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Abstract Samarium acetylacetonate (Sm-Acac) was
added to catalyze interchange reactions between poly(lactic
acid) (PLA) and polycarbonate (PC) in order to promote
compatibilization and enhance the performances of the
PLA/PC blend. The effects of the composition and cata-
lyzed transesterification reactions were investigated using
differential scanning calorimetry (DSC), thermogravimetry
(TG), dynamic mechanical thermal analysis (DMTA) and
scanning electron microscopy (SEM). DMTA and DSC
analysis revealed the immiscibility of the uncatalyzed PLA/
PC blends for the studied compositions because the glass
transition temperatures of PC and PLA were unchanged
after blending. In the PLA glassy region, PLA/PC blends
exhibited lower storage moduli which increased upon heat-
ing due to the cold crystallization process. During melt
mixing with Sm-Acac catalyst, PLA/PC blends were sub-
mitted to two competing processes. In one hand, Sm-Acac
acted as a plasticizer and contributed in decreasing signifi-
cantly the glass transition, crystallization and melting tem-
peratures of PLA phase. In the other hand, Sm-Acac proved
its efficiency in catalyzing the transesterification reactions
that were evidenced by the decrease of the PLA aptitude to
crystallization due to the hindering effect of the PC units
inserted into the PLA chains. PLA/PC blends melt mixed
with 0.25% of Sm-Acac showed a significant strengthening
effect, corresponding to an increase in the storage modulus
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in the temperature range comprised between 70 and 90 °C.
This indicated the formation of a copolymer at the inter-
face and the promotion of adhesion as it is confirmed from
the decrease in the height of the PLA Tan § peak. At 0.5%
of Sm-Acac, (90/10) PLA/PC blend revealed a new peak
assigned to the glass transition of the PLA-PC copolymer,
whereas the (50/50) PLA/PC blend was converted into a
new random copolymer. TG analysis proved the presence
of a copolymer structure presenting an intermediate ther-
mal stability in both the catalyzed and uncatalyzed blends.

Keywords Transesterification - Compatibilization -
Poly(lactic acid) - Polycarbonate - Samarium
acetylacetonate

Introduction

The high brittleness and poor thermal and gas and water
vapor barrier properties of PLA are the major obstacles
for its diffusion in many conventional and technical fields,
such as high temperature applications and packaging [1,
11]. Thus, a lot of attempts have been devoted to promote
PLA performances by blending with other polymers and/
or incorporating nanoclays and non-biodegradable and bio-
degradable fillers [12]. In this context, PLA has been melt
blended with many polymers, such as polyethylene tereph-
thalate (PET) [13, 14], polyamide (PA) [15], polystyrene
(PS) [16], biopolyethylene [17], poly(butylene adipate-
co-terephthalate) (PBAT) [18], poly (vinylphenol) [19],
thermoplastic starch (TPS) [20], polybutylene succinate
(PBS) [21], polyhydroxybutyrate-valerate (PHBV) [22],
and polycarbonate (PC) [23]. Nanoclays have been added
to PLA to reinforce particularly mechanical properties [2,
24-27], fire retardancy [28], thermal properties [11, 29],
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optical properties [30] and barrier performances [31, 32].
Also, PLA bio-composites have been prepared using wood
flour [33], lignin [34, 35], cellulose nanocrystals [6, 8, 9,
36, 37] and olive pit [38]. Furthermore, PLA nanocom-
posites based on metallic nanoparticles, such as zinc oxide
(ZnO) [39] and silver (Ag) [9] as antimicrobial agents and
titanium dioxide (TiO,) to promote photodegradability [40]
have been investigated. Even these advancements in PLA
research, there is still many drawbacks that continue to
limit its employment in some sectors which require particu-
lar mechanical and thermal properties. Among PLA above
cited blends, its combination with PC presenting a high
inherent thermal stability and an important tensile strength
and elongation at break appears the more attractive strategy
to overcome PLA brittleness and poor thermal resistance.
Recently, several studies on PLA and PC blends have
been performed to get an idea on the improvements that
can be induced by such a combination and on the fac-
tors that could influence its performances [41-43]. To
improve affinity between the two immiscible compo-
nents, Lee et al. [41] studied the compatibilizing effect of
poly(styrene-g-acrylonitrile)-maleic anhydride (SAN-g-
MAH), poly(ethylene-co-octene) rubber-maleic anhydride
(EOR-MAH) and poly(ethylene-co-glycidyl methacrylate)
(EGMA) on the mechanical, morphological and rheologi-
cal properties of a (30/70) PLA/PC blend. They concluded
that the higher mechanical strength equivalent to the low-
est PLA droplet size is obtained at 5 phr (parts per hundred
resin) of SAN-g-MAH. On the other hand, Phuong et al.
[42] tried the reactive compatibilization of PLA/PC blends
via interchange reactions using tetrabutylammonium tetra-
phenylborate (TBATPB) and triacetin (TA) as a catalytic
system. The addition of both TA and TBATPB resulted in
improved compatibility through the formation of a PLA-
PC copolymer which has a glass transition temperature
(T,) situated between those of PLA and PC, as obtained
by dynamic mechanical thermal analysis. As the catalyst
was added, the Young’s modulus of the materials increased
as a result of both the improvement of compatibility and
chain scission in the PLA phase, enabling the achievement
of co-continuous phase morphology for lower PC con-
tents. Liu et al. [43] investigated the effect of catalysts on
the transesterification mechanism between PLA and PC
under flow field. They noticed that without catalyst, most
of copolymers have relatively high molecular weight with
low PC content, which implies that transesterification reac-
tion most likely happens only once between PLA and PC
chains during the mixing process, and only a small amount
of multiple reactions happen. To promote the transesteri-
fication reaction between the two polyesters to a greater
extent, three catalysts (zinc borate, titanium pigment and
tetrabutyltitanate) have been used. 'H nuclear magnetic res-
onance spectroscopy, gel permeation chromatography and

