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ABSTRACT: The aim of this work is the production of
new biodegradable nanocomposites from polylactide
(PLA), tetraethoxysilane (TEOS), and wood flour (WF) by
means of an in-situ sol-gel process and a melt blending
method. Characterizations of SiO,, PLA, and hybrids were
performed by FTIR, *Si solid-state NMR, XRD, DSC, TGA,
and SEM analyses. As the results, the SiO, can be well dis-
persed into the acrylic acid grafted polylactide (PLA-g-AA)
in nanoscale sizes since the TEOS is partially compatible
with PLA-g-AA and allows PLA-g-AA chains intercalating
into SiO; layers. 2Gj solid-state NMR analysis showed that
Si atoms coordinated around SiO4 units were predomi-
nantly Q; and Q4 The PLA-g-AA/SiO, hybrid demon-
strates dramatic enhancement in thermal and mechanical

properties of PLA; for example, 80°C and 20 MPa increases
in IDT and TS with the addition of 10 wt % SiO, due to
the formation of Si—O—C bond, and the nanoscale disper-
sion of silicate layers in the polymer matrix. On the basis
of the consideration of thermal and mechanical properties,
it is also found that 10 wt % of SiO, content is optimal for
preparation of PLA-g-AA/SiO, nanocomposites. The bio-
degradable nanocomposites produced from our laboratory
can provide a plateau tensile strength at break when the
WF content is up to 50 wt %. © 2008 Wiley Periodicals, Inc.
] Appl Polym Sci 109: 21282138, 2008
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INTRODUCTION

The nonrenewable of most plastics has caused many
environmental problems associated with their dis-
posal. Recycling is an environmentally attractive so-
lution but only a minor portion of plastics is recycla-
ble and most end up in municipal burial sites,
thereby leading the increasingly difficult problem of
finding available landfill areas. Hence, there is an
increased interest in production and use of biode-
gradable polymers. The main strategies to address
these problems are utilization of polymeric materials
from renewable sources [e.g. wood flour (WE),
starch, cellulose, and chitin] and development of bio-
degradable polymeric materials [e.g. polylactide
(PLA), poly(3-caprolactone) (PCL), poly(glycolic
acid) (PGA), and poly(3-hydroxybutyrate) (PHB)].'™

In the past decades, blending of plastic materials
with low cost and natural biopolymers to increase
the biodegradability of original polymers has
received a considerable industrial and academic in-
terest.°'! This is due to the advantage that these bio-
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polymers are abundant, inexpensive, renewable, and
fully biodegradable natural raw materials. It is now
possible to prepare polymer/ceramic hybrids via
molecular-level manipulation using a sol-gel process
to create novel materials.'*® The promise of these
new hybrid materials is a controllable combination
of benefits of polymers (e.g. flexibility, toughness,
and easy processing) and ceramics (e.g. hardness,
durability, and thermal stability). Examples of or-
ganic polymers used in the sol-gel process include
elastomers, glassy polymers, and semicrystalline poly-
mers.”! Ceramic precursors usually involve organo-
metallic compounds [M(OC,,Hy,+1),, where M = Sj,
Sn, Ti, Zr, Al, etc.], and the most common one is tet-
raethoxysilane (TEOS).*** Via the sol-gel process,
organometallic compounds may be hydrolyzed to
liberate terminal hydroxyl groups and then subse-
quently condense with each other to form metal-
oxygen-metal bridging units.

In this study, we attempt to blend PLA with WF
and ceramics to lower the cost and to enhance me-
chanical properties of PLA. The purpose of this article
is devoted to prepare biodegradable PLA/SiO,/WF
nanocomposites by the simple melt blending method
to mitigate the disadvantages of PLA. It is well known
that homogeneous dispersion of the hydrophilic SiO,
in the hydrophobic PLA matrix does not occur
because there is no polar group in the backbone of bio-
polymer. Therefore, the acrylic acid grafted PLA
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(PLA-g-AA) was studied as an alternative to PLA. We
predict that the PLA-g-AA/SiO,/WF hybrid could
obviously improve properties of the PLA/SiO,/WF
hybrid since hydrogen bonds may arise from the basic
group of the hydrogen acceptor in the PLA-g-AA and
the covalent bonds may result from dehydration of
—OH groups in the polymer and the residual silica
bonded in the silica network. The conclusions are
based on a combination of fourier transform infrared
(FTIR) spectrophotometer, *’Si solid-state nuclear
magnetic resonance (NMR) spectrophotometer, scan-
ning electron microscope (SEM), and X-ray diffrac-
tometer (XRD). Moreover, the thermal and mechanical
properties of hybrids were also examined with differ-
ential scanning calorimetry (DSC), thermogravimetry
analyzer (TGA), and Instron mechanical tester.

