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a b s t r a c t

his paper investigated specific surface treatments, aimed to improve the adhesion between PLA and rice
nd Einkorn wheat husks. In the first part, husks were treated by alkaline solutions at three concentrations
2, 5 and 10%) at room temperature for different times between 6 and 48 h. Results revealed that the
lkaline treatment dissolved a fraction of waxes, lignin and hemicellulose, so that the polarity of their
urface was increased and therefore alkaline treated husks were more sensitive to moisture. Moreover the
lkaline treatments have more influence on wheat than on rice husks, as shown by chemical composition
etermination, FTIR measurements and ESEM observations. In the second part, husks were treated by
wo kinds of organosilanes (�-aminopropyltriethoxysilane (APS) and �-glycidoxypropyltrimethoxysilane
PS)). These silane treatments were applied either alone or on previously alkaline treated husks (NaOH
% for 24 h). The results showed that silane treatments reduced the moisture sensitivity and raise the
nergy surface of the husks. In the last part, treated husks were incorporated into polylactic acid (PLA)
o produce biocomposites. Biocomposites reinforced by husks treated by alkaline solution and silane
ave higher bending moduli and stresses than those reinforced by untreated husks and husks treated by
ilane alone. It can be supposed that the PLA/husks adhesion was enhanced. No difference was observed
ccording to the silane nature.
LA
ilane treatment surface
lkaline treatment
. Introduction

The rice and wheat grains are coated by husks to protect them
uring the growing season. Husks are hard materials and they are
omposed of holocellulose (cellulose and hemicellulose), lignin, sil-
ca and wax that impede microbial attack (Bledzki et al., 2010;
halil, 2008). In most of the cases these husks are incinerated
y cereal producers without any energetic valorization despite
he abundant volume deposited throughout the world. Because of
he large fraction of cellulose present in these husks, they may
e considered as potential candidates for the reinforcement of

iodegradable composites.

One of the purposes of using husks as fillers is cost reduction as
he cost of bio-sourced and biodegradable polymers are still high.

∗ Corresponding author at: School of Textile, Leather and Fashion, Hanoi Univer-
ity of Science and Technology, 1 Dai Co Viet, Hanoi, Viet Nam. Tel.: +84 932276988.

E-mail addresses: thao.tranthiphuong1@hust.edu.vn, thotrang215@yahoo.com 
T.P.T. Tran), Jean-Charles.Benezet@mines-ales.fr (J.-C. Bénézet),
nne.Bergeret@mines-ales.fr (A. Bergeret).
However like other natural fibres, using husks has drawbacks such
as a high hydrophily due to the presence of hydroxyl groups on
the husk surface. Furthermore the presence of non-cellulosic com-
ponents (e.g. lignin and wax) may prevent husks having a good
interfacial adhesion with the host polymer. Therefore, chemical
treatments for husks are commonly investigated.

An huge amount of researches had been investigated on the
modification of natural fibres and their subsequent characteriza-
tion in composites. Many chemical treatments have been screened
to enhance fibre/matrix interface such as alkali treatment (Gomes
et al., 2007; Islam et al., 2010), acetylation (Bledzki et al., 2008),
silane treatment (Lung et and Matinlinna, 2012), maleation (Park
et al., 2004).

Alkali treatment is believed to remove non-cellulosic com-
ponents away from fibre surface and activates hydroxyl group.
However, the surface properties of treated fibres depend on var-
ious factors such as the concentration of the alkaline solution, the

fibre immersion time and temperature. Oh et al. (2005a,b) reported
the effect of the concentration of the alkaline solution and of the
temperature on the physicochemical changes and the crystalline
structure of pulp sheet. They found that the crystallinity ratio was

http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2014.04.012&domain=pdf
mailto:thao.tranthiphuong1@hust.edu.vn
mailto:thotrang215@yahoo.com
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mailto:Anne.Bergeret@mines-ales.fr
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ecreased with increasing the alkaline concentration and the cel-
ulose crystal moved from cellulose I to cellulose II for alkaline
oncentrations over 15%. Alawar et al. (2009) studied the morphol-
gy and tensile properties of alkaline treated palm fibres. In this
tudy, single palm fibres were soaked in alkaline solutions with
ifferent concentrations (0.5; 1; 1.5; 2.5, and 5%) and the result
howed that the fibres obtained the maximum tensile strength
f the single palm fibres by using a 1% alkaline solution for 1 h
t 100 ◦C, at higher NaOH concentrations, the tensile strength of
he single palm fibres dropped significantly. The alkali treatment
lso cleans a large amount of impurities on the fibre surface and as
odium concentration increases, number of pores increases on the
bre surface, this might be attributed to the severity of reaction. In
ome other researches, an alkaline treatment was use for pineap-
le leaf fibres in polycarbonate (Threepopnatkul et al., 2009), abaca
bres in polypropylene (PP) (Rahman et al., 2009), kenaf fibres in
LA (Huda et al., 2008), in epoxy resin (Meon et al., 2012; Yousif
t al., 2012), and in PP (Asumani et al., 2012), flax fibres in PP
Cantero et al., 2003; Zafeiropoulos et al., 2002) and polyester (Baley
t al., 2006), hemp fibres in PLA (Islam et al., 2010), luffa fibres in
P (Demir et al., 2006) and recycled fibres from disposable chop-
ticks in PLA (Huda et al., 2006). The results showed that alkaline
reatments increase the surface roughness that results in a better

echanical interlocking and it increments the amount of cellulose
xposed on the fibre surface, thus increasing the number of possible
eaction sites. Huda et al. (2008) reported that alkaline treatment
mproved the compatibility between kenaf fibres and PLA resin. The

echanical properties of PLA/alkaline treated kenaf fibres compos-
tes were significantly higher than those of PLA/untreated kenaf
bres composites. Impact strength is increased by 50% compared
o composite with untreated fibres. Flexural modulus and strength
re increased by 48% and 34%, respectively. On the other hand,
aladez-Gonzalez et al. (1999a,b) reported that the treatment by
n alkaline solution with a concentration of 2% for 1 h did not sig-
ificantly influence composite mechanical properties in the case
f henequen and jute fibres reinforced high density polyethylene.
ll studies concluded that alkaline treatments remove wax, lignin
n the surface of husks, so that it raises the moisture absorption of
usk.

