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The isothermal crystallization kinetics of PLA stereocomplex (scPLA) and scPLA/graphene oxide
nanocomposites was investigated. scPLA was prepared by symmetric blending the two isomers, PLLA
and PDLA and the scPLA nanocomposite by polymerization of the respective lactides in presence of
commercial graphene oxide nanoplatelets (GNPO") followed of blending the two composites. The
effect of the filler on the crystallization behavior and thermal properties of scPLA was investigated by
using differential scanning calorimetry (DSC). Avrami equation was used to describe the isothermal
crystallization kinetics and melting behavior. Addition of 0.5 wt% GNPO" to PLA matrix increases
the crystallization rate, lowering the half-time of crystallization t,, to around 5.5 min for scPLA
nanocomposites, which is about 2.7 min below that found for scPLA when isothermally crystallized
at 165°C. During the isothermal crystallization, homochiral and stereocomplex crystals are formed,
depending on the crystallization temperature. As crystallization temperature reaches 160 and 165°C,
the crystallization of homocrystals become prevented and only stereocomplex crystals are formed.
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1. Introduction

Poly(lactic acid) (PLA) is a biopolymer widely used as
an alternative to petroleum-derived polymers'. It has two
isomeric forms, poly(L-lactic acid) (PLLA) and poly(D-lactic
acid) (PDLA) that when blended either from solution or
melt can result in stereocomplexation. PLA stereocomplex
(scPLA) formed from these blends contains stereocomplex
crystallites (sc-crystallites) which are quite different from
the PLLA or PDLA homocrystallites®>.

Formation of sc-crystallite has been extensively studied,
since it gives PLA-based materials with higher thermal,
mechanical, and hydrolysis resistances, thus opening a
new way to produce biodegradable materials with different
properties and applications 7. For instance, while PLLA
and PDLA present a melting temperature of 175-178°C,
sc-PLA can have a melting temperature up to 70°C higher®.

The majority of the reports on the crystallization of
sc-PLA is related to the formation of sc-crystals in PLLA/
PDLA blends of different proportions, in block copolymers
containing blocks of both isomers®!!, and studies of addition
of small amounts of PDLA to PLLA to create sc-crystals in
order to have nucleating effect on PLLA crystallization'>6.

The effect of fillers on the sc-crystallization has received
less attention, but it has been also reported for some authors.
For example, a study on the addition of talc in PLLA and in
asymmetric 92:8 and 75:25 PLLA:PDLA blends was reported
by Nam!'”. The study aimed to see the nucleating effect on the
formation of scPLA and enhancement of crystallization rate
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and mechanical properties of PLLA. It was demonstrated that
the filler acted as nucleating agent and was more effective
in PLLA homocrystals than in the sc-crystals.

The nucleating effect of carbon nanotubes (CNT) on
PLLA/PDLA blends was also recently reported'®!®. The
incorporation of CNTs leads to a lower crystallization
activation energy and crystallinity enhancement in solution-
casting samples. In the case of multiwalled carbon nanotubes
(MWCNT) in blends of equimolar enantiomeric PLA, mild
thermal treatment extended the processing window for
preparation of polylactides exclusively crystallized in the
stereocomplex form.

Recently, graphene nanoplateles (GNPs) have attracted
considerable attention as reinforcing nanofiller for polymer
nanocomposites due to their high intrinsic mechanical strength
and elastic modulus as well as high surface area.

Sun? has investigated the incorporation of graphene oxide
(GO) nanofillers to PLLA. GO was incorporated as GO-g-
PDLA synthesized using modified GO as initiator. The filler
addition leads to a lower crystallization activation energy of
scPLA, mainly due to the heterogeneous nucleating effect
of the well-dispersed PDLA covalently bonded GO sheets.
The author observed that in cold crystallized samples, low
crystallinity is observed due to GO sheets which reduced
chain mobility and hindered crystal growth.

