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ABSTRACT: The in-soil biodegradation of Stipa tenacissima (alfa) leaves was examined. Non-linear mechanical testing
was performed at various biodegradation stages. Tensile strength, loading and unloading Young’s moduli
and dissipation energy decreased with the burial time, whereas plasticity increased. Field-emission scanning
electron microscopy (FE-SEM) showed that the fracture cracks propagated in the longitudinal direction
in the raw material, resulting in a fracture mode consisting of a mixture of middle lamella delamination
and fiber pull-out. In contrast, the cracks were perpendicular to the stem axis in the biodegraded material,
demonstrating an important strength loss of the load-bearing fibers. This strength loss was correlated with
rapid cellulose degradation. A novel X-ray diffraction (XRD) model was implemented in order to take into
account anisotropic size broadening. For the first time, XRD demonstrated the action of biodegradation on
unrefined plant tissues under quasi in-situ conditions. Biodegradation induced a progressive loss of crystalline
cellulose accompanied with anisotropic crystallite thinning.
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1 INTRODUCTION

Alfa (Stipa tenacissima), also known as halfah or esparto,
is a perennial tussock grass of the family Poaceae.
This grass is endemic of the western Mediterranean
basin and can be found in Libya, Tunisia, Algeria,
Morocco and Spain [1-3]. This plant grows in inde-
pendent shrubs which are made of tufted cylindri-
cal leaves, about 100 to 120 cm high. Alfa leaves are
fibrous and they contain ~44-48% cellulose, ~22-28%
hemicellulose, ~8-20% lignin, ~1.5% waxes and
~5-7% mineral ashes, of which SiO, represents about
one third [2, 4-7]. These broad composition ranges
can be explained by the differing origins, maturities,
sampling techniques and characterization methods
used by the different authors [6, 7]. Alfa leaves enter
many traditional uses and serve as a raw material for
the fabrication of ropes, basketry and espadrilles. Alfa
leaves are also harvested industrially. Their fibers are
then extracted using common mechanical (carding)
and chemical (kraft pulping, bleaching) processes to
be used in papermaking. Alfa pulp is specific in that it
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is made of short fibers that are well suited to specialty
papers such as cigarette paper, filter paper and electri-
cally insulating paper [1, 4, 6, 8]. This widespread use
of alfa fibers in the Mediterranean culture is largely
due to their excellent mechanical properties. Several
authors measured these properties using a tensile
test on single fibers extracted from the leaves. Single
fibers, in the 10-30 pm range, have a Young’s modulus
of 19-71 GPa and a tensile strength of 245-1500 MPa
[1, 9-11]. Other authors measured the mechanical
properties of papermaking-grade alfa leaf fragments
(about 50-200 pm in diameter) after various mechani-
cal, chemical and enzymatic extractions; the tensile
strength and the Young’s modulus were in the range
of 45-114 MPa and 2.2-12.7 GPa, respectively [1,6].
The differences between these mechanical data can in
large part be imparted to the sampling method, fiber
pretreatments and gauge lengths.

Recently, it has been proposed to use plant fibers
to produce geotextiles that could be used as soil rein-
forcements for civil engineering applications [12-18].
Despite their high tenacity, buried geotextiles based
on natural fibers will lose their mechanical integrity
because of their susceptibility to physical, chemical
and biological elements found in the soil [18, 19]. This
progressive loss of mechanical properties could be an
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advantage for temporary civil engineering structures
or landscaping needs. However, it is very important to
quantify the biodegradation kinetics of these biobased
geotextiles in order to measure their durability.

When a lignocellulosic substrate is buried in the
soil, it undergoes a fragmentation mediated by the
naturally occurring soil microorganisms (fungi, bacte-
ria) or insects [20-22]. In order to do so, bacteria and
fungi (such as white-rot) can produce a wide variety
of hydrolytic and oxidative enzymes. The hydrolytic
enzymes are rather involved in the dismantlement
of cellulose and hemicelluloses while the latter ones
are responsible for lignolysis [16, 21, 22]. In particu-
lar, some of the main constituents from these lignocel-
lulosic fibers (cellulose, hemicellulose and pectin) are
easily biodegraded by soil bacteria such as Cellvibrio
fulvus, Cellvibrio gandavensis or Cellvibrio vulgaris
[18]. The polysaccharide-reducing action of the cel-
lulase and polygalacturonases synthesized by the
soil fungus Aspergillus niger is also particularly well
documented due to the industrial importance of this
fungus [18, 23-25]. When buried in the soil, enzymati-
cally hydrolyzed cellulose and hemicelluloses yield
carbon dioxide and water; the production of methane
requires anaerobic conditions which are not prevalent
during composting [21, 22]. The composted lignocellu-
losic substrate also yields humus and heat [21]. It has
been known for a long time that biodegradation kinet-
ics depend on the lignocellulosic substrate, on the soil
composition, nitrogen content, pH, water content and
temperature [16,20-22]. The chemical composition of
plant fibers influences their biodegradation suscepti-
bility: a high lignin content is known to increase the
biomass resistance to biodegradation, whereas a high
content of cellulose promotes a faster degradation.

