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ABSTRACT

Polylactic acid (PLA) and poly(butylene adipate-co-terephthalate) (PBAT) are promising biodegradable polymers, but their in-
herent immiscibility limits their use in blend applications. This study develops oligomeric compatibilizers based on PLA and
PBAT, combined with epoxidized soybean oil (ESBO) and adipic acid, to enhance their compatibility. The synthesis systemati-
cally varies the molecular weight and composition of the compatibilizers. Rheological, thermal, and molecular analyses reveal
that compatibilizers containing short-chain PLA and short-chain PBAT (M, =3200-3800 gmol '), modified with both ESBO and
adipic acid, achieve the most homogeneous phase structure. These systems exhibit single, broad T, transitions (e.g., Blb: —3.2°C),
increased viscosity (X1.8), and distinct relaxation spectra indicating strong interfacial interactions. In contrast, long-chain PBAT
formulations show reduced compatibilization due to steric hindrance. IR spectroscopy confirms epoxy group reactivity; DSC
reveals improved thermal transitions; and GPC/NMR validate molecular design. The results demonstrate that careful molecular
design and reactive modification create effective compatibilizers, which potentially improve mechanical properties and pro-
cessability in PLA/PBAT blends. These findings provide valuable insights into tailoring compatibilizer systems for sustainable
biopolymer applications and lay the foundation for future investigations in commercial blend formulations.

1 | Introduction these values fall below industrial thresholds, which typically re-

quire >30kJ/m? impact resistance and elongation above 100%.

Polylactic acid (PLA) is a biopolymer derived from renewable
resources such as corn and sugarcane. Known for its biodegrad-
ability and properties comparable to conventional petrochemical
plastics, PLA has found broad applications in packaging (e.g.,
food containers, compostable films), agriculture (e.g., mulch
films), and biomedicine (e.g., sutures and drug delivery systems)
[1, 2]. However, each application faces specific challenges like
brittleness and poor impact resistance, which limit its use in
rigid packaging. Insufficient elongation hinders its deployment
in flexible films. These drawbacks include low impact strength
(<10kJ/m?), poor elongation at break (<10%), and brittle frac-
ture behavior under stress [3, 4]. For packaging applications,

Overcoming these drawbacks is essential to fully realize PLA as
a sustainable alternative to conventional plastics [5, 6].

Blending PLA with other polymers offers a promising route to im-
prove its performance. Poly(butylene adipate-co-terephthalate)
(PBAT) complements PLA with its flexibility, toughness, and
biodegradability. PLA/PBAT blends demonstrate improved duc-
tility, impact resistance, and toughness. However, due to their
differing molecular structures, PLA and PBAT are immisci-
ble, leading to phase separation and weak interfacial adhesion.
This incompatibility undermines the mechanical and structural
properties of the blends, especially under demanding conditions
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[7]. Effective strategies are therefore required to overcome this
molecular incompatibility.

Previous strategies to address this issue include the use of block
copolymers [8] reactive epoxy-functionalized additives [3]
and even nanofillers as phase compatibilizers [9]. While these
methods have shown partial success, they often rely on petro-
chemical components, lack structural flexibility, or result in
inconsistent phase dispersion. In contrast, the compatibilizer
approach proposed in this study enables the in situ formation
of reactive oligomers with tailored chain lengths and a modular
combination of functional groups.

Unlike established systems such as maleic anhydride-grafted
polyesters [10] or pre-synthesized block copolymers [11], this
strategy avoids permanent backbone modification and al-
lows for a higher degree of chemical tunability. In addition,
all components used, PLA, PBAT, ESBO, and adipic acid, are
commercially available and partially biobased, supporting the
development of sustainable, high-performance polymer blends.

Compatibilization plays a key role in improving interfacial ad-
hesion and overall blend performance. Compatibilizers enhance
mechanical, thermal, and morphological properties by fostering
interactions between the PLA and PBAT phases. Compatibilizers
have been shown to increase tensile strength by up to 40%, im-
prove elongation at break from <10% to >100%, and reduce
phase separation, as evidenced by morphological and rheolog-
ical studies [1, 12], including the use of reactive agents, block
copolymers, and advanced processing methods. For example,
combining epoxidized soybean oil (ESBO) with electron beam
irradiation has shown promising improvements in PLA/PBAT
blends [13]. It is hypothesized that irradiation promotes the for-
mation of miscible copolyesters from oligomeric PLA and PBAT,
acting as in situ compatibilizers that improve interfacial adhe-
sion and phase continuity.

This study focuses on the development and characterization of
such oligomeric compatibilizers, produced from PLA and PBAT
with ESBO and adipic acid. Rheological analysis serves as a central
tool to evaluate the efficiency of compatibilization. By measuring
viscosity, storage modulus, and loss modulus, the study assesses
phase continuity and interfacial interactions. In particular, the
weighted relaxation time spectrum provides insights into the mo-
lecular dynamics and effectiveness of the compatibilizers [14].

Improved compatibilization not only enhances the mechanical
performance of PLA/PBAT blends but also supports more uniform
biodegradation, contributing to environmental sustainability [15].
While rheological and thermal methods offer indirect evidence
of phase integration, they do not fully capture bulk mechanical
behavior. Conventional mechanical testing (e.g., tensile or impact
strength) would provide additional insight into the practical per-
formance of these materials. This limitation is acknowledged in
the present work and opens avenues for future investigation.

