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Abstract. Substances of natural origin and more particularly essential oils currently represent an alternative
solution in the fight for the protection of stored foodstuffs. The way to use these essential oils and the storage
conditions remain the main handicap in dealing with this subject. This article develops the use of porous
supports as a medium for the study of the behavior of essential oils with respect to insecticidal activities. The
process relates to the fixing and/or grafting of essential oils in porous clay media in a well-defined geometric form
included in the storage methods. The study of transfers of the essential oil of Cedrus atlantica in a porous clay
medium in the case of desorption was made by analytical and numerical models of diffusion process, to know the
behavior of the oil and to determine some physical parameters (diffusivity Dz, activation energy Ea, evaporation
rate F and constant of evaporation K) which explain the mechanisms involved and to try to exploit them in
parallel with the insecticidal activities against of Sitophilus granarius the main cereal pest by statistical
approaches such as: design of experiments and principal component analysis.
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1 Introduction

Cereal storage is designed to keep grains for later use from
many external factors, such as humidity, temperature, and
light, that can lead to their degradation [1]. In addition,
good storage also protects its content from other influences
such as: microorganisms, shocks, odours, vibrations, dust
and compressive forces [2]. The Technological development
has brought the possibility to access to countless foods from
every part of the globe, so the importance of protecting
their organoleptic properties is food quality conformity
[3–5].

More precisely, stored cereals are prone to postharvest
loss in quality and quantity due to infestation by different
groups of insects, which is considered the principal problem
of storage [6]. Among the stored product beetles, Sitophilus
granaries (Coleoptera: Dryophthorinae) are a primary pest
in storage of grain-based products, principally wheat, but
also attack others cereals: oats, rye, barley, corn, as well as
derived products (flour) and other seeds, especially
nding author: t.ainane@usms.ma
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Fabaceae [7,8]. Control of these insects relies heavily on
the treatment by synthetic insecticides such as pyreth-
roids, organochlorines, organophosphates, carbamates and
fumigants (mainly methyl bromide and phosphine) [9].
However, due to toxicity to consumers, insecticide
resistance and resurgence of pests associated with synthetic
insecticides, alternative solutions are requiring sought [10].
Pesticides from natural sources, relatively cheaper,
biodegradable, which are means accessible and available,
less toxic to non-target organisms and less prone to
resistance by insect species are considered potential
resources [11]. Among these resources, Essential oils
produced from aromatic and medicinal plants have
received much work due to their broad spectrum of
activities, they are volatile, complex compounds charac-
terized by a strong odour and are formed by aromatic
plants as secondary metabolites (monoterpenes, sesqui-
terpenes and phenylpropanoid compounds) which show
different insecticide properties (larvicidal, antifeedant,
repellent, fumigant and ovicidal activities) [12]. Due
forward described properties, essential oils are potentially
suitable for integrated pest management programmes [13].
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
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Table 1. Chemical composition (mass %) of the clay.

SiO2 Al2O3 Fe2 O3 K2O Na2O MgO TiO2 CaO P2O5 SO3 LOI*

33.40 17.03 32.47 3.27 3.60 1.24 0.69 0.68 0.10 0.01 8.35
*LOI: loss of ignition at 1200 °C.

Fig. 1. XRD diffractograms of the clay RC.

Table 2. Chemical constitution of the EOCa.

Components RT
(min)

Concentration
(%)
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Cedar extracts considered an effective natural pesti-
cide, especially their essential oil. This last obtained from
different geographically regions, such as Morocco, Algeria,
Cyprus, Lebanon, Syria, Turkey, Afghanistan and Hima-
layas, have been reported with their use in entomology to
obtain many treatments traditionally ascribed to insecti-
cidal activities [14]. In terms of previous reports on the
chemical composition of this plant, the oil from the wood of
this species has been extensively studied, sesquiterpenoids
of the himachalane compounds being the major compo-
nents [15].