EXPERIMENTAL
Materials

PLA was used as supplied by Cargill-Dow, and is
composed of 95% L-lactide and 5% meso-lactide.
Acrylic acid (AA), supplied by Aldrich, was purified
by extraction from acetone before use. Benzoyl perox-
ide (BPO), used as an initiator, was purified by disso-
lution in chloroform and reprecipitation with metha-
nol. WE, supplied by Zell Wildshausen GMBH, was
Celluflex. The grain size distribution of WF is 100%
finer than 250 um, 87% finer than 100 pm, and 37%
finer than 50 pm. The moisture content and the appa-
rent density of WF are (8 = 2)% and 0.10-0.12 g/cm?,
respectively. Tetraethoxysilane (TEOS; Aldrich Chem-
ical Co., Milwaukee, WI) was of reagent grade and
was used as received. Other reagents were purified by
the conventional methods. The PLA-¢g-AA copolymer
was constructed in our laboratory as described below.

Samples preparation
PLA-g-AA copolymer

Grafting reaction of AA onto molten PLA was per-
formed by using xylene as an interface agent and
BPO as an initiator under a nitrogen atmosphere at
(85 = 2)°C. The reaction lasted for 6 h with a rotor
speed of 60 rpm. The grafting percentage was deter-
mined by a titration method and the result showed
that it was about 5.96 wt % when BPO and AA load-
ings were kept at 0.3 wt % and 10 wt %, respec-
tively. More information about grafting reaction of
AA can be referred to our previous work.**

Preparation of hybrids from PLA, PLA-g-AA,
Si0,, and WF

A mixture, called “Sol A,” was prepared by dissolv-
ing a stoichiometric amount (shown in Table I) of
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TABLE I
Compositions of Various Sol-Gel Liquid Solutions for
Preparation of Hybrid Materials

Si0, (Wt %)

Compositions 3 7 10 13 16
Polymer (g)® 3852 3401 30.77 2858 2626
Sol A

TEOS (g) 413 881 11.89 1465 16.96

THE (g) 4.13 881 11.89 1465 16.96

[HC1]/[TEOS]® 0.01 0.01 0.01 0.01 0.01

[H,O]/[TEOS]® 22 2.2 22 2.2 22

a Polymer is PLA, PLA-g-AA, PLA+WEF, or PLA-g-
AA+WF.
® The mole ratio of HCl and H,O to TEOS.

TEOS, H,O, and HCI (as the catalyst) in THF and
then stirring it at room temperature for 30 min to
obtain a homogeneous solution. According to Table
I, a predetermined amount of PLA, PLA-g-AA,
PLA+WF, or PLA-g-AA+WF was put into a
Brabender “Plastograph” 200Nm Mixer W50EHT
instrument with a blade type rotor set at 50 rpm, and
at a temperature of 190-200°C. When the polymer
had melted completely, Sol A was added and the
sol-gel process was allowed to proceed for 20 min.
Prior to characterization, each sample was dried at
105°C in a vacuum oven for 3 days to remove resid-
ual solvents. Hybrid products were pressed into thin
plates using a hot press at 190°C and then put into a
dryer for cooling, after which they were made into
standard specimens for characterization.

Characterizations of hybrids
FTIR analysis

Using thin film samples of the hybrid product, graft-
ing of AA onto PLA was investigated using an FTIR
spectrophotometer (BIO-RAD FTS-7PC type). The
incorporation of the silicate phase into hybrids, to
such an extent that Si—O—Si and Si—O—C bonds
were formed, was also verified via the FTIR analysis.

#Si solid-state NMR analysis

*Si NMR spectra were recorded on a Bruker MSL-
400 NMR spectrometer, using a standard double air
bearing cross polarization/magic angle spinning
probe, operated at a frequency of 79.5 MHz for *°Si.
Samples were loaded into 4-mm fused zirconia tubes
and sealed with Kel-F™ caps. Spectra were obtained
at a spinning rate of about 4700 Hz, with other con-
ditions as proposed by Young et al.>® The *’Si solid-
state NMR spectrum was used to study the degree
of molecular connectivity of the silicate phase.

Journal of Applied Polymer Science DOI 10.1002/app
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XRD analysis

Structural changes in the hybrids were investigated
by comparison of X-ray diffraction data obtained
from PLA, PLA-g-AA, and hybrids, recorded with a
Rigaku D/max 3V XRD, using Cu-Ka radiation at a
scanning rate of 2°/min.

DSC analysis

The glass transition temperatures (Ty) of samples
with sizes ranging from 4 to 6 mg were determined
using a TA Instrument 2010 DSC system, in which
the melting curves were taken between —30 and
250°C, with a heating rate of 10°C/min.

TGA analysis

A TGA (TA Instrument 2010 TGA) was used to
assess whether organic-inorganic phase interactions
influenced the thermal degradation of hybrids. Sam-
ples were placed in alumina crucibles and tested
with a thermal ramp over a temperature range of
30-600°C, at a heating rate of 20°C/min, after which
their initial decomposition temperature (IDT) was
obtained.