In order to reduce the hydrophilic character of cellulose fibres
nd improve their adhesion properties, bi-functional molecules
ere often supplied on the fibres surface, leaving one of the func-

ions available for further exploitation. Previous researches were
evoted to modification of cellulose fibres using silane coupling
gents. The commercially available silanes used for cellulose fibres
nd presented in literature are numerous (Table 1).

It can be observed that �-aminopropyltriethoxysilane (named
PS) and �-glycidoxypropyltrimethoxysilane (named GPS) were
idely applied for natural fibre reinforced PLA (Chun et al., 2012;
uda et al., 2008; Yu et al., 2010). Mechanisms were proposed for

he reaction taking place at the fibres surface as shown in Fig. 1.
he first step consisted in the reaction between alkoxy groups from
ilane agents and hydroxyl groups on the glucose units of the cel-
ulose molecules in the husks cell-wall leading to a polysiloxane
etwork at the husk surface. Some reactions with lignin hydroxyl
roups could also occur. When combined with the PLA matrix, sev-
ral reactions may occur. Yu et al. (2010) proposed on one hand, a
eaction between amine groups from APS and acid end groups of
LA leading to the formation of an amide function (Fig. 1 – Scheme
), and on the other hand, a reaction between epoxy groups from
PS and hydroxyl end groups of PLA occurred leading to the for-
ation of an ether function (Fig. 1 – Scheme 2). Nevertheless the
uthors did not suggest the possibility of an additional epoxy-acid
eaction at the silane/GPS interface (Fig. 1 – Scheme 3).

The interfacial interaction between natural fibre and PLA
esin are improved by coupling agent, the mechanical and
thermo-mechanical properties composites were significantly
higher than those of the PLA matrix itself. Huda et al. (2008)
treated kenaf fibres by APS and incorporated with PLA to fabric
laminated composites. The flexural modulus of composite is
increased from 5.6 GPa for untreated fibres to 9.5 GPa for silane
treated fibres (a 69% increase). This result suggests that APS may
be a good coupling agent for husk and PLA also.

This study is divided in three main parts. The first part deals
with the influence of an alkaline treatment on the morphology,
the colour, the chemical composition and the surface properties of
rice and Einkorn wheat husks. In the second part, the influence of
two commonly used silane agents (APS and GPS) grafted on rice
and Einkorn wheat husks and husks previously treated with an
alkaline solution was studied. The last part concerns the influence
of all these treatments on PLA/husks biocomposites properties in
comparison with literature.

2. Materials and methods

2.1. Materials

The poly (lactic acid) PLA 7000D was supplied by Nature-Works
LLC with the following characteristics: Mn = 179 200 Da, polydis-
persity index I = 1.75 (SEC, THF, T = 25 ◦C), Tg = 58 ◦C and Tm = 152 ◦C
(DSC, 10 ◦C/min, nitrogen atmosphere).

The long-grain rice husks (genus Oryza, noted R) are sup-
plied by SOUFFLET S.A. (France) and Einkorn wheat husks (genus
Triticum Monococcum – noted W) are supplied by TOFAGNE
S.A. (France). The husking process and the characteristics of
these husks were detailed in a previous publication (Bergeret
et al., 2013). �-aminopropyltriethoxysilane (named APS) and �-
glycidoxypropyltrimethoxysilane (named GPS) were supplied by
Sigma–Aldrich (France).

2.2. Processing conditions

PLA pellets and untreated and treated husks were dried under
vacuum at 50 ◦C for 24 h before processing. Compounding was
achieved by twin screw extruder (Clextral BC21 900 mm). The tem-
perature profile screw is the following: 60 ◦C (feeder)/120 ◦C/170
◦C/180 ◦C/180 ◦C/180 ◦C/180 ◦C/180 ◦C/180 ◦C/180 ◦C/180 ◦C/180 ◦C
/180 ◦C/180 ◦C die). The speed rate was kept at 250 rpm and the
feed rate was 4 kg/h. A dry blend of the PLA and husks was
introduced through two feeders. The husk weight content was
20%. After compounding, granules were dried under vacuum at
50 ◦C for 24 h. Injection moulding was then carried out on a Krauss
Maffei KM50-T180CX. Temperature was set at 200 ◦C and the
mould temperature was maintained at 40 ◦C.

2.3. Procedures for husk surface modifications

2.3.1. Alkaline treatment procedure
To study the effect of sodium hydroxide concentration on husks,

R and W were dried at 100 ◦C in vacuum for 24 h until reaching a
constant weight (m1) then immersed in sodium hydroxide (NaOH)
solutions at 2, 5 and 10%, for 24 h at room temperature. To study the
effect of treatment duration on the husk, R and W were immersed
in sodium hydroxide solution (5%) for 6 h, 12 h, 18 h, 24 h and 48 h at
room temperature. The husks were washed in running tap water to
eliminate NaOH, and then the husks were washed with acetic acid

(1%). Finally, the husks were washed again by tap water. After wash-
ing, the husks were dried through a two-steps process: (i) highly
wet husks were first kept in air for 3 days to reduce significantly
the water content, and (ii) then husks were dried at 100 ◦C in an



Table 1
Silanes used for the natural fibres/polymer composites in the literature.

Silane Abbreviation Target matrix Target fibres Ref.

�-aminopropyltriethoxy silane APS Polypropylene Luffa Demir et al. (2006)
Poly acid lactic Ramie Yu et al. (2010)

Coconut shell Chun et al. (2012)
Kenaf Huda et al. (2008)

Polycarbonate Pineapple Threepopnatkul et al. (2009)
Epoxy Microfibrillated cellulose Lu et al. (2008)
* Cellulose fibres Abdelmouleh et al. (2004)

�-glycidoxypropytrimethoxy silane GPS Poly acid lactic Ramie Yu et al. (2010)
Epoxy Microfibrillated cellulose Lu et al. (2008)

Kenaf Sgriccia et al. (2008)
Hemp Sgriccia et al. (2008)

�-Methacryloxypropytrimethoxy silane MPS Polycarbonate Pineapple Threepopnatkul et al. (2009)
Low density polyethylene (LDPE) Cellulose fibre Abdelmouleh et al. (2007)
* Cellulose fibres Abdelmouleh et al. (2004)

