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ABSTRACT: Natural fibers have good properties to be used as reinforcement in composite materials. The main issue is their hydro-

philic behavior. So we propose here to investigate the diffusion phenomenon in such fibres. First, a brief characterization of four veg-

etal fibers has been achieved. We show that all fibers have a similar composition and structure despite their different origin. Then,

their moisture diffusive behavior was investigated. The samples were submitted to hygro-thermal aging either in total water immer-

sion at room temperature or in an environmental chamber at 80% relative humidity and 23°C. Various predictive models were used

to simulate experimental curves. Results show that all fibers exhibit a similar diffusive behavior in a same environment. In immersion,

specimens show anomalous absorption kinetics and Langmuir theory actually describes very well the diffusion kinetics in such condi-

tions, whereas the same fibers follow a Fickian diffusion when they are exposed to vapor during relative humidity aging.
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INTRODUCTION

Since several years, with the growth of the environmental con-
cern, bio-based materials have been more extensively studied for
specific applications. In the field of composite materials, natural
fibers are actually considered as a possible alternative to glass
fibers for reinforcing polymeric matrix in automotive engineer-
ing, particularly." They are light, abundant, and renewable.
Moreover, they exhibit higher specific mechanical properties
than glass fibers because of their low density.* The main issue
related to the use of plant fibers is their hydrophilic behavior
because of free hydroxyl groups. Understanding the interactions
between natural fibers and water is of great importance, because
of the pronounced influence of moisture on their mechanical
properties as well as on dimensional changes.”® Therefore, the
adhesion with hydrophobic matrix is not strong enough and the
aging of composite materials reinforced by plant fibers can lead
to a premature degradation and the loss of their mechanical
properties.”® Many practical investigations have been achieved
to modify the structure of natural fibers in order to reduce their
hydrophilic ~characteristic.”'? However, few people have
explored the diffusion phenomenon inside these fibers to under-
stand the mechanism of moisture absorption.'*'* Various physi-
cal models describing diffusion phenomenon inside polymers
are available in literature. Among them, Fick’s law is the most

common model used.">'® However, some polymers present
anomalous Fickian diffusion.'”'® In these cases, others models
can be used as Langmuir theory'® or a dual-stage Fick’s law.*
In the purpose of bio-based fibres, more recently, Kohler et al.
used a mathematical equation to describe kinetics of water
vapor sorption inside cellulosic fibers.”' The numerical fitting
proposed in the article does not enable the identification of dif-
fusion parameters nor the prediction of the moisture content
spatial distribution along thickness as in classical models. Yet,
this is of great importance to study the mechanical states inside
materials in the transient state. As an example, Ref. 22 consti-
tutes an interesting theoretical work where the authors deter-
mined the spatial distribution of moisture content inside cylin-
drical material and the resulting mechanical stresses by using
both a Fickian and a hygroelastic model.

In the present work, we intend to use these classical diffusion
models on four natural fibers diffusion kinetics. In a first time,
a characterization of our fibers has been achieved. Fourier trans-
form infrared spectroscopy (FTIR spectroscopy) analysis allowed
investigating the composition, X-ray diffraction enabled to
quantify the crystallinity, while scanning electron microscopy
(SEM) was used to observe the surface morphology. Eventually,
fiber densities were determined owing to pycnometry. In a sec-
ond time, kinetics diffusion of the fibers was independently
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Table I. Mechanical Properties of Different Fibers

Specific
Density stress Specific young
(g/ecm?) (MPa.cm®/g)  modulus (GPa.cm®/g)
Flax 1.4-1.55 238-1000 34-76
Hemp 1.4-1.5 214-1264 24-50
Jute 1.3-1.46 286-650 7-22
E-Glass 2.55 941 29

studied in vapor humidity and liquid water. Experimentally, the
samples were submitted to hygro-thermal aging, either through
liquid water immersion at room temperature or in an environ-
mental chamber at 80% relative humidity and 23°C. Periodic
gravimetric measurements were achieved on the specimens in
order to study the weight gain as a function of the time.
Numerical modeling was intended to identify the diffusive
parameters of each fiber and provide an enhanced understand-
ing of the mechanism of moisture absorption inside such bio-
based constituents.