SEM analysis

A SEM (Hitachi microscope Model S-1400, Japan)
was used to study the morphology of hybrids and to
measure the WF phase size in polymers. Before the
tests, the hybrid was prepared in a thin film by a
hydrolytic press and then the film was treated with
hot water in 80°C for 24 h. Afterward, the film was
coated with gold and observed by SEM.

Mechanical testing

The Instron mechanical tester (Model LLOYD, LR5K
type) was used to measure the tensile strength and
the elongation at break according to the ASTM D638
method. The films of testing samples, which were
conditioned at (50 * 5)% relative humidity for 24 h
prior to the measurements, were prepared in a
hydrolytic press at 190°C and then the measure-
ments were done using a 20 mm/min crosshead
speed. Five measurements were performed for each
sample and the results were averaged to obtain a
mean value.

RESULTS AND DISCUSSION
Infrared and *°Si solid-state NMR spectroscopy

Figure 1(A-D) shows the FTIR spectra of PLA, PLA-
g-AA, PLA/SiO; (10 wt %), and PLA-¢g-AA/SiO, (10
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Figure 1 FTIR spectra for (A) pure PLA, (B) PLA-g-AA,
(C) PLA/SIO; (10 wt %), and (D) PLA-g-AA/SiO, (10 wt %).

wt %), respectively. It can be seen that all character-
istic peaks of PLA at 2800-3000 cm ™' appear in four
polymers.”**” The spectrum of PLA-g-AA [Fig. 1(B)]
also indicates a broad O—H stretching absorbance at
about 3000-3600 cm ', absent in the PLA spectrum
[Fig. 1(A)]. Similar results have been reported else-
where.***® The PLA-g-AA/SiO, hybrid also pro-
duced a broad O—H bond stretching at about
3000-3600 cm ™~ [Fig. 1(D)]. This is due to the forma-
tion of hetero-associated hydrogen bonds between
carboxylic acid groups of PLA-g-AA and the silica
bonded group.”

New peaks, at about 3000-3600, 1000-1800, 900-
1000, and 800-900 cm ™!, appeared in the FTIR spec-
trum of the PLA/SiO, (10 wt %) and PLA-g-AA/
5i0, (10 wt %) composite [Fig. 1(C,D)]. The broad
peak at about 3000-3600 cm ™' in spectra of PLA/
5i0, and PLA-g-AA/SiO; is due to the existence of
O—H groups (Si—OH) and the formation of hydro-
gen bonds, while peaks in the range 1200-700 cm ™'
indicate the SiO, phase. Peaks between 800 and
1800 cm ™! are the result of Si—O—Si (1082 cm ™)
and Si—OH (961 cm™ ') bonds. The coordinated
bond (5i—O—C, 846 cm 1) between PLA and SiO,
network is absent. Signature of network-forming in
the SiO, phase is a peak at around 823 cm™’, repre-
senting the symmetric vibration of Si—O—S5i groups
[(§5i—O—Si)sym]. Although the symmetric vibration
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of 5i—O—S©i is theoretically FTIR inactive, its pres-
ence is attributed to distortion of bonding symmetry
about the SiO, tetrahedral. The absorbance at 846
cm ™' is caused by a Si—O—C group, which may be
produced from the reaction between PLA-g-AA and
the silica bonded.'® Meanwhile, the Si—OH vibra-
tion absorbance (~961 cm™') is a measure of the
number of uncondensed silanol groups. Hence, the
relative absorbance of these two types of bands
(5i—O—*5i and Si—OH) allows an assessment of the
degree of crosslinking within incorporated silicon
oxide phases. The observed stretching vibration of
(5i—0—Si)a6ym (asymmetric) at 1000-1100 cm !
[Fig. 1(C,D)] represents condensation reactions
between Si—OH groups. Noticeably, the (Si—
O—Si)asym vibration consists of two components
arising from Si—O—Si groups in loops (~1082
cm ), indicated “cyclic” in Figure 1(C,D).*° Conse-
quently, a cyclic component absorbance magnitude
contributes to understanding the degree of molecu-
lar connectivity within the silicon oxide phase.

On the basis of above observations, it may be sup-
posed that the interfacial force between PLA matrix
and SiO, network is facilitated only by hydrogen
bonds. Comparing the spectra of PLA-g-AA and
PLA-g-AA/SiO, [Fig. 1(B,D)], it is found that there is
a peak at 1710 cm™ ", assigned to —C=0, in the for-
mer. In the latter, the peak at 1710 cm ™' was shifted
to 1733 cm ™! due to the formation of ester groups
through the reaction between carboxylic acid groups
of PLA-g-AA and Si—OH groups of SiO, net-
work.'?" The absorbance of free Si—OH groups
appeared at a region, about 961 cm ™' in Figure 1(D)
(labeled as isolated or free hydroxyl groups).