The principal aim of this study was to evaluate the
relevance of alfa leaves as a geotextile. To the best
of our knowledge, only a few references deal with
the biodegradation of grass; there exists no example
in the literature of in-soil biodegradation of alfa [26].
A standardized biodegradation test was performed
over 60 days to characterize the weight and mechani-
cal losses undergone by the leaves during in-soil
biodegradation (ASTM G160-98). Since their tensile
strength and stiffness were considered as an impor-
tant parameter, these parameters were evaluated
using a cyclic loading-unloading tensile test. The
biodegradation was also monitored using field-envi-
ronmental scanning electron microscopy (FE-SEM)
and X-ray diffraction (XRD), bringing important
information as to the relationship between the leaf
physiology, fracture mechanism, and the progressive
dismantlement of crystalline cellulose by the cellu-
lotic activities of the enzymes generated by the soil
microorganisms.
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2 EXPERIMENTAL PROCEDURES

2.1 Materials

The alfa leaves (Stipa tenacissima) used in this study
were harvested by hand in the Tlemcen region
(Algeria). The leaves were used as received without
any additional treatment. Filter paper (Whatman #1,
90 mm in diameter, cat n° 1001090), horse manure
(Geolia, 20 kg, Leroy Merlin), sand (Oxaton 0/2 EMB
80120, 35 kg, Leroy Merlin), fertile topsoil (Terreau
Universel, 40 L, ref NNTUNI40, Leroy Merlin) and
sulfur (Thiovit Jardin, Geolia, 1 kg, n® 9500147, Leroy
Merlin) were used as received.

2.1.1 Biodegradation

The biodegradation test was carried out in accordance
with the ASTM G 160-98 standard. The test consisted
of burying the samples in a calibrated laboratory soil
(Figure 1). The soil was composed of equal parts by
weight of fertile topsoil, well-rotted and shredded
horse manure and coarse sand (0-2 mm in diameter).
The mixture was mixed by hand and sieved through a
6.35 mm sieve. It was then aged for three months at con-
stant temperature, humidity and pH. The temperature
was maintained at 30 + 2 °C using an open heated bath
circulator with water pipes laid in the soil (Figure 1).
The humidity of the soil was adjusted to a water con-
tent of ~30% by adding tap water. The water content
was controlled weekly by a gravimetric method. The
pH was adjusted to 7 with the help of sulfur. The mix-
ture was resifted twice at four-week intervals during
the three aging months. After three months, cotton fil-
ter papers were buried in the soil to verify the relative
activity of the laboratory soil. Visually, the filter papers
were completely decomposed after one week of burial,
thereby confirming the soil activity (data not shown).

One hundred and eighty samples of alfa leaves
were biodegraded. A group of 100 leaves was used
for tensile tests and the second group of 80 leaves was
used for weight loss assessment.

Alfa leaves were buried in the laboratory soil at a
depth amounting to 1/3 the height of the soil in the
container. Alfa leaves (25 samples) were periodically
gathered from the soil in order to assess the state of
biodegradation. Biodegradation times of 15, 30, 45 and
60 days were monitored.

2.2 Physical Characterization
2.2.1 Weight loss

Alfa samples 100 mm in length were weighted before
burying in the laboratory soil to determine their initial
weight (w,). After each biodegradation time interval,
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Figure 1 The setup consisted of a recirculating heated bath and a plastic container containing the compost soil and the alfa
leaves (a). The leaves used for weight loss measurement (b) and tensile testing (c) were separated by a plastic mesh before being

buried in compost soil (d).

the samples were removed and carefully washed with
distilled water. They were then dried at 23 °C and
55% RH during the seven days prior to weighting
(w). There was no apparent further colonization by
soil microorganisms during storage of the sample in
these conditions. The weight loss (w,) was calculated
as follows:

W, _ i f (1)

2.2.2 Field Emission Scanning Electron
Microscopy

The fracture surfaces of the leaves after tensile tests
were imaged. The samples were imaged before deg-
radation and after 15 and 60 days of biodegradation.
Fracture surfaces were held vertically in the FE-SEM
chamber using a specific sample holder. FE-SEM was
performed with a Hitachi S-3000N field-emission scan-
ning electron microscope at a partial vacuum of 20 Pa
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and with an acceleration voltage of 15 kV. The images
were acquired in the 3D mode using the BSE detector.

