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ARTICLE INFO ABSTRACT

Keywords:
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In this work, the preferential distribution of acetyl tributyl citrate plasticiser (ATBC) in poly(lactic acid) (PLA)-
poly(butylene adipate-co-terephthalate) PBAT blends has been investigated. Pure plasticised PLA and PBAT
blends and their binary blends (PLA/PBAT with 80 wt% of PLA and 20 wt% of PBAT and PBAT/PLA with 80 wt%

@BAT) of PBAT and 20 wt% of PLA) containing different ATBC amount (from 5 to 20 wt%) have been investigated.
Binary blends . . . . .

Plasticiser Dynamic mechanical thermal analysis (DMTA) has been performed in order to evaluate the shift of the glass
Additives transition temperature (Tg) in both the polymer systems. The results obtained showed a larger shift for PLA than

the PBAT and the calculated plasticiser partition coefficient for both binary blends revealed a preferential dis-
tribution of ATBC in the PLA phase rather than PBAT (Ka,s = 1.07 for PLA-based system and Ku,p = 1.45 for
PBAT-based system). The results obtained have also been confirmed by the Hansen Solubility Parameters (HSPs)
methodology. The study is finally augmented by the differential scanning calorimetry (DSC) and morphology
analysis in order to demonstrate the possible effects of crystallinity on the plasticiser distribution in the binary

blends.

1. Introduction

The growing interest on the development of more environmentally
friendly polymeric materials with biodegradable and recyclable prop-
erties has laid the basis for the twenty-first-century portfolio for the
production of sustainable and eco-efficient plastics [1]. The increasing
preoccupation caused by the problems in the disposal of the conven-
tional plastics has pushed the researchers towards the development of
new biobased and/or biodegradable materials with adequate properties
to be able to respond to the market needs especially in those sectors
where the plastic consume is very high such as single-use packaging or
horticulture [2-4].

Among all the biodegradable polymers, poly(lactic acid) (PLA), often
referred to as poly(L,p-lactide), is the front runner in the emerging
bioplastics market thanks to its wide availability, its origin from
renewable resources and affordable cost [5]. The PLA compostability
coupled with its sustainability makes it a promising material for
reducing the societal solid waste disposal problems [6,7]. In addition to
its biodegradability and renewability, PLA also exhibits interesting
mechanical properties that are on par to those of oil-based and

non-biodegradable polymers. In particular, PLA possesses a high stiff-
ness (with a Young’s modulus of about 3-4 GPa) and high strength at
break (between 50 and 60 MPa) [8,9]. However, PLA often shows some
drawbacks depending on the application in which it is used, where it
becomes too stiff and brittle (with a poor Charpy notched impact
resistance of about 2.5-3 kJ/m?). Furthermore, PLA has a very slow
crystallisation rate and shows poor thermal properties due to its glass
transition temperature of around 60 °C [10,11]. A modulation of PLA
properties is required depending on its final application; often it is
necessary to use a plasticiser or to introduce rubber particles to improve
its elongation at break and impact properties [12,13].

The addition of a plasticiser to PLA induces a decrease in its glass
transition temperature (Tg) and results in a decrement of its stress at
break accompanied by an increment of elongation at break. For films or
sheets applications the addition of an optimised amount of plasticiser
greatly improves the properties and functionalities [14]. The choice of
the appropriate plasticisers, especially for the biobased and/or biode-
gradable applications, is however limited by the environmental impact
and physical-chemical properties, that dictated their miscibility with the
polymeric matrix [15]. For this purpose, either glycerol or its ester
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derivatives have been added to PLA and optimised [16,17]. Similarly,
significant works have also been done on adding the citrate derivatives
(such as tributyl citrate (TBC), acetyl triethyl citrate (TEC) and acetyl
tributyl citrate (ATBC)) as plasticisers to PLA systems [18-20]. In
particular, TBC and ATBC interact well with PLA improving its crys-
tallisation rate and ductility [20]. On the basis of the literature work,
ATBC has been classified as an efficient biobased and biodegradable
plasticiser for PLA based systems [21,22]. Labrecque et al. [19]
demonstrated that all citrate esters (TEC, ATBC and TBC) reduced effi-
ciently the PLA glass transition temperature and improved the final
elongation at break; however, with ATBC the lowest glass transition
temperature was registered. Furthermore, Courgneau et al. revealed that
the neat poly(L,p-lactide), melt blended with talc and ATBC, is a
promising system to promote the crystallisation of PLA and it should
efficiently be co-optimised to tailor the final properties of PLA-based
systems [23].

In order to increase the PLA ductility, physical blending with a softer
biobased and/or biodegradable polymer was investigated as an
economical and efficient way to tune the final properties of PLA [24].
Among the biodegradable soft polymers, (derived or not from renewable
resource) different attempts were made by blending PLA with poly
(caprolactone) (PCL) [25-28], poly(butylene succinate) (PBS) [29-31],
poly(butylene succinate-co-adipate) (PBSA) [32-34] and poly(hydrox-
ybutyrate) (PHBs) [35-37]. In particular, the blending of PLA with poly
(butylene adipate-co-terephthalate) (PBAT) was intensively studied [12,
38-41]. This system revealed a significant improvement of the PLA
ductility and a better processability (with an increased melt process-
ability window [42]). A well dispersed systems constituted by the PBAT
particles into the PLA matrix can be obtained by melt blending in a twin
screw-extruder up to 20 wt% of PBAT content [12,43,44]. This
morphology was ascribed to the high immiscibility existing between the
two polymers (they have different Hildebrand solubility parameters
[PLA ~ 653.3 (kJ/m®)"/? and PBAT ~ 1484.48 (kJ/m®)"/?] [45]) and to
the poor interfacial adhesion between the two polymeric phases [46].

To better modulate the final mechanical properties of PLA, it is
fundamental to understand the relationship between the final mechan-
ical properties, blend composition, compatibility level and the effect of
processing on the morphology of the system. Accordingly, in this study,
the effect of the plasticiser addition onto the PLA and PBAT binary blend
system has been systematically investigated. In particular, the possible
preferential distribution of a low molecular weight plasticiser into one
polymeric phase rather than the other has been explored. Notably, this
work represents a development of the work reported by Coltelli at al
[22]. To this purpose, the attention has been focused on the effects of
different quantities of ATBC plasticiser that varied from 5 to 20 wt%. In
order to better understand the eventual preferential solubilisation of
ATBC in the PLA or in the PBAT, a first screening study has been con-
ducted on the two polymeric matrices separately. Then, the effect of
ATBC addition has further been investigated on the PLA and PBAT bi-
nary blends. Two similar blends have been investigated towards eval-
uating whether the eventual morphology of the system influences the
ATBC preferentiality on the binary blend system comprising of the PLA
matrix blend containing 20 wt% of PBAT (PLA/PBAT blends) and a
PBAT matrix blend containing 20 wt% of PLA (PBAT/PLA blends).

