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Cameroon. The samples were divided into two zones (polar and equatorial) to
study absorption and drying under four isotherms. The analyses allowed for the
determination of the diffusion coefficient, the corrected diffusion coefficient, the
relative humidity rate (RHR), and the activation energy using the gravimetric
method. The results show that the relative humidity rate (RHR), of the polar
region is higher than that of the equatorial region, while the diffusion coe-
fficients and corrected diffusion gradually decrease. Among the models tested,
the Page model best predicts humidity variations, while the Newton and Lewis
models stand out for describing the drying phenomenon. “Coula edulis” has a
dense structure with low porosity and limited water absorption, demonstrating
their mechanical strength and dimensional stability. FTIR analysis highlights the
presence of major lignocellulosic compounds (cellulose, hemicellulose, and
lignin), while XRD reveals moderate crystallinity associated with mineral phases.
ATG/DTG confirms good thermal stability up to high temperatures. These
properties position the “Coula edulis” shells as a promising material for appli-
cations in bio-composites, thermal and acoustic insulation, or even as sustaina-
ble materials with a view to a circular economy.
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1. Introduction

The forests of Cameroon cover approximately 22.5 million hectares, which is 48%
of the national territory [1]-[3]. In these forests, there are many species, some of
which are little known to the public, notably the African hazel, which produces
the “Coula edulis” hazelnut with seeds of great nutritional and therapeutic value
[4]-[11]. Collected between June and September, these hazelnuts are a source of
income for local populations [12]-[14]. The extensive exploitation of the African
hazel tree is justified by the fact that these trees are present in very large numbers
in the forest, and by the socio-economic importance of its fruits, almonds, and
wood [15]-[18]. Some authors have studied the “Coula edulis” of Cameroon such
as Chauvelin Douh ef al 2023 [19], they showed the potential for natural regen-
eration of some priority non-timber forest products in the Akom II production
basin (South Cameroon) and they concluded that the African hazelnut is a species
with low regeneration, from which it deserves to be protected. The “Coula edulis
hazelnut shell has a hard and woody shell that surrounds the nut, whose fruit is
edible. It is about 2 cm in diameter and dark brown, its surface is smooth and
slightly rough to the touch [20]. The shell of “Coula edulis” is composed of lignin
and tannin, it also contains traces of minerals such as calcium, potassium, and
magnesium [8] [9] [21] [22]. However, after extraction of the fruits, the waste of
“Coula edulis” (3902 tons per year) is abandoned in nature, thus polluting the
environment and gradually degrading by adsorbing water [23] [24]. Certain plant
husks are often eliminated by open-air combustion and toxic gases are emitted
during this combustion. Which can harm human health and the environment,
[25]-[27]. Several authors have dedicated themselves to working on the character-
ization of plant shells, such as Madhiyanon et a/. 2009, Isa and Jimoh 2021, Sahari
et al., 2023 [28]-[30] worked on the use of models for the phenomenon of drying
thin layers of coconut shells. They show from an analysis of statistical parameters
that the Henderson and Pabis model, the Page model, and the Peleg model best
satisfy the change in humidity. Ndapeu et al 2013, worked on an Experimental
Study of the Drying Kinetics of the Coconut Shells (Nucifera) of Cameroon [31].
The analysis of statistical parameters shows that the Midilli model best predicts
this drying phenomenon. The corrected diffusion coefficient was determined at
different temperatures which allowed the evaluation of the activation energy from
the Arrhenius equation. Ndapeu et al 2016, and Ganou et al. 2020, worked on the
theory of water diffusion and the microstructure of coconut shells (Nucifera) and
the cores of Canarium schweinfurthii, [32] [33]. The results from the analysis of
their work showed that the absorption rate of Canarium schweinfurthii (CS) is
greater than that of coconut Nucifera shells (CN). The corrected diffusion coeftfi-
cient and the activation energy of Canarium schweinfurthii (CS) are lower than
the activation energy of coconut Nucifera shells (CN). The characteristics of hard-
core vegetable shells show that they can be used as filler composites [34]-[36].
Concerning hazelnut shells, some researchers have used them in the production

of activated carbon. Mexcent Zue Mve et al. 2020, prepared and characterized ac-
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tivated carbons obtained from the shells of “Coula edulis” nuts [37]. The kinetic
study showed that the adsorption reactions of Magnesium ions are proportional
to the product of the concentrations of the available absorption sites. Whereas that
of humic substances depends solely on the concentration of a single reagent and
is characterized by an external mass transfer mechanism. Beyegue et al 2023
worked on the evaluation of the acute and subchronic toxicity of the ethanolic
extract of “Coula edulis’ (Olacaceae) [38]. The results show that the plant can be
recommended without risk for therapeutic use. Given the literature, no physico-
chemical and thermal characterization has been carried out on the shells of “ Coula
edulis”. The objective of this work is to contribute to the valorization of biomass
from the shells of “Coula edulis’, applying the theory of diffusion to evaluate its

activation energy.

2. Material and Methods
2.1. Hazelnut Shell Supply

The African hazelnut shells “Coula edulis” subjected to the study were collected
in the South region of Cameroon, Ocean Division, and more precisely in the vil-
lage of Kribi. They were subsequently transported to the University of Douala
(ENSET of Douala) specifically to the Mechanical Engineering Department. Fig-
ure 1 shows the nuts of “Coula edulis” and Figure 2 shows the cross-section of
the different areas of the shell.

Figure 1. The nuts of “Coula edulis” (Coula edulis).

Polar zone

- ¥

Equatoria zone

Polar zone

Figure 2. Cross section of the different areas of the shell.

2.2.Zone distinction

To continue this work, two zones of the hulls were identified based on the literature
by Ganou et al 2020 [33], namely: the equatorial zone (E) and the polar zone (Po),
which were labeled according to the different zones before the testing phase. Figure
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3. presents the principle of distribution of the different extraction zones.

h: sample height; e: sample thickness; Ri: Inner
radius; Re: External radius; f: chord to the inner
circle; c: sample curvature; & angle of curvature.

