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A series of polylactic acid (PLA)/polyethylene glycol (PEG) blends was prepared by melt blending using PEG
as a plasticizer to address the disadvantages of PLA brittleness. PEG can weaken the intermolecular chain
interactions of PLA and improve its processing properties. PLA-grafted maleic anhydride (GPLA) was
reactively blended with PLA/PEG to obtain a high tenacity PLA/PEG/GPLA blend. GPLA was prepared by
melt grafting using diisopropyl peroxide as the initiator and maleic anhydride as the graft. The effects of
different PEG molecular weights (1000-10000 g mol™) on the properties of PLA/PEG/GPLA blends
were investigated. GPLA reacted with PEG1000 (M,, = 1000 g mol™?) to form short PLA branched chains
and reacted with PEG10000 (M,, = 10000 g mol %) to form a small number of PLA branched chains,
which was unconducive to increasing the intermolecular chain entanglement. The branched PLA formed
by the reaction between PEG6000 (M,, = 6000 g mol™) and GPLA had a remarkable effect on
increasing intermolecular chain entanglement. The complex viscosity, modulus, and melt strength values
of PLA/PEG6000/GPLA blends were relatively large. The elongation at break of the blends reached
526.9%, and the tensile strength was 30.91 MPa. It provides an effective way to prepare PLA materials

rsc.li/rsc-advances

1. Introduction

As a completely degradable polyester polymer material, poly-
lactic acid (PLA) has received increasing attention from scholars
due to its good biocompatibility, high modulus, and high
strength mechanical properties. With the introduction of PLA,
its development has been limited by its inherent disadvantages
of low elongation at break, poor impact strength, and brittle-
ness, thereby requiring the toughening modification of PLA.*®

One of the common means of toughening is to blend PLA
with thermoplastic elastomer or rubber particles to utilize the
inherent high elasticity of the latter and improve the toughness
of PLA.° However, the addition of rubber will destroy the
biodegradability of PLA. PBAT, PBS, PCL, and other elastomers
are less compatible with PLA, and achieving the expected
toughening effect is difficult. The introduction of some high
boiling point, low volatility plasticizers and PLA blending
increase the spacing and improve the mobility of the PLA
molecular chain.” However, PLA plasticizing and toughening is
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with excellent comprehensive properties.

a better method. The addition of plasticizers is often accom-
panied by a decrease in the glass transition temperature,
modulus, and melt viscosity of PLA, thereby promoting the
improvement of toughness. This process can also refine the
grains and improve the crystallinity of crystalline PLA, so that
the tensile and impact toughness of PLA can be improved. PLA
plasticizers include small molecular phthalates,® citrate
esters,”'® castor oil,"* and epoxidized soybean o0il."*** Medium
molecules include polyethylene glycol (PEG)'**® and lactic acid
oligomers.”>** Buong et al.>* prepared PLA/PEG200 by melt
blending using PEG200 (molecular weight 200 g mol ') as
a plasticizer and investigated the mechanical properties and
thermal stability of the blends. The introduction of a small
amount of PEG200 has no obvious effect on the toughness of
PLA. When the content of PEG200 exceeds 10 wt%, the elon-
gation at break of PLA/PEG200 blend reaches 413.1%, and the
tensile strength and elastic modulus decrease significantly. Li
et al.”?* gystematically studied the effects of PEG on the
mechanical, crystallization, and rheological properties of PLA.
The results show that in the low content range of PEG, the
tensile toughness of PLA increases significantly with the
increase in PEG content. In the high content range, the tensile
toughness of PLA first decreases and then increases with the
increase in PEG content. The change is due to the compatibility
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and crystallization behavior of PLA and PEG. With the increase
in PEG molecular weight, the tensile strength and modulus of
PLA/PEG blend increase, the elongation at break decreases, and
the crystallinity first decreases and then increases due to the
dispersion and entanglement of PEG.

