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ABSTRACT: Polylactide nanocomposites with organo-
modified montmorillonite presenting a high degree of clay
exfoliation were prepared via in situ polymerization by using
an improved methodology. The morphology of the nanocom-
posites was studied by WAXD and SAXS. The size distribution
of clay aggregates in the polylactide matrices was quantita-
tively determined by SAXS applying the stacked-disk model.
The analyses show high degree of delamination of the silicate
yielding exfoliated polylactide nanocomposites even at high

concentration of clay (>10 wt %). L-lactide conversions meas-
ured by ATR-FTIR were determined to be no less than 94% af-
ter 3 h of reaction in all polymerizations. DSC measurements
were performed to study the influence of the clay content on
the thermal behavior of the prepared nanocomposites. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 124: 1217-1224, 2012
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INTRODUCTION

In recent years, polylactide (PLA) have received in-
tensive attention due to its biodegradability and bio-
compatibility properties. PLA is an aliphatic polyes-
ter produced from renewable resources that finds
many applications in medicine, fiber technology,
and packaging.' Nevertheless, to render PLA able to
compete with commodity polymers and expand its
end-use applications, properties such as thermal sta-
bility and gas permeability still needed to be
improved. The incorporation of layered silicates into
the polymer matrix has been studied extensively as
a strategy for improvements in HDT (heat distortion
temperature), dynamic mechanical, flexural, and bar-
rier properties of innumerous polymers including
polylactide ~and  other  polyesters.”>  Several
approaches have been considered to prepare PLA/
layered silicate nanocomposites. Among them all,
the in situ polymerization has been claimed as the
most efficient method for obtaining high degree of
clay exfoliation into the polylactide matrix.” Some
results previously reported in the literature suggest
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that the highest properties improvements can only
be achieved when the silicate is fully exfoliated in
the polymer matrix.* However, compared with other
techniques, the in situ polymerization is not an
attractive technique from an industrial point of
view. As a consequence, few papers have addressed
it as a method to prepare PLA nanocomposites.” On
the other hand, it is relevant to mention that interca-
lative in situ polymerization can be considered as a
strategy to prepare masterbatches, i.e., polymer
nanocomposites with high content of delaminated
clay (up to 50 wt %) that can be dispersed into pure
polymer matrix to achieve a final clay content of 2
to 5 wt %. In a previous study reported by Paul
et al., exfoliated polylactide nanocomposites were
prepared in bulk by using tin(II) 2-ethyl-hexanoate
[Sn(Oct),] and triethylaluminum in the presence of
an organo-modified montmorillonite with an interca-
lant containing hydroxyl groups (Cloisite® 30B).°
Although that strategy may produce exfoliated poly-
lactide/clay nanocomposites, the reaction times (12
h or more) can be considered too long for industrial
purposes and the size distribution of the clay aggre-
gates in the polylactide matrix was not investigated
quantitatively. In this work we describe the prepara-
tion and characterization of PLA/montmorillonite
nanocomposites with high degree of clay exfoliation
and the quantitative determination of the size distri-
bution of the clay fragments by small angle X-ray
scattering. The catalytic system was prepared by
employing a different approach to fix tin centers in
the organo-modified montmorillonite and its per-
formance was monitored by quantitative ATR-FTIR
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technique. Parameters such as tin content and struc-
ture of the catalytic system were studied and the
morphologies of the resulting PLA/organo-modified
nanocomposites were investigated. The thermal
behavior of the nanocomposites was also investi-
gated in relation of the clay content of the organo-
modified montmorillonite.

EXPERIMENTAL
Materials

All experiments were carried out under purified
nitrogen using standard Schlenk techniques or in a
glove-bag. Toluene and heptane were distilled from
Na/benzophenone under nitrogen. The r,-Lactide
was purchased from Boehringer Ingelheim and used
without any purification (the free acid content meas-
ured by potentiometric titration was < 1 meq/kg).
The organo-modified montmorillonite (Cloisite™ 30B)
was supplied by Southern Clay Products and was
dried under vacuum at 70°C for 24 h before use.
Tin(Il) 2-ethy-hexanoate was purchased from
Aldrich and used as received.

