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nd mechanical properties of
biodegradable poly(glycolic acid)/poly(butylene
adipate-co-terephthalate) blends with in situ
compatibilization†

Rong Wang, * Xiaojie Sun, Lanlan Chen and Wenbin Liang

In the present work, the biodegradable blends of poly(glycolic acid) (PGA) and poly(butylene adipate-co-

terephthalate) (PBAT) with in situ compatibilization using 4,40-methylenebis(phenyl isocyanate) (MDI)

were prepared. The combined results of FTIR, DSC, SEM, DSC, POM, TGA and rheology demonstrated

that the MDI was successfully reacted with PGA/PBAT, the complex viscosity and storage moduli (G0) of
the blends were increased. Melt elasticity and viscosity of the blends were also increased on increasing

the concentration of PBAT. SEM results indicated that the compatibility was improved by in situ

compatibilization. Due to the apparent differences in melting temperature (Tm) between PGA and PBAT,

the morphology of the dispersed phase evolved from a spherical structure to in situ microfiber when the

content of PBAT was up to 60% during injection molding. The interfacial adhesion between PGA and

PBAT was strengthened, consequently, the impact strength of the blend was sharply increased from 9.0

kJ m�2 to 22.2 kJ m�2. On account of the chain extension effect, the crystallinity, crystallization

temperature and crystallization size were decreased, which was also of benefit for the improvement of

toughness. Meanwhile, the thermal stability of the PGA was improved through blending with PBAT. A

novel biodegradable blending material with enhanced toughness and thermal stability was prepared.
1. Introduction

With the tremendous attention to environmental protection,
biodegradable polymers arouse great interest for both industry
and academia. To solve the “white pollution” caused by
petroleum-based materials, the current trend is employing
biodegradable materials as a promising replacement. However,
the limited production and poor mechanical properties of most
biopolymers have severely hindered their applications. There-
fore, the development of novel biopolymer systems with high
performance is of vital importance.1,2

Polyglycolic acid (PGA) is a kind of biopolymer with the
simplest aliphatic ester structure. The biodegradability and
biocompatibility of PGA are excellent, while the polymerization
of high molecular weight PGA is extremely difficult. As a result,
the price is quite high, and the application of PGA is basically
realized in medical eld at present.3,4 However, due to its crys-
tallizable ability and high density, PGA possesses many other
outstanding properties, especially gas barrier and mechanical
properties.5 The gas barrier ability of PGA is 100 times of PET
Energy, Beijing, 102211, China. E-mail:

tion (ESI) available. See DOI:

the Royal Society of Chemistry
and 1000 times of PLA, meanwhile its mechanical strength
(exural modulus: �7.0 GPa, tensile strength: �110 MPa)
equals or exceeds that of other resins. On the other hand, with
the development of PGA polymerization technology, quantita-
tive production is imminent.6 Therefore, the applications of
PGA can be expanded to the elds of high barrier material,
biodegradable packing and so on.7–10 While, similar to PLA, PGA
still has some defects such as poor toughness and thermal
stability, which restrict its applications to a great extent. Hence,
the toughness modication of PGA is crucial.

One of the common toughening methods was blending with
other exible polymers or plasticizers.11–13 Various polymers
were used in toughening PLA, such as elastomers, glycidyl ester
compatibilizers and their copolymers/elastomers, petroleum-
based traditional plastics (PE, PP) and various biodegradable
polymers.14,15 To prepare high-performance PLA-based blends,
the compatibilizers including non-reactive compatibilizers,
reactive polymer compatibilizers or active small molecular
substances, and in situ formed block copolymers or gra
copolymers were used to improve the interfacial compati-
bility.16–19 Due to the fully biodegradability, high exibility,20