�-(trimethoxysilyl)-1-propanethiol silane TMPS Polypropylene Luffa Demir et al. (2006)
Hexadecyltrimethoxy silane HTS Low density polyethylene (LDPE) Cellulose fibre Abdelmouleh et al. (2007)
�-mercaptoproyltrimethoxy silane MRPS Low density polyethylene (LDPE) Cellulose fibre Abdelmouleh et al. (2007)

* Cellulose fibres Abdelmouleh et al. (2004)
Vinyltris (2-methoxy-ethoxy) silane VMS Hight density polyethylene (HDPE) Henequen Valadez-Gonzalez et al. (1999a,b)
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Triethoxy-vinyl silane TVS Poly acid lactic

The matrix is not presented in the articles.

ven under vacuum for 6 h to obtain a constant weight (m2). The
eight percent loss (WPL) of husks was calculated from Eq. (1):

PL = (m1 − m2)
m1

× 100 (1)

.3.2. Silane treatment procedure
1 wt.% of silane (weight percentage compared to the husks) was

issolved in water/ethanol mixture (30/70 w/w). The pH of the
olution was adjusted to 4 with acetic acid and stirred continu-
usly during 30 min. Next, the husks were soaked in solution for
h, washed by tap water and dried through a two-steps process:

i) highly wet husks were first kept in air for 3 days, and (ii) then
usks were oven dried at 60 ◦C for 24 h.

.3.3. Procedure for combined alkaline and silane treatments
A combination of alkaline and silane treatments was carried on.

n this case before silane treatment, husks were treated by NaOH
ith a given concentration of 5% for 24 h. Table 2 lists all the treat-
ents that were applied on husks in this study.

.4. Methods for husks and biocomposites characterizations

.4.1. Microscopic observations
The husks surfaces before and after treatment were observed

y an environmental scanning electron microscope (ESEM) Quanta

EG 200, equipped with an OXFORD Inca 350 energy dispersive
-ray microanalysis (EDX) system. The ESEM operated at an accel-
rating voltage of 15 kV.

able 2
omenclature used for untreated and treated husks.

Concentration of
NaOH (%)

APS GPS Abbreviations for Einkorn
wheat husk (W) and
long-grain rice husk (R)

0 No No W R
2 No No WN2 RN2
5 No No WN5 RN5

10 No No WN10 RN10
0 Yes No WA RA
5 Yes No WNA RNA
0 No Yes WG RG
5 No Yes WNG RNG
Chopstick Shih et al. (2010)

2.4.2. Determination of husks composition
The method to analyze the husk composition was adopted from

the work of Bledzki et al. (2008). It can be divided into three steps
that are the followings:

1st step: determination of the inorganic compound content
(ash)

2 g of dried of husk were put in oven at 600 ◦C for 8 h and then
cooled until room temperature. The weight of ash is w1 (g), and the
ratio of ash in husk was calculated by Eq. (2):

Ash (A)(%) = w1
2

× 100 (2)

The ash elements composition was determined by ESEM-EDX.
2nd step: determination of the extractible content
5 g of dried husk were introduced in an extraction thimble and

then in a Soxhlet extraction unit. A mixture of ethanol and toluene
(50/50 v/v) was used as solvent and extraction process continued
for 18 h. Then, ethanol/toluene was changed to ethanol 99% and the
extraction process continued for 6 h. After extraction, the sample
was dried up to constant weight (w2) at 100 ◦C. The extractive was
calculated by Eq. (3):

Extractive (E)(%) = 5 − w2
5

× 100 (3)

3rd step: determination of lignin and holocellulose contents.
1.5 g of the previously extracted sample was put in a flask with

125 ml of de-ionized water. 1 ml of glacial acetic acid and 1 g of
sodium chlorite were added successively. The flask was put in a
water bath and heated up to 70 ◦C for 2 h and 1 ml glacial acetic
acid and 1 g of sodium chlorite were introduced. This last addi-
tion of acetic acid and sodium chlorite was repeated several times.
Finally, the holocellulose was filtered, washed and dried in an oven
up to constant weight at 100 ◦C. The whole process should ideally be
repeated until the husk turn white in colour and the weight does
not decrease further. The weight of sample at the end of process
(w3) is the weight of holocellulose.

The ratio of lignin in the husk was calculated by Eq. (4):

(1.5 − w3)(1 − E)

Lignin (L)(%) =

1.5
× 100 − A (4)

where A is the ratio of ash in husk calculated by Eq. (2); E is the ratio
of wax in husk calculated by Eq. (3).



sil ane treated husk s

R-Si-(OR')3

R'OH2OH23

R-Si-(OH)3

OH23

HO - Si - O - Si - O - Si - OH

R R

OH OH OH

R

OH OH OH

husk surfac e

HO - Si - O - Si - O - Si - OH

R R

O O O

R

husk surfac e

OH23heat

HO - Si - O - Si - O - Si - OH

O O O

husk surface

(CH2)3

NH

(C- CH - O )n - H

O

CH3

HO - Si - O - Si - O - Si - OH

O O O

husk  surface

(CH2)3

CH-OH

(O - CH - C)n - OH

O

CH3CH2

PLA

PLA

PLA matrix

PLA matrix

with APS

with GPS

HO - Si - O - Si - O - Si - OH

O O O

CH2

CH-OH

CH2

PLA matrix

with GPS
PLA

(C- CH - O )n - H

O

CH3

+

+

+

scheme 1

scheme  2

scheme  3

eme 1

E

H

Fig. 1. Chemical mechanisms at the interfacial area between silane (Sch

The ratio of holocellulose in the husk was calculated by

q. (5)

olocellulose (H)(%) = (w3)(1 − E)
1.5
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2.4.3. Surface energy

Contact angles of husks were performed using Digidrop appa-

ratus (GBX Instruments) with an automatic system for the liquid
droplet formation. Husks were considered as solids. About 300 mg
of husk were compressed under a force 10 kN during 5 min to
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roduct a pellet sample with the diameter 13 mm. The wetting
iquids used was diiodomethane, formamide and water. For each
iquid three measurements were performed. In order to determine
he polar and the dispersive components of the surface free energy
he approach proposed by Owens et and Wendt (1969) has been
sed (Eq. (6)):

L(1 + cos �) = 2
√

�d
S

√
�d

L + 2
√

�p
S

√
�p

L (6)

here the subscripts L and S are related respectively to the liquid
nd the solid states, and d and p to the dispersive and polar
haracters.