PEG acts as a plasticizer, which can easily lead to a signifi-
cant drop in the blend modulus and melt strength, and plasti-
cizer migration will cause the material to become brittle again.
Abstracting tertiary carbon and hydrogen atoms in the long
chain of PLA through free radical reaction is assumed to better
fix PEG on PLA and reduce its migration. He** prepared MPOE
by blending MAH and POE through free radical grafting and
then added it to PLA to obtain the blend. Compared with PLA/
POE blend system, the elongation at break increased from
50.20% to 225.53%. Sommai** prepared PP-g¢-MAH by free
radical grafting of MAH and PP and added it to PLA/PP blend
system as a compatibilizer. They studied the change of phase
morphology of PLA/PP/PP-g-MAH blend system and found that
after adding PP-g-MAH, the compatibility was improved, and
the blends had an obvious ductile fracture. Much literature had
proved that the anhydride group can achieve the purpose of
reactive compatibilization in the process of mixing MAH and
PLA. We prepared GPLA graft by melt grafting and used it in the
PLA/PEG plasticizing system. Maleic anhydride is introduced as
a branched chain, and the carboxyl group after the ring opening
of maleic anhydride reacts with the terminal hydroxyl group of
PEG to form an ester bond, which can better fix PEG between
the molecular chains. In this work, PLA-grafted maleic anhy-
dride (GPLA) is prepared by melt grafting and blended with PLA
and PEG of different molecular weights to obtain high tough-
ness PLA/PEG/GPLA blends, thereby providing new ideas to
improve the migration of plasticizers in PLA plasticizing
system.

2. Experimental
2.1 Materials

PLA (4060D) with a glass transition temperature of 55-60 °C was
provided by NatureWorks LLC. The used PLA had a density of
1.24 g cm ™ and a melt flow index of around 16 g/10 min (210 °
C, 2.16 kg). PEG with a weight average molecular weight of
1000-10 000 g mol ' was purchased from Sinopharm Chemical
Reagent Co. Ltd (China).

2.2 Sample preparation

2.2.1 Preparation of GPLA. The PLA was dried in a drying
oven at 60 °C for 12 h, and the GPLA was prepared by melt
blending. A certain amount of PLA and MAH was added to
a torque rheometer, the temperature was set to 180 °C, and the
speed was 60 rpm. Diisopropyl peroxide was added after mixing
for 1.5 min, the mixing was continued for 7.5 min, and the
pellet was removed and set aside. For the purification of graft,
the method of dissolution followed by precipitation was
used.>**” The product was taken into a single flask with GPLA
using dichloromethane (CH,Cl) as the solvent, placed in an 85 °
C water bath, refluxed until completely dissolved, and
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precipitated in excess anhydrous ethanol (C,HsOH). The
dissolution-precipitation operation was repeated three times
before the product was dried in a vacuum drying oven.

2.2.2 Preparation of PLA/PEG/GPLA. The PLA, PEG, and
GPLA were dried in a vacuum drying oven at 60 °C for 24 h. They
were then added to a Harp torque rheometer (RM-200C, Harbin
Harper Electric Co.) by one-step mixing for 10 min. The
temperature was set to 180 °C, and the rotor speed was set to
60 rpm. The ratio of fixed PLA to PEG were 80/20 and 85/15, and
GPLA was added at 5wt% of the total mass. The numbers in
PEG1000, PEG4000, PEG6000, PEG8000, and PEG10000 repre-
sent the molecular weight of PEG.

2.3 Characterizations

2.3.1 Fourier transform infrared spectroscopy (FT-IR). The
purified GPLA was analyzed and tested by FT-IR (Bruker 6700,
Bruker, Germany) to determine the reaction between MAH and
PLA during the melt blending process. The test sample was
obtained by dissolving the fully dried GPLA in CH,Cl and add-
ing a small amount of the solution dropwise to potassium
bromide (KBr) tablets. The mode was set to transmit with
a resolution of 4 cm™?, and the scans were from 4000 cm™* to
400 cm ™' with 32 times of scanning.

2.3.2 Proton nuclear magnetic resonance (‘H-NMR) spec-
troscopy. "H-NMR (Ascend 400, Bruker, Germany) was used to
determine the structure and molecular characteristics of the
PLA and GPLA.

