, sucrose, agar, hexane
(C¢H,4)>85% and thymol>99% used in this research were provided by LOBA Che-
mie and Sigma-Aldrich. Ghassoul is a natural clay. It is identical to the natural product
without any processing and is dried at 100 °C to remove any water that is only weakly
linked to the material. After drying, the product is crushed and filtered using standard
sieves in accordance with AFNOR. Only the particles with a diameter inferior to 63 um
were retained. The essential oil on which our study focused is the EO of Thyme of
commercial origin and its active ingredient thymol. It is in principle extracted by the
method of training with water vapor.

The thymol used in this work came from the commercial manufacturing company
chemicals at 100% purity. The physicochemical properties of thymol are reported in
Table 1. The stock solution was prepared in distilled water.

Microorganism tested

The performance and biological activity of the prepared formulations were tested
against the growth inhibition of Penicillium sp. This species was chosen due to its
frequent involvement in food product contamination and its pathological implica-
tion in both humans and animals. The fungus isolated from cereals was provided
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Table 1 Physicochemical

Crude fi 1 C,oH,,0
properties of thymol rude formua 07
Name IUPAC 5-methyl-
2-propan-
2-ylphenol
Molar mass 150.22 g/mol
Boiling point 2329°C
pka 10.62
Melting temperature 49to0 51 °C

Molecular structure

OH

by the laboratory of Biotechnology and Bioresources Valorization at the Faculty of
Sciences of Meknes, Moulay Ismail University (Morocco). The microorganism was
maintained at 4 °C on Czapek Agar medium (Fig. 1) [19].

Characterization techniques

Thyme EO was detected using the GC-MS technique, and the materials were ana-
lyzed using XRD and FTIR. X-ray diffraction (XRD) patterns were obtained using a
BRUKER-AXS type D8 diffractometer. X-rays were produced from the Ka radiation
of the Cu source, having a wavelength equal to 1.54183 A, by applying an accelerat-
ing voltage of 40 kV and a current of 40 mA on the cathode. The Fourier-Transform
Infrared (FTIR) analysis was performed on a Shimadzu IR Affinity-1S instrument
equipped with a TriGlycine Sulfate (TGS) detector, having an absorbance between
400 cm™" and 4000 cm™ and a resolution of 2 cm™!. The EO was analyzed by gas
chromatography coupled to mass spectrometry GC-MS THERMO, equipped with
a DB1 fused silica capillary column [60 mXx0.25 mm ID, 0.25 um film thickness
coated with phenyl (5%) and dimethylpolysiloxane (95%) as stationary phase (Agi-
lent HP-5MS)] and a split injector at 250 °C.

Fig. 1 Penicillium sp. strain
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Methods
Synthesis of MgAI-CO; and ZnAl-CO; by co-precipitation (Mg/Al=3 and Zn/Al=3)

The different LDHs were prepared by the co-precipitation method with Mg/Al
and Zn/Al molar ratios equal to 3. A first aqueous solution (A) of magnesium (or
zinc) and aluminum chloride salts was obtained by dissolving 60.99 g of MgCl,,
6H,0 (or 40.88 g of ZnCl,, 6H,0) and 13.34 g of AICI; in 300 ml of distilled
water. A second solution (B) was prepared by dissolving 2.12 g of sodium carbon-
ate (Na,CO;) and 32 g of sodium hydroxide (NaOH) in 300 ml of distilled water.
These two solutions were added dropwise, under magnetic stirring, maintaining
the pH at a basic value (pH=10). The temperature was kept between 60 °C and
65 °C during the whole addition. The mixture was then refluxed at 65 °C for
17 h to allow crystal growth. The precipitate was filtered and the solid obtained
was washed several times with warm distilled water until complete elimination of
excess ions on the solid and then dried in the oven for one night. The materials
obtained were named MgAl-CO; (or HT3) and ZnAl-CO;.

Preparation of the Ghassoul-activated (Gh-A)

The acid activation of Ghassoul was done by the following method, a mass m of
Ghassoul of size less than 63 um was introduced into a flask with a volume of
sulfuric acid solution (2 M) [20]. The mixture was homogenized at a tempera-
ture of 90 °C for 4 h. At the end of this period, the mixture was filtered, the
solid obtained was washed with distilled water several times. The activated clay
obtained was then dried in an oven for one night. The Ghassoul obtained was
crushed, and named Gh-A.