To better understand the hydrogen-bonding inter-
action between PLA-g-AA matrix and SiO, network,
FTIR spectra of PLA-g-AA copolymer and PLA-g-
AA/SiO, hybrids with different amounts of SiO,
were expanded in the limited range of 3000-3600
cm ! (Fig. 2). For the PLA-¢g-AA copolymer [Fig.
2(A)], the hydroxyl-stretching band appears as a
strong broad band centered at 3288 cm . For PLA-
g-AA/SiO, hybrids [Fig. 2(B-D)], the vibration band
broadened with an increment of SiO, content and it
was shifted to 3243, 3195, and 3156 cm ! for 3, 10,
and 16 wt % SiO,, respectively. Above observations
demonstrate the existence of strong hetero-associ-
ated hydrogen bonds between carboxylic acid
groups of PLA-g-AA matrix and Si—OH groups of
SiO, network. In addition, because H-bonds
between —COOH groups are stronger than those
between —COOH and Si—OH groups, increasing
SiO, content shifts the wave number to a lower
value (lower stretching energy). As for the peak
broadening, this is attributed to the increasing
amount of —OH groups with an increase in SiO,
content.
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Figure 2 FTIR spectra in the limited range of 3000-3600
cm ! for (A) PLA-g-AA, (B) PLA-g-AA/SiO; (3 wt %), (C)
PLA-g-AA/SiO, (10 wt%), and (D) PLA-g-AA/SiO, (16
Wto/o).

#Si solid-state NMR spectra were used to study
the degree of molecular connectivity of silicate
phase. Peak assignments for different degrees of Si
atom substitution about the SiO, tetrahedral have
been discussed in earlier studies of organic/silica
hybrids.** Peaks are generally denoted by the sym-
bol Q, for the Si atom coordination state (RO)4_,
5i(OSi),, where R = H or an alkyl group. Each peak
is located within a range of chemical shifts relative to
Si(Me)y, as follows: Q; = —68 to —83 ppm, Q, = —74
to =93 ppm, Q3 = —91 to —101 ppm, and Q, = —106
to —120 ppm. Table II and Figure 3 display *Si
solid-state NMR spectra of PLA-g-AA/SiO, hybrids
containing 3, 10, and 16 wt % SiO,. It can be seen
that the chemical shift distribution consists almost
exclusively of Qs and Q, species, with Q, species
in evidence at higher SiO, content. This result
implied that the silica has reacted with the PLA-g-
AA copolymer in hybrids containing lower content
of SiO,. On the other hand, the appearance of Q, in
the spectrum indicates that silica introduced into the
hybrid is in excess. Table II also shows how the Q,
intensity increases with an increasing of SiO, content
above 10 wt %. This is because, at content above 10
wt %, silanol groups do not react with PLA-g-AA
but instead take part in a self-coordination reaction,
thus leading to an increase of Q,. It can also be seen
from Figure 3 and Table II that the intensity of Qs
increases but the intensity of Q. slightly decreases

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Relative Proportions of Q, in POE-g-AA/SiO, Hybrids

Relative proportions (%)

SiO, (wt %) Q> Qs Q4
3 0 37 63

7 0 41 59

10 0 46 54

13 2 49 49

16 4 52 46

with an increasing of SiO, content. This may indi-
cates that Q, transformed into Qs as the SiO, content
increased. The relative degree of Q3 and Q4 coordi-
nation states is in agreement with the structural
interpretation of the results and it might be inferred
that the degree of porosity is present since “porous”
silicate nanoparticles have a considerable degree of
intramolecular disconnection.'>*

To understand the effect of WF content on biode-
gradable hybrids, the FTIR spectrophotometer was
used to examine PLA/WF (30 wt %), PLA-g-AA/WF
(30 wt %), and PLA-g-AA/SiO, (7.7 wt %)/WE(30
wt %) and the results are illustrated in Figure 4(A-
C), respectively. In Figure 4, all the characteristic
peaks of PLA can be seen in the three polymers. It is
also found that a broad O—H bond stretching in
3000-3600 cm™' appears in the FTIR spectrum of
PLA/WEF (30 wt %) blend. For the case of PLA-g-
AA/WF (30 wt %), Figure 4(B), besides the common
peaks appear in the spectrum of PLA/WF (30 wt %)
blend, there is a new absorption peak (at about 1738
cm ™) corresponding to the ester carbonyl stretching

Q Qs Q4

(©) f/ ‘ ’f/

IIII'I'IIFTI'II!#I'

-90 -100 -110 -120

Chemical Shift (ppm)
Figure 3 *Si solid-state NMR spectra of PLA-g-AA/SiO,
hybrids with different silica contents: (A) 3 wt %, (B) 10
wt %, and (C) 16 wt %.
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Figure 4 FTIR spectra of (A) PLA/WF (30 wt %), (B)
PLA-g-AA/WF (30 wt %), (C) PLA-g-AA/SiO, (7.7 wt %)/
WF (30 wt %).

