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ABSTRACT

Polylactide (PLA)/clay nanocomposites have beepamed by in situ ring-opening polymerization in
supercritical carbon dioxide. Depending on the typerganoclay used, polylactide chains can betegadnto
the clay surface, leading to an exfoliated morpggldNanocomposites with high clay contents (30-5Q4a)
called masterbatches, have also been successfafhared and were recovered as fine powders thartke t
unique properties of the supercritical fluid. Ditnt of these masterbatches into commergcipblylactide by
melt blending has led to essentially exfoliatedatmmposites containing 3 wt.% of clay. The mechalnic
properties of these materials have been assesdtakimn and impact tests. Significant improvemeotts
stiffness and toughness have been observed fétltAélay nanocomposites compared to the pure matrix
together with improved impact resistance.
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1. INTRODUCTION

During the last decade, an increasing attentiorbkas paid to biodegradable polymers because infagtain-
ability. Polylactide (PLA) is a well-known greenlgmer produced from renewable resources such eshsaad
is compostable, that draws a lot of attention spgblymer industry. These advantages make PLAteactive
alternative to classical commodity polymers, bwesal polylactide properties need to be improvedriter to
enlarge its range of applications, especially iokpging, since PLA is too much brittle and permedblgases
for some purposes. The introduction of a few peroénanofillers, such as layered aluminosilicdseys, is
known to enhance various polymer properties sudhestiffness/toughness balance, the fire resistan the
impermeability to gases. However, the highest pitymprovement can only be realized when the
nanoparticles are fully and uniformly delaminategféliated) in the polymer matrix. This is the matmllenge
for most polymers, as the direct melt blendinghaf tlay usually leads to intercalated nanocompm§lt2]. In
this paper, the control of clay delamination hasrbachieved in PLA bin situ polymerization ofD,L-lactide in
supercritical CQin the presence of an increasing clay contenin fBoup to 50 wt.%. The highest filled
materials have been further used as masterbatode®dispersed into commercial PLA in order to ecéia
final clay content of 3 wt.%.

Carbon dioxide has been chosen as a polymerizategtium because it is environmentally friendly, noxic,

non flammable and inexpensive [3]. These advantagesbined with the easily attainable critical paeters
(T.=31.1 °C, R= 73.8 bar) makes G solvent of choice for replacing less ecologargianic solvents.
Furthermore, this supercritical fluid has both gke-diffusivities and liquid-like densities, andese properties
can be continuously varied with small changes inperature, making it a tunable solvent. Stassal. 4] first
reported on the controlled ring-opening polymeiaabf e-caprolactone in this medium, while Howdle was the
first to undertake the suspension polymerization-lafctide in scCQ[5].

Thein situ polymerization of a monomer in the presence of blay already been studied in detail by several
authors [6,7]. In Paul's study [8], the ring-openpolymerization of lactide has been conducteduli kvith
catalysts such as tin(ll) octoate or triethylaluommin the presence of organo-modified montmoritiewmiays,
with the organomodifier being an ammonium salt fioralized or not with hydroxyl groups. The monomer
penetrates in the clay and then polymerizes insidelay sheets, thus enhancing the delaminatiiriesfcy.
The presence of hydroxyl groups has shown to ltiearfor the achievement of an efficient clay deiaation,
because these can act as initiators and lead fiedjzolylactide chains onto the clay surface. @tadfted chains
push the lamellar sheets apart from each othethasdllows the achievement of an excellent degfesay
exfoliation.
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Some papers have quite recently described thisdf/pelymer/clay synthesis in supercritical carloioxide
(scCQ) as the polymerization medium with methylmethaatgyl(MMA) [9,10] or styrene [11-13] as the
monomer and more recently our lab has investigdied-caprolactonén situ polymerization [14-16]. These
works allow to prepare intercalated and exfoligietymer/clay nanocomposites with a low clay content
whereas highly filled polymer/clay nanocompositesh an inorganic content up to 50 wt.%, have beasily
produced and recovered as fine powders in some §84€16], thanks to the scG@roperties.