Thymol adsorption experiments

The adsorption experiments were performed in closed bottles. For this purpose, a
mass of 100 mg of each clay sample is put in contact with 20 ml of a thymol solu-
tion of concentration C=80 mg/L, then stirred at room temperature for times ¢
(15 min, 30 min, 1 h, 1 h30 min, 2 h and 3 h) at pH=9. After the adsorption time
t, the solution was filtered and the filtrate was analyzed by UV-Visible spectro-
photometry in the wavelength range 200-400 nm and the residual concentration
was determined by measuring the absorbance at the wavelength of 273 nm. The
amount of adsorbed thymol (mg g~!) was calculated using the equation:

(Co—C)*V

qe=—"—— ey
m
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where: C, and C, were the initial and equilibrium concentrations of adsorbate
(mg L™"); m is the mass of the adsorbent (g); V is the volume of the adsorbate (mL),
and q, is the amount adsorbed per gram of adsorbent (mg g~").

Adsorption isotherm experiments were performed under the same conditions as
the adsorption kinetics using increasing concentrations of thymol (0 to 300 mg L)
for the three solids at room temperature. After three hours of shaking to attain equi-
librium, the contents of the flasks were centrifuged. The equation provided the resid-
ual concentrations and adsorbed quantities (Eq. 1).

Kinetic and isothermal modeling

In order to determine the adsorption mechanism of thymol adsorption on three sol-
ids (Gh-A, HT3, and ZnAI-CO;), the experimental data were adjusted using lin-
ear models. Indeed, the modeling of the adsorption kinetics was carried out by the
pseudo-first order (Eq. 2) [21] and pseudo-second order models (Eq. 3) [22]:

Ln(g,—q,) =Inqg, —k, =t 2)

LR S .

4% kg q, )

While those of the isotherms were carried by the nonlinear models of Langmuir

(Eq. 4) and Freundlich (Eq. 5) in order to identify the parameters involved in these
isotherms [23, 24]:

Langmuir:
Gk .C,
q. = m @@
Freundlich:
9. = Kp.C,/" &)

where K| and K were the Langmuir and Freundlich constants, respectively, and n
relates to adsorption intensity, ¢, (mg g™ is the adsorption capacity at equilibrium,
g, (mg g~1) is the maximum amount which needed to form a monolayer coverage on
the adsorbent surface (mg g‘l), and C, is the equilibrium concentration (mol L7h.
k; (min~") and k, (g mg~! min~!) were rate constant for a kinetic of the pseudo-first
order and pseudo-second order, respectively; g, (mg g~') adsorption capacity at time
t; q. (mg g~") adsorption capacity at equilibrium; ¢ is the contact time (min).

Fungicidal formulation preparation and antifungal activities
The objective was to prepare a powder formulation based on Thyme EO and its

active ingredient thymol, and acid-activated Ghassoul (Gh-A), or based on a syn-
thesized clay which was LDH with different compositions. An adequate quantity of

@ Springer



Fungicide formulation based on Thyme essential oil and clay... 2775

Thyme EO, diluted in 10 mL of hexane, was added to a mass of clay powder to cre-
ate these formulations, maintaining the following ratio [25, 26] (Eq. 6):

m
£0 ~0.1

(6)

mclay

With: mg: mass of essential oil and m;,,: mass of clay.

The mixture was placed in a water bath at 30 °C after mixing for approximately
3 h to allow the solvent to completely evaporate. At the end, a powder flavored with
Thyme EO was obtained; by the same process, the formulation based on thymol was
prepared. The formulation was left in the open air for one month, three months, and
finally five months, and antifungal tests were carried out each time to evaluate the

stability of the formulation;

Study of the stability of formulations
Preparation of the Czapek culture medium

Czapek Agar medium which was suitable and commonly used for fungi cultiva-
tion was prepared as following: For one liter of distilled water, 2 g of NaNO;; 0.5 g
of MgSO,, 7H,0; 0.5 g of KCI; 0.01 g of FeSO,, 7H,0; 1 g of K,HPO,; 30 g of
sucrose; 15 g of agar were mixed. The pH was adjusted to 7.3. The medium was
boiled until completely dissolved and then autoclaved at 121 °C for 20 min. Finally,
it was mixed with the prepared formulations and distributed to sterile Petri dishes
until it solidifies.

