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Abstract The present manuscript has been focused
on the extraction of cellulose from rice husk through a
multi-step process. Three consecutive steps have been
performed in order to separate impurities, hemicellu-
lose, lignin and silica and thus to obtain pure cellulose.
The crystallinity and morphology of the extracted
cellulose have been investigated by using X-ray
diffraction and scanning electron microscopy. Subse-
quently, poly(lactic acid) (PLA) bio-composites with
different filler contents (namely, 5, 10, 20 and
30 wt%) have been prepared by melt-blending. The
thermal and mechanical properties of the resulting bio-
composites have been investigated and correlated with
the observed morphologies. In spite of a broad
micrometric distribution of the cellulose particle size,
the mechanical properties turned out to be strongly
improved as well as the oxygen permeability proper-
ties have proven to be reduced. These data have been
compared with those of analogous compounds con-
taining a commercial cellulose; the collected results
have shown that similar mechanical properties have
been found using both celluloses. Finally, this work
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has also demonstrated that an industrial waste as rice
husk can be recycled for conferring enhanced final
properties to PLA.
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Introduction

Rice husk (RH) is an agricultural by-product material
abundantly available in the world: Food and Agricul-
ture Organization (FAO, report 2012) have estimated
about 150 million tons in 2012. Indeed, RH has been
already employed in different fields: as bio-fertilizer,
as material for animal husbandry and absorbent
material or pest control agent (Prasad and Pandey
2012). In addition, RH can be also used as a renewable
fuel in cogenerating plants, considering its high
calorific value (4,012 kcal/kg) (Tsai et al. 2007).
Indeed, during its combustion, about 20-25 wt% of
rice husk ash (RHA), containing more than 90 % silica
with traces of other metal oxides, is produced (Patel
etal. 1987). Such powder can be used as component in
refractory bricks, as steel additive, as cement partial
replacement (Prasad and Pandey 2012). In particular,
Ashori et al. have investigated the effect of RHA as
partial replacement of Portland cement (Torkaman
et al. 2014) or as pozzolanic material (Hamzeh et al.
2013) or as filler for polymeric matrix (Nourbakhsh
et al. 2011).
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However, RH is often considered a waste product of
the rice milling, and thus burned in air or dumped on
wasteland. Therefore, many attempts have been car-
ried out in order to find alternative and possible uses
for RH, considering its abundance, composition and
cheap cost. Indeed, RH is rich of cellulose (~40 %),
hemicellulose (~30 %), lignin (~ 10 %) and silica
(~20 %) (Hessien et al. 2009); hence, RH can be
considered the most available cellulose source from
agricultural crop residues in the world. As a conse-
quence, several researchers have studied and opti-
mized the extraction process of cellulose (Siré and
Plackett 2010), also from RH (Johar et al. 2012) and
rice straw (Lu and Hsieh 2012). Unfortunately, this
material has not been yet employed for preparing bio-
based composites by melt-blending, although many
studies published in the literature have shown that
cellulose may confer a general improvement of
poly(lactic acid) properties (Battegazzore et al. 2013
and references quoted in, Kalia et al. 2011).

Thus, novelty of the present manuscript is the use of
cellulose derived from RH for preparing bio-compos-
ites by melt-blending. In doing so, an industrial waste
from the agricultural field has been recycled for
conferring enhanced final properties to PLA. The
achieved properties turned out to be comparable with
those observed with a synthetic cellulose, but with the
great advantage that in our study a waste has been
recycled.

Experimental part
Materials

Poly(lactic acid)—PLA—(3251D grade, MFI = 80 g/
10 min at 210 °C under 2.16 kg) was purchased from
NatureWorks LLC, and rice husk as by-products was
kindly supplied by S.P. S.p.A., respectively. H,SO,,
KOH, NaClO, and CH3COOH (reagent grade) were
purchased from Sigma-Aldrich.

Extraction of cellulose from RH

In a typical experiment, 150 g of milled RH were
placed in 1,000 g of distilled water and 39 g of H,SO4
under stirring at 90 °C for 2 h in order to hydrolyze
hemicellulose and to remove impurities, as reported by
Krishnarao et al. (2001). The solid residue was
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separated by filtration and purified in deionized water.
Subsequently, in order to extract silica, such residue
was further treated with 1,000 g of distilled water and
50 g of KOH under stirring at 90 °C for 2 h. Once
again, the solid residue was filtrated and purified.
During the third step, an aqueous solution of NaClO,
(30 gin 1,000 g of water) was used in order to remove
amorphous cellulose and lignin; the pH was arranged
to 4.5, employing CH;COOH. Then, the solution was
heated at 75 °C and maintained under stirring for 4 h.
The final residue was further washed with deionized
water and dried to obtain 26 % of cellulose (C) yield.
Figure 1 shows a schematic representation of the
extraction procedure described above.