MATERIALS AND METHODS

Materials

Fibers studied are hemp, flax, jute, and sisal. Among plant fibers,
these one’s present the best mechanical properties regarding glass
fibers replacement for the purpose of reinforcing polymeric
matrix (Table I).23’24’28 Flax, hemp, and jute are extracted from
the stem of the plant whereas sisal is extracted from the leaf. As
shown in Figure 1, plant fibers have a multiscale structure. Thus,
the diffusion of water is influenced by the fiber structure at differ-
ent scales. In the unit fiber scale, the fiber exhibits a complex
multi-cell wall structure [Figure 1(c)]. This structure can in first
approximation be assumed to behave similarly to its higher layer
S2, which usually constitutes more than 80% of the total diameter
[Figure 1(d)].”> Actually, this layer is assumed to be a composite
material with an amorphous phase (matrix) reinforced by a rigid
crystalline phase (cellulose microfibrils).*® At this scale, diffusion
of water would take place in the amorphous region. Besides, these
regions are mainly composed by hydrophilic polymers (hemicellu-
loses and lignin). In the bundle scale [Figure 1(b)], diffusion is
privileged trough the interface between fibers “the middle
lamella.” According to Morvan et al.”’, the middle lamella is prin-
cipally composed of pectin where the carboxyl functions make
easier the absorption of water by hydrogen bonding. The last
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structural factor influencing diffusion is the general porous struc-
ture of natural fibers. Water could be trapped inside pores.

In the following study, bundles of hemp, flax, jute, and sisal fibers
have been characterized.

Characterization

Fourier Transform Infrared Spectroscopy. To compare their
composition, we carried out FTIR on the four fibers in ambient
conditions. Bundles were submitted to FTIR spectrometer using a
Bruker Tensor 27 stage operating in attenuated total reflectance
(ATR) mode with a diamond crystal. Scanning was conducted in
the frequency range 4000—400 cm™ ' with a 32 repetitions scan av-
erage for each sample and a resolution of 2 cm™'. Spectra were
baseline corrected.

As the molecule in the cellulose chain will vibrate differently in
well-ordered crystalline phases compared to less-ordered phases,
it is possible to assign absorption band to crystalline and amor-
phous region.”. Then a crystallinity index could be evaluated. In
this study, lateral order index (LOI)* and total crystallinity index
(TCI)*! established in the 60s have been calculated. For LOI, ratio
between the absorption band at 1429 cm ™! characteristic of cellu-
lose crystalline phase and the absorption band at 897 cm ™' from
the amorphous phase has been used. In the same way, ratio
between the absorption bands at 1375 and 2900 cm ™' allowed the
determination of TCI. These results have been compared to crys-
tallinity indices obtained by Segal’s method using X-ray analysis
(see section “X-ray diffraction”).

X-Ray Diffraction. Native cellulose, which consists of an alterna-
tion of amorphous and crystalline regions, is the main constituent
of natural fibers. As it is the only element to crystallize in natural
fibers, it is possible to evaluate the crystallinity rate in such fiber
by doing X-Ray diffraction analysis.

X-ray diffractograms were recorded on a Seifert 3003 PTS diffrac-
tometer using Cu Ko radiation (4 = 1.504018 A). The diffractom-
eter was used in the symmetrical transmission mode and the
intensity was measured as a function of the scattering angle 20 by
0 — 20 scan. Analysis was realized in 260 from 10° until 60° with a
step of 0.15° and a delay time of 5 s. Spectral analysis was done
in the longitudinal and transversal side. For illustration, flax bun-
dle sample used is depicted in Figure 2. By using empirical
method based on Segal et al.s works,”* we calculated the crystal-
linity degree of the four fibers. Among the different methods
developed to determine crystallinity index by X-ray analysis and
compared in Thygesen et al’s works,” Segal’s method is the sim-
plest, fastest, and more frequently used method. Results give
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Figure 1. Multiscale structure of the flax fiber.”**”*® [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. Flax sample used for X-Ray analysis. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

qualitative or semi-quantitative information. In practice, sample
crystallinity, Xcr, is determined by eq. (1) using the height of the
(002) peak (Inpp, 20 = 22.6°) and the minimum between the
(002) and 110 peaks (Irn, 20 =18°) (Figure 3). Iy, represents
the contribution from both crystalline and amorphous materials
while Iy represents amorphous material only.

Scanning Electron Microscopy. The fibers morphologies were
investigated by SEM using an environmental microscope EVO40
EP from CARL ZEISS Company.