.4.4. Moisture absorption
3 g dried husks were stored at 20 ◦C 65% RH until the weight

as stabilized (w4). The moisture absorption (MA) of husk was
alculated by Eq. (7):

A = w4 − 3
3

× 100(%) (7)

.4.5. FTIR measurements
FTIR was used to determine changes in chemical functional

roups of R and W before and after treatment. R and W were grinded
o dust and then were mixed with KBr to make a pellet sample con-
entration in KBr (3 wt.%). Each spectrum was recorded in the MIR
ange with a Bruker IFS 66 device, at a resolution of 4 cm−1, the
can ranging from 4000 to 500 cm−1 and a total of 32 scans were
veraged.

.4.6. Mechanical properties of composites
Mechanical properties of composites were measured by a

wick Z010. The samples were stored at room temperature under
tandard atmospheric conditions (22–24 ◦C) for 24 h before test-
ng. At least 5 specimens were used for each test to ensure the
eproducibility.

Strength tests were measured according to the ISO 572-1
tandard (load cell: 2.5 kN; crosshead speed: 50 mm/min for break
roperties, 1 mm/min for tensile modulus). The specimen had a
og-bone geometry with a 200 mm length and central dimensions
f 10 × 4 mm2 (Sample 1A according to ISO 527-2).

Three-point-bending tests were followed standard ISO
78:2001. Sample size was 80 × 10 × 4 mm3, load cell was
.5 kN and the crosshead speed was 2 mm/min.

.4.7. Thermogravimetric analysis (TGA) experiments
Thermogravimetric analyses were carried out using a Perkin

lmer equipment (Pyris1 TGA) to study the influence of husks sur-
ace treatments on the thermal stability of husks themselves and
f PLA/husks biocomposites. The samples were scanned from 25 to
00 ◦C at a heating rate of 10 ◦C/min in the presence of nitrogen.

. Results and discussion

.1. Alkaline treatment of husks

.1.1. Surface morphology of alkaline treated husks
Husks surfaces before alkaline treatment were observed by

SEM and discussed in a previous paper (Bergeret et al., 2013). It
as observed that the outer surface of untreated rice husk was
ighly ridged and that the ridges included peaks and valleys inter-

ay regularly (Fig. 2a). On the contrary the outer surface of untreated
heat husks was flat and presented tiny knots scattered (Fig. 2e).
urther investigations through EDX measurements have showed
he presence of silica. For rice husks, a silicon–cellulose membrane
s present at the outer surface and formed a natural protective layer
gainst termites and other micro-organisms that may attack on the
paddy (Ndazi et al., 2007). As concerns wheat husks, it was not
observed any silicon-cellulose membrane on the outer surface but
white knots containing silica near the outer surface were presented.

After NaOH treatment, the surface morphology of both husks
is modified. As concerns rice husks, some small holes appear on
the outer surface (for a NaOH concentration of 2%) (Fig. 2b). There
are more holes and these holes are larger for a NaOH concentra-
tion of 5% (Fig. 2c). When using a 10% NaOH solution, rice husks
are destroyed (Fig. 2d) and the surfaces has a lot of large holes
and breaks. With a NaOH concentration of 2%, the surface of wheat
husk appears many little gutter parallel, the knot change to white
colour (Fig. 2f). It may be predicted that wheat husk have a very thin
film of lignin covering the surface, and this film was dissolved eas-
ily by NaOH at low concentrations. When the NaOH concentration
increased (5 and 10%), the white knots on the wheat husks surface
were smaller and some of them disappeared (Fig. 2g and h).

Therefore, it can be concluded from ESEM observations that
NaOH treatment leads to an increase in the surface roughness of the
husks that is induced by a partial dissolution of some components
of husks and this dissolution seems to be more and more impor-
tant when the concentration of the NaOH solution increases. Ndazi
et al. (2007) also observed that the roughness of outer and inner
surfaces of rice husks did not change significantly after an alkaline
treatment (2% NaOH), and that changes started to be substantial
wearing of asperities on the outer surface and particle cracking only
after treated with a NaOH solution at a 4 and 8% concentration. Fur-
ther investigations will determine the global weight loss of alkaline
treated husks and the nature of the dissolved fractions.

3.1.2. Global weight loss of husks after alkaline treatments
Natural fibres are mainly composed of cellulose, hemicellu-

lose, lignin and wax. Hemicellulose corresponds to several sugar
molecules which are soluble in water or alkaline solutions. The
structure of lignin is similar to that of unsaturated aromatic poly-
mers and it may be soluble in an alkaline solution (Nguyen Tri
Phuong et al., 2010). Therefore hemicellulose and lignin may par-
tially dissolve during an alkaline treatment, leading to a decrease
in husks weights. Fig. 3a shows the influence of alkaline concentra-
tion on rice and wheat husks weight loss after treatment duration
of 24 h at room temperature. Results show that the greater the alka-
line concentration, the higher the weight loss and that the alkaline
concentration have more influence on wheat than on rice husk.
It is worthy to note that the weight loss of wheat husk is higher
than that of rice husk at 5 and 10% NaOH concentration. Fig. 3b
shows the influence of alkaline treatment time on the weight loss
of husks for a given NaOH concentration (5%). It was found that the
weight loss increases significantly during the first 18 h of treatment,
and then the change in weight loss was not significant. This results
are agreement with the results of Sun et al. (1995), that showed
that wheat straw weight loss is about 40% for an alkaline treat-
ment at a NaOH concentration of 1.5% at 20 ◦C for about 18–24 h,
and then, the weight of wheat straw did not change. Nguyen Tri
Phuong et al. (2010) found also that weight percent loss of bamboo
fibres treated by a 0.5 M alkaline solution increased significantly
during the first 15 h and then began to stabilize after treatment.
However, the maximum weight percent loss of bamboo fibres is
only about 12%, nearly three times lower than that of rice husk,
wheat husk and wheat straw. This result may be explained by the
high cellulose content of bamboo fibres.