dynamic mechanical analysis revealed that catalysts induce
more multiple reactions accompanying with the reducing
molecular weight in copolymers and increasing PC con-
tent. Moreover, it was found that the catalysts, especially
tetrabutyltitanate, affect not only the chain compositions of
the copolymers, but influence also the amount of polymers
involved in the reaction.

In previous papers, Guessoum et al. [44-46] reported
the effects of transesterification reactions in presence of
tetrabutylorthotitanate (TBOT) on the properties of PC/
PET blends. They pointed out the effectiveness of ester-
carbonate interchange in the reactive compatibilization of
the system. Indeed, they observed that after transesterifi-
cation reactions, important variations were noticed on the
Tg values of both PET and PC, on PET crystallinity, ther-
mal stability and mechanical and rheological properties
of the blend. The evaluation of PC and PET weight frac-
tions in PC and PET rich-phases according to Wood and
Fox-Couchman equations revealed PC and PET chains
segments transfer from a phase to another when the inter-
change catalyst is added. Several authors [47-53] studied
a series of interchange catalysts and found that TBOT was
the most efficient but it promotes also secondary reactions.
They proved also the efficiency of lanthanide series cata-
lysts such as samarium acetylacetonate in interchange cata-
lyzing but contrary to the later catalyst, it offers the oppor-
tunity to control the structure of the system.

In this study, PLA/PC compatibilized blends were pre-
pared via reactive blending in the molten state in presence
of samarium acetylacetonate used as a catalyst. The blend-
ing conditions such as temperature and time were selected
to permit the occurrence of interchange reactions between
polymers. The characterization of the catalyzed and uncata-
lyzed blends focused essentially on the structural, rheologi-
cal, morphological and thermal properties as a function of
the composition.

Experimental
Materials

PLA is a PLI 005 resin manufactured by NaturePlast. It is
derived from vegetal resources and has the following char-
acteristics: (melt flow index (MFI) at 190°C and under
2.16 kg: 10-30 g/10 min, melting temperature: 155-160 °C,
degradation temperature: 240-250°C). PC is supplied
by Bayer under the trade name of Makrolon 2858 (MFI
at 190°C: 10 g/10 min, density 1.20 g cm™). The inter-
change catalyst is samarium (III) acetylacetonate hydrate
(Sm(acac);) (noted Sm-Acac) which chemical structure is
(CsHgO,);Sm.x H,Opurchased from Sigma-Aldrich.
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Processing

Before melt mixing, PC, PLA and Sm-Acac were dried
in an oven at 60°C for 24 h. PLA and PC dried granules
were manually mixed in different ratios then melt blended
in a 60 cm® Brabender mixer chamber to get uncatalyzed
(90/10), (70/30) and (50/50) (Vol.%) PLA/PC blends. Mix-
ing was conducted at a temperature of 220°C, a speed of
30 rpm during a mixing time of 15 min. Moreover, PLA/
PC catalyzed blends were prepared by incorporating 0.25
and 0.5% of Sm-Acac added directly during blending after
the melting of the polymers. Sm-Acac was also added to
pure PLA and pure PC in order to investigate its effect on
the homopolymers. Torque measurements were carried out
during the blending.

Characterization Techniques
Differential Scanning Calorimetry (DSC)

DSC measurements were carried out to investigate the ther-
mal behavior of the materials with a Perkin-Elmer instru-
ment under inert atmosphere. The analysis was performed
on approximately a mass of 10 mg according to a three
steps program: first heating from 25 to 250 °C at 10 °C/min,
cooling from 250 to 25 °C at 10 °C/min, and second heating
from 25 to 250°C at 10°C/min. Two minutes isothermal
plateau was inserted between the ramps. The thermal prop-
erties, ie the calorific capacity difference (ACP), the Tg, the
crystallization temperature and enthalpy, respectively T,
and AH, and the melting temperature and enthalpy, respec-
tively T, and AH,, were determined from the second heat-
ing curves.

Dynamic Mechanical Thermal Analysis (DMTA)

Specimens of the neat homopolymers and catalyzed and
uncatalyzed blends of dimensions (50X 10X 1) mm® were
subjected to the dynamic mechanical analysis using a Dis-
covery HR-2 from TA instrument. The measurements were
carried out in shearing mode and corresponding viscoelas-
tic properties were determined as a function of temperature.
The temperature range used in the present investigation was
varied from 25 to 180°C with a heating rate of 3°C min~!
The samples were scanned at a fixed frequency of 1 Hz
with a dynamic strain of 0.05%.