Preparation of the catalyst

In a Schlenk flask, 5.0 g of the organo-modified
montmorillonite (Cloisite~ 30B) were treated with
10.0 mL of Tin(Il) 2-Ethyl-hexanoate in presence of
10 mL de heptane at 75°C. After 4 h of vigorous stir-
ring, the product was washed with 60 mL of toluene
and dried under reduced pressure. A solid catalyst
powder was obtained. The content of tin of the cata-
lyst powder was determined to be 9.8% by atomic
absorption spectrophotometry.

Polymerizations (typical procedure)

In glove-bag 0.31 g of the catalyst and 8.25 g of L,L-
lactide were transferred to a glass ampoule previ-
ously dried in oven at 100°C for 24 h. The ampoule
containing the catalyst and the monomer was sealed
and placed in an oil bath at 160°C and the polymer-
ization was carried out for 3 h. After the reaction
time, the ampoule was cooled down to room tem-
perature and then broken. Its contents were exposed
to air and taken for analyses.

Characterization and measurements

The content of tin of the catalyst was determined
using a Shimadzu AA 6800 atomic absorption spec-
trophotometer. The instrument settings were kept
constant (8 mA lamp, aperture 1.0 nm, wavelength A
= 286.3 nm, gas flow = 1.8 L/min, Acetylene flame).
The sample was prepared using silicate decomposi-
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tion as follows: 0.0623 g of the catalyst was wei%hed
and placed into a PTFE vessel (made of Teflon™) in
which 0.5 mL of aqua regia (1 : 3 HNO3;/HCI) + 3
mL of HF + 40 mL of deionized water + 2.8 g of
H;BO; were added. The mixture was stirred until
complete dissolution of the sample. Then the solu-
tion was transferred to a volumetric flask and the
volume completed to 100 mL.

The organo-modified montmorillonite (Cloisite®
30B) and the catalyst spectra were acquired using
ATR-FTIR (Attenuated Total Reflectance—Fourier
Transform Infrared) under nitrogen. For polymer
conversion analyses, films of the samples (polylac-
tide/lactide) were cast onto KBr pellets (IR grade
from Sigma Aldrich) from chloroform solutions (con-
centration of 0.1 g/mL) and the solvent was allowed
to evaporate prior to measurement. No evidence of
residual solvent was observed spectroscopically. All
spectra were recorded on an Excalibur 3100 FTIR in
the range of 4000400 cm ' (100 scans, 4 cm ™" reso-
lution). Absorption peak areas at 1454 and 935 cm ™'
of the films spectra were determined using the soft-
ware package Revolution Pro (Varian®) according to
the baseline method.” In this method, a straight line
was established between two fixed points on the
spectra insensitive to composition located at wave-
numbers below and above the peaks of interest. A
calibration curve with well-defined mixtures of lac-
tide and PLA was built according to the method
established by Braun et al. using the reference peaks
at 1454 and 935 cm™ . The absolute concentration
dependence of the absorption was eliminated by
normalizing the intensity at the characteristic wave-
length for one component by a signal at a wave-
length shared by both compounds (1454 cm™'). The
conversions of the samples were calculated using
the linear fit of the inverse of conversion of the
defined mixtures of PLA/lactide as a function of the
peak area ratio (special case Ill—lactide concentra-
tion of 10 wt % or less).

Wide Angle X-ray Diffraction (WAXD) analyses
were performed in a Rigaku Miniflex (model DMAX
2200) X-ray diffractometer (generator of 3 kW, a
graphite monochromator, CuK, radiation (wave-
length, & = 0.154 nm), operated at 30 kV/15 mA.
The samples were scanned with a counting time of 1
s under a diffraction angle of 20 in the range of 2.0
to 40.0°.

The glass transition (Tg), the melting temperature
(T),), the crystallization temperature on heating (Th),
and the crystallization temperature on cooling (T..)
of the nanocomposites were determined using a
DSC-7 calorimeter (Perkin—-Elmer Inc., Wellesley,
MA) with a heating and cooling ramp of 20°C/min
from 25 to 200°C under nitrogen flow and the values
were recorded during the second scans. The degree
of crystallinity (X.) of samples was calculated
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considering the melting enthalpy of 100% crystalline
poly(i-lactide) as 106 J/g.”"°

The small angle X-ray scattering experiments were
carried out at the SAXS01 beam line of the Brazilian
Synchrotron Light Laboratory (LNLS), Campinas
(Brazil) with a fixed wavelength of 1.608 A under
vacuum at room temperature. The scattering inten-
sity I1(q) was plotted as a function of the wave vector
q = 4nsinB/A, where 0 is the scattering angle. The
scattering intensity was normalized by subtracting
the background scattering and taking account of the
sample thickness.