The objective of this work is to carry out a desorption
transfer study of the essential oil of Cedrus atlantica after
fixation in a porous clay, by the use of experimental designs
(complete factorial design) and analytical models of
diffusion process (2nd Fick’s Law), to know the process
of essential oil and to determine the relation of certain
physical parameters between them (diffusivity, constant of
evaporation and rate of evaporation) which can explain the
mechanism in play with the insecticidal activity against
Sitophilus granaries.
Limona ketone 3.17 0.51
a-Longipinene 6.88 0.16
1,3-Dimethylindane 7.64 0.31
Aromandendrene 7.75 1.52
Isoledene 7.86 1.19
a-Himachalene 8.73 15.63
g-Himachalene 9.22 14.46
b-Himachalene 9.88 31.24
a-Dehydro-ar-himachalene 9.95 2.06
g-Dehydro-ar-himachalene 10.07 3.67
d-Cadinene 10.13 1.93
a-Calacorene 10.27 1.25
a-Bisabolene 10.47 1.08
Himachalene oxide 10.70 1.21
(+)-b-Himachalene oxide 11.20 2.3
Di-epi-1,10-cubenol 11.51 1.42
d-Cadinol 11.66 1.09
Allo-Himachalol 11.89 1.62
Deodarone 12.54 2.73
(E)-g-Atlantone 12.78 1.2
(Z)- a-Atlantone 13.00 1.22
(E)-Atlantone 13.82 4.3
2 Materials and methods

2.1 Materials
2.1.1 Clay

The studied natural porous clay RC was selected from
Bejaad, Morocco (32°47’01.7”N 6°13’52.3”W). The chemi-
cal composition of the clay raw material (Tab. 1) shows
that the major elements are SiO2, Fe2O3 and Al2O3. The
amounts of K2O, Na2O and MgO are significant. From
XRD analyses (Fig. 1), it is found that this clay is mainly
constituted of quartz, calcite, dolomite, kaolinite, illite and
hematite [16].

2.1.2 Essential oil of cedrus atlantica

The essential oil of Cedrus atlantica (EOCa), which was
obtained by steam distillation from the sawdust of Cedrus
atlantica Man. from Morocco, was analysed by chroma-
tography–mass spectrometry (GC–MS). The GC analysis
was performed on SHIMADZUGC-14B equipped with and
FID detector and a LM-5 (30m� 0.25mm� 0.3mm)
capillary column. The components in the oil were identified
by comparison of the mass spectra obtained by CG–MS
and literature data. The results obtained by the analysis
are demonstrated in Table 2. In total were identified 22
constituents (92.10%).

The data obtained with the chemical analysis are in
accord with previous works reported in literature of the
compounds analysed, the sesquiterpenes hydrocarbons
a-himachalene (15.63%), b-himachalene (31.24%) and
g-himachalene (14.46%) are the majority compounds, in
which the component b-himachalene is the most abundant
and represent practically the two-thirds of a percentage of
the oil composition [17].
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2.1.3 Preparation of the mixture clay/essential oil

The RC clay was homogenized, finely ground (<63mm)
and heated for 2 h at 200 °C for the organic complete
combustion. a well-defined volume of EOCa has been
mixed with a quantity of clay powder, prepared between 10
and 40% (v/w) in order to have a total fixation of the oil on
the powder. Then, the preparedmaterials (RC+EOCa) are
moved to metal cylinders (diameters 1 cm and 2 cm), for
the continuation of the experimental works.

2.2 Theoretical considerations
2.2.1 Assumptions
–
 Material transfer of EOCa is considered with one-
dimensional diffusion in the cylindrical coordinate system.
–
 The diffusion takes place under transient conditions with
a constant diffusivity and the rate of evaporation.
–
 During sorption, the concentration of EOCa on clay RC
face reaches the equilibrium value as soon as the EOCa is
mixed with RC.
–
 At the beginning of desorption, the concentration of
EOCa throughout the clay is constant.

2.2.2 Model of transfer of matter by diffusion

Fick’s second law for diffusion in terms of cylindrical
coordinates (r, u, z), can be written as [18,19]:
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Since, the cylinder height is smaller in front of the

diameter and the lateral cylinder surface, the diffusion
transfer will be directed in the direction of the height,
which allows to consider the transfer model is one-
dimensional. The problem is made easier and the diffusion
equation becomes Fick’s 2nd Law:

∂C
∂t

¼ Dz
∂2C
∂z2

: ð2Þ

Considering the following boundary conditions:
t ¼ 0 C ¼ C0 0 � z � h

t > 0 C ¼ Ct z ¼ h:

�
ð3Þ

The analytical solution of equation (2) has been demon-
strated by Crank (1979) [18] according to the conditions
displayed in equation (3), it can be written as follows:
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The total mass Mt of EOCa in the clay RC at an instant

t is obtained by integration of the variable C (concentra-
tion) on the thickness of the material, and on a surface S
subjected to the concentration flow:

Mt ¼
Zh
0

S:C z; tð Þdz: ð5Þ
The analytical solution of these equations taking into
account the boundary conditions and after an infinite
desorption time tends towards equilibrium is given by:

Mt �M∞

M0 �M∞
¼ 8
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with:

M0: The initial mass of EOCa absorbed.
Mt: The mass of EOCa desorbed after a given time of

aging.
M∞: the mass of liquid at equilibrium.
The simplifying the equation (6) by taking the first

term of the series solution and assuming M∞=0:

Mt

M0
¼ 8

p2
exp

�Dz⋅p2⋅t
h2

� �
: ð7Þ

The term (8/p2) is assumed to be equal to 1. The last
equation becomes:

Mt

M0
¼ exp

�Dz⋅p2⋅t
h2

� �
: ð8Þ

During our study of the modelling and in consideration
of the theoretical approximations already cited, we will
focus on the three parameters which explain the desorption
process: Diffusivity Dz, Evaporation constant K and
evaporation rate F:

–
 The diffusivity does practically obtaining by the linear,
logarithmic extrapolation of equation (8).
–
 the constant of evaporation K approximated to the
diffusivity by the following equation:

K ¼ p2:Dz

h2
: ð9Þ
–
 The evaporation rate F was determined using the initial
value of the desorption flux, it is the value of the initial
gradient of the desorption curve as a function of time, as
indicated in the equation (10):

F ¼ F 0 ¼ 1

S
⋅limt!0

dM

dt
: ð10Þ

2.3 Experimentation and modelling
2.3.1 Insecticidal activity test

An insecticide-susceptible population of the adult weevil
species (Sitophilus granarius) were used in this study. The
population of Sitophilus granarius was obtained from the
Department of environmental engineering of EST-Khenifra
(University of Sultan Moulay Slimane, Khenifra, Morocco).
The strain was reared on wheat grains free of insecticide
residue in glass containers (1L) within growth chambers at
27±2 °C, 70±10% of relative humidity (RH), and 12:12h
photoperiod (D: L) [20].



Table 3. Matrix of experiments and evaporations rate (flux) F obtained for each test.

Test Factor 1 Factor 2 Factor 3 Factor 4 F (�104) (g.h�1.cm�1)

1 �1 �1 �1 �1 1.2732
2 1 �1 �1 �1 3.8197
3 �1 1 �1 �1 2.5464
4 1 1 �1 �1 11.4591
5 �1 �1 1 �1 1.2732
6 1 �1 1 �1 1.2732
7 �1 1 1 �1 2.5464
8 1 1 1 �1 2.5464
9 �1 �1 �1 1 0.6366
10 1 �1 �1 1 0.6366
11 �1 1 �1 1 2.2281
12 1 1 �1 1 2.5464
13 �1 �1 1 1 1.2732
14 1 �1 1 1 1.2732
15 �1 1 1 1 2.8647
16 1 1 1 1 3.5014
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EOCa or EOCa+RC were placed in steel cylinders
(h=0.5 cm; F=1 cm or 2 cm or 3 cm), then the cylinders
are included in glass petri dishes containing 10 insects. The
assembly with a negative control (without product) are
introduced into a fumigation chamber included in the
experimental enclosure (temperature and relative humidi-
ty controlled). The mortality of insects is recorded as a
function of time for 24 h. Repetitions were performed in
triplicate for each trial to minimize errors.

Corrected mortality in treating insects is expressed by
equation (11):

M% ¼ Mtest �Mcontrol

100�Mcontrol

� �
� 100 ð11Þ

with:
M%: Mortality corrected;
Mtest: Mortality observed during the test;
Mcontrol: mortality observed in the control.

The determination of the lethal dose of 50% LD50 is
determined by linear interpolation on curves giving the
percentage of mortality as a function of the logarithm of the
concentration tested.

2.3.2 Optimization of transfer conditions

In order to minimize the experimental conditions of
diffusion transfer of EOCa essential oil in RC porous clay
media, we performed a statistical approach based on
experimental designs.