Figure 3. Shape of a sample.

2.3. Physical Characterizations of “Coula edulis” Shells

2.3.1. Drying Study

The samples (Figure 4(a)) are taken manually in the zones (equatorial and polar)
[33]. The samples are weighed (Figure 4(b)) with a balance to the nearest hun-

dredth of a gram, to measure the mass and introduced into the Memmert UF110

(a) (b)

Figure 4. Description of the sample (a) Equatorial zone samples; (b) Digital balance preci-
sion 0.01g; (c) Memmert UF110 incubator.

incubator (Figure 4(c)).

(o)

The drying was carried out using a gravimetric method [39] [40]. This method
consists of a cycle of mass gain repeated at regular time intervals until a constant
mass is obtained. The test begins with short time intervals which are gradually
increased until total stability is achieved. The choice of the four isotherms (60°C,
75°C, 90°C, 105°C) in a study on the drying kinetics of Coula edulis shells can be
justified by considering several scientific and technical aspects, including the ef-
fect of temperature on water diffusion:

At 60°C and 75°C, water removal occurs mainly by slow diffusion through the
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Table 1. Some models of drying kineti.

porous matrix.

At 90°C and 105°C, drying becomes faster because thermal energy further ac-
celerates water migration to the surface. Comparison of these temperatures allows
us to assess whether drying is limited by internal diffusion or by surface evapora-
tion. These temperatures are generally used in the literature for similar biomateri-
als [31] [33] [41] (walnut shells, plant fibers) to obtain comparable drying models.
They allow the application of mathematical models (drying isotherms, Arrhenius
law, etc.) to estimate drying parameters, such as the activation energy of the pro-
cess. Thus, the choice of temperatures 60°C, 75°C, 90°C and 105°C therefore
makes it possible to exploit the balance between loading efficiency and preserva-
tion of shell properties. Equation (2) made it possible to find the mass loss rate
which is a unitless quantity (MR).

THR:[m—leloo (1)
MS
MR :M (2)
M, —M;

where THR(%) is the moisture content; M, is the mass of the sample in the
humid state (g); My is the mass of the sample in the anhydrous state (g); M,
is the mass at each instant (t); MR is the mass loss rate. Some mathematical model
equations of the drying kinetics are observed in the literature and presented in
Table 1 [1] [28]-[30] [42].

Auteurs
Newton and Lawis
Page
Henderson and Pabis
Logarithmic
Midilli
Verma and al
Anderson and Pabis Modifié
Peleg
Aghbashlo

Mathematical models Parameters References
f(t)=aexp(-k=t) 01
f(t):aexp(—k *t"); 02
f(t)=a*exp(—k*t)
f(t)=a=exp(—k=*t)+b=t 03
f(t):a*exp(—k *t”)+b*t 04 [28] [41]-[44]
f(t)=a*exp(—k=*t)+(1—a)*exp(—g *t) 03
f(t)=a*exp(—k*t)+b*exp(—g=*t)+c*exp(—h=*t) 06

f(t)=1-[t/(a+b*t)] 02

f(t)=exp(—k=*t/(1+axt)) 02

a,b,g,k,h and n represent model parameters; t represents drying time (minutes).

The chosen model is the one that presents a correlation coefficient close to unity
1 (R?), the lowest Root Mean Square Error (RMES), and the smallest model pa-
rameters. The diffusion coefficient in drying is calculated using Equation (3) and
a corrected diffusion coefficient is applied to globally integrate the geometry of
the material (Figure 3). This corrected diffusion coefficient is calculated with
Equation (4).
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Axk x g2
Dy = 3)
b
e e\’
Dceff = Deff X(l+t+|_) (4)

Where D, isthe diffusion coefficient (m*s™); K is the slope of the linear part
obtained experimentally according to works from the literature [29] [42]; D4
ithe corrected difusion coefcient; (m*s™); L is the length of the sample (m); |
is the width of the sample in (m); e is the thickness of the sample along the
difusion axis (m). The thickness and length of the sample (Figure 3) were deter-
mined from the respective Equations (5) and (6).

e=R,, — Ry, (5)

L:n-Ra-H

180 ©

Where R, isthe external radius (m), R, isthe inner radius (m), R,:Aver-
age radius (m); 6: Central angle (rad). In this equation, K is the slope of the
linear part, determined by the function INMR = f (t) . The activation energy is a
characteristic factor of the diffusion phenomenon [29] [30], it is determined using
the Arrhenius Equation (10).

E
D.s = D,exp (— R‘T’J (7)

Where R is the perfect gas constant (8.314 J/mol/°K); T is the absolute tem-
perature of the drying chamber in Kelvin (°K); D, is the Arrhenius constant in
(m?/s); E,:is the activation energy in (KJ/mol). The logarithmic transformation

of Equation (7) gives the following equation:

E, 1
In(Deﬂ)zln(Do)—?ax? (8)

The values of the diffusion coefficient calculated by the different experiments
are plotted as a function of 1/T where the slope of the line is defined by Equation
(9) with E, defined by the Equation (10).

a
D==+b 9
TJr ©)

E,=-axR (10)

Where E, is the activation energy.

2.3.2. Study of the Water Absorption Phenomenon

The geometry of the samples is the same as in the drying study (Figure 4(a)). Seven
samples per zone, for a total of fourteen previously dried in an oven at 105°C for
three hours. These samples are attached to 10 g mass nuts, the whole (sample + nut)
after immersion in distilled water is placed back in the oven for 30 minutes to re-
move excess moisture. This rapid drying helps stabilize the sample and prepare for
more accurate measurements of its mass. The whole is weighed and the initial mass

is recorded (Mi). Subsequently, the whole is immersed in distilled water at room
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Table 2. Some absorption models.

temperature. A weighing cycle at regular time intervals using a scale to the nearest
hundredth of a gram (Figure 4(b)) is used until a constant mass is obtained. This
method is used by several authors in the literature [39] [40]. The absorption rate
(W%) was calculated from the relationship Equation (11), and the absorption ratio

(MR) which is a unitless value was calculated from Equation (12).