2.2.3 Mechanical Testing

Uniaxial tensile tests were performed on the intact and
buried alfa leaves according to ASTM D 3379-75 stand-
ard relative to single filament testing and the gauge
length was set to 100 mm. The specific density of the
leaves was determined by a pycnometer test accord-
ing to standard NF T 20-053 (1985). The cross section
of the leaves was then determined for each leaf by
measuring its exact length and weight before tensile
testing. Twenty intact leaves were tested in order to
determine the initial mechanical properties of the non-
biodegraded material. Biodegraded alfa leaves were
removed from the soil at regular intervals. In order to be
tested under comparable conditions, the biodegraded
leaves were carefully washed with distilled water. All
the samples were conditioned at 23 °C and 55% RH
during the seven days prior to testing. The leaves were
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then directly clamped in the jaws of an Instron 5867
universal tensile testing apparatus. Incremental load-
ing/unloading cycles were performed with a velocity
of 1 mm/min. During the experiment, the sample was
submitted to a tensile loading up to a strain level of
0.1%, followed by unloading down to zero stress. This
process was repeated, and each subsequent cycle had
its maximum strain incremented by 0.1% relative to
the previous cycle. This loading-unloading path was
repeated eight times at different strain levels. In a final
step, the loading was carried out with no strain restric-
tion until the sample failed.

Loading and wunloading elastic moduli were
deduced from the slope of the linear part of the stress-
strain curves, and thereof for each cycle. The energy
dissipated during each loading-unloading cycle was
calculated by subtracting the area under the unloading
curve from the area under the loading curve. The per-
manent plastic deformation undergone by the leaves
after each cycle was taken as the strain at zero stress at
the end of each unloading cycle. The tensile strength of
the leaves was also systematically determined.

2.2.4 X-ray Diffraction

The samples were first ground to a powder at 20,000
rpm in an IKA tube mill. The powders were pressed
into proprietary back-loading sample holders. The
diffractograms were acquired with a 6-0 Bragg-
Brentano configuration using a PANalytical X'pert
Powder diffractometer (PANalytical B.V., Almelo,
The Netherlands) with a CoKa (A = 1.7902 A) mono-
chromatic radiation source and operating voltage and
current maintained at 40 kV and 40 mA, respectively.
The detector was a linear PIXcellD detector equipped
with 0.04 rad Soller slits. All the diffractograms were
area normalized and rescaled to the more usual CuKa
wavelength (A = 1.5418 A) in accordance with Bragg’s
law for presentation purposes. No background correc-
tions were made.

A recently published method was used to deter-
mine the amount of crystalline cellulose in the sample
as well as its average size and shape [27]. Since this
method was thoroughly described in the original pub-
lication, only a global explanation is given here. The
method was based on the simultaneous simulation of
powder diffractograms of cellulose I, and an empiri-
cal amorphous background. Based on the literature
data, the amorphous background was simulated using
an empirical function in the form of an asymmetric
Gaussian function centered around 4.9-5.5 A summed
to a function in the form:

2
1(20)= Y a,0" )

n=-2
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where a_is a scalar. The powder diffractograms were
simulated using a model that takes into account the
anisotropic size broadening of the cellulose crystallites
using a parametric shape controlled by a parameter n
[27]. Special cross-section cases include n = 2 (diamond
shape), n = 1 (regular ellipse) and n — 0 (rectangular
cross section), in accordance with the rectangular- and
diamond-shape models sometimes proposed in the lit-
erature [28-32]. The n parameter was allowed to vary
freely between 0 and 2 during the refinement process.
R and R are the radii of the superellipsoid in the
directions that are respectively perpendicular and par-
allel to the (200) plane. In that sense, 2.R has a value
close to that found using the well-known Scherrer
equation applied to the (200) peak, which is the most
prominent peak in the diffractogram [27, 33, 34]. The
a lattice parameter was simultaneously fitted in order
to accommodate the variations of interplanar spacing
that were observed; these strain-induced variations are
often encountered in plant-based cellulose I, [35, 36].
All the parameters could be resolved simultaneously
using the Excel Solver program and the least square
method. The crystallinity was defined as the ratio of
the modeled cellulose I area over the total signal area.