Study of the formulation’s remanence

The aim was to evaluate the performance of the EO antifungal activity in the formu-
lation by recording the percentage of inhibitory power against fungal growth. For
one month, three months, and eventually five months, the created formulations were
kept in open bottles at room temperature. Antifungal tests were done for each period
to verify the stability of the formulation. 0.06 g of each formulation was added to
20 mL of Czapek Agar growth medium before the mixture was placed into Petri
dishes with a 90 mm diameter. Each of the Petri dishes was inoculated with Peni-
cillium sp. The fungus was prepared as a suspension of spores in distilled water. A
volume of this suspension was placed in the center of the Petri dish, which was then
sealed with the para film. Finally, incubation was performed at 25 °C for 15 days.
Each experiment was performed three times to reduce experimental error. Colony
diameter was tracked over time in order to evaluate each formulation’s ability by
limiting fungal growth, which were determined using the formula below [27]:

Diameter of control colony — Diameter of sample colony 100
*

@)

Inhibitory power % =
rp ’ Diameter of control colony
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Evaluation of the formulation performance in wheat storage

Protocol 1: To evaluate the antifungal activity of the powders after adsorption of
essential oils, formulations were prepared from Ghassoul activated by sulfuric acid
(Gh-A). It was selected based on its best capacity for adsorption of terpene com-
pounds. For this purpose, the clay/EO formulation used were Gh-A-Thyme in powder
form, this formulation was added to the different wheat samples with the percentages
of 5%, 1%, and 0.1%. The tests were done on two types of wheat: sterile wheat and
non-sterile wheat to study the growth of Penicillium sp. on this substrate. The stor-
age was done in glass bottles at room temperature (Fig. 2). After 7 days, 1 month,
2 months, 3 months, 4 months, etc.; wheat grains were taken from each flask and put
in a Petri dish in the presence of a Czapek Agar medium. Then, after 7-10 days of
incubation at 25 °C, the growth of the fungus was examined.

Protocol 2: Wheat storage conditions were tested by the following methods: Non-
sterile wheat was taken and dried in the oven at different temperatures (80 °C, 60 °C,
and 40 °C) at different time intervals (1 h or 30 min), then a mass of the prepared
formulation (Gh-A-Thyme) with the mass ratio 5% was added to each sample. Then,
each sample is put in small glass bottles, and they were kept for 7 days, 1 month,
2 months, 3 months, 4 months, 5 months, and 6 months at room temperature. After
each period, antifungal tests were performed in Petri dishes. The last test was devoted
to non-sterile wheat wash then dried and put in a bottle where a mass of the prepared
formulation (Gh-A-Thyme) was also added, by always keeping the mass ratio of 5%.
The antifungal test was carried out in the same way mentioned before. All experi-
ments were performed 3 times to evaluate the reproducibility.

Results and discussion

Characterization of solids

XRD analysis

Figure 3 shows the XRD patterns of HT3 and ZnAl-CO; materials. The general

appearance of the patterns is typical of LDHs type compounds and characteris-
tic of a hexagonal network with rhombohedral symmetry (space group: R-3 m)

Fig.2 Wheat storage tests
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Fig.3 XRD patterns of HT3 (MgAl-CO;) and ZnAl-CO;

Table2 Mesh ters of . : : : :

H13 and Zi;fé‘g;“e ers o Materials dgos (A) d; 1o (A) a(A) c(A)
HT3 7.864 1.533 3.066 23.592
ZnAl-CO, 7.681 1.537 3.074 23.043

[28-30]. In fact, this characteristic might be seen in the presence of the family
lines (00 1), which were intense and symmetrical to the low values of two theta
encountered in the LDHs compounds. According to Bragg’s law, the first peak,
which was positioned at 20~ 11°, has the index (003) and measures dy;;~7.8 A
This basic reflection corresponds to the interleaf space and was used to calculate
the mesh parameter ‘c’ (¢ =3d,3). The intense reflection at enivrons of 20~60°
has been indexed as (110) and corresponds to d;;y=1.54 A. The stacking mecha-
nism of the layers making up the lamellar hydroxide had no effect on this reflec-
tion. In fact, the inter-lattice distance of the (110) line is half the metal-to-metal
distance in the sheet (a=2d,;;). The mesh parameters of the LDHs materials
are summarized in Table 2. The literature and these findings were in agreement
[31, 32]. We note a larger value of the mesh parameter ‘c’ for Hydrotalcite HT3
compared to ZnAl-CO3. This variation would reflect more electrostatic attrac-
tion between the anionic layer and the zinc-based matrix. The mesh parameter ‘a’
remains almost invariant.