Thermogravimetric Analysis (TGA)
Thermogravimetric analysis was performed using a Per-
kin Elmer TGA 4000. Measurements were carried out by

heating the samples from 25 to 700°C at a heating rate of
10°C min~! under a flow of nitrogen gas.
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Scanning Electron Microscopy (SEM)

The morphology of the catalyzed and uncatalyzed blends
was studied by scanning electron microscopy using a JSM-
6301F microscope. The analysis was performed by the
observation of the surfaces produced on fracturing at liquid
nitrogen temperature and after coating with a conductive
layer of gold.

Solubility Measurements

This test was carried out by placing a sample of 100 mg
(m,) of neat, 0.25 and 0.5% Sm-Acac catalyzed (50/50)
PLA/PC blends in a volume of 30 ml of cyclohexanone
heated at 30°C. After stirring for a period of 24 h at
300 rpm, the suspension was filtered and the insoluble frac-
tion was recovered, dried then weighted (m). The solubility
was evaluated according to the following equation:

o my —m
Solubility (%) = x 100
my

Results and Discussion

Thermal Characterization of PLA and PC
Homopolymers

The DSC thermograms of PLA and PC homopolymers
before and after compounding with Sm-Acac catalyst are
presented in Fig. 1. During the first heat, a peak associ-
ated with physical ageing is superimposed with the PLA
glass transition. This peak disappears at the second heat
allowing measuring the T, of PLA at 59.2°C. The cold

1434
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Fig.1 DSC thermograms of PLA and PC homopolymers com-
pounded with and without Sm-Acac catalyst
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crystallization peak appears between 80 and 135°C with a
crystallization temperature taken at the onset of 99 °C. The
melting of pure PLA shows a double peak that presents
two melting temperatures T,,, and T, close to 150.5 and
156 °C, respectively, indicating the presence of two types
of crystalline populations with different degrees of perfec-
tion. In this context, several studies reported that the crys-
talline phase of PLA depends on the processing tempera-
ture for crystallization [42, 54]. The pseudo-orthorhombic
disordered o’ and orthorhombic ordered o PLA’s crys-
talline phases are formed at crystallization temperatures
lower than 100°C and higher than 120°C, respectively
[55]. The small difference between the cold crystalliza-
tion and melting enthalpies indicates that PLA presents
a low crystallinity at ambient temperature. The calcula-
tion of the PLA crystallinity using the crystallization peak
during cooling and an enthalpy of a pure crystal AH_° of
93 J/g [55] gives an approximate value of 3%. PC thermo-
gram exhibits a glass transition temperature at about 145 °C
(AC,=0.21Tg™'°C™h.

After compounding with weight fractions of 0.25 and
0.5% of Sm-Acac catalyst, PLA Tg shifts from 59.2 to 56.6
and 54.6 °C, respectively. At the same time, the cold crys-
tallization and the melting temperatures decrease. Also,
the melting behavior of the PLA melt mixed with 0.5% of
Sm-Acac reveals a double peak where the low temperature
disordered o’ phase amplitude decreases in favor of the
ordered o phase due to the improved chains mobility. PC
homopolymer shows the same trend; its T, decreases from
145 to 139°C after compounding with 0.25% of Sm-Acac.
The decrease in the T,s of both polymers proves that Sm-
Acac catalyst acts also as a plasticizer.

To investigate the effects of Sm-Acac, time dependent
curves of torque for PLA, PC and (50/50) PLA/PC blends
prepared with 0.25 and 0.5% of Sm-Acac are studied. Usu-
ally, torque variations versus time show in the beginning,
an increase resulting from the resistance of the polymer
that has not yet reached the melt. Thereafter, the torque
decreases when the polymer attains the melt and all the
interchain interactions have been destructed. Finally, it
reaches a constant value as a plateau which expresses the
torque at stability.

Figure 2 depicts the torque evolution for PLA, PC and
(50/50) PLA/PC blends. PC presents the higher torque at
stability which is evaluated at approximately 30 N m. In
opposite, PLA depicts lower torque values and shows at
stability a torque of about 1.07 N m (50/50) uncatalyzed
PLA/PC blend presents intermediate torque values between
those of PC and PLA. During melt mixing with 0.25% of
Sm-Acac, lower torque values are recorded relatively to
the uncatalyzed blend, due to the contribution of Sm-Acac
plasticizing effect in reducing the mixture viscosity. A
more important decrease of the mixing torque is observed
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Fig. 2 Time dependent curves of torque for PLA, PC and (50/50)
PLA/PC blends

after increasing the catalyst concentration to 0.5%. The
contribution of the PC phase which should provide a higher
viscosity to the blend is no longer observed and the blend’s
torque approaches the PLA one after 9 min of mixing due
to the occurring of important structural changes.

Viscoelastic Characterization of Uncatalyzed
and Catalyzed PLA/PC Blends

Figure 3a, b depict, respectively, the variations of the
storage modulus G’ and the damping factor (Tan 9) as a
function of temperature for PLA, PC and PLA/PC uncat-
alyzed blends. In the glassy region, PLA presents a stor-
age modulus of about 1141 MPa. The drop of the storage
modulus observed around 63°C is attributed to the glass
transition and corresponds also to a peak in the variations
of Tan & (Fig. 3b). Afterwards, an increase in the modu-
lus is observed due to the cold crystallization process. This
behavior is attributed to an increase in the PLA stiffness
caused by the ability of the amorphous regions to reor-
ganize into crystallites upon heating [56-58]. At ambi-
ent temperature, PC presents a storage modulus of about
544 MPa which drops around 145°C indicating the PC
glass transition. This corresponds to a peak visible on the
Tan dvariations which exhibits a maximum around 151 °C.