3 RESULTS AND DISCUSSION

3.1 Structural Aspects

The fracture surfaces of the fibers as observed by
FE-SEM before and after biodegradation are very
different (Figure 2). There was a clear transition in
the fracture mode after biodegradation. Initially, the
leaves broke with cracks propagating lengthwise
(Figure 2a) whereas the most biodegraded leaves
broke in the direction transverse to the long axis
of the leaves (Figure 2e). As a result, the fractured
surfaces of the non-biodegraded leaves exhibited
protruding stem fragments, whereas those of the
most biodegraded leaves displayed entire cross sec-
tions (Figure 2). This means that the fracture mode
was distinct on both materials. In the raw material,
delamination occurred between the fibers and the
cracks clearly propagated through the middle lamella
(along the fiber surface) until they found a weak node
to propagate in the transverse direction (Figure 2a).
In contrast, the progressive disappearance of the fib-
ers during biodegradation induced a lack of struc-
tural cohesiveness along the leaf main axis; the bio-
degraded structure was thus not able to deflect the
cracks in the longitudinal direction, explaining why
the cracks were running almost straight through the
cross section (Figure 2e). An obvious parallel can be
made between these materials and man-made organic
matrix composites. Indeed, the transverse crack
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Figure 2 Fracture surfaces of alfa stems at two different
magnifications (x50, left, and x1.0 k, right) before
biodegradation (a and b), after 15 days (c and d) and after 60
days (e and f). Scale bars are 1 mm (left column) and 50 pm
(right column).

Table 1 Average and standard deviation values of the
weight loss of the alfa leaves as a function of the burial time.

Soil burial 15 30 45 60
time (day)

Weight loss 169+941323+3.4|448+3.4|1668+11.4
(%)

propagation in the biodegraded leaf is analogous to
that of brittle polymers. In contrast, crack deflection
along the fiber-matrix interface, delamination and
fiber pull-out are commonly observed in unidirec-
tional fiber-reinforced composites, and this behavior
is comparable to that of the non-biodegraded leaf.
This analogy stresses out the reinforcing role played
by the fibers during the fracture of the leaves under
uniaxial tensile stresses.

3.2 Weight Loss

The leaves lost weight during the burial period
(Table 1). The decomposition rate was constant since
the leaves lost on average 1/3 of their initial weight
after 30 days and 2/3 of their weight after 60 days. By
extrapolating this data, macroscopic leaf fragments
would have completely disappeared after a period of
3 months.
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Figure 3 A typical stress-strain curve on an intact alfa leaf.

Table 2 Number of test cycles and number of stems that
could be tested mechanically.

Soil burial time (day) 0 15 30 45 | 60

Maximum number of 9 9 6 6 4
cycles
Stem numbers 20/20124/25115/25110/25|4/25

3.3 Mechanical Properties

A typical stress-strain curve on an intact alfa leaf is
shown in Figure 3. The appearance of small hyster-
esis loops reveals energy dissipation during load-
ing-unloading cycles, a behavior that would not be
observed for a purely elastic structure. One also notices
the accumulation of plastic strain with the number
of cycles. In addition, the elastic moduli of the load-
ing and unloading stages can be determined. Since
the loops are almost parallel to each other, the leaves
undergo very little loss of stiffness cycle after cycle.
The biodegradation wasn’t homogeneous due to the
natural variability of the leaves and some specimens
were more biodegraded than others. Consequently, the
number of leaves that could be tested after each bio-
degradation period decreased relative to the 25 speci-
mens that were prepared (Table 2). Figure 4 shows the
variation of elastic modulus as a function of the cycle
number and burial time. When the standard devia-
tion is taken into account, the loading and unload-
ing moduli remain nearly constant for a given burial
time, independently of the cycle number (Figures 4a
and b), and despite a slight average stiffness loss after
several repeated loading cycles. However, the moduli
decrease with an increasing burial duration (Figures 4c
and d). The initial moduli range from 8 to 9 GPa for the
intact leaves; these values dropped sharply between
15 and 30 days of burial to ~4 GPa before settling
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Figure 4 Young’s moduli of alfa leaves in cyclic loading (a) and unloading (b) conditions as a function of the cycle number and
as a function of the burial time for the data extracted from the first loading (c) and unloading (d) cycle.

slightly above 2 GPa after 45 days. Beyond this dura-
tion, the values tended toward a plateau. The unload-
ing modulus (Figure 4b) undergoes the same behavior.
An important feature is the expected weakening of the
leaves as biodegradation proceeds. This weakening is
well illustrated by the diminution of the number of
loading cycles undergone by the leaves before failure
(Figure 4 and Table 2).