2.3.3 Tensile property testing. An Instron universal testing
machine (CMT4000, Meters Industrial Systems Co.) was used to
measure the tensile property of the PLA/PEG and PLA/PEG/
GPLA blends. Tensile tests were performed at room tempera-
ture and a constant cross-head speed of 15 mm min . At least
five specimens were tested for each reported value. The sample
was made into 10 cm x 10 cm x 2 mm plate with a flat vulca-
nizing machine (XLB-300X3, China Qingdao Jinjiuzhou Rubber
Machinery Co.) and then cut into 10 cm X 1.5 cm X 2 mm long
strip. The test sample was made by using the mold of universal
sample making machine (XYZ, Chengde Jinjian Testing
Instruments Co.) with reference to the ISO 527-2 standard.

2.3.4 Impact property testing. An impact test machine was
used to test the notched impact performance of PLA/PEG and
PLA/PEG/GPLA blends. The impact energy was set to 0.5 J, and the
test results were the average of at least 5 valid sample data. The
sample was made into 10 cm x 10 cm x 4 mm plate by flat
vulcanizing machine and then cut into 10 cm x 1.5 cm x 4 mm
long strip. The test strips were prepared by using a notched
sample preparation machine (JJANM-11, Chengde Jinjian Testing
Instruments Co.) with reference to the ISO 179-1 standard.

2.3.5 Dynamic mechanical analysis. The dynamic
mechanical properties of the samples were measured by using
a dynamic mechanical spectrometer (Q800, TA Instruments,
Inc.) with a tensile mode at a frequency of 1 Hz. The scanning
temperature was from —80 °C to 100 °C at a heating rate of 3 °C
min~", and nitrogen gas protection was needed in the whole
process. The dimensions of the samples were 12.5 mm x
17.5 mm X 2 mm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.3.6 Rheological measurements. Rotational rheometers
(DHR-2, TA Instruments, Inc.) were used to test the viscosity and
modulus of the blends. The test mode was the frequency scan
mode, the strain was set to 0.1%, and the scan range was 0.1 Hz
to 100 Hz at the experimental temperature of 170 °C. Capillary
rheometers (Rheograph 25, Géttfert, Germany) were used to test
the tensile rheological behavior of the blends. The extrusion
temperature was set to 170 °C, the extrusion rate was 0.5 mm

s, and the initial melt stretching rate was 40 mm s .

3. Results and discussion
3.1 FTIR

The characteristic absorption peak of the C=0 double bond in
MAH appeared near 1780 cm ™', showing a strong symmetric
stretching vibration, and the asymmetric stretching vibration
peak showed a weak signal peak near 1845 cm™'.>** Fig. 1
shows the FT-IR curves of PLA and GPLA. The characteristic
absorption peak of C=0 in PLA was similar to that of MAH, and
the peak positions of the two peaks overlapped, so that the
strong characteristic peak of MAH near 1780 cm ' was
obscured. Grafting was usually determined by the weak peak of
MAH near 1845 cm ™' **3' and GPLA showed a weak peak near

1845 cm ™', indicating the grafting reaction of MAH with PLA.

—— GPLA
—PLA
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Fig. 1 .FT-IR spectra of the PLA and GPLA.
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Through DCP initiation, hydrogen on the tertiary carbon of PLA
molecular chain was captured to form tertiary carbon free
radical, which was connected with the double bond on MAH, so
as to realize grafting (Fig. 2).

3.2 'H-NMR spectroscopy

The 'H-NMR testing analyzed the structure of GPLA. Fig. 3
shows the 'H-NMR results of PLA and GPLA, and four distinct
peaks in the range of 0 ppm to 10 ppm appear for pure PLA.
Among them, the signal at 7.2 ppm represents the peak of the
deuterated chloroform solution, and the peaks near 1.6 and
5.2 ppm represent the hydrogen on the PLA methylene and
hypomethyl groups, respectively. New peaks appeared in the
spectrum of GPLA, with more distinct peaks at 3.8 and 1.3 ppm.
The signal peak at 3.8 ppm was attributed to the hydrogen in
MAH methylene, and the signal peak at 1.3 ppm was due to the
chemical shift of the free radical to the PLA backbone after the
B-break. The intensity of PLA signal peaks near 1.6 and 5.2 ppm
decreased, especially the peak position of the tertiary hydro-
carbon representative at 5.2 ppm decreased significantly, indi-
cating that MAH grafted at the position of PLA tertiary carbon to
form GPLA.