Pycnometry. Densities of the four dried fibers were determined
using the classical liquid pycnometry method.*

Specimen Aging. To study the diffusive behavior of the four
fibers, bundles were submitted to hygro-thermal aging either in
total water immersion at room temperature or in an environmen-
tal chamber at 80% relative humidity and 23°C. Absorption or
desorption kinetics has been plotted by doing periodic gravimet-
ric measurements.

In the case of immersion experiments, as it is technically difficult
to periodically weigh fibers in liquid water, desorption kinetics
has been studied. Thereby, each specimen (Figure 4) was first
immersed in distilled water at room temperature during 11 days
until saturation is reached. Then, they were dried in a desiccators
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Figure 3. Segal method.

containing silica gel (RH = 7.5%) and kept in room temperature.
During drying, the samples were periodically weighed in order to
study the weight loss as a function of the time. Data were read to
0.01 mg in a precision balance. The moisture content (M,,) is cal-
culated at several times and is expressed in terms of mass percent-
age as follows in order to obtain time-dependent desorption
curves for each fiber:

M(t) — My
— " 100 (2)

Mw(%) =

where M, is the initial weight of the bulk specimens before
immersion (ambient conditions) and M(f) is the weight of the
specimen at time .

In the case of relative humidity aging, specimens were kept in a
climatic chamber with RH = 80% and T = 23°C. Sorption
kinetics has been followed using gravimetry.

RESULTS AND DISCUSSION

Characterization
FTIR Spectroscopy. The chemical composition of hemp, jute,
flax, and sisal fibers was analyzed using FTIR-ATR. The

Figure 4. Specimens aged in hygrothermal environments (a) sisal, (b) jute, (c) flax, (d) hemp. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 5. FTIR spectra of - sisal, --- jute, —-- flax, and — hemp fibers.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

interesting peaks have been identified on Figure 5. They are
summarized in Table II through literature.”>° The four fibers
have a similar chemical footprint. Absorption band characteris-
tics of lignin, cellulose, and hemicelluloses have been identified
(Table II).

The broad absorption band between 3600 and 3000 cm ™' is the
characteristic of the O—H stretching vibration and hydrogen
bond of the hydroxyl groups assigned, by deconvolution, to intra-
molecular or intermolecular hydrogen bonding and free OH
hydroxyl.”® This unstructured absorption band is indirectly linked
by water content. Indeed, in a recent work, Olsson and Salmen,*’
studied the effect of water on the FTIR spectra of paper. They
showed two peaks in the OH-valency region directly affected by
water (at 3600 and 3200 cm '). They supposed that the peak
observed at 3200 cm ' could be associated with strongly bound
water (water bound directly by hydrogen bonds to the OH groups
of cellulose and the hemicelluloses) and the peak at 3600 cm™" is
associated with more loosely bound water, that is, water indirectly
bonded to the OH groups via another water molecule.

The absorption band at 1635 cm ' is assigned by several
authors to be characteristic of adsorbed water.>”” This peak
testifies the presence of water in the samples. Indeed, in ambi-
ent conditions natural fibers contain residual water.

Actually, the principal information, given by the experiment, is first
the similarity between each fibers and, second, the spectral foot-
print of the fibers testifying the presence of hydroxyl and carboxyl
functions, which lead to moisture absorption in such fibers.*"**

The LOI and the TCI were calculated using the concerned
absorption peaks from the infrared spectra. Results are pre-
sented in Table III. The two ratios do not give the same result
for a same sample. LOI results show, hemp, flax, and jute have
a significantly higher crystallinity index than sisal, whereas TCI
results show jute sample has a higher crystallinity index than
the three other fibers. This last result cannot correlate with
cellulose content in such fibers. Indeed, according to literature,
cellulose content is higher in flax and hemp fibers than in the two
others. Thus, crystallinity should be higher for these two fibers
than jute and sisal as it is the case for results obtained with LOI

Table II. Assignment of the Main Absorption Bands in FTIR Spectra of

Sisal, Jute, Flax, and Hemp Fibers®*™8

Wavelenght

em™) Assignment

3600-3100 Intra and inter molecular Hydrogen bonding
of OH stretching in cellulose,
hemicelluloses