melt strength21 and heat resistance, poly(butylene adipate-co-
terephthalate) (PBAT) arouse great interest in toughening
PLA.22–25 L. Jiang et al. studied the biodegradable PLA/PBAT
blends, the impact strength was increased from 2.7 to 4.5 kJ
RSC Adv., 2021, 11, 1241–1249 | 1241
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m�2 with the addition of 20 wt% PBAT.26 To improve the
compatibility and optimize the mechanical properties of poly-
mer blends, different compatibilizers and in situ reactions were
studied. P. Ma et al. reported an in situ compatibilization of PLA/
PBAT blends by using dicumyl peroxide as a free-radical initi-
ator, the compatibility was signicantly improved, the elonga-
tion at break and the notched izod impact toughness were
largely increased.27 N. W. Zhang et al. prepared the PLA/PBAT
blends with glycidyl methacrylates (GMA) as reactive agent, it
was found that better miscibility and more shear yielding
mechanism were responsible for the improved toughness of the
blends.28 MDI, which contains two isocyanate groups, is highly
reactive to carboxyl and hydroxyl groups, so it is widely used in
the two component systems as a chain extender.29–31 H. W. Pan
et al. introduced the MDI to PLA/PBAT blends, due to the chain
extension reaction, the PBAT phase size was deduced and the
interfacial adhesion was obviously increased.32 Although the
toughening modications of PLA were widely studied, the
research on the PGA was rarely reported.

To develop new biopolymer systems, in this work, the
biodegradable PGA/PBAT blends were prepared through melt
processing. Meanwhile, MDI was used as chain extender to
enhance the compatibility. The effect of the contents of MDI
and PBAT on the mechanical properties, morphologies, rheo-
logical properties, thermal stabilities and crystallization
behaviors were systematically investigated.

2. Experiment
2.1 Materials

All the materials used for this work were commercially available
and used as received without further treatments. PGA (Mn ¼
179 000 g mol�1, Shanghai Pujing Corp.;) PBAT (Mw ¼ 145 000 g
mol�1, BASF Corp.); 4,40-methylenebis(phenyl isocyanate) (MDI,
98%, Innochem).

2.2 Samples preparation

PGA and PBAT were dried at 80 �C in a vacuum oven for 8 h
before use. The blends were melt-blended using a Haake twin-
screw extruder (Mess-Technic GmbH, Germany) running at
100 rpm at 230 �C. The length–diameter ratio of screw was 21/1.
The test specimens were prepared from the extruded blends by
using a micro injection molding machine (Haake) with a barrel
at 245 �C. The temperature of the mold was 50 �C and the cycle
time was approximately 15 s. The injection pressure was 900
bar.

2.3 Measurement

2.3.1 Impact strength. Notched impact strength tests were
conducted by using a ZBC14002 impact tester (Sans Group
Company) and pendulums of 1 J and 1.5 J were adapted to the
standard ISO 179-2003. The notched specimens for test were 80
� 10� 4 mm3. Five replicates were tested for each sample to get
an average value.

2.3.2 Scanning electron microscope (SEM). The surfaces of
fracture-frozen cross sections of the impact test specimens of
1242 | RSC Adv., 2021, 11, 1241–1249
PGA/PBAT blends were etched with dichloromethane at room
temperature to remove the PBAT. And the samples before and
aer etch, taken in a transverse way, were coated with gold and
observed by SEM (Nova Nano SEM 450).

2.3.3 Differential scanning calorimetry (DSC). Crystalliza-
tion behaviors of the blends were investigated by a TA Q2000
DSC instrument. Firstly, the samples were heated with a rate of
20 Kmin�1 from room temperature to 230 �C, then it was cooled
down to �50 �C with a rate of 2 K min�1 under nitrogen.
Subsequently, a second heating scan to 230 �C was conducted at
the same heating rate. The degree of crystallinity of the samples
was evaluated by the following relationship:

The melting enthalpy DHm and Tm were determined at the
second heating cycle by removing the heating history.

