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ABSTRACT: This study was aimed at the modulation of
poly(lactic acid) (PLA) properties by the addition of both a
low-molecular-weight plasticizer, acetyl tributyl Ccitrate
(ATBC), and a biodegradable aliphatic-aromatic copo-
lyester, poly(butylene adipate-co-terephthalate) (PBAT).
PLA/PBAT, PLA/ATBC, and PLA/PBAT/ATBC mixtures
with 10-35 wt % ATBC and/or PBAT were prepared in a
discontinuous laboratory mixer, compression-molded, and
characterized by thermal, morphological, and mechanical
tests to evaluate the effect of the concentration of either the
plasticizer or copolyester on the final material flexibility.
Materials with modulable properties, Young’s modulus in

the range 100-3000 MPa and elongation at break in the
range 10-300%, were obtained. Moreover, thermal analysis
showed a preferential solubilization of ATBC in the PBAT
phase. Gas permeability tests were also performed to assess
possible use in food packaging applications. The results are
discussed with particular emphasis toward the effects of
plasticization on physical blending in the determination of
the phase morphology and final properties. © 2008 Wiley
Periodicals, Inc. ] Appl Polym Sci 110: 1250-1262, 2008

Key words: additives; blending; glass transition; poly-
esters

INTRODUCTION

Poly(lactic acid) (PLA) has received attention for large-
scale industrial applications, as the building of big syn-
thesis plants' has allowed effective price reduction.
The advantage over traditional materials is mainly
environmental, as PLA is obtained from renewable
resources,” and it is compostable as well, which allows
for easier waste management with respect to tradi-
tional synthetic plastics.” PLA-based materials could be
successfully used in packaging applications, as they
have properties that allow the replacement of conven-
tional hydrocarbon-based packaging.*” PLA can be
processed in the 150-200°C temperature range by injec-
tion molding, sheet extrusion, blow molding, thermo-
forming, and film forming, but the obtained material is
usually stiff and brittle. Therefore, a modulation of its
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mechanical properties is needed for this material to be
used in applications actually reserved to polyolefins.
For this purpose, both the addition of plasticizers and
blending with other biodegradable polymers were
recently explored.

Plasticizers can be added to PLA to decrease its
glass-transition temperature (Tg), which results in a
lower stress at yield and a higher elongation at
break®” at room temperature, with these conditions
being necessary to improve the flexibility of films
and sheets. With this concern, either glycerol®® and
its ester derivatives, such as diglycerine tetraacetate,
glyceryl triacetate,'” and acetyl glycerol monolau-
rate,'! have been added to PLA. The former was not
very efficient in reducing T,, whereas the last two
allowed 60 and 100 times increases in the elongation
at break with respect to pure PLA, respectively.
Citrate derivatives, such as tributyl citrate® acetyl
triethyl citrate,'> and acetyl tributyl citrate (ATBC),
have also been added to PLA and provided similar
results. Labrecque et al."> compared the plasticizing
efficiency of triethyl and tributyl citrates and their
acetyl derivatives and found out a very similar trend
in the thermomechanical properties, with ATBC pro-
viding the lowest glass-transition value. Moreover,
triethyl citrate migrated preferentially from PLA in a
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TABLE I
Technical Data of the Polyesters Used in this Study

Density (g/cm®?® M, (x 107%® M, (x 107> [P* MFR (g/10 min)
P1 1.25 8.41 17.8 2.1 6.4 + 0.8
P2 1.24 12.0 21.1 1.7 47 +07
PBAT 1.26 3.67 9.54 2.6 24 + 4

M,, = number-average molecular weight; M,, = weight-average molecular weight.

2 From technical data sheets.

" From gel permeation chromatography analysis (CHCl;, 1 mL/min, polystyrene

standards, PLgel-Mixed-D).
¢ Id = Mw/ Mn-

wet state, as it is soluble in water."* Similar results
were obtained by Baiardo et al.'® for solution-cast
and melt-extruded blend films. Moreover, by using
different plasticizers, they correlated the mechanical
properties, such as strain at break, tensile strength,
and elastic modulus, to the PLA T,, showing the
change from brittle to ductile behavior when the T,
value was about 35°C. To balance the opposite
necessities of decreasing the material glass transition
and limiting the migration of plasticizers, Ljungberg
and Wesslen'®'” synthesized oligomers of tributyl ci-
trate with different molecular weights. The tertiary
hydroxyl group of tributyl citrate seemed to have
participated to the oligomerization and caused
uncontrolled branching. The trimer or eptamer addi-
tion to PLA resulted in phase separation at 20 and
15 wt % concentrations, respectively, with saturation
concentration decreasing with increasing plasticizer
molecular weight.