3.1.3. Chemical composition of husks after the alkaline treatment
Table 3 shows the repartition of inorganic compound, hemicel-
lulose, lignin and wax within the different alkaline treated husks
for 24 h. Before treatment, wheat and rice husks contain about 2% of
waxes that help the husk to be waterproofed and protect the grains.
After alkaline treatment, waxes are removed. Untreated rice husks



Fig. 2. Surfaces morphology of husks before and after treatment by NaOH: (a) untreated rice husk; (b)–(d) treated rice husk with NaOH concentration of 2%, 5% and 10%,
respectively; (e) untreated wheat husk; (f)–(h) treated wheat husk with NaOH concentration of 2%, 5% and 10%, respectively.
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Fig. 3. Weight loss of Einkorn wheat and rice husks as a function of the alkaline
treatment conditions: (a) influence of the alkaline concentration for a 24 h treatment
and of (b) the treatment time with an alkaline concentration of 5%.

Table 3
Husks compositions (%) as a function of the NaOH concentration for an alkaline
treatment duration of 24 h.

Husk composition R RN2 RN5 RN10

Wax 2.2 ± 0.9 0.8 ± 0.4 0.7 ± 0.6 0.5 ± 0.4
Lignin 37.1 ± 2.7 38.2 ± 1.4 39.9 ± 0.4 27.4 ± 1.3
Holocellulose 46.3 ± 1.4 49.8 ± 0.8 52.0 ± 0.2 65.1 ± 0.6
Inorganic (ash) 14.3 ± 0.2 11.2 ± 0.2 7.5 ± 0.1 6.9 ± 0.0

Husk composition W WN2 WN5 WN10

Wax 2.0 ± 0.0 0.8 ± 0.7 1.3 ± 1.2 1.2 ± 1.1
Lignin 28.3 ± 0.8 22.9 ± 0.9 17.8 ± 0.9 16.2 ± 1.3
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Table 4
Atomic composition of husk ashes (%).

Element R RN2 RN5 RN10

Carbon (C) 3.44 ± 0.37 3.92 ± 0.58 3.75 ± 1.46 3.15 ± 0.22
Oxygen (O) 52.75 ± 0.01 51.94 ± 0.42 51.34 ± 0.17 51.57 ± 0.32
Sodium (Na) 0.38 ± 0.26 2.77 ± 0.06 3.82 ± 0.25 4.10 ± 0.04
Silicon (Si) 37.47 ± 0.84 32.68 ± 0.03 31.00 ± 1.10 31.63 ± 0.62
Calcium (Ca) 1.79 ± 0.14 6.42 ± 0.09 7.83 ± 0.06 7.58 ± 0.43

Element W WN2 WN5 WN10

Carbon (C) 3.96 ± 0.24 4.40 ± 0.24 4.77 ± 0.02 5.24 ± 0.26
Oxygen (O) 52.38 ± 0.01 48.40 ± 0.02 49.05 ± 0.21 49.02 ± 0.02
Sodium (Na) 0.00 9.64 ± 0.36 9.23 ± 0.18 18.42 ± 0.08

water (Sun et al., 1995). The most characteristic infrared bands
Holocellulose 63.0 ± 1.0 72.0 ± 0.5 76.5 ± 0.6 78.2 ± 0.6
Inorganic (ash) 6.7 ± 1.4 4.3 ± 0.1 4.5 ± 0.2 4.4 ± 0.0

ontain about 46% of holocellulose that is much lower than that of
ntreated wheat husks (about 63%). After alkaline treatment, this
mount is increased. The increase in the holocellulose content of
N10 is about 19% compared to R and those of WN10 is about 15%
ompared to W. As concerns lignin and inorganic components such
s silica, a decrease is observed. According to literature it can be
ssumed that silica in raw rice husks is bonded to organic material
Huda et al., 2006), so that when the lignin was dissolved, silica was
emoved also.

The ash content of rice husk decreased a half from 14.3 ± 0.2%
o 7. 5 ± 0.1% for RN5, and then it decreased slightly for RN10. The
aOH concentrations do not have much influence on the ash con-
ent of wheat husk. This results reveal that the alkaline solution
issolve more inorganic components of rice husk than of wheat
usk.
Silicon (Si) 35.77 ± 0.75 28.20 ± 0.41 27.38 ± 0.33 17.22 ± 0.28
Calcium (Ca) 2.31 ± 0.04 6.17 ± 0.28 6.72 ± 0.15 7.60 ± 0.15

The ash of husks consists in inorganic components, which are
not degradable at 600 ◦C for 18 h. The atomic compositions of ashes
are listed in Table 4. High amounts of silicon (35–38%) in ashes
were found whatever the untreated husk considered. This amount
is reduced with the increase of NaOH concentration (about −16%
for rice husk and −52% for wheat husk for a NaOH concentration
of 10%). These differences could be explained by the previously
description of the husk surface morphology after alkaline treat-
ment (Fig. 2). Indeed for rice husks, the surfaces have a lot of large
holes however the silicon–cellulose membrane still exists. On the
opposite, the wheat husks surfaces have tiny holes that replaced
white knots of silica.

As concerns the other atoms it can be observed no significant
variations in carbon and oxygen whatever the NaOH concentration
and husk nature. A slight increase in sodium and calcium quantity
after alkaline treatment is observed. It is well known that alkaline
treatment have an effect on the cellulose structure, the crystallinity
and the polymorphic transformation (from cellulose type I to cel-
lulose type II) (Oh et al., 2005a,b). During an alkaline treatment
process, sodium goes deeply into the structure of cellulose. It can
be assumed that the washing process only removes sodium on the
husk surface, and not sodium deep inside the structure of the husk.
It causes the increase of sodium quantity in husk ash after any alka-
line treatment. Absorption of calcium from carbonates of water can
also be supposed. Wheat husk always absorbs more sodium and in
mean proportion calcium than rice husk, may be due to the content
of holocellulose of wheat husk which is always higher than those
of rice husk.