The transfer was presented as the evaporation rates F
[21]. The design matrix (Full Factorial Design) was
performed according to 4 factors Xi such as:

–
 Factor 1=C: Essential oil concentration (0.01mL/cm3

and 0.02mL/cm3);

–
 Factor 2=T: Temperature (25 and 30 °C);
–
 Factor 3=D: Cylinder diameter (1 cm and 2 cm);

–
 Factor 4=M: Mass of clay rock (0.05 g and 0.10 g).

The number of tests carried out is calculated by the
formula:

number of tests ¼ 2k: ð12Þ
The number 2 corresponds to the number of two levels

�1 and +1 and k stands for the number of factors studied.
In our study, the number of factors equals 4:
number of tests= 24=16
This corresponds to 16 tests.
Table 3 presents the matrix of the experiments and the

evaporation rates obtained, from which the rows present
the tests coded for the factors studied according to the high
(+1) or low (�1) level of each factor.

The polynomial model presents:

F ¼ b0 þ
Xn
i¼1

biXi þ
Xn
i¼1

Xn�1

j¼1

bijXiXj

þ
Xn
i¼1

Xn�1

j¼1

Xn�2

k¼1

bijkXiXjXk þ bijklXiXjXkXl ð13Þ

Or:

–
 Mean: b0;

–
 4 main effects: bi;

–
 6 effects present the 2nd order interactions: bij;

–
 4 effects present the 3rd order interactions: bijk;

–
 1 interaction of the 4th order: bijkl.

2.3.3 Study of insecticidal activity behaviour of essential oil
mixture in clay porous media

The interaction between the behaviour of EOCa in porous
clay media RC and insecticidal activity was achieved by



Table 4. LD50 of the insecticidal activities of the EOCa
fixed on porous media.

Diameter (cm) Temperature (°C) a b

D1 = 1

T1 = 25 0.228 0.110
T2 = 30 0.350 0.109
T3 = 35 0.035 0.017

D2 = 2

T1 = 25 0.529 0.032
T2 = 30 0.758 0.008
T3 = 35 0.021 0.007

D3 = 3

T1 = 25 ≫ 0.056
T2 = 30 0.061 0.017
T3 = 35 0.013 0.005

≫: LD50 is greater than 1mL/cm3. a: EOCa alone. b: EOCa+RC
clay.

Table 5. Parameters of the presented polynomial flux
model for desorption.

Coefficient Value (*) ptest

b0 2.6061 0.46
bC 0.7758 0.31
bT 1.1737 0.21
bD �0.5371 0.42
bM �0.7360 0.32
bCT 0.4575 0.47
bCD �0.6963 0.34
bCM �0.6565 0.36
bTD �0.3779 0.53
bTM �0.2586 0.64
bDM 0.8952 0.27
bCTD �0.3779 0.53
bCTM �0.3382 0.56
bCDM 0.7360 0.32
bTDM 0.4177 0.50
bCTDM 0.2745 –

*The values presented are of the order of �104 (g.h�1.cm�1).
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processing the matter transfer by diffusion parameters vs.
mortality of insecticidal activity, according to the statisti-
cal tool of Principal Component Analysis (PCA) which is
an extremely powerful tool for compressing and synthesiz-
ing information, useful when there is a sum of quantitative
data to be processed, to be interpreted and to know the
correlations between them [22].

2.3.4 Computer and statistical processing

All computer processing was done using MATLAB
software. The numerical modelling results obtained will
be compared with the experimental results, in order to find
the parameters to be searched for and to make the
maximum interpretation. Other computer tools have been
used in parallel to perform certain calculations or graphical
representation, such as: EXCEL, ORIGIN LAB, DESIGN
PLAN and XLSTAT.
3 Results and analysis

3.1 Insecticidal activities in porous clay media

All the results of the insecticidal tests of the EOCa alone or
with the porous clay media RC and GC, against Sitophilus
granarius are displayed in Table 4 in the form of lethal
doses of 50% (LD50) depending on the parameters studied
such as: the diameter of cylinder D and the temperature of
the incubation T. From this table, we deduce that the LD50
decrease in the presence of porous clayey RC and GC
media, which proves that the insecticidal power has
changed when the essential oil has been fixed on the
porous media. In addition, the studied factors such as
cylinder diameter and temperature keep the same proper-
ties of insecticidal activities, hence increasing cylinder
diameter and increasing temperature promotes good
activity. Also, it can be concluded that the insecticidal
activity of the EOCa fixed on porous media and their
persistence depends on the nature of the interactions
between the constituent compounds of essential oils and
the media studied [23].
3.2 Optimization of essential oil transfer conditions in
porous media

Aswe described previously, the experimental design chosen
for the optimization of the flux parameter of the
evaporation of the EOCa fixed in the porous medium is
a full factorial design of four (4) factors: the concentration
of l essential oil C, temperature T, cylinder diameter D and
mass of clay medium M. Each factor requires 2 levels: high
level is coded +1 and low level is coded�1, which implies a
total number of 16 simulations. Therefore, the mathemati-
cal model associated with the 1st degree polynomial is
presented as a function of the factors plus the second, third
and fourth order interactions of these factors.