3.3 Effects of different PEG molecular eights on the
mechanical properties of PLA/PEG/GPLA

A relatively positive plasticizing effect was observed when the
content of PEG in the blend was 20 wt%,* and the PEG was
partially agglomerated and showed obvious phase separation*
without plasticizing effect when the content was higher than 20
wt%. Fig. 4 shows the effects of different PEG molecular weights
on the mechanical properties of PLA/PEG (80/20) and PLA/PEG/
GPLA (80/20/5) blends. It can be seen from Fig. 5) that the
blends prepared in this work have excellent comprehensive
mechanical properties compared with PLA/PEG blends reported
in some literatures.*>?® The tensile toughness of PLA/PEG
blends with PEG content at 20 wt% was lower than that of
PLA/PEG/GPLA. This finding was due to the reaction of GPLA
with PEG to form branched PLA for promoting the dispersion of
PEG and toughening PLA. The blend plasticized by PEG6000
had better tensile toughness, indicating that PEG6000 was
favorable to increase the free volume of PLA and to react with
GPLA to form branched PLA (Fig. 6). The branched PLA

CH,
e N O,
o, o. o c
| o H
L . L ° o DCP o
———
Lq""o/ \ﬁ/ 4 180°C, 8min )
o]
(o]
oia MAI GPLA

Fig. 2 .Reaction formula of grafting MAH onto PLA.
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Fig. 4 .Effects of different PEG molecular weights on the tensile and impact toughness of PLA/PEG(80/20) and PLA/PEG/GPLA(80/20/5).

increased to form more physical entanglement with the PLA
matrix, which was favorable to the improvement of toughness.
The elongation at break of the PEG1000 plasticized blends
increased significantly after the addition of GPLA. This finding
was due to the weak plasticizing effect caused by the agglom-
eration of excess PEG1000. The addition of GPLA promoted the
dispersion of PEG1000, and the formation of short-branched
PLA increased the interaction with the substrate. PEG10000
had larger molecular weight and less terminal groups, and the
elongation at break of the blends became unstable after the

31632 | RSC Adv, 2022, 12, 31629-31638

addition of GPLA although they increased. In terms of impact
toughness, PEG6000 formed good dispersion in the PLA matrix,
so the impact strength of the blends did not change signifi-
cantly with or without the addition of GPLA. PEG1000 and
PEG10000 depended on GPLA to form better dispersion and
good interaction with the matrix, thereby improving the
toughness of the blends.

The branching compound formed by the reaction of PEG
with GPLA with lower molecular weight was conducive to the
plasticization of PLA, and the lack of reactive groups with higher

© 2022 The Author(s). Published by the Royal Society of Chemistry
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molecular weight makes it difficult to form branching
compounds, resulting in a downward trend in the plasticization
effect. The branched PLA formed by the reaction of PEG6000
and GPLA in the blend had moderate branched chain length
and branched chain density, which was conducive to the
formation of entanglement with PLA molecular chains. The
entanglement of GPLA and PLA molecular chains is conducive
to improving the viscosity, modulus and melt strength of PLA/

PEG/GPLA blends, and even further increasing the
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mechanical properties of the blends. At the same time,
according to the theory of similar solubility, the PEG branched
chains on branched PLA were easy to interact with free PEG, this
entanglement network may limit the migration of PEG mole-
cules and increase the stability of the blends.

3.4 Effects of different PEG molecular weights on the
dynamic mechanical properties of PLA/PEG/GPLA

In the PLA/PEG/GPLA system with high content of PEG, the
reaction of GPLA and PEG to form branched PLA further
improved the tensile toughness of the blends. Ty is affected by
branched PLA together with PEG. Fig. 7 shows the dynamic
mechanical property curves of the blends prepared with
different molecular weights of PEG. From the storage modulus-
temperature curve, the storage modulus of PLA experienced
three steps: a gentle decrease — a rapid decrease — a gentle
decrease with the increase in temperature, indicating that PLA
relaxed only once in this temperature range. The PLA/PEG1000/
GPLA blend had a higher storage modulus than PLA at a lower
temperature. This finding was because the temperature has
exceeded the glass transition temperature of PEG, and the
plasticizing effect of PEG1000 was remarkable. With the
increase in temperature, the mobility of PLA molecular chains
increased, and the internal stress and storage modulus
decreased rapidly. With the increase in the molecular weight of
PEG, the slope of the storage modulus gradually decreased in
the rapid decline stage, indicating that in addition to the plas-
ticizing effect of PEG, the physical entanglement increased in
the blend, and higher PEG molecular weight led to slower
relaxation. The relaxation speed of the sample can be judged in

