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1. Introduction

The requirement of thermal and acoustic comfort
in the field of civil engineering, it is very important to
assess the durability of mechanical and acoustic behaviour
of building biomaterials, through qualitative and quantita-
tive analyses of chemical species flow in the pores of the
biomaterials. For the cork industry, the analysis of physi-
co- chemical changes provides important information on
the thermal and sound barrier as well as the drying energy
consumption [1-4].

The exposure of cork to high temperatures causes
significant changes in its chemical structure [5]. The mag-
nitude of the change depends on the temperature level and
duration of exposure to heat which leads to permanent
reduction in the strength of the intermolecular links. This
reduction is probably due to the depolymerization reac-
tions. The failure of chemical bonds starts at a temperature
above 100°C [6, 7].

In order to know the effect of biodegradation on
one hand and to allow for the optimization of the consump-
tion of agents during the treatment process on another
hand, it is therefore very important to know the routine
over time the diffusing chemical species into the material
at different levels of temperature. Many studies have been
performed on the mass transfer in various anisotropic ma-
terials. They are presented in the literature, but especially
for the natural cork and its derivatives very few studies of
the properties concerning their electrical and dielectric
properties are found in scientific literature [5, 8].

To this purpose, experiments were carried out in
order to understand in particular the diffusion coefficient
of material, where the effect of the cycle of the processing
temperature is quantified by monitoring the desorption
kinetics of the tracer (NaCl) through the voids of the aniso-
tropic medium "cork" in the radial direction.

In the first step, the Kinetics is governed by a
mathematical model where the mass equation is solved by
adopting the appropriate simplifying assumptions as well
as appropriate boundary conditions (material and experi-
mental protocol). In the second step the diffusion coeffi-
cient is assessed at each cycle of treatment temperature of
the material.

By doing so, this will give us the ability to deter-
mine the treatment cycle which is appropriate for the best
performances of cork.

First cross-linking in the lignin is demonstrated by
a hardening of the material. Then, and according to the
same authors [4], the change in the crystallography of
cellulose decreases the material bending strength.

Degradation of Hemicellulose and cellulose de-
creases the water uptake, resulting in increase in durability
of the material against the attacks of micro-organisms. The
modelling of moisture transfer in cork requires the accurate
knowledge of several thermophysical and boundary condi-
tion parameters that may appear in the formulation.

In literature, the models describing migration in
porous media of water usually in vapour form. The aim of
this paper is to present analysis of mass transfer in liquid
form before and after heat treatment of Algerian cork.

This work is based on the indirect method of con-
ductimetric measurement for following the kinetics of
desorption of the aqueous solution (NaCl “0.2M”). This
method has been revealed very simple in its material con-
ception, highly accurate and the results thereof immediate-
ly obtainable. The aqueous solution diffuses radially and
longitudinally within an anisotropic porous medium (Cork
in form of plate before and after treatment) towards an
external environment.

As determination of the diffusivity by conven-
tional methods requires long and laborious steps, the con-
ductivity method constitutes infact, a good alternative
which requires less effort. In this context, the apparent
diffusion coefficient Dap of cork has been determined
successive assessment starting from a mathematical model.

Indeed, by analysing an impregnated porous ma-
terial in a aqueous solution, the model key entry is the
reduced mass from the experimentally measured conduc-
tivity. The experimental database is used to develop a
methodology that will be employed to determine the diffu-
sion coefficient by a statistical approach based on Artificial
Neural Networks, which will be a future study.

2. Experimental protocol

The experimental protocol consists of a prepara-
tion of cork chips from Akfadou (Algeria). The geometric
properties are shown in Table 1, whereas the spatial orien-
tation of the pores is illustrated in Fig. 1.

