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ABSTRACT: Fibers from renewable resources are gaining
interest for use as fillers in hybrid composite materials.
Particularly waste material such as sugar cane bagasse offer
large availability, biodegradability, and low cost. Influence
of single components on composite material properties is an
important parameter to be evaluated. Composites of poly-
(vinyl alcohol) (PVA) at 88 and 98% saponification degrees
and sugar cane bagasse (B) were prepared by casting water
suspensions of the components and characterized for their
dynamic mechanical behavior. The storage modulus below
and above the glass transition and the shape of the relax-

ation process are strongly influenced by the amount of B.
Good adhesion was observed at the lignocellulosic fiber—
synthetic polymer interface. Urea and glycerol are able to
plastify the PVA/B composites thus giving rise to a decrease
of the glass transition temperature and to a widening of the
glass transition temperature gap.© 2004 Wiley Periodicals, Inc.
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INTRODUCTION

Thermoplastic composites based on synthetic poly-
mers and various amounts of organic fillers from re-
newable resources are very interesting as low environ-
mental impact materials." The need for economically
feasible degradable products, which do not adversely
affect the environment upon disposal, has intensified
the attention for alternate sources of raw material
plastic items. Raw material availability and produc-
tion cost are a limiting factor for the introduction into
the market of new plastic items, which have to com-
pete with low cost commodity items based on rela-
tively cheap polymeric materials such as poly(ethyl-
ene) or poly(vinyl chloride); the research interest has
moved toward inexpensive materials, such as agricul-
ture by-products with non-food industry competi-
tion.”” Not only does production of such composites
allow for the use of natural, ecocompatible, and even-
tually biodegradable materials, but it also revalues
by-products bound to become waste. In Brazil 50% of
sugar cane production (311 Mt/y) is used for ethanol
production, and these volumes are expected to in-
crease further in the future.> Successful blending of
synthetic polymers with starch or lignocellulosic ma-
terials depends on matching the structural properties
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and interaction characteristics of the polymeric com-
ponents. Breaking the inter- and intrachain hydrogen
bonds of natural polymers to establish new interac-
tions between the natural polymer and the added
synthetic polymer is one possible approach. Indeed,
the hydrophilic character of the fillers makes difficult
their blending with hydrophobic polymers unless
compatibilizing agents are added.®” However, this
approach often is too expensive and production pro-
cedures become rather complicated. In this respect,
poly(vinyl alcohol) (PVA) can be selected as the syn-
thetic component because hydroxyl and carboxyl
groups are suitable for hydrogen bonding, thus result-
ing in a good compatibility with natural heterofunc-
tional fillers. In addition, PVA is water soluble, thus
allowing for film productions by casting of water sus-
pensions of the components. In the past, PVA and
starch films were prepared by casting and melt blow
extrusion®'! and the resulting products were suitable
for use as agricultural mulch films and water-soluble
laundry bags.'” In addition, PVA and cellulosic mate-
rials presented good miscibility in casting films prob-
ably because of their mutual capability to form strong
intra- and intermolecular hydrogen bonds." Intermo-
lecular interactions were also observed in PVA and
B-chitin composites'* as well as in PVA and chitosan
or pectin composites."

As a part of our continuing research program aimed
at the preparation and evaluation of environmentally
degradable polymers for various applications in agri-
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cultural practices, with specific reference to the in situ
formulation of self-fertilizing mulching films, we con-
sidered the possibility of producing degradable films
based on PVA and lignocellulosic fillers by casting or
spraying water suspensions of the polymeric compo-
nents.'® Sugar cane bagasse (B) presence in PVA-based
water suspensions showed enhanced PVA soil struc-
turing effect and time of duration of the treatment
applied on the soil.'"” Moreover the presence of ligno-
cellulosic fillers in composites bound to degrade di-
rectly in the field provide the added value effect of
releasing the lignocellulosic in the soil, which will
convert to humic substances, with positive agronomic
effects. Mechanical properties of the PVA /lignocellu-
losics composites are related to the polymer/fiber ra-
tio and to the type and amount of plasticizers intro-
duced in the formulation."®

Thus studying the effect of a single component of
the hybrid composites on thermomechanical proper-
ties is an important tool to select formulations and to
understand component interactions.