3.1.4. FTIR analysis of alkaline treated husks
3.1.4.1. Comparison of untreated wheat and rice husks. The various
chemical constituents present in untreated and alkali treated rice
husk and Einkorn wheat husk were analyzed by FTIR (Fig. 4). It
can be observed that rice husk (R spectrum) and wheat husk (W
spectrum) have similar FTIR spectra because of equivalent chem-
ical composition. The hydrophilic tendency of both R and W husks
was reflected in the broad absorption band (3100–3700 cm−1),
which was ascribed to the strong hydrogen-bonded OH stretching
present in aliphatic or aromatic alcohols and present in their
main components. The two peaks at about 2920 cm−1 are due
to the C-H stretching from aliphatic saturated compounds, i.e.
aliphatic moieties in cellulose and hemicellulose. The shoulder
peak at about 1735 cm−1 is assigned to the stretching vibrations
of the C O function of the acetyl and ester group of hemicellulose
or waxes and natural fatty components (Seki, 2009). The peak
at about 1650 cm−1 is assigned to H-O-H bending of absorbed
of lignin are found at about 1510 cm−1 representing the C C
aromatic skeletal vibrations (Abdelmouleh et al., 2007; Shih
et al., 2010; Valadez-Gonzalez et al., 1999a,b). The bands in the
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Fig. 4. FTIR spectra of untreated and alkaline treated wheat husk

ange of 1430–1460 cm−1 were distributed to C H deformation
asymmetric) and aromatic skeletal vibration (Sun et al., 1995) and

he bands in the range of 1375–1350 cm−1 were assigned to the
ymmetric and asymmetric C H deformations in methyl and phe-
olic alcohol or C H rocking in alkanes (Bledzki et al., 2012, 2014).
he peak at about 1245 cm−1 is ascribed to C O deformation in
d rice husk (b) at different NaOH concentrations (2, 5 and 10%).

secondary alcohol and aliphatic ether. The large band in the
range 1160–900 cm−1 is attributed to asymmetric and symmetric

Si O C and Si O Si stretching bonds corresponding to silica
present in cereal husks used in this study. The absorbance bands at
about 800 cm−1 are commonly ascribed to the stretching vibrations
of the Si C bonds.
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ig. 5. Moisture absorption of wheat husk and rice husk as a function of the NaOH
oncentration.

.1.4.2. Influence of the NaOH concentration. For wheat husk treated
t different NaOH concentrations (WN2, WN5 and WN10), the
arge peak assigned to hydrogen-bonded OH stretching is shifted
o higher wavenumbers (from 3420 for W to 3453 cm−1 for WN10)
t higher NaOH concentrations as shown in Fig. 4a. For rice husk
reated at different NaOH concentrations (RN2, RN5 and RN10),
he shape this large peak is changed and two peaks located at
round 3550 cm−1 and 3360 cm−1 can be distinguished. This differ-
nce may be due to different lignin contents between both husks.
oreover these two peaks are shifted towards higher wavenum-

ers when the NaOH concentration increased in relation with the
ariations in the lignin content (Table 3). (Oh et al., 2005a,b). For
oth rice and wheat husks, the absorption band at about 1735 cm−1

ecreases after any alkaline treatment. This peak was correspond-
ng to waxes and natural fatty components that are removed
fter the alkaline treatment as observed from chemical composi-
ion analyses (Table 3) (Ndazi et al., 2007). And the band about
650 cm−1 assigned to H-O-H bending of absorbed water seems
o grow up, which agreed with the increased moisture absorp-
ion of both rice and wheat husk after alkaline treatment (Fig. 4).
he absorption band located at about 1510 cm−1 (C C phenolic
ibrations) and in the range 1160–900 cm−1 (Si O C and Si O Si
tretching bands) decreases both with increased concentrations of
aOH for wheat husks, as they remain at the same wavelengths for

ice husks. This result is in agreement with the lignin and silica con-
ent measurements (Table 4) that show a higher residual content of
ignin and silica for rice husks than for wheat husk. The absorbance
and at about 800 cm−1 ascribed to the Si C stretching vibrations
Enescu et al., 2009) disappears after alkaline treatment for wheat
usk. This is another evidence of the possibility for NaOH to react
ith silica on the surface wheat husk. On the contrary these peaks

emains in the case of rice husks showing that the silica amount
n the surface of rice husk is greater than that of wheat husk, so
hat, alkaline treatments cannot dissolve completely silica on the
ice husk surface. These results are also in agreement with ESEM
bservations.

.1.5. Moisture absorption of alkaline treated husks
Fig. 5 shows the influence of alkaline treatment on the moisture

bsorption of the husk.
Wheat husks have higher moisture absorption rate than rice

usks. This can be explained by the higher holocellulose content

f wheat husks compared to rice husks. Both husks reach to max-
mum absorption after treatment for a NaOH concentration of 5%.
his evolution could be related to two consecutive phenomena
ccurring according to the alkaline concentration. For low NaOH
Fig. 6. Surface energy and its polar and dispersive components of rice and wheat
husks as a function of the NaOH concentration.

concentrations, a partial removal of lignin and waxes may occur
leading to an activation of hydroxyl surface groups and therefore
an increase in the moisture absorption. For high NaOH concentra-
tions, alkaline treatments may mainly modify the crystallinity and
polymorphic transformation (form cellulose type I to cellulose type
II) (Oh et al., 2005a,b) so that the husk surface is less polar and the
moisture absorption rate slightly decreases.

3.1.6. Surface energy of alkaline treated husks
Fig. 6 shows the influence of different alkaline treatments on

the dispersive and polar components of the surface energy of the
husks in comparison to PLA. For PLA, polar and dispersive com-
ponents are 5.7 and 45.1 mJ/m2, respectively. The corresponding
values are 4.9 and 41.9 mJ/m2 for untreated rice husk (R) and 3.8
and 34.4 mJ/m2 for untreated wheat husk (W). As the polar and
dispersive components of R are closer to those of PLA than those of
W, it can be said that the R/PLA interfacial adhesion is better com-
pared to W/PLA. Moreover as the difference between the surface
free energy of the husks and of the PLA is greater for the W than for
the R, it can be concluded that the wetting by PLA is better for W
than for R. Nevertheless a previous study (Bergeret et al., 2013) has
shown no significant difference in mechanical properties according
to the husk nature when untreated.

It can be seen a reduction in the dispersive component of the sur-
face energy of both husks when the NaOH concentration increased.
Alkaline treatment seems to have more influence on the dispersive
component of the rice husks (decrease by −16% between R and R20)
than of the wheat husks (decrease by −7% between W and W20).
For wheat husks an increase in the polar component is observed as
a discontinuous evolution is obtained for rice husks. As a result an
increase by 10% in the surface energy is revealed for wheat husks

as no significant variation is given in evidence for rice husks.