The 20 wt% of PBAT content in the PLA matrix (and vice versa) was
chosen because this blend morphology is far from the phase inversion
and/or the co-continuous morphology [12], in addition, the content of
dispersed phase is a significant quantity to better investigate the pref-
erentiality of the plasticiser in the two polymers (PLA and PBAT).

Furthermore, the variation in the glass transition temperature (Tg)
due to the addition of plasticiser has been evaluated by dynamic me-
chanical thermal analysis (DMTA), which provided the T lowering with
good accuracy. From the obtained DMTA results, the partition coeffi-
cient (K) has been calculated by adopting the method proposed by
Sperling at al. [47], which is typically used to evaluate the partitioning
of plasticisers in the two-phase systems. The results have also been
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compared with the estimation of the ATBC affinity with PLA and PBAT
carried out by the Hansen Solubility Parameters (HSPs) methodology
[48,49]. In addition, in order to understand whether the eventual
crystallisation phenomenon can also influence the plasticiser distribu-
tion and concentration, a differential scanning calorimetry analysis
(DSC) has been carried out. This is essentially because of the fact that the
plasticiser is located in the amorphous polymeric region and the change
in crystalline properties of the systems can influence the distribution of
the plasticiser.

The aim of this work is focused on the determination on the prefer-
ential distribution of ATBC in PLA/PBAT blends. From this study
emerged that ATBC is more akin to PLA than PBAT. This result has also
been validated by the marked lowering of the Ty of the PLA, both in the
pure matrices and binary systems. Moreover, the samples containing
PBAT at high plasticiser content as well as the PBAT/PLA blends showed
a remarkable migration of plasticiser after some weeks from the extru-
sion of the specimens and injection moulding processes (this phenom-
enon will be further investigated from the kinetics point of view in
another work). The chemical compatibility, calculated by the HSPs
method, showed a borderline solubility of ATBC within PBAT, which can
probably accelerate the kinetics of migration of the plasticiser onto the
surface of the specimen. However, the HSPs analysis confirmed the poor
affinity between ATBC and PBAT. Finally, the blends morphology and
crystallinity do not seem to influence the results obtained which are
exclusively linked to the greater affinity of ATBC towards PLA.

2. Theoretical analysis
2.1. Glass transition composition dependence

Several theoretical equations have been formulated to describe the
glass transition (T,) composition dependence of the polymer-polymer
and polymer-plasticiser (small molecule) systems. However, it must be
pointed out that generally the equation developed for one system may
not be applicable to another system [50].

However in particular, the equation developed by Fox [51] (Eq. (1))
is generally adopted to predict the glass transition temperature of a
polymer-polymer system:

1 n ny
T T (€))

81 82

where, the Ty; and Ty are the glass transition temperatures of the pure
components and m; and my are their weight fractions, respectively.

On the other hand, for a polymeric system in which a low molecular
weight plasticiser is added in a low percentage concentrations [52], a
linear decrease of transition temperature with increasing plasticiser
content is generally observed [50,53,54]:

Ty= Ty — Bmy ()

where Ty, is the polymer glass transition, m; is the weight fraction of the
plasticiser and B is a constant typical of the system analysed. This
formulation of the T, equation has been obtained by a number of authors
via a variety of approaches such as isofree volume [55], isoviscous [56]
and viscous flow [57].

2.2. Calculation of the plasticiser partition coefficient

In this work, the partition coefficient of the plasticisers in two-phase
systems has been calculated using the approach adopted by Sperling at
al [47]. In the mathematical notation that will be used in the following
equations, the A subscript will be referred to PLA, the B subscript will be
referred to PBAT and the subscript P will be referred to the ATBC
plasticiser.

For the PLA plasticised system Eq. (2) can be adopted [47,53,54] as
follows:
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Tg = TgA.O + WpaPa (3)

where, the T,y is the glass transition temperature of PLA in presence of
plasticiser (ATBC), Tga 0 is the T, of pure unplasticised PLA, wp, is the
weight percent of ATBC plasticiser in PLA (polymer A); ps corresponds
to the plasticisation coefficient of the plasticiser P in the polymer A (that
also corresponds to the slope of Tg4 vs. wps plot) and is equal to:

Tor — Toap
Pa 100 @
Similarly, for the PBAT plasticised system:
Tep=Tepo + WpsPs 5)
Tep — Typo
= 6
PE=""00 ©

where, Tgp is the glass transition temperature of PBAT in the presence of
plasticiser (ATBC), Tgp,g is the T of pure unplasticised PBAT, wyp is the
weight percent of ATBC plasticiser in PBAT (polymer B) and pp corre-
sponds to the plasticisation coefficient of the plasticiser P in the polymer
B. Therefore, for plasticised PLA/PBAT or PBAT/PLA binary systems, it
is possible to define a partition coefficient, K4/, (Eq. (7)) which in-
dicates how the ATBC plasticiser will partition in between the two
polymers A and B (PLA and PBAT):
Kujp =22 @)
WpB

Furthermore, it is possible to denote the overall weight percent of

plasticiser P in the polymeric binary system as follows:

Wp =Wpad + WpBb (8)

where, a and b are the weight fraction of polymers A and B in the binary
blends, respectively. It should be noted that for an unplasticised binary
system, a+b = 1.

In order to obtain a quantitative evaluation of K4/, the drop of the T
and its dependence from the plasticiser composition can be written as
follows for the polymeric binary blend system:

TgA = TgA.U + WpApA.a (9)

where, pa q is the plasticisation coefficient of ATBC for the polymer A
(PLA) in the system containing both A and B polymers; ps 4 can be
calculated as the slope of Tga vs. W), plot. By comparing Egs. (3) and (9):

WpaPa = Wpapaa (10)

Thus, for polymers A and B, it is possible to write that:
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2.3. Hansen solubility parameter (HSP) methodology

Hansen solubility parameters (HSPs) are the numerical values con-
nected to the energies or intermolecular cohesive forces of binding
molecules in a substance. HSPs have been adopted not only for the
determination of the solubility of a substance into another [49,58], but
also for (i) the wettability characterisation of various surfaces [59,60],
(ii) the determination of adsorption properties [61], (iii) the prediction
of the polymers compatibility [62] and (iv) the optimisation of the filler
dispersion in a polymeric matrix [48].

The square of the total (or Hildebrand) solubility parameter as the
sum of the squares of Hansen components [63]:

=05, +68+5; a4

Consequently, any molecular substance can be identified by a
point in a three-dimensional space (called Hansen space) in which
the x, y and z axis correspond to &p, ép and 5y respectively. Inside the
Hansen space, both the solute and solvent can be identified by their
HSPs (8p, dp and 5y). Moreover, a solute can also be represented by
an interaction radius (Rp) that corresponds to the radius of a sphere,
having the centre coordinates equal to the HSPs [49]. The sub-
stances having a good affinity and qualified as “good solvents” for
the solute stay within the solute sphere, while the substances having
a low affinity and qualified as “nonsolvents” stay outside of the so-
lute sphere.