The coefficients of the flux model of the essential
oil fixed on the RC medium are displayed in Table 5.
Following the results obtained by the optimization
route, the mean flux is 2.6061.10�4. If we take into account
only the factors studied on the medium, we deduce
that:

–
 The increasing concentration of the essential oil increases
the flux;
–
 The increase in temperature increases the flow;

–
 The increase in cylinder diameter decreases the flow;

–
 The growth of the mass of porous medium decreases the
flux.

The set of graphical representations of flux as a function
of two factors in 3D are shown in Figure 2. The interaction
of two of the four factors also influences the flux values. The
flux increases with respect to the interaction of two
concentration-temperature parameters, it decreases with
respect to a parameter with the interactions of concentra-
tion-diameter, concentration-mass, mass-temperature and



Fig. 2. 3D representation of flow as a function of two factors.
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Table 6. Statistical study of the presented polynomial model of flux during desorption.

dll SSD MSE Ftest ptest

Flux 14 9.47.10�7 6.76.10�8 2.42 0.46
b0 1 9.63.10�8 9.63.10�8 3.45 0.31
bC 1 2.20.10�7 2.20.10�7 7.89 0.21
bT 1 4.61.10�8 4.61.10�8 1.65 0.42
bD 1 8.66.10�8 8.66.10�8 3.10 0.32
bM 1 3.35.10�8 3.35.10�8 1.20 0.47
bCT 1 7.75.10�8 7.75.10�8 2.78 0.34
bCD 1 6.89.10�8 6.89.10�8 2.47 0.36
bCM 1 2.28.10�8 2.28.10�8 0.81 0.53
bTD 1 1.07.10�8 1.07.10�8 0.38 0.64
bTM 1 1.28.10�7 1.28.10�7 4.59 0.27
bDM 1 2.28.10�8 2.28.10�8 0.81 0.53
bCTD 1 1.83.10�8 1.83.10�8 0.65 0.56
bCTM 1 8.66.10�8 8.66.10�8 3.10 0.32
bCDM 1 2.79.10�8 2.79.10�8 1.00 0.50
Residue 1 2.79.10�8 2.79.10�8

Total 15 9.75.10�7

SSD: Sum of the squares of the deviations from the mean; MSE: Mean squared error=variance.

Table 7. Descriptive and predictive qualities of polynomial
models.

Paramètre Value

Mean* 2.60
SD* 1.67
Coefficient of variation CV (%) 64.12
Coefficient of determination R2 0.97
Adjusted coefficient of determination R2

A 0.57
Predictive coefficient of determination R2

pred �6.33
Response variation ratio 6.68
*The values presented are of the order of �104 (g.h�1.cm�1).
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temperature-diameter and it decreases with respect to the
interaction from two parameters to diameter-mass inter-
actions. All the graphical representations of flow as a
function of two factors in 3D are shown in Figure 2.

In general, and according to the results of Tables 6
and 7, the coefficients of determination R2 for the two
media show the correct explanation of the optimized
models. The Fisher test value is Ftest = 2.42 which explains
why the model is not significant with respect to noise
(uncertainties). The predictive coefficient of determination
Rpred

2 gives a negative value which implies that the total
mean of flux presented can be a better predictor of the
response of the model studied [24]. The variation ratio of
the response measures the flux/uncertainty ratio, is equal
to 6.68 which confirms that the response is adequate (ratio
greater than 4 which is desirable).
3.3 Modelling of the essential oil diffusion process
in porous media

To fully understand the behavior and the diffusion process
of EOCa in the RC medium, two intermediate paths were
made: the study of the desorption kinetics and the
simulation of the concentration profiles inside the cylinder.
This study makes it possible to explain the mechanism
involved, as well as a means of precisely determining the
parameters: the diffusion coefficient Dz, the evaporation
flux F, the evaporation constant K and the activation
energy Ea.