vibration in the copolymer. According to the result
proposed by our previous study,** there was an
absorption peak at 1735 cm ™! for the ester carbonyl
group. So, the appearance of this new absorption
peak at about 1738 cm ™' may be due to the forma-
tion of an ester carbonyl functional group from the
reaction between —OH groups of WF and —COOH
groups of PLA-g-AA. As the comparison between
FTIR spectra of PLA-g-AA/WF and PLA-g-AA/
5i0,/WF hybrids, Figure 4(B,C), it can be seen that
some extra peaks (1100-1000, 950-1000, and 800-850
cm ') appear in the spectrum of the latter one. As
discussed previously, those extra peaks are the con-
sequence due to the characteristic frequencies of
SiO, and the formation of Si—O—C bond.

Hybrid morphology

To prove the formation of nanocomposites and to
study the distribution and the phase size of WF in
the polymer matrix, the tensile fracture surface of
hybrids was examined by SEM. The SEM micropho-
tographs of PLA, PLA/SiO,, and PLA-g-AA/SiO,
are presented in Figure 5. From Figure 5(B), it can be
seen that the SiO, aggregates on the surface of PLA
since the silicate can be only dispersed physically in
the PLA matrix. Figure 5(C) shows that stacked sili-
cate layers can be exfoliated into nanometer-size
layers and uniformly dispersed in the PLA-g-AA
matrix. SEM microphotographs with magnification
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Figure 5 SEM micrographs of (A) pure PLA, (B) PLA/
5i0, (10 wt %), and (C) PLA-¢g-AA/SiO, (10 wt %).

of 600X for PLA/WF (30 wt %) and PLA-g-AA/SiO,
(7.7 wt %) /WF (30 wt %) are shown in Figure 6. Figure
6(A) shows that WF tends to agglomerate into bun-
dles and becomes unevenly distributed throughout
the PLA matrix. The bad dispersion of WF in the
PLA matrix is due to the wide difference in charac-
ter between the hydrophobic PLA and the hydro-
philic WE. The marker in Figure 6(A) also shows the
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poor wetting of WF when PLA/WF was used. The
reason for this is the large difference in the surface
energy between WF and the PLA matrix.** For the
PLA-g-AA/SiO; (7.7 wt %)/WEF(B0 wt %) blend, as
shown in Figure 6(B), there is a better dispersion
and homogeneity of the WF in the PLA-g-AA/SiO,
matrix. It can also be seen from Figure 6(B) that bet-
ter wetting is obtained since layers of the matrix ma-
terial have been pulled out together with the WF,
covering the entire WF. The reasons for this result
are the more similar character between the WF sur-
face and the PLA-g-AA/SiO, matrix, and the forma-
tion of Si—O—C bonds in the PLA-g-AA/SiO,
hybrid.

With different WF contents, the average pore di-
ameter, i.e. the phase size of WF, of fractured surface
of hybrids (PLA/WF, PLA-g-AA/WF and PLA-g-
AA/SiO,/WF) can be measured from their SEM
micrographs (not shown here) and summarized in
Table II. It is found that the phase size of WF
increases with an increasing content of WF and that
the PLA-g-AA/SiO,/WF hybrid has a smaller phase
size than other two. For instance, WF phase sizes of

Eym WDA5 . 9mm 15 .0k¥ n&0

EY”T WD16 .9mm 15 .0kV x600

Figure 6 SEM micrographs of (A) PLA/WF (30 wt %)
and (B) PLA-¢-AA/SiO, (7.7 wt %)/WF (30 wt %).

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
The WF Phase Size of PLA/WF, PLA-g-AA/WF, and
PLA-g-AA/SiO,/WF Hybrids at Different WF Contents

Phase size (um)
PLA-g-AA/SiO,

WE (wt %) PLA PLA-g-AA (10 wt %)
10 23+ 02 13+ 0.1 0.9 * 0.1
20 30 03 1.6 + 02 11+ 0.1
30 38 * 04 2.0 + 02 13 + 0.1
40 45+ 05 23+ 03 16 + 02
50 51+ 0.6 2.6 03 19 + 03

PLA/WF (30 wt %), PLA-g-AA/WF (30 wt %) and
PLA-g-AA/SiO;, (7.7 wt %)/WFB0 wt %) are 3.8 =
04, 20 = 0.2, and 1.3 = 0.1 pm, respectively. It is
realized that the large phase size of WF produced
suggests poor adhesion and compatibility between
WF and polymer matrix. So, the PLA-g-AA/SiO,/
WEF hybrid provided the best dispersion and homo-
geneity of WF in the polymer matrix.