In this paper, we report the thermomechanical be-
havior of composite based on PVA and B composites
as a function of the polymer/filler ratio and of the type
and amount of selected plasticizer. B is the exhausted
fiber left from crushing sugar cane to facilitate extrac-
tion of sugar juice. B is not a homogeneous material, it
is indeed constituted by fibers with a small fraction
characterized by a spherical shape.'” PVA is produced
by hydrolysis of poly(vinyl acetate) and commercially
different grades at different amounts of residual ace-
tate groups are available, which result in significant
property variations. In particular, the Young’s modu-
lus, the ultimate strength, and the glass transition
temperature depend on the hydrolysis degree. The
water solubility of PVA reaches its maximum at 87—
89% saponification degree.”® Further increase in the
hydrolysis degree results in an increased water resis-
tance because of the occurrence of higher levels of
intramolecular hydrogen bonding. Accordingly, in the
present study two different grades of PVA (hydrolysis
degree of 88 and 98%) were employed.

Since these composites should be employed as
mulching films for agriculture or horticulture applica-
tions, urea was introduced in the compositions as a
plasticizer and fertilizing agent. Consequently, the ef-
fect of urea and urea-glycerol content on the thermo-
mechanical properties of the composites was also eval-
uated.

METHODS
Materials

PVA Mowiol 08/88 (PVAS8S), having M,, 67 kDa and
88% degree of saponification, and Mowiol 10/98
(PVA98), having M,, 61 kDa and 98% degree of sa-
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TABLE I

Compositions of the Tested PVA/B Composite Films

PVA® B Urea Glycerol

Sample (wt-p) (wt-p) (wt-p) (wt-p)

PVA 100 0 — —
PB10 90 10 — —
PB30 70 30 — —
PB50 50 50 — —
PBU10 100 100 10 —
PBU30 100 100 30 —
PBUS50 100 100 50 —
PBGU10 100 100 10 10
PBGU30 100 100 30 30
PBGUS0 100 100 50 50

2 PVA was, respectively, Mowiol 08/88 and Mowiol 10/
98; wt-p, weight parts.

ponification, were purchased from Hoechst and used
as received. B was kindly supplied by Copersucar
(Brazil). Before use, fibers were thermally conditioned
in an oven at 50°C for 24 h and grinded with a blade
grinder. The resulting powder was sieved and the
fraction passing through a 70-mesh sieve (0.212 mm)
was collected and used in the preparations. B was
analyzed at the Faculty of Agriculture, University of
Pisa, and its composition was crude fibers 42.6%, cel-
lulose 29.2%, lignin 10.5%, crude protein 9.1%, fat
2.6%, and ash 6.0%. Reagent grade glycerol and urea
were purchased, respectively, from Baker and Carlo
Erba. They were used as received.

Preparation of the composites

Stock solutions of PVA with a concentration of 10.0%
by weight were prepared by dispersion of the polymer
in cold water and then by heating the dispersion un-
der vigorous stirring for 60 min at a temperature that
depends on the degree of saponification: 80°C for 88%
degree of saponification and 90°C for 98% degree of
saponification. The resulting PVA solutions remained
clear once cooled down at room temperature. The
PVA solutions were stored at 4°C before their use to
avoid bacterial attack. The composites were prepared
by sequential addition under stirring of PVA solution,
urea and/or glycerol, and B. Water was added to
obtain a 10% by weight of the overall concentration.
The resulting viscous brown suspension was stirred
for 1 h at 80°C. Water was added to compensate for
evaporation during the heating process. Compositions
of the prepared composites are reported in Table L.

Film preparation

Twenty grams of the water suspension prepared as
above was poured in an 8-cm-diam Teflonated plate.
The plate was left for 24 h at room temperature and
then heated in an oven at 50°C for 2 h and finally
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Figure 1 SEM micrograph (1500X) of sugar cane bagasse
(B) fibers.

cooled down to room temperature before removing
the formed films. Prior to testing, the samples were
stored for 7 days in a dessicator under 50% relative
humidity as generated by 45% H,S5O, (ASTM E 104-
85).

Dynamic mechanical analysis (DMA)

Rectangular 5 X 10 mm strips of cast films were ana-
lyzed by a Perkin-Elmer DMA-7 dynamic-mechanical
analyzer, employing extension geometry. In each set
of dynamic mechanical measurements, a 150% static-
to-dynamic stress ratio was chosen. Time-temperature
scans were recorded at 4°C/min heating rate and at 1
Hz frequency. Film thickness was determined by av-
eraging three measurements along the test length us-
ing a pocket thickness gauge from RS.

Scanning electron microscopy (SEM)

SEM inspections of PVA and B composites were car-
ried out by a Jeol T300 scanning electron microscope.
The film samples were prepared by critical point dry-
ing, sputtered with gold, and observed at 10 KeV.