For this purpose, the general parameter that conventionally adopted
to compare two substances (denoted as 1 and 2) is the solubility
parameter distance (R,), which can be easily calculated (according to
Eq. (15)) if the HSPs of the two components are known:

R, = \/4(502 - 501)2 + (8p2 — 5131)2 + (6m2 — 5H1)2 (15)

In Eq. (15), the number 4 was introduced as a convenient factor in
order to visualise the spherical regions of solubility rather than ellip-
soidal [64]. The Relative Energy Difference (RED) can be used to
quantify the distance between R, and the interaction radius Ry (Eq.
(16)):

RED— Ka (16)
0

It can be observed that for a good solubility or high affinity, must be
Ry<Ry: consequently, the RED <1 indicates the high solute-solvent
affinity, while the RED >1 or a RED around 1 is equivalent to no en-
ergy difference or in a boundary condition.

In this work, the HSPs and Ry values for both the polymers investi-
gated (PLA and PBAT) and the HSPs values for the plasticiser used
(ATBC) have been taken from literature [65,66] and reported in Table 6.

Wpa = W, (i::) (€8] The solubility/affinity of ATBC in PLA and PBAT has been calculated
by rewriting Eq. (17) as follows [65]:
Wwon = W, (’ﬂ> 12)
PB
2 2 2
R,= \/4(5D,ATBC - 5D,PLAorPBAT) + (5P,ATBC - 6P.PLA0rPBAT) + (5H‘ATBC - 5H,PLAmPBAT) a7)

By applying Egs. (11) and (12) to Eq. (7):

PAa /pb‘.b _ PAaPB (13)
pa | PBbPa
Ps

Kap =

Since the parameters that appear on the right-hand side of Eq. (13)
can be obtained experimentally, the partition coefficient (K4 ,5) can also
be calculated.

Closer the RED value towards zero, better will be the affinity/
compatibility; and if the RED value is higher than 1, then it indicates a
theoretical immiscibility (null affinity) of the plasticiser with the matrix.



L. Aliotta et al.

Table 1
Blends name and composition.
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Pure plasticised blends composition

Pure PLA-ATBC wt.% Pure plasticised ~ PBAT-ATBC wt.%

plasticised PBAT blend

PLA blend name

name

PLA 100-0 PBAT 100-0

PLAS 95-5 PBATS 95-5

PLA10 90-10 PBAT10 90-10

PLA15 85-15 PBAT15 85-15

PLA20 80-20 PBAT20 80-20

Binary plasticised blends composition

Plasticised (PLA8SO_PBAT20) Plasticised (PBAT80_PLA20)
PLA/PBAT wt.% - ATBC wt.% PBAT/PLA wt.% - ATBC wt.%
blend name blend name

PLA/PBAT 100-0 PBAT/PLA 100-0

PLA/PBAT 5 95-5 PBAT/PLA 5 95-5

PLA/PBAT_10  90-10
PLA/PBAT 15  85-15
PLA/PBAT 20  80-20

PBAT/PLA_10 90-10
PBAT/PLA_15 85-15
PBAT/PLA_20 80-20

Table 2
Process parameter values of blends extrusion.
Blends Extruder Temperature profile (°C) Ph
(bar)
Pure plasticised PLA 150/175/180/180/180/185/185/ from
PLA PLAS 185/185/185/185 10
PLA10 to5
PLA15 150/165/170/170/170/165/160/
PLA20 160/155/155/155
Pure plasticised PBAT 150/155/155/160/160/155/150/ from
PBAT PBATS 150/150/145/145 10
PBAT10 to5
PBAT15 150/155/155/155/150/150/145/
PBAT20 145/140/140/140
Plasticised PLA/ PLA/PBAT 150/165/170/170/170/165/160/ from
PBAT PLA/ 160/155/155/155 10
PBAT 5 to5
PLA/
PBAT_10
PLA/ 150/165/160/160/160/155/155/
PBAT_15 155/150/145/140
PLA/
PBAT 20
Plasticised PBAT/PLA 150/155/165/165/165/160/160/ from
PBAT/PLA PBAT/ 160/150/150/150 10
PLAS to5
PBAT/
PLA_10
PBAT/ 150/150/160/160/160/155/155/
PLA 15 155/145/145/145
PBAT/
PLA 20

3. Experimental
3.1. Materials

Poly(lactic) acid (PLA) 3100HP was purchased from Natureworks
LLC (Minnesota, USA), a medium viscosity PLA designed for medium
flow injection moulding applications. It is a biodegradable polymer
derived from natural sources that appears as white spherical pellets
[density: 1.24 g/cm3; melt flow index (MFI) (210 °C/2.16 kg): 24 g/10
min, Mw = 148,250 g/mol]. Poly(butylene adipate-co-terephthalate)
(PBAT) Ecoflex®C1200 purchased from BASF (Ludwigshafen, Ger-
many) is a biodegradable, aliphatic-aromatic copolyester based on the
monomers 1.4-butanediol, adipic acid and terephthalic acid. Eco-
flex®C1200 was supplied in the form of white spherical pellets [density:
1.26 g/cm®, MFI (190 °C/2.16 kg): 3.8 g/10min, Mw = 105,000 g/mol].

Table 3
Injection moulding conditions.
Main injection Pure Pure Plasticised Plasticised
moulding plasticised plasticised PLA/PBAT PBAT/PLA
parameters PLA blends PBAT blends blends blends
Temperature 185/190/ 185/190/ 185/190/ 185/190/
profile (°C) 190 190 190 190
Mould from 60 to 55 from 60 to 55
temperature 50 50
(]
Injection 10 10 10 10
holding time
(s)
Injection from 100 to from 90 to from 90 to from 90 to
pressure (bar) 90 80 80 80
Cooling time (s) 25 25 25 25

Acetyltributylcitrate (ATBC) purchased from Tecnosintesi (Bergamo,
Italy) is a safe, non-toxic, biodegradable and biobased plasticiser, which
appears colourless and odourless oily liquid [density: 1.05 g/cm®, Mw:
402.5 g/mol].

3.2. Blends and samples preparation

PLA and PBAT pellets were dried in a Piovan DP 604-615 dryer
(Piovan S.p.A., Verona, Italy) at 60 °C for 8 h before processing. Blends
were extruded according to the compositions reported in Table 1, in
which the plasticised PLA/PBAT blends were composed by a PLA matrix
(80 wt%) with PBAT as dispersed phase (20 wt%), while the plasticised
PBAT/PLA blends were composed by a PBAT matrix (80 wt%) with PLA
as dispersed phase (20 wt%). The ratio between the two polymers was
maintained the same and different quantities of plasticiser were added
(from 5 to 20 wt%).