< ???<
22002 000 7

2k
>pe

PLA
‘L /N\A_  PEG
o °
o ° MAH
®
o ® GPLA

Fig. 6 .The schematic diagram of PEG acting on PLA and reacting with GPLA to form branched PLA.
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accordance with the peak value of the loss factor. From the loss
factor-temperature curve, PLA has the largest peak value of the
loss factor. T, was 69 °C, and the peak loss factor decreased after
the addition of PEG, indicating that the internal stress of the
blends decreased after PLA was plasticized by PEG. With the
increase in the molecular weight of PEG, the peak value of the
loss factor of the blends decreased, and the corresponding T,
increased. The T, values of PLA/PEG1000/GPLA blend, PLA/
PEG6000/GPLA blend, and PLA/PEG10000/GPLA blend were
47 °C, 50 °C, and 52 °C, respectively, due to the higher plasti-
cizing effect. Higher molecular weight PEG formed more
physical entanglement with the PLA matrix after reacting with
GPLA.

3.5 Effects of different PEG molecular weights on the
rheological behavior of PLA/PEG/GPLA

The rheological curves of PLA/PEG/GPLA (80/20/5) blends
prepared with different molecular weights of PEG are shown in
Fig. 8. From Fig. 8(a), PLA had the largest complex viscosity
(In*)), and the PLA/PEG (80/20) blend |n*| decreased signifi-
cantly after adding 20 wt% PEG. The |n*| value of the PLA/PEG/
GPLA (80/20/5) blend increased after the continued introduc-
tion of GPLA. This finding was because the reaction of GPLA
with PEG to form branched PLA increased the degree of
entanglement between the blend components. The ranking of
the intercomponent entanglement of the blends was PLA/
PEG6000/GPLA > PLA/PEG10000/GPLA > PLA/PEG1000/GPLA,
which was obtained from the analysis of the shear thinning
behavior in the high-frequency region. This finding was prob-
ably due to the shorter branched PLA chains formed by the
reaction between GPLA and PEG1000 and the higher density of
the branched chains, resulting in a lower degree of intermo-
lecular chain entanglement in the system due to the spatial site
resistance effect. The reaction of GPLA with PEG10000 to form
longer branched chains of branched PLA tended to cause self-
entanglement with limited enhancement of the interaction
between PLA and PEG components. However, the formation of
entanglement sites with PLA was more likely due to the larger
molecular weight of PEG10000. Thus, the |n*| value of PLA/
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PEG10000/GPLA (80/20/5) was slightly higher than that of
PLA/PEG1000/GPLA (80/20/5). PEG6000 had the suitable
molecular chain length and number of reactive sites for the
same mass, so the PLA/PEG6000/GPLA blend had the maximum
|n*| value.

Fig. 8(b) and (c) show the storage modulus (G") and loss
modulus (G”) of the PLA/PEG/GPLA (80/20/5) blends, with
approximately the same trend as the viscosity. PEG as a plasti-
cizer weakened the intermolecular entanglement of PLA chains,
resulting in a decrease in the G’ and G” curves of PLA/PEG6000
blends. The reaction of GPLA with PEG to form branched PLA
increased the adhesion between the components of the blends,
and the G’ and G” curves of the PLA/PEG/GPLA (80/20/5) blends
increased significantly after the introduction of GPLA. The
slopes at the end of the Han curves of PLA/PEG1000/GPLA, PLA/
PEG6000/GPLA, and PLA/PEG10000/GPLA blends in Fig. 8(d)
were similar, indicating that the effect of PEG molecular weight
size on the compatibility of PLA was weak. The reaction of
PEG6000 in the system to form branched PLA had a significant
effect on the viscoelasticity of the PLA/PEG/GPLA system, which
was judged by the magnitude of the end of the curve.