2955 CH stretching of cellulose and hemicellulose

2935 CH stretching of cellulose and hemicellulose

2862 CHy stretching of cellulose and
hemicellulose

1735 C=0 stretching acetyl or carboxylic acid

1635 Adsorbed water

1595 Aromatic ring in lignin (exclusively in jute
spectrum)

1502 Aromatic ring in lignin (exclusively in jute
spectrum)

1460 OH in plan bending

1425 Carboxylic acid and COO— vibration

1375 CH bending of cellulose and hemicellulose

1335 OH in plane deformation

1315 CH2 wagging of cellulose and hemicellulose

1275 Lignin (jute and sisal spectrum)

1245 C—O0 of acetyl (hemicelluloses or pectin)

1200 OH in plane bending

1150 Anti-symmetrical deformation of the C—0—C
band

1125-895 C—oO stretching and ring vibrational modes

900 Characteristic of B-links in cellulose

700-650 OH out of plane bending

ratio. It should be noted that this method could introduce some
errors because the spectrum analyzed contains contribution from
both crystalline and amorphous phases of the samples.

X-ray Scattering. In the X-ray diffractograms, presented in
Figure 6, three peaks were observed for all samples. They are
characteristic of the native cellulose crystalline structure I5.*’
The peak at 20 = 14.9° corresponds to the (110) crystallographic
plane, the other one at 20 = 16.5° corresponds to (111) plane
and the peak at 20 = 22.6° corresponds to the (002) reflection.

The crystallinity indices were obtained from X-ray diffractograms
according to the method based on the intensity measured at two

Table III. Crystallinity Indices of the Fibers Calculated from IR Spectra

Lol TClI
Sisal 0.725 = 0.031 0.335 = 0.021
Jute 1.261 + 0.017 0.632 = 0.023
Flax 1.459 + 0.060 0.384 = 0.016
Hemp 1.301 + 0.008 0.459 + 0.033
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Figure 6. X-ray diffractogramms of the four fibers (--- sisal, --- jute, —-
flax, — hemp). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

points in the diffractogram, proposed by Segal et al.** They were
calculated in both the longitudinal (¥ = 0°) and transverse (¥ =
90°) directions. Results are displayed in Table IV.

The X-ray results show two groups of fibers. Hemp and flax
fibers have a main crystallinity index of 88% higher than those
of the two other fibers. They are about 10% superior to jute
crystallinity index in both directions and about 30% and 15%
superior to sisal crystallinity index in longitudinal and transver-
sal direction, respectively. Results obtained for a given fiber are
almost the same in longitudinal or transversal direction except

10pm

Table IV. Crystallinity Indices of the Fibers in Longitudinal ¥ = 0° and
Transversal ¥ = 90° Direction

¥ = 0° (%) ¥ = 90° (%)
Sisal 58 73
Jute 78.4 79.9
Flax 87 88
Hemp 88.1 88.2

for sisal. Indeed, in the longitudinal direction, crystallinity index
calculated for sisal fibers has to be considered with critical
mind. Compared to other fibers, sisal was difficult to handle
and a defect in the sample flatness could lead to an incorrect
measurement.

Results obtained are overestimated because of some weakness
in the method as reported by some authors.’>** Actually, cel-
lulose content in such fibers is reported to be 78% in flax, for
example.” As a consequence, the method gave us only semi-
quantitative information to compare the four fibers together.
These results show a good correlation with LOI ratio calcu-
lated from the IR spectra. According to Nakamura et al.,*
diffusion coefficient inside cellulosic materials have a strong
relationship with the amorphous fraction of cellulose, as the
water molecule can diffuse only through the amorphous part
of cellulose samples. Thereby, moisture absorption should be
more important in sisal or jute than in the two others fibers.

20pm

Figure 7. SEM pictures of (a) jute, (b) sisal, (¢) flax, and (d) hemp bundles.



Table V. Densities of the Four Studied Fibers Determined through
Pycnometry

Fiber Density (kg/m®)
Sisal 1058.2 + 80.8
Jute 1201.8 =+ 554
Hemp 1402.9 + 84.8
Flax 1358.9 + 20.6

This hypothesis will be checked later with the analysis of aging
test performed on such fibers (see section “Experimental
results in immersion”).

SEM Analysis. SEM observations of the longitudinal surface
of the four kinds of fibers were realized. Pictures of jute, sisal,
flax, and hemp fibers are presented in different scales on
Figure 7(a—d), respectively. They show the complex structure
of natural fibers. It consists of several elementary fibers linked
together by the middle lamella composed by pectin that give
strength to the bundle. In this area, moisture sorption is
enhanced. In Figure 7(c), the hydrophilic lamella is pointed by
the arrow.