The tensile strength was also determined as a func-
tion of the burial time (Figure 5). The strength and
moduli variations follow the same trend. Indeed,
the average tensile strength of the initial leaves (near
50 MPa) was unaffected by the first two weeks of
burial. This value then dropped brutally to ~10 MPa
after 30 days and continued to drop slowly to a few
MPa after 60 days of burying. The initial tensile
strength value is relatively close to that of fiber bun-
dles reported by Hanana et al. [6].

It is also of particular interest to consider the
cumulated plastic strain after each cycle since these

J. Renew. Mater., Vol. 6, No. 3, April 2018

permanent deformations can reflect the true plasticity
of the structure or the buildup of localized irrevers-
ible fracture events [37, 38]. In the present case, it is
of interest to note that the first cycle usually yields a
larger plastic strain than the second cycle (Figure 6a), a
phenomenon that has been interpreted in the fiber lit-
erature by the propensity of natural fibers to undergo
a permanent microstructural deformation at small
strains [39, 40]. It has also been observed that from the
second cycle onwards, the permanent strain increases.
This increase can probably be attributed to a certain
amount of damage in the leaf microstructure. It is
also important to stress that the first 30 days of bio-
degradation increase the permanent strain of the first
cycle to a great extent (Figure 6b). This phenomenon
can certainly be attributed to a degradation of the leaf
and to a fractioning of the load-bearing fibers [24].
The plateau behavior of that permanent strain dur-
ing the second biodegradation month points out the
degradation of specific load-bearing polysaccharides
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Figure 7 Energy dissipation of alfa leaves versus burying
time and cycle number (a) and box plot of the dissipation
during the first cycle (b).

(cellulose, hemicellulose and pectin in particular) by
the soil microorganisms in the leaf axis during the first
biodegradation month [18, 24].

The mechanical damping, or energy dissipation, was
estimated from the area of the hysteresis loops of dif-
ferent loading-unloading cycles, as shown in Figure 3.
This energy is “lost” and its origin is either viscous or
plastic flow. The damping usually increased with the
cycle number at all biodegradation times (Figure 7a).
Moreover, an increased burial time increased the
energy dissipated, which could be looked at as a col-
lateral effect of the stiffness loss. Considering that
the stiffness loss was more substantial each time the
biodegradation time was incremented, the relatively
comparable energy dissipations observed during the
first month should be understood as a result of the
increased plastic strain. Once again, this result points
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to the loss of cohesiveness of the biodegraded alfa
leaves.

3.3.1 Relative Amount of Crystalline
Cellulose and Crystallite Anisotropic
Thinning

It is well known that cellulose is the main load-bear-
ing component of plants, conferring on the cell wall an
impressive stiffness and tensile strength [39, 41, 42].
In that sense, it is of interest to perform a quantita-
tive XRD measurement of the amount of native crys-
talline cellulose in the material. The mechanical per-
formance losses of the stem should be related to the
biodegradation of cellulose. X-ray diffractograms can
be seen in Figure 8.

As expected, the signal comprises the characteristic
cellulose I peaks. In particular, the (1710), (110), (200)

—t=0
-t=15days
-t=30days
-t =45 days
-t =60 days

I

10 15 20 25 30 35 40 45 50
209

Figure 8 X-ray diffractograms of thoroughly cleaned and
dried alfa leaves at different stages of the biodegradation
assay.