Mf
MR = M =M (12)
Mf _Mi

Where W is the absorption rate (%); M, is the mass of the sample saturated
with water (g); M,

is the mass of the sample in the anhydrous stat (g); M, is
the ms of the sample at the time of analysis (g); MR is the ratio. The equation of
the slope k is determined from the function In (1— MR) =g (t) [45].

As a result, some mathematical models of absorption kinetics are retained in
the literature and presented in Table 2 [33] [45] [46].

Auteurs Mathematical models Parameters References
Czel and Czigany g(t)=axt" 01
Page g(t)zl—a*exp(—k *t”) 03
Mohsenin g(t)=ax[1-exp(—k*t)]+cxd «t 04 32] [33] [45)-[47]
Gowen g(t)=(a—b)*exp(-k=*t)+b 04
Sikame g(t)=c—a=exp(—k*t)—b=exp(-m=t) 05

a,b,c,k,m and n represent model parameters; t represents absorption time (minute).

2.3.3. Determination of Porosity Rate

According to the ISO 3344 standard, the powder from the “Coula edulis” shells
of each sampling area was used to fill two 20 ml bottles. This powder is intro-
duced into the oven and maintained at a temperature of 105°C + 3°C for 24 hours.
Then they are weighed. m; (Anhydrous mass) on a laboratory balance with a
precision of 0.01 g. The pycnometer is then filled with demineralized and de-
gassed water up to the zero of the meniscus, and the whole is stabilized at the
reference temperature before being weighed m, . Part of the water contained in
the pycnometer is emptied and the mass m; of sample is introduced. The water
level is adjusted using a pipette up to the zero of the meniscus. The assembly is
stabilized and then weighed to obtain the mass m,. Surface water is removed
using a filtration/absorption system; then the sample is weighed and the mass
m, is obtained. Relation (13) was used to calculate the apparent density. The
real density is determined by the gravimetric method based on the displacement
of the water column following the literature work. The real density was calculated

using Equation (14).
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m, X
papp — o X Peau (13)
m, +m, —m,
my X
Pabs = _ Mo X Peay (14)
m, +m, —m,
Thus, Equation (15) gives us the calculation of porosity.
v =L = Paow 10004 (15)
Pabs

Where v (%) is the porosity; p,, (g/cm’) is the real density; p,,, (g/cm’)is the
apparent density; p,,, isthe density of the water(1000 g/cm?®); m, (g) is the mass
of a sample dried in the oven; m, is the mass of the Chatelier pycnometer fcilled
with water up to the Gauge line; m, isthe mass of the Chatelier pycnometer con-
taining the sample and water up to the gauge mark after 24 h of immersion in the

water bath; m, is the mass of the superficially dry saturated sample.

2.4. Chemical and Thermal Characterizations Of Hazelnut Shells

2.4.1. Fourier Transform Infrared (FTIR) Spectrometry

Fourier Transform Infrared spectrometry (FTIR) made it possible to analyze the
functional groups present in the shell of “Coula edulis” based on the characteristic
vibrations of chemical bonds. This analysis is done using a Thermo Fischer USA,

at room temperature and over a wavelength from 4300 cm™ to 300 cm™.

2.4.2. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) is performed on powders derived from the
shells of “Coula edulis” using a TGA Q500 V20 universal device. The samples are
subjected to a temperature range from 30°C to 1000°C. The heating rate is im-
posed at 10°C/min. The test is conducted under nitrogen (N2). This analysis allows
for the determination of the moisture content, the thermal stability temperature
of the material, as well as the degradation temperature.

2.4.3. X-Ray Diffraction (XRD)

An XRD analyzer (Bruker D2 phaser XDR), operating in reflection mode (Cu,
Ka), was used. The scans are 0.5 min™". The software for processing DRX analysis
data files made it possible to identify the different phases, with the “Crystalography
Open Database”.

3. Results and Discussions
3.1. Physical Characteristics

3.1.1. Drying Study

The results obtained for the relative humidity rate (RHR) in the polar zone are
16.05% + 2%. As for the equatorial zone, the relative humidity rate is 13.38% +
3%. The results obtained are presented in Figure 5. The values obtained are close
to certain shells known in the literature, notably Nucifera coconut shells from

Cameroon (15.5%), and also lower than certain other shells such as Canarium
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schweinfurthiikernels (14%) [31] [33]. The observation of the results obtained in
Figure 5. Shows that the relative humidity rate in the polar zone is higher than
that in the equatorial zone. This can be explained by the fact that the equatorial
zone of the “Coula edulis” has a higher evaporation, which reduces the relative

humidity rate, unlike polar zones.

20 3 16.05 13.38
s 107 I
S l
[ s
%0 10 A van BPolar
o o .
= 208 B Equatorial
e 5| o
s s
= o

0 T L 1

Polar Equatorial

Figure 5. Distribution curve of relative humidity rates.