At ambient temperature, the storage moduli of PLA/PC
blends are intermediate between those of the homopoly-
mers. After a first drop around the PLA glass transition,
storage moduli increase again due to PLA cold crystalliza-
tion and form a plateau which persists until the second drop
corresponding to the PC glass transition is attained. The
T,s of the PLA and PC phases are unchanged proving the
immiscibility of the blends. As the PLA content decreases,
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Fig. 3 DMTA thermograms of PLA, PC and uncatalyzed PLA/PC blends: a storage modulus and b Tan &

the drop of the blends storage modulus around the PLA
glassy region decreases. Moreover, in the temperature zone
where the PLA cold crystallization occurs, the crystalli-
zation temperature and the storage modulus increase with
increasing the PC content into the blends. A slight enhance-
ment in the storage modulus of the (50/50) PLA/PC blend
is observed in this temperature range and could result from
the establishment of strong interactions between the PLA
and PC phases. This indicate the occurring of exchange
reactions like it was found by Liu et al. [43] who suggested
that transesterification occurs but in a lower extent when
PLA and PC are melt blended without catalyst. The height
of the Tan & peak depends on the molecular mobility of the
amorphous regions in the polymer [59] and the Tan 9 area

(a) 1E10 = —PLA
E — = PLA/PC/Sm-Acac (90/10/0.25)
----PLA/PC/Sm-Acac (70/30/0.25)
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----PC
1E9Q frammizss

©

e

O 1E8|

1E7 |

40 60 80 100 120 140 160

Temperature (°C)

is related to the content of amorphous phase [60]. As the
PC concentration increases, the height of PLA Tan & peak
decreases, while the PC peak becomes higher.

Figure 4a, b represent, respectively, the variations of the
storage modulus and Tan 6 as a function of temperature for
the PLA/PC blends catalyzed with 0.25% of Sm-Acac. T,
of PLA decreases for all the compositions due to the Sm-
Acac plasticizing effect. An identical result was reported
by Phuong et al. [42] on using triacetin as a catalyst. In
the temperature range where the PLA cold crystallization
begins, the storage modulus of the catalyzed blends does
not decrease as it occurs for the (90/10) and (70/30) uncata-
lyzed systems, but it increases notably as the PC content
increases. The reinforcing effect is situated in the same

(B) 14 —
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- ---PLA/PC/Sm-Acac (70/30/0.25)
— - -PLA/PC/Sm-Acac (50/50/0.25)
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0,8
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Fig. 4 DMTA thermograms of PLA/PC blends prepared with 0.25% of Sm-Acac catalyst. a Storage modulus and b Tan &
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temperature range as for the uncatalyzed (50/50) PLA/PC
blend, but it is more intense and concerns all the compo-
sitions. The observed strengthening suggests an enhance-
ment of the blends stiffness even though the Sm-Acac cat-
alyst plasticization. This behavior seems to be due to the
promotion of adhesion and the reinforcement of the inter-
face after the occurring of interchange reactions resulting
in the generation of a copolymer phase. In this context, it
has been proposed that the transesterification mechanism of
PLA and PC is mainly direct ester—ester interchange reac-
tion. The occurrence of the exchanges between the PLA
and PC segments is favored by the proximity of the ester
groups and their high density in the interface. Also, the
PLA chains need to have sufficient contact time with the
PC ones as compared to the reaction time. The role of the
catalyst is to speed up the reaction and to increase the aver-
age reaction time to form copolymers [43]. The exchange
reaction leads initially to the formation of block copolyes-
ters, and with the reactive proceeding, random copolyesters
progressively are formed [46]. Furthermore, the decrease in
the height of PLA Tan d peak observed in Fig. 4b (by com-
parison with Fig. 3b) may be interpreted as being due to
the creation of chemical links between PLA and PC phases.
Indeed, for composite materials, the intensity of Tan 8 peak
is inversely proportional to the interfacial resistance [61,
62]. Chemical links created between PLA and PC phases
may also result in the diminution of the PLA chains mobil-
ity inducing a limited crystallization of PLA. Also, the stor-
age modulus plateau narrows because the PLA crystalliza-
tion temperature increases and the PC phase T, decreases
when the PC content into the blends increases.