RESULTS AND DISCUSSION
Catalyst preparation and characterization

As mentioned before, in Paul et al’s study, exfoli-
ated PLA/clay nanocomposites were prepared in
bulk by using a tin carboxilate in the presence of an
organo-modified montmorillonite (Cloisite® 30B). In
contrast, they also reported that when polymeriza-
tions were carried out in presence of Cloisite® 25A,
an organo-modified clay with no hydroxyl groups in
the organophilization agent, the product is invaria-
bly, an intercalated polymer. These results suggest
the formation of alkoxide active species involving
the metal and the hydroxyl groups inside the clay.
After 1 h of clay swelling, the molten monomer sub-
sequently penetrates the silicate galleries to react
with the tin centers anchored on the hydroxyl
groups in the Cloisite® 30B. To make sure the poly-
merization centers are fixed within the clay galleries,
we decided to treat the clay with Sn(Oct), before
reaction and wash the product with toluene to
remove any tin center from the clay surface thus
enhancing the delamination efficiency.
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Figure 1 FTIR spectra of the clay (Cloisite® 30B) and the
catalyst.
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Figure 2 FTIR spectra of the clay (Cloisite® 30B) and the
catalyst (region between 3500 and 2400 cm ™).

The infrared spectra of the organo-modified clay
and catalyst were carried out in the area 4000-600
cm ' (Figs. 1 and 2). A broad signal at 3339 cm™' in
the spectrum of the pure clay can be assigned to the
O—H stretching mode of the hydroxyl groups in the
organophilic filler."" That signal does not appear in
the catalyst spectrum, suggesting the formation of
tin-alkoxide species. The signals at 2924 cm ' and
2850 cm ' in the clay spectrum are due to the
stretching vibration of the alkyl C—H bonds of the
hydroxyethyl, methyl and tallowalkyl groups and
they agree with values reported in the literature.'>"?
Those vibrations are also present in the treated clay,
however weak signals at 2958 cm ™' and 2872 cm ™!
in the spectrum of the organo-modified clay treated
with tin(Il) 2-ethyl-hexanoate indicate more than one
type of C—H stretching in the catalyst. The intense
signal at 1007 cm ™' present in both spectra can be
assigned to the Si—O stretching of the silicate.'*'®

Nanocomposites structure

The structure of the nanocomposites was investi-
gated by Wide Angle X-ray Diffraction (WAXD).
Figure 3 represents the patterns of the pure Cloisite”
30B powder and the PLA/clay nanocomposites in
the range of 260 = 2-40°. The WAXD results suggest
high degree of clay exfoliation in the polylactide ma-
trix through the absence of the diffraction peak char-
acteristic of the organo-modified silicate at low 26
angles (Cloisite® 30B d-spacing = 18.4 A).'® The dis-
appearance of the basal peak suggests the formation
of an exfoliated structure.

To confirm quantitatively the suggested very good
dispersion of clay in the polymer, SAXS experiments
were performed. A detailed discussion of the scatter-
ing theory of layers and plates can be found in the
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Figure 3 WAXD patterns for the organo-modified mont-
morillonite and the PLA/clay nanocomposites.

literature."” In this work the stacked-disc model was
used to determine quantitatively the fraction of clay
aggregates (tactoids) of thickness t dispersed in the
polymer.'® The aspect ratio of the plate was used
and we have considered a wide distribution of tac-
toid thicknesses. In the case of flat particles of thick-
ness t, the small angle intensity is given by the fol-
lowing law:

_B

. 2
P(p) = ape (Sm(qt/z) 1)

qt/2

where B is a constant proportional to developed sur-
face of the particle and Ap is the difference between
electronic densities of the matrix and the filler
(clay).'”” A distribution of thickness was assumed
and the spectrum was considered as being the sum
of contributions of several populations, a fixed num-
ber of platelets in a stack constituting a population.
The weighted sum of the contributions arising from
entities of thickness t; is then:

n . . . 2
ro- SR o

The proportion P; of the tactoids of size t; within
the matrix can be estimated with the relation:

B;
Zj B;

P = 3)

It is important to note that the stacked-disc model
does not take into account the interactions between
different clay tactoids or platelets which may
become more significant for greater clay loadings. In
attempt to account for the possible correlation bump
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originating from interparticle correlations observed
in the nanocomposites spectra, the following struc-
ture factor (well-known for not too anisometric
nano-objects presenting spatial correlation'”) was
used:

5 = 00 @
o) = 3 (sin gd) (qdq)i cos(gd) 5)

Two new parameters are introduced: the charac-
teristic distance d between tactoids (d is thus a corre-
lation length and can be seen as a pseudo spatial-pe-
riodicity) and the packing factor k related to the
magnitude of correlation effects.'®”” The theoretical
SAXS intensity I(g) is then the product

P(q)S(q) (6)

A least square fitting procedure was applied to fit
the experimental SAXS curves with eq. (6). For all
samples, the best fit of SAXS intensity was per-
formed up to 0.130 A~'. The good agreement
between both the theoretical equation and experi-
mental curves (Fig. 4) allowed to determine the pa-
rameters B; and t; Note that, for all samples, the
best fit was obtained by using only three families of
clay aggregates, having thickness t;, t, and t;. The
range of the values of t;, t, and t3 is presented in
Table I for each nanocomposite.

The populations of the clay aggregates in the poly-
lactide matrices calculated employing this procedure
showed that the proportion of aggregates with thick-
ness around 20 A or less was greater than 99% for
all nanocomposites (Table I). These results agree
with the absence of the basal peak of the organo-
modified clay previously discussed in the wide
angle X-ray diffraction patterns and confirm that the
tin catalyst can be used to prepare PLA/clay nano-
composites with high degree of exfoliation even
with high clay loadings (13 wt %). According to the
fraction of bigger aggregates determined for all sam-
ples the content of intact clay tactoids is very low
and does not have strong influence in the SAXS
curve shape, however, interactions between the

TABLE I
Area Fraction of Thickness t in the PLA/Clay
Nanocomposites Obtained from SAXS Measurements

Sample t<20A 20 A <t <400 A t > 400 A
PLA-01 99.5% 0.3% 0.2%
PLA-02 99.8% 0.15% 0.05%
PLA-03 99.9% 0.05% 0.05%
PLA-04 99.8% 0.15% 0.05%
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Figure 4 SAXS patterns of the PLA/clay nanocomposites
and corresponding fits by using eq. (6).

exfoliated platelets seem to lead to a correlation
bump around g4 = 0.09 A~ that increases its inten-
sity with the increase of the clay content. This is
illustrated by the increase of the parameter k, deter-
mined from the curves fitting, from 0.09 to 0.187 by
increasing clay concentration from 3.6-13 wt %.

Conversion

There are many procedures for measuring the resid-
ual lactide concentration in PLA. Polarimetry, gel
permeation chromatography, nuclear magnetic reso-
nance, and simple gravimetric means after polymer
precipitation are some of the methods documented
in the literature.?’ ' Unfortunately, many of those
analytical methods are not applicable for direct
determination of monomer conversion in nanocom-

1221

posites. For instance, our attempts to use 'H-NMR
for monitoring the conversion directly via integra-
tion of the methyl resonances of lactide and polylac-
tide resulted in superimposed broad signals in the
nanocomposites spectra, useless for any quantitative
purpose. Aiming to overcome this problem we have
decided to search for a simple and reliable method
for determining the monomer conversion. Several
studies discuss the use of Fourier transform infrared
spectroscopy for lactide conversion analysis. Braun
et al. have developed a rapid method for measuring
lactide concentration in polylactide matrices using
the lactide ring breathing mode peak at 935 cm ™.
They selected the asymmetric bending mode of
methyl groups at 1454 cm ™' to normalize the lactide
breathing signal and built a calibration curve using
samples with well-defined composition of lactide
and PLA. The method relies only on the lactide con-
centration in the sample and the clay content present
in the nanocomposites does not exert any influence
on the results. To our knowledge, this is the first
time FTIR is employed for determining the lactide
conversion in PLA/clay nanocomposites.