All the blends were processed with a semi-industrial Comac EBC
25HT (L/D = 44) (ComacS.r.l., Cerro Maggiore, Italy) twin-screw
extruder, equipped with a principal feeder for pellets and a peristaltic
pump to feed the plasticiser. For all the blends, the screw speed was set
at 250 rpm and the total mass flow rate was kept at 18 kg/h. The
temperature profiles of the 11 zones of the extruder are reported in
Table 2. It can be observed that, due to the viscosity decrement caused
by the plasticiser amount, the temperature profile set has been
decreased for all the blends when the amount of plasticiser reaches at
least 15 wt%.

The strands coming out from the extruder dies were cooled in a water
bath at room temperature and shaped into pellets by an automatic knife
cutter. The pellets were then finally dried at 30 °C for 8 h using the
PIOVAN dryer.

In order to perform the tensile tests for determining the mechanical
properties, all the blends were processed with an injection moulding
press Megatech H10/18-1 (TECNICA DUEBI S.r.1, Fabriano, Italy). Dog
bone specimens according to ISO 527-1A (with a dimension of 80 x 10
x 4 mm) were obtained. The injection moulding parameters adopted
are reported in Table 3. In order to obtain the injection moulded
specimens having the conditions as close as possible to each other, the
same injection temperature profile for all the blends was adopted. Since
PLA is the polymer that melts at higher temperatures, the injection
moulding profile of PLA was chosen, since at these temperatures, the
PBAT also exhibits a good melt strength making it suitable to injection
moulding process. The mould temperature was also comparable for all
the blends. However, it was observed that, for the pure plasticised PBAT
blends and the plasticised PBAT/PLA blends, it was possible to set the
same mould temperature (equal to 55 °C). On the other hand, for the
pure plasticised PLA blends and plasticised PLA/PBAT blends, the
mould temperature was decreased with the ATBC amount from 60 to
50 °C. The injection pressure was also gradually decreased with
the increasing of ATBC content due to the lowering of melt viscosity
[45,67,68].
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3.3. Mechanical characterisations

Tensile tests were performed after 3 days of the injection moulding
process; the specimens were stored in a dry keeper (SANPLATEC Corp.,
Osaka, Japan) at controlled atmosphere (room temperature and 50% r.
h). At least ten specimens were tested and the average values of the main
mechanical properties (Young’s modulus, yield stress, stress at break
and elongation at break) were reported. Static tensile tests were con-
ducted at room temperature at a cross speed of 10 mm/min with an MTS
Criterion 43 universal testing machine (MTS Systems Corporation, Eden
Prairie, MN, USA), equipped with a 10 kN load cell and interfaced with
an MTS Elite Software (MTS Testsuite version 4.1).

3.4. Thermomechanical characterisations

Dynamic mechanical thermal analysis (DMTA) was carried out to
evaluate the glass transition temperatures of all the blends, with a GABO
Eplexor® 8 (Gabo Qualimeter GmbH, Ahlden, Germany) equipped with
a load cell of 100 N and liquid nitrogen was used to cool the chamber
with the tensile configuration. Tests were carried out on injection
moulded specimens with a dimension of 50 x 10 x 4 mm, obtained from
the useful section of the dog bone specimens (ISO 527-1A). The speed
rate of 2 °C/min and the frequency of 1 Hz were set, in different tem-
perature ranges varying from 0 to 100 °C for pure plasticised PLA blends,
from —80 to 60 °C for pure plasticised PBAT blends and from —80 to
100 °C for the two binary blend systems with plasticiser. DMTA exper-
iments were carried out in duplicate and the relaxation temperature,
associated with the glass transition, was taken at the maximum of the
peak of the damping factor (tans).

In order to apply the analytical models explained in section 2.1 and
2.2, the DMTA technique was used to measure the glass transition
variation since the response of the viscoelastic modulus is generally
more sensitive than the small variation in heat capacity measured by the
differential scanning calorimetry (DSC). In fact, the decrease in the
storage modulus (E’) signal during the glass transition phase is often of
several orders of magnitude (even if small quantities of amorphous
phase are present) and thus can be easily detected [69].

3.5. Thermal characterisation

Differential scanning calorimetry (DSC) measurements were carried
out with a TA Q200 (TA Instruments, New Castle, UK) equipped with
RSC90 cooling system, in order to evaluate the crystallinity of blends
after the injection moulding process. Indium was used as the standard
for the calibration with aluminium hermetic pans. Nitrogen was used as
purge gas set at a rate of 50 mL/min. The samples were obtained by
cutting them into small pieces (about 10-15 g) of materials and sealing
them inside the aluminium pans. The sampling was carried out exactly
in the same region of the injection moulded specimens to avoid differ-
ences ascribable to different cooling rates in the specimen thickness. In
order to take into account the final properties of materials after the in-
jection moulding process, the thermal history of the materials has been
considered and consequently the thermal properties and the crystallinity
were evaluated considering only the first DSC heating scan. All the
blends were subjected to the same method: a quick cooling from room
temperature to —60 °C (this temperature was maintained for 1 min)
followed by a heating ramp up to 200 °C with a rate of 10 °C/min.

Glass transition temperature (Ty), melting temperature (T;,), cold
crystallisation temperature (T,.) and the enthalpies of melting and cold
crystallisation for PLA and/or PBAT were determined directly from the
DSC thermograms. The melting temperature and the cold crystallisation
temperature of the polymers were recorded at the maximum of the
melting peak and at the minimum of the cold crystallisation peak,
respectively. The enthalpies of melting (4H,;) and cold crystallisation
(AH.) were determined from the corresponding thermograms peak
areas.
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Table 4
Tensile mechanical properties for pure plasticised materials and plasticised PLA/
PBAT and PBAT/PLA binary blends.