Figure 5a, b depict, respectively, the variations of the
storage modulus and Tan d as a function of temperature
for PLA/PC blend catalyzed with 0.5% of Sm-Acac. For

—PLA

- = PLA/PC/Sm-Acac (90/10/0.5)
----PLA/PC/Sm-Acac (70/30/0.5)
—--PLA/PC/Sm-Acac (50/50/0.5)

(a) 1e10 L

1E9 F

G' (Pa)

1E8 |

1E7 |

40 60 80 100 120 140 160

Temperature (°C)

(90/10/0.5) and (70/30/0.5) PLA/PC/Sm-Acac blends,
the Sm-Acac plasticization decreases significantly the
T, of the PLA phase and the blends storage modulus
around the glassy region, but promotes considerably
the PLA cold crystallization due to the enhancement of
the chains mobility. This is confirmed by the significant
increase observed on the height of the PLA Tan & peak
(Fig. 5b). Additionally, after the PLA glass transition, the
Tan & amplitude of (90/10/0.5) PLA/PC/Sm-Acac blend
is increased until 85 °C. This may correspond to the same
phenomenon as that observed in pure PLA after its glass
transition. An identical peak was observed when studying
PET thermal properties and was attributed to the melting
of crystals during the PET cold crystallization [63]. Also,
the appearance of this peak could be assigned to an addi-
tional rigid amorphous phase resulting from the forma-
tion of a copolymer phase. Interestingly, the (50/50/0.5)
PLA/PC/Sm-Acac blend yields a new material consisting
of a PLA-PC random copolymer. This structure is con-
firmed from the absence of the PLA cold crystallization
and the disappearance of the T s of PLA and PC phases.
The obtained copolymer is based on PLA units linked
randomly to PC ones providing a new amorphous mate-
rial with an intermediate T, around 72°C. The PLA-PC
copolymer exhibits a higher storage modulus than those
observed for PLA and the other PLA/PC blends melt
mixed with 0.5% of Sm-Acac. After the glass transition,
the storage modulus decreases abruptly. This observation
agrees with the results of Liu et al. [43] and Phuong et al.
[42] who concluded no changes on the Tgs of PC and
PLA phases melt mixed with a catalyst, but they observed
anew T, comprised between those of the two homopoly-
mers that they have assigned to a new PLA-PC copoly-
mer phase.
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Al - - PLAPC/Sm-Acac (90/10/0.5) |
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Fig. 5 DMTA thermograms of PLA/PC blends prepared with 0.5% of Sm-Acac catalyst. a Storage modulus and b Tan &
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Fig. 6 DSC thermograms of PLA, PC and uncatalyzed PLA/PC
blends

Thermal Properties of Uncatalyzed and Catalyzed
PLA/PC Blends

Figure 6 shows the DSC thermograms of PLA/PC blends
melt mixed without the catalyst. The T, of the PLA phase is
unchanged while that of the PC phase cannot be observed
because it is in the temperature range wherein the PLA
melting begins. The no shifting of the PLA phase T, sug-
gests the total immiscibility of the two polymers for all the
compositions. The PLA weight fractions(o) inside the sam-
ples were calculated using the AC,, values at its glass tran-
sition (Table 1). Also, the blends thermograms reveal that
the crystallization temperature of PLA shifts to higher val-
ues as the PC rate increases. This indicates that PC, which

is still in its glassy state, disrupts the reorganization of PLA
chains during the crystallization process. Moreover, at
the beginning of PLA melting, PC glass transition occurs
avoiding the possibility to calculate the PLA melting
enthalpy correctly. Nevertheless, it was evaluated consider-
ing that the small step introduced by the PC glass transition
is trivial compared to peaks (0.2 mW). The crystallinity
attained by the PLA into the blends after the cold crystal-
lization was calculated, using the PLA weight fraction, by
dividing the melting peak area by the PLA mass (Table 2).
DSC thermograms of PLA/PC blends prepared with
0.25% of Sm-Acac are presented in Fig. 7. As for the
homopolymer, the glass transition, crystallization and
melting temperatures of PLA inside the (90/10/0.25) and
(70/30/0.25) PLA/PC/Sm-Acac blends decrease, confirm-
ing the plasticizing effect exerted on the PLA phase. The
(50/50/0.25) PLA/PC/Sm-Acac shows also a decrease in
the glass transition and melting temperatures because of the
Sm-Acac plasticization, but in opposite, it exhibits a higher
crystallization temperature relatively to the former compo-
sitions. The crystallization peak intensity decreases notably
and shifts to higher temperatures because of the lower apti-
tude of PLA chains to crystallize. At the same time, the two
melting peaks move to lower temperatures. The crystalliza-
tion behavior of the (50/50/0.25)system could be explained
by the transfer of PC units into the PLA phase. The result-
ing copolymer chains present a relatively low tendency to
crystallization due to the bulky PC units which hinder their
organization into crystals. Significant additional changes
confirming the efficiency of Sm-Acac as an active trans-
esterification catalyst are provided by Fig. 8 presenting
the thermograms of PLA/PC blends prepared with 0.5%
of Sm-Acac. The thermogram of the (90/10/0.5) PLA/PC/

Table 1 DSC thermogram analysis for PLA and uncatalyzed PLA/PC blends

PLA/PC Glass transition (50-67 °C) Cold crystallization (80-135°C) Melting (135-170°C)
T,(°C) AC,dg'°C™) (%) T,(°C) Peakarea(m]) AH (Jg™') T, (°C) T,,(°C) Peakarea(ml) AH,(Jg™