and (004) peaks located respectively near 15°, 16.4°,
22.5° and 35°are clearly visible (Figure 8) [35,43,44].
One can notice the strong overlap between the (1710)
and (110) cellulose peaks (Figure 8). This phenomenon
can in fact easily be described using small crystallites
and the present anisotropic size broadening model
when a diamond cross section (n=2) is used instead
of a square model (n<<1). The effect of biodegrada-
tion on crystalline cellulose had several interesting
aspects. First, one can notice that the overall crystal-
line cellulose content decreased from the start of the
biodegradation procedure (first two weeks) until the
end of the protocol (Table 3). The crystalline cellulose
biodegradation was also the fastest at the end of the
test, between 45 and 60 days. Another intriguing effect
of the biodegradation was the faster disappearance
of the (1-10) and (110) peaks when compared to the
main (200) peak (Figure 8). The proposed superellipse
model is useful in that an average cross section can
be inferred from this signal change. Whereas the ini-
tial cellulose crystallites had a diamond cross section
(as determined from the fitting procedure) with n = 2,
the crystallites tended to flatten and became thinner as
the biodegradation progressed (Figure 9 and Table 3).
Initially, the crystallites were approximately 28 to 35
A in diameter. After the longest biodegradation time,
the crystallites were as thin as 4.2 A in the direction
parallel to the sheet plane and orthogonal to the chain
axis, a distance consistent with that found for a stack
of polymer chains in parallel (Table 3). Their thickness
in the direction perpendicular to the (200) plane was
much greater, around 28 A. This value is slightly larger
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Figure 9 Wireframe representation of the cellulose crystallites show the biodegradation-induced crystallite thinning. The x and

z axis correspond to the a and c crystallographic axis.
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Table 3 Fitting parameters obtained from the modeled diffractograms before and after biodegradation.

Biodegradation time (days) 0 15 30 45 60

a lattice parameter (A) 8.05 8.08 8.06 8.11 8.10
R (A) 14.1 12.3 12 10.8 14.2
R, (A) 17.4 8.7 7.3 5 2.1
Ellipsoid squareness 1.99 1.32 1.38 1.32 1.36
Crystallinity (%) 33% 30% 26% 24% 16%
Length (A) 199 30 49 44 43
Correlation coefficient 0.9987 0.9988 0.9987 0.9988 0.9991

than the values after the other biodegradation time,
perhaps due to the elimination of the slenderest crys-
tallites. It was shown in the literature that cellulose
enzymatic hydrolysis, one of the mechanisms suscep-
tible to taking place during biodegradation, was pro-
ducing thinner nanofibrils by hydrolyzing the glucan
chains preferentially from the outside to the inside of
the crystallite [45—49]. This anisotropic crystallite thin-
ning is clearly evidenced in the present work during
in-soil biodegradation as well. This result is also consis-
tent with the diffractograms of cellulose “nanostrips”
obtained by selective oxidation-induced surface peel-
ing of cellulose nanocrystals or nanofibers [50, 51].

4 CONCLUSIONS

This work was dedicated to the understanding of the
biodegradation of alfa leaves during in-soil biodegrada-
tion. The mechanical behavior of the alfa leaves under
uniaxial stresses before and after biodegradation was
assessed. The fibers clearly lost weight during biodeg-
radation, which indicated that some of its constituents
were removed by the oxidative or hydrolytic action of
the microorganisms in the soil. At the nanometric scale,
XRD demonstrated that the crystalline cellulose was
progressively dismantled. This dismantling of these
highly oriented crystallites was clearly anisotropic, with
the cellulose sheets getting progressively thinner while
remaining stacked. Since cellulose is considered as
being the main load-bearing component of the plant cell
wall, the relatively fast disappearance of the fibers had
the expected effect of being accompanied with a drop in
the leaf strength, stiffness and capacity to hold repeated
loading cycles. Since biodegradation introduced micro-
defects in the leaf structure, defect-induced plastic
strains became more prevalent when the biodegradation
time was increased. Eventually, the mechanical failure
mode of the leaves progressively shifted from a longitu-
dinal crack propagation/delamination mode to a more
brittle/transverse crack propagation mode, resulting in
fracture surfaces revealing “clean” cross sections.
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The perspectives of this work are manifold. First of
all, it appears that alfa leaves are most certainly bet-
ter used unbleached as far as their application will
lead to their exposure to a degradative environment
(soil burial, wet environments, etc.). Indeed, it has
been shown that the non-cellulosic components are
more resistant to the biodegradation than pure cel-
lulose, and pure cellulose could well be protected by
the other plant components. Secondly, this biodeg-
radation test was conducted under relatively harsh
conditions (temperature, humidity, presence of nitro-
gen-rich horse manure). One should bear in mind that
the actual biodegradation kinetics of alfa leaves would
be different if these fibers had been buried in a real
soil or if they had simply been left on the soil, at the
ground/air interface. For instance, we have recently
explored the use of alfa leaves to reinforce sand fills
in civil engineering applications [15]. The biodegrada-
tion in such a mineral-rich and organically poor envi-
ronment would be considerably slower.
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