Poly(ethylene glycol) (PEG)'*'#'? at different mo-
lecular weights has shown similar behavior to citrate
derivatives. The main difference was the PEG crystal
attitude to nucleate cold PLA crystallization. No dif-
ference was observed when monomethyl ether of
PEG was used on either T, or the ability of PLA to
Crys’callize.20 Similarly to PEG, poly(propylene glycol)
(PPG)*!*? plasticized PLA but did not promote crys-
tallization. PPG creates tiny pools of liquids, which
may locally plasticize PLA during deformation and
positively affect the drawability.

The plasticizing effect of oligomeric malonate
esteramides and polyesters® induced a decrease of
11-17°C in the glass transition, and the oligomeric
copolyamide containing the less hindered amine
was the most effective. The authors ascribed this
result to the possibility of hydrogen bond formation.

The glass transition value of PLA is also slightly
affected by humidity, and in particular, it follows
the Gordon-Taylor relationship as a function of
water content.”*

Blends of PLA with other biodegradable polyest-
ers have also been widely investigated to prepare
soft or more flexible materials for many different
applications. To easily achieve property modulation,

the crucial point seems to be the miscibility and
compatibility between the phases. In fact, all of the
investigated biodegradable polyesters, including
poly(hydroxyl butyrate),” poly(butylene succinate),*®
polycaprolactone,”*® and poly(butylene adipate-co-
terephthalate) (PBAT),**° are immiscible with PLA.
The latter allowed the preparation of materials with
interesting mechanical properties, such as a good
level of toughness.’® As the final properties of
blends depend on the composition, level of compati-
bility, processing, and morphological features, only a
rough modulation of properties was possible
through the blending approach.

For these reasons, the development of plasticized
multiphase systems, such as plasticized PLA blends™
and nanocomposi’ces,g’lg’33 have recently been investi-
gated with the aim of finely tuning mechanical prop-
erties, but the reciprocal effects of the plasticization
and toughening were not taken properly into
account. In particular, the effect of plasticization on
the properties of toughened blends with similar
properties but based on PLAs of different grades and
the possible overall preferential distribution of plasti-
cizer into one polymer phase have never been
considered.

In this framework, the fine modulation of PLA
properties was investigated by the addition of both a
low-molecular-weight plasticizer (ATBC) and a bio-
degradable polyester (PBAT). The blends of different
compositions were prepared in a discontinuous labo-
ratory mixer, compression-molded, and finally char-
acterized by thermal, morphological, mechanical, and
permeability tests. The attention was focused, in par-
ticular, on the concentration effects of the plasticizer
and copolyester on the final properties, particularly
on the enlightenment of the effects of preferential
solubilization of the plasticizer and the reciprocal
influence of plasticization and toughening.

EXPERIMENTAL
Materials

Two different PLAs, 2002D film-grade PLA (P1) and
4042D extrusion/thermoforming-grade PLA (P2),

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 SEM micrographs of the cryogenically broken surfaces of the films made of P1, P1 with 10% ATBC (Platbc10)
and 25% ATBC (Platbc25), and P1 with 10% PBAT (P1pbat10), 25% PBAT (P1pbat25), and 35% PBAT (P1pbat35).

purchased from Cargill Dow (Bair, US-NE), were  polymers are reported in Table I. ATBC was pur-
used in this study. PBAT, Ecoflex FBX7011, was pur-  chased from Sigma-Aldrich (Milano, Italy) and was
chased from BASF. The main characteristics of the  used as received.

Journal of Applied Polymer Science DOI 10.1002/app
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Additive T, AH,. Tee AH,, T AH,,. Percentage crystallinity of

Sample over PLA Q) (/g (°Q) (/g)" Q) /g PLA after quenching®®
P1 0 60.1 — — 0 — — ~0

PBAT 0 —33.3 —15.29 -1.63 18.2 108 — —

ATBC 0 —824 — — — — — —

Platbc10 10 wt % ATBC 44.1 -17.5 112 26.3 145 8.8 10.3

Platbc25 25 wt % ATBC 30.3 -19.1 94 224 146 34 45

Platbc35 35 wt % ATBC 27.4 —24.8 108 26.4 144 1.6 2.3

Pl1pbat10 10 wt % PBAT 60.2 —12.2 127 12.7° 152 0.6° 0.7¢
Plpbat25 25 wt % PBAT 60.0 -2.8 131 3.9° 152 1.1° 1.5¢
Plpbat35 35 wt % PBAT 61.1 -29 133 3.0° 152 0.3° 0.4¢

® The enthalpies and crystallinity were calculated on the actual PLA content.

