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Abstract: Designing polymer structures and polymer blends opens opportunities to improve the
performance of plastics. Blending poly(butylene adipate-co-terephthalate) (PBAT) and polylactide
(PLA) is a cost-effective approach to achieve a new sustainable material with complementary proper-
ties. This study aimed to predict the theoretical miscibility of PBAT/PLA blends at the molecular
level. First, the basic properties and the structure of PBAT and PLA are introduced, respectively.
Second, using the group contribution methods of van Krevelen and Hoy, the Hansen and Hildebrand
solubility parameters of PBAT and PLA were calculated, and the effect of the molar ratio of the
monomers in PBAT on the miscibility with PLA was predicted. Third, the dependence of the molecu-
lar weight on the blend miscibility was simulated using the solubility parameters and Flory—Huggins
theory. Next, the glass transition temperature of miscible PBAT/PLA blends, estimated using the
Fox equation, is shown graphically. According to the prediction and simulation, the blends with
a number-average molecular weight of 30 kg/mol for each component were thermodynamically
miscible at 296 K and 463 K with the possibility of spinodal decomposition at 296 K and 30% volume
fraction of PBAT. This study contributes to the strategic synthesis of PBAT and the development of
miscible PBAT/PLA blends.

Keywords: Flory—-Huggins; free energy of mixing; glass transition temperature; group contribution;
molecular weight; miscibility prediction; PBAT; PLA; simulation; solubility parameter

1. Introduction

Physical blending is an economical approach to achieve complementary material
properties without developing a new polymer. Poly(butylene adipate-co-terephthalate)
(PBAT) and polylactide (PLA) currently account for 13.5 and 18.8 percent of global bioplastic
production capacity, respectively [1]. Blends made of commercially available PBAT and
PLA tend to macrophase-separate and exhibit two glass transition temperatures (T) [2-4].
Therefore, unmodified PBAT/PLA blends have poor miscibility.

Experimentally, PBAT/PLA blends are often prepared by melt blending. At an ele-
vated temperature for a sufficiently long time, transesterification can take place between
the two polyesters, resulting in enhanced miscibility [5]. Two criteria often used to evaluate
the blend miscibility [6-8] include (1) phase morphology: whether it is homogeneous down
to the molecular level; (2) glass transition temperature: whether a binary blend exhibits
a single T;. The morphological investigation depends on the measuring points of the
samples in scanning electron microscopy (SEM). A blend may not be truly miscible at the
molecular level, even though it shows a homogeneous phase if examined on sufficiently
large length scales [6]. Thermal analysis using differential scanning calorimetry (DSC)
can only determine the miscibility of polymer blends with well-separated T, values [9].
Furthermore, different heating rates can lead to a variation in T values to some extent.
Therefore, both the blend preparation and the analysis can practically affect the actual
blend miscibility.
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To exclude the experimental influences, a theoretical study of the intrinsic miscibility
is necessary. The concept of group contributions has been applied to calculate the solu-
bility parameters and the blend miscibility [10]. According to the literature research, Dil
et al. indicate that PBAT and PLA have the Hildebrand solubility parameters (HiSP) of
22.2 MPa'/2 and 21.9 MPal/2, respectively [11]. Ding et al. report that the 5 (PBAT) and
§(PLA) are 21.9 MPa'/2 and 20.7 MPa!/2, respectively [12]. As a result, the difference of
solubility parameters 6(PBAT-PLA) is 0.3 or 1.2 MPa'/2. Materials with similar HiSP have
a high affinity with each other [13]. However, the PBAT/PLA blend miscibility is still
difficult to determine directly from the difference in solubility parameters. One reason for
this is the irregular structure of PBAT molecules that consist of two randomly arranged
monomers (BA and BT). Their molar ratio can differ due to the synthesis and degradation.
If PBAT were degraded, the resulting lower molecular PBAT-chains might have different
ratios of BA and BT. Another reason is that the intermolecular interaction depends on the
molecular weights of both polymers, blend ratio, and temperature [14]. To the author’s
best knowledge, only Park et al. [15] have studied the miscibility of blends (PETG/PLA)
with some similarity in molecular structure to PBAT/PLA blends from the theoretical
aspect. Therefore, PBAT/PLA blends need more investigation regarding the solubility
parameters and miscibility from the molecular level and the thermodynamic aspect. A
good understanding of the intrinsic miscibility is not only of academic interest but also
contributes to designing miscible PBAT/PLA blends without adding expensive additives.