Recent work by Zhou et al. demonstrated compatibilization of
PLA/PBAT blends via poly(lactic acid-r-malic acid) copolymers,
achieving enhanced toughness through reactive copolymeriza-
tion [4]. However, this method requires backbone modification
and lacks the modular flexibility of the approach presented here.

While ESBO has previously been explored as a compatibilizer in
PLA/PBAT systems, our study uniquely investigates its role in
custom-designed oligomeric compatibilizers with tunable chain
length and the inclusion of bifunctional additives like adipic
acid. This molecular-level design enables deeper insights into
phase integration and reactive dynamics, going beyond conven-
tional compatibilizer strategies.

Furthermore, the results provide a foundation for subsequent
investigations on the performance of these compatibilizers in
commercial PLA/PBAT systems.

2 | Materials and Methods
2.1 | Materials

1,4-Butanediol (CP grade, >95%) was purchased from Carl
Roth GmbH + Co. KG, Karlsruhe, Germany. L-lactide, tin(II)-2-
ethylhexanoate (CP grade, >95%) and dimethyl terephthalate (AR
grade, >99%) were provided by Sigma-Aldrich Chemie GmbH,
Schnelldorf, Germany. Adipic acid (AR grade, >99%) was supplied
by Fluka Chemie GmbH, Buchs, Switzerland. Terephthalic acid
(AR grade, >99%) and titanium tetrabutanolate (CP grade, >95%)
were acquired from Merck KGaA, Darmstadt, Germany. Merginant
ESBO (technical grade, 6.5%-7.5% epoxy oxygen) was obtained
from Hobum Oleochemicals, Hamburg, Germany. Ethanol (AR
grade, >96%) and dichloromethane (AR grade, >96.5%) were pur-
chased from Carl Roth GmbH + Co. KG, Karlsruhe, Germany.

2.2 | Synthesis of Oligomers and Compatibilizers
2.2.1 | Synthesis of PLA-Oligomer

L-lactide was recrystallized in ethyl acetate and dried in a high
vacuum oven at 60°C for 24h. Twenty-two equivalents of the
monomer were melted at 120°C in a three-necked round bot-
tom flask equipped with a reflux condenser and under a nitro-
gen atmosphere. The temperature was increased to 160°C, and
1 equivalent of the initiator 1,4-butanediol and 1.0wt% of the
catalyst tin(IT)-ethylene hexanoate were added to the reaction.
The reaction progress was monitored by IR spectroscopy, and
the reaction was stopped when lactide consumption was com-
plete. After cooling to room temperature, the oligomer melt was
dissolved in DCM and precipitated in cold ethanol. The solid
was filtered and dried in a high vacuum oven for 3 days to yield
a white powder as the final product.

2.2.2 | Synthesis of PBAT-Oligomers

Polycondensation was conducted according to a procedure by
Nifant'ev et al. [16]. One equivalent dimethyl terephthalate, 2.7
respective 2.4 equivalents of 1,4-butanediol, and 0.1wt% of ti-
tanium tetrabutanolate were introduced into a three-necked
round bottom flask equipped with a nitrogen inlet and a distil-
lation bridge with receiver flask. The reaction was heated for
1h with the removal of methanol and THF. One equivalent of
adipic acid was added, and the reaction temperature was raised
to 180°C. After 45min, the nitrogen inlet was replaced with a
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glass stopper, and a vacuum pump with cooling trap was con-
nected to the distillation bridge. The pressure was gradually
reduced. The reaction was terminated when the formation of
water stopped. The melt was cooled to room temperature and
dissolved in DCM. Cold ethanol was used for precipitation. The
solids were filtered off and dried in a high vacuum drying oven
for 3days. The oligomer was yielded as a white powder.

2.2.3 | Formation of Oligomeric Compatibilizers

The 90.0g of PLA were mixed with 90.0g of PBAT in a 500mL
three-necked flask. Depending on the composition, 12.6g of
ESBO or 12.6g of ESBO and 3.96g of adipic acid were added,
and the reaction was performed at 180°C for 2h under mechan-
ical stirring. The hot oligomer melt was poured onto a silicone
mat and cooled at room temperature. In this study, a single PLA
length of 3261 gmol~! (referred to as S-PLA) was chosen, while
two PBAT lengths of 3500gmol~! (referred to as S-PBAT) and
6500 gmol~! (referred to as L-PBAT) were included. S-PLA was
selected due to its lower crystallinity and enhanced chain mo-
bility, which improve phase dispersion and interfacial compati-
bility with PBAT. These thermal properties, along with reduced
viscosity, facilitate better processing and blending. In contrast,
both S- and L-PBAT were utilized to balance flexibility, me-
chanical strength, and miscibility with ESBO and PLA. S-PBAT
enhances compatibility with PLA, while L-PBAT contributes
to greater mechanical robustness through stronger molecular
networks. This combination allows for a comprehensive eval-
uation of phase compatibility and mechanical performance.
Adipic acid was included as a bifunctional carboxylic acid that
can react with hydroxyl groups present in PLA and PBAT oligo-
mers, potentially forming ester linkages. Additionally, its small
size may promote interfacial interactions and reduce phase sep-
aration by creating branched or partially crosslinked structures,
which enhance compatibility between the polymer phases. The
compositions of the compatibilizers are listed in Table 1.

2.3 | Analytical Methods

2.3.1 | Differential Scanning Calorimetry (DSC)
Thermal properties were analyzed using a DSC 204 F1 Phonix
instrument. Using the software NETZSCH Proteus Software,

values for glass transition temperature T, cold crystallization
temperature T, melting temperature T, enthalpy of cold

cc’?