It is well known that the dispersive component is related to the
ability for creating Van der Waals interfacial interactions at the solid
surface and the polar component to the ability for settling acid–base
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nterfacial interactions at the solid surface. Wax and lignin include
ydrophobic and aromatic groups. As alkaline treatment removes
ax and lignin, the number of hydroxyl groups may increase, lead-

ng to an increase in the polar component and a decrease in the
ispersive component of the surface energy. Gassan and Gutowski
2000) observed also an increase in the polar components of jute
bres after corona and UV treatments.

.1.7. Conclusion on alkaline treatments
This first part showed that after an alkaline treatment, some

omponents of rice and wheat husks have been removed such as
axes, lignin and silica. On the opposite, an increase in the holo-

ellulose content was observed. A global higher weight loss was
btained for wheat husk compared to rice husk with a quite stabi-
ization for NaOH concentration over 5% and a treatment duration of
4 h (for a NaOH concentration of 5%). The increase in hollocellulose
ontent induced a greater water sensibility after alkaline treatment
specially at low NaOH concentration with a maximum point for
NaOH concentration of 5%. The alkaline treatment resulted also

n variations in the surface energy properties with a decrease in
he dispersive component and an increase in the polar compo-
ent leading to a global decrease in total surface energy so that
n improvement of the wetting by PLA is expected. This evolution
s more effective for rice husk.

.2. Silane treatment of husks

As already shown, the major components of husks include
ellulose, hemicellulose, lignin and wax. Cellulose is resistant to
trong alkali but is easily hydrolyzed by acid. Hemicellulose is very
ydrophilic, soluble in alkali and easily hydrolyzed in acids. Lignin

s not hydrolyzed by acids, but soluble in hot alkali, readily oxidized
nd easily condensable with phenol (John et and Thomas, 2008). In
he second step of this paper, the husks were treated by 1 wt.% of
ilane dissolved in a water/ethanol mixture (30/70 w/w). This solu-
ion cannot dissolve cellulose, hemicelluloses and lignin, may be
nly remove the waxes from the surface of the husk. Therefore the
orphology of the husk surface and the chemical component of

usks did not change after a silane treatment. So that, the results of
his part are only focused on the modification of the husks surface
nergy of the moisture absorption and of the colour of the husks
fter silane treatments.

.2.1. FTIR analysis of silane treated husks
FTIR spectra of APS and GPS are presented in Fig. 7, both APS

nd GPS present three peaks at about 2975, 2945 and 2840 cm−1

hat are corresponding to C H symmetric and asymmetric stretch-
ng vibrations. The bands in the range 1000–1200 cm−1 (1167 and
080 cm−1 for APS and 1194 and 1087 cm−1 for GPS) are clearly
ttributed to Si O Si vibrations. The peaks at 957 cm−1 for APS
nd 910 cm−1 for GPS are assigned to silanol groups produced in
he silane hydrolysis (Lu et al., 2008). Finally the peaks at 790 cm−1

or APS and 822 cm−1 for GPS are related to stretching vibrations of
he Si C bonds (Chun et al., 2012).

The spectrum of APS presents also a small peak at 3377 cm−1

evealing a C NH2 bond according to Threepopnatkul et al. (2009).
eak bands at 1560 and 1443 cm−1 are typical of the amine

roup that are strongly hydrogen bonded to the hydroxyl groups
f silanols in agreement with the study of Lu et al. (2008). Spec-
ra of silane treated rice and wheat husks are presented in Fig. 7b
nd c, respectively. As rice husk and wheat husk contain 14.5%

nd 6.6% respectively of silica (Table 4) it will hide bands assigned
o the stretching of the Si O Cellulose bands demonstrating that
reaction occurred between silane agents and the husk surface.
oreover the bands related to both silanes overlap with those of
husks so that characteristic peaks of APS and GPS could not be
detected by IR.

Wheat husk after silane treatment present a peak at 711 cm−1

for WA and WG and 708 cm−1 for WNA and WNG. This peak is also
higher sharper for WNA and WNG, it reveals that pre-treatment by
alkaline promote silanes react with the husks. The FTIR spectra of
RNA and RNG presented smalls peaks at 667 and 668 cm−1, these
peaks could be assigned to Si-C stretching.

3.2.2. Moisture absorption of silane treated husks
The influence of surface treatments on the moisture absorp-

tion of husks is showed in Fig. 8. In a previous paper on untreated
husks (Bergeret et al., 2013) it was shown that the higher the lignin
content the higher the hydrophobicity that explain the difference
between untreated rice and wheat husks. When husks were treated
by APS and GPS no change in the moisture absorption was observed
for wheat husks as a slight decrease for rice husks. After an alkaline
pre-treatment an increase in the moisture absorption was obtained.
This moisture absorption decreased when husks are treated with
silane agents. The silane treatments have more influence on wheat
husk than on rice husk. The decrease of moisture absorption of husk
after silane treatment may be explained by the chemical reaction
in Fig. 1. Indeed silanes react with the hydroxyl group on the glu-
cose units of the cellulose molecules in the husks cell-wall, so that
the ability absorption of husk is decreased. As wheat husk con-
tain more holocellulose than rice husk, and as alkaline treatment
removes more lignin and silica on the surface of wheat husk than
rice husk. A greater number of hydroxyl groups are present on the
wheat husk surface and then reaction the silanes are emphasized.

3.2.3. Surface energy of silane treated husks
Fig. 9 shows the influence of silanes treatment on the polar and

dispersive components of the surface energy of the husks. It can
be observed that silane treatment increased the dispersive com-
ponent (+31% for APS and +28% for GPS) of the surface energy of
wheat husk. As concerns rice husk just a slight increase (+3%) is
obtained for APS and a slight decrease (−4%) for GPS so that it
can be concluded that both silanes have negligible influence on
the dispersive component. Because of the low values of the polar
components it is difficult to conclude about their variations. As a
result, no variation in the surface energy is observed for rice husk
as an increase is given in evidence for wheat husk (+27% for APS
and +20% for GPS). The differences between rice and wheat husks
may be due to a greater number of hydroxyl groups present on
the wheat husk surface because of higher contents of lignin and
silica removed from the surface after the alkaline pre-treatment.
Differences between APS and GPS may be due to a more effective
reactivity of APS towards cellulose than GPS.

3.3. Properties of biocomposites

3.3.1. Mechanical properties
Table 5 shows the influence of different surface treatments on

the mechanical properties of PLA reinforced by rice husks and
Einkorn wheat husks.