This study aimed to explore the dependence of the PBAT structure and the molecular
weights of PBAT and PLA with different weight ratios on the blend miscibility. First,
group contributions theories were used to estimate the effect of the molar ratio of the two
monomers in PBAT on the solubility parameter and the difference of solubility parameter
between both polymers. Second, the Flory-Huggins model was used to establish phase
diagrams and spinodal curves. Furthermore, the composition-dependent glass transition
of miscible PBAT/PLA blends was estimated. The first novelty was to find a correlation be-
tween the molar ratios of the two monomers in PABT and the solubility parameter between
PBAT and PLA. The second novelty was to simulate the phase diagrams and spinodal
curves of PBAT/PLA blends, taking into account parameters including temperature, molec-
ular weights, and the component ratios, as well as the calculated solubility parameters.

2. Materials

Poly(butylene adipate-co-terephthalate) (PBAT) (Figure 1) is a fully biodegradable
polyester with two types of dimers: BT and BA. One dimer is the rigid section consisting
of 1,4-butanediol and terephthalic acid monomers. The other dimer is the flexible section
consisting of 1,4-butanediol and adipic acid monomers [16], resulting in high flexibility and
high ductility [4]. The largest manufacturer, BASF (Ludwigshafen, Germany), produces
PBAT under the brand name Ecoflex® (e.g., Ecoflex F Blend C1200). This polymer possesses
a density of 1.26 g/mol, a number average molecular weight (M,,) of 52.1 kg/mol, and a
polydispersity index of 2.0.
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Figure 1. Chemical structure of PBAT.
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Poly(lactic acid) or polylactide (PLA) is a biodegradable and renewable aliphatic
polyester [17]. Poly(lactic acid) is produced by direct polycondensation of lactic acid. Poly-
lactide can be produced by ring-opening polymerization of cyclic lactide. PLA possesses
two optical active and crystallizable isomeric forms: PDLA and PLLA (Figure 2). PLA
exhibits many favorable features such as high modulus of elasticity, high strength and high
transparency (in the amorphous state), and good processability [18]. The largest manufac-
turer, NatureWorks (Minnetonka, MN, USA), produces PLA under the trade name IngeoTM
(for example, Ingeo™ Biopolymer 2003D). This polymer has a density of 1.24 g/mol, a
number average molecular weight (M,,) of 127.0 kg/mol, a polydispersity index of 1.6, and
a D-isomer content of approximately 4.4%.
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Figure 2. Chemical structure of PLLA.

3. Prediction of Solubility Parameters

The basis of a molecular group contribution method is additivity. This assumes that
the physical property of a polymer is calculable by the additive contributions from the
individual structural and functional groups in its repeating unit. Using a group contribution
method enables us to establish a correlation between the chemical structure of polymers and
their interaction. The term “solubility parameter” quantifies the intermolecular interaction.

Coleman et al. has reported a group contribution method to calculate the one-
dimensional Hildebrand solubility parameter (HiSP) for polymers with T¢ values below
room temperature [19]. However, PLA possesses a glass transition temperature higher
than room temperature (approx. 60 °C). Therefore, Coleman’s method was inappropriate
in this miscibility study of PBAT/PLA blends. Group contribution methods developed
by van Krevelen [10] and Hoy [20] were used to estimate the three-dimensional HSP and
one-dimensional HiSP for polymers. Compared with the real system, the group contri-
bution methods neglect the possible reactions between the blend components, such as
transesterification while melt blending, which may change the molecular structures.

In this section, these two different group contribution methods were applied to calcu-
late the solubility parameters of PBAT and PLA. As mentioned in the Introduction, PBAT
can consist of different ratios of its monomers (BA and BT). Furthermore, the sequence in
the chain may change due to, e.g., polymer degradation. Considering these variations, the
estimation of its solubility parameter was performed using three different assumptions:

(1) PBAT (alternating): alternating arrangement with a molar ratio of 1/1.