TABLE1 | Compositions of the oligomeric compatibilizers.

crystallization AH_, enthalpy of melting AH, and the change
in heat capacity Acp were determined. For sample preparation, a
quantity of 6-8 mg of the sample material was sealed in an alu-
minum crucible with a pierced lid. The measurement method for
PLA samples starts by heating to 200°C at a rate of 20°C min™!
and maintaining this temperature for 10min. The samples are
then cooled to room temperature at the same rate. The second
heating cycle reaches 200°C at a rate of 10°C min~!, after which
the samples are cooled to room temperature. PBAT samples and
samples of compatibilizers follow a similar method, despite cool-
ing to —80°C after the first heating cycle. For evaluating thermal
properties only, the second heating cycle is relevant to eliminate
thermal history. The crystallinity is calculated using the theo-
retical melting enthalpy values of a fully crystalline polymer,
which are 93J g1 for PLA and 114Jg~! for PBAT [17, 18].

2.3.2 | Gel Permeation Chromatography (GPC)

A GPC instrument (Agilent 1100 series, PSS GmbH, Mainz,
Germany) is used to determine the molecular weights and weight
distributions of oligomer samples. Polymethylmethacrylate with
alow molecular weight and narrow distribution is used as a stan-
dard sample for calibration. Oligomer samples (9.0-9.5mg) are
dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (3mL) contain-
ing potassium trifluoroacetate (0.05molL~?). After complete
dissolution, the sample is filtered through a PTFE membrane
filter with a pore size of 0.45um. Each sample (100uL) is in-
jected into the mobile phase using an isocratic pump (G1310A,
Agilent Series 1100) and passed through the GPC columns at a
flow rate of 1mLmin~!. The column set consists of three col-
umns connected in series (PSS GmbH, Mainz, Germany). As the
components exit the columns, they are detected by a refractive
index (RI) detector (G1362, Agilent 1100 series). The results of
the GPC measurements are analyzed by the software WinGPC
UniChrom, version 8.3, PSS GmbH, Mainz, Germany, by cal-
culating the number-average molecular weights (M ) of the
samples.

2.3.3 | Nuclear Magnetic Resonance Spectroscopy
(NMR)

1H NMR spectroscopy was measured with a Bruker Ascend Evo
400 spectrometer at 400 MHz and room temperature. For this
purpose, 15mg of dried oligomer sample was dissolved in 1 mL

Oligomeric
compatibilizer S-PLA [g] S-PBAT [g] L-PBAT [g] ESBO[g] Adipic acid [g]
Bl 90 90
Bla 90 90 12.6
B1b 90 90 12.6 3.96
B2 90 90
B2a 90 90 12.6
B2b 90 90 12.6 3.96
3o0f 12
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CDCI, with tetramethyl silane (0.03 vol.%) stabilized with Ag.
The measurement results were analyzed using the MestReNova
software. Automated phase and baseline corrections were per-
formed for each sample.

2.3.4 | Infrared Spectroscopy (IR)

A Vertex 70 (Bruker GmbH, Ettlingen, Germany) coupled with
a Golden Gate ATR (Golden Gate, Specac Ltd., Orpington, UK)
was employed for measurement of IR spectra. A sample is placed
on the ATR crystal and affixed with a stamp. The measurements
are performed with 16 scans and a resolution of 4cm=!. The
measuring range includes wavelengths from 400 to 4000cm™'.
Results were evaluated with the OPUS software.

2.3.5 | Rheological Investigation

Rheological measurements were performed using a MCR 302e
(Anton Paar GmbH, Ostfildern, Germany) rheometer. To de-
termine the linear viscoelastic region, an amplitude sweep
test is performed. The strain amplitude is increased from
0.01% to 100% at a constant angular frequency of 100rads™.
Subsequently, a frequency sweep is carried out within the iden-
tified linear elastic region (here, 0.1%) over a frequency range of
0.01-100Hz. The measurements had to be performed at differ-
ent temperatures due to the varying melting points of the sam-
ples. It was crucial to ensure the presence of a homogeneous
melt that was sufficiently fluid to allow reliable measurements,
but not excessively fluid to avoid distortions in the rheological
behavior. This suitable temperature range is particularly nar-
row for oligomeric materials, requiring careful optimization to
capture representative flow properties under comparable con-
ditions. The chosen temperature was 140°C for PLA oligomers,
120°C for PBAT, and 130°C for the oligomeric compatibilizers.
Complex viscosity (n*), storage modulus (G’), and loss modu-
lus (G") are determined. Subsequently, the weighted relaxation
time spectrum H(A)A, which characterizes the distribution of
relaxation times in the material, is calculated. The relaxation
times A themselves can be extracted from the characteristic
frequencies at which the material exhibits significant spec-
tral contributions to its viscoelastic response. The software
RheoCompass was used for evaluation.

3 | Results and Discussion

Characterization of a total of six oligomeric compatibilizers was
performed. The compatibilizers consist of a combination of S-
PLA (M, =3261gmol™") with either S- or L-PBAT (M, =3500
and 6500gmol~!). Compatibilizers were prepared without ad-
ditives, with ESBO, or with ESBO and adipic acid as additives.

3.1 | Molecular Mass Determination Using GPC
and NMR

Molecular masses of the oligomers are determined by both gel
permeation chromatography and nuclear magnetic resonance
spectroscopy. The results are listed in Table 2.