Even if thein situ polymerization is the most efficient method foraibing exfoliated clays into a polymer
matrix, however, this is not the most practicahtéque from an industrial point of view. In fadtgtmelt
intercalation technique (i.e., blending the clayqmthe molten polymer in a conventional kneadesxdruder) is
usually preferred for its easiness and becauseg already existing technologies. The efficierfchein situ
polymerization approach and the practicabilityhef tnelt intercalation technique can be combinetirby
synthesizingn situa highly filled polymer/clay masterbatch in sc£ahd then by dispersing it into the
commercial polymer by melt blending. Indeed, thehtecal difficulties related to the high melt visity
occurring when attempting to carry ontsitu polymerization in bulk at silicate content abovevi2®b are
overcome by using scG@s a polymerization medium. Moreover, it has tobted that after depressurization,
the masterbatch is usually obtained as a dry foveder [15,16], avoiding the additional purificatisteps
needed with more conventional media or synthesislwcted in bulk.

The masterbatch process has already been useddrals@orkers [17-20], mostly with polx{caprolactone) as
the grafted polyester. More recently, Paul and c&ers have used this process for the dispersiatagfinto
commercial PLA. They obtained an excellent exfaiatdegree of the clay after the melt redispersiba
PLA/MMT-clay masterbatcin situ synthesized in bulk.

In this paper, we describe the preparation of PMMT-clay masterbatches synthesizadsituin supercritical
carbon dioxide and their dispersion into a comnafeLA. The resulting nanocomposites have been
characterized in terms of composition, morphologg mechanical properties. D,L-LA has been chosg¢heas
monomer with the aim to introduce an amorphous @iathe semicristalline L-PLA. The amorphous phase
grafted to the nanoclay and homogeneously dis&ibthiroughout the matrix, is expected to enhanee th
material impact resistance.

2. EXPERIMENTAL
2.1. Materials

D,L-lactide (Purasorb DL) was provided by Purac Biacl{@he Netherlands), and purified three times by
recrystallization in dry toluene before use. Tipfittoate, from Sigma-Aldrich, was diluted in dojuene and
used as the catalyst, without further purificatiG@, from Air Liquide Belgium (purity 99.995%) was usad
received. Two different kinds of clays were prowd®y Southern Clay Products (Texas, USA).

These montmaorillonite clays are organo-modifietieitwith dimethyl (dihydrogenated tallowalkyl) amniom
cation (Cloisite® 20A) or with bis-(2-(hydroxyethyiethyl) (tallowalkyl)ammonium cation (Cloisite® B}
The characteristics of these clays are present@dhie 1. They were dried under vacuum at 85 °@if@ night
in the reactor before use. Commercigdolylactide with a molecular weight of 130,000 gifPDI = 2.1) has
been kindly given by Natiss (Belgium).

2.2. Polymerization process

Polymerization was conducted in a 100 ml staindssl| high-pressure reactor equipped with a heditia@ing
system and an electrical heating mantle. Presgemmerature, and stirring speed were monitored digital
display control rack. The clay and monomer werediim the reactor under vacuum at 40 °C for onbtragd
then the catalyst was introduced under nitrogen.flbhe desired temperature was set (usually 8h@d)the
desired CQpressure was attained (240 bar) with a high-pressyringe pump (ISCO corp.). At the end of the
polymerization, the reactor was cooled down to raemperature and depressurized. The product wected
as a fine powder. Nanocomposites containing 33%2@nd 50 wt.% of clay were produced, the two dasts
being called masterbatches. The percentage otolagsponds to the inorganic part of the nanocoitgos

The masterbatches have been dispersed iptalylactide by melt mixing in a counter-rotatingin-screw DSM
microextruder at 200 °C for 5 min. Characterizatidbthe nanocomposites morphology was done on 3hick-t
samples prepared by molding the compounded materaahot press for 5 min at 200 °C
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Rectangular bars (63 x 12 x 3.2 mm) have been prdpay injection molding at 200 °C for flexion aimapact
tests.

Table 1: Characteristics of the commercial clays used is gtudy.