(2) (PBT): only monomers of BT constitute the polymer.
(3) (PBA): only monomers of BA constitute the polymer.

3.1. Solubility Parameter Calculation According to van Krevelen’s Method

The group contributions Fy;, Fy;, and Ej; [10] are applied to calculate HSP, including
dispersion interactions (é4), polar interactions (,), and hydrogen bond interactions (Jy), as
well as the total Hildebrand solubility parameters (J; or HiSP). The following equations
are used for the calculation:
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where F; represents the group contributions of type i to the dispersion component F,; of the
molar attraction constant; F,; represents the group contributions to the polar component Fy;
Ey; is the hydrogen-bonding energy per structural group i; V is the molar volume. Details
of the calculation are described in the Supplementary Material on the sheet “van Krevelen”.
The calculated HSP and HiSP using van Krevelen’s method are listed (Table 1).

Table 1. Calculated solubility parameters using van Krevelen’s method.

Polymer Type 5, [MPa'2] 5, [MPa'2] 5y, IMPa'2] HiSP [MPa'?]
alternating PBAT 18.21 5.89 9.17 21.22
PBT 19.63 6.19 9.37 22.62
PBA 14.99 5.00 8.45 17.92
PLA 15.33 8.44 10.98 20.66

Due to the random arrangement of the copolymers BT and BA and possible different
molar ratios, the solubility parameters for each segment is different. In the case of a BT-rich
PBAT (molar ratio of BT > 50%), the HiSP of PBAT was between 21.22 and 22.62, which are
the values of alternating PBAT with BT/BA =1/1 and PBT. In the case of a BA-rich PBAT
(molar ratio of BA > 50%), the HiSP of PBAT was between 17.92 and 21.22, the values of
PBA and alternating PBAT with BA/BT =1/1. The calculated HiSP of PBAT (alternating)
and PLA was 21.22 [MPa!/?] and 20.66 [MPa'/?], respectively, so the difference of total
solubility parameter A$ between them was 0.56 [MPa'!/?]. Since the HiSP of PLA was in the
range of BA-rich PBAT (Figure 3), varying the molar ratio of the monomers in PBAT may
lead to a smaller difference in solubility parameters and an increase in the intermolecular
interaction between PBAT and PLA.

van Krevelen's method + Considering possible HiSP range of PBAT

PLA
17.92 20.66 | 21.22 22.62

I
I
|
BA-rich PBAT : BT-rich PBAT
PBAT PBT

I
(alternating)

PBA

Ad :0.56 [MPa']
Figure 3. Values and ranges of calculated solubility parameters using van Krevelen’s method.

3.2. Solubility Parameter Calculation According to Hoy’s Method

The methods of van Krevelen and Hoy, based on the same basic assumption of
additivity, have the same order of accuracy. These two are of the same order of accuracy for
predicting the solubility parameters [10]. However, van Krevelen and Hoy have applied
different ways of calculation. Van Krevelen’s method first predicts the partial solubility
parameters, which are then used to calculate the total solubility parameter [10,21]. In
contrast, Hoy’s method first determines the total solubility parameter using the molar
attraction functions and auxiliary equations. From the total, the three partial ones are
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calculated using additive molar functions and expressions for the components [20,22]. The
equations used in Hoy’s method are below.

a(P) = 777A7(P)/V (5)
n= 0.5/AT(P) 6)
i = (Fi+ 2)/V @)

_e( L Fp ip
o =4 BT B ®)
8 = 0i[(w(P) — 1/a(P))]"/? )
61 = (F — % — 7)!/? (10)

where a(P) is the molecular aggregation number of a polymer; Ar(P) is the Lydersen
correction for polymers derived by Hoy; V is the molar volume; B is a base value of 277;
F; is the molar attraction function; Fp is the polar component of molar attraction function;
n is the molecular aggregation number. For explanations of variables used before, see
Section 3.1 “van Krevelen’s method”.

The three-dimensional HSP and the overall one-dimensional HiSP were calculated
(Table 2). (For details of the calculation, see the Supplementary Material on the sheet “Hoy”).

Table 2. Calculated solubility parameters using Hoy’s method.