Figure 4 shows the XRD patterns of Ghassoul and Ghassoul activated by sulfuric
acid (Gh-A). The attack of the material by sulfuric acid clearly causes a decrease in
the intensity of some lines. This occurs in particular for the stevensite phase, which
causes a reduction in its content. The increase in the intensity of the quartz line
around 26=20.69° and the appearance of new fine and intense lines means that the
acid attack affects the stevensite structure of Ghassoul and leads to the formation of
new unidentified phases as shown in XRD patterns. In previous literature [33, 34],
similar results have been discussed. The structural cations were then released as a
result of the disintegration of the tetrahedral and octahedral sheets, which left some
gaps in the octahedral structure [33].
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Fig. 4 XRD patterns of Gh-A and Gh (Q =quartz, S =stevensite, D =dolomite)

FTIR analysis

The FTIR spectra of HT3 and ZnAl-CO; are plotted in Fig. 5. The appearance of the
spectra is similar to that of the double lamellar hydroxides containing intercalated
carbonate anions. These spectra demonstrate a large band at 3400 cm™!, which was
related to the elongation vibration of the lamellar hydroxide groups attached to the
various metals (M—OH, M=Al, Mg, or Zn) [29]. A vibrational band observed in
the proximity of 1630 cm™! can also be attributed to the deformation of intercalated
water molecules [30]. A vibrational band observed in the proximity of 1360 cm™!
which corresponds to the antisymmetric elongation of interlamellar carbonates
v(CO3_2) [30]. The series of bands appearing between 400 cm~! and 900 cm™! cor-
responds to the elongation frequency of v(M—OH) bonds and to the ¥(O-M-O)
valence vibrations forming the layers of LDHs [29, 35].

—HT3
ZnAl-CO3

- 3479

Abs (a.u)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm”)

Fig.5 FTIR spectra of HT3 (MgAl-CO;) and ZnAl-CO4
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The infrared spectra of the Gh-A under investigation are shown in Fig. 6.
Typically, the absorption bands in the 3600-3500 cm™' range correspond to the
vibrations of the structural hydroxyl groups that were unique to Ghassoul M—OH
(M =Al, Fe, Mg). Depending on the type of the molecule’s bonds, these bands
exact positions and intensities vary. The vibrations of elongation and deformation
of the OH group of the adsorbed water were represented by the bands that appear
approximately toward 3415 cm™' and 1620 cm™!, respectively. While the distinc-
tive carbonate band is found at a spectrum of 1387 cm™'. The Si—O bond of quartz
exhibits the characteristic deformation vibration band at 487 cm™! [36]. Addition-
ally, the Si—O-Si group of quartz elongation vibration bands at 1090 cm~! were
visible in the infrared spectra of Gh-A. Bentahar et al. obtained similar results
[37]. The results of the FTIR analysis and those of the X-ray diffraction analyses
were in good agreement.

GC-MS analysis

The chemical composition of tested Thyme EO is depicted in Table 3. A total of
11 compounds were identified by CG-MS mainly thymol (67.13%), p- cymene
(4.85%), vy-terpinene (2.74%), Z-caryophyllene (1.77%), and caryophyllene
oxide (1.26%), which were the major components of the EO. The presence of
other compounds with antifungal activities (e.g., carvacrol) was also detected but
in lower proportions (0.12%). According to Baranauskiené et al. [38], phenolic
compounds were the major constituents and the aroma principles of Thyme EO.
However, in this study monoterpenic alcohols such as thymol and p-cymene were
found in great abundance in the tested essential oil. Barros et al. discovered simi-
lar results for the essential oil of Thymus vulgaris, which is primarily composed
of thymol [39].