Blend Young’s Yield stress  Stress at Elongation at
Name Modulus (MPa) (MPa) break (MPa) break (%)
PLA 3,200 + 100 69.0 + 0.3 2.2+0.1
PLA5 2,900 + 100 55.7 £ 0.3 3.6 +0.1
PLA10 2,800 + 100 - 49.1 £1.2 3.5+0.2
PLA15 2,600 + 100 40.9 + 1.0 19.2 + 2.4 235.7 + 28.9
PLA20 700 + 100 5.0+ 1.1 242 +1.2 473.2 +£18.8
PLA/PBAT 2,500 + 100 51.4+ 1.0 279+ 2.3 254.8 + 25.0
PLA/ 2,300 + 100 40.8 + 0.7 30.7 +£ 3.1 365.6 + 28.8
PBAT 5
PLA/ 2000 + 100 31.3+£0.6 21.5+2.9 378.0 + 22.4
PBAT_10
PLA/ 1,200 + 100 5.8+ 0.6 20.0 + 0.7 443.4 + 39.5
PBAT_15
PLA/ 400 + 100 28+ 04 17.2+1.3 503.1 +19.2
PBAT 20
PBAT 100 £ 10 7.1+£0.1 No break No break
PBAT5 70 + 10 6.4 + 0.1 >500%
PBAT10 50 + 10 5.6 £ 0.1
PBAT15 40 + 10 5.0 +£ 0.1
PBAT20 30+10 4.0+ 0.1
PBAT/PLA 310 £ 10 9.9 +0.3 No break No break
PBAT/ 280 +£ 10 7.3+0.1 >500%
PLAS
PBAT/ 190 +£ 10 5.4+ 0.1
PLA_10
PBAT/ 120 + 10 5.2+0.1
PLA 15
PBAT/ 80 + 10 5.0+ 0.1
PLA_ 20

The percentage of crystallinity of PLA and PBAT in the blends (X..)
was calculated according to the equation (Eq. (20)) [45,70]:

AHm(PLA or PBAT) — AFICC(PLA or PBAT

).100 18)

CC (PLAorPBAT) —
X orPBAT) 0
AH (PLA o PBAT)'WI'%PLA or PBAT

where, the AH°, is the theoretical melting heat of 100% crystalline
polymer. For PLA a AH®,, value of 93 J/g [71] and for PBAT a AH°,, value
of 114 J/g were considered [72].

For the binary blends, it must be pointed out that the value of AH, of
PLA (for the PLA/PBAT blends) and the value of AH,, of PBAT (for the
PBAT/PLA blends) are affected by the partial overlap between the latent
heat of PBAT melting and the PLA cold crystallisation; consequently, the
values of X, for the plasticised PLA/PBAT and PBAT/PLA blends are
slightly underestimated. However, these values are useful to evaluate
the effect of both the plasticiser and the dispersed phase in the binary
injection moulded blends [73].

3.6. Optical analysis

Morphological analysis of the plasticised binary system blends was
carried out with FEI Quanta 450 FEG scanning electron microscope
(SEM) (Thermo Fisher Scientific, Waltham, MA USA). The SEM analysis
was performed on cryo-fractured samples of the dog bone specimens.
The samples surfaces were sputtered with platinum, with a LEICA EM
ACE 600 High Vacuum Sputter Coater (Leica, Wetzlar, Germany), in
order to avoid charge build-up. The analysis was carried out under high-
vacuum system conditions and the images were chosen (at 10.000 X) to
evaluate the effect of plasticiser and dispersed phase of the binary
blends.

4. Results and discussion
4.1. Mechanical characterisations

The main mechanical properties of the plasticised systems
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92 = PBAT

Table 5
T, values of PLA and PBAT obtained from the DMTA analysis.

Blend name Tg (°C) from DMTA Ty (°C) according to Fox equation
PLA 73.5 -
PLA5 63.5 59.9
PLA10 57.5 47.3
PLA15 52.2 35.6
PLA20 41.4 24.8
PBAT —24.3 -
PBATS —28.4 —28.0
PBAT10 -31.2 -31.7
PBAT15 -33.1 —-35.2
PBAT20 -34.6 —38.8

investigated in this work are summarised in Table 4.

From the mechanical point of view, PLA and PBAT have a different
behaviour. PLA is a rigid material that exhibits brittle failure (no yield
and low elongation at break), while PBAT has a rubber-like behaviour
and for this reason it was observed no occurrence of breakage and the
tensile test machine reached the end of its stroke. However, as it can
be expected, with the increase of ATBC content, the decrement of both
the yield stress and the Young’s modulus and a ductility increment
were observed. Further, it was interesting to observe the change in
the PLA20 mechanical response, where the tensile strength was
similar to that of the PBAT and its blends. In any case for both
the polymers, the mechanical behaviour is coherent to what was ex-
pected and also reported in literature [69,70] with a reduction of
brittleness and enhancement of elongation with the increasing
amount of ATBC.

The decrease of the Young’s modulus and the contemporary
increment of elongation at break with the ATBC content were also
observed for the plasticised PLA/PBAT and PBAT/PLA binary blends.
The tensile behaviour of PLA/PBAT blends shows how the PLA me-
chanical response changes with the introduction of the PBAT
dispersed phase. A remarkable growth in elongation at break (from 2.2
to 254.8%) was observed and it was in-line with the literature values
[12,22,74,75], in which the dispersed PBAT particles act as tough-
eners according to the rubber toughening theory [76,77]. On the other
hand, the presence of PLA dispersed particles inside the PBAT matrix
of the PBAT/PLA binary blend does not alter the mechanical response
of the blend in a significant way rather it is only a slight stiffer (the
Young’s modulus passes from 0.1 GPa for pure PBAT to 0.31 GPa for
PBAT/PLA blend), but it still behaves similar to PBAT with a
rubber-like response.
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Fig. 2. T, values of PLA and PBAT in pure plasticised materials from DMTA
analysis with their linear regression.
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Fig. 3. Difference between the glass transition temperature of pure PLA and
PBAT with the corresponding plasticised polymers with increasing
ATBC content.

4.2. Results for pure plasticised PLA and PBAT materials

The variation of the damping factor with temperature for both pure
plasticised PLA and PBAT blends is reported in Fig. 1. The relaxation
temperatures correlated to the glass transition temperatures (taken at
the maximum of the tan § peak [69,78]) are reported in Table 5.

For both the polymer systems, a shift towards lower temperature and
a broadening of the width of the tans peak with the increasing ATBC
content are detected. For PLA blends, a slight increment of damping
factor in proximity of the PLA cold crystallisation temperature (80 °C) is
also observed [69].
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Table 6

PLA, PBAT and ATBC HSPs, PLA and PBAT interaction radius (Ry), PLA and
PBAT calculated solubility parameter distance (R,) and PLA and PBAT Relative
Energy Difference (RED).

8q (J/2 8, (172 . S (JV2 . Ro Ra RED
cm—3/2) cm—3/2) Cm73/2)
PLA 18.60 9.90 6.00 1070 812 0.76
PBAT 1855 4.90 7.82 3.90 3.97  1.02
ATBC  16.90 2.70 7.60 - - -

The low molecular size of the plasticiser allows it to occupy the
intermolecular spaces between the polymer chains, reducing the energy
for the molecular motion and the formation of hydrogen bonding be-
tween the polymer chains, which in turn increases the free volume and
molecular mobility to reduce the glass transition temperature [78]. The
shift temperature of the tan § is more pronounced for PLA as compared to
that of the PBAT as it can be observed from Table 5. As expected, the
glass transition temperature decreases with the amount of plasticiser in
both PLA and PBAT matrices, agreeing with literature [78]. It can be

Polymer Testing 98 (2021) 107163

observed that by increasing the ATBC content, the plasticiser is more
effective in reducing the T, of PLA than that of the PBAT.