As for the drying kinetics, the different experimental points obtained from
equation (2) are modeled in the Matlab R2010a environment. It can be seen from
Figure 6 that the drying kinetics curves are similar for the polar zone and the
equatorial zone. This is observed in the literature on other materials [41]. The
“Experimental points” curve (blue stars) represents the data observed during
drying. Theoretical models (Newton and Lawis, Page, Henderson and Pabis,

[ T

* Experimental points
Newton and lawis

0.9 Page I
| Henderson and pabis
0.8 Logarithmic
07" \ Midilli _
\ % Verma and al
o 0.6 Modifier Anderson and Pabis
> | Peleg |
0.5 ~ Aghbashlo
04
0.3]
0.2]
0.1]
oL
0 10 20 30 40 50 60

Time(min)

Figure 6. Simulated model of the drying kinetics of a sample from the polar zone.
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Logarithmic, Midilli, Verma ef al) aim to fit the experimental data. Among these
models, some seem to fit the experimental points better than others, notably the New-
ton and Lawis model and the Logarithmic model, which are closer to the experimental
points. The decrease in relative humidity (MR) content with time follows a decreasing
exponential curve, typical of drying processes. Models like Midilli and Page show rea-
sonable approximations, but deviations from experimental data can be seen. Complex
models like Newton and Lawis or Aghbashlo include more adjustable parameters,
which may explain their better correlation with real data.

In the literature, the drying kinetics of other plant shells, such as coconut, palm,
or shea shells, show similar curves. However, the differences lie in: Shell density
and structure: Denser shells retain moisture longer, slowing down drying [42].
Drying conditions, temperature, relative humidity, and air velocity influence the
kinetics. For example: Coconut shells show kinetics close to the Page model, due
to their high porosity. Palm shells often approach the Logarithmic and Midilli
models, due to a less dense structure. The Midilli model, with its good fit, could
be recommended to predict the drying behavior of Coula edulis. Compared to
other plant shells, Coula edulis appears to have a relatively fast drying curve, prob-
ably due to its specific composition and low resistance to moisture diffusion. This
could have implications for the optimization of industrial drying processes, by
adjusting parameters to minimize processing time and save energy. Table 3 pre-
sents the parameters of the Newton-Lewis model for the two zones and the four

isotherms obtained from Table 1.

Table 3. Drying kinetics model parameters.

Polar zone  Equatorial zone

Models Parameters  Temperatures
R? K R? K
60°C 0.996 0.097 0.995 0.095
75°C 0.994 0.095 0.997 0.093
Newton and Lawis 01
90°C 0.995 0.093  0.997 0.093
105°C 0.994 0.096 0.995 0.095

Figure 7 shows that the drying kinetics model is faster at higher temperatures,
consistent with the expected physical behavior. At 105°C, the relative moisture
(MR) content decreases very rapidly compared to lower temperatures. At 60°C,
drying is slower, indicating little moisture diffusion. At all temperatures, the
Newton and Lewis model fits the experimental points well, although some devi-
ations are observed, particularly at high MR (early drying). This can be explained
by the simplified nature of the model. The discrepancy is more pronounced at
low temperatures (60°C), where diffusion and internal resistance effects may be
more important, exceeding the assumptions of the Newton model. The effect of

temperature is visible: increasing the temperature accelerates the drying process,
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1 + Experimental points at 105°C |
= Newton and lawis 105°C
osh '* Experimental points at 90°C |
. Newton and lawis 90°C
* Experimental points at 75°C
-
X 0.6 Newton and lawis 75°C 7
X Experimental points at 60°C
Newton and lawis 60°C
0.4
0.2
O ml
0 10 20 30 40 50 60

Time (min)

Figure 7. Presentation of the Newton and Lawis model on drying kinetics.

reducing the time needed to reach low relative humidities. The Newton and Lewis
model is found to be robust in capturing general drying trends at different tem-
peratures, although more complex models could fit the data better. In the litera-
ture, the Newton model is commonly used for materials with low structural com-
plexity, such as thin fruits, seeds, or light shells. Studies on plant shells such as
coconut, peanut, or palm show that the Newton model gives similar fits for high
temperatures (>90°C) but tends to underestimate internal phenomena at low tem-
peratures. The Newton and Lewis model provides a fast and efficient approxima-
tion to analyze data from drying of Coula edulis. Compared to work on other plant
shells, Coula edulis appears to have faster drying kinetics, perhaps due to its spe-
cific porous structure or low thickness. The diffusion coefficient is obtained after
drying of the samples and is determined from equation (4). The average values
obtained range from 1.27E-07 + 1.13E—08 (m?/s) to 2.35E-07 + 1.17E—08 (m?/s)
and from 1.24E-07 + 9.83E—09 (m?/s) to 1.52E—07 + 1.28E-08 (m?/s) for the iso-
therms of 60°C, 75°C, 90°C and 105°C. [43]. The values of the diffusion coefficient
are reported in Table 4 as well as those of the corrected diffusion coefficient. Table

4: Synthesis of diffusion coefficients.

Table 4. Synthesis of diffusion coefficients.

Polar Equatorial
Deff (m?s7!) Deffc (m?-s7!) Deff (m?s7!) Deffc (m?-s7!)
. Average 2.35E-07 4.82E-08 1.52E-07 3.86E-08
105°C Ecartype 1.17E-08 4.89E-09 1.28E-08 3.27E-09
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Continued
N Average 1.46E-07 3.87E-08 1.32E-07 3.61E-08
p0°C Ecartype 1.20E-08 4.30E-09 8.07E-09 1.69E-09
. Average 1.42E-07 3.62E-08 1.27E-07 3.43E-08
e Ecartype 9.14E-09 2.33E-09 1.13E-08 3.05E-09
N Average 1.21E-07 3.07E-08 1.24E-07 3.26E-08
60°c Ecartype 1.20E-08 2.49E-09 9.84E-09 3.24E-09

