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Abstract

In situ melt polycondensation of L-lactic acid (LLA) in the presence of acidic silica sol (aSS) is proposed for the first time to prepare PLLA/
SiO, nanocomposites. The SiO, nanoparticles were readily dispersed in LLA monomer, which has similar polarity and hydrophilicity to the
silica sol medium. During the polycondensation process, both the matrix and the surface of SiO, nanoparticles changed from high polarity/hy-
drophilicity to weak polarity/hydrophobicity due to simultaneous chain growth in the organic phase and chemical grafting on the particle surface.
The chemical grafting provided steric stabilization and ensured satisfactory nano-scale dispersion in the final nanocomposites. The introduction
of SiO, nanoparticles resulted in unchanged yield and better color. The molecular weight kept almost constant at low SiO, content (<8 wt%) but
decreased at higher SiO, content. The method is also characterized by commercially available and cheap starting material and environmentally

benign process. It appears to be a promising approach for the preparation of PLLA/SiO, nanocomposites.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(r-lactic acid) (PLLA) is one of most important and
promising bio-based and biodegradable materials. It is pro-
duced from renewable resources such as cornstarch [1] and
is biodegradable in natural compost or biodegradable and
bioabsorbable in physiological environment, eventually being
converted to carbon dioxide and H,O. The polymer has tre-
mendous market potentials [2] in packing materials, fibers, ag-
ricultural films and biomaterials [3,4]. However, some of its
properties such as thermal stability, toughness and gas-barrier
are still not satisfactory for various end-used applications. For
properties’ improvement, PLLA nanocomposites with layered
silicates [5] have been extensively studied in recent years.
PLLA nanocomposites with hydroxyapatite [6], carbon nano-
tube [7] and silicon dioxide (SiO,) [8] have also been reported.
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The thermal, mechanical, gas-barrier, degradation and flame-
retardant properties have been greatly improved [8,9].

Most of the PLLA nanocomposites are prepared by melt
bending [10,11] or in situ ring opening polymerization of lac-
tide [8,12—15]. In order to introduce appropriate interfacial in-
teraction between the surface of the inorganic nanoparticles and
the organic matrix and to reach nano-scale dispersion, the nano-
particles usually have to been modified before use [16,17]. But
surface modification often results in extra cost and usage of
toxic organic solvent, which is undesired due to environmental
concern. Sol—gel technology is another means to prepare nano-
composites of PLLA [18] as well as other polymers [19—23],
but expensive precursors and toxic solvent also have to be
employed. The volatilization of solvent and small molecular
by-product often results in shrinkage and stress cracking. It is
usually hard to prepare bulky or thick nanocomposites with
excellent properties.

A few articles have reported preparation of PLLA/SiO,
nanocomposites by sol—gel method [18] using tetraethyl
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orthosilicate (TEOS) or in situ polymerization [8,14] using
aerosil. Preparation of polymer/silica hybrid nanoparticles
has also been reported [24]. In this study, we propose an in
situ melt polycondensation strategy for PLLA/SiO, nanocom-
posites using acidic silica sol as the starting nanomaterial for
the first time.

Silica sol is a dispersion of SiO, nanoparticles in aqueous
(both alkaline and acidic) or organic media. They are commer-
cially available and much cheaper than TEOS and aerosil, and
therefore become very attractive starting inorganic nanomateri-
als for nanocomposites. Alkaline [25] and organic [26] silica
sols have been applied in nanocomposites but few applications
of acidic silica sol (aSS) in nanocomposite have been reported.
In fact, aSS is stable enough at acidic aqueous medium (pH 2—
4) and therefore is able to be stably dispersed in acidic monomer
or its aqueous solution. The abundant silanol groups on the par-
ticle surfaces will provide potential sites for in situ chemical
grafting. Therefore, it is an ideal starting nanomaterial for nano-
composites via in situ melt polycondensation of L-lactic acid.

In this report, PLLA/SiO, nanocomposites in which SiO,
nanoparticles are well dispersed and chemically grafted with
oligomers of LLA were successfully prepared via in situ
melt polycondensation of LLA in the presence of aSS and
characterized. The effects of SiO, nanoparticles on the melt
polycondensation behaviors have also been examined.

2. Experimental part
2.1. Materials

L-Lactic acid (LLA) with optical purity of 98% was sup-
plied as a 90 wt% aqueous solution by Jiangxi Musashino Cor-
poration (China). Acidic silica sol (aSS) containing 25.4 wt%
silicon dioxide (SiO,) nanoparticles with average diameter
12 nm was purchased from Zhejiang Yuda Chem. Co. (China).
Stannous chloride (SnCl,-2H,0) and toluene-p-sulfonic acid
(TSA, both A.R.) were used without further purification.