Pycnometry. Results deduced from pycnometry tests are pre-
sented in Table V. The densities obtained for dried sisal, jute,
flax, and hemp at room temperature were 1058.2 (£80.8),
1201.8 (*55.4), 1402.9 (*+84.8), and 1358.9 (=*20.6) kg/m3,
respectively. The density is in the same order for all fibers.
These values are consistent to other natural fibers like palm
(1030 kg/m3) and coconut (1150 kg/m3) and same fibers inves-
tigated by others authors.**> All vegetal fibers present densities
much lower than glass fibers (2500 kg/m®). As a consequence,
they have interesting specific mechanical properties to compete
with glass fibers as presented in Table I.

The densities deduced from pycnometry analysis are necessary
to calculate the water concentration in fibers from the time-
dependent mass uptake collected during aging tests (see section
“Experimental results in immersion”).

Kinetic’s Diffusion Model

Classical diffusion models used to predict diffusion phenom-
enon inside polymers (Fick’s law, dual-stage Fick’s law, and
Langmuir model) have been used for interpreting our experi-
mental results.

Fick’s Law. The traditional Fickian diffusion model*” used to
predict transport phenomena in numerous environments is the
most common model used for predicting the diffusion of mois-
ture in polymeric resins. Besides, the model is consistent with
the so-called free volume theory.*®

For the purpose of modeling, fibers have been assumed to be
assimilated as a full homogenous cylinder the radius r of which
is very small compared to its length. In the case when a long
circular cylinder is considered, in which diffusion is radial (one-
dimensional case), the moisture concentration C is then a func-
tion of radius r and time f, only. The corresponding diffusion
equation writes as follows:*’

2
8C_D(18C ac) )

o P\rartar

where D is the diffusion coefficient.

Indeed, the integration of the analytical solution of eq. (3), over
the cylinder of radius r = a yields the following expression for
the moisture uptake:

M,
M

< 4
n=1 n

where o, are the roots of the first species of Bessel’s function at
order 0, M, is the moisture content at time t, and M., is the
moisture content at infinite time.

By minimizing the agreement between the experimental results
and the moisture uptake predicted owing to eq. (4), we deter-
mined both the Fickian diffusion coefficients and the saturation
mass uptake (M) for each investigated fiber.

Dual-Stage Fick’s Law. The dual-stage moisture transport
model has also been successfully used for predicting and inter-
preting aging test, as shown, for instance, in Ref. 20. In the
case of an anomalous moisture uptake, Loh et al. developed a
dual-stage uptake model consisting of two Fickian diffusion
kinetics occurring in parallel. Both the Fickian diffusion mod-
els use eq. (5) with separate diffusion coefficient (D; and D,)
and saturation levels (M., and M,.,), respectively. The sum
of each saturation level gives the total moisture absorption
capacity of the specimen in the steady state of the diffusion
process [eq. (6)].

2. 4
M, = My, <1 - Z—uzocz exp(—chf,t))

n=1 n

N 5)
4 2
+ My | 1 — ;az—“iexp(fDﬂnt)
My1 + Moz = My (6)
Langmuir Law or Two-Phase Model of Carter and

Kibler. This model was developed 35 years ago by Carter and
Kibler.*® It is based on the Langmuir theory of adsorption on
surface. In this model, the moisture absorption can be explained
quantitatively by assuming that absorbed moisture consists of
both mobile and bound phases. Molecules of the mobile phase
diffuse with a concentration and stress independent diffusion
coefficient D,, and are absorbed (become bound) with a proba-
bility per unit time y at certain sites (e.g., voids within the
polymer, hydrogen bonding, and heterogeneous morphology).
Molecules are emitted from the bound phase, thereby becoming
mobile, with a probability per unit time f.

For the one-dimensional case, in a homogeneous cylinder of
diameter r, the molecular number densities at time ¢ satisfy the
following coupled set of equations:
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Figure 8. Desorption curves of natural fibers (xflax, (] hemp, sisal,
QOjute) (a) water content, (b) water concentration.
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where 1 is the number of mobile molecules per unit volume
and N is the number of bound molecules per unit volume.