Filler Cation Organic fraction Interlayer spacing
(wt.%) (nm)
Cloisite® 20A (CH3),N"(CygH37)2 29 2.4
Cloisite® 30B (C,H,OH),N* 20 1.8
(C18H35)CH3

2.3. Characterization

Thermogravimetric analysis (TGA) has been conduoted TA Instrument Q500 model in the Hi-Res dyrami
mode, under Nflow, in order to determine the monomer converslarfact, the monomer degradation occurs
between 100 and 180 °C whereas the polymer degiades 220-270 °C region. The formula 1-[wt.%
monomer/ (wt.%omonomer + wt.% polymer)] gives thewsrsion degree.

XRD analysis was carried out with a powder diffoaneter Siemens D5000 (®y radiation withi = 0.15406
nm, 50 kV, 40 mA, Ni filter9/20 geometry) at room temperature &t varying from 1.65° to 30° by 0.04 steps,
in order to characterize nanocomposites morphology.

The degree of clay delamination into PLA was disecbserved on compression-molded samples by
transmission electron microscopy (TEM Philips CMLQdItrathin sections (50-80 nm) were prepared \&ith
Ultramicrotome Ultracut FC4e, Reichert-Jung. Norstey was used since the aluminosilicate sheets are
contrasting enough in the polymer matrix.

Flexural properties were measured on an Instroarapgs. The samples (51 x 12 x 3.2 mm) were sdgdota
three point flexural test. The distance betweerstimports was 51.2 mm and the strain rate was Bmim.

Charpy impact strength was measured with a Zwicldpkim impact tester at 20 °C according to the ni@
179-1. The size of the specimens was 51 x 12 mBn2 with a rectangular notch size of 2 mm deeplantn
large. The impact energy promoted by the hammerOa&agd. The impact strength values were evaluateti®
average of five independent measurements.

Due to the huge difficulty to quantitatively exttdle clay and the catalyst from the synthesizeterias, even
using LiCl-saturated THF solutions, it has not bpessible to determine the molecular weight ofgradted
PLA chains, neither by SEC nor NMR since montmoniite contains paramagnetic metallic species st to
excessive signal broadening.

3. RESULTS AND DISCUSSION

As reported in the literature, many monomers capdigmerized in scC&[19]. Although this gas is a good
solvent for many small molecules, most polymerigarials have a very low solubility in GQOexcept silicone-
and fluorinated- based polymers. Depending on theamer and polymer solubilities, different types of
polymerization can therefore occur [20]: homogersgoelymerization, dispersion polymerization,
emulsion/suspension polymerization, ... Lookinthatdiagram of lactide solubility in scG@Qnder variable
conditions [21], it can be concluded that, uponubed experimental conditionE585°C, P = 240 bar), the
monomer is only partially soluble. As the polym&icompletely insoluble in this medium, polylactidié
precipitate during the polymerization.

In this study, we have prepared PLA/clay nanocoritg®sn scCQ by in situring-opening polymerization of
D,L-lactide in the presence of two kinds of cla@oisite® 20A (CL20A) and Cloisit& 30B (CL30B). The major
difference between these two clays is the functibgdroxyl groups borne by the ammonium cations of
Cloisite® 30B. These groups are reactive towards the catalyerm initiating species and therefore partitep
to the ring-opening polymerization of lactide, gigirise to polylactide chains grafted onto the casface [8].
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The nanocomposites have been first prepared witv&lay content (3 and 10 wt.%, entries 2-5 of [€ad).
With 3 wt.% of clay, the monomer conversion is céetgafter 30 h of polymerization, whereas at déigclay
content (10 wt.%), the conversion reaches 72% @ With 10 wt.% CL20A and 87% for PLA with 10 wt.%
CL30B after 30 h. So, at a loading of 10 wt.%, ¢f&y seems to decrease the-lactide polymerization rate.
This observation is further confirmed with a higlty content, up to 50 wt.%, where the conversiows
down to 57% (entries 6 and 7, Table 2) after 30His decrease in polymerization kinetics may betdue
significant sterical hindrance of the clay at shayh loadings. Anyway, an improved monomer congrsian
be reached with increasing the polymerization toneemperature (entries 8, 9 of Table 2).

When comparing the polymerization kinetics of PLAIt.% CL30B and PLA-10 wt.% CL20A, a slightly
higher conversion can be observed for the firstesgsThis is certainly due to the hydroxyl groupmsni

Cloisite® 30B ammonium cations, which act as polymerizatinitiators, together with residual water impurities
thus increasing the initiator content.