Xcð100%Þ ¼ DHm

WfDHfusion

� 100%;

where Xc is the degree of crystallinity of the PGA or PBAT, “DHm”

is the melting enthalpy determined at the second heating cycle,
“Wf” is the weight fraction of PGA or PBAT in the blends and
“DHfusion” is the enthalpy of fusion for a crystal having innite
crystal thickness (183.2 J g�1 for PGA and 114 J g�1 for PBAT).5,32

2.3.4 Rheological behavior. Rheological behaviors of PGA/
PBAT blends were investigated using a strain-controlled
rheometer (ARES). Samples were tested using a parallel-plate
geometry (d ¼ 25 mm) operated at 240 �C. The blends were
tested by dynamic strain sweep test (Fig. S1†) rstly, then the
dynamic frequency sweep tests (0.05–100 rad s�1), were done in
the range of liner viscoelasticity (2% strain).

2.3.5 Thermal gravimetric analysis (TGA). The thermal
stabilities of the samples were evaluated by a TA Q100 TGA
instrument. The samples were heated to 600 �C with a rate of 20
K min�1 under air, and the 5% decomposition temperatures
were obtained.

2.3.6 Polarizing optical microscope (POM). The crystalline
structures were observed by Carl Zeiss imager Z1M POM (Ger-
many). Ultrathin sections, prepared from the centers of the
injection samples, were used to be observed, and the images
were taken at room temperature without heating.

2.3.7 Fourier transform infrared (FTIR). Chemical struc-
tures of PGA, PBAT, MDI and the blend (GB3M0.5) were exam-
ined using a Fourier transform infrared spectroscopy
(Shimadzu, Prestige-21) over the wavenumbers ranging from
4000 to 400 cm�1. The samples PGA, PBAT and the blend
(GB3M0.5) were compression-molded into thin lm and
measured using transmission mode. The MDI were measured
as powder using ATR mode.
3. Results and discussions

Unlike PLA, which had been extensively studied for toughening
modication, PGA was rarely studied. To get deep insight into
the effects of PBAT and MDI, a series of blends with 10, 30, 50,
60, 70 and 80% of PBAT were prepared. And in the corre-
sponding blends, the contents of MDI were also variable. For
simplify, the samples were named to GBxMy (G: abbreviation of
PGA; B: abbreviation of PBAT; x: the contents of PBAT, the total
© 2021 The Author(s). Published by the Royal Society of Chemistry
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contents of PGA and PBAT is 10; M: abbreviation of MDI; y: the
contents of MDI). The mechanical properties, morphologies,
rheological properties, DSC, POM and thermal stabilities of the
blends were investigated.
Fig. 1 FTIR spectra of PGA, PBAT, MDI and GB3M0.5.
3.1 Fourier transform infrared (FTIR) spectroscopy analysis

The chain extension reaction of PGA, PBAT with MDI is shown
in Scheme 1. As the high reactivity of di-isocyanate towards
hydroxyl end group of PGA and PBAT molecules through
urethane bonds, complex product mixtures were obtained,
including branched PGA, branched PBAT and PGA-crosslink-
PBAT structures.32 The chemical structure of the blend was
veried by FTIR spectra as shown in Fig. 1. The stretching band
at 2300 cm�1, which corresponded to the isocyanate group of
MDI, was not found in the spectra of the resulting blend.
Meanwhile, the –N–H absorption peak appeared at 3400 cm�1,
indicating that MDI was completely reacted with PGA and PBAT.
3.2 Rheological properties