100/0 592 0517 100 988 3340 334 150.5 156 363.1 36.3

90/10 594  0.431 83 100.7 3244 31.2 150.6 156.5 3314 319

70/30 602 0.349 68 1022 2586 24.6 1513 159 267.3 25.5

50/50  60.0  0.262 51 1020 1859 17.9 151.2 159.3 201.7 19.4

Table 2 Analysis of DSC ° ° ° °
PLA/PC T, (°C T, (°C T, (°C T,, (°C

thermograms for PLA :CO (O m O m (O

homopolymer and PLAin PLA/  §m.Acac 0 025 05 0 025 05 0 025 05 0 025 05

PC blends melt mixed without 100/0 592 566 546 988 967 89.1 150 141 140 156 153 149

and with Sm-Acac catalyst 90/10 594 568 540 1007 969 908 150 146 139 156 154 148
70/30 602 556 514 1022 960 995 151 145 130 159 158 136
50/50 60.0 503 - 1020 988 - 151 132 - 160 145 -
0/100 145 139 - - - - - - - - - -
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PLA/PC/Sm-Acac (90/10/0.25)

PLA/PC/Sm-Acac (70/30/0.25)

PLA/PC/Sm-Acac (50/50/0.25)

Heat flow endo up (mW)

% 40 60 80 100 120 140 160 180 200 20
Temperature (°C)

Fig. 7 DSC thermograms of PLA/PC blends prepared with 0.25% of
Sm-Acac catalyst

PLA/PC/Sm-Acac (90/10/0.5)

PLA/PC/Sm-Acac (70/30/0.5)

Heat flow endo up (mW)

PLA/PC/Sm-Acac (50/50/0.5)

{\—/ i i e

% 4 60 80 100 120 140 160 180 200 20
Temperature (°C)

Fig. 8 DSC thermograms of PLA/PC blends prepared with 0.5% of
Sm-Acac catalyst

Sm-Acac blend reveals a noticeable decrease in the glass
transition, crystallization and melting temperatures of the
PLA phase due to the high Sm-Acac plasticization effect.
The PLA phase melting behavior is similar to that of the
PLA/Sm-Acac system melt mixed with 0.5% of Sm-Acac.
The PLA phase into the (70/30/0.5) PLA/PC/Sm-Acac
blend shows a lower T,, but in opposite, the crystallization
peak shifts to higher temperatures. This is a contradictory
result because, the higher is the Sm-Acac concentration,
the greater should be the plasticizing effect and the chains
mobility. So, as for the (50/50/0.25) PLA/PC/Sm-Acac,
this suggests that copolymer chains resulting from trans-
esterification reactions between PLA and PC are formed.
The rigid PC blocks limit strongly the molecular mobil-
ity and hinder the PLA crystallization process. Finally, as

observed in DMTA analysis, a new random type PLA-PC
amorphous copolymer is provided by the (50/50/0.5) PLA/
PC/Sm-Acac blend and shows an intermediate T, value of
80°C as evaluated from the second heating scan. This find-
ing is extremely important given the interesting properties
that this copolymer is expected to present by combining
features of both polymers, especially the biodegradability
of PLA and the good thermal performances of PC.

In summary, the thermal behavior of PLA/PC/Sm-Acac
blends is governed by two antagonist processes resulting
from the fact that the Sm-Acac catalyst is not only involved
in catalyzing transesterification reactions between PLA and
PC, but it acts also as a plasticizer. In one hand, the plas-
ticizing effect of the Sm-Acac catalyst decreases the glass
transition temperature of PLA and PC. In the other hand,
its action on the cold crystallization process is balanced by
the transfer of bulky PC units into the PLA phase which
explain the increase in the crystallization temperature for
certain compositions. Additionally, it seems that the impor-
tant decrease in the PC phase T, does not only result from
the Sm-Acac plasticization and the PLA melt, but it may
also be due to the insertion of relatively highly mobile
PLA units transferred into the PC phase via interchange
reactions. A similar result was observed for the PC/PET
system, where it was concluded that the shifting to lower
temperatures of the PC phase T, is due to the PET units
transfer occurring through TBOT catalyzed transesterifica-
tion [44].

It is worth noting that the T, of the random copolymer is
comprised into the temperature range where the strength-
ening effect noticed for the PLA/PC blends catalyzed with
0.25% of Sm-Acac is observed. This supports that, initially,
the reinforcement results from a block copolymer local-
ized at the interface. At 0.25% of Sm-Acac, the interchange
processes are limited, so the PC and PLA blocks are suf-
ficiently long and exhibit the same T,s as the correspond-
ing polymers. After increasing the Sm-Acac concentration
to 0.5%, inter- and intra-chain transesterification reactions
occur and cause the blocks shortening until randomization
that produces new copolymer chains with their own T,.

To get more information on the blends composition and
confirm the DSC and DMTA results, the solubility test
which gives a rather precise approach of the exchange rate
occurring in a system was performed. It is based on the
selective solubility of one of the components of a mixture
in a solvent and on the change of the behavior of these com-
ponents with respect to same solvent after the structural
changes resulting from transesterification. Consequently,
the solubility measurements provide very useful informa-
tion on the interchange reactions rate and on the structure
of the formed copolymer (block or random structure). In
this purpose, we used cyclohexanone which dissolves the
PC and not the PLA.
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The solubility measurement on the uncatalyzed (50/50)
PLA/PC system leads to a partial solubility of about 52%.
The insoluble fraction contains only the PLA contribu-
tion into the sample. However, the blend compounded
with 0.25% of Sm-Acac shows a decrease in the solubility
to 28%, due to the conversion of the homopolymers at the
interface to a block copolymer consisting of long sequences
of PLA and PC units and presenting a limited solubility.
This result supports the DSC and DMTA findings which
attributed the increase in the crystallization temperature
of PLA to the copolymer structure formed from the inser-
tion of bulky PC units into the PLA chains via transesteri-
fication reactions. Finally, the (50/50) PLA/PC mixture
melt mixed with 0.5% Sm-Acac is completely dissolved
in cyclohexanone, which suggests that active exchanges
between the two polymers occurred. The solubility of this
blend was expected, accordingly to the DMTA and DSC
results which supports the randomness of the obtained
PLA-PC copolymer. Identical results have been obtained
by several other authors [46—48].