<
o
=]
=4

Abs (a.u)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.6 FTIR spectra of Gh-A
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Table 3 Detected compounds

. Detected compound Retention time %

and rela.tl've percente}ge (min)

composition of studied Thyme

essential oil a-pinene 9.71 0.68
p- cymene 10.61 4.85
Y- terpinene 11.98 2.74
Terpinen -4- ol 15.89 1.07
Thymol 20.74 67.13
Carvacrol 20.93 0.12
Eugnol 21.82 0.80
Z- Caryophyllene 26.26 1.77
- bisabolene 27.12 0.78
Trans -cadina- 1 (6); 4-diene 27.42 0.65
Caryophyllene oxide 28.76 1.26

The bold values are the majority compounds of essential oil

Study of the thymol adsorption
Adsorption kinetics

Figure 7 shows the adsorbed amounts of thymol on the different materials at room
temperature. The adsorption pH was maintained at pH=9. From these results, a
rapid increase in the amount of thymol adsorbed at <30 min can be seen for all sol-
ids considered. Two phases can be highlighted by the design of these graphs, which
depict the adsorption kinetics of thymol: firstly; fast one taking place during the first
30 min where the adsorption rate is the most important for the three solids. The
curves of Gh-A, HT3, and ZnAl-CO; (Fig. 7) show that the quantity of thymol
adsorbed increases with time. The rapid rise, observed initially, is due to the availa-
bility of adsorption sites. It can be noticed that after 1 h of adsorption, the adsorbed

—m—HT3 ; 70—ZnAI—CO3 ; —A—Gh-A

q, (mglg)

T
0,0 0,5 1,0 1,5 2,0 2,5 3,0
Time (h)

Fig.7 Adsorption kinetics of thymol on HT3, ZnAl-COj;, and Gh-A: m=100 mg, C,=80 mg L!
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m Experimental points : HT3
® Experimental points : ZnAI-CO,

A Experimental points : Gh-A

Ln(q,-q)

T T
0,0 0,5 1,0 1,5 2,0 2,5 3,0
Time (h)

Fig. 8 Pseudo-first order adsorption kinetics for thymol adsorption onto HT3, ZnAl-CO;, and Gh-A

m  Experimental points : HT3
® Experimental points : ZnAl-CO,

A Experimental points : Gh-A

T T T
0,0 0,5 1,0 1,5 2,0 2,5 3,0
Time (h)

Fig. 9 Pseudo-second order adsorption kinetics for thymol adsorption onto HT3, ZnAl-CO;, and Gh-A

amount does not vary with contact time for all three solids. The equilibrium
adsorbed amounts of thymol were 15.93 mg g~!, 12.2 mg g”!, and 5.2 mg g~! for
Gh-A, HT3, and ZnAl-CO;, respectively. The treatment of the adsorption kinetics
results shows that the amount of thymol adsorbed is higher in the case of Gh-A com-
pared to HT3 and ZnAl-COj;. Therefore, it can be concluded that adsorption is pref-
erentially carried out via hydrogen bonds. The graphical representations of
In(g.—¢q,) and of versus t are given in Figs. 8 and 9. The values of the constants of

the two kinetic models are grouped in Table 4. From these results (Fig. 8 and
Table 4), we can see that for the pseudo-first order model, the experimental points
were not perfectly linear and that the experimentally determined adsorbed amounts
of thymol, g.,,, are very far from the calculated ones, g, and the R? coefficients
deviate a lot from 1. So, we deduce that this model cannot be applied to the adsorp-
tion process of thymol on the different materials. From the results of the modeling
(Fig. 9) we notice that the values of the adsorbed quantity found in this model (g,)
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Table 4 Kinetic parameters

. . Pseudo-first order Pseudo-second order
of linear modeling of thymol model model
adsorption onto HT3,
ZnAl-CO;, and Gh-A Sample g, 4. k, R q, k, R?
HT3 12200 1.613 1.513 0.938 12.392 1.861 0.969
ZnAl-CO; 5.230 2965 1.509 0913 5.688 0.732 0.999
Gh-A 15.930 0.184 0.191 0.136 16.639 24.057 0.999

Gexp and g, in mg ¢l K inh™; K, in g mg™".h~!

are very close to those obtained experimentally (g.,) With correlation coefficients
R? close to 1 for the different adsorbents. Therefore, it can be concluded that the
pseudo-second order model accurately depicts the process of thymol adsorption on
the various materials. Thymol adsorption using clay-based adsorbents has shown
similar results [40—42].