X-ray diffraction

To further investigate crystalline structures of PLA,
PLA/SiO,, and PLA-g-AA/SiO,, X-ray diffraction
patterns at 10—45° (20) were examined. Similar to the
result obtained by Tsuiji et al.,* there are two peaks
at about 20 = 16.9° and 20 = 19.5° in the XRD pat-
tern of unmodified PLA [Fig. 7(A)]. A comparison
between XRD patterns of PLA and PLA/SiO,, Figure
7(A,B), it can be seen that a new peak at 20 = 40.6°
appears in the latter. One can assign the appearance

10 15 20 25 30 35 40
2 8 (degree)

Figure 7 X-ray diffraction patterns for (A) pure PLA, (B)
PLA/SiO; (10 wt %), and (C) PLA-g-AA/SiO, (10 wt %).
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of this new peak to the generation of a silanol func-
tional group in the silica network.”® As compared
with PLA/SiO,, the XRD pattern of PLA-g-AA/SiO,
[Fig. 7(C)] reveals an extra peak at 20 = 18.2°. This
new peak at 20 = 18.2°, which may be due to the
formation of an ester carbonyl functional group as
described in the discussion of FTIR analysis, was
also reported by Wu and Liao.”!

Thermal stability of hybrids (DSC and TGA tests)

Thermal properties of hybrids with various SiO,
contents were obtained via DSC and TGA tests, and
the results are given in Figures 8 and 9. The glass
transition temperature (Tg) of hybrid composites is
associated with a cooperative motion of long-chain
segments, which may be hindered by the SiO,.
Therefore, as expected, PLA-g-AA/SiO, recorded
higher glass transition temperatures than the PLA-g-
AA copolymer (Fig. 8). It may be suggested that the
enhancement in T, for PLA-g-AA/ SiO, hybrids is
due to the reason that the SiO, phase is able to form
chemical bonds on hydroxyl groups sites provided
by the carboxylic acid groups of PLA-g-AA. These
strong bonds are able to hinder the motion of the
polymer chains. It can be seen that the enhancement
on the T, is not marked for the SiO, content beyond
10 wt % This result might be due to the low-graft-
ing percentage (about 5.96 wt %) of the PLA-g-AA
copolymer since the increment of T, is dependent on
the number of functional groups in the copolymer
matrix to react with the hydroxyl groups in the
Si0,.%” With SiO, content above 10 wt %, they are

v
i L 1D) 16 weos Sion
5

§oor (T 0wt Si0z
L]

! 3 with Si0n
1

j |
\i
VA | (A0 wets §it
|
1

|
‘u

I T T T i T T T T
0 50 100 130 200

Temperature (°C)

Figure 8 DSC heating thermograms of PLA-g-AA and its
blends with different amounts of SiO,.
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Figure 9 TGA curves for PLA-g-AA and its blends with
different contents of SiO,.

dispersed physically in the polymer matrix. Such
excess SiO, might cause the separation between or-
ganic and inorganic phases and lower their compati-
bility, causing the enhancement on the T, value
became slightly. Figure 8 also shows the melting
temperature (T,,) decreases markedly with an
increasing of SiO, content up to 10 wt % and then
the effect is slight. The marked decrease in T,, of
PLA-g-AA/TiO; is probably due to the result of the
5i0, prohibiting the movement of the polymer seg-
ments, causing polymer chain arrangement to
become more difficult, and also due to the hydro-
philic character of SiO, leading to poor adhesion
with the hydrophobic PLA.

Table IV summarizes thermal properties (T,, T,
IDT, and AH,,) of PLA/SiO, and PLA-g-AA/SiO,
hybrids. As expected, PLA/SiO, and PLA-g-AA/
SiO, hybrids record higher glass transition tempera-
tures than pure PLA. It was also found that the
enhancement in T, for PLA-¢-AA/SiO, hybrids is
more significant than that for PLA/SiO, hybrids.
This is because Si—OH groups are able to form
chemical bonds on —COOH sites provided by the
carboxylic acid groups of PLA-g-AA/SiO,. These
bonds are stronger than the hydrogen bonds in
PLA/SiO, and therefore are able to hinder the
motion of the polymer chains. Table IV also shows
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how the melt temperature (T,) decreases with
increasing SiO, content for PLA/SiO,, whereas for
PLA-g-AA/SiO,, the lowest T,, occurred at 10 wt %
5iO,. Notably, T,, values for all PLA-g-AA/SiO,
hybrids are lower than their PLA/SiO, equivalents.
This lower melt temperature of PLA-g-AA/SiO,
makes it a more easily processed blend.