In this work, the crystallization scPLA/graphene
nanocomposites is also reported. Our studies focused mainly
symmetric PLLA/PDLA blends with the aim to investigate the
crystallization behavior of this blend in presence of commercial
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graphene oxide nanoplates. It aims also to elucidate the
influence of this type of filler on the crystallization kinetics
of scPLA from the melt under isothermal condition.

2. Experimental

2.1 Materials

L-lactide and D-lactide from Purac (Purasorb L and D,
respectively) were purified by recrystallization from toluene.
Graphene nanoplatelets HDPlas, GNPs grade 4, O, functionalized
(GNPO") (lateral dimensions 1-2 pm, surface area above
750 m?g) purchased from Cheap Tubes (Brattleboro, VT,
USA) were used to prepare the nanocomposites.

2.2 Sample preparation

PLLA and PDLA were synthesized via ring opening
polymerization of L-lactide and D-lactide using tin octanoate
as initiator with a monomer/initiator molar ratio of 2500.
Polymerizations were carried out in Schlenk flasks at 180°C
for 1 h. The solid polymer obtained from polymerizations
was dissolved in chloroform and precipitated in an excess
of cold ethanol, filtered and dried in oven at 50°C overnight.
The same reaction procedure was done in the presence of
0.5 wt% of GNPO". Stereocomplexes were obtained by
precipitation of PLLA/PDLA 1:1 blends (weight) in ethanol
from chloroform solution.

2.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) analyses were performed on a
Rigaku Miniflex (model DMAX 2200) X-ray diffractometer
(30 kV, 15mA, CuKa radiation, A = 0.154 nm) in the
range of 20 = 2-40°. The XRD patterns were submitted to
a deconvolution treatment with free peak-fitting software
fityk (downloaded at http://fityk.nieto.pl/) to calculate the
degree of crystallinity of the stereocomplexes. The degree
of crystallinity was calculated after deconvolution of the
XRD patterns using the equation below:

__A
Zc—m.loo (1

where, y_is the degree of crystallinity, A is the total area
of the crystalline peaks, and A_ is the halo amorphous area.

2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analyses were performed using a
Q500 Thermoanalyser from TA Instruments. Measurements
were carried out in nitrogen atmosphere at a heating rate of
10°C/min up to 700°C.

2.5 Differential scanning calorimetry (DSC)

DSC analysis was used to study the isothermal crystallization
behavior and thermal properties of scPLA and scPLA/GNPO*
nanocomposite. A Perkin-Elmer DSC 7 was used. Samples
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of about 13 mg were thermally treated as follow: 1) heating
from 30 to 250°C at 20°C/min and held for 3 min to erase
the thermal history; 2) rapid cooling at 100°C/min to the
prescribed crystallization temperature (90-165°C) and held
for enough time to fully crystallize, then cooled at the same
rate to 30°C and held for 3 min, and 3) 2° heating from 30
to 250°C at 10°C/min. The analyses were carried out under
nitrogen atmosphere using flow rate of 20 mL/min. The
degree of crystallinity was calculated from the endothermic
peak and calculated from the equation below:

r=4E @

where AH and AH° are the enthalpies of fusion for the
sample and the 100% crystalline polymer, respectively. The
AH? used for the 100% crystalline scPLA was 155 J/g ' and
for the 100% crystalline PLA was 106 J/g 2.

2.6 Gel permeation chromatography (GPC)

GPC was carried out in a Shimadzu LC 20 instrument
equipped with a Shim-pack GPC-804 column and a RID-20A
differential index detector. GPC analyses were performed
using chloroform as eluent with flow rate of 1 mL/min at
25°C and a polystyrene calibration curve. Number average
(M, ) and weight average (M, ) molecular weights as well as
polydispersity (M, /M ) were determined by the Shimadzu
software. PLA/graphene nanocomposites were solubilized
in chloroform and the solutions filtered in Millipore filter
0f'0.22 micrometer porosity before being analyzed by GPC.