Due to the chain extension reaction, the molecular weight and
the entanglement of chain were enhanced, which might cause
the changes in the melt properties. In order to verify this, the
rheological properties of the blends were measured. Frequency
dependences of storage modulus and loss modulus of PGA/
PBAT blends with different contents of MDI and PBAT were
listed in Fig. 2. The change trend of energy storage modulus and
loss modulus was consistent. Clearly, the addition of MDI led to
much higher storage modulus and loss modulus at nearly all
frequencies for the PGA/PBAT (40/60) blends as shown in
Fig. 2(a). This result indicated that PGA/PBAT blends were
effectively reacted with MDI, which introduced more entangle-
ment structures in PGA/PBAT melts. By increasing the contents
of MDI, more molecular chains were involved in the reaction,
and the storage modulus was further increased. To obtain
sufficient compatibility, the content of MDI in other blends with
different PBAT contents was xed at 5%. As shown in Fig. 2(b),
with increasing the contents of PBAT, the storage modulus was
gradually increased. This was due to themore exible molecular
chain of PBAT than that of PGA, and the former was much
easier to entangle. But when the content of PBAT was above
60%, the storage modulus kept steady. Fig. 3 shown the curves
Scheme 1 The reaction of PGA and PBAT with MDI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
of the dynamic complex viscosity h* of PGA/PBAT blends with
different contents of MDI and PBAT. Similar to the change rules
of storage modulus, through reacting with MDI, the complex
viscosity h* was also greatly enhanced at nearly all frequencies.
This phenomenon indicated that the molecular weight of the
blends was greatly increased, which resulting in the remarkably
hindered movement of molecular chains.28 The more entan-
glements of PBAT rendered the increase of complex viscosity of
the blends with increasing the contents of PBAT.
3.3 Mechanical properties

The impact strength of the blends was shown in Fig. 4. It can be
seen from Fig. 4(a) that when the content of PBAT was less than
70%, the effect of MDI was obvious. The addition of MDI could
effectively improve the notched impact strength of the system.
However, aer the content of PBAT reached 70%, the impact of
compatibilizer was suppressed. Furtherly, there was almost no
effect when the content of PBAT reached 80%, both of the
systems (with or without MDI) had high impact strength.
Meanwhile, the content of compatibilizer was xed in order to
research the effect of the content of PBAT on the notched
impact. It was found that when the content of PBAT was less
than 60%, the effect of the PBAT content on the notched impact
was not obvious. But when its content reached 60%, the
notched impact increased signicantly from 9.0 kJ m�2 to 22.2
kJ m�2. The impact strength reached the maximum (56.6 kJ
m�2) when the content of PBAT was 70%, and it was reduced
along with the further increase of PBAT content.

The elongation at break of the blends was shown in Fig. 5.
Consistent with the results of impact strength, the addition of
MDI was benet for improving the elongation when the
contents of PBAT was less than 70%, while the effect was dis-
appeared when contents of PBAT reached 80%. Different from
the effects of PBAT on the impact strength, the elongation of the
systems was obviously increased from 20% to �100% when
30% PBAT was added, then kept relatively stable up to 70%
PBAT, nally increased sharply to �300% when the content of
RSC Adv., 2021, 11, 1241–1249 | 1243
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Fig. 2 Frequency dependence of storage modulus (G0) and loss modulus (G00): (a): PGA/PBAT (40/60) blends with different content of MDI; (b):
PGA/PBAT blends with different contents of PBAT.
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PBAT achieved 80%. Due to the outstanding mechanical prop-
erties of PGA, the strength and toughness of the compatible
PGA/PBAT blends could be adjusted in wide range (exural
modulus: 6.66–0.24 GPa, tensile strength: 97.3–28.4 MPa)
(Table S1†). The exural modulus and tensile strength of PGA/
PBAT blends with low content of PBAT (#30%) achieved
3.40 GPa and 58.3 MPa respectively, which were much higher
than that of PLA/PBAT blends.15
Fig. 3 Frequency dependence of complex viscosity h*: (a): PGA/PBAT (4
different contents of PBAT.

1244 | RSC Adv., 2021, 11, 1241–1249
3.4 Morphologies

The compatibility of the two phases affected greatly the
performance of the system. In order to investigate the
morphologies of PGA/PBAT blend, the cryo-fractured surface of
impact test specimens was observed by SEM, and the results
were shown in Fig. 6. When the content of PBAT was less than
70%, the system without the compatibilizer exhibited a clear
0/60) blends with different content of MDI; (b): PGA/PBAT blends with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The impact strength of different systems.