2.2. Dehydration/oligomerization

Eighty grams of aqueous solution of LLA was mixed with
a predetermined quantity of aSS. The mixture was ultrasoni-
cally treated for 30 min before it was charged into a 250-mL
three-necked flask equipped with a magnetic stirrer. The mix-
ture was dehydrated at 110 °C and under atmospheric pressure
for about 2 h and then ultrasonically treated again since it
gradually changed from translucent to opaque during the
dehydration process. After the second ultrasonic treatment,
the dehydration operation was continued at 130 °C and under
areduced pressure of 10* Pa for 3 h, and then at 150 °C/400 Pa
for another 4 h. Finally, a viscous product containing oligo-
(L-lactic acid) and nano-silica (OLLA/SiO,) was obtained.

2.3. In situ melt polycondensation

The 250-mL three-neck flask was re-equipped with a me-
chanical stirrer and a reflux condenser that was connected

with a vacuum system to perform the melt polycondensation
reaction. A predetermined amount of SnCl,-2H,O and TSA
(1:1 molar ratio) was charged into the flask and used as a
binary catalyst. The mixture was gradually heated to
180 °C and the pressure was reduced gradually to 400 Pa in
about 40 min. The reaction was continued at 180 °C/400 Pa
for 10 h.

2.4. Aftertreatments and characterization
of nanocomposites

A repeated dispersion/centrifugation process was used to
separate the OLLA-grafted SiO, nanoparticles (g-SiO;)
from the poly(L-lactic acid) (PLLA) matrix. The PLLA/SiO,
nanocomposite was dissolved/dispersed in chloroform and
then centrifugated at 8000 rpm for 15 min. The supernatant so-
lution was precipitated in ether to obtain pure PLLA samples
for molecular weight measurement. And for the resulting
crude SiO, nanoparticles, the dispersion/centrifugation opera-
tion was performed repeatedly for 5-6 times until no absorp-
tion of lactate moiety could be detected by FTIR in the
supernatant. After drying under vacuum at 60 °C for over
24 h to remove the residual chloroform, the separated g-SiO,
was characterized with TGA and FTIR.

An erosion process was used to cut the grafted OLLA chain
(g-OLLA) from the centrifugation-separated g-SiO, particles.
The g-SiO, sample was dispersed in pyridine, and then the dis-
persion was poured into excessive HF aqueous solution (40%).
The SiO, was eroded by HF and eliminated in a few minutes,
and the residual g-OLLA was precipitated and separated by
centrifugation. After drying at 60 °C and under vacuum for
over 24 h, the molecular weight of g-OLLA was determined
by GPC.

The molecular weight and molecular weight distribution
were determined by gel permeation chromatography (GPC,
Waters Alliance GPCV 2000) equipped with a refractive index
detector. The measurement was performed at 30 °C an at
a flow rate of 1 mL/min using chloroform as eluent. The
molecular weight was calibrated according to polystyrene
standards (Polyscience Co.).

Fourier Transform Infrared spectrometry (FTIR, Nicolet
5700) was employed to characterize the pure PLLA, pure
SiO, nanoparticle (p-SiO,), g-SiO, and physically treated
SiO, nanoparticles (a-SiO,, see Section 3). All the samples
were mixed with KBr powders and pressed into a disk for
the measurement.

Thermogravimetric Analysis (TGA, Perkin—Elmer Pyris 1)
was performed for the samples of pure PLLA, p-SiO,, g-SiO,
and the PLLA/SiO, nanocomposites to quantitatively deter-
mine the grafting ratio and efficiency as well as the thermal
stability. The measurement was performed under nitrogen
atmosphere and the heating rate was 20 °C/min.

Transmission Electron Microscope (TEM, JEM-1230) was
used to observe the dispersivity of SiO, nanoparticles in LLA
monomer, OLLA and PLLA matrix. To monitor the dispersivity
during dehydration/oligomerization, the TEM specimens were
prepared by dipping the TEM coppery grid covered with a
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Fig. 1. The appearances (A1—C1) and TEM micrographs (A2—C2 and A3—C3) of the reaction mixture of LLA/aSS during the dehydration/oligomerization
process (Run 6, Table 1). (A) After the first ultrasonic treatment; (B) after reaction for 2 h; (C) after the second ultrasonic treatment.

formvar film into the liquid reaction mixture and evaporating
the water completely under vacuum. For observation of the
dispersivity in the nanocomposites, the TEM specimens were
prepared by ultrathin sectioning. The ultrathin section (about
80 nm) was supported by a TEM coppery grid for TEM
observation.