Several kinetic models cited in the literature can study
the desorption mechanism [25–27], in our case the model
tested is the analytical solution of the Fickian diffusion
model, which is described previously. The methodology
adopted consists in controlling the mass percentage of the
oil as a function of the time of the experimental results with
simulations of analytical treatments during desorption. To
make the simulation according to this model, it is necessary
to seek the coefficient of diffusion D which is the principal
parameter. The kinetic study was carried out under the
optimal conditions corresponding to the tests carried out
in the previous paragraph (C=0.01mL/cm3, T=30 °C,
M=0.10 g and D=2 cm). The study of the linearity of
equation (6) of the experimental results obtained by the
gravimetric technique, gives us approximate values of the
diffusion coefficients Dz according to the optimal con-
ditions, it is worth 9.81.10�6 cm2/h. The experimental
results of the simulation of the desorption kinetics of the
EOCa in the RCmedium are shown in Figure 3. The curves
obtained show a very clear branch which reflects a decrease



Fig. 3. Analytical simulation of the desorption kinetics of EOCa
in the RC medium. (•): Experimental results; (…): Simulation,
C=0.01 mL/cm3; T=30 °C; M=0.10 g; D=2 cm.

Fig. 4. Simulation of concentration profiles�Case of desorption
of the EOCa in the RC medium.
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in the mass percentage of the essential oil, which explains
the desorption mechanism, we see that the amount
desorbed is 5.77% over 24 h.

The simulation made of the model is closer to the
experimental results, which proves the validity of the
analytical model developed and on the other hand the
ability to give a reliable estimate of the other parameters to
be sought. In general, the simulation has important
interests, it can deduce the quantities of oil that remained
during the time of biological applications (insecticidal
activities). Figure 4 shows the simulation of the profiles of
the concentration of essential oil in the medium. These
concentration profiles are used to give good information
about the transfer of EOCa within porous media, so that
the concentrations can be determined for each altitude and
for a more precise time.

3.4 Interaction of the behavior of essential oils in
porous media and insecticidal power

As we described previously, the behavior of the EOCa in
the RC medium is identified on the one hand by the
diffusion parameters: the evaporation flux F, the diffusivity
Dz, the evaporation constant K and the activation energy
Ea, and insecticidal activity is presented by M%mortality.
The calculated values of all parameters are mentioned in
Table 8, the interpretation of these results remains
complex. On the other hand, the values of the energy of
the activation are constant and low, which confirms that
the two clay porous media have the same energetic
behavior, moreover, the negative value proves the opposite
direction of desorption (adsorption) and it shows the great
capacity of porous media to fix essential oils [28].

Principal Component Analysis (PCA) is a statistical
tool to study the behaviour of EOCa in RC media with
respect to insecticidal activity and to determine hidden
information. The case that we are going to study crosses 16
subjects (the matrices produced during the study of the
optimization of the flow of evaporation in the two porous
media) and the four (4) variables: the flow of evaporation F,
diffusivity Dz, evaporation constant K and mortality M%
(Tab. 8).

To fully explain the results, we must start with the
choice of the axes that are interesting for our analysis.
Table 9 present the eigenvalues of the four (4) presentative
axes obtained. According to the Kaiser criterion [29], the
axes F1 and F2 were retained whose eigenvalues are greater
than 1 (l1= 1.89 and l2= 1.38), with variabilities of
47.31% and 34.70% respectively, and corresponding to the
total of 82% of the information. These eigenvalues of the
axes selected return a “good proportion” of the analysis, this
means that the sum of the inertia explained by each of the
axes represents a significant part of the total inertia.