Polymer Type 5, IMPa'2] 5, [MPa'2] 5y, IMPal’2] HiSP [MPa'2]
alternating PBAT 15.94 11.43 9.35 21.73
PBT 15.64 12.82 11.32 23.18
PBA 16.13 10.44 7.98 20.80
PLA 14.02 12.73 9.77 21.31

From the table above, it can be seen that BA-rich PBAT had a HiSP in the range of
20.8-21.73, while BT-rich PBAT possessed a HiSP in the range of 21.73 to 23.18 [MPal/2].
The calculated HiSP for PBAT and PLA was 21.73 [MPa!/2] and 21.31 [MPal/?], respectively,
indicating a solubility parameter difference of 0.42 [MPa'/?]. Furthermore, Hoy’s method
shows the same tendency as van Krevelen’s method: that the HiSP of PLA was in the range
of the values of BA-rich PBAT (Figure 4).

Hoy's method + Considering possible HiSP range of PBAT

PLA
20.80 21.31| 21.73 23.18

|

|
BAcrichPBAT QT-rich PBAD

|
PBA PBAT PBT

(alternating)

A :0.42 [MPa"]
Figure 4. Values and ranges of calculated solubility parameters using Hoy’s method.

According to the two group contribution methods, the mean value of the difference in
calculated total solubility parameters between alternating PBAT and PLA was 0.49 MPa!/2.
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The two different methods show consistency in the total solubility parameter and that
PLA was in the range of the one of BA-rich PBAT. Furthermore, the same tendency of the
solubility parameter can be seen in both methods:

5(PBA) < 8(PLA) < b(alternating PBAT) < 6(PBT)

4. Simulation of the Blend Miscibility

Based on the solubility parameters, the miscibility of PBAT/PLA blends can be further
studied from the aspect of thermodynamics. The thermodynamic criterion of solubility of
two dissimilar components is described by the equation:

AGy = AHp — TASy (11)

where AGy, is the free energy of mixing; the AH), is the enthalpy of mixing (heat of mixing);
T is the absolute temperature; ASy, is the entropy of mixing.

A negative value of AG,, is generally required to obtain a miscible system. For low
molecular weight materials, an increasing temperature generally results in an increase
in miscibility as the TASy; term increases, thus driving Gy to be more negative [8,23].
However, both PBAT and PLA are high molecular weight molecules, implying that the
negative contribution from the TASy; term is small. An equation based on the Flory—
Huggins theory correlates the miscibility of a polymer blend with several parameters [24].

oM %lmpl + %lngbz + B85 - 5y)? (12)
where AGy is the free enthalpy of mixing; R the gas constant of 8.31 kg-m?/s?>-mol-K;
T the absolute temperature; V the volume of the system; ¢; and ¢, the volume fraction
of component, respectively; 61 and ¢ ; are the solubility parameters; V1 and V; are the
molar volumes, respectively. Since the densities of PBAT and PLA are very close, for
simplicity, we assumed that both polymers had the same density of 1.25 g/mol. Based on
this assumption, for PBAT/PLA blends, the volume fraction is equal to the mass fraction.

The phase diagram (Figure 5) offers a simulation of the PBAT/PLA blend miscibility
with assumptions at room temperature (296 K, approximately 23 °C), which is important
for the blend preparation by solution blending. PBAT structure was alternating; the HiSP
difference was 0.49 MPa!/?; the density of both polymers was 1.25 kg/mol; the blend had
the molecular weights: M,,52/127, M,;52/60, M,52/30, and M;30/30. As an example,
M,;;52/127 implies M, (PBAT) is 52 kg/mol and M, (PLA) is 127 kg/mol, respectively.
Details of the calculation are in the Supplementary Material on the sheet “Flory-Huggins”.

15 - PBAT/PLA
= Mn52/127
Mn52/60
10 4 = Mn52/30
Mn30/30

AGm/RTV

-10 T T T T T T
00 02 04 0.6 08 10

Mass fraction of PBAT

Figure 5. Phase diagram of PBAT/PLA blends with various molecular weights at 296 K.