Fig. 8(e) shows the variation curves of G' and G” with
frequency for different PEG molecular weights. The G’ and G”
curves of PLA had a crossover point in the frequency range,
whereas the PLA/PEG6000 (80/20) blend had no crossover point
in the frequency range, indicating that the PEG plasticization
was beneficial to increase the elasticity of the blend but weak-
ened the intermolecular chain entanglement effect of the blend.
The PLA/PEG1000/GPLA blend had no intersection in the
frequency range, and the degree of opening at the high
frequency end was larger. The PLA branched chain length
formed by the reaction between GPLA and PEG1000 was prob-
ably extremely short, and the branched chains were extremely
dense, resulting in obvious site-blocking effect, and the
branched PLA showed more plasticizing effect in the blended
system at this time. The G’ and G” curves of PLA/PEG6000/GPLA
blends showed an insignificant crossover point at the end of
high frequency, indicating that PEG molecular weight had
a significant effect on the viscoelastic transition of PLA/PEG/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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GPLA blends. When the molecular weight of PEG increased to
10000, the G’ and G” curves of PLA/PEG10000/GPLA blends had
no intersection in the frequency range. This finding might be
because the branched chains of the branched PLA formed by
the reaction in the system were extremely long, and the long
chains were prone to self-entanglement, thereby weakening the
entanglement with the chains of PLA molecules. In summary,
the molecular weight of PEG directly affected the branched
chain length and branched chain density of the branched PLA
formed in the system, and the structure of the branched PLA
had a significant effect on the viscoelastic transition of the PLA/
PEG/GPLA system.

© 2022 The Author(s). Published by the Royal Society of Chemistry

In the PLA/PEG system, the plasticization of PLA by PEG was
performed through hydrogen bonding,*” which transformed the
PLA-PLA macromolecular forces into PLA-PEG small molecule
interactions. However, physical entanglement was observed
between the high molecular weight PEG and PLA molecular
chains in addition to hydrogen bonding forces, and this
entanglement toughened the PLA together with the plasticizing
effect of PEG. The melt strength of the blends with 1000, 6000,
and 10 000 g mol ! PEG molecular weight is shown in Fig. 9 as
a function of traction rate. The melt strength of PLA/PEG1000/
GPLA blend was the lowest at the same rate, indicating that
the reaction forming branched PLA with shorter branched
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Fig. 9 .Melt strength curve of PLA/PEG/GPLA (80/20/5) blends.

chains was more favorable to produce large free volume rather
than increasing physical entanglement. Such short branched
chains were more favorable to enhance the mobility of PLA
molecular chains with other tail of the curve. The PLA/PEG6000/
GPLA blend exhibited greater melt strength, which might be
because PEG6000 exceeded the minimum entanglement length
for entanglement with PLA, and the branched chains formed by
GPLA and PEG formed entanglement with the matrix well,
thereby enhancing the melt strength.

4. Conclusion

PLA/PEG blends are prepared by melt blending to improve the
brittleness of PLA. The tensile properties of the blends prepared
by PEG with molecular weights of 1000, 4000, 6000, 8000, and
10000 g mol™ " are compared, and the PEG with molecular
weight of 6000 g mol ™" has the best plasticizing effect on PLA.
The PLA is melt grafted by using MAH, and a PLA/PEG/GPLA
blend with high toughness is prepared to further improve the
toughness of the blends. The ring opening of the anhydride
group in GPLA reacts with the end groups of PEG to form
branched chains, which can better fix PEG in the blends. The
branched structure formed increases the free volume between
the molecular chains and promotes physical entanglement,
thereby improving the toughness of the blends. The elongation
at break of the PLA/PEG6000/GPLA (80/20/5) blend can reach
526.9%, with a tensile strength of 30.91 MPa and an elastic
modulus of 219.7 MPa. The branched PLA formed by the reac-
tion between GPLA and PEG helps to increase the degree of
entanglement between the blend components, avoiding
a significant decrease in viscosity, modulus, and melt strength
of the blend. This entanglement network also delays the
migration of plasticizers, thereby expanding the application of
PLA in the packaging and pharmaceutical industries.
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