Light transmittance of films of pure PLLA and nanocompo-
sites was measured using an ultraviolet—visible light spectro-
photometer (UV-3150) over a range of wavelength A from
390 nm to 770 nm to investigate the effect of nanoparticles
on the transparency of the nanocomposites. The films were
all amorphous and prepared by spin coating, melting and
then quenching in liquid nitrogen. The thickness was of
200 £ 20 pm.

3. Results and discussion

3.1. Dispersion and surface grafting of SiO»
nanoparticles

The acidic silica sol used in this work is an aqueous disper-
sion system of SiO, nanoparticles in water, with a pH value of
about 2.5. It appears as a transparent solution with blue light.
It is kinetically stable at acidic environment due to the
existence of electrical double layers around the nanoparticles.
When it was directly mixed with a colorless and transparent
LLA aqueous solution (pH=3), a transparent dispersion
with blue light was obtained. After ultrasonic treatment for
30 min, its appearance (Fig. 1(Al)) remained unchanged.
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The TEM micrographs (Fig. 1(A2,A3)) indicate that the SiO,
nanoparticles were dispersed well in the LLA solution, sug-
gesting that the stable double electrode layers remained almost
unchanged.

The nanoparticles retained stability in the initial stage of
dehydration/oligomerization. But the reaction mixture became
turbid after about 2 h (Fig. 1(B1)) and partial aggregation was
observed (Fig. 1(B2,B3)). Fortunately, the aggregated nanopar-
ticles could be re-dispersed by a second ultrasonic treatment
and the reaction mixture got transparent again (Fig. 1(C)).
The nanoparticles remained stably dispersed and the reaction
mixture remained transparent during the dehydration/oligomer-
ization process thereafter. A viscous transparent liquid (semi-
solid at room temperature) of OLLA/SiO, was obtained after
oligomerization for 9 h.

During the dehydration/oligomerization process, several
reactions took place simultaneously. The condensation among
LLA and its oligomer (OLLA) took place in the matrix and led
to chain growth. The condensation between the silanol group
and LLA and OLLA occurred on the nanoparticle surfaces
and resulted in grafting of LLA and OLLA onto the nanopar-
ticles. The grafted OLLA chain provided extra steric stabiliza-
tion for the nanoparticles. However, when free water was almost
removed, the charge state on the particle surfaces was changed
and the electrical double layers partially destroyed. Therefore,
the stability of the nanoparticles was weakened and aggregation
took place. But the aggregation was incompact due to grafting
and therefore easily broken again by ultrasonic treatment. The
nanoparticles were thus re-dispersed in the matrix.

At the initial stage of dehydration/oligomerization, the
starting LLA, its primary condensates (a few units) and the
surface of fresh SiO, nanoparticles are all of high polarity.
The polarity of the reaction matrix was greatly reduced with
chain growth and dehydration since the OLLA contains less
carboxyl and hydroxyl groups than the LLA monomer [27].
Similar polarity change occurred on the surface of the
nanoparticles due to grafting. Such synchronous changes of
polarity in the matrix and on the surfaces and the increasing
steric stabilization resulted in the fact that the nanoparticles
got stable and most aggregates disappeared after the second
ultrasonic treatment.

During the succedent melt polycondensation process, the
Si0, nanoparticles still remained stably dispersed due to con-
tinuous grafting. Fig. 2 shows the TEM micrographs of the
resulting  PLLA/SiO, nanocomposites. The nanoparticles
were clearly densified with increasing SiO, content (¢s; )
from 5.0% to 19.1% and well dispersed in nano-scale in the
PLLA matrix. Because of the enhanced steric stabilization
during melt polycondensation, better dispersivity (Fig. 2(C))
was observed as compared with the case after the second ultra-
sonic treatment (Fig. 1(C3)). A little of aggregation is still
observed, but is slight and incompact. And its dimension is
less than 100 nm such that they do not clearly affect the trans-
mittance of the nanocomposite films, as shown in Table 1. To
exclude the effect of crystallization, amorphous samples were
prepared for light transmittance measurement. In the visible
light range (390—770nm), the transmittance of the

nanocomposite films is comparable to that of pure PLLA
film. The transmittance of all the samples lies in the range
of 96—99% and slightly increased when the wavelength
shifted from 390 nm to 770 nm.