® In the calculation, AH,, of PBAT was neglected.

¢ For the calculation of crystallinity content, the enthalpy of totally crystalline PLA was assumed to be AH, = 93 J/g."”

Preparation of the blends and compounds

PLA/PBAT blends and PLA/ATBC compounds were
prepared in a discontinuous Brabender laboratory
mixer (Duisburg, Germany) with a mixing chamber of
30 mL at 200°C with a blade rate of 50 rpm and a
blending time of 10 min. Binary PLA/PBAT and
PLA/ATBC mixtures were named Pxpbaty or
Pxatbcy, where x indicates the PLA grade (P1 or P2)
and y is the percentage by weight of PBAT or ATBC
with respect to 100 g of PLA.

The preparation of the PLA/PBAT/ATBC blends
was carried out in a discontinuous Brabender labo-
ratory mixer with a mixing chamber of 50 mL at
200°C with a blade rate of 50 rpm and a blending
time of 10 min. The ternary blends were named
Pxpyatbcz, where x indicates the PLA grade (P1 or
P2), y is the percentage of PBAT in 100 g of the poly-
mer blend, and z is the percentage by weight of
ATBC calculated with respect to PLA (e.g., 10.9 g of
P1p10atbc10 was composed of 9 g of PLA, 1 g of
PBAT, and 0.9 g of ATBC).

The torque trend was recorded by the mixer
equipment as a function of time. The material recov-
ered from the mixer was compression-molded with

a PM 20/20 Campana instrument (Milano, Italy) at 5
MPa and 200°C (for 2 min).

Characterization

Differential scanning calorimetry (DSC) measure-
ments were performed with a Mettler Toledo DSC
822e (Milano, Italy) with STARe software version
6.10. Standard aluminum pans with 10-20 mg of sam-
ple were used. For P1-based compounds and blends,
a first heating scan program from 30 to 220°C at
10°C/min was followed by a cooling step at —10°C/
min up to —80°C and a successive heating step at
10°C/min up to 220°C. For P2-based blends, a first
heating scan program from 25 up to 250°C at 20°C/
min was followed by a quenching step in liquid
nitrogen and by a second heating up to 250°C at
10°C/min under a nitrogen atmosphere. Thermogra-
vimetric analyses were carried out in the Mettler Tol-
edo STARe system with a thermogravimetric
analyzer/standardized differential thermal analysis
(SDTA) module in the range 25-600°C at a rate of
10°C/min under a 60-mL/min nitrogen flow.

The melt flow rate (MFR), expressed in grams of
material per 10 min, was determined with a CEAST

Tensile Properties of the P1, PBAT, P1/ATBC, and P1/PBAT Mixtures

TABLE III

Sample Modulus (MPa) Stress at yield (MPa) Strain at yield (%) Stress at yield (%, MPa) Strain at break (%)
P1 2996 + 52 33+7 24 +09 26 + 4 13+3
PBAT 66 + 12 5+2 15+ 6 15+7 670 + 84
Platbc10 2340 + 89 29 +9 1.5+09 19 +£5 85 + 14
Platbc25 230 + 70 13+8 133.8 + 37 22+ 6 254 + 26
Platbc35 1500 + 1000 20 + 12 37 +£25 22+9 132 + 66
Plpbat10 2882 + 124 36 + 8 1.5+ 0.6 12 +5 17 £ 8
Plpbat25 2425 + 136 30 + 12 14 +038 24 + 8 97 + 23
Plpbat35 2182 + 241 27 +9 1.5+ 0.7 23+9 91 + 31

The specimens were obtained from compression-molded films.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Final torque as a function of ATBC content in
the ternary PLA/PBAT/ATBC mixtures.

module PIN 7026 melt flow instrument (Torino,
Italy) equipped with VisualMELT software, which
provided the melt volume rate data. The MFR was
measured at 190°C with a weight of 2.16 kg (ASTM
D 1238), following an ISO1133A standard procedure.
The samples were kept for 2 h in a 60°C preheated
vacuum oven before the MFR test to remove
humidity.