3. Results and Discussion

Molecular weight characterization of PLLA and PDLA
matrix of the PLA/graphene nanocomposite obtained by in
situ polymerization of lactides in presence of graphene were
done by GPC. PLLA presented M = 108,000, M = 210,700
and MW/Mn: 1.95; while PDLA showed M =95,900, M =
205,100 and M /M = 2.1.

XRD analysis is one of the most valuable tools used for
scPLA characterization due to the remarkable differences
between the diffraction patterns of the stereocomplexes and
homochiral PLA. Figure 1 shows the XRD patterns of the
stereocomplexes prepared. It can be seen that both patterns
show the same three peaks around 12, 21, and 24° which are
related to the formation of PLA stereocomplexes crystallized
in a triclinic unit cell.>'* The degree of crystallinity calculated
for the stereocomplex PLA and scPLA/GNPO" nanocomposite
was 36.4 and 41.3%, respectively. This increase in the
degree of crystallinity suggests that the graphene acted as
a nucleating agent.

The thermal stability of the stereocomplexes was studied
by TGA. Figure 2 shows the weight loss versus temperature
for the scPLA and scPLA/GNPO* nanocomposite. Both
materials presented only one step of degradation and the



Isothermal Crystallization Kinetics of Poly(lactic acid) Stereocomplex/Graphene Nanocomposites 3

Figure 1. XRD patterns of (a) scPLA and (b) scPLA/GNPO+
nanocomposite.

TG curves of the nanocomposite show a decrease in thermal
stability compared to neat scPLA. The onset temperature
(T
obtained from the TG curves are shown in Table 1. This

o) @nd the maximum decomposition temperature (pr )
decrease in thermal stability was associated to the hydroxyl,
carboxylic acid and epoxy groups present in the GNPO",
which catalyze the degradation of PLA.

Figure 2. TGA curves of scPLA and scPLA/GNPO+ nanocomposite.

Figure 3 shows the heat flow curves of the first heating
obtained from DSC for the materials studied. It can be observed
that only sc-crystals were formed after precipitation of scPLA
and scPLA/GNPO" nanocomposite, which shows a unique
melting temperature (T ) at 220.3 and 220.8°C, respectively.

The degree of crystallinity calculated for the stereocomplexes
without and with GNPO" calculated from XRD was 38.2
and 43.5%, respectively. These values are in agreement with
what could be expected, since graphene platelets may act
as nucleating agent for sc-crystals formation, increasing the
overall degree of crystallinity of PLA.

Table 1. Onset temperature (T ), maximum decomposition
temperature (Tpeak) of scPLA and and scPLA/GNPO" nanocomposite

Degradation temperatures (°C)

Material

onset peak
scPLA 287 300
scPLA/GNPO* 278 290

Figure 3. DSC curves of the first heating: (a) scPLA and (b) scPLA/
GNPO+ nanocomposite.

3.1 Isothermal crystallization

Isothermal melt-crystallization of scPLA and scPLA/
GNPO" nanocomposite were investigated at different
crystallization temperatures (90, 105, 120, 135, 150, 155,
160 and 165°C). Figures 4 and 5 show the isothermal
crystallization exotherms of scPLA and scPLA/GNPO",
respectively. According to the exothermic peaks, the addition
of GNPO" into the PLA matrix has a significant effect on
the crystallization behavior of the material, which shows
that the complete crystallization takes place in shorter times.

Figure 4. DSC curves of isothermal crystallization at different
temperatures for scPLA.
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Figure 5. DSC curves of isothermal crystallization at different
temperatures for scPLA/GNPO+ nanocomposite.

For both materials, formation of homocrystals together
with sc-crystals seems to be highly influenced by the
crystallization temperature (T)). At T of 90 and 105°C, it
was not possible to distinguish between the crystallization
related to homo and sc-crystals. At these temperatures, the
existence of both crystals can be proved by DSC curves
obtained by heating the materials after crystallization (See
next section).