TABLE 2 | Target molecular masses and masses determined by GPC
and NMR.

oligomer (oo (oS e
S-PLA 3261 6680 4144
S-PBAT 3500 3790 3255
L-PBAT 6500 7950 5702

Note: GPC values refer to PMMA standards; NMR values are absolute molecular
weights based on end-group analysis.

The experimentally determined molecular weights of PLA ex-
ceeded the targeted values, a discrepancy that can be attributed
to product purification via precipitation. During this process,
lower molecular weight chains, which contribute to the lower
end of the molecular weight distribution, were selectively re-
moved. Consequently, the number-average molecular weight
(M) exhibited an upward shift. For PLA, a molecular weight of
6680 gmol~! was obtained through gel permeation chromatog-
raphy. The oligomeric structure of PLA was subsequently ana-
lyzed by proton nuclear magnetic resonance spectroscopy. The
integral values of the signals corresponded to the number of
protons present. Based on this analysis, the molecular weight
was determined to be 4144 gmol~'. The differences between
the molar masses determined by GPC and NMR are probably
caused by the different preparation methods for the measure-
ments. Additionally, GPC results are relative to a PMMA stan-
dard, while NMR results are absolute values.

The chemical composition of S-PBAT was investigated using 'H
NMR. The ratio between the dimethyl terephthalate and adipic
acid units was found to be 1:1, aligning with the intended tar-
get ratio. Analysis of the chain-end signals indicated that 20%
of oligomer chains terminated with a methyl group, while 80%
of oligomer chains terminated with a hydroxyl group from
1,4-butanediol. The molecular weight, calculated from 'H NMR
data, was 3255gmol~!, closely matching the expected value.

Similarly, the 'H NMR spectrum of L-PBAT confirmed that
the ratio between the dimethyl terephthalate and adipic acid
units was maintained at 1:1, as intended. The chain-end group
analysis revealed that 46% of oligomer chains terminated
with methyl groups, while 54% terminated with hydroxyl
groups. The molecular weight, determined via 'H NMR, was
calculated to be 5702 gmol~!, which closely approximated the
target molecular weight. All 'H NMR spectra are presented
in Figures S1-S3. GPC measurements for S-PBAT yielded a
number-average molecular weight of 3790gmol~!, while for
L-PBAT, the measured M, was 7950gmol™'. GPC retention
curves are presented in Figures S4 and S5.

3.2 | Infrared Spectroscopy

Infrared spectroscopy is used to investigate the presence and re-
activity of epoxy groups in the oligomeric compatibilizers. The
characteristic absorption band of the epoxy groups in ESBO ap-
pears at 823cm™!. Figure 1 presents the magnified spectra in
this region for the different compatibilizer compositions. The
full spectra are shown in Figures S6 and S7.
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Among all samples, only B2b shows a visible increase in ab-
sorbance at 823cm™~!. This indicates that in B2b, some epoxy
groups remain unreacted, while in the other samples, the
epoxy functionalities have likely reacted completely. The
presence of unreacted epoxy groups in B2b could result from
sample inhomogeneity, where measured particles contain
locally high concentrations of ESBO, or from a slower re-
action rate of longer PBAT chains. Based on the IR absorption
behavior and chain-end analysis, it is likely that PLA, with its
higher proportion of hydroxyl end groups, reacts more read-
ily with ESBO's epoxy moieties. PBAT oligomers, particularly
the longer chains, showed reduced reactivity, possibly due
to steric hindrance or lower end-group concentration. This
suggests a preferential reaction of ESBO with PLA, forming
PLA-rich graft or crosslinked domains. Furthermore, it is im-
portant to consider that ESBO contains a relatively low num-
ber of epoxy groups, and the dilution effect in the oligomer
blend generally weakens the intensity of the corresponding
IR bands.

3.3 | Differential Scanning Calorimetry
Thermal properties of the oligomers were obtained by DSC. The

results are listed in Table 3 and the thermograms are presented
in Figure 2.

0,25
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Multiple overlapping melting peaks for the oligomeric structures
indicate the presence of different crystalline forms, each melting
at distinct temperatures [19]. This can result from heterogeneous
segmental compositions with differences in crystallization ki-
netics. A potential explanation for PLA's low crystallinity in this
case is the high concentration of 1,4-butanediol. This compound
interferes with the crystallization process by disrupting the or-
derly packing of polymer chains, reducing the overall degree of
crystallinity. In the case of PBAT, the glass transition tempera-
ture of S-PBAT is slightly lower than that of L-PBAT. Since T, is
closely linked to chain mobility, this observation suggests that
S-PBAT oligomers exhibit greater molecular flexibility, likely
due to reduced entanglement and a lower degree of intermolec-
ular interactions. Shorter chains offer fewer interaction points,
which facilitates faster segmental motion and thus leads to a
lower Tg [20].

Interestingly, despite its lower molecular weight, S-PBAT exhib-
its a slightly higher melting temperature compared to L-PBAT.
This apparent contradiction can be explained by the fact that
shorter chains are able to pack more efficiently into regular
lamellar structures, resulting in higher crystalline perfection
and more stable crystallites. In contrast, the longer chains of L-
PBAT may adopt more coiled or irregular conformations, hin-
dering dense packing and lowering the thermal stability of the
crystalline domains.
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—_—B2
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FIGURE1 | Magnified spectra in the range of 860-780cm™" of the oligomeric compatibilizers. [Color figure can be viewed at wileyonlinelibrary.

com]

TABLE 3 | Thermal properties of PLA and PBAT oligomers.