The nanocomposites morphology was first determibel-ray diffraction analysis (XRD) on the compriess
molded samples. In Fig. 1 the XRD patterns of tlgmooclay CL20A and PLA-CL20A hybrids were compared
The primary silicate reflection @ = 2.53° for the nanocomposite PLA-3 wt.% CL20A copads to an
interlayer spacing of 3.8 nm according to Bragayg, lwhich is higher than the original clay (2.3 niffis value
is related to an intercalated nanocomposite. Avtl® loading, the interlayer distance is slightigadler

(3.6 nm). The same analysis has been done on tAedPB0OB system (Fig. 2). PLA-3 wt.% CL30B is
characterized by the disappearance of the CL30&ak{d..8 nm) which is replaced by no other inteatiah
peak. This characteristic feature often charaateréxfoliation and is in fact proved by TEM anady@ee
hereafter). The PLA-10 wt.% CL30B signal correspotala disordered system since the peak is brodadfan
low intensity. As the clay content is further inesed, an intercalation peak appears and the meafajer
distance progressively decreases, because of flscphhindrance that is too important to allowoanplete
separation of the clay layers.

Table 2: Influence of the type and content of clay on tHgmer yield and clay interlayer spacing after 30t
polymerization in scC&(240 bar, 85 °C).

Entry Sample Typeof clay Initial clay content Conversion® Interlayer spacing”
(wt.%) (%) (nm)
1 PLA None 0 100 None
2 PLA-3 wt.% CL20A 20A 3 100 3.8
3 PLA-10 wt.% CL20A 20A 10 72 3.6
4 PLA-3 wt.% CL30B 30B 3 100 No signal
5 PLA-10 wt.% CL30B 30B 10 87 Broad distribution
6 PLA-35 wt.% CL30B 30B 35 72 3.6
7  PLA-50 wt.% CL30B-1 30B 50 57 3.3
8°  PLA-50 wt.% CL30B-2 30B 50 69 3.3
9"  PLA-50 wt.% CL30B-3  30B 50 69 3.4

Determined by Hi-Res thermogravimetric analysis.
Determined by XRD.

Experiment conducted at 90 °C instead of 85 °C.
Experiment conducted for 48 h instead of 30 h.

a o T o

Nanocomposites containing a low clay content (34)thave been directly observed by transmissiortrelec
microscopy after compression molding (Fig. 3) THeetence between the 20A and 30B nanocomposites is
obvious, the first one being an intercalated nanguusite (Fig. 3a), and the second one an exfoliated
nanocomposite (Fig. 3b), with nearly every clayeteéndependent from each other. These resultsrootife
conclusions made from the XRD analysis. From tlodseervations, the beneficial effect of the PLA dkai
grafted onto the clay sheets is clearly put intolence. These grafted chains enhance the affieityéden the
clay and the polymer and lead to an efficient déhatron of the clay stacks. This conclusion isée@dance
with Paul et al. [7] who have synthesized similanocomposites in bulk.

The highly filled PLA-CL30B nanocomposites, contamrespectively 35 and 50 wt.% of inorganics, hagen
used as masterbatches to be dispersed by meltgriinkma commercial L-PLA. We must mention thattees
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lactide polymerization was not quantitative in thesasterbatches, some residual monomer is alswlirded in
the final composite. Anyway, as the amount of etintroduced is low (1.4 wt.% maximum in the final
material), it should have no significative influenen the clay dispersion nor on the nanocomposithanical
properties. The XRD analysis of the nanocomposésslting from the masterbatch dispersion is prieskeim
(Fig. 4) The masterbatch diffraction peaks are teoad in the final nanocomposites and have a lowensity.
This kind of signal in the low angle region is chaeristic of a mix of intercalated and exfoliatadrphologies
[22]. However, as can be seen on the TEM microdesplirig. 5), the clay is very well-delaminatedyexsally
the sample PLA/ 3%(PLA-35 wt.% CL30B), with a Idtindividual layers and also some remaining intereal
stackings composed of a few unseparated layerseTdtacks must be the cause of the residual XRialsig