The results show that the husks treated with only the NaOH
aqueous solution does not improve the flexural and tensile
strength (reduction by 50–60% and 35–40% for bending and tensile
strengths, respectively). Gomes et al. (2007) reported also that the
tensile strength of 10 wt% alkaline treated curaua fibres is much
lower than that of untreated fibres. This lost in strength after an

alkaline treatment may be due to a lower interfacial adhesion
between PLA and alkaline treated husks that can be confirmed by
the dispersive components of W5 and R5 that is less close from PLA
than W and R (Fig. 6).



Fig. 7. FTIR spectra of pure APS and GPS (a), untreated and silane treated wheat husk (b) and rice husk (c).
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Fig. 8. Moisture absorption of silane treated husks (20 ◦C, 65% R.H).
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Fig. 9. Surface energy and its polar and dispersive components of rice and wheat husks as a function of the silane treatment.

Table 5
Comparison of the mechanical properties of PLA reinforced by different treated husks. Values are calculated in % compared to values obtained for untreated husks (+ = increase,
− = decrease).

Bending modulus Bending strength Tensile strength

Wheat husk Rice husk Wheat husk Rice husk Wheat husk Rice husk

WN5/RN5 +6.4 +5.7 −58.4 −50.7 −36.0 −38.5
WA/RA +7.5 −3.9 +8.4 +8.4 −1.6 −6.5
WNA/RNA +8.0 −5.7 +20.1 +10.9 +9.7 +6.6

1.0
7.8

A
W
r
a
f
i
p
o
fi
a
b
i
b

s
v

WG/RG +8.0 −3.0 +1
WNG/RNG +7.7 −2.8 +1

Higher bending strengths are obtained for husks treated with
PS (+8.4% for both RA and WA husks) and GPS (+11% and +5.7% for
G and RG respectively) that confirms the occurring of interfacial

eaction such as those described in Fig. 9. As wheat husks contain
higher quantity of holocellulose than rice husks, a greater sur-

ace reactivity with silanes may be in agreement with the higher
ncrease obtained for wheat husks compared to rice husk. Opposite
henomena were observed by Huda et al. (2008). These authors
btained a decrease by 60% of the flexural strength of the PLA/kenaf
bres biocomposites with the addition 40 wt.% of kenaf fibres, but
n increase by 50% when kenaf fibres are treated by APS. The
ending modulus of biocomposites containing treated wheat husk

ncreases by about 7–8%, while those of treated rice husk decrease

y about 3–5% whatever the silane used.

It is worth noting that the combination of both alkaline and
ilane treatments gives the highest performances compared to indi-
idual treatments. It may be explained by the fact that, after the
+5.7 +1.8 −3.7
+10.5 +5.8 +4.7

alkaline treatment, the hydrogen bonding network within the cel-
lulose structure may be broken and the hydroxyl groups of cellulose
may become more active and therefore improve the hydrophilic of
the husks as well as their compatibility with the silane agents.

3.3.2. Thermal properties of biocomposites
The thermal stability of neat PLA and PLA reinforced with

untreated and treated husks was investigated by TGA. Results for
rice husks and wheat husks are similar, so that only the results
for rice husk are shown in Fig. 10. Thermal degradation of PLA
involved a single step degradation mechanism occurring at 360 ◦C.
Biocomposite with untreated rice husks shows a lower degradation
temperature (340 ◦C) than PLA due to a decrease of average molec-

ular weight of PLA when biocomposites are processed by extrusion
as shown in a previous study (Bergeret et al., 2013).

Thermal degradation temperatures of the biocomposites rein-
forced by silane treated husks (RA, RG) and by alkaline then



Fig. 10. Thermogravimetric curves of the neat PLA and biocomposites with
u

s
t
i
T
t
i
H
w
c
s
P
t
a
i

4

m
s
g
o

s
m
m

d
a
a
c
a
g
G

t
t
A
g
e

c
p

s

tensile properties of kenaf fibers treated with sodium hydroxide. Procedia Eng.
41, 1587–1592.

Ndazi, B.S., Karlsson, S., Tesha, J.V., Nyahumwa, C.W., 2007. Chemical and physical
ntreated and treated rice husk.

ilane treated husks (RNA, RNG) increase to about 354–357 ◦C. This
emperature is only slightly lower than that of neat PLA, and signif-
cantly higher than that of the biocomposite with untreated husks.
he chemical bond between PLA matrix and the husk could enhance
he interfacial adhesion and the thermal degradation temperature
ncreases consequently (Lee et and Wang, 2006; Yu et al., 2010).
owever, the thermal degradable temperature of the composites
ith alkaline treated rice husks (336 ◦C) is lower than that of the

omposites with silane treated husks. It may be indicated that the
tability of the interface bond between alkaline treated husks and
LA is less effective than that of the interface bond between silane
reated husks and PLA (Yu et al., 2010). This phenomenon is in
greement with the loss of mechanical properties of biocomposites
n Section 3.3.1.

. Conclusion

Different surface treaments including alkaline treat-
ents with NaOH solutions at different concentrations and

ilane agents (�-aminopropyltriethoxysilane (APS) and �-
lycidoxypropyltrimethoxysilane (GPS)) on the characteristics
f rice and wheat husks were investigated.

It is observed that alkaline treatments dissolved wax, lignin and
ilica. Husks after alkaline treatments have a higher sensitivity to
oisture, and lower surface energies. Nevertheless alkaline treat-
ents did not improve the mechanical properties of biocomposites.
When husks are treated with silane agents, results show a

ecrease in the moisture absorption compared to untreated and
lkaline treated husks. An increase in the energy surface of husks
nd in the mechanical properties and the thermal stability of bio-
omposites were obtained. Better results were obtained with APS
gent compared to GPS agent because of a higher reactivity, the
roup amine of APS shows more effect on PLA than group epoxy of
PS.

When silane treatments are combined with an alkaline pre-
reatment, biocomposites have higher mechanical properties and
hermal stability than biocomposites with only silane treated.
lkali treatment cleans the surface of husk and active the hydroxyl
roups. These active hydroxyl groups react with the silanes more
asily than the hydroxyl group on the surface of untreated husks.

It is also given in evidence that wheat husks (with higher
ellulose content) lead to better performances when they are incor-
orated within PLA than rice husks.
The future works may be focus on the influence of the treatment
urface on the aged resistance of biocomposite.
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