Preparation of PLA/cellulose-based bio-
composites

PLA and cellulose were dried at 80 °C in a vacuum
convection oven for 5 and 12 h respectively. Subse-
quently, PLA-based composites with different cellu-
lose contents (namely, 5, 10, 20 and 30 wt%) were
prepared by melt-blending, using a co-rotating twin
screw micro extruder DSM Xplore 15 ml Microcom-
pounder. Residence time was fixed at 5 min for all
runs. To prevent PLA degradation, a N, purge flow
was used during processing. The screw speed was
fixed at 60 and 100 rpm for feed and melt mixing,
respectively. Heating temperature was set at 180 °C.
Hereafter, the samples have been coded on the basis of
the nominal compositions: as an example, PLASC
refers to composite nominally loaded with 5 wt% of
cellulose.

Pellets obtained by extrusion were dried at 80 °C for
6 h in a vacuum convection oven, before the prepara-
tion of suitable specimens for dynamic-mechanical
thermal analysis (DMTA) and oxygen permeability
tests (OP). These specimens (60 x 60 x 1 mm? and
100 x 100 x 0.2 mm® for DMTA and OP, respec-
tively) were prepared by using a hot compression
molding press at 180 °C for 3 min (pressure of 5 MPa).

Characterization techniques

The chemical structure of RH and cellulose was
evaluated by Attenuated Total Reflectance (ATR)
coupled with infrared spectroscopy (FTIR). ATR
spectra were recorded at room temperature in the
range 4,000-600 cm™! (16 scans and 4 cm™!
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Fig. 1 Schematic representation of the cellulose extraction from RH

resolution), using a Perkin-Elmer Frontier FT-IR/FIR
spectrophotometer, equipped with a diamond crystal.

X-ray diffraction (XRD) analyses were performed on
30 x 30 x 0.5 mm® samples with a Philips X’Pert-
MPD diffractometer (Cu-K, radiation, k = 1.540562
A; step size: 0.02°; step time: 2 s).

The surface morphology of the extracted cellulose
and prepared bio-composites was studied using a
LEO-1450VP Scanning Electron Microscope—
SEM—(beam voltage: 20 kV). The samples were
obtained fracturing 1 mm thick films in liquid nitrogen
(5 x 1 mm?). These pieces were pinned up to con-
ductive adhesive tapes and gold-metallized. Cellulose
powder was metallized with gold, as well. The
morphological observations were completed by opti-
cal microscopy (OM), using a Nikon Eclipse LV100D
instrument in transmission mode.

Thermogravimetric Analysis (TGA) was per-
formed placing samples (ca. 10 mg) in open alumina
pans, by using a Q500 TA Instruments analyser, from
50 to 800 °C at 10 °C/min with a nitrogen or air flow
of 60 ml/min.

Differential Scanning Calorimetry (DSC) analyses
were performed on 8 mg samples using a Q20 TA
Instruments analyser, with a double cycle of heating
from 0 to 200 °C at 10 °C/min, separated by a single
cooling cycle at 10 °C/min. The glass transition
temperature (T,), crystallization temperature (T.),
cold crystallization temperature (T..), melting tem-
perature (T,) and melting enthalpy (4H,,) were
determined from the second heating scan. The

crystallinity (y) of PLA and bio-composites was
evaluated following Eq. (1).

AH

AH;% " (1 _ %wlt(j)‘(i)ller)

* 100 (1)

where AH = AH,, (from second heating scan), AHY, is
the melting enthalpy of a 100 % crystalline polymer
matrix (93.0 J/g for PLA (Garlotta 2002 and Turner et al.
2004)) and %wt filler is the filler weight percentage.

DMTA were performed using a Q800 DMA (TA
Instruments) with tension film clamp. The experimen-
tal conditions were set: temperature range of
30-120 °C, heating rate of 3 °C/min, 1 Hz of fre-
quency, 0.05 % of deformation amplitude, strain-
controlled mode. All tests were made according to the
ISO 6721 standard.

The data collected by DMTA at 30 °C have been
employed to fit the modulus experimental value of
cellulose within PLA, using Voigt micro-mechanical
model, following Eq. (2).

E.= ¢mEm + (f)fEf (2)

where E., E,, and E; are composite, matrix and filler
moduli, respectively, and ¢, and ¢y the corresponding
volumetric fractions.