It is important to mention that the literature reports that
PLLA can also crystallize into a o' crystal modification when
itis crystallized below 120 °C**?7, Kawai at al' demonstrated
that this limit disordered o' form, which has hexagonal
packing, is obtained only below 90°C. Thus, it is possible
that the homo-crystals are in all case of the more ordered
and stable a form, excepting in the sample crystallized at
90°C. The formation of this crystal modification was not
investigated here since it was not in the scope of the work.

AtT of 120, 135, 150 and 155°C, crystallization profiles
showing the formation of both crystals at different temperature
range was clearly observed. The fastest crystallization occurs
for the high melting temperature sc-crystal. As the temperature
increases, more distinct becomes the curves and more time
is required for the complete crystallization of each crystal
form. When crystallization temperature reaches 160 and
165°C, the crystallization occurs as only one process and
probably with predominance of sc-crystal, since the Tc is
relatively close to homo-crystal melt. This assumption can
be supported by the DSC curves of heating of these samples
after the isothermal crystallization (see next section), in
which a cold crystallization is observed.

With the addition of GNPO", the crystallization becomes
even faster regardless of the crystal form, which means that
GNPO" acted as a nucleating agent.

Isothermal crystallization kinetics can be better visualized
by evaluating the degree of crystalline conversion as a
function of time at a constant temperature. The relative
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crystallinity at different crystallization time, o, was then
calculated according to the following equation:

_ J'(dH/dt) dt 5
= (dH/dY) dt )

where (dH/dt) is the DSC heat flow rate. The relative
crystallinity vs. crystallization time for scPLA and scPLA/
GNPO* nanocomposite have been plotted in Figure 6.

Figure 6. Relative crystallinity vs. time at various crystallization
temperatures for (a) scPLA and (b) scPLA/GNPO+ nanocomposite.

From Figure 6, two step curves can be seen when T _ is
between 120 and 155°C which is related to the formation
of two kinds of crystals. For both systems, the fastest
crystallization rate occurs at 105°C, when both kinds of
crystals are formed almost simultaneously.

The crystallization kinetics of these scPLA materials
under isothermal crystallization were analyzed by the Avrami
equation®-:

oa=1—exp(—kt") “)

where k is the crystallization rate constant and n is
the Avrami exponent. The double logarithm of the above
equation was taken to obtain the Avrami exponent n and
crystallization rate k from the slope and linear coefficient
of the In[-In(1-a)] vs. In t plots at different T . Figures 7a
and 7b show these plots for scPLA and scPLA/GNPO*
nanocomposite, respectively.

AtT of90and 105°C, it was not possible to perform the
Avrami study since both kinds of crystals were formed at
the same time. The data obtained from the plots and Avrami
equation are resumed in Table 2. In general, the value of the
Avrami exponent n is dependent on the nucleation mechanism,
as well as on the geometry of crystal growth. The analysis
of the curves was done in such way that the calculation of n
was carried out separately for the two crystallization events.
Avrami exponents obtained for the sc-crystals were around 2,
suggesting a disc-like growth. For the homocrystals, n varied
from 2 to 4 as the T, decreased, which implies a change of
crystal growth from a disc-like to spherulitic growth under
these experimental conditions.

The time at which the extent of crystallization reaches
50%, i.e., the half-time of crystallization (t, ) is also a very
important crystallization kinetics parameter. Usually, it is
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Figure 7. Avrami analysis for (a) scPLA and (b) scPLA/GNPO+
nanocomposite isothermally crystallized at various crystallization
temperatures.

employed to characterize the crystallization rate directly,
once the reciprocal half-time of crystallization (1/t,,)
is approximately proportional to the crystal growth rate
(G)*'. Longer is the half-time of crystallization, slower is

the crystallization rate. Furthermore, from n and k, t,, can

1/n
b2 = (%)

Table 2 shows also the half-time of crystallization

1/2
be obtained from:

®)

calculated by the mentioned equation. It was not possible

Table 2. Avrami kinetic parameters for the crystallization of scPLA and scPLA/GNPO+ nanocomposite.