Therefore, a satisfactory nano-scale dispersion of SiO,
nanoparticles in PLLA matrix was accomplished with the in
situ melt polycondensation of LLLA/aSS presented here. It
should be noted that incorporation of 5% or less of nanopar-
ticles is often enough for nanocomposites. The purpose of us-
ing silica nanoparticles over 19% is to demonstrate dispersion
ability of this method. In addition, PLLA nanocomposites with
high amount of silica nanoparticles may also be used as nano
masterbatch for blending with pure PLLA or other biodegrad-
able polymers.

In addition to the nano-scale uniform dispersion, interfacial
interaction is another important factor for a nanocomposite. In
general, chemical grafting of polymer chains which are com-
patible to the polymer matrix on the inorganic particles pro-
vides strong interfacial interaction between the inorganic and
organic phases [28]. The existence of the silanol group on
the surface of SiO, and the carboxyl group in LLA and
OLLA provides a possibility of grafting LLA and OLLA
onto the surface of SiO,. The FTIR analysis validated qualita-
tively the grafting reaction. Fig. 3 illustrates the FTIR spectra
of pure SiO, particles (A, p-SiO,), SiO, particles separated
from the nanocomposite via repeated dispersion/centrifugation
(B, g-Si0;) and pure PLLA (C). Compared to p-SiO,, new
absorption bands appear at 1759 cm™', 2947 cm™' and
2997 cm ™ in the spectrum of g-SiO,. These peaks are attrib-
uted to the carbonyl group (C=0), methine and methyl of the
OLLA grafted on the g-SiO, nanoparticles ( g-OLLA), respec-
tively. In order to exclude the possibility that PLLA physically
adsorbed onto the surface of SiO,, a control sample (a-SiO,)
was prepared by mixing 0.5 g of pure SiO, nanoparticles
with a chloroform solution of PLLA, stirring for 10 h and
then repeating the centrifugation/re-dispersion cycles, and
characterized by FTIR likewise. It is clear that its FTIR spec-
trum (Fig. 3D) is in accordance with that of p-SiO, and no
characteristic peak of lactate moiety was observed. These re-
sults confirm that OLLA was chemically grafted onto SiO,
surface.

The thermogravimetric analysis (TGA) further provided
quantitative evidence of grafting. Fig. 4 shows four typical
TGA curves. The pure SiO; (A) is thermally stable at tempera-
ture higher than 800 °C, but the pure PLLA (D) thermally
degraded at temperature higher than 300 °C. The difference
(Wj__cs)ffA) between the residual weight of g-SiO, (sample B)
and that of p-SiO, (sample A) represents the content of g-
OLLA in g-SiO, and (1 — Wg:g’ng) represents the net weight
of SiO, nanoparticles, see Fig. 4. So the grafting ratio (G,) is
defined by Eq. (1). The difference (Wpyya,,-orra) between
the residual weight of the PLLA/SiO, nanocomposite (sample
C) and that of p-SiO, (sample A) represents the total weight
of PLLA matrix and g-OLLA, see Fig. 4. As a result,
(1 — WpiLae-oLLa) Tepresents the fraction of SiO, in the nano-
composite, ¢s; .. The grafting efficiency (G.) can be calculated
using Eq. (3). The results are listed in Table 1.
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Fig. 2. TEM micrographs of PLLA/SiO, nanocomposites with various SiO, contents, ¢g;c: (A) 5.0 wt%; (B) 7.6 wt%; (C) 10.5 wt%; (D) 19.1 wt%.
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As expected, the grafting ratio decreased, but the grafting
efficiency increased with increasing SiO, content. The grafting
ratio was higher than 40%, and the grafting efficiency lies in
the range of 2.8—8.0%, see Table 1. The TGA results also
indicate the effect of incorporation of SiO, nanoparticles on
the thermal stability. The decomposition temperature at 5%
weight loss (Ty5) started to increase when more than 5 wt%
Si0, was incorporated. It was raised by 20 °C (from 232 °C
to 252 °C) at ¢g;c of 19.1 wt%.

A g-SiO, sample separated from sample Run 7 was further
eroded with HF to cut down the g-OLLA chains for molecular

weight measurement. TGA of the resultant g-OLLA revealed
that the Si0, was removed completely by erosion and a control
experiment confirmed that the erosion did not obviously affect
the molecular weight (less than 10% decrease). The GPC mea-
surement indicated that the grafting OLLA has a peak
molecular weight of about 31 100, being smaller than that of
the matrix.

From the above results, it is concluded that OLLA was
chemically grafted onto the surface of the SiO, nanoparticles.

3.2. Effect of SiO, on the melt polycondensation

The yield and molecular weight of the PLLA matrix are
important quantities to be concerned. High molecular weight
is essential for satisfactory mechanical properties. The effect
of SiO, on the yield and molecular weight of PLLA matrix
is shown in Table 1.