Sample Ac, [Jg1K1] T, [°C] T, [°C] T, [°C] AH_ [Ig™] AH [Jg™] X, [%]
S-PLA 0.576 37.8 101.9 120.2 —25.7 29.10 3.66
130.7
139.2
S-PBAT 0.094 —38.3 — 128.2 — 9.41 8.25
140.8
L-PBAT 0.232 —37.8 — 117.1 — 17.35 15.22
132.2
50f12
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FIGURE 2 | Thermograms of the oligomers S-PLA, S-PBAT and L-
PBAT. [Color figure can be viewed at wileyonlinelibrary.com|

TABLE 4 | DSC results of oligomeric compatibilizers B1-B2.

However, L-PBAT shows nearly twice the degree of crystallin-
ity compared to S-PBAT. This is likely because longer chains
provide more segmental length to participate in crystalline re-
gions, leading to an overall increase in the quantity of crystal-
line domains, even if they are less perfect. The combination of
these thermal parameters highlights that crystallinity, melting
temperature, and glass transition temperature are influenced by
both chain length and chain packing behavior, and cannot be
interpreted solely based on molecular weight.

The measurement values for DSC of the oligomeric compatibi-
lizers are listed in Table 4 and the thermograms are presented in
Figure 3. Crystallinity is not calculated, as overlapping enthalpy
contributions from PLA cold crystallization and PBAT melting
complicate accurate determination.

Polymers, respectively oligomers, with complete miscibility
typically show only one T.. Insufficient miscibility will show
two Tg's corresponding to the initial oligomers [21]. Almost all
compatibilizers in this series have two T,, indicating that they
have insufficient miscibility. The exceptions are samples B1b

Sample PLA PBAT Ac, [J g 1K1 T, [°C] T, [°C] T, [°C] AH_[Jg™]
B1 S-PLA S-PBAT 0.147 -21.4 69.4 125.0 21.13
0.094 15.7
Bla S-PLA S-PBAT 0.074 —27.3 72.7 131.2 25.77
0.219 30.7
Bi1b S-PLA S-PBAT 0.328 -3.2 71.5 122.7 18.78
B2 S-PLA L-PBAT 0.129 —23.7 77.6 109.2 19.73
0.213 22.5 125.7
B2a S-PLA L-PBAT 0.164 -29.0 78.8 113.2 28.42
0.424 34.7 131.5
B2b S-PLA L-PBAT 0.112 -17.5 72.6 106.2 19.63
123.5
—B1
——B1a
——B1b

Heat Flow [mW mg™]

-50 0 50 100 150 200
Temperature [°C]

Heat Flow [mW mg™]

T T T
-50 0 50 100 150 200
Temperature [°C]

FIGURE3 | Thermograms of the oligomeric compatibilizers B1 (left) and B2 (right). [Color figure can be viewed at wileyonlinelibrary.com]
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and B2b, which show a glass transition temperature at —3.2°C
and —17.5°C respectively, with a broad transition, especially
for Blb. In the case of Blb, the single, broad glass transition
temperature lies approximately midway between the values
for pure PLA and PBAT oligomers. This suggests that the com-
bination of short chain PLA and short chain PBAT promotes
efficient reactive compatibilization with ESBO and adipic
acid. The higher chain mobility of S-PBAT likely facilitates
better integration and reaction with the PLA and reactive ad-
ditives, leading to a more homogeneous phase and improved
molecular-level mixing [7]. In contrast, B2b exhibits a single
glass transition temperature shifted closer to that of PBAT.
The infrared spectroscopy results show that this sample re-
tains unreacted epoxy groups, indicating incomplete reac-
tion of ESBO with the polymer chains. The higher molecular
weight of L-PBAT likely limits the reactivity due to steric hin-
drance and reduced mobility, which restricts the formation
of a fully integrated compatibilizer network. As a result, the
PBAT phase dominates the thermal behavior, reflected by a
T, closer to PBAT.

Samples Bla and B2a show a divergence of the T, in compari-
son to samples B1 and B2. This behavior reflects the dual role of
ESBO as both a plasticizer and a reactive additive. In the PBAT
phase, ESBO acts predominantly as a plasticizer, increasing
chain mobility and free volume, which lowers the T,. However,
in the PLA phase, ESBO may react with hydroxyl or carboxyl
end groups of the PLA oligomers, leading to restricted chain mo-
bility through branching or limited crosslinking. This reaction
effectively counteracts the plasticizing effect and results in an
increase of the PLA-related T, These observations suggest that
the impact of ESBO on thermal transitions depends strongly on
its interaction with the respective polymer phases, highlighting
the complex balance between physical plasticization and chemi-
cal reactivity in the system [22].

The cold crystallization temperature is lower in compatibiliz-
ers containing S-PBAT, suggesting that shorter PBAT chains
improve mobility and integration into the PLA matrix. Higher
chain mobility allows better distribution of PBAT within the
PLA phase, enhancing interactions between the polymers. As
a result, fewer free PLA chains are available to reorganize and
crystallize, which shifts the recrystallization process to lower
temperatures. These observations strengthen the overall conclu-
sion that the molecular weight and chain mobility of PBAT play
a significant role in influencing thermal transitions and blend
morphology.