From the phase diagram, the curve of the PBAT/PLA blends M, 52/127 with the
respective molecular weight of 52 and 127 kg/mol is above the zero line, implying blend
immiscibility made of the commercially available polymers. A similar trend is shown
by the curve M,52/60, representing the blend made of the original PBAT and PLA with
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molecular weights of 60 kg/mol. When the molecular weight of PLA was reduced to
30 kg/mol, M, 52/30 showed an interesting curve: in the region of low PBAT content
(<15 wt.%), the value of free energy of mixing was slightly negative; this was followed
by the curve with a PBAT mass fraction of 15-70 wt.%. Starting with a PBAT content of
approximately 70 wt.%, the curve was in the negative region again. The PBAT/PLA blends
with the molecular weight of 30 kg/mol (M,,30/30) showed negative values of the free
energy of mixing in the whole range. However, it can be seen that in the middle range
(40-60 wt.% PBAT), this curve exhibited a slight increase, while the curve shows even
lower negative values at the PBAT/PLA ratio of about 20/80 or 80/20. Generally, a lower
negative value would lead to a higher probability of miscibility.

Since PBAT/PLA blends are often melt-blended at an elevated temperature, the blend
miscibility at 463 K, approx. 190 °C, was simulated (Figure 6).

PBAT/PLA

= Mn52/127
57 Mn52/60

= Mn52/30
Mn30/30
04 - . _
-
u
L
r

AGm/RTV

T T T T T T
0 02 04 0.6 08 1.0
Mass fraction of PBAT

Figure 6. Phase diagram of PBAT/PLA blends with various molecular weights at 463 K.

Even at this higher temperature, M,,52/127 (PBAT/PLA blends consisting of original
commercial polymers) showed a curve mostly close to or above the zero line, implying poor
miscibility. With the decreased molecular weights of PLA, the curve of M;;52/60 displays a
maximum slightly above the zero line (when PBAT content is approx. 50-60 wt.%) and two
minima slightly below the zero line (when PBAT content is around 10 wt.% or 90 wt.%),
indicating a relatively unstable state of miscibility. A small fluctuation of the temperature
or composition may change the theoretical miscibility. When the molecular weights of PLA
were 30 kg/mol, M;;52/30 blends showed negative values of the free energy of mixing
in the whole range, indicating the blend should be miscible at 463 K. The blends with
an M, of 30 kg/mol for each component demonstrated even lower values, indicating
thermodynamically miscibility in the molten state at 463 K.

It is concluded that the mixing behavior depends strongly on the molecular weights of
both components, their ratios, and the temperature. As shown in both phase diagrams, the
miscibility of PBAT/PLA generally increases with decreasing molecular weights. At 296 K,
the blends M,,52/127, M;,52/60, and M,;52/30 each showed a maximum positive value of
AGy in the middle range (PBAT content: approx. 50 wt.%) in the curves, indicating poor
miscibility of these blends, especially at the blend ratio of 50/50. Generally, in addition
to the negative value of AGy,, the second derivative of AGy; with respect to the volume
fraction of the second blend components was a necessary condition of the blend miscibility.
At 296 K, the blends M;;30/30 showed negative values of AGy in the whole range of
compositions while displaying two minima (at the ratio of about 10/90 and 90/10) and one
maximum (at the ratio of 50/50). According to the second derivative of AGys (eq.12 =0,
at 30% volume fraction of PBAT), spinodal decomposition can occur at 296 K due to the
negative value of free energy of mixing but beginning of the convex curve of the spinodal
(Figure 7).
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PBAT/PLA

1000 ~ = Mn52/127
Mn52/60
= Mn52/30
Mn30/30

800

600

463 K

[
[]
[]
[]
[}
=
[]
400 [ ]
L]

Temperature (K)

296 K

|
[ |
200 u
- u
= lm
-

0.0 02 04 0.6 0.8 1.0

Volume fraction of PBAT

Figure 7. Spinodal curves for PBAT/PLA blends.

At 463 K (e.g., for melt-blending), the curve of the blends M;;30/30 shows negative
values in the entire range of compositions indicating good miscibility. Even the blends
M,,52/30 would be miscible in the molten state while melt-blending at 463 K. After that,
if the PBAT/PLA blends M,,52/30 were stored at a lower temperature between —28 °C
and 61 °C (corresponding to the T¢ values of both polymers) for a sufficiently long time,
the PBAT chains would behave like rubber. For this reason, the blends M,;,52/30 could
change the miscibility from miscible in the molten state to partially miscible or immiscible
at a lower temperature after a long enough time. However, the PBAT/PLA with an M, of
30 kg/mol for each component should be miscible both at 296 K and 463 K, according to
the simulation.