To employ the method established by Braun et al.
a calibration curve was built using the 1454 and 935
cm ! peak areas of defined blends of PLA and lac-
tide (Table II).

As it can be seen in Figure 5, there is a linear rela-
tionship between the inversion of conversion and the
peak area ratio for monomer conversions above 50%.
Since the range of interest for high conversions usually
involves lactide concentrations of 10% or less, the
curve should be applicable for the nanocomposites
prepared in this work. Figure 6 shows the infrared
spectra for the PLA /clay nanocomposites.

The conversions calculated for the PLA/clay sam-
ples employing the FTIR method were determined
to be no less than 94% for all PLA/clay samples
within 3 h of reaction (Table III). Those are interest-
ing results compared to the previously data reported
by Paul et al. Even with no prior monomer swelling
in the clay, the treatment with Tin(Il) 2-ethyl-hexa-
noate seems to generate more active centers inside
the organo-modified clay. That behavior might be
explained by the formation of tin-alkoxide species
through the eq. (7).

TABLE II
Calibration Curve Parameters Established with the Known Lactide/PLA Compositions

Blend composition Conversion Peak area Peak
T eak area
Lac. (%) PLA (%) X 1/X M (935 cm ™) Ao (1454 cm ™) ratio A/ (Zp/L)
5 95 0.95 1.05 0.276 11.753 0.023
10 90 0.90 1.11 0.118 1.975 0.060
20 80 0.80 1.25 0.236 1.848 0.128
30 70 0.70 1.43 1.336 5.835 0.229
50 50 0.50 2.00 7.336 14.253 0.515

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Inversion of conversion (1/X) plotted as a func-
tion of the peak area ratio ZP/L.

Sn(Oct), + ROH — OctSnOR + OctH ~ (7)

The actual active site for lactide polymerization
can be formed in reaction with H,O, hydroxyl acids,
alcohol or any coinitiator containing available
hydroxyl groups.® After de formation of the Sn-OR
bond, the subsequent monomer insertion propaga-
tion takes place. Many authors have stressed the
relevance of coinitiators such alcohols in polymeriza-
tion reactions with Sn(Oct),.>*® When purified
Sn(Oct), is used without any coinitiator purposely
added, polymerization is very slow and shows the
basic features of living polymerization: M,, increases
linearly with conversion (no chain transfer changing
the number of chains) and first-order kinetic plots
are linear (no measurable termination). When a coin-
itiator is added the polymerizations are much faster
and the relationship between M, and conversion

Absorbance (a. u.)

éus&tcm

A ~—
1500 1400 1000 900

Wavenumber (cm™)

Figure 6 Selected spectral regions from 1500 to 1350 cm ™!

and from 1050 to 900 cm ' of the PLA /clay nanocomposites.
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TABLE III
Calculated Parameters for the PLA/clay Nanocomposites
from the Curve 1/X vs. Zpj,

Peak area

Peak area
M Ao ratio A;/A, Conversion
Sample (935 cm™') (1454 cm™") (Zp1) X
PLA-01 0.380 20.488 53.915 0.969
PLA-02 0.438 16.161 36.897 0.950
PLA-03 0.256 12.069 47.144 0.945
PLA-04 0.352 14.769 41.957 0.957

looses its linearity. That might explain why the pre-
treated clay seems to be more efficient compared to
the direct mixture of Sn(Oct), and the organo-modi-
fied clay in presence of molten lactide.

Thermal properties

Figure 7 shows the DSC traces for the PLA/clay
nanocomposites. The measurements were performed
immediately after melting-quenching scans, so the
samples have the same thermal history. In all curves
it can be seen a steplike change around 58°C due to
the T, (glass transition temperature) of PLA for all
samples. Table IV presents the data on the thermal
transitions and degree of crystallinity obtained by
DSC.

Although the glass transition temperature does
not seem to be significantly affected by the presence
of the clay in the polymer, the melting temperatures
and the melting enthalpies (T, and AH,,) are clearly
shifted to lower values as the clay content increases.
The decrease of the melting enthalpy at higher filler
content could be related to the PLA chains length.
Indeed, as the Cloisite® 30B loading in the nanocom-
posites increases, the concentration of hydroxyl

Exo }

PLA-04 (Clay = 13.0 %)

PLA-03 (Clay = 7.0 %)

PLA-02 (Clay = 4.6 %)

Heat Flow (a. u.)