In Table 5, the results obtained by the application of the Fox equation
(Eq. (1)) are also reported; the T, data for PLA and PBAT have been taken
from the DMTA results, while the ATBC T, value has been taken from the
literature, which is to be —82.4 °C [22].

The Fox equation does not predict well the T trend with the plasti-
ciser content. The discrepancy between the predicted T, value and the
experimental data is even more pronounced as the ATBC content in-
creases. In fact, for both the polymers, the greatest variation of Ty is
observed for small additions of ATBC. However, this trend is not dis-
similar from what is reported in the literature [69,79].

On the other hand, both PLA and PBAT systems show a linear
dependence of glass transition temperature by the ATBC content and
thus Eq. (3) and Eq. (5) can be adopted for PLA and PBAT, respectively.
Performing the linear regression of the Ty vs ATBC content plot (as
shown in Fig. 2), the values of the slopes of the straight lines (corre-
sponding to p4 and pp) can be calculated.

For PLA, the p4 value of —1.562 was obtained, while for the PBAT,

Fig. 4. Representation of ATBC (black circular point) polymer solubility sphere in Hansen space. The PLA solubility sphere (outer light blue sphere) is centred in the
blue triangular point, while the PBAT solubility sphere (inner light fuchsia sphere) is centred in the fuchsia rhomboidal point. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. DSC first heating thermograms for (a) PLA based system and (b) PBAT based system.
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Table 7

DSC first heating results for pure plasticised PLA and PBAT blends.
Blend T,(°C) Tm(°C) Te(’C) AHp (J/ AHe (J/ Xee
name g) g) (%)
PLA 57.1 180.8 - 45.7 - 49.2
PLAS 45.8 173.2 84.9 46.5 8.0 43.5
PLA10 36.4 172.9 79.4 44.1 9.4 41.4
PLA15 26.2 170.9 72.3 43.1 8.1 44.2
PLA20 19.5 167.4 71.8 43.0 9.0 45.8
PBAT -30.6 122.6 - 23.2 - 33.1
PBATS —-36.6 120.7 - 16.4 - 27.4
PBAT10 —42.6 115.7 - 15.1 - 27.2
PBAT15 —45.6 116.6 - 12.4 - 30.4
PBAT20 —46.1 111.5 - 12.0 - 32.2

the pp was found to be —0.57. The more marked displacement in T with
the ATBC content for the PLA system rather than PBAT system (Fig. 3) is
reflected in a higher value of ps with respect to pg. This result leads to
hypothesise a greater affinity of ATBC towards PLA rather than PBAT or
to a probably lower solubility limit of ATBC in PBAT rather than in PLA.
The greater variation in Ty for the PLA-based system is also reflected in
the injection moulding conditions (Table 3): in fact, with the ATBC
increment, the mould temperature was never changed for the PBAT
blends, while, it was lowered for the PLA blends.

The calculation of the solubility parameter distance (R,) (according
to Eq. (17)) as well as the Relative Energy Difference (RED) (according to
Eq. (18)) were calculated from the HSPs; the polymer interaction radius
(Rp) values were taken from literature [65,66] and reported in Table 6.

0201 o PLAPBAT
s PLA/PBATS
s PLA/PBAT10
0151 —v— PLA/PBAT15
: + PLA/PBAT20
-380°C 1
= .
§0.10 -~
Lot S o
o > v—v—vryr— Y
v & -36,0°C
0,054 D YV v
s A ~ -279°C
v“ JM - P X :“‘AAAAAAM
o %.m-lr =~ 2224
0,00 T T T 1
-80 -60 -40 -20 0
T(°C)
—m—PBAT/PLA
e PBAT/PLAS .
04 —A—PBAT/PLA10 53°c 67°C
—v— PBAT/PLA1S s

4 PBAT/PLA20

03 29.2°C

tan a

(b)

Fig. 6. Variation of damping factor (tan §) with temperature for: (a) PLA/PBAT blends and(b) PBAT/PLA blends.
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A better affinity between PLA and ATBC can be encountered; in fact,
for the PLA-ATBC system, the RED is equal to 0.76 (RED <1) indicating a
high solute-solvent affinity if compared to PBAT-ATBC system for which
the RED equal to 1.02 was obtained. In particular, being the RED value
for PBAT-ATBC system slightly higher than 1, a theoretical partial
immiscibility (or very low affinity) of the ATBC with the PBAT is ex-
pected. Accordingly, the data obtained are in agreement with the T
trend and confirmed a better affinity of ATBC towards PLA than PBAT.
In particular, thanks to the representation of the ATBC and the polymers
in the Hansen space (Fig. 4), it can be observed that the ATBC totally lies
within the PLA solubility sphere and consequently, the ATBC is fully
soluble/affine to PLA. Nevertheless, the PBAT sphere of solubility is
smaller as compared to that of PLA and the ATBC lies exactly in the
border of the PBAT sphere solubility, leading to a poor solubility/af-
finity between ATBC and PBAT. These obtained results are in accor-
dance with the observations reported by Labrecque et al. [19], who
studied the effect of citrate plasticisers into a PLA matrix and they found
that the citrate plasticisers were miscible with PLA due to the polar in-
teractions between the ester groups of PLA and the plasticiser.

For the further confirmation of the data obtained, it was observed
that the PBAT specimens, having an ATBC content greater than 10 wt%,
began to exude plasticiser after some weeks after the injection moulding,
while the PLA specimens did not exude plasticiser in any case.

In order to exclude the possible influence of a different crystallinity
content between the two polymers, which could possibly contribute to
plasticiser specimen migration [14], the first heating DSC thermograms
obtained directly on the injection moulded specimens were analysed and
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—=— PLA/PBAT 71.9°C
o PLAPBATS 62.3° /
4 PLA/PBAT10 53.2°C w
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PLA/PBAT blends
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Fig. 7. Linear regression of Ty values of PLA and PBAT vs. ATBC content in
PLA/PBAT (a) and PBAT/PLA (b) plasticised blends from DMTA analysis.

the results are reported in Fig. 5 and Table 7.

DSC confirmed the decrement in the glass transition temperature of
PLA with the ATBC content, however an enthalpic relaxation peak above
the PLA glass transition temperature due to the PLA aging was observed
[80]. The addition of ATBC affects both the PLA cold crystallisation
temperature (T..) and melting temperature (T;;), causing a shift towards
lower temperature as confirmed by the results observed in other similar
cases [20,78].