Adsorption isotherms

The results of the adsorption isotherm study of thymol on HT3, ZnAI-CO; and Gh-A
were represented by the adsorbed amount as a function of residual concentration.
Figure 10 depicts the experimental isotherms that were obtained. The curves from
these models were superimposed on the experimental points (Fig. 10), it follows that
the models considered can be used to describe the adsorption isotherms of thymol
on the three solids at room temperature. The parameters calculated from these mod-
els are collected in Table 5. From the results in Table 5, it can be seen that the R?
correlation coefficients of both Langmuir and Freundlich models correlate well with
the experimental data for the different solids (R*>0.90). On the other hand, it can
be seen that the Langmuir model is the best fit to describe the adsorption isotherms
of thymol on the different solids in the range of initial concentrations studied from
the analysis of the results presented in Table 5. The regression coefficients obtained
are all very close to 1. These results indicate that the thymol molecules adsorb onto
energetically homogeneous sites covering a monolayer on the surface of the differ-
ent solids. We could conclude that the Langmuir model is the best one for accurately
expressing the experimental results on the three materials ability to adsorb thymol.
This finding is in-line with other studies that investigate the adsorption of thymol on
pure bentonite [43].

Antifungal activity of formulations prepared on the basis of clays

The results of the antifungal activity of several LDHs and activated Ghassoul-
based formulations are described in Table 6 and those of the antifungal tests
are represented in Fig. 11. The results showed that after one month of conser-
vation, the formulations displayed a very significant activity against Penicillium
sp. They completely inhibit the growth of this fungus, except ZnAl-Thymol,
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Fig. 10 Adsorption isotherms of the thymol onto HT3, Zn-Al-CO; and Gh-A with nonlinear fit of Lang-

muir and Freundlich models

Table 5 Parameters of nonlinear

Sampl L i Freundlich

Langmuir and Freundlich ampre angmuir reundhe

models for the thymol . ky, R? n kg R?

adsorption onto HT3, ZnAl-CO,

and Gh-A HT3 63913 0.016 0988 2.038 3.937 0.963
ZnAl-CO; 15528 0.005 0996 1.822 0429 0.991
Gh-A 22479  0.007 0987 1.690 0.563 0971

g in (mg g7'), K in (mg g™"), K} in (L mg™")

where the microorganism started to grow but with a low percentage of 20%.
After 3 months, the strain still showed high sensitivity to HT3-Thyme and Gh-A-
Thyme with 100% inhibition. This capacity was decreased for the other formula-
tions especially for ZnAl-Thymol and HT3-Thymol, with an inhibition power of
66% and 43%, respectively. However, the formulations ZnAl-Thyme and Gh-A-
Thyme have a slightly higher antifungal activity than the other formulations with
an inhibition percentage of about 94%. Also, after 5 months, the formulations
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Table 6 Antifungal activity

of formulations prepared with
Thyme EO and thymol with After 1 month  After 3 months  After 5 months
clays

Formulations  Power of inhibition (%)

Gh-A-Thyme  100.00+5.00 94.11+£4.70 93.33+4.66
ZnAl-Thyme  100.00+5.00 94.11£4.70 83.33+4.16
HT3-Thyme 100.00+£5.00  100.00+5.00 83.33+4.16
Gh-A-Thymol  100.00+£5.00  100.00+5.00 76.19+3.80
ZnAl-Thymol 80.00+4.00 66.00+3.30 59.52+2.97
HT3-Thymol  100.00+5.00 43.00£2.15 40.00+2.00

Formulations HT3- Thyme HT3- Thymol Gh-A-Thyme

After 1 month

After 5 month

Fig. 11 Inhibition rate of some formulations prepared against Penicillium sp., after 15 days of incubation
at 25 °C