Thermal Stability of Uncatalyzed and Catalyzed PLA/
PC Blends

Thermogravimetric analysis was performed to evaluate the
effects of PC concentration and catalytic transesterification
reactions on the thermal stability of PLA/PC blends. The
degradation parameters, including temperatures at which
starts and finishes the decomposition, noticed Ty, and Ty
respectively, the temperature at maximum weight loss
(Tymax) and the decomposition rate (V) are evaluated from
the thermograms representing the variations of the weight
loss (TG) and the derivative of the weight loss versus time
(DTG).

(a) —PLA
100 — =PLA/PC (90/10)
....... PLA/PC (70/30)
\ \‘ - « «PLAIPC (50/50)
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Figure 9a, b depict, respectively, TG and DTG thermo-
grams for PLA, PC and uncatalyzed PLA/PC blends. PLA
decomposition is carried out in a single step that extends
from 295 to 388°C. The weight loss at Ty, of approxi-
mately 358°C is around 56%, corresponding to a degra-
dation rate of 2.83%/min. The thermal stability of PC is
higher because degradation, which occurs also in a single
stage, begins around 410 °C, reaches a maximum at 521 °C
and ends at 627°C with a solid residue of 23.61%. The
maximum rate of weight loss is about 0.93%/min. Uncata-
lyzed PLA/PC blends present an intermediate thermal sta-
bility. In fact, the thermogram of the (90/10) PLA/PC sys-
tem shows a decomposition in a single step and reveals a
slight increase in the degradation temperatures, whereas the
(70/30) and (50/50) blends thermograms exhibit principally
two steps corresponding to the decomposition of PLA and
PC phases. In these blends, the T, of the PLA phase is
not affected contrary to that of the PC phase which moves
to lower temperatures. This fact has already been observed
by Phuong et al. [42], who explained that this could be due
to the PLA degradation that would have accelerated the PC
phase decomposition. The (50/50) PLA/PC blend exhibits
a supplementary small peak in the DTG thermogram that
could correspond to the blend’s third phase which caused
the slight strengthening effect observed in the variations of
the storage modulus.

Figure 10a, b represent, respectively, the TG and DTG
thermograms of PLA, PC and PLA/PC blends after com-
pounding with 0.25% of Sm-Acac. The Sm-Acac inter-
change catalyst affects notably the thermal stability of PLA
and PC which decomposition parameters slide towards
lower temperatures. Also, the thermal stability of PLA/PC/
Sm-Acac blends decreases and their decomposition param-
eters are lower relatively to those of the pure mixtures
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Fig. 9 TG (a) and DTG (b) thermograms of PLA, PC and uncatalyzed PLA/PC blends
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Fig. 10 TG (a) and DTG (b) thermograms of PLA, PC and PLA/PC blends prepared with 0.25% of Sm-Acac

(Table 3). Nevertheless, the catalyzed blends present a
higher thermal stability relatively to the PLA melt mixed
with the same concentration of Sm-Acac catalyst due to the
contribution of the PC phase. (90/10) reveal decomposi-
tion in only one stage while (70/30/0.25) and (50/50/0.25)
PLA/PC/Sm-Acac blends decompose in three ones. The
first stage of degradation of (70/30/0.25) PLA/PC/Sm-Acac
blend begins around 271°C and finishes at about 317°C.
It corresponds probably to the thermal decomposition of
Sm-Acac catalyst [64]. Thereafter, the second and third
stages follow and are attributed, respectively, to PLA and
PC phases degradation. In addition to these phases decom-
position depicted by the first and third stages, respectively,

the DTG thermogram of (50/50/0.25) PLA/PC/Sm-Acac
blend reveals also an intermediate degradation stage. This
additional peak, also observed in the DTG curve for the
uncatalyzed (50/50) PLA/PC blend but in a minor inten-
sity, extends from 377 to 432°C and exhibits a maximum
at 395°C. Its appearance supports the presence into the
blend of a copolymer phase presenting a structure different
from those of the homopolymers but deriving from them.
The intensification of the peak corresponding to this phase
suggests that its concentration into the blend increased after
blending with the catalyst, which agrees with the DMTA
results. The decomposition parameters of PLA, PC and cat-
alyzed and uncatalyzed blends are summarized in Table 3.