Fig. 1: XRD data of (a) PLA, PLA-CL20A nanocomposites ggitled in scCOwith an inorganic clay content

of (b) 3 wt.% and (c) 10 wt.%, and (d) original Gite® 20A.
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Fig. 22 XRD data of (a) PLA, PLA-CL30B nanocomposites ggitled in scCOwith an inorganic clay content
of (b) 3 wt.%, (c) 10 wt.%, (d) 35 wt.%, (e) 50%v{(entry 8 of Table 2) and (f) Cloisft80B.
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Fig. 3: TEM pictures of a PLA-3 wt.% clay nanocompositesellzon (a) Cloisite 20A and (b) Cloisit® 30B.

a

Fig. 4: XRD data of (a) commercial PLA, (b) PLA-35 wt.% GB3nasterbatch, (c) PLA-50 wt.% CL30B
masterbatch, (d) PLA/3% (PLA-35 wt.% CL30B) nangoasite and (e) PLA/3% (PLA-50 wt.% CL30B)
nanocomposite.
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Fig. 5: TEM images of (a) PLA/3% (PLA-35 wt.% CL30B) andRbA/3% (PLA-50 wt.% CL30B)
nanocomposites.
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We thus have shown that the use of masterbatckeesimd in scC&is efficient for the preparation of PLA
nanocomposites with a large degree of exfoliatiartisg from a commercially available matrix.

PLA is known for its brittleness, so we have parfed flexural tests in order to observe the infleeatthe clay
on this property. In fact, it is well-known in thigerature that a small amount of clay can imprsigmificantly
some polymer mechanical properties. Pure PLA sasiidee been prepared as well as PLA/3 wt.% clay
nanocomposites coming from PLA/clay masterbatcpatsion. Three flexural tests have been perfornmed o
each sample and the average modulus and maximustraiom obtained are shown in Table 3. There is a
significant increase in the nanocomposites mod{lpgo 20%) compared to the pure polymer, and the
maximum constraint is slightly increased, indicgtthat the incorporation of only 3 wt.% of clay leas
beneficial effect on the mechanical properties gidlylactide.

Impact tests have also been performed on a filtdgnper and a pure one for the sake of comparison.

The pure PLA impact resistance is enhanced fromdbs610 kJ/m with the addition of 3% of clay coming from
the PLA/clay masterbatch containing 50% of inorgahay. The filler increases thus slightly the miate
resistance, which is a very good result, since fillaroaddition into a polymer usually leads to ama brittle
material. In these highly dispersed nanocompoditesgegree of clay dispersion thus allows to inprat the
same time the stiffness (flexural modulus) andttlughness (impact resistance). This may be exmdigehe
amorphous PLA grafted on the clay surface whichsthe filler and may act as a choc absorber o t
semicrystalline L-PLA.
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Table 3: Flexural properties of PLA and PLA/3 wt.% clay naomposites.

Sample Modulus M ax constraint
(N/mm?) (N/mm?)
PLA 2958 + 95 108.2+2.9
PLA/3% (PLA-35 wt.% Cloisit& 30B) 3566 + 87 107.7£1.7
PLA/3% (PLA-50 wt.% Cloisit& 30B) 3348+ 73 113.0+3.1

4. CONCLUSIONS

Supercritical carbon dioxide has been successigihd as a polymerization medium for thesitu
polymerization of D,L-lactide in the presence ofamo-modified clays. Depending on the functionalugr
borne by the organo-modifier, an intercalated doleated nanocomposite has been obtained when &leyv
level (3 wt.%) is reached. With increasing the anmaf clay, a decrease in the polymerization kicgeis
observed, which may be due to a significant stehicalrance of the clay. Clay levels as high a8 50 wt.%
have been reached in these nanocomposites, whicthea be used as masterbatches. The PLA-35 wt.30EBL
and PLA-50 wt.% CL30B masterbatches have been disdento a commercial PLA matrix by melt mixing to
reach a final clay content of 3 wt.%. A good exdtibn degree has been observed with TEM and XRDysisa
These well-delaminated PLA/3 wt.% CL30B nanocomigssshow significative improvement in both stiffaes
and toughness when compared with the unfilled matri
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