Table IV shows that the melt heat (AH,,) of pure
PLA was 38.2 * 0.8 J/g. The value of this parameter
increases with the crystal formation while it
decreases as the SiO, content increases. The decrease
in crystallization is probably caused by increased
difficulty in arranging the polymer chain because of
S5iO, prohibiting movement of the polymer seg-
ments. Another potential cause is the hydrophilic
character of SiO,, which would lead to poor adhe-
sion with the hydrophobic PLA. Table IV also shows
that AH,, decreases with increasing SiO, content for
PLA/SiO, and PLA-g-AA/SiO, hybrids. Addition-
ally, AH,, is about 2-6 J/g higher with PLA-g-AA in
the composite in place of PLA. Higher AH,, is
caused by the formation of the ester carbonyl
functional group from the reaction between the
—OH group of S5i—OH and the —COOH group of
PLA-g-AA.

In the present study, we used thermal gravity
analysis (TGA) to determine the effect of SiO, con-
tent on the weight loss of hybrids, and the result is
illustrated in Figure 9. Beside PLA-g-AA/SiO,
hybrids, TGA curves of PLA/SiO, hybrids were also
made (not shown here) and the detailed IDT values
of both hybrids are given in Table IV. It can be seen
from Table IV that the IDT value of PLA/SiO, and
PLA-g-AA/SiO, hybrids increases with an increasing
of SiO, content. The increase in IDT is probably
caused by the increased difficulty in arranging the
polymer chain, due to SiO, prohibiting movement of
the polymer segments. Another potential cause is
the character of SiO,, which would lead to condensa-
tion reaction adhesion with the PLA-g-AA. Ji et al.*®
studied the properties of poly(2-hydroxyethyl meth-
acrylate)/SiO, blends, reported similar phenomena.
For the PLA-g-AA/SiO, hybrid, the increment of
IDT is about 80°C for 10 wt % SiO, but the incre-
ment is only 27°C as the SiO, content is increased

TABLE IV
Thermal Properties of PLA/SiO, and PLA-g-AA/SiO, Hybrids
PLA/SIO, PLA-g-AA/SiO,
SiO, (wt%) T, (O T (°C) IDT (*C) AH,, (/8) T, (O T (°C) IDT (°C) AH,, (J/8)
0 57.8 160.5 273 382 £ 0.8 56.9 158.6 268 36.8 = 0.7
3 58.8 159.1 281 332+ 07 61.6 156.5 295 35.8 = 0.7
7 59.7 157.8 298 303 £ 0.5 64.2 154.6 320 339 = 0.6
10 61.5 156.3 315 26.1 £ 0.5 68.5 151.7 348 313 * 0.5
13 60.1 157.1 326 242 * 04 64.5 153.1 361 28.8 = 0.5
16 59.3 157.7 338 223 +* 0.3 62.2 154.4 375 269 + 0.4
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Figure 10 Representative stress-strain curve for PLA-g-
AA-based composites for a range of SiO, content.

from 10 wt % to 16 wt %. This result further con-
firmed that the optimal loading of SiO, is 10 wt %
because excess SiO, will cause separation of the
organic and inorganic phases and lowering their
compatibility.

In addition, the residual yields of the PLA-g-AA/
Si0, nanocomposites increased with increasing SiO,
content, indicating that thermal decomposition of the
polymer matrix was retarded in the PLA-g-AA/SiO,
nanocomposites with higher residual yield. This
result may be attributed to a physical barrier effect,
resulting from the fact that SiO, would prevent the
transport of decomposition products in the polymer
nanocomposites. Similar observations have been
reported that the thermal stability of elastomer/SiO,
nanocomposites was improved by a physical barrier
effect, enhanced by reassembling of the silicate
layer.'” Therefore, the TGA results demonstrate that
the incorporation of a small quantity of SiO, can sig-
nificantly improve the thermal stability of the PLA-
g-AA/SiO, nanocomposites.

Mechanical properties of hybrids

The stress—strain curves of the PLA-g-AA/SiO,
nanocomposites with different SiO, content are
shown in Figure 10. In all cases, the curves are linear
at low strain followed by plastic deformation in the
region of 2% strain. At higher strains the films yield
up to a breaking strain 4% for the PLA-g-AA. This
breaking strain tends to decrease with increasing
SiO, content and occurs at ~ 2.0% for the 16 wt %
composite followed by a stiffing of the material. This
behavior may be due to strain induced crystalliza-
tion of the polymer resulting in material harden-
ing.”> Similar to the effect of SiO, content on the
thermal property, it can be seen from Figure 10 that
the tensile strength of PLA-g-AA/SiO, hybrids
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increases rapidly with the increasing of SiO, content
from 0 to 10 wt % and then the tensile strength
improves slightly. The positive effect on tensile
strength may be due to the stiffness of the SiO,
layers contributing to the presence of immobilized or
partially immobilized polymer phases,'® high aspect
ratio and surface area of SiO,, and the nanoscale dis-
persion of SiO, layers in the polymer matrix. It is
also possible that SiO, layer orientation as well as
molecular orientation contribute to the observed
reinforcement effect. The slight decrease in tensile
strength for the SiO, content beyond 10 wt % could
be attributed to the inevitable aggregation of the
excess SiO».