Figure 8, Shows that the corrected diffusion coefficient evolves in a decreasing
manner with the evolution of the temperature. The corrected diffusion coefficient
increases with temperature, which is expected since diffusion is favored by higher
temperatures. This is related to the increase in kinetic energy of water molecules
and the decrease in viscosity of water in the pores of the material. The values for
the polar regions are systematically slightly higher than those for the equatorial
regions, independent of the temperature. This suggests a structural or textural
difference between these two areas of the sample (e.g., the porosity or density
could be higher in the polar region, facilitating increased diffusion). At 105°C:
The diffusion coefficient is the highest (5.5 x 10® m?*/s for the polar region and 5
x 107® m*/s for the equatorial region). This is expected because high temperatures
promote rapid evaporation and faster diffusion. At 90°C: A slight decrease is
observed compared to 105°C (4.5 x 10 m?*/s for the polar region and 4 x 107®
m?/s for the equatorial region). This indicates a strong temperature dependence
of the diffusion coefficient in this range. At 75°C and 60°C: The corrected
diffusion coefficients continue to decrease, reaching their lowest values (2.5 x 107®
m?/s at 75°C and 2 X 10~® m?/s at 60°C). This is related to the reduction of thermal
energy available for the movement of water molecules. The differences between
the polar and equatorial regions can be attributed to: A more porous structure or
more permeable material in the polar region. A non-homogeneous distribution of
initial moisture. These structural variations may influence the ability of water to
diffuse in each region. The increase in the diffusion coefficient with temperature
is consistent with diffusion theory, where the diffusion coefficient is exponentially
related to temperature (Arrhenius law). The corrected diffusion coefficients (107®
m?/s) are consistent with results reported for similar materials (seeds, plant hulls)
[33] [44]. These results can be used to optimize the industrial drying of Coula
edulishulls. A high drying temperature (90°C - 105°C) could be recommended to
minimize drying time, although this must be balanced with energy costs and the
risk of thermal degradation.

Observation of the curve in Figure 9 indicates a very good correlation between
the experimental data and the Arrhenius model (R* = 0.9669). The negative slope
shows that the effective diffusion decreases with the inverse of the temperature
(which corresponds to an increase of Deff with temperature). The activation energy

is 9.924 kJ-mol™ for the equatorial zone and 3.917 kJ-mol™ for the polar zone.
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Table 5. Comparative drying analysis.
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Figure 9. Arrhenius curve.

the data obtained with those in the literature.

This suggests that the diffusion of water in the sample is mainly controlled by
physical mechanisms such as migration in pores or capillarity. Compared to other
plant materials, this value is in the expected range (8 - 30 kJ/mol), indicating a
moderate ease of water migration under the effect of temperature. Studies on sim-
ilar products, such as seeds or vegetable shells. [43] report similar values. This
analysis confirms that the Arrhenius model is well suited to describe the effect of
temperature on the diffusion coefficient during the drying of Coula edulis shells.
The results obtained make it possible to effectively predict the drying behavior at
different temperatures and to optimize industrial conditions. Table 5 compares

Cocos nucifera (CN) Cocos nucifera (CN)

(Species 1)

Temperature (°C)

Model of drying kinetics

Canarium schweinfurthii (CS) Coula edulis (CE)

(Species 2)
Polar  Equatorial
50 - 90 60 - 105
Page Newton and Lawis
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Continued
Deff (m*/s) Min
max
Ea (KJ.mol™)

Reference

1.46 x 1078 1.34 x 1078 2.70 x 1071 1.24 x 1077 2.35 % 1077
16.10 x 107% 24.50 x 1078 39.00 x 107!
31.69 34.46 28.66 3.917 9.924
[28] [31] [33] Case studied

It is observed from Table 5 that the temperatures used for Cocos nucifera are
higher, which may be related to its denser structure requiring more energy to
evacuate water. The moderate ranges for Canarium schweinfurthii and Coula
edulis indicate a different behavior in terms of drying kinetics, probably due to
higher porosity or better internal diffusion. The choice of the model indicates
that Cocos nucifera has more complex nonlinear drying curves than the other
species. Simple models (Page, Newton and Lewis) are sufficient to represent the
drying behaviors of Canarium schweinfurthii and Coula edulis, suggesting uni-
form diffusion and a smooth response to temperature. Coula edulis shows much
higher diffusion coefficients than the other two species, reflecting a faster and
more efficient water extraction under the effect of temperature. The lower val-
ues for Canarium schweinfurthii could be attributed to a denser matrix or
stronger interactions between water and shell components. The activation en-
ergy for Coula edulis is much lower than for the other two species. This shows
that Coula edulis requires less energy for water to diffuse, which is consistent
with its higher diffusion coefficients. Cocos nucifera and Canarium schwein-
furthii have similar Fa, indicating more demanding drying mechanisms. In
comparison with recent literature, studies on other shells such as peanut seeds
or palm shells generally show Ea between 10 - 40 kJ/mol. [28] [33]. The values
obtained for Coula edulisare distinguished by their low Fa, which could indicate
a different chemical composition or a more favorable porous structure. These
observations confirm the variability of drying properties depending on the

structure and composition of plant shells.

3.1.2. Study of Water Absorption

The results obtained show that the water absorption rate is 16.32% + 3.20% in
the polar zone and 18.47% + 2.04%. The results obtained are presented in Figure
10. The values obtained are lower than some hard-core plant shells known in the
literature, notably the kernels of Canaruim schweinfurthii (30.13%) [32] [33], co-
conut shells (Nucifera) (17.32% + 1.06%) and (20.42% + 1.94%). Observations of
the results obtained showed that the average absorption rate of the polar zone is
lower than that of the equatorial zone. This can be justified by the colder temper-
ature of the polar zone slowing down the process of absorption of the shell of
“Coula edulis”. On the other hand, the temperature in the equatorial zone favors
faster absorption (Figure 10).

Regarding water absorption, the different experimental points obtained from

Equation (12) are used in the Matlab R2010a environment. Figure 11 shows the
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Figure 10. Absorption rate distribution.

different models simulated on the experimental points of a sample from the equa-
torial zone. The experimental points illustrate the kinetics of water absorption ex-
pressed by the relative humidity ratio (MR) as a function of time. The data show
a rapid increase in humidity (MR) in the early phases, followed by a stabilization
around MR = 1, indicating a steady state. The simulated models of Sikame and
Page provide a precise fit over the entire curve, with predictions close to the ex-
perimental points, particularly in the initial and steady-state phases [33] [46]. The
Gowen model shows an acceptable fit but tends to underestimate the intermediate
MRs (0.2 - 0.6). The Czel_Czigany model largely overestimates the intermediate
MRs and shows a generally poor fit. The Mohsenin model shows a poor fit, par-
ticularly in the initial and intermediate phases. The comparative analysis shows
several phases: the initial phase (<500 min): The Sikame and Page models align
well with the experimental points, indicating that they better capture the rapid

absorption kinetics.