Sc-crystal Homocrystal
Material (‘:Ié) ; calculated t calculated : calculated ¢t calculated
no @) K6 min)  (min) ¢ (min) @) K6 ¢ min) (min) t_(min)
120 2.01 -1.95 1.42E-01 22 1.0 1.9 4.03 -8.21 2.72E-04 7.0 7.9 72
135 205 -253 7.97E-02 2.9 1.5 25 3.00 -5.72 3.28E-03 6.0 6.2 59
PLA 150 2.00 -3.10 4.50E-02 39 3.0 33 2.70 -6.88 1.03E-03 11.2 12.4 10.8
155 2.02 -333  3.58E-02 43 3.7 3.7 2.11 -6.91 9.98E-04 222 21.9 19.5
160 198 -398  1.87E-02 6.2 52 52 - - - - - -
165 197 -453 1.08E-02 8.3 7.2 7.0 - - - - - -
120 212 0.18 1.20 0.8 0.6 0.7 3.44 -2.89 5.56E-02 2.1 23 2.1
135 228 0.52 1.68 0.7 0.6 0.6 3.01 -4.56 1.05E-02 4.0 4.4 4.0
scPLA/ 150 225 -1.19  3.04E-01 1.4 1.3 1.3 2.30 -5.72 3.28E-03 10.3 10.9 9.4
GNPO" 155 212 233  9.73E-02 25 23 22 204 -690 101E-03 246 23.6 212
160 2.09 -297 S5.13E-02 35 3.1 3.0 - - - - - -
165 190 -3.62 2.68E-02 55 4.8 4.5 - - - - - -
Table 3. Transition temperatures, enthalpies and degree of crystallization of scPLA and scPLA/GNPO+ nanocomposite.
Stereocrystal Homocrystal
Vaterial T, €€) (TC') T, (°C) AH_ (/g (AJZ“) X_ (%) (oTéh) E‘Jllié; T,(°C) AH (J/g) AH (J/g) X (%)
90 - 213.7 254 41.2 16.4 - - 168.4 30.8 - 29.0
105 - 214.2 15.0 27.4 9.7 - - 171.0 21.9 - 20.7
120 - 212.5 26.0 11.9 16.8 - - 167.7 37.6 29.7 354
WPLA 135 - 2132 20.8 11.9 134 - - 170.9 36.5 28.5 344
150 - 213.5 19.5 234 12.6 - - 174.4 354 36.4 334
155 198.9 214.4 21.1 24.7 13.6 - - 176.2 36.3 34.0 343
160 201.0 2152 21.0 20.4 13.6 92.4 133 169.4 25.5 - 11.5
165 204.4 215.7 244 24.6 15.7 91.9 12.8 168.9 25.7 - 12.1
105 - 216.0 18.7 13.0 12.1 - - 169.5 29.0 25.8 27.3
120 - 214.7 24.8 13.5 16.0 - - 165.9 37.8 31.9 35.7
135 - 213.7 22.6 16.4 14.6 - - 169.0 38.8 323 36.6
gll\)lll;g{ 150 - 215.4 21.6 21.9 13.9 - - 173.7 41.0 383 38.7
155 200.2 216.2 23.0 254 14.8 - - 174.9 352 30.9 332
160 202.5 216.9 229 343 14.7 91.7 12.9 167.7 22.4 - 9.0
165 205.2 217.2 249 35.1 16.1 91.0 11.5 167.2 21.9 - 9.8

*AH_ was obtained from the deconvolution of the isothermal crystallization curves; T, is the crystallization temperature on heating (cold

crystallization).
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to be calculated the half-time of crystallization estimated
from the relative crystallinity vs. crystallization time plots,
once it should consider the crystallizations of both kinds of
crystals as the 100% relative crystallinity. scPLA/GNPO+
nanocomposite had the lowest half-time of crystallization,
0.7 min for the sc-crystal when crystallized isothermally at
135°C and 2.1 min for the homocrystal when crystallized
isothermally at 120°C.