OP was measured at 23 °C and 65 % relative
humidity, by using a Multiperm ExtraSolution instru-
ment, with an initial conditioning time of 3 h. The end
of the test was established when the collected data
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reached an oxygen transmission rate (OTR) accuracy
of 0.5 %. The OP was calculated following Eq. (3).

volume O,
OTR =
area * day * pressure (3)

OP = OTR x film thickness

Results and discussion
Characterization of cellulose

As mentioned above, cellulose has been extracted
from RH through a multi-step process, and the
resulting powder has been characterized from the
chemical and morphological point of view, by using
ATR-FTIR, XRD and SEM.

Infrared spectroscopy provides suitable informa-
tion on the chemical structure of the original RH and
extracted cellulose. Figure 2 shows the ATR spectra
of RH and cellulose compared with that of a common
absorbent cotton.

As far as RH is concerned, numerous peaks are
visible (apart from the broad band of water between
3,750 and 2,800 crn*') attributable to its main compo-
nents: hemicellulose (1,732 cm™ ), lignin (1,542 cm™ )
and silica (1,063 and 800 cm™ ). The typical vibrations
of cellulose are hidden by the broad band at 1,063 cm™ !
as shown also by the shoulder located between 1,300 and
1,070 cm™! (Socrates 2001).

When cellulose is extracted from RH, the charac-
teristic bands of silica, hemicellulose and lignin
disappear; only the cellulose vibrations are still
detectable, as evidenced comparing the ATR spectra

1 absorbent
cotton

Absorbance [a.u.]

T T T T T T T M T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm'1]

Fig. 2 ATR spectra of RH, cellulose (C) and absorbent cotton
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of the extracted cellulose and absorbent cotton
(namely, v(OH) at 3,330, v(CH,) at 2,890, 6(OH) at
1,640, 3(CH,) at 1,430, 6(CH) at 1,370 and 1,315,
pyranose ring skeletal vibrations involving C-O and
C-C groups at 1,160, 1,050, 1,030 and 896, 5(OH) at
990 cm™") (Johar et al. 2012).

Pursuing our research, the crystallinity and mor-
phology of the extracted cellulose have been investi-
gated by using XRD and SEM, respectively. Indeed,
cellulose has a crystalline structure with respect to
hemicellulose and lignin, which are amorphous in
nature. More specifically, cellulose has a crystalline
structure due to the hydrogen bond interactions and
Van der Waals forces between adjacent macromole-
cules (Zhang and Lynd 2004).

Figure 3a reports the XRD pattern of the extracted
cellulose; four main peaks have been found at ca. 16°,
17°, 22° and 34°. It is difficult to discriminate if the
extracted cellulose can have a Io or If form: thus, 16°,
17°, 22° and 34° 20 could be ascribed to either (100),
(010), (110) and (11-4) or to (1-10), (110), (200) and
(004) of the cellulose Io or If patterns, according to
the literature (French 2013; Nishiyama et al. 2002 and
2003). However, it is reasonable to suppose that our
cellulose has a IP crystalline form due to its natural
origin, being derived from rice husk. Indeed, most
plants contain cellulose in If instead of o crystalline
form.

As far as the morphology of cellulose is concerned,
Fig. 3b shows that the extracted powder is character-
ized by the presence of regular fibers with a diameter
ranging between 2 and 5 pum, having a broad distri-
bution of lengths (from hundreds pm until several
mm). In addition, some structures of bundled fibers are
still detectable.

Characterization of PLA/cellulose-based bio-
composites

Morphological analysis

The morphology of the prepared bio-composites has
been investigated by optical and electron micros-
copies: in Fig. 4, two optical and two SEM magnifi-
cations of PLA loaded with 5 and 30 wt% are reported
as examples (4a, b for PLASC, 4c, d for PLA30C,
respectively). The extracted cellulose exhibits a
homogeneous distribution within the polymer matrix,
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Fig. 4 Optical and SEM magnifications of PLASC (a and b) and PLA30C (c and d)

regardless of its content and its broad micrometric detected, also at highest filler content (namely,
distribution of particle size. In addition, a good 30 wt%). Furthermore, optical microscopy has shown
adhesion between cellulose and PLA has been that the melt-blending process is capable to strongly
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reduce the fiber length as well as to de-bundle them,
favoring a finer dispersion.

Thermal properties

The thermal properties of the prepared bio-composites
have been investigated and compared with those of
pure PLA, by using TGA and DSC techniques.