As far as concern PBAT blends, also in this case a decrement of the
glass transition temperature with the ATBC content was observed;
however, starting from PBAT10, the low variation in the DSC signal did
not allow a great accuracy in the T, determination. The melting

o _
AT ( C) _Tg, PLA/PBAT blend ~ Tg,
plasticised PLA/PBAT blends

40
30
20
PLA
10
PBAT
0

5 10 15 20
wt.% of ATBC

Polymer Testing 98 (2021) 107163

Table 8

Plasticiser coefficients (pa. and pgp), partition coefficient (Ka,5) and weight
percentage (Wppra and wppgar) of ATBC in PLA and PBAT in the binary blends
(PLA/PBAT and PBAT/PLA).

ATBC content in plasticised binary
blends (wt.%)

5 10 15 20

PLA/ Paa = Kas=  Wppsar  0.048  0.095 0.143  0.190

PBAT —1.807 1.07 WppLA 0.051 0.101 0.152 0.202
blends Db =
-0.619

PBAT/ PAa= Ko = WpPBAT 0.046 0.092 0.138 0.183

PLA —2.362 1.45 WppLA 0.067 0.133 0.200 0.266
blends DPBb =
-0.594

behaviour of PBAT is consistent with the literature [72], showing two
endothermic peaks centred at around 55 and 122.59 °C; the first peak is
generally attributed to the melting of the crystalline phase of BA fraction
present in the sample [81]. The thermal behaviour of the PBAT with the
addition of ATBC is similar to what is being observed for PLA, where the
melting temperature decreases with the ATBC amount.

For both PLA and PBAT, the larger chain mobility induced by the
ATBC causes an increment of the crystallinity with the ATBC content.
However, it is interesting to note (from Table 7) that the highest crys-
tallinity was observed for the PLA-based compounds, which have an
average crystallinity degree of about 45%. The PBAT blends have a
slightly lower average crystallinity degree of about 30%. The data ob-
tained therefore lead to exclude the influence of crystallinity on the
plasticiser migration observed for some PBAT blends composition (from
10 wt% of ATBC on). In fact, since the plasticiser goes into the amor-
phous phase, being the amorphous region smaller for PLA than PBAT
and assuming the same affinity between ATBC and two polymers, there
could be a migration of the plasticiser from the PLA-based compounds
rather than from the PBAT-based compounds [14]. This migration is
therefore linked to the major/minor affinity between the polymer and
the plasticiser.

By comparing PLA and PBAT based blends with the same ATBC
content, the PBAT-based specimens are less crystalline than that of their
PLA-based counterparts. Consequently, if the ATBC affinity is same for
both the polymers, the effect of T, variation with the plasticiser content
would be same or greater for PBAT (having less crystalline fraction) than
for PLA. Nevertheless, for the PLA systems, a more pronounced shift in
the glass transition temperature with increasing amount of ATBC was
encountered. This matched with the results obtained from the HSPs
methodology, in which a greater affinity of ATBC in PLA was observed as
compared to that of the PBAT.

o —
AT ( C) - Tg, PBAT/PLA blend ~
Tg,plasticised PBAT/PLA blends

50
40
30

20 PLA
10 PBAT

5 10 15 20
wt.% of ATBC

Fig. 8. PLA and PBAT Tg shift with the increasing of ATBC content in PLA/PBAT (left side) and PBAT/PLA (right side) systems from DMTA analysis.
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Fig. 9. SEM micrographs of (a) PLA/PBAT and (b) PBAT/PLA blends in comparison with ATBC increasing content.

4.3. Results for plasticised PLA/PBAT and PBAT/PLA blends the effects of both morphology and of a smaller or larger quantity of one
of the two polymers in the binary blends, it was decided to study two

On the basis of the results obtained, it is expected a greater affinity of complementary systems: (i) a PLA-based system (PLA/PBAT with 80 wt
ATBC towards the PLA phase rather towards PBAT. In order to consider % of PLA and 20 wt% of PBAT) and (ii) the corresponding PBAT-based

10
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Table 9
DSC first heating results for plasticised PLA/PBAT and PBAT/PLA blends.
Blend name Ty Tm Tee(°C) AH,, (J/ AHc. (J/ Xee
(§9) (9] 8) g) (%)
PLA/PBAT 61.6 176.0 87.5 40.5 20.7 26.7
PLA/PBAT_5 57.4 174.3 78.8 36.8 14.3 31.9
PLA/ 50.0 171.6 79.6 32.8 11.0 325
PBAT_10
PLA/ 47.9 169.2 79.6 29.3 6.4 36.3
PBAT 15
PLA/ 44.6 168.0 79.2 315 5.1 44.4
PBAT_ 20
PBAT/PLA 118.4 - 7.8 12.6
PBAT/PLA S 115.2 - 9.3 15.6
PBAT/ 113.0 - 7.3 13.6
PLA_10
PBAT/ 112.3 - 7.2 15.7
PLA 15
PBAT/ 112.1 - 6.8 129
PLA 20

system (PBAT/PLA with 80 wt% of PBAT and 20 wt% of PLA). For both
the investigated systems, an increasing ATBC content from 5 to 20 wt%
was also added.

From the observed DMTA tané peak variation (Fig. 6), it can be seen a
greater shift in the T, with ATBC content, which is therefore indepen-
dent from the quantity of PLA present in the blend.

This emerged major shift in T, for PLA can be better observed by
performing the linear regression of the Ty vs ATBC content (Fig. 7), in
which the values of the slopes of the straight lines (corresponding to pa o
and pgp according to Eq. (9)) are higher for PLA rather than for PBAT for
the both systems investigated.

For PLA, the value of ps o was found to be —1.807 and —2.362 for
PLA/PBAT and PBAT/PLA blends, respectively; while for the PBAT, the
value of pg ;, was found to be —0.619 and —0.594 for the PLA/PBAT and
PBAT/PLA blends, respectively. The higher ps , values are reflected in
the more marked T, shift with the ATBC content for PLA rather than
PBAT, in both systems analysed (Fig. 8). The major PLA shift is clearly
observed for PBAT/PLA blends, where the py  value is higher. Also in
this case, the results obtained induce to a greater affinity of ATBC to-
wards PLA rather than towards PBAT. To better clarify the results ob-
tained for the binary compounds, it is therefore necessary to analyse the
partition coefficient, K4/p, that specifies how the ATBC plasticiser is
portioned between the two polymers (PLA and PBAT). In Table 8, the
main parameters, experimentally obtained and useful for the calculation
of the partition coefficient, are calculated according to the procedure
adopted by Sperling et al. [47] (Section 2.2).

A partition coefficient, K4,p, equal to the value of 1 implies that the
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plasticiser is almost uniformly distributed between the two phases. It is
interesting to note that for both systems analysed, the partition coeffi-
cient is higher than 1 (K4, = 1.07 for PLA/PBAT system and Ks/p =
1.45 for PBAT/PLA system), indicating a higher distribution of ATBC in
the PLA phase rather than in PBAT. This result can also be observed by
the values of the weight percentage of ATBC in PLA and PBAT in the
binary blends (w,pr4 and wppparrespectively). For all the ATBC contents,
the wypra is higher than the corresponding wyppar, indicating a prefer-
ential distribution of the plasticiser towards PLA than PBAT and inde-
pendent from the PLA/PBAT ratio in the blend.