1r
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Figure 11. Simulated model of the absorption kinetics of a sample from the equatorial zone.
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The other models (Czel_Czigany and Mohsenin) show discrepancies, reflecting
an inability to correctly describe the early stages of rapid hydration. Intermediate
phase (500 - 1500 min): Sikame and Page remain consistent with the experimental
points. Czel_Czigany and Mohsenin overestimate the relative humidity, indicat-
ing an inaccuracy in the description of the partial equilibrium mechanisms. And
the Equilibrium phase (>2000 min): All models, except Mohsenin and Czel_Czi-
gany, converge towards the experimental values, showing their ability to correctly
model saturation. Sikame and Page are frequently cited for their accuracy in mod-
eling tropical products. For example, studies on similar shells ( Canarium schwein-
furthii and Cocos nucifera) have shown similar performance [33]. The dense and
hydrophobic structure of Coula edulis shells may explain the slow absorption ki-
netics. Models such as Sikame, which take these parameters into account, are
more accurate [45]. Sikame and Page show a high coefficient of determination
(R?) in several comparative studies, confirming their effectiveness in predicting
hydration kinetics for similar nut or seed shells. Best Models: Sikame and Page
show the best overall fits to experimental data and are confirmed by recent work
on similar products. The Czel_Czigany and Mohsenin models are not suitable for
Coula edulis shells, requiring adjustments or reformulations to improve their ac-
curacy. Figure 12 presents the representation of the Page model simulated on a
sample of the equatorial zone. Table 6 presents the parameters of the constants of

the Page model for the two zones.

Table 6. Water absorption model parameters.

Zone polar Zone equatorial
Model N° Samples
R? K n a R? K N A
1 0.9965 0.1886 0.4838 0.9881 0.9824 0.2677 0.4037 1.0220
2 0.9920 0.1196 0.4945 1.0210 0.9978 0.0400 0.6697 1.0150
3 0.9880 0.0758 0.5702 1.0520 0.9993 0.0284 0.7526 1.0060
Page 4 0.9976 0.0338 0.6075 1.0300 0.9988 0.0445 0.6777 1.0060
5 0.9955 0.0032 1.0990 0.9645 0.9928 0.0886 0.4577 1.0300
6 0.9977 0.0299 0.6819 0.9937 0.9979 0.0191 0.7197 1.0190
7 0.9986 0.0332 0.6906 0.9951 09983 0.0341 0.6396 0.9945

In Figure 12, the experimental points closely follow the curve simulated by the
Page model, with excellent fit over the entire time range. This performance reflects a
precise fit, validated by a high coefficient of determination (R*) in many similar stud-
ies. The different phases of water absorption are observed: Initial phase (<500 min):
The model perfectly describes the rapid water absorption by the shells, capturing the
steep slope at the beginning of the curve. This stage is influenced by porosity and the
availability of hydrophilic sites. Intermediate phase (500 - 1500 min): The transition
to an equilibrium state is well represented, with a progressive stabilization of the

curve. Equilibrium phase (>2000 min): The model effectively predicts saturation, re-
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flecting the achievement of water equilibrium. Positioning to the literature, The Page
model is recognized for its simplicity and efficiency in modeling mass transfer pro-
cesses, particularly for structures such as nut and seed shells. Recent work [33] [45]
has shown that the Page model provides superior fits for similar products, with R>
often above 0.98. The dense and semi-permeable structure of Coula edulis shells in-
fluences their absorption kinetics, making adapted models such as Page essential to
capture these dynamics. Compared to other models (Czel_Czigany, Mohsenin), Page
better integrates the exponential curvature observed in the initial phases. Studies on
Cocos nuciferaand Canarium schweinfurthii show that the Page model is frequently
used for similar lignocellulosic matrices, with consistent results (high R? low root
mean square error). The Page model is simple, accurate, and applicable to a wide
range of biological products. Effectively captures all three phases (rapid absorption,
transition, equilibrium) of absorption kinetics. Valid for similar shells, as confirmed
by recent work in the literature [33] [45]. Table 7 positions the results found to those
of the literature.

O 1 1 1 1 1

0 500 1000 1500 2000 2500
Time (min)

Figure 12. Presentation of the Page model on water absorption kinetics in the
Equatorial zone.

Table 7. Presents the results of adsorption kinetics in comparison with the shell of coconut nucifera (CN).

Cocos nucifera (CN) (Species 1) Cocos nucifera (CN) (Species 2) Coula edulis (CE)
Polar Equatorial
Water absorption model Page
W (%) 17.32 + 1.06 20.42 + 1.95 1632 +3.2 1847 +2.2
Reference [33] Case studied

Coula edulis shells exhibit different water absorption rates depending on their

origin: Moderate absorption rate of Coula edulis shells: The polar shell of Coula
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edulis has a lower absorption compared to both species of Cocos nucifera. The
equatorial origin of Coula edulis shows a slightly higher absorption (18.47%)
but remains lower than that of Cocos nucifera (species 2). Influence of location
(Polar vs. Equatorial): The variation in absorption may be related to structural
differences in the shells depending on their region of origin. These differences
include: Shell porosity. Chemical composition (lignin content, cellulose, etc.).
Ambient humidity or local environmental conditions. Positioning relative to
Cocos nucifera: Cocos nucifera shells have a higher absorption rate, suggesting a
more porous structure or a higher affinity for water. This may be due to their more
hydrophilic chemical composition. The work of Ganou et al (2020) [33] confirms
that Cocos nucifera shells (20.42%) have a higher absorption capacity, probably
due to their lighter texture and increased porosity. The results for Coula edulisare
in line with studies showing that denser and more compact shells, such as those
of tropical nuts, have lower absorption, but better mechanical resistance. Direct
comparison: Coula edulis shells are less absorbent than Cocos nuciferashells. This
indicates a potentially denser and less permeable structure. Coula edulis shells
could be more suitable for applications requiring low absorption (insulation,
composite materials), while Cocos nucifera could be suitable for uses where water
interaction is beneficial. Analyse in detail the chemical composition and structural
properties of the shells to explain the variations and extend the comparisons to

other tropical species.