Fig. 5 The elongation at break of different systems.
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phase-separated structure. With adding MDI, the compatibility
was improved. At low content of PBAT (30%), the size of
dispersed phase was obviously decreased. When the PBAT
content reached 50%, a small amount of microber was
observed, and the phase-separated structure was still existed
simultaneously. When the content of PBAT was increased to
60%, a uniform microbrous phase structure was formed, and
there was no obvious phase separation structure. When the
PBAT content reached 80%, the system without MDI also
formed a microbrillar phase structure. In order to conrm the
components of microber, the samples were etched with
dichloromethane at room temperature to remove the PBAT, and
the morphologies were listed in Fig. 6(b). The microbers were
disappeared and uniform voids were formed, which indicated
that the microbers were generated by PBAT and uniformly
distributed in the PGA. This phenomenon was similar to the
concept of in situ microbrillar-reinforced composites (iMFCs),
the microbrillar structure of the reinforcing polymer within
the polymer matrix was formed during processing.33,34 But for
traditional iMFCs, extra stretching was necessary, and the
© 2021 The Author(s). Published by the Royal Society of Chemistry
component with higher melting temperatures (Tm) usually
formed microber.35–37 For our system, the formation of in situ
microbrillar structure just during injection molding and the
microber formed in PBAT with relative low Tm is unexpected.
We inferred that this is due to the obvious difference in
mechanical strength between PGA and PBAT. During the
injection molding, the PGA was easily crystallized for the high
cold crystallization temperature, but due to its super high
mechanical strength, it couldn't be drawn under the stress
during the injection molding. On the contrary, the PBAT was in
the melt state and much easier to be stretched. For the blends
with low contents of PBAT (#50%), the PGA and PBAT were
incompatible and exhibited separated phase with large phases
sizes. Thus the microber couldn't be formed. With increasing
the content of PBAT ($60%), the MDI afforded sufficient
compatibility, the two components were uniformly dispersed.
The strong interfacial bonding between PGA and PBAT
promoted that the stress could be readily transferred from the
matrix to the bers. With high content (80%) of PBAT, the
compatibility was good enough to form microbers even
without MDI. This result was in accordance with that of
mechanical properties, the microbrillar structure enhanced
the interfacial bonding between the two components, which
was benet for toughness enhancement. Thus the impact
strength increased sharply when this targeted structure was
formed.
3.5 Thermal analysis

DSC curves and data were listed in Fig. 7 and Table 1. The
temperature of cold crystallization (Tc) moved towards lower
temperature accompanied by reacting with MDI, suggesting
that more nucleation centers were presented in the compat-
ible systems. We deduced that the long chain branched (LCB)
structure was introduced in the blends, and the LCB poly-
mers displayed enhanced nucleation.38,39 But due to the chain
extension reaction, which led to the increase of molecular
weight, resulted in the declining mobility of the entangled
chain, and inhibited the crystal growth process. Therefore,
the crystallinity, enthalpy of crystallization and melting
temperature were decreased. The PGA/PBAT blends show two
melt endotherm peaks, suggesting that the crystals were not
perfect due to the complexity of the macromolecular
structure.

Due to the thermal instability of ester and high melting
temperature, PGA usually decomposed during processing.
Thus, the improvement of thermal stability of PGA was also
important. The TGA curves (Fig. S2†) of the blends were
measured under air, and the 5% decomposition temperatures
were listed in Table 1. The thermal stability of pure PGA could
be improved by chain extension. However, for all PGA/PBAT
blends with or without MDI, the 5% decomposition tempera-
tures were almost same. Meanwhile, the 5% decomposition
temperatures of all the blending systems were increased at least
in a degree of 35 �C compared to pure PGA. This result indicated
that the thermal stability of PGA could be improved by blending
with PBAT.
RSC Adv., 2021, 11, 1241–1249 | 1245
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Fig. 6 SEM images of PGA/PBAT blends (a) before etch; (b) after etch.