Another data that can be obtained from the isotherms
is the time to reach the maximum rate of crystallization

t .
max

crystallization. The data of t _can be readily obtained from

This value can also be used to characterize the rate of

the isotherms in Figures 4 and 5. Since t__ corresponds
to the point at which dQ(t)/dt= 0, Q(t) is the rate of heat

evolution, thus:
n—1\"
tmax = ( nk ) (6)

The value oft__can be derived from the Avrami exponent

n and the parameter k. Both the calculated and the extracted
valuesoft are summarized in Table 2 and are in agreement.

the lowestt _ occurs for the

1/2° ‘max

sc-crystal when crystallized isothermally at 135°C and for

Also in agreement with the t

the homocrystal when crystallized isothermally at 120°C.

3.2 Thermal behavior after isothermal
crystallization

Figure 8 and 9 show DSC heating curves after the
isothermal crystallization of scPLA and scPLA/GNPO+
nanocomposite, respectively. Table 3 presents the transition
temperatures, enthalpies and degree of crystallinity of scPLA
and scPLA/GNPO+ nanocomposite obtained from the curves.
According to the curves, it can be observed the presence of
endothermic peaks related to melting of both homochiral and
sc-crystals regardless of the crystallization temperature. But
when isothermal crystallization was performed at 160 and
165°C, there is an exothermic peak which can be attributed
to the cold crystallization of homochiral crystals that was
not able to be formed during isothermal crystallization as
discussed before.

The highest melting point for the homocrystal was
obtained when the sample was isothermally crystallized at
155°C, regardless of the presence of graphene. It means that
this T, can induce the formation of more perfect homocrystal,
independent of the presence of the nanofiller. With regard
the melting of stereocrystals, it can be observed that there
are double melting peaks in the DSC curves at higher
crystallization temperatures, and these peaks are shifted
to higher temperatures with increasing crystallization
temperature. This behavior was noted for both materials,
scPLA and scPLA/GNPO+ nanocomposite. The double-melting
behavior of isothermally crystallized PLA homocrystals has
been reported in literature®” and it is attributed to melting
of crystals derived from melting and recrystallization
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Figure 8. DSC heating curves of scPLA after isothermal crystallization
at: (a) 90°C, (b) 105°C, (c) 120°C, (d) 135°C, (e) 150°C, (f) 155°C,
(g) 160°C and (h) 165°C.

Figure 9. DSC heating curves of scPLA/GNPO+ nanocomposite
after isothermal crystallization at: (a) 105°C, (b) 120°C, (c¢) 135°C,
(d) 150°C, (e) 155°C, (f) 160°C and (g) 165°C.

processes during heating. In this work, the double melting
behavior was also observed for the sc-crystals. In this case,
the lower temperature peak of the double melting peaks
can be attributed to melting of sc-crystals of low perfection
formed at those higher crystallization temperatures and it
is not clear the reasons for the crystallization temperature
dependence on its formation.

4. Conclusions

The isothermal crystallization kinetics of stereocomplexes
of symmetric PLLA/PDLA blends (scPLA) and scPLA/
GNPO+ nanocomposite containing 0.5 wt% of GNPO+
was investigated by DSC. From the melt, both materials
show crystallization of homo and sc-crystals of PLA which
was highly influenced by the crystallization temperature.
Incorporation of the graphene oxide to scPLA accelerates
the crystallization process of the scPLA matrix. For instance,
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at the temperature in which scPLA has the maximum rate of

crystallization (120°C), its half-time of crystallization t, , was
2.2 min, while for the same T, scPLA/GNPO+ nanocomposite
presented t, = 0.8 min. In these symmetric blends, both types of

crystal, homocrystals and stereocrystals can be formed during

isothermal crystallization. At crystallization temperature of

160 and 165°C, the crystallization of homocrystals is reduced

and stereocomplex crystals grow predominate.
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