Table 1
Cork chips Dimensions used in the experimental protocol
(radial direction)

Side squar, m Thickness 2I, m
Plate C1 345103 410103
Plate C2 34.0103 4.04 103
Plate C3 34.0103 418103
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Fig. 1 Hlustration of the three main directions of the sam-
ple in a section of cork

Biomaterial was analyzed by thermogravimetri-
cally method. This method allows to measure the mass loss
[9] and to get an idea of the range of degradation tempera-
ture of the cork components (hemicellulose, cellulose,
lignin) as well.
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Fig. 2 Heat treatment cycles a - constant step; b - variable
step

Fig. 2 shows the samples subjected to heat treat-
ment at various temperature cycle and different treatment
steps.

In the experimental protocol (a) the rate of treat-
ment was maintained at 1°C/min. Whereas, in the case of
the experimental protocol (b) beyond the 225°C the rate
was changed for each level, respectively 1°C/min for cork
chips 1C16¢7°0  1.5°C/min for 1C2¢457°¢) and 2°C/min for
1c3(500°C)'

The choice of temperature cycles is justified by
the onset of thermal degradation of the cork which starts at
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about 225°C. The hemicellulose components begin to
decompose at about 225°C and most of them degrade at
325°C. The cellulose polymer is more stable towards the
thermal degradation as it begins to decompose at a temper-
ature of 370°C, while the lignin degrades progressively
over.

These chips are subjected to impregnation by a
solute (0.2M NaCl) for good traceability and availability
for 24 hours to a whole saturation (Fig. 3).
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Fig. 3 Schematic drawing of vacuum impregnation of the
cork sample
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Fig. 4 Schematic drawing of the experimental measure-
ment of the concentration of desorption

The mass of NaCl was weighed to prepare solu-
tions using the following equation:
mNCI

= Cnact Myact Vijo = 29-2229 . (D)
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The solute concentration of the desorption is cal-
culated indirectly according to initial and instant conduc-
tivity indicated by the conductimeter and the cationic and

Egs. 2 and 3 [10].

2 (Azc)

anionic equivalent conductivity at the temperature T: Cract = > M4 (1) (2
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Table 2  equivalent conductivity limits diffusion of the cation
Values of the coefficients (Eq. 3) and/or anion in water at 25°C.
lon a b ¢ Ags 3. Modeling

Na* 1.092 47.2 -1150 50.10 .
- The procedure to develop a mathematical model
Cl 1.540 46.5 -1280 | 7635 based on mass balance with the objective of determining
the diffusion coefficient Diap during the desorption pro-
where 4; the ion equivalent conductivity “/”; ¢; the ions  cess, using the concentration distribution inside the com-

concentration (grl!); T the solution temperature (K);

Ap.e the conductivity measured by the conductimeter; A’

NaCl

posite which has a finite and simple geometry.
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Our model is based on the mass balance of the
diffusing chemical species for different geometries of the

42 (=Y Ten+t

c

where ¢; is the diffusing concentration, Diap iS the apparent
diffusion coefficient, cg; is the reduced concentration of the
chemical species “i” and 2l is the thickness.The diffusion
coefficient was determined from the Eq. 6 using iterative
calculation which gives the best fit of the reduced mass
released experimental data as is shown in Fig. 5.
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Fig. 5 Computation algorithm of the diffusion coefficient
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composite. By introducing the simplifying assumptions,
the solution of the equation results in:

(6)

4. Results and Interpretations

Fig. 6 shows the TGA curve of the mass loss of
2C cork, which allows us to visualize and illustrates the
different levels of chemical elements degradation that
causes their biodegradation. Several phases were distin-
guished based on the level of temperature:
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Fig. 6 TGA analysis of cork



The first area (T < 200°C) corresponding to the
drying phase during that the residual moisture is removed.
The second zone between 230°C and 370°C is character-
ized by the loss of hemicellulose degradation. The change
of slope of the curve occurs at the beginning of the third
area which is between 370°C and 457°C; this trend indi-
cates that there is a chemical change in kinetics of cellu-
lose degradation. The fourth zone above 457°C is where
the degradation of lignin occurs. This graph shows clearly
that the kinetic of lignin degradation is slower than the
other compounds. However, the lignin degradation takes
place over 457°C. This result is fairly similar to that ob-
tained by Kifani-Sahban [11].