PLA-01 (Clay = 3.6 %)

40 60 80 100 120 140 160 180
T(°C)

Figure 7 DSC scans of the PLA/clay nanocomposites.
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TABLE IV
Thermal Properties of the PLA/Clay Nanocomposites
Parameters PLA-01 PLA-02 PLA-03 PLA-04
Clay wt % 3.6 4.6 7.0 13.0
T, °O) 58.4 58.4 58.0 58.0
The (°C) [AHpe (/)] 100.2 [33.7] 100.0 [33.0] 103.7 [31.2] 104.4 [30.4]
Te °C) [AHc (/)] 98.6 [30.0] 97.6 [22.9] 94.2 [5.8] 94.1 [1.9]
T,. °C) [AH,, (/2)] 170.4 [54.4] 168.7 [44.2] 168.2 [37.8] 168.9 [38.3]
129.5 [2.1]
X. = (AH,,/AH,).100 51.3 417 35.7 38.1

groups initiating the lactide polymerization increases
in the same manner, leading to shorter PLA grafts,
which need less thermal energy to melt. This effect
on the thermal properties of nanocomposites has
also been observed in a similar PLA/clay system.’

The influence of the clay can be also noted in the
crystallization on heating temperature behavior
(The). From Table IV data it can be seen that the
higher is the clay content in the nanocomposite, the
higher the crystallization temperature is achieved.
The effect of the clay particles on the crystallization
on heating behavior in PLA nanocomposites seems
to be controversial in the literature. While some
authors reported that the increase of the clay content
enhances the rate of crystallization others have con-
sidered that the clay has little nucleation effect
because the crystallization temperature of the PLA
matrix did not depend on the clay content.’””®* Wu
et al.,, studied the cold crystallization and kinetics of
polylactide/clay nanocomposites.®* According to
their results the addition of very small amounts of
clay (1-2 wt %) increased the crystallization rate evi-
dently due to the nucleation effect, while further
addition of clay impeded the crystallization on heat-
ing of the PLA matrix. The presence of clay resulted
in a diffusion-controlled growth of nucleation of the
PLA matrix, and the impeding effect of clay became
gradually dominant with increasing loading levels
especially in the case of high-rate nucleation. This
statement is in agreement with the crystallization on
cooling temperatures (T..) obtained from our DSC
experiments.

CONCLUSIONS
Highly  exfoliated  polylactide/organo-modified
montmorillonite nanocomposites were prepared

with distinct clay content by using a catalyst based
on an organo-clay treated with Sn(Il) 2-ethyl-hexa-
noate. The FTIR spectra of the tin-clay indicate that
the catalytic centers are fixed within the silicate gal-
leries what can be considered an important condi-
tion for obtaining PLA/clay nanocomposites with
high degree of exfoliation. From the quantitative
FTIR method employed for the conversion determi-

nation we concluded that the supported catalyst
reacts much faster than the previously reported
clay/tin systems in the literature, reaching about
94% of conversion within 3 h of reaction with no
previous monomer swelling step. The morphology
study confirms the efficiency of the catalyst for the
preparation of exfoliated PLA/clay nanocomposites
through the absence of characteristic basal peak of
the organo-modified clay in the X-ray diffraction
patterns of the samples. The clay aggregates distri-
bution determined from the SAXS curves showed
that more than 99% of the clay fragments dispersed
into the polylactide have thickness around 20 A or
less in all samples corroborating the X-ray diffrac-
tion information. The influence of the nano-sized
clay fragments in the thermal properties of the nano-
composites can be clearly seen by the changes in the
DSC scans. The shifts in the crystallization and melt-
ing temperatures with the increasing clay content
suggest a diffusion-controlled growth of nucleation.
Although the intercalative in situ polymerization is
not well explored technique these results confirmed
that it can be an efficient way to prepare PLA nano-
composites with high degree of exfoliation, which can
be used for the manufacture of PLA masterbatches.

The authors would like to thank Programa de Engenharia
Metaliirgica e de Materiais - PEMM/COPPE/UFR] for the
atomic absorption analyses and Prof. Emerson Oliveira da
Silva for his help in the FTIR discussion.
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