The tensile properties were tested at room temper-
ature (27°C) with a 500-N load cell and a crosshead
speed of 1 mm/min with a Tinius Olsen tensile tes-
ter (Saldfords, UK). The specimens (ASTM D 628,
type MIII) were cut from compression-molded films
with a thickness of about 200 pm that were condi-
tioned at least for 2 days at 50% relative humidity
(RH) before testing. Each reported value is an aver-
age of measurements carried out on at least six
specimens.

The O, permeability was measured with an Extra-
Solution PermeO, instrument (Pisa, Italy) at 23°C

COLTELLI ET AL.

and 0% RH on 50-cm? films according to the ASTM
D 3985-02 norm. The permeability to CO, was meas-
ured with an ExtraSolution PermeCO, instrument at
23°C and 0% RH on 50-cm” films according to the
DIN 53380 norm, whereas the permeability to water
vapor was measured with an ExtraSolution Per-
meH,O instrument at 23°C and 85% RH on 50-cm?
films according to the DIN 53122 norm.

The dipole momentums of the ATBC, PLA frag-
ment, and PBAT fragment were calculated with CS
CHEMS3D ULTRA 7.0 software (Cambridge, MA), by
achievement of the minimum energy configuration
through a molecular orbital package (MOPAC), in
the AM1 closed-shell computational method.

Scanning electron microscopy (SEM) characteriza-
tion was carried out with a Jeol JSM model T-300
instrument on cryofractured and gold-sputtered
samples. The determination of the diameter should
have required the etching of PBAT from the cryo-
genically smoothed surface of the samples, but this
procedure was not possible because a selective sol-
vent could not be identified, although solubilization
tests were performed with chloroform, methanol,
ethanol, 1,1,1,3,3,3-hexafluoro-2-propanol, tetrahy-
drofuran, acetone, ethyl acetate, toluene, trichloro-
benzene, benzyl alcohol, xylene, decaline, and n-
hexane. Hence, we carried out the analysis on non-
etched cryogenically fractured surfaces by taking
into account the values obtained for at least 100 dis-
persed PBAT domains with Image Tool 3.0 software
(San Antonio, TX).

RESULTS
PLA/ATBC and PLA/PBAT binary mixtures

Binary PLA mixtures were prepared by the mixture
of P1 with different amounts of ATBC or PBAT with
T, values of —82 and —33°C, respectively. In the
former case, the torque decreased with increasing

TABLE IV
T, Tee, Ton, and Enthalpies of the PI/PBAT Blends Containing Different Amounts of ATBC

T, AH,. Tee AH,, T AH,, Percentage crystallinity of
Sample C) (/g Q) (/g Q) (/g PLA after quenching™*

P1p10 60.1 2.6 132 2.6 153 0 ~0

P1p10atbc5 53.4 -17.2 117 18.9 148 1.7 1.8
P1p10atbcl0 482 -21.3 109 21.6 145 0.2 0.3
P1p10atbc25 25.3 —-23.8 83 20.0 144 0 0

P1p20 60.3 -29 131 3.9 152 1.1 14
P1p20atbc5 55.5 -13.1 123 17.1 151 3.9 5.5
P1p20atbcl0 48.1 -18.0 107 21.3 144 3.3 4.9
P1p20atbc25 345 -16.7 85 20.5 146 3.7 6.0

® The enthalpies and crystallinity were calculated with the actual PLA content.

® In the calculation, AH,, of the PBAT was neglected.

¢ For the calculation of crystallinity content, the enthalpy of totally crystalline PLA was assumed to be AH, = 93 J/g."”

4 T PBAT is the glass transition temperature of the PBAT.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Trend of T, against the percentage by weight of
ATBC over PLA.

amount of additive, whereas in the latter case, a slight
increase in the torque was observed. At the same
time, the T, of PLA (TgpLa) decreased with increasing
amount of added ATBC, whereas the addition of
PBAT did not result in any appreciable change.

The decrease in both torque and T, in the P1/
ATBC mixtures was related to the complete miscibil-
ity of ATBC with P1, which was in agreement with
the morphological characterization (Fig. 1). The
appearance of an inhomogeneous system at 25%
ATBC revealed the probable overcoming of the solu-
bility threshold for ATBC in the PLA phase. On the
contrary, the addition of PBAT resulted in the well-
known phase separation,”* as evidenced by the
SEM analysis of the compression-molded films,

124

-
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where the presence of round PBAT domains in the
PLA matrix were revealed.