The thermogravimetry have been mainly used to
establish the effect of cellulose content on PLA thermal
stability. Figure 5 reports the weight losses of cellulose-
based bio-composites in nitrogen (5a) and air (5b), as a
function of temperature (TG curves). The main thermal
degradation mechanism of PLA involves the alcohol-
ysis/acidolysis of polylactide ester groups (Bocchini
and Camino 2012): these reactions lead to the formation
of lactide and cyclic oligomers in the case of intra-
molecular arrangements, and to the formation of linear
oligomers when intermolecular reactions occur.

The presence of cellulose does not significantly
change the degradation mechanism of PLA in both
atmospheres, with the exception of a slight anticipa-
tion. Indeed, cellulose may act as initiator due to the
abundance of hydroxyl groups present in its structure
that can react with PLA ester groups. Furthermore, it is
noteworthy that the final residue of PLA in nitrogen
increases due to the filler presence. Higher cellulose
content, higher is the final residue in nitrogen. On the
other hand, in air, taking into account the thermal
degradation of pure cellulose, the curves of bio-
composites are superimpositions of pure PLA and
cellulose TG curves.

(a)100-
——PLA
—— C
80 —o— PLASC
—o—PLA10C
_ —— PLA20C
S ——PLA30C
=
o
(]
= 404
20
0 T T - ’T = T .‘
100 200 300 400 500 600

Temperature [°C]

Table 1 DSC data of PLA and cellulose-based bio-
composites
Sample T. T, Tee Tm AH, x
O (O (O (O g (%)
PLA — 61 - - - —
PLASC - 61 130 154 16.1 18
PLA10C - 61 127 154 21.3 25
PLA20C - 61 124 153 21.7 29
PLA30C - 61 118 151-156  20.3 31

The thermal analysis has been completed by DSC
measurements: Table 1 reports the collected data. As
already reported (Battegazzore et al. 2011; Fukushima
et al. 2009a, b), a semi-crystalline PLA is character-
ized by an unusual thermal behavior due to the absence
of crystallization during cooling, and the presence of
cold crystallization during heating, as well as splitting
of the melting temperature, sometimes.

Table 1 and Fig. 6 confirm that the addition of
cellulose does not induce PLA crystallization during
the cooling run (absence of T.) and does not signif-
icantly affect its T,. On the other hand, the presence of
cellulose (regardless of its content) induces a cold
crystallization phenomenon (see T.. values), not
observed in PLA, during heating run. In doing so,
cellulose-based composites have shown a T,,, due to
the melting of crystalline domains nucleated during
cold crystallization. As a result, in the adopted
experimental conditions, PLA composites have exhib-
ited a certain crystallinity degree, that can be assessed
following Eq. (1) (reported in the Experimental Part),

(b)1o0+,
——PLA
——C
80 —5— PLA5C
—o—PLA10C
_ —A—PLA20C
S —— PLA30C
=
k=)
(0]
< 40
20
0 T T T ‘ = “ 1
100 200 300 400 500 600

Temperature [°C]

Fig. 5 TG curves of PLA and cellulose/PLA bio-composites in nitrogen (a) and air (b)
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Fig. 6 DSC curves of PLA and cellulose-based bio-composites

and on the basis of the experimental values of AH,,
collected by DSC measurements. It is important to
highlight that the use of such equation is possible as
cellulose does not give any phenomena overlapping
with those of PLA in the adopted experimental
conditions.

From an overall consideration, higher cellulose
content, higher is the crystallinity of PLA compounds.
However, the amount of crystallinity developed in PLA
is strongly dependent on the cooling rate of the melt.

Mechanical properties

The mechanical properties of the prepared bio-com-
posites have been thoroughly investigated in order to

—_—
Q
N
(&

J

—0—PLA
—o—PLA5C
4- —o—PLA10C
E —A— PLA20C
o) —— PLA30C
2]
3
el
[e]
= 2]
(0]
(o]
©
[e]
» 11
O i

60

Temperature [°C]

(b

AE [%]

evaluate the effect of filler content on PLA storage
modulus in 30-120 °C range. In addition, the data
collected by DMTA at 30 °C have been employed to
fit the experimental value of cellulose modulus within
PLA, using Voigt micro-mechanical model. Figure 7a
reports the trend of the storage modulus (E’) as a
function of temperature and Table 2 summarizes the
collected data.

A general increase of E’ has been registered for all
bio-composites (Fig. 7a), revealing that the filler
modulus could be higher than that of PLA (Table 2),
as expected. It is noteworthy that bio-composites
exhibit higher storage moduli than that of pure PLA at
high temperatures (>100 °C), in accordance with the
percentage crystallinity increase found by DSC
(Table 1). For pure PLA and bio-composites, the
mechanical property collapse occurs at about 70 °C,
estimated as maximum of tand curve.