ZnAl-Thyme, HT3-Thyme, and Gh-A-Thyme exerted significant inhibitory activ-
ity against Penicillium sp. with very significant percentages greater than or equal
to 83% (Table 6). However, the fungus showed a resistance to the three formula-
tions ZnAl-Thymol, HT3-Thymol, and Gh-A-Thymol with a percentage of inhibi-
tion of 59.52%, 40%, and 76%, respectively. These results can be explained by the
synergistic effects of the constituents of the essential oil used (Thyme), which is
not the case for formulations based on thymol (the active ingredient of Thyme)
[44, 45]. Therefore, it appeared from the results of the antifungal potential evalu-
ation of the formulations, that Thyme EO has the best effect on the Penicillium
sp. strain (Fig. 11). This conclusion was confirmed by the study conducted by
Hossain et al., who reported that oregano and Thyme EOs with high antifungal
activity, alone and in combination, showed increased efficacy against the growth
of the following fungi: Aspergillus flavus, Aspergillus parasiticus and Penicillium
chrysogenum [46]. Similar results were cited by Abbaszadeh et al., who studied
the antifungal activity of thymol, Carvacrol, Eugenol, and Menthol in controlling
the growth of food spoilage fungi [47]. In our previous study, tested in vitro anti-
fungal activity of formulations based on oregano and Thyme essential oils with
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a natural clay (Ghassoul), we reported that the clay/EO formulations show an
inhibitory effect against the fungus Penicillium sp. [26]. Similarly, Hossain et al.
conducted studies in similar situation which demonstrated that Thyme-Oregano,
Thyme-tea tree, and Thyme-peppermint EO blends have considerable antifungal
efficacy against Aspergillus niger, Aspergillus flavus, Aspergillus parasiticus,
and Penicillium chrysogenum, lowering their growth by 51-77% [18]. Therefore,
using plant-derived ingredients with clays to prevent fungal growth during grain
storage could be seen of as a good alternative to synthetic fungicides. Accord-
ing to these results, it can be seen that the Gh-A formulation preserves better the
constituents of the studied essential oils, hence this Gh-A-Thyme formulation is
more stable than other formulations based on LDHs materials. Accordingly, it
can be concluded that oxygenated terpenic compounds would be subject to a vari-
ety of specific and non-specific interactions, including hydrogen bonds on the one
hand, electrostatic and Van Der Waals on the other. Acid clays, as well as hand,
have a much less positive surface charge than basic clays. While the hydrocarbon
compound would be limited simply to interactions of Van Der Waals type. This
result can be also associated to the study of thymol adsorption, which showed
that Gh-A present the high quantity of adsorbed thymol.

Formulation performance in wheat storage
Effect of formulation mass on wheat storage

The antifungal activity of the Gh-A-Thyme formulation is presented in Table 7. The
product was chosen for its good inhibition performance, on the Penicillium sp. strain
by varying the % of the formulation in two types of wheat, sterile wheat and non-
sterile. The experiment was conducted in glass vials, during a period of 7 days, one
month and 7 months of storage. The objective was to define the lowest concentration
giving the best result, and their application in the preservation of wheat during its
storage.

The antifungal activity of Thyme essential oil against Penicillium sp. was evalu-
ated with the powder formulation after 7 days, 1 month and 7 months of storage
using 0.1%, 1% and 5% of Gh-A formulation to the total sample mass each time.
In the case of sterile wheat inoculated with Penicillium sp. strain, a total inhibition
for the three masses (5%, 1%, and 0.1%) of Gh-A-Thyme was detected, while for
the tests with only the EO, no inhibition of Penicillium sp. was noted. Under the
same conditions, but in the absence of Gh-A-Thyme formulation (Wheat + Penicil-
lium sp.), it was observed that there is no inhibition. Concerning the tests of non-
sterile wheat with the different mass ratios of the formulation used (5%, 1%, and
0.1% of Gh-A-Thyme), it was noticed that there is no inhibition of Penicillium sp.
and the same remark for the test with control wheat and wheat with 1% of Thyme
EO, where they showed that the use of Gh-A-Thyme formulations is beneficial in
the conservation of wheat (Fig. 12). From these results, it is evident that the formu-
lations prepared with clays and essential oils inhibit well the growth of the fungus
Penicillium sp. up to 7 months of storage. The finding gives a positive sign that these
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Table 7 Results of the antifungal tests according to the % of the formulation

Samples Test at =0 (after Test after ~ Test after
7 days of incubation) 1 month 7 months
Non-sterile ~ Wheat+5% F ++ ++ ++
Non-sterile ~ Wheat+1% F ++ ++ ++
Non-sterile ~ Wheat+0.1% F ++ ++ ++
Non-sterile ~ Control wheat ++ ++ ++
Non-sterile ~ Blé+ 1% HE liquide ++ ++ ++
Sterile Wheat + Penicillium sp. +5% F —-— - -
Sterile Wheat + Penicillium sp. + 1% F —— - ——
Sterile Wheat + Penicillium sp. +0.1% F —-— - ——
Sterile Wheat + Penicillium sp. ++ ++ ++
Sterile Control wheat - - __
Sterile Wheat + Penicillium sp. + 1% liquid EO ~ ++ ++ ++
Sterile Wheat+ 1% liquid EO —-— —— -

The bold values represent formulations that provide the best inhibition results

— —: total inhibition; + +: strong growth; F formulation (clay/EO)

formulations can be used in cereal storage against the fungi growth. These formula-
tions could be an alternative fungicide for cereal storage protection, because they
have no harmful effects on the environment compared to synthetic fungicides. Since
this study was devoted to tests on the Penicillium sp. strain and gave good results,
it is possible to extend the use of this type of formulation to other existing fungi in
cereals, like Aspergillus, and Fusarium.