The analysis of the second heating scan in the
DSC thermograms (heating rate = 10°C/min) of the
P1/ATBC mixtures evidenced cold crystallization
peaks whose enthalpy increased with increasing
ATBC content (Table II). The positive values of
AH,,., obtained by the summation of the enthalpy of
crystallization occurring during the heating step
(AH..) and the melting enthalpy (AH,,), revealed that
the crystallization of PLA also occurred during the
rapid cooling procedure. In comparison with these
results in the presence of PBAT, the cold crystalliza-
tion peaks shifted at higher temperatures, and the
involved enthalpy values were lower. In particular,
a decrease up to —2.9 J/g with increasing PBAT con-
tent was measured. The pure PLA crystallinity
developed during the quenching in liquid nitrogen
was almost negligible. Similarly, the percentage of
PLA crystallinity in the presence of PBAT was
almost negligible, and Tgpra in the blend was quite
similar to that of the pure polymer.

The addition of ATBC produced a decrease in the
tensile modulus and an increase in the strain at
break due to the plasticizer effect.'” The effect lev-
eled off at 25% addition (Table III), likely because
tensile tests were performed at a temperature (27°C)
close to the sample glass transition (30.3°C). On the
contrary, the addition of PBAT induced a slighter
decrease in the tensile modulus, which was in agree-
ment with the development of a multiphase system
with PLA as the matrix. Also, a nonnegligible
increase in elongation at break (from 13% for crude
P1 up to 97% for the P1/PBAT blends) was observed
with a content of PBAT of 25 wt % over P1. Hence,

PBAT heating after cooling at ~10°/min

3.0+ Tﬂ

Heal flow (Wigh-arbitrary shifling

1.0 N
i cold crystallization
20-5 T T T T T T T T T T 1
75 50 25 0 25 50 75 100 125 10 175 200
Temperature (°C)
(b)

Figure 4 Thermograms recorded for the (a) second heating of P2-based blends and (b) pure PBAT heated after cooling

at —10°C/min or quenching in liquid nitrogen.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
T, Te, T, and Enthalpies of the P2/PBAT Blends Containing Different Amounts of ATBC
Tepra TepBAT T AH,. T, AH,, AH,,. Percentage crystallinity of
Blend Q) oy Q) (/g7 (°C) (/g™ (/g PLA after cooling®
P2 59.7 — — — — — —
PBAT — -33 — — 104.0 194 — —
P2p25 61.6 —36.7 124.9 —-21.3 152.9 21.2 0 0
P2p25atbc10 49.1 —44.0 100.3 —22.8 151.6 27.3 4.5 4.8
143.2
P2p25atbc20 45.7 —49.6 98.3 —225 151.2 26.0 35 3.8
143.8
P2p25atbc30 23.3 nd 79.2 —-21.3 147.5 24.5 3.2 34

The values for the pure polymers are also reported. nd = not determined.
® The enthalpies and crystallinity were calculated with the actual PLA content.

® In the calculation, AH,, of the PBAT was neglected.

© For the calculation of crystallinity content, the enthalpy of totally crystalline PLA was assumed to be AH, = 93 J/g."”

d TyppaT is the glass transition temperature of the PBAT.

the PBAT dispersed phase probably allowed the
yielding of the matrix when a proper morphology
was reached in terms of PBAT domain interparticle
distance, which was in agreement with studies about
the toughening of thermoplastic polymers.***

PLA/PBAT/ATBC blend properties

The increase in the ATBC content produced a
decrease in the final torque values for all of the
examined blends (Fig. 2). In the ternary blends, T,
decreased with increasing ATBC content with a sim-
ilar trend, already observed in PLA/ATBC com-
pounds, for the P1 and P1/PBAT blends (Table 1V).
T, for the ternary blends was higher than that of the
P1/ATBC binary blends. The difference was less
evident when the content of ATBC was higher, as
evidenced in the lowest T, observed for the 90/10
PLA/PBAT with 25% ATBC (Fig. 3). The melting
temperature (T,,) and crystallization temperature
(T, also decreased with increasing ATBC content,
whereas the corresponding enthalpies increased.
However, the effect of ATBC addition on the ther-
mal properties was more effective in 90/10 P1/
PBAT than in the 80/20 P1/PBAT blends.