Pursuing our research, the assessment of cellulose
density and modulus has been carried out. To this aim,
Archimede’s law has been exploited (performing
weight measurements in air and water): a value of
1.48 and 1.25 g/cm’ has been found for cellulose and
pure PLA, respectively. Subsequently, the density
values already found have been used for calculating
the volumetric fractions (¢) required by Voigt micro-
mechanical model (Eq. 2). Indeed, such model can be
a useful tool for assessing the modulus of natural
fillers, like cellulose, as previously described (Batte-
gazzore et al. 2013). As result, E¢ value (calculated

) 501 o
40 L
O
30 u
204
O
|
104 | Bl PLA+extracted cellulose
O PLA+commercial cellulose
o 2 T T T T T 1
0,00 0,05 0,10 0,15 0,20 0,25 0,30
[@]

Fig. 7 Storage modulus of PLA and cellulose-based bio-composites (a) and modulus percent increase as a function of

cellulose content (b)
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Table 2 Storage modulus and percent increase of PLA and cellulose-based bio-composites

Sample PLA PLASC PLAI0C PLA20C PLA30C
E' at 30 °C (MPa) 3,050 3,330 3,450 3,980 4,280
AE'* (%) - +10 +13 +31 +41

*AE'= (E;JLA - Egio—composile> /E;>LA

using E, and E data from DMTA) was 8.0 GPa with a
maximum punctual error of 2.4 %.

In order to establish if the extracted cellulose
exhibits the same behavior of other celluloses in terms
of property improvements, the collected mechanical
data have been compared with those previously
published (Battegazzore et al. 2013), employing a
commercial cellulose. Figure 7b reports modulus
percent increase as a function of cellulose content
for both data. It is noteworthy that similar percent
improvements of the storage modulus have been
achieved employing both celluloses, at the same
content. It is reasonable that similar matrix/filler
interactions occur in both cases, regardless of cellulose
origin. Indeed, comparable aspect ratios (namely,
surface area and length) and adhesion levels have been
observed during the morphological analysis by SEM.

Oxygen barrier properties

The oxygen barrier properties of the prepared bio-
composites have been tested: Table 3 lists these data,
where the permeability (OP) was calculated following
the Eq. (3).

The collected data show that the oxygen perme-
ability of PLA is significantly affected by the presence
of cellulose and that OP decreases by cellulose content
increase. Such reduction may be partially due to the

Table 3 Oxygen permeability of PLA and cellulose-based
bio-composites

Sample  Thickness OTR [cc/(m?>  OP [cc mm/ o*
(mm) bar 24 h)] (m? bar 24 h)] (%)
PLA 0.185 86 15.9 -
PLASC  0.205 63 12.9 —-19
PLA10C 0.205 55 11.2 -29
PLA20C 0.215 42 9.1 —43
PLA30C 0.195 37 7.2 —55

*0= (OPbiufcomposite - OPPLA) /OPPLA

@ Springer

good adhesion between filler and matrix as well as to
the homogeneous distribution of filler within polymer
matrix (observed by optical microscopy and SEM,
Fig. 4). Indeed, the presence of cellulose can create a
tortuous path that slows down the progress of gas
molecules through the polymer matrix. This phenom-
enon can be ascribed to both the presence of cellulose
chains and to the crystalline domains induced and
favored by the filler. By this way, the bio-composites
turned out to be less permeable to the oxygen diffusion
with respect to neat PLA. Finally, it is important to
highlight that the permeability features of cellulose-
based composites is affected by the crystallinity of the
tested film. Indeed, this latter cannot be considered the
same assessed by DSC, as the specimens for OP test
were prepared by compression molding, during which
the cooling rate is not so strictly controlled as well as
in the DSC experiments.

Conclusions

In the present study, bio-composites consisting of
poly(lactic acid) and cellulose derived from rice husk
have been prepared by melt-blending. The effect of
different filler contents has been investigated on the
thermal, mechanical and oxygen barrier properties of
PLA. The collected data by DMTA have shown that
the presence of cellulose has induced a significant
improvement of the mechanical properties (depending
on filler content) as well as a slight reduction of the
oxygen permeability of PLA.

The most interesting aspect of this work is that
similar mechanical and oxygen permeability proper-
ties have been achieved (without affecting the thermal
stability of PLA), employing both commercial cellu-
lose and cellulose derived from rice husk; but above
all, an industrial waste has been recycled for confer-
ring enhanced final properties to PLA. Indeed, as
already mentioned, rice husk is often considered a
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waste product of the rice milling, and thus burned in
air or dumped on wasteland.
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