Table 3 Decomposition

0% Sm-Acac 0.25% Sm-Acac
parameters of PLA, PC and
uncatalyzed and catalyzed PLA/ Parameter 100/0  90/10  70/30  50/50  0/100  100/0  90/10  70/30  50/50  0/100
PC blends
First stage of decomposition
Ty (°C) 295 302 308 311 410 237 282 271 242 364
Ty (°C) 388 417 428 432 627 379 410 317 377 603
Tymax CC) 368 370 368 362 521 348 370 302 351 446
V4 (%/min) 2.83 2.43 2.17 1.70 0.93 1.72 1.86 1.68 1.64 1.32
Weight loss (%) 1.28 2.13 - - 23.61 0.88 422 - - 21.8
Second stage of decomposition
Ty (°C) - - 426 346 - - - 317 377 -
Ty (°C) - - 535 422 - - - 408 432 -
Tymax CC) - - 470 376 - - - 370 395 -
Weight loss (%) - - 5.50 1751 - - - - - -
Third stage of decomposition
Ty (°C) - - - 432 - - - 408 432 -
Ty (°C) - - - 541 - - - 545 555 -
Tmax CC) - - - 471 - - - 483 495 -
Weight loss (%) - - - 9.20 - - - 6.43 8.43 -

@ Springer



352

J Polym Environ (2018) 26:342-354

Morphological Study of PLA/PC Blends

The evolution of the PLA/PC blend morphology with the
composition, before and after compatibilization through
the addition of the transesterification catalyst is described
by the micrographs given by the Fig. 11a—f. Micrographs
(a) and (c) showing the morphology of (90/10) and (70/30)
PLA/PC blends prepared without Sm-Acac, respectively,
exhibit PC droplets dispersed into the PLA matrix. The
interface between the domains of the two polymers reveals
the existence of voids attributed to the poor adhesion due
to their immiscibility. PC droplets present different sizes
varying from 13 to 2 pm for the (90/10) PLA/PC blend and
from 40 to 2 pm for the composition (70/30). The micro-
graphs (b) and (d) of the same compositions prepared with

(a)

0.25% of Sm-Acac show a similar morphology but the PC
droplets exhibit smaller dimensions, from 11 to 1.5 pm for
the (90/10) PLA/PC blend and from 18 to 1.5 pm for the
(70/30) system. The dispersion refinement may result from
the contribution of the copolymer to the stabilization of the
PC droplets against coalescence. The micrographs (e) and
(f) representing the (50/50)PLA/PC system prepared with-
out and with 0.25% Sm-Acac, respectively, reveal a change
from the droplet/matrix to the co-continuous morphology
resulting from the equivalent rates of the two polymers into
the blend. PLA domains show a good adhesion to the PC
ones even if they are melt mixed without the Sm-Acac cata-
lyst. The observed morphology agrees perfectly with the
DMTA and TG results which mentioned the presence of a
third phase at the interface.

(b)

Fig. 11 Scanning electron micrographs of uncatalyzed and catalyzed PLA/PC blends: a (90/10), b (90/10/0.25%), ¢ (70/30), d (70/30/0.25%), e

(50/50), £ (50/50/0.25%)
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Conclusion

In this paper, thermal, viscoelastic and morphologi-
cal properties of PLA/PC blends were investigated after
being compounded without and with samarium acetylace-
tonate used as a transesterification catalyst between the
two polymers.

The characterization of the uncatalyzed blends revealed
their immiscibility for the studied compositions. DMTA
results showed that the T,s of the blends components are
unchanged after blending without the catalyst. At tempera-
tures below the PLA T,, the uncatalyzed blends presented
lower storage modulus which decreases further during the
PLA glass transition, and then increases upon heating due
to the cold crystallization process. A slight enhancement
of the storage modulus is noticed for the (50/50) PLA/PC
blend due the existence of a third phase that was also con-
firmed by the TG analysis. The study of the thermal prop-
erties by DSC showed the hindrance of the PLA crystal-
lization due to the PC glassy phase which reduces the PLA
chains mobility and causes the shift of the crystallization
process towards higher temperatures, particularly when the
PC content increases.

When the Sm-Acac catalyst was incorporated, immis-
cibility was still observed but several changes occurred on
the blends properties. In one hand, the Sm-Acac acted as
an efficient plasticizer by decreasing notably the T,s of PC
and PLA and affecting the crystallization behavior. In the
other hand, it contributed to the promotion of a significant
strengthening effect evidenced from the increase of the
blends storage modulus in the temperature interval ranging
between the end and the start of the PLA glass transition
and cold crystallization events, respectively. The observa-
tion of such reinforcement suggested the contribution of
chemical links to the enhancement of adhesion between
the two phases in presence of the catalyst. After increas-
ing the Sm-Acac catalyst concentration to 0.5%, a signifi-
cant decrease in the polymers T,s and the blends storage
modulus is noticed as a result of the important Sm-Acac
plasticization which prevented the strengthening effect that
occurred for 0.25% of Sm-Acac. Also, a small peak attrib-
utable to the presence of the copolymer phase was noticed
on the variations of Tan & for the (90/10/0.5) PLA/PC/Sm-
Acac blend. As a result of active interchange reactions,
an amorphous copolymer having an intermediate T, and a
higher storage modulus was achieved from the (50/50/0.5)
PLA/PC/Sm-Acac blend. Accordingly, the thermogravi-
metric analysis revealed a supplementary decomposition
stage owing to the copolymer phase which presents its
proper degradation characteristics. Also, it seems that the
(50/50/0.25) PLA/PC/Sm-Acac blend offers an attractive
combination that could provide a material presenting inter-
esting properties until 90 °C due to the strengthening effect

ensured by the copolymer synthesized via interchange reac-
tions at the interface between PLA and PC.
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