RESULTS AND DISCUSSION

A SEM micrograph of sieved B fibers is shown in
Figure 1. Fiber diameter and length ranged from about
10-50 to 100-400 wm, respectively. Low density and
high volume-to-weight ratio of B strongly influenced
the mechanical properties of the prepared composites.
B was not able to form films by casting from water and
only a fibers aggregate was obtained.

By contrast, self-sustaining cast films were prepared
at different PVA /B weight ratios. In particular, three
compositions were employed: PVA/B = 90/10, 70/30,
and 50/50. The various composites were marked PBn
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where 7 is the % wt of B. Thickness of the cast films
increased progressively from 0.3 to 0.6 mm, with the
fibers content increasing from 10 (PB10) to 50% (PB50).
With a filler content of 10%, films were translucent but
became opaque above 30% of B. As the amount of B
increased, a substantial increase in brittleness and a
decrease of flexibility was observed. No appreciable
difference was detected between films prepared with
PVA at 88% (marked PVAS88) or 98% (marked PVA98)
degree of saponification whereas the films also con-
taining glycerol or urea appeared more flexible and
soft.

The trend of the storage modulus E’ of PVA88 and
PBn, as a function of the temperature, is shown in
Figure 2. A relaxation, centered at about 25°C and
corresponding to the glass transition of either PVA or
the PVA component of the blend, was observed for all
the samples. The glass transition temperature (Tg) of
the PVA was not substantially influenced by the
amount of B, although an increase of the Tg was
observed at compositions above 30% of B. Both the
values of the modulus below and above the transition
and the shape of the relaxation process were strongly
influenced by the amount of B. In particular, the stor-
age modulus increased above Tg and decreased below
Tg as the amount of B increased. A concomitant
spreading of the glass transition process was ob-
served. The modulus increase above the Tg with the
increasing content of B is probably due to the reinforc-
ing effect of B on PVA. This suggests a good compat-
ibility of PVA with B, in agreement with the SEM
picture of a fracture of PVA /B composites (Fig. 3) that
indicates a good adhesion at the lignocellulosic fiber—
synthetic polymer interface. Figure 4 illustrates the
temperature dependence of tand for PVA88 and PBn
films. Indeed, for sample PB30 the relaxation process
appears structured into two components that can be
tentatively attributed to the glass transition of the pure
PVA and to the transition of PVA interacting with
fibers. This second transition becomes the prevailing
one for sample PB50. A similar behavior was reported
for systems consisting of pectin and PVA.?'*?

The effect of urea was studied starting from a com-
position of 100 weight parts of B in 100 weight parts of
PVA (PB50) and progressively increasing the amount
of urea from 0 to 10, to 30, and to 50 weight parts to
give PBU10, PBU30, and PBU50 samples, respectively
(Table I). Figures 5 and 6 show the temperature vari-
ation of E’ and tand for the above samples.

A significant widening of the glass transition pro-
cess is observed for increasing amounts of urea. The
storage modulus decreased after Tg as the amount of
urea increased. This behavior is attributed to a plasti-
cizing action of urea on PVA /B composites. Thus Tg is
shifted by an increasing urea content from 53°C of
PB50 to 21°C of PBUS50.
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Figure 2 Temperature variation of storage modulus (1 Hz frequency) of PVA88/B composites containing 10 (PB10), 30

(PB30) and 50% by weight (PB50) of B.

The trend of the tand curve presents a progressive
widening with an increasing urea amount, particu-
larly for PBU30 and PBUS50. The tand curve of PBU50
presents a shoulder at about 10°C (Fig. 6). The ob-
served structuring of the transition suggests a certain
degree of heterogeneity in the urea distribution inside
these composites. The reported trends indicated that
urea was able to plastify the PVA/B blend, thus for
amounts of urea over 30 weight parts, heterogeneity is
observed.