Theses coupled equations are numerically solved by finite differ-
ence. We tested different value of the three parameters Dy, #, and
p. The triplet that minimizes the square differences between ex-
perimental and theoretical results constitutes the best parameters.

Experimental Results in Immersion. The desorption kinetics
(after immersion) of the four fibers are represented on Figure 8.
In Figure 8, the mass at ¢+ = 0 corresponds to the relative mass
gain reaches after 11 days of immersion (M,). M; is calculated
with eq. (2) (see section “specimen aging”), using M, as the initial
mass before immersion. Then, the relative mass loss against root
square time is plotted. Results obtained for the moisture content
are displayed on Figure 8(a) whereas water concentration is
depicted on Figure 8(b). Water concentration is deduced from
moisture content and the densities measured by pycnometry (see
section “Pycnometry”).

After immersion, the relative mass gain reaches 130% for sisal,
149% for hemp, 141% for flax, and 153% for jute in 11 days.
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Figure 9. Determination of initiale water in fibers (xflax, [] hemp, Osi-
sal, Ojute).

This value could be compared to the works of Bessadok et al.'?

The authors found a mass gain of 140% for Alfa fibers in
immersion. All fibers have a similar diffusive behavior. Indeed,
characterization achieved previously on the four fibers did show
strong similarities of their chemical footprint (IR spectroscopy)
as well as their microstructure (SEM). X-ray analysis performed
has shown differences in the crystallinity indices because of dif-
ference in cellulose content. In the aging tests performed here,
the correlation between crystallinity and water uptake in cellu-
losic materials supposed by Nakamura et al.** is not clear. In
bundles of fibers, which contain pore and voids the free water
could penetrate inside and could be trapped. Moreover, water
diffusion is privileged in the middle lamella. This could explain
the similarity of the equilibrium water content for the four
fibers despite some different crystallinity index

The curves displayed in Figure 8 have a sigmoid shape that can
be the result of a delay time in the establishment of water con-
centration equilibrium at the fiber surface. After total drying of
the sample, the initial weight is not reached [Figure 8(a)]. There
is a relative mass loss of about 10% compared to the initial
weight for flax, hemp, and sisal. Such mass loss could be attrib-
uted to the existence of water content in fibers at the initial
stage, corresponding to the ambient relative humidity. Drying

Moisture content [%o]

Ntemps [hours! 2]

Figure 10. Cycling results for hemp jute fiber bundles ((J1st cycle, x 2nd
cycle, O3rd cycle).



Table VI. Diffusion Parameters Determined According to Each Model

Model

Parameter Hemp Jute Flax Sisal
Fick D (mm?/s) 4.0010°° 1.1210°° 1.1910°° 214 10°°
Dual stage fick D4 (mm?/s) 52910 °° 2.3310°° 211 10°° 4.0010°°
D2 (mm?3/s) 5.80 1077 2301077 2111077 438107
Langmuir Dy (mm?/s) 5610 5910 6.810°° 9110°°
B(s™Y) 42510°° 49510°° 5.7510°° 8.2510°°
M. (%) 63 67.8 62.5 60.6

of other fiber samples in desiccators at room temperature (Figure
9) shows a relative mass loss of about 6%. This initial water is
underlined on the FTIR spectra (see section “FTIR spectros-
copy”). With jute, the dried fiber mass (after total desorption) is
20% lower than the initial weight. In this case, to rule out the
hypothesis of damages in jute fiber, three cycles of absorption/de-
sorption were realized. Jute fiber kinetics for the three cycles are
presented on the Figure 10, only in desorption. Curves do not
present any damage. After drying, they always recover the same
weight. However, the saturation mass is not exactly the same for
all cycles. This could be explained by the man made drying after
sample was thrown of water: that stage of the characterization
process is actually rather difficult to reproduce in practice.

The three models described before have been used to fit the
experimental results. The best adjustment has been achieved by
using a classical least-squares method that minimizes the sum of
squared residuals, resulting in the difference between experimen-
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tal results and the fitted value provided by the model. Parame-
ters obtained by identification for each model and each fiber are
listed in Table VI. The predictive curves are presented in
Figure 11, where the full line stands for the Fickian model,
whereas the dashed line corresponds to Langmuir-type model
(predictive curves for dual-stage Fickian model are not presented
here because the shape was found very close to Fickian results).
To achieve the numerical simulations according to the predictive
models, we have made some changes in the graphical representa-
tion of the results. First, initial mass M, has been taken as the
saturated fiber mass and, second, desorption curves have been
commuted in absorption kinetics assuming the hypothesis that
absorption and desorption behavior in such fibers is similar. The
corresponding representation of the experimental results is
depicted in the Figure 11 through the diamonds curves.