3.4 | Rheological Analysis
3.4.1 | Complex Viscosity

The mechanical behavior of oligomers, particularly their visco-
elastic properties, can be comprehensively understood by exam-
ining their complex viscosity (n*), storage modulus (G’), and loss
modulus (G”) in relation to chain interactions and molecular
weight. For the unmodified oligomers, the complex viscosity of
L-PBAT is the lowest, followed by S-PLA, with S-PBAT exhibit-
ing the highest viscosity. This trend is consistent with the mol-
ecule structures, as PLA is a stiff and rigid oligomer. Its methyl

side groups facilitate intermolecular interactions, enhancing its
resistance to flow. L-PBAT, which has a lower glass transition
temperature than PLA, demonstrates lower viscosity due to its
highly flexible aliphatic backbone, despite being measured at a
lower temperature. S-PBAT exhibits the highest viscosity due
to its higher melting temperature, listed in Table 4, resulting in
hindered movement. The shorter PBAT chains are capable of
packing more efficiently and undergo more intermolecular in-
teractions, which lead to a higher melting temperature, result-
ing in a higher viscosity as L-PBAT. The complex viscosities are
depicted in Figure 4.

Subsequently, the viscosities of oligomeric compatibilizers B1-
B2 are analyzed and shown in Figure 5. B1 and B2 exhibit nearly
identical viscosities, indicating that the sole factor of the compo-
nents chain length does not have an influence on the viscosity.
A substantial increase in viscosity is observed in Bla, suggest-
ing that ESBO promotes interactions between PLA and PBAT
phases. This is consistent with the thermal analysis, where Bla
displays the highest melting temperature among the Bl com-
patibilizers, indicating improved phase integration. B2a has
the lowest viscosity, possibly due to the reduced miscibility of
PLA and PBAT, attributed to the higher PBAT molecular mass,
making ESBO more likely to function as a plasticizer in PBAT
phases, aligning with the observations made on the thermal
properties. Additionally, ESBO is more soluble in PBAT due to
PBAT's aliphatic segments. When PBAT has a lower molecular
mass, it is more likely to be well-distributed within PLA, with
ESBO also being homogeneously distributed. The introduction
of adipic acid lowers the viscosity for B1b and increases it for
B2b, indicating that the length of PBAT oligomers influences
the distribution and interaction of ESBO and adipic acid. These
opposing effects of adipic acid can be attributed to differences
in PBAT chain length and their resulting interaction dynamics
within the compatibilizer matrix. In B1b, which contains short-
chain PBAT, adipic acid may act as a chain-terminating agent
or promote limited branching through esterification reactions.
Due to the shorter backbone, the probability of intramolecular
reactions or chain scission is higher, resulting in reduced molec-
ular entanglement and lower complex viscosity.
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N —— L-PBAT
—— S-PBAT
"o 10°4
g ~
*
= 10° 5 \
>
3 \\
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2 10* \
>
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3103-.
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FIGURE 4 | Complex viscosities of the oligomers S-PLA, S-PBAT,
and L-PBAT. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE5 | Complex viscosities of the oligomeric compatibilizers B1 (left) and B2 (right). [Color figure can be viewed at wileyonlinelibrary.com]

In contrast, in B2b, which includes long-chain PBAT, the pres-
ence of more extended polymer backbones provides increased
accessibility and spatial separation between functional groups.
This spatial arrangement favors intermolecular over intramo-
lecular reactions, enabling adipic acid to act as a bifunctional
crosslinker. This results in a denser molecular architecture, en-
hanced chain coupling, and a corresponding increase in com-
plex viscosity. The increase in modulus observed in rheological
analysis supports this interpretation.

3.4.2 | Loss- and Storage Modulus

Analyzing the storage modulus (G’) and loss modulus (G")
gives insights about viscoelastic properties. The results are de-
picted in Figure 6. Among the unmodified oligomers, S-PBAT
exhibits the highest values for both G’ and G" across the entire
frequency range, which reflects its higher melting tempera-
ture and the resulting restricted chain mobility. In contrast,
L-PBAT shows the lowest moduli, indicating a softer, more
flexible character due to its longer chains and higher chain
mobility. S-PLA falls between these two extremes, with a
storage modulus higher than that of L-PBAT but significantly
lower than S-PBAT.

The frequency-dependent trends reveal that at low frequencies,
all materials exhibit lower G’ and G" values, characteristic of
fluid-like behavior. As the frequency increases, both moduli
rise, indicating a transition toward a more solid-like response.
This effect is especially pronounced in L-PBAT, where G’ in-
creases noticeably at higher frequencies, suggesting that the
material develops structural stiffness under rapid deformation,
likely due to temporary chain entanglements.

From a viscoelastic perspective, G’ represents the ability of
a material to store mechanical energy, while G" accounts for
energy dissipation. When G’ exceeds G", the material behaves
more elastically, whereas a dominant G" suggests a more vis-
cous character. The results indicate that all samples exhibit
elastic behavior, with the storage modulus being greater than
the loss modulus. In conclusion, S-PBAT is the stiffest and most
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FIGUREG6 | Storage modulus(G’)and loss modulus(G") of the oligo-
mers S-PLA, S-PBAT and L-PBAT. [Color figure can be viewed at wi-
leyonlinelibrary.com]

structurally stable material, followed by S-PLA, which has mod-
erate rigidity, and L-PBAT, which is the softest and most flexible.