Fig. 7 illustrates the radial evolution of the chemi-
cal species diffusivity respectively before and after treat-
ment. Accordingly, the thermal treatment helps reduce
significantly the diffusion coefficient.

Fig. 7 shows that the model is able to simulate
satisfactorily the experimental results of the desorption
kinetics for different levels of processing temperatures.
The change of the chemical structure which causes an
increase in tortuosity of the corck at each level with the
presence of the lips at the pore ducts, this structure enhanc-
es the mass transfer barrier increasingly with the increase
of the treatment temperature level.

In addition to the very satisfactory result related
to the decrease of the mass transfer coefficient, we obtain a
bio-protection of the crock against insects and a rot. This is
due to the degradation of hemicellulose, cellulose and
lignin.
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Fig. 8 shows the variation of the released reduced
masse versus time for different cycle. It is clear from this
figure that this evolution is owing to the decrease of the
mass diffusion coefficient. This behavior is may be due to
the precipitation of degradation, which leads to the in-
crease of the tortuosity (I') and shrinkage of the porosity
(p) of the cork.

The method cited by Champoux et al [12] is used
to calculate the tortuosity. Whereas the porosity can be
measured by the electrical method [13].

The tortuosity increase can be justified by its di-
rect relationship with the diffusion coefficient given by
[14] in our case, Eq. 7:

-8
r- \/M )

iap

Table 3 shows that the apparent diffusion coeffi-
cient in the radial direction (Dg) increases with decreasing
temperature treatment.

Table 3
Diffusion coefficient under the effect of the treatment
temperature (chip 2C)

Level of treatment, °C |115| 370 457 500

Dgrx10712, m%s! 6.25| 4.13 |9.14101|8.0510*

5. Conclusions

The aim of this study was to improve the mechan-
ical characteristics of cork by using thermal process which
causes the degradation of chemicals respectively hemicel-
lulose, cellulose and lignin. In fact, the experimental study
has shown that the degradation of hemicelleluses was ob-
tained at the range of temperature between

230 < T <370°C D™ =4,13x10™ ms™ . The degra-

dation of cellulose is obtained between 370 < T < 457°C

D" =914x107™ ms™ , whereas the lignin degradation

was significant at the temperature upper than 470°C. Fur-
thermore, the developed model allows on one hand to
simulate the process level on the kinetic of NaCl desorp-
tion and on other hand to evaluate the molecular diffusion
coefficient in isothermal conditions. The results obtained
show clearly that the thermal process lead to decrease the

molecular diffusion coefficient up to 8 times when the cork
is treated at 500°C D{™® =8,05x10™* ms™ . This isola-

tion improvement is due to mechanical change with pore
narrowed with an increase in tortuosity.
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THE EFFECT OF THE HEAT TREATMENT LEVEL HT
ON THE MECHANICAL BEHAVIOR OF CORK

Summary

Sustainability in wet biomaterials embedded in
the walls of a building for thermal or sound insulation
purpose requires heat treatment, which is known as envi-
ronment-friendly process, to change some chemical ele-
ments responsible for the degradation of the biomaterial.
The objective of this work is to study the effect of the
temperature of heat treatment cycle in HT on the apparent
diffusion coefficient in cork, which was selected based on
their ecological characteristics. This coefficient was evalu-
ated indirectly from the measure of the crock conductivity
in the radial direction combined with modeling at the range
of 103 m/s. Likewise, the TGA analysis confirmed that
the heat treatment at high temperature, which leads to the
degradation of hemicellulose, cellulose and lignin, is more
efficient due to the drop of the value of the diffusion coef-
ficient.

Keywords: diffusion coefficient, modeling, cork, Cycle,
heat treatment, TGA.
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