5. Estimation of the Glass Transition Temperature

T¢ can reflect whether a polymer blend is completely miscible. A fully miscible
PBAT/PLA blend exhibits a single T¢. Generally, the T, value of binary miscible PBAT/PLA
blends is predictable based on the Fox equation:

1 __ MMPBAT 1 — mppar (13)
To(Blend) T (PBAT) = T,4(PLA)

where T¢(Blend) is the predicted glass transition temperature of the miscible PBAT/PLA
blend; mppar is the mass (weight) fraction of PBAT; To(PBAT) and T¢(PLA) are the glass
transition temperature of neat PBAT and neat PLA, respectively.

The value of T¢(PBAT) and T¢(PLA) was —28.3 °C and 61.6 °C, respectively [4]. For
details of the T¢(Blend) calculation, see the Supplementary Material on the sheet “Fox”. The
composition-dependent Ty of miscible PBAT/PLA blends is shown graphically (Figure 8).

T¢(Blend) tends to decrease with an increasing mass fraction of PBAT. The glass
transition temperature is slightly below 40 °C for PBAT/PLA (20/80). This value is
about 10 °C for PBAT/PLA (50/50). Moreover, this value decreases to approximately
—15 °C when the ratio of PBAT/PLA is 80/20. To the author’s best knowledge, the
glass transition temperatures have not been studied for fully miscible PBAT/PLA blends
without compatibilizers. Unmodified PBAT/PLA blends with a wide range of ratios (0/100,
10/90, ... 90/10, 100/0) have been reported to have two almost unchanged glass transition
temperatures at about —30 °C and 61 °C, which correspond to the T; of neat PBAT and
PLA in the DSC [4].
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Figure 8. Glass transition temperature of miscible PBAT/PLA blends.

6. Conclusions

In this study, the blend miscibility of PBAT/PLA blends was predicted. The solubility
parameters calculated using the group contribution methods of van Krevelen and Hoy had
a mean difference of 0.49 MPa'/? between alternating PBAT and PLA. To a certain extent, a
higher affinity would be possible between the two polymers when the monomers BA and
BT reach a molar ratio exceeding 1 to 1. In this way, the structural optimization of PBAT
will fundamentally improve the solubility of PBAT and PLA. Furthermore, a simulation
of the miscibility of PBAT/PLA blends was established by using the calculated HiSP and
different parameters. According to the simulation, the state of a PBAT/PLA blend can vary
from immiscible to miscible, depending strongly on the molecular weights and weight
ratio of both polymers at a constant temperature. Generally, the higher the molecular
weights, the lower the predicted probability of the blend miscibility. Another tendency is
that the higher the temperature, the higher the probability of the blend miscibility. The
blends M,;52/30 displayed negative values in the whole range of compositions at 463 K.
If M,,52/30 were melt-blended and then stored at a temperature above the Tq of PBAT
(—28 °C, approx. 245 K) for enough long time, the miscibility could change from miscible to
partially miscible or immiscible, due to the mobility of PBAT chains. The blends M;;30/30
showed negative values of AGy; both at 296 K and 463 K, according to the simulation.
However, spinodal decomposition of M,,30/30 can appear at 296 K (at 30% volume fraction
of PBAT) due to the negative value of AGj; and the curvature of the spinodal. Moreover,
the glass transition temperature of miscible PBAT/PLA blends was calculated using the
Fox equation. A single Ty would show at about 40 °C, 10 °C, and —15 °C for PBAT/PLA
blends with the composition of (20/80), (50/50), and (80/20), respectively. This study
gives the theoretical prediction of the miscibility for PBAT/PLA blends. The next scientific
challenge will be the experimental discovery of to what extent the theoretical prediction is
consistent with the practical results, especially the molecular weight-dependent miscibility
of PBAT and PLA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13142339 /51, Excel table with the sheets of “vanKrevelen”, “Hoy”, “Flory-Huggins”
and “Fox”.
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