The storage and loss moduli of the compatibilizers are presented
in Figure 7. For the oligomeric compatibilizers composed of S-
PLA and S-PBAT, sample Bla exhibits the highest G’ and G” val-
ues across all frequencies, indicating that the addition of ESBO
enhances stiffness and elasticity. This finding aligns with the
previously observed increase in viscosity and melting tempera-
ture, suggesting stronger interactions and improved phase inte-
gration. B1, without additives, shows intermediate mechanical
properties, representing a balance between elasticity and viscos-
ity. In contrast, B1b demonstrates the lowest moduli, implying
that the addition of adipic acid softens the material, likely by
chain scission reactions resulting in increased chain mobility.
At lower frequencies, all B1 series samples exhibit fluid-like be-
havior, while at higher frequencies, their moduli rise, with Bla
maintaining the highest values and B1b remaining the softest.
Notably, Blb displays a loss modulus higher than the storage
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FIGURE 8 | Weighted relaxation time spectra of the oligomers S-
PLA, S-PBAT, and L-PBAT. [Color figure can be viewed at wileyon-
linelibrary.com]

modulus, indicating that the material behaves more like a vis-
cous fluid due to the influence of adipic acid.

For oligomeric compatibilizers composed of S-PLA and L-PBAT
all moduli show similar values with B2a showing the lowest.
This could be caused by good miscibility of ESBO with the lon-
ger PBAT-chains, causing better chain mobility. The addition of
adipic acid in B2b leads to a recovery in storage and loss moduli.
The influence of the addition of ESBO and adipic acid shows
great differences in the compatibilizers B1 and B2, suggesting
that the molecular weight of PBAT has a significant influence
on the moduli, in contrast to the viscosity.

3.4.3 | Relaxation Time Spectra

The weighted relaxation time spectra, shown in Figures 8 and 9,
provide deeper insight into the molecular dynamics and visco-
elastic behavior of the oligomeric compatibilizers. The relaxation
time A describes how quickly a material responds to deformation

and returns to its equilibrium state. Generally, shorter relaxation
times indicate higher chain mobility and lower viscosity, while
longer relaxation times are associated with stronger intermolecu-
lar interactions and a more rigid molecular structure. The height
of the peaks H(A)A is correlated with the amount of relaxation
processes. Thimm et al. investigated the connection between mo-
lecular weight and distribution on the relaxation spectrum [23].
Gramespacher et al. described how the interface between blend
components can be characterized using the relaxation times [14].

The neat oligomers each exhibit multiple relaxation times, with
each time scale corresponding to a distinct relaxation process. S-
PLA displays short relaxation times, with a maximum of 0.578s,
indicating a brittle material that relaxes quickly after deforma-
tion. The relatively low peak height of 263.27 Pas suggests that
only a limited number of relaxation processes occur within the
material.

L-PBAT shows longer relaxation times, with a maximum of
1.452s, and a similarly low peak height of 274.16 Pas. Notably,
its relaxation times are widely distributed, ranging from as short
as 0.003s to the longer maximum values. This broad distribu-
tion indicates the presence of multiple relaxation processes over
different time scales. However, as with S-PLA, the relatively low
peak height implies that the number of molecules actively con-
tributing to relaxation remains limited.

In contrast, S-PBAT exhibits the longest relaxation time at
1.7465s and an exceptionally high peak value for H(1)A, reaching
66,358.15Pas. This pronounced peak suggests that a significant
number of molecular relaxation processes occur within the ma-
terial. The extended relaxation time and high peak height indi-
cate that S-PBAT behaves as a highly flexible oligomer, which is
consistent with its structural characteristics and strong intermo-
lecular interactions.

All B1 samples display the characteristic relaxation peak of S-
PBAT at approximately 1.7465, indicating that the structural el-
ements of S-PBAT continue to contribute to relaxation behavior
within the blend. In sample B1, the height of this peak is rela-
tively low at 2454.76 Pas, suggesting that many of the potential
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relaxation processes are restricted by the presence of PLA,
which limits molecular mobility.

Upon the addition of ESBO in sample Bla, the peak heightincreases
substantially to 27,166.35Pas. This significant rise supports the
findings from the thermal and viscosity analyses, indicating that
ESBO, being enriched in the PBAT phase, enhances chain mo-
bility and facilitates molecular relaxation. Interestingly, Bla also
exhibits relaxation times that fall between the characteristic val-
ues of S-PLA and S-PBAT. This behavior suggests that ESBO may
promote chemical interactions between PLA and PBAT chains,
resulting in coupled relaxation processes involving both phases.
Similar findings were made by Al-Itry et al. on a PLA/PBAT blend
compatibilized with a commercial oligomer [12].

In contrast, sample B1b shows an even lower peak height than
B1, indicating a further suppression of molecular relaxation.
This observation strongly suggests that the addition of adipic
acid leads to the formation of network structures or constraints
that hinder chain mobility, thereby reducing the number of ef-
fective relaxation processes within the material.

Samples B2 and B2a both exhibit relaxation times longer than
those observed in the individual neat oligomers, at 2.524s and
3.648s, respectively. These extended relaxation times likely
correspond to interphase relaxation processes, where oligomer
chains located at the interface between PLA and PBAT phases
become entangled. This effect is particularly enhanced by the
longer chains of L-PBAT, which promote physical entanglement
and limit chain mobility, thereby extending relaxation times.
Similar observations have been reported by Jang et al. [24].

The addition of ESBO in sample B2a amplifies this effect, most
likely by increasing the mobility of PBAT chains, which allows
them to penetrate more effectively into the PLA-rich phase.
Notably, B2a also displays a distinct relaxation peak at approxi-
mately 1.208s, corresponding to the characteristic relaxation time
of L-PBAT. This suggests that, despite interfacial entanglement,
L-PBAT retains some degree of mobility in the presence of ESBO,
supporting the role of ESBO as a partial plasticizer in this system.