The PLA crystallinity developed during quenching
was almost negligible in the plasticized P1/PBAT
90/10 system.

The use of P2 instead of P1 did not seem to affect
the thermal behavior (Tepra, Tee, AHc, Ty, and AH,,)
of the ternary blends [Fig. 4(a)]. In the 75/25 P2/
PBAT blend, the T, values of both polymers slightly
increased with respect to those of the pure polymers
[Fig. 4(b), Table V]. Also, in the presence of ATBC,
the T, values of both PLA and PBAT (Table V)
decreased with increasing ATBC content, which thus
confirmed the presence of ATBC in both polymeric
amorphous phases. The appearance of a second
melting peak of PLA at lower temperatures in the

Journal of Applied Polymer Science DOI 10.1002/app

ternary blends [Fig. 4(a)] was in accordance with the
results reported in the literature for PPG as plasti-
cizer of PLA** and, consequently, could be attrib-
uted to the lower stability of crystals undergoing
macromolecular reorganization during heating. Dur-
ing the cooling step at —10°C/min, the developed
crystallinity was less than 5%, and it was independ-
ent of the ATBC content.

The tensile modulus of the plasticized blends [Fig.
5(a)] showed that the ATBC content resulted in
effective 80/20 P1/PBAT blend stiffness modulation,
as the trend of modulus as a function of ATBC con-
tent was found to be almost linear. On the contrary,
the 90/10 P1/PBAT blends showed a drastic drop in
the modulus between 12 and 18 wt % ATBC over
P1, with a trend similar to that of pure P1."5 The
general trend of strain at break was similar in the
80/20 and 90/10 blends for ATBC contents higher
than 10% and different for lower percentages of
ATBC [Fig. 5(b)]. The strain at break decreased in
the 80/20 blends starting from a value of 97%,
whereas the corresponding values for the 90/10
blend increased according to the behavior of pure
PLA.

By measurement of the values of the dispersed
PBAT domain diameter, the interparticle distance
(ID) was calculated as follows:>**”

ID = d|(n/6¢,)'* — 1] (1)

where d is the dispersed phase diameter and ¢, is
the soft-phase volume fraction. A general increase in
ID was observed with increasing amount of ATBC
[Fig. 5(c)], which was more evident in the 80/20 P1/
PBAT blends.

The typical stress—strain curves of P2, P2p25, and
P2p25atbc20 are compared in Figure 6. The P2-based
75/25 PLA/PBAT blends showed an effective
increase in the strain at break as a function of ATBC
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Figure 5 (a) Tensile modulus, (b) elongation at break,
and (c) interparticle distance of the compression-molded
films of P1 and P1/PBAT as a function of ATBC content.

content in all of the investigated composition range
(Table VI).

In good agreement with the diameter calculation,
the SEM pictures of the blends showed that the
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addition of ATBC only slightly modified the dis-
persed phase diameter in the 90/10 P1/PBAT (Fig.
7, left) and 75/25 P2/PBAT (Fig. 8) blends. On the
contrary, it induced an evident increase in the dis-
persed phase diameter in the 80/20 P1 blends (Fig.
7, right) with increasing ATBC content.

Permeability tests (Table VII) performed on the
PLA films showed that the simultaneous addition of
PBAT and ATBC caused different permeability
increases for different gases (13, 42, and 69% for
water vapor, oxygen, and carbon dioxide, respec-
tively), which suggests the possibility of modulation
of the permeability by acting on the composition. In
addition, the preliminary results on the selectivity
seem to indicate that the ternary blends films
showed a better selectivity for CO, with respect to
O, and a lower selectivity to water vapor with
respect to O,.

DISCUSSION

To better analyze the plasticization of the binary
PLA/PBAT system, the different solubilities of
ATBC in the PLA and PBAT phases were consid-
ered. In particular, both the PLA and PBAT phases
were plasticized by ATBC, as shown by the shift to
lower T,’s in both polymers in the P2-based blends
(Table VI).