Effect of drying and washing treatment on wheat storage in the presence
of the formulation

The results of the antifungal tests for non-sterile wheat with the effect of two treat-
ments during storage is shown in Table 8. It can be seen that, for drying treatment,
there was strong growth of Penicillium sp. for all samples at different tempera-
tures studied (40 °C, 60 °C, and 80 °C) from 7 days of incubation. While for the
wheat washed with warm water and dried, total inhibition was observed until the
fifth month. After this period, a weak growth of the fungus appeared. These results
show that washing wheat with warm water followed by drying can be an effective
treatment to decrease the existence load of fungi in wheat, while drying alone does
not contribute to any growth inhibition of the tested strain (Figs. 13 and 14). Pre-
cleaning before storing the cereals, and the addition of formulations, allow good
preservation of the seeds for long periods up to 6 months. In general, it can be con-
cluded that the formulations based on clays and essential oils constitute a beneficial
technique for the storage of cereals for a long time because of the remanence of
essential oils on clays. On the one hand, the technique of preparation is economic
by the small quantity used of the essential oil or of one of these its components,
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Test at t=0 (after 7 days of

. Test after 7 months
incubation)

Samples

Wheat + Penicillium sp.

+5%F

Sterile
‘Wheat + Penicillium sp.

+0.1%F

Wheat + Penicillium sp.

Fig. 12 Antifungal tests with the mass effect of the sterile wheat formulation

and on the other hand by their aptitude to stabilize the volatility of the terpene com-
pounds of essential oils. Similar studies were done by, Ahmed Reda Chami, who
used clay/EO formulations as feed additives for the purpose of promoting growth
and lowering the risk of infection and mycotoxin poisoning in poultry and ruminants
[48]. Also, another study was done by Adnan Sabehat who showed that microporous
active solid materials based on essential oils (material/EO) offer several applica-
tions, including antimicrobial properties and shelf life extension of packaged perish-
able products [49].
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Samples

Test at t=0 (after 7 days of

incubation)

T=80 °C/1h

Wheat +
5%F

T=60

Non-sterile

Wheat +

C/1h 5% F

T=40

Wheat +
5%F

°C/1h

Test after 1 month

Fig. 13 Antifungal tests during storage on dried wheat

Fig. 14 Antifungal tests during storage on washed-dried wheat
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The elaboration of clay/EO formulations was the target in this work, considering the
advantages of this type of compounds in the food supply of certain animal species
and the protection of wheat grains or other foods against fungi. All the materials
obtained were characterized by XRD and FTIR. The results showed that the syn-
thesized LDHs present a good crystallinity and good purity, and the activation of
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the Ghassoul by the acid allowed the improvement in the structural properties of
this material. Analyses performed by GC-MS chromatography confirmed that thy-
mol is the majority terpene compound in Thyme essential oil (67.13%) followed by
p-cymene (4.85%). The adsorption of thymol by the different materials (LDHs and
activated Ghassoul) is consistent with pseudo-second order kinetics. The adsorp-
tion isotherms of thymol on the different materials were satisfactorily described by
the Langmuir model. The adsorption capacity of thymol increases in the following
order: ZnAl-CO;, HT3, and Gh-A. This adsorption capacity was attributed to the
specific interaction between the OH hydroxide groups on the clay surface and ter-
pene compounds. Therefore, the antifungal activities of the clay/Thyme and clay/
Thymol formulations were evaluated against Penicillium sp. The antifungal tests
were followed during three different periods (1 month, 3 months, and 5 months).
The Gh-A/Thyme formulation was found to maintain its antifungal activity even
after 5 months of conservation in the open air, compared to the other formulations
which present a lower antifungal profile under the same conditions. Ultimately, since
the stored seeds are subject to several factors that influence their keeping properties,
the formulations were added to wheat subjected to different treatments before stor-
age during the period used by professionals in this sector. The performance of the
products was observed on washed-dried wheat where the growth of Penicillium sp.
was prevented even after six months of storage. Accordingly, these formulations can
be recommended as an effective means of preserving wheat quality during storage.
Thus, other studies can be carried out to evaluate the effect of this kind of products
on other cereal grains and to analyze whether they can present modification on the
organoleptic characteristics of the preserved product.
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