In the mapping displayed in Figure 5, we can see the
following interpretations:

The parameters: the diffusion coefficient Dz and the
evaporation constant K are very close to the correlation
circle towards the F1 axis and therefore very well
represented on the mapping. The rather closed angle
(starting from the origin) formed by the points
(Dz: cos

2(u)= 0.78 and K: cos2(u)= 0.72), indicates that
these two variables are well correlated with each other.
These results come back to the dependence of these two
parameters according to equation (9);

The parameters: the flow of evaporation F and the
percentage of mortality M% are close to the circle of
correlation towards the axis F2, so they are well
represented on themapping. The rather closed angle formed
by the points (F: cos2(u)=0.24 and M%: cos2(u)=0.15),
indicates that these two variables are well correlated
between them. These results show that the observed M%
mortality of insecticide activity depends on the flow of
evaporation F;

On the other hand, the almost right angle formed by the
four parameters indicates that the two variables of the
diffusion coefficient Dz and of the evaporation constant K
are independent of the two other variables which are the
evaporation flux F and the percentage mortality M%.
4 General discussion

The essential oil of Cedrus atlantica presented a good
insecticidal activity against the stored commodity pest of
wheat Sitophilus granarius, moreover, this activity was
evolved when it was fixed in the clay porous medium. The
mechanism of action of this activity is fumigation, hence
the appropriate model of the process is a transfer of the
material.



Table 8. Parameters of diffusion and of insecticidal activity of EOCa desorption in the RC.

Test F (�104) (g.h�1.cm�1) Dz (�106) (cm2.h�1) K (�103) Ea (J.mol�1) M%

1 1.2732 7.35 1.5

�8.176

16.66
2 3.8197 1.47 0.3 20
3 2.5464 3.43 0.7 20
4 11.4591 2.45 0.5 30
5 1.2732 9.31 1.9 20
6 1.2732 2.94 0.6 30
7 2.5464 3.92 0.8 23.33
8 2.5464 1.96 0.4 33.33
9 0.6366 15.68 0.8 20
10 0.6366 5.88 0.3 16.66
11 2.2281 43.12 2.2 23.33
12 2.5464 17.64 0.9 23.33
13 1.2732 25.48 1.3 20
14 1.2732 9.8 0.5 30
15 2.8647 39.2 2.0 30
16 3.5014 21.56 1.1 30

Table 9. Eigenvalues of the presentative axes of the PCA.

F1 F2 F3 F4

Eigenvalue 1.89 1.38 0.53 0.18
Variability (%) 47.31 34.70 13.45 4.53
Cumulative (%) 47.31 82.00 95.46 100

Fig. 5. Mapping of correlations between parameters of EOCa
desorption and insecticidal activity.
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To explain the mechanism, we have carried out a study
of the relationship between the behavior of the essential oil
in the porous medium with the insecticidal activity, hence
the study of transfer of essential oil was done by using
mathematical analytic models of Fickian diffusion process-
es under assumptions and theoretical approximations that
facilitate numerical calculations. As a result, some physical
parameters: the flux F, the diffusivity Dz, the evaporation
constant K were determined in parallel with the biological
parameter of a mortality M% of insecticidal activities
against Sitophilus granarius. The use of the statistical tool
of the principal component analysis (PCA) which consists
in the determination of the correlation between all the
obtained parameters allows to show that the biological
activity is dependent on the flux F.

In parallel, the optimization of the diffusion transfer of
the essential oil was done according to the design of
experiments method with a Full factorial design. The
results show that the flux F increases with the concentra-
tion of the essential oil and with the temperature, but
decreases with the cylinder diameter (contact surface) and
the mass of the porous medium.

In general, to have a good insecticidal activity against
Sitophilus granarius it is necessary to play on the direct
increase of the flow of the essential oil fixed on the porous
medium by the increase of the concentration of the
essential oil and the temperature and by the decrease of the
cylinder diameter and the mass of the porous medium.

Finally, the limitations of this study can be cited as
follows:

–
 The constituents of essential oils do not have the same
affinity with respect to the porous medium;
–
 The insecticidal activity of the essential oil fixed in the
porous medium and their persistence depends on the
nature of interactions between the constituent com-
pounds of the essential oil and the medium studied.

5 Conclusion

The study of the desorption behavior of Cedrus atlantica
essential oil fixed on porous clay medium in relation to its
insecticidal activities against Sitophilus granarius was
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carried out according to mathematical studies of Fick’s law
and well-defined statistical approaches such as principal
component analysis and design of experiments. Several
data and information were exploited to explain the
mechanism of observation of the remarkable biological
activity in the case of oil fixation in the porous medium.

The observed mortality of this insecticidal activity
depends on the evaporation flow, and this last parameter
also depends on the concentration of essential oil, the
temperature, the diameter of the cylinder used and the
mass of the porous medium. All the results of the data
collected explain that the surface of the porous medium
delays the affinity of the constituents of the oil (bioactive
compounds) during the desorption.
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