The yield remained unchanged (88—91%) in the experimen-
tal range examined. The molecular weight also kept almost
constant at ¢sg; ., not more than 7.6 wt%, but decreased when
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Table 1
In situ melt polycondensation of LLA/aSS using SnCl,-2H,O/TSA as catalyst (180 °C, 400 Pa, 10 h)
Run Psic" ¥ MypLia® MM, G G ou Tys (°C) T max Color®
(%) (%) (%) (%) (%) O
1 0 88.6 102 000 1.5 - — 96.8—99.1 232 298 LY
2 35 88.8 119400 14 nd nd nd 233 288 SY
3 5.0 88.1 109900 14 nd nd 96.1-98.9 233 284 SY
4 6.1 87.4 nd nd 60.0 2.8 nd 237 295 SY
5 7.6 89.1 90 600 14 49.5 3.1 nd 241 302 w
6 10.5 90.2 76300 1.3 48.1 4.2 nd 245 304 w
7 19.1 90.7 57400 1.3 443 8.0 97.7-97.8 252 310 w

? SiO, content in the nanocomposite.

" Yield of PLLA.

¢ Weight average molecular weight of the PLLA matrix.

4 Grafting ratio.

¢ Grafting efficiency.

' Light transmittance of amorphous films of PLLA and its nanocomposites.
€ LY: light yellow; SY: slight yellow; W: white.
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Fig. 3. FTIR spectra of (A) p-SiO, (pure SiO, nanoparticles), (B) g-SiO, (SiO,

nanoparticles grafted with OLLA), (C) pure PLLA and (D) a-SiO, (a compar-
ative sample physically treated, see text).
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Fig. 4. TGA curves of (A) p-SiO,, (B) g-SiO,, (C) PLLA/SiO, nanocomposite
(Run 7, Table 1) and (D) pure PLLA.

more SiO, was introduced. Under same polycondensation con-
ditions, the weight average molecular weight decreased by
11%, 25% and 44% as compared with pure PLLA when
7.6 wt%, 10.5 wt% and 19.1 wt% SiO, was introduced. Two
possible reasons are responsible for the reduction of molecular
weight. First, the presence of extra silanol groups on the SiO,
particles broke the intrinsic balance of carboxyl and hydroxyl
(COOH/OH 1:1) in LLA, and therefore reduced the theoretical
molecular weight at a complete conversion of COOH. Second,
as compared with PLLA with same molecular weight, it was ob-
served that the nanocomposite melts with high SiO, content had
higher viscosity, which depressed diffusion of water and there-
fore the growth of the molecular weight.

Discoloration is usually a headache in melt polycondensation
of LLA [27]. In despite of the disadvantageous effect on the mo-
lecular weight growth at high ¢g; ¢, the presence of SiO, nanopar-
ticles appears to be conducive to depress discoloration. Melt
polycondensation of LLA alone for 10 hresulted in light yellowish
PLLA. Introduction of 3.5—6.1 wt% SiO, produced slight yellow
nanocomposites, and introduction of SiO, higher than 7.6 wt%
produces nearly white nanocomposites, as seen in Table 1.

4. Conclusions

In situ melt polycondensation of L-lactic acid in the presence
of acidic silica sol (aSS) has been proposed for the first time to
prepare PLLA/SiO, nanocomposites. The stability of aSS under
acid and polar aqueous environment ensured easy dispersion of
Si0, nanoparticles in the LLA monomer. During the polycon-
densation process, chain growth occurred in the PLLA matrix
and chemical grafting took place on the SiO, surface so that
the matrix and SiO, surface changed nearly synchronously
from high polarity/hydrophilicity to weak polarity/hydropho-
bicity. Incompact aggregation took place in the dehydration/
oligomerization process, but the aggregates were readily re-
dispersed with the aid of ultrasonic due to steric stabilization
resulted from the surface grafting. Therefore, in the resulting
nanocomposites, the SiO, nanoparticles were chemically
grafted with OLLA chains and well dispersed on nano-scale
in the PLLA matrix. The grafting ratio and efficiency reached
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44—60% and 2.8—8.0%, respectively. The presence of SiO,
nanoparticles resulted in unchanged yield and better color.
The molecular weight remains almost unchanged at SiO,
content not more than 7.6 wt%.

In addition to satisfactory dispersion and surface grafting,
this method is also characterized by commercially available
and cheap starting materials and environmentally benign pro-
cess. These advantages make it appear a promising approach
for the preparation of PLLA/SiO, nanocomposites. Our efforts
to examine the mechanical properties are under way.
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