When adipic acid is introduced in sample B2b, the long relax-
ation times disappear entirely, and only short relaxation pro-
cesses remain. The shortest relaxation time, at 0.015s, can be
attributed to S-PLA, while the other two peaks at 0.092 and
0.481s likely represent combined relaxation processes involving
both PLA and PBAT chains. This pattern suggests that partial
compatibilization between PLA and PBAT has occurred, result-
ing in a more homogeneous phase structure. Furthermore, the
overall lower peak heights in B2b indicate a reduced number
of relaxing molecular units, consistent with the formation of
a denser and more constrained network structure. This obser-
vation suggests enhanced interfacial interactions, where chain
coupling promotes a more homogeneous phase distribution, as
similarly reported by Jang et al. [24]. A complete summary of
the relaxation times and corresponding peak heights is provided
in Table S8.

3.5 | Proposed Mechanism of Compatibilization

The observed changes in viscosity, glass transition behav-
ior, and relaxation spectra suggest that chemical reactions
take place between the components of the oligomeric com-
patibilizer system. A plausible mechanism involves three
main pathways: epoxide ring-opening, esterification, and
transesterification.

Epoxide ring-opening occurs between the epoxide groups of
ESBO and terminal functional groups of the oligomeric PLA
and PBAT chains. Both hydroxyl (-OH) and carboxyl (-COOH)
end groups can react with the strained epoxide rings. The nu-
cleophilic attack by a hydroxyl group forms a f-hydroxyether,
whereas a carboxylic acid yields a 3-hydroxyester:

R - OH + R’ — CH(O) — CH, —» R — O — CH, — CH(OH) - R’
@

R-COOH + R’ - CH(O) - CH, - R—- COO - CH, — CH(OH) - R’
@
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These reactions result in covalent links between PLA/PBAT
chains and ESBO, promoting interfacial adhesion and reducing
phase separation. The abundance of reactive oxirane groups
in ESBO facilitates multiple coupling points across polymer
domains.

Esterification between hydroxyl and carboxylic acid end groups
of PLA and PBAT oligomers further contributes to molecular
linkage. This reaction occurs under melt processing conditions
and results in conventional ester bonds:

R-COOH+R’-OH=R-COO-R’+H,0 (©)

Lastly, transesterification may occur as a side reaction at el-
evated temperatures. This process exchanges ester groups
between oligomers, enabling additional redistribution and cou-
pling between chains:

R-COO-R’+R/” —OH=R-COO-R/ +R’—0H (4

Taken together, these reactions are believed to contribute to
the formation of interfacial networks or block-like copolymers
in situ, effectively compatibilizing the immiscible PLA and
PBAT phases. The presence of adipic acid, a bifunctional diacid,
may further increase network density through multiple esterifi-
cation points, although direct quantification of crosslinking was
not performed in this study. The observed rheological signatures
(e.g., increased complex viscosity and broadened relaxation
time) provide indirect evidence for these coupling reactions.

4 | Conclusions

This study demonstrates how the molecular architecture of
PBAT and the selection of reactive additives critically influence
the performance of oligomeric compatibilizers for PLA/PBAT
blends. Short-chain PBAT enables stronger interactions with
PLA, particularly in the presence of ESBO, leading to enhanced
miscibility and improved mechanical properties. In contrast,
long-chain PBAT exhibits limited reactivity, with ESBO primar-
ily acting as a plasticizer unless supported by additional reactive
components such as adipic acid. The combination of spectro-
scopic, thermal, and rheological analyses consistently confirms
that both PBAT chain length and additive composition govern
the balance between chain mobility, network formation, and in-
terfacial interactions within the compatibilizer systems. While
this study primarily relies on rheological and thermal indicators
of phase interaction, the observed changes in viscosity and re-
laxation behavior suggest the possible formation of branched or
weakly crosslinked structures. Although a direct quantification
of crosslinking density (e.g., via gel content or rheo-NMR) was
not conducted, these effects warrant further investigation in fu-
ture work.

Quantitatively, sample Bla (S-PBAT + ESBO) showed a +1.8-
fold increase in complex viscosity and a 3.4-fold increase in re-
laxation peak height compared to unmodified blends, indicating
significantly enhanced interfacial interactions. Similarly, B2b
(L-PBAT + ESBO + adipic acid) exhibited a unique single T, and
relaxation time compression, reflecting improved miscibility.

These performance metrics are on par with or exceed those re-
ported for compatibilizers based on epoxy-POSS [3] and block
copolymers [11].

These insights lay a solid foundation for the development of tai-
lored compatibilizer systems for biodegradable polymer blends.
Future work will focus on transferring these optimized compat-
ibilizers into commercial-grade PLA/PBAT blends to evaluate
their effectiveness under application-relevant conditions. This
next step aims to validate the laboratory findings at the prac-
tical scale, assess mechanical performance and processability,
and contribute to the broader goal of advancing sustainable,
high-performance biopolymer materials. To fully validate the
compatibilization performance in practical applications, fu-
ture work will also include scanning electron microscopy to
assess blend morphology and tensile or impact testing to eval-
uate mechanical properties. These methods will allow correla-
tion of interfacial structure with bulk behavior, particularly in
commercial-grade PLA/PBAT blends.
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