3.1.3. Study of Porosity

The determination of the apparent density yielded an average value of 0.925 g/cm?
for the equatorial zone and 0.859 g/cm® for the polar zone (Figure 13(a)). The
values obtained are lower than those of certain shells known in the literature,
notably coconut shells (Nucifera) from Cameroon (1.49 g/cm?) and the kernels of
Canarium schweinfurthii (1.46 g/cm?) [33]. Similarly, the determination of the
real density yielded an average value of 0.998 g/cm’ for the equatorial zone and
0.901 g/cm?® for the polar zone (Figure 13(b)). These results show that the polar
zone has a lower density than the equatorial zone.
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Figure 13. Density distribution: (a) Apparent density distribution. (b) Real density distri-
bution.
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The results obtained from the porosity give 7.35% for the equatorial zone and
4.61% for the polar zone. The polar zone has a lower porosity compared to the
equatorial zone. This suggests that the shells from the polar zone have a more
compact structure and less internal void. The higher porosity may indicate a
looser internal structure or an increased presence of microcracks in the shell. The
shells from the polar zone, with lower porosity, could have better mechanical
strength and be more suitable for applications requiring dense materials. The
shells from the equatorial zone, with higher porosity, could be lighter and have
better thermal insulation capabilities. The shells of Cou/a edulis have an interme-
diate porosity compared to other tropical shells, making them versatile for various
industrial applications. Previous studies on other shells, such as Cocos nucifera,
show generally higher porosity (often above 10%) [33] [47], confirming that Coula
edulls is a dense and strong raw material. These unique properties could be ex-
plored for specific applications, such as the manufacture of composite materials

or absorbents.

3.2. Chemical and Thermal Analysis

3.2.1. Analysis of Fourier Transform Infrared Spectrometry (FTIR)

The FTIR analysis is in Figure 14 shows that the functional groups of the shell of
“Coula edulis” are identical regardless of the zone of the shell where the samples
are taken. The peak at 3438 cm ™ observed on the curves is caused by the variation
in O-H stretching and hydrogen bonding of the hydrogen group [48]. The two
peaks at 3000 cm™' and 2900 cm™ are the characteristic bands of the stretching
variation of C-H, CH, and CH2 in cellulose and hemicellulose. The peak at 1736
cm™ can be attributed to the carboxylic group CO, which corresponds to the

variation of carboxylic acid in lignin [49].
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Figure 14. FTIR spectrum.
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However, we observe a highlighting by the decrease of the characteristic
absorbance signal at the peak of 1736 cm™ which corresponds to the symmetrical
extension of the C=0 of hemicelluloses and pectins. While the peak at 1515 cm™
is attributed to the C-C stretching of the aromatic ring of lignin. The two peaks at
1500 cm™ and 1293 cm™ were also observed, which correspond to the shearing of
the C-H and C-O bond of the aromatic ring in free water [50]. The absorbance
peak centered at 1266 cm™ is due to the C-O stretching vibration of acetyl grouped
in lignin [51]. The peaks at 1200 cm™ and 1085 cm™ are associated with the
stretching vibrations of C-O-C and C-O of the hydroxide and ether group in
cellulose. The peak at 1049 cm™ can be attributed to the presence of glycosuric
bonds, while the peak at 560 cm™ corresponds to the C-OH bending [51]. The
different peaks observed make it possible to say that “Coula edulis’ is a
lignocellulosic material with a varied presence of several functional groups within

the material.

3.2.2. Thermogravimetric Analysis (TGA)

Figure 15 shows the Thermogravimetric curves TG and its Derivatives DTG. The
analysis of the ATG curve shows that the weight loss as a function of the
temperature of “Coula edulis” shells is similar to that of other plant by-products
such as wood [36]. It is noted that there are four degradation phases on this TGA
thermogram, the first phase is attributed to dehydration (evaporation of moisture)
caused by the hydrophilic nature of lignocellulosic materials [52], with a weight
loss of 7.222% occurring between 30°C and 80°C.
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Figure 15. Thermogravimetric analysis curves of the Coula edulis shells.
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The second phase occurs between 80°C and 395°C with a higher weight loss
of 12.627% this loss corresponds to the decomposition of hemicellulose and a
small amount of cellulose. The third phase of degradation which is recorded
between 493°C and 728°C is the loss of the elements constituting the shell such
as cellulose, hemicellulose, lignin, and pectins [53]. In the fourth phase between
729°C and 842°C then from 842°C to 1000°C, with a weight loss of 52.88096%,
the shell is reduced to ash [52]. This analysis makes it possible to position “ Coula
edulis” as an aggregate of choice for the production of eco-materials that can
withstand high temperatures (approximately 500°C - 800°C). The study re-
vealed that these shells exhibit significant thermal stability, superior to some
commonly used thermoplastic materials. In comparison with some shells [36],
(Coconut nucifera, and Canarium kernels) contain about 82% volatile matter,
16% fixed carbon, and less than 3% ash. This result is close to that of other
studies previously conducted in the literature by doing the thermal analysis of
other plant shells [36].