Figure 11 shows the variations of tensile strength
at break with the WF content for PLA/WF, PLA-g-
AA/WF, and PLA-g-AA/SiO,/WF blends. It can be
seen that the tensile strength of pure PLA is
decreased when it is grafted with AA. The solid
circles in Figure 11 illustrate that the tensile strength
at break of PLA/WF blends decrease continuously
and markedly from 53.5 to 18.8 MPa as the WF con-
tent is increased form 0 to 50 wt %. The deteriora-
tion in mechanical properties of PLA/WEF blends
may be due to the larger WF phase size (Table III)
and the wide difference in character between the
hydrophobic PLA and the hydrophilic. For PLA-g-
AA/WF blends, as shown by the hollow circles in
Figure 11, a quite different behavior of the tensile
strength at break can be found, namely, the tensile
strength at break increases with an increasing of WF
content, although PLA-g-AA has a lower value of
the tensile strength than that of the pure PLA. It is
also found that the PLA-g-AA/WF blends not only
give larger values of tensile strength than those of
the PLA/WF blends but also provide stable values
of the tensile strength when the WF content is
beyond 10 wt %. A contribution to this result may

BO
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— A= PLA-g-AASEIOR

Tensile Strength (MPa)
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Figure 11 Tensile strength at break versus starch content
for PLA, PLA-g-AA and PLA-¢g-AA/SiO; blends.
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be due to the better dispersion and smaller phase
size of WF in the PLA-¢g-AA matrix (Table III). This
better dispersion may arise from the formation of
branched and crosslinked macromolecules, since this
PLA-g-AA copolymer has carboxylic acid groups to
react with the hydroxyls of WF. These macromole-
cules have higher tensile strength, as compared with
the linear ones. For PLA-g-AA /SiO,/WF blends (the
hollow triangles in Fig. 11), as compared with PLA/
WF and PLA-g-AA/WF blends, much enhancement
on the values of the tensile strength at break can be
observed. The much better mechanical properties
provided by the PLA-g-AA/SiO,/WF blends may be
coming from the much smaller WF phase size (Table
III), the nanoscale dispersion of silicate layers in the
polymer matrix, and the formation of the Si—O—C
bond from the reaction between the PLA-g-AA and
the silicate phase of SiO,.

CONCLUSIONS

In this article, biodegradable organic-inorganic
hybrids were prepared by an in situ sol-gel process
and the melt blending method. FTIR spectra verified
that the AA had been grafted onto the PLA copoly-
mer and the Si—O—C bonds were formed in the
PLA-g-AA/SiO, hybrid. The newly formed chemical
bonds were produced through the dehydration of
carboxylic acid groups in the PLA-g-AA with resid-
ual silanol groups in the silicate network. Addition-
ally, as a result of the 29Gi solid-state NMR analysis,
it was found that Si atom coordination around SiO,
units is predominantly Q; and Q. This result was in
agreement with structural interpretation of the FTIR
spectra. TGA tests showed that the PLA-g-AA/SiO,
hybrids produced higher values of IDT than the
equivalent PLA/SiO,. For example, an increment of
30°C can be observed for the addition of 10 wt %
SiO, due to the formation of Si—O—C bond, and
the nanoscale dispersion of silicate layers in the
polymer matrix. Meanwhile, maximum tensile
strength and glass transition temperature values
occurred at about 10 wt % SiO, for PLA-g-AA/SiO,
hybrids. Above 10 wt % SiO,, excess silica particles
may cause separation between the organic and inor-
ganic phases, so reducing the compatibility between
the silica network and PLA-g-AA. As compared
with the pure polymer, PLA/SiO, showed only a
small change in T,, consistent with the relatively
poor bonding between the organic and inorganic
phase. However, with the PLA-g-AA chains chemi-
cally end linked into the inorganic network, the
shifts in T, were much larger, due to the interfacial
forces of PLA-g-AA/SiO, associated with the
5i—O—C and hetero-associated hydrogen bonds.
The PLA/SiO,, on the other hand, only has weaker
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hydrogen bonds. The PLA-g-AA/SiO, hybrid is a
significant improvement over PLA/SiO, as far as its
thermal and mechanical properties are concerned,
not least the enhancement in T,. Such properties
could be useful in a variety of high-temperature
applications. To improve the biodegradable property
of the PLA/SiO, hybrids, the WF is chosen as the
organic filler and the result shows that PLA-g-AA/
SiO,/WF hybrids could markedly improve the ther-
mal and mechanical properties of PLA/WEF and
PLA-g-AA/WF hybrids since the nanoscale disper-
sion of silica layers, the smallest WF phase size, and
the primary valence forces can be obtained in the
PLA-g-AA/SiO,/WF hybrids. Finally, the biodegrad-
able PLA-g-AA/SiO,/WEF nanocomposites produced
from our laboratory can provide a plateau tensile
strength at break when the WF content is up to
50 wt%.
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