Glycerol is a commonly used plasticizer for PVA
and for PVA composites with natural polymers. The

Figure 3 SEM micrograph (1500X) of the cold fracture of
PB50.

addition of equal amounts of urea and glycerol, lead-
ing to samples PBGUn, where n indicates the amount
of both urea and glycerol, produced a substantial de-
crease of the storage modulus, at temperatures above
the glass transition (Fig. 7) and an additional widening
of the transition process. Sample softening was also
observed shortly after Tg. Tg is shifted by increasing
urea/glycerol content from 53°C of PB50 to 16°C of
PBUGS0. The trend of the tand curve presents a pro-
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Figure 4 Temperature variation of tan 8 (1 Hz frequency)
of PVA88 and PBn composites containing 10 (PB10), 30
(PB30) and 50% by weight (PB50) of B.
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Figure 5 Temperature variation of storage modulus (1 Hz frequency) of 100:100 PVA88/B composites, containing 0 (PB50),

10 (PBU10), 30 (PBU30), 50 (PBU50) parts by weight of urea.

gressive widening with increasing of urea/glycerol
amount (Fig. 8). This effect is particularly stressed in
PBUGS50, which presents several shoulders and sug-
gests a certain degree of heterogeneity and loss of
cohesiveness for this sample.

A similar comparison was made for samples in
which PVA98 replaced PVAS8S. The addition of B at
the PVA98 matrix produced an increase in the storage
modulus at temperatures above the glass transition as

0.4
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Figure 6 Temperature variation of tan 8 (1 Hz frequency)
of 100:100 PVAS88/B composites, containing 0 (PB50), 10
(PBU10), 30 (PBU30), 50 (PBU50) parts by weight of urea.

observed for PVA88-based samples. Interestingly, at
temperatures below the glass transition, storage mod-
ulus increased for B content of 10 and 30%, from 3
X 10° Pa (PVA98) to 1 X 10° Pa (PB10, PB30), while for
50% of B (PB50), the storage modulus was similar to
PVA98. A parallel spreading of the glass transition
process with an increase of B percentage was ob-
served. This indicates an efficient reinforcing effect on
the PVA matrix by B, possibly due to the higher con-
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Figure 7 Temperature variation of storage modulus (1 Hz
frequency) of 100:100 PVA88/B composites, containing 0
(PB50), 10 (PBUG10), 30 (PBUG30), 50 (PBUGS50) parts by

weight of both urea and glycerol.
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Figure 8 Temperature variation of tan & (1 Hz frequency) of 100:100 PVA88/B composites, containing 0 (PB50), 10 (PBUG10),
30 (PBUG30), 50 (PBUGH50) parts by weight of both urea and glycerol.

tent of hydroxyl groups in PVA98. Similar to what
was observed for samples based on PVAS8S, the Tg
increased significantly just for PB50 (Table II) in the
absence of urea and glycerol.

The addition of urea in PVA/B composites pro-
duced a consistent decrease of the Tg (Table II) from
35°C of PB50 to 6°C of PBUS50. Interestingly, for
PVA98-based samples, the plasticizing effect of glyc-
erol was more consistent and Tg was additionally
lowered up to —40°C of PBUG50. With the addition of
urea and urea/glycerol a widening of the relaxation
process, qualitatively similar to that observed for
PVAS88 composites, was also observed.

CONCLUSION

Several water suspensions of PVA at 88 and 98%
degree of saponification and B were prepared to give,

TABLE 1I
Glass Transition Temperature of Composite Films Based
on PVAS88 and PVA98

Sample® Sample®
Type T, (°C) Type T, (°C)
PVAS88 26 PVA98 27
PB10 22 PB10 22
PB30 23 PB30 23
PB50 53 PB50 35
PBU10 49 PBU10 33
PBU30 32 PBU30 10
PBU50 21 PBU50 6
PBGU10 41 PBGU10 6
PBGU30 39 PBGU30 -9
PBGUS50 16 PBGUS50 —40

@ Sample based on PVASS.
P Sample based on PVA9S8.

by casting, composites whose dynamic mechanical be-
havior was investigated. The addition of glycerol and
urea in the formulations produced a significant effect
on the relaxation properties of the composites. The Tg
of both PVA samples was not substantially influenced
by the amount of B, although an increase in the Tg was
observed at B contents above 30%. However, the val-
ues of the modulus below and above the glass transi-
tion and the shape of the relaxation process were
strongly affected by the amount of B. In particular, the
storage modulus decreased below the Tg, for PVA88
composites, but increased for PVA98 composites upon
increase of the B content. In both cases, an increase of
the storage modulus was observed at temperatures
above the Tg. This indicates a good adhesion at the
lignocellulosic fiber-synthetic polymer interface as
confirmed also by SEM analysis of the composites. The
addition of urea and glycerol resulted in plastification
of the PVA/B composites, thus producing a decrease
of the Tg in the relevant cast composite laminates and
a widening of the relaxation process for both compos-
ites based on PVA88 and PVA9S.
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