We carried out the evaluation of the concentration
of ATBC in the PLA phase by taking into account
the Teppa trend as a function of ATBC percentage by
weight (cppLa) in the pure PLA (Table II). In particu-
lar, we carried out a best-fitting mathematical proce-
dure by assuming a first-order exponential decay
provided by eq. (2):

TepLa = 20.7 + 39 4¢—cra/183 @)

Equation (2) allowed the calculation of cpps in the
blends by consideration of the glass-transition values
obtained by the DSC analysis. The ATBC percentage
by weight in pure PBAT (cpgar) was calculated on
the basis of mass balance considerations. The parti-
tion coefficient (the cpgat/cpra ratio, or K) was fur-
ther calculated. For comparison, the evaluation of the
concentration of ATBC in the PLA phase was also
carried out by application of the Fox law [eq. (3)]:

1 w w
- 1+2 3)

Tepras  Toatee  Tepra

where Tepras, Teatsc, and Typra are the Ty's of PLA
in the blends, pure ATBC, and pure PLA, respec-
tively, and w; and w, are the volume fractions of
ATBC and PLA, respectively, in the PLA phase. The
concentration of ATBC into the PBAT phase was
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Figure 6 (a) Typical stress—elongation curves of neat P2, P2p25, and P2p25atbc20. (b) Enlargement of the curves for

values of elongation lower than 10%.

evaluated by mass balance, which thus allowed the
calculation of the concentration ratio calculated with
the Fox equation for the determination of the cppa
and cppar (Kpox) values. These values were higher
than the K values obtained with eq. (2). However,
the calculated concentration of ATBC was higher in
the PBAT phase (Table VIII) than in the PLA phase
despite PBAT being the minor phase. Hence, ATBC
was preferentially solubilized by the minor phase.
For the highest amount of added ATBC, the values
of the partition coefficient K could not be calculated,
whereas the values of Kg, were lower than those
obtained with lower ATBC contents for the three dif-
ferent blend compositions, which suggested a possi-
ble saturation of the minor phase under these
conditions. The preferential solubilization in the
PBAT phase was attributed to the different local
dipole values for the different systems. Indeed, the
dipole momentum of ATBC in its minimum energy

configuration was estimated to be 4.073 Debye. For
a short PLA chain (20 chain atoms), the same estima-
tion gave 3.223 Debye, whereas for a PBAT short
chain (26 chain atoms), it gave 4.132 Debye. There-
fore, the observed preferential solubilization of
ATBC in the PBAT phase was likely due to the
closer polarity of the two species.

The preferential solubilization was consistent with
the observed increase in Tepra (Fig. 4) and the
reduction in ductility (Fig. 5) in the ternary blends.
When a low amount of ATBC was added to the P1/
PBAT blends, a different trend of strain at break was
observed, which changed from the 90/10 to 80/20
composition [Fig. 5(b)]. This result could be rational-
ized on the basis of a different phase morphology
development. In fact, the 90/10 blends showed a
phase morphology that was only slightly influenced
by the addition of ATBC. The tensile behavior of the
80/20 blend was different, as the addition of 20% of

TABLE VI
Tensile Properties, Dispersed Phase Diameter, and Interparticle Distance of the
P2/PBAT 75/25 Blends Plasticized with ATBC

Modulus At yleld At break Diameter Interparticle
Sample (MPa) Stress (MPa) Strain (%) Stress (MPa) Strain (%) (um) distance (pum)
P2 2893 + 235 48 £5 2.6 +£0.2 37+5 8§ +4 — —
P2p25 1935 + 110 38+2 3.0+£02 31+3 47 + 25 1.2+ 0.5 03 £0.1
P2p25atbc10 1778 + 111 18 +2 1.7 £ 0.1 18 +£2 87 + 32 1.5+ 1.0 04 +03
P2p25atbc20 870 + 70 15+ 2 29+ 03 18 +4 150 + 38 14 £1.0 04 +03
P2p25atbc30 62 + 29 — — 18 £5 250 + 60 1.8 +£09 05+02
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Figure 7 SEM micrographs of the cryogenic fractures of the compression-molded films made of 90/10 and 80/20 wt/wt
P1/PBAT blends obtained by the addition of different amounts of ATBC.

PBAT to pure PLA resulted in an improvement in
the elongation at break (from 13 to 98%). In fact, in
this case, a proper value for the interparticle distance
was achieved [Fig. 5(c)], which allowed the change

of failure mode from brittle to ductile, as reported
by Jiang et al.*’ The addition of ATBC resulted in
the increase in the PBAT dispersed phase diameter

(Fig. 6).
Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 SEM micrographs of the cryogenic fractures of the compression-molded films made of 75/25 wt/wt P2/PBAT
blends obtained by the addition of different amounts of ATBC.