3.2.3. X-Ray diffraction (XRD)

The analysis of the DRX curve shows in Figure 16, a main peak (high intensity
around 30°): This peak corresponds to the presence of calcite (CaCOs3), a major
crystalline form often observed in lignocellulosic shells and organic materials
containing carbonates. [52]. Secondary peaks are observed between 20° and 50°:
They indicate the presence of minor crystalline phases, probably linked to ele-
ments such as quartz (SiO,), kaolinite (K), or other metal oxides such as mag-
nesium or aluminum. Annotations such as Q (Quartz), K (Kaolinite) and other
identified materials (e.g. Co for Carbonates, He for Hematite) reinforce this hy-
pothesis [53]. The predominant crystalline structure: The dominance of calcite
and the presence of quartz are classic characteristics of lignocellulosic shells, due
to their organo-mineral composition. Calcite plays a role in the mechanical ri-
gidity and strength of the shells. Presence of amorphous phases: A relatively low
intensity between certain diffraction angles could indicate an amorphous por-
tion, related to the cellulose or hemicellulose of the shells. If two samples are
compared (polar vs. equatorial), minor differences in peak intensity may reflect
variations in density or chemical composition between these areas. Consistency
with lignocellulosic materials: The presence of calcite and quartz is consistent
with other studies on similar shells (e.g. Cocos nucifera), where similar crystal
structures have been identified [54]. This crystal composition indicates that the
shells of “Coula edulis” could be used as mineral fillers in composite materials
or as absorbents due to their porous and crystalline structure. [55]. The X-ray
diffraction curve of the “Coula edulis’ shells reveal a mainly crystalline struc-
ture, dominated by calcite and quartz, with amorphous phases associated with
organic constituents [56]. These results are in line with existing literature and
confirm their potential for industrial applications, particularly in the field of
materials or water treatment. Figure 16 shows the representation of X-ray dif-

fraction.
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Figure 16. XRD Analyses Cuves of Coula edulis Shell.

A study of chemical transformations during drying reveals the thermal degrada-
tion of organic components: At certain temperatures, lignin, cellulose, and hemi-
cellulose can decompose differently, affecting the rigidity and drying capacity of
the shells. A thermogravimetric analysis (TGA) allowed us to measure these mass
losses. The modification of the chemical composition by infrared spectroscopy
(FTIR). As well as the X-ray diffraction (XRD). If some models work better, it is
perhaps because they take into account specific phenomena (internal diffusion,
surface resistance, convection). The statistical comparison (correlation coefficient
R? mean error RMSE) would allow us to identify the most suitable models. By
comparing the data obtained for Cou/a edulis with those of other similar biomateri-
als (coconut shells, palm nut shells) [36], we better understand the physical and
chemical particularities of the shells influencing their behavior during drying. Ex-
planations of the differences in performance between the models could be ad-
dressed by further analyses of physical structure, chemical composition, and mod-
eling. Given the different characteristics, Coula edulis shells have several interest-
ing properties, such as their thermal stability, and their richness in carbon. These
characteristics make them suitable for various industrial applications: For biocom-
posite materials, as reinforcement of plastics and polymers. The crushed shells can
be incorporated into composite materials to improve their mechanical resistance
and durability. Alternatives to mineral fillers (silica, talc), They can partially replace
synthetic fillers in biodegradable plastics and ecological composites. In the produc-
tion of activated carbon and adsorbent materials. The shells can also be trans-
formed into granules or briquettes for industrial and domestic heating. In the abra-
sives and technical surfaces industry, for the manufacture of natural abrasives,
crushed shells can be used as soft abrasives in industrial cleaning and preparation
of metal surfaces. As Finishing and polishing, the shells can be used for polishing
metals and sensitive electronic components. In building materials, shells can be
incorporated as aggregates in concrete formulations to improve thermal and

acoustic insulation. Also, as fillers in ecological building panels.

4. Conclusion

In this work, the aim was to evaluate the physical, chemical, and thermal cha-
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racteristics of African hazelnut shells “Coula edulis”. To do this, two sampling
zones and four isotherms (60°C, 75°C, 90°C, 105°C) were taken into account for
physical tests. This allowed the determination of the relative humidity rate (RHR),
the diffusion coefficient, and the activation energy. The results from the drying
study obtained gave an RHR of 16.05% for the polar zone and 13.38% for the
equatorial zone. The diffusion coefficient obtained is 1.21 x 1077 + 1.20 x 107" to
2.35x 107+ 1.17 x 107%% and 3.07 x 107% + 2.49 x 107" to 4.82 x 107® + 4.89 x
107°% for the polar zone. As for the equatorial zone it varies from 1.24 x 107 £
9.84 X 107°* to 1.52 x 1077 + 1.28 x 107%% and from 3.26 x 107® + 3.24 X 107°% to
3.86 x 107® £ 3.27 x 107°%. The activation energy values were 9.924 kJ/mol for the
polar zone and 3.917 kJ/mol for the equatorial zone. The absorption rate of the
polar zone is 16.32 + 3.20% and that of the equatorial zone is 18.47 + 2.04%, with
a porosity rate of 7.357% in the equatorial zone and 4.611% in the polar zone. The
Newton and Lewis model very well satisfies the experimental data of drying
kinetics. Among the 05 models tested in absorption, the Page model is the one
that offers the best correlation compared to the Gowen and Sikame models. It also
appears that the adsorption kinetics are almost identical in both zones. The
Fourier Transform Infrared Spectroscopy (FTIR) analysis showed a similarity in
the spectra. Thermogravimetric Analysis (TGA) and X-ray Diffraction (XRD)
show that the shells of “Coula edulis” have a structure similar to that of wood
materials and other hard-shelled plants. These various tests have made it possible
to understand the theory of water diffusion in the shells of “Coula edulis’,
Following this work, several short-term perspectives can be considered regarding
the shells of “ Coula edulis” and a bio-composite: The mechanical characterization

of hazelnut shells to determine the hardness, Young’s modulus, and the creep rate.
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