However, for the PLA-based binary blends, the value of Ku/p is
slightly higher than 1 and in first hypothesis, this K value could be
related to the greater quantity of PLA rather than PBAT. Nevertheless, by
analysing the K value obtained for PBAT-based binary blends, it can be
observed a clear preference of ATBC in the PLA phase. In fact, for these
binary blends, the K value is higher, which is indicating that the con-
centration of ATBC is higher in the PLA phase than that of the PBAT
phase, despite PLA is the minor phase. The analysis of the partition
coefficient has therefore confirmed what has been observed so far,
showing a greater affinity of ATBC in the PLA phase.

However, in order to better understand the K4, p values obtained, the
morphology of the blends was also investigated. As it can be observed
from the SEM images (Fig. 9), all the systems exhibit a typical two-phase
structure, with dispersed droplets of the minor phase in the matrix. The
ATBC addition results in an increase of the diameter of the dispersed
phase. Notably, this phenomenon is in agreement with the literature
[22,82] as well, in which the reduced viscosity induced by the addition
of plasticiser leads to an increase of the dispersed domain diameter. In
both the investigated binary blends, starting from 15 wt% of ATBC
content, the dispersed particles become so close to each other, that they
tend to coalesce forming larger domains (similar to small islands).

It can also be observed that the PLA particles dispersed in the PBAT
matrix are larger than those of the PBAT dispersed in the PLA matrix.
This phenomenon can be ascribable to several factors such as the dif-
ference in the viscosity ratio between the two polymers within the sys-
tem, the shear stress generated during the extrusion and the interfacial
tension between the two polymers. Furthermore, another important
factor that determines the morphology of an immiscible blend is the
viscoelasticity of the phases: the more the dispersed phase is highly
elastic, the more difficult it is to break the micro droplets [83].

Similar to what was observed for the pure plasticised PBAT blends,
the PBAT/PLA binary blends containing the amount of ATBC greater
than 10 wt% showed the migration of ATBC after some weeks from the
injection moulding process. In order to exclude the possible influence of
different crystallinity contents between the two binary blends, which
could possibly contribute to plasticiser migration, a DSC analysis of the
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Fig. 10. DSC first heating thermograms for (a) PLA/PBAT-based system and (b) PBAT/PLA-based system.



L. Aliotta et al.

injection moulded specimens was also carried out, considering the first
heating scan.

The main DSC results, reported in Table 9, are referred to the main
thermal characteristics of the matrix (PLA for PLA/PBAT system and
PBAT for PBAT/PLA system).

For the PLA/PBAT blends, there is an overlap between the PBAT
melting region and the PLA cold-crystallisation region [72](Fig. 10) that
makes impossible the detection of the PBAT melting temperature; the
ATBC addition caused a shift towards the lower temperatures of both
cold crystallisation temperature (T..) and melting temperature (Tp,).
Interesting is to observe that the PBAT dispersed particles does not in-
fluence the PLA crystallinity that increases with the increasing ATBC
amount from 26.72 to 44.41%.

As far as concern the PBAT/PLA blends, it was not possible to mea-
sure the variation of the PBAT glass transition temperature with the
ATBC content with the required accuracy. Similarly, as what was
observed for the corresponding pure plasticised PBAT blends, a decrease
in the melting temperature is observed introducing the plasticiser. The
crystallisation behaviour of the PBAT/PLA binary blends is similar to the
pure plasticised PBAT blends, where the percentage of PBAT crystal-
linity is almost constant (around 14%).

The DSC results shows that the PLA/PBAT blends are more crystal-
line than that of the corresponding PBAT/PLA blends. Consequently, the
PLA crystallinity seems to be not influenced by the plasticiser migration,
that can be thus correlated to the poor affinity of ATBC towards the
PBAT.

5. Conclusions

In this work the affinity of acetyl tributyl citrate plasticiser (ATBC)
towards PLA and PBAT polymers was investigated.

Pure plasticised PLA and PBAT blends containing different amount of
ATBC contents (from 5 to 20 wt%) were investigated. DMTA tests were
carried out in order to evaluate the shift in the glass transition temper-
ature (T) of the two polymers with the increasing amount of ATBC. The
major shift in the T, was observed for PLA rather than PBAT, which has
led to the deduction of a greater affinity of the ATBC towards the PLA
rather than the PBAT. The analysis of Hansen solubility parameters
(HSPs), adopted for the determination of the ATBC solubility within the
two polymers (PLA and PBAT) confirmed the experimental observa-
tions: ATBC lies entirely within the PLA solubility sphere, while it lies
exactly in the border of the PBAT sphere solubility. Accordingly, it
resulted in the poor solubility/affinity between ATBC and PBAT. DSC
analysis was also performed to exclude the possible influence of the
crystallinity of the two polymers.

The PLA/PBAT and PBAT/PLA binary blends containing different
ATBC amounts (from 5 to 20 wt%) were also investigated. In particular,
a PLA-based system (80 wt% PLA and 20 wt% PBAT) and a PBAT-based
system (80 wt% of PBAT and 20 wt% of PLA) were carefully examined.
The evaluation of the glass transition temperature through DMTA test
revealed, also in this case, a longer affinity of ATBC towards PLA for
both the binary systems investigated. The calculation of the plasticiser
partition coefficient for both the system analysed revealed that the
partition coefficient is higher than 1 (Ka,s = 1.07 for PLA-based system
and Ka, g = 1.45 for PBAT-based system) indicating a larger distribution
of ATBC in the PLA phase rather than PBAT. Moreover, the varying
weight percentages of ATBC in PLA in the binary blends, which is higher
than the corresponding ATBC weight percentage in PBAT, indicated a
preferential distribution of the plasticiser towards PLA than PBAT (in-
dependent of the PLA/PBAT ratio in the blend). In addition, the DSC
analysis was also performed for these binary systems to exclude the ef-
fects of crystallinity in influencing the ATBC distribution. In particular,
it was observed that the crystallinity of PBAT-based system was lesser
than that of its corresponding PLA-based system and thus ideally, if the
affinity between the two polymers were the same, the plasticiser should
go in greater quantity towards more amorphous polymer (PBAT).
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Nevertheless, since the affinity between the two polymers was not same,
a major quantity of ATBC was encountered in PLA (even if more
crystalline).

The morphology of the binary blends was also investigated. For both
the binary blends, the dispersed particles of the minor phase were found
to be embedded in the matrix (major phase). Further, with the
increasing ATBC amount, an increase in the dispersed domains diameter
was also observed due to the addition of the plasticiser.
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