In fact, the addition of ATBC reduced the viscosity =~ PBAT, which resulted in an increase in the dispersed
ratio between the matrix and dispersed phase  domain diameter.>* Moreover, the general reduction
because of the preferential solubilization of ATBC in  in viscosity favored the coalescence of the dispersed
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TABLE VII
Permeability Tests Performed on the P1-Based Films
O,Tr" WVTr® CO,Tr*

Sample (cc/m?24h) (gm224h™") (ccm™24h™") CO,Tr/O,Tr WVTr/O,Tr
P1 177 80 797 4.5 0.45
P1PBAT10 nd 70 nd nd nd
Platbcl0 nd 97.8 nd nd nd
P1p10atbc10 253 90.7 1348 5.3 0.36

? O,Tr is the transmission rate of O,; WVTr is the transmission rate of water vapor;

CO,Tr is the transmission rate of CO,.

domains, which adversed the toughening mecha-
nism. A different trend was observed for the P2/
PBAT blends, where a decrease in the elongation at
break was not observed when ATBC was added.
The difference between the two systems was
ascribed to the higher viscosity of P2, which limited
the coalescence phenomena. Moreover, the different
composition could play an important role. In fact, a
higher amount of soft phase (25%) granted the con-
servation of the proper conditions of interparticle
distance necessary to achieve the toughening.>*® In
particular, the blends showed an interparticle dis-
tance in the limited range 0.3-0.5 pm. Hence, the
toughening mechanism was not perturbed by the
addition of ATBC in this latter case.

CONCLUSIONS

In this study, the addition to PLA of a low-molecu-
lar-weight plasticizer (ATBC) and a biodegradable
polyester (PBAT) was investigated as strategies for

TABLE VIII
Concentration of ATBC in the PLA and PBAT Phases
and the cpgat/cpra (K) Constants

%WATBC" CPLAb CPBATb 5 K Krox
P1pl0atbex
5 0.034 0.141 0.004 41 6.2
10 0.066 0.306 0.006 4.6 8.6
25 0.394 — 0.015 — 4.9
P1p20atbcx
5 0.023 0.108 0.004 4.7 6.5
10 0.067 0.133 0.004 2.0 3.8
25 0.192 0.230 0.007 1.2 4.8
P2p25atbcx
10 0.060 0.119 0.002 2.0 3.4
20 0.083 0.349 0.006 4.2 6.7
30 0.498 — 0.0228 — 3.4

? Weight percentage with respect to PLA.

" The concentrations are expressed as weight fractions
of ATBC in the PLA or PBAT phase.

€ We calculated the standard deviation related to the
concentration (s;) by considering that s. = s7,[723.13/
(TgpLA)z]O'5 on the basis of eq. (2). g7 is the standard devi-
ation Of TgPLA

nd, not determined.

improving the flexibility of the material. Both addi-
tives resulted in improved ductility when they were
added to pure PLA, with the former behaving as a
plasticizer and lowering the glass transition up to
27°C and the latter behaving as an immiscible tough-
ening agent.

The plasticization of PLA with ATBC resulted in
an increase in crystallinity developed during rapid
cooling, whereas in the presence of PBAT as a minor
phase, the effect was reduced by proper selection of
the blend composition.

The addition of ATBC to the PLA/PBAT blends
allowed the plasticization of the material, which
resulted in a strain at break higher than 150% when
about the 20% ATBC with respect to PLA was
added. The plasticization was effective for different
compositions (90/10, 80/20, and 75/25 PLA/PBAT)
and for two different PLAs (P1 and P2).

The preferential solubilization of ATBC in the
PBAT phase was revealed by the analysis of the
thermal properties of the blends, and it was attrib-
uted to the similar local dipole values of ATBC and
PBAT. Thus, the PBAT domains in the PLA matrix
system behaved as reserves of ATBC and reduced
the kinetic of migration to the film surface'® of the
low-molecular-weight plasticizer with a resulting
positive effect on the stability of the mechanical
properties over time also under different conditions
of use.

The addition of at least 20% PBAT to PLA resulted
in the toughening of the fragile PLA matrix, but
plasticization with a low amount of ATBC resulted
in an improvement in the elongation at break only
in proper conditions. In particular, the addition of
the plasticizer reduced the toughening effect because
of the increase in the interparticle distance between
the PBAT domains. However, this effect was less
evident in the 75/25 P2/PBAT blends. Hence, con-
trol of phase morphology development was
achieved by proper selection of the PLA and the
composition of the PLA/PBAT blend.
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