The results show that the classical Fickian diffusion model with
a single, constant, diffusion coefficient fails to properly
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Figure 11. Results for diffusion in immersion (< experimental results, --- Langmuir’s model, — Fick’s model).
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Figure 12. Absorption kinetics of natural fibers in hygrothermal condi-

tions: RH = 80%, T = 23°C (xflax, [J hemp, $sisal, Ojute).

reproduce the experimental uptake curves in all cases. On the
opposite, the model originally developed by Carter and Kibler
describes very well the kinetics of water uptake in these natural
fibers in condition of immersion. Similar diffusion coefficients
Dy were found for the four fibers. In the immersion condition,
there are no data available in literature to be compared with
our results. Diffusion coefficient for sisal is almost two times
higher than the others. This could be linked to the much im-
portant amorphous part inside sisal that makes easier the diffu-
sion. The f coefficient that is the probability of a bound water
molecule to become mobile is also higher for sisal. Saturation
moisture contents are comparable, in light of the weak reprodu-
cibility of the measurement. The two phases of water considered
in the model could be linked to Hatakeyama’s works®' dealing
with the different kind of water interacting with cellulosic mate-
rials. These different kinds of water could be separated in two
categories. First, the free water (bulk water and capillarity
water) that could constitute the mobile phase in the Carter and
Kibler model and the bound water (nonfreezing and freezing
bound water), which could be the bonded phase in the diffu-
sion model. By performing cooling of hydrated cellulose in dif-
ferential scanning calorimetry, they could find the amount of
bound and free water inside samples. Thereby, the technique
developed in Hatakeyama’s works could be an experimental
solution to validate our model.

Experimental Results in Relative Humidity (RH =
80%). Absorption kinetics for fibers aged in an environmental
chamber with a relative humidity of 80% are presented in
Figure 12. The curves are typical of a Fickian diffusion. The cor-
responding diffusion parameters have been calculated by using
eq. (4). They are presented in Table VII. In previously published

Table VII. Fickian Parameters for Fibres Aged in Hygro-Thermal
Conditions RH = 80%, T = 23°C

Hemp Jute Flax Sisal
M. (%) 10.5 12.3 12.0 11.2
D (mm?/s) 2.2710* 40210 % 20010 % 1.1710*

works, Mannan et al.'> found a diffusion coefficient of 3.38
1077 mm? - s~' for jute fibers in condition of 51% relative hu-
midity. As for immersion conditions, all the fibers have similar
diffusion parameters.

CONCLUSION

First, a characterization of four natural fibers has been achieved
by wusing different technical analysis. The characterization
enabled us to identify the composition of fibers, estimate the
crystallinity degree, and observe the complex structure of fibers.
Despite their different origins, the four fibers have a similar
structure. Then, they have a similar diffusive behavior.

By performing aging test, we have also shown that natural fibers
exposed to moisture in immersion or vapor humidity condi-
tions do not exhibit the same diffusive behavior. Langmuir
theory actually describes very well diffusion inside fibers
immersed in liquid water whereas the same fibers follow a Fick-
ian diffusion in the case when they are exposed to vapor during
relative humidity aging. The mass gain in immersion is widely
more important than in an environment at 80% relative humid-
ity. This gap can be explained by the specimen’s geometry. Free
volume in such fibers is important and liquid water could be
trapped inside pores. In vapor conditions, it is possible that
some water molecules remain in a gaseous state within the void
parts of the samples. Because gaseous water could be released
easily, the mass gain is less important. In both cases, there is no
damage according to the absorption and desorption cycles.

In the case of immersion, the observed curvature of the time
dependent weight-gain could be attributed to effects induced by
mechanical states on the diffusion of moisture. Upcoming inves-
tigations will be focused on the use of more advanced multi-
physics theoretical approaches dedicated to the modeling of the
moisture uptake occurring while the heterogeneous, local swel-
ling experienced by the polymer is accounted for. Such a model,
recently published in the literature by Sar et al.,”* should pro-
vide a more realistic framework for interpreting the aging tests
achieved on natural fibers, in particular in the cases when
immersion conditions are considered.
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