Fig. 7 DSC curves of the blends (a): second heating scans; (b) cooling scans.
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3.6 POM

A polarizing microscope was used to characterize the crystalli-
zation behaviors of different samples. As can be seen from
Fig. 8, PGA could form spherulites with small grain size. When
MDI was added, the branched structure promoted nucleation,
and more nucleation centers were formed, resulting in the
decrease of grain sizes.39 This corroborated the fact that Tc
decreased as shown in DSC results. By blending PGA with PBAT,
1246 | RSC Adv., 2021, 11, 1241–1249
the crystal sizes became larger. For systems without compati-
bilizers, the crystals were non-uniform, which was mainly due
to the existence of phase separation in the system. Aer adding
the compatibilizer, the compatibility was increased and the
crystals were much more uniform, and the grain sizes were
signicantly reduced. This can be also explained by the fact that
the notch impact of the system became signicantly larger aer
the compatibilizer was added.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal property of PGA/PBAT blends

Sample DHm PGA/(J g
�1) Xc PGA (%) Tc (PGA)/

oC DHc PGA/(J g
�1) Tm/�C Td5%/�C

PGA 67.6 36.9 196.1 63.6 222.0 307.0
GB0M0.5 58.6 31.9 188.3 50.3 211.6/219.0 338.5
GB3 62.1 33.9 197.4 57.0 216.8/221.0 360.5
GB3M0.5 40.6 22.2 187.5 26.4 211.7/219.5 348.0
GB5 30.2 16.5 194.5 12.7 214.2/222.3 345.2
GB5M0.5 26.8 14.6 187.9 12.3 210.2/219.2 344.0
GB6 27.8 15.2 194.3 17.8 213.5/221.6 351.6
GB6M0.5 18.9 10.3 191.8 6.4 212.3/220.1 353.0
GB7 17.1 9.3 220.3 345.2
GB7M0.5 11.0 6.0 220.7 346.5
GB8 221.9 344.8
GB8M0.5 220.4 350.2

Fig. 8 POM images of different blends.
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4. Conclusion

In this work, a series of biodegradable PGA/PBAT blends with
different contents of PBAT and MDI were prepared through
melt processing. Due to the chain extension reaction, the
complex viscosity of the blends was obviously increased by
adding MDI. SEM results indicated that the compatibility of the
blends was improved by in situ compatibilization. When the
contents of PBAT lower than 60%, the dispersed phase sizes
were reduced. Consequently, the impact strength and
© 2021 The Author(s). Published by the Royal Society of Chemistry
elongation at break were enhanced through reacting with MDI.
But the impact strength was steady with the increase of contents
of PBAT in the initial stage. However, with further increase of
the contents of PBAT to 60% and 70%, an in situ microbrillar
structures were formed during the injection molding with the
compatibilization of MDI. The interfacial adhesion was obvi-
ously increased and the impact strength of the blend was
sharply improved from 9.0 kJ m�2 to 22.2 kJ m�2. When the
contents of PBAT reached 80%, the microbrous continuous
phase structures were formed even without MDI, and the
mechanical properties were also not affected by MDI. The
crystallinity and spherulite sizes were decreased by in situ
compatibilization, which were benet for enhancing the
toughness of the blends. The thermal stability of the PGA was
improved by blending with PBAT. The 5% thermal decompo-
sition temperatures of all of the blends increased at least in
a degree of 35 �C compared to pure PGA. Compared to PLA, due
to the ultra-high strength of PGA, a series of PGA/PBAT blends
with different strength and toughness can be obtained, and
which can be used as a promising biopolymer to enrich the
supplies of biodegradable materials.
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