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Abstract

A one-step reactive extrusion process has been demonstrated to toughen the
poly(lactic acid) (PLA) blend without sacrificing its mechanical strength and deg-
radability. Specifically, poly(lactic acid) (PLA), poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) (PHBV), and the peroxide initiator were first introduced into the
mixer and then heated at the elevated temperatures for triggering the grafting reac-
tion during the extrusion. During this process, the thermal decomposition of PHBV
results in the unsaturated bonds that can directly grafted onto the PLA backbones by
free radical reactions. From this study, we found that PLA/PHBYV blend with a mass
ratio of 80/20 (PLA/PHBYV) and 0.3 wt% 2,5-dimethyl-2,5-di(tert-butylperoxy)hex-
ane (DBPH) is an optimized condition, leading to an improved elongation at break
of 15.95%, which is 3.1 times of the PLA and 1.5 times of the PLA/PHBV blend
without the initiator, while tensile strength exhibited very limited decreased com-
pared to PLA. Overall, this work presents an environmentally friendly and industrial
feasible approach to prepare bio-based toughened PLA for improving the elongation
at break, while retaining the tensile strength and degradability.
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Introduction

Conventional petroleum-derived polymers cause a great burden on the environ-
mental sustainability due to their non-degradable nature [1, 2]. Biodegradable
polymers, particularly including poly(lactic acid) (PLA) and poly(3-hydroxybu-
tyrate-co-3-hydroxyvalerate) (PHBV), can provide a feasible solution for the sus-
tainable development of our environment and society [3—7]. Although these poly-
mers are environmentally friendly, their poor mechanical properties make them
unsuitable for replacing petroleum-based polymers into the mainstream com-
modity plastics. PLA is currently the most widely used biodegradable polymer
[8—12]. While it has excellent mechanical strength, comparable to some petro-
leum-based materials, it is also very brittle [13, 14]. PHBV is a recently devel-
oped polymer that is produced by bacteria and has very limited mechanical prop-
erties, including both elongation at break and tensile strength [15—18]. Research
efforts have been concentrated on how to improve the mechanical properties of
these environmental-friendly polymers. The common method to improve tough-
ness is through blending with elastomers [19-21], such as using natural rubber,
polybutadiene, polyurethane, and poly(ether) urethane, which typically are petro-
leum-based and non-degradable chemicals/compounds [22-25]. Interestingly,
studies have found that while the respective mechanical properties of PLA and
PHBYV are not excellent, their blends can exhibit much better elongation at break
even though the strength is still far from satisfactory due to their chemical incom-
patibility [26-29].

Reactive extrusion is an effective industrially viable approach to functional-
ize polymers during processing by covalently attaching unsaturated chemical
groups to the backbone of a matrix polymer [30-33]. Among extensive studies
on modifying poly(lactic acid) to improve its performance, the commonly used
method is through combining reactive extrusion with free-radical-initiated reac-
tions [34-36]. For example, Mo et al. synthesized poly(lactic acid) grafted glyci-
dyl methacrylate (PLA-g-GMA) copolymer and poly(lactic acid) grafted thermo-
plastic polyurethane (PLA-g-TPU) copolymer, which can be used to improve the
compatibility of PLA/TPU blends and enhance the tensile strength [37]. Wang
et al. reported a new blend compatibilizer for preparing micro-crystalline cellu-
lose (MCC)/poly(lactic acid) (PLA) composites, which was maleic anhydride-
grafted poly(lactic acid) (PLA-g-AMS/MAH) [38]. Due to the addition of PLA-
g-AMS/MAH copolymer, mechanical properties of the composites of MCC and
PLA were improved significantly. Marsilla et al. grafted itaconic anhydride (IA)
to poly(lactic acid) (PLA) and assessed the rate of crystallization of PLA-g-IA
[39]. Additionally, blending with fillers is also an alternative method of toughen-
ing PLA. Mohamed et al. compounded polylactide (PLA) with organosolv lignin
(OL) in the presence of poly(vinyl acetate) and glycidyl methacrylate (GMA).
The optimized composites exhibit superior toughness [40]. Most previous stud-
ies focused on grafting small molecules containing unsaturated bonds to PLA
through reactive extrusion. While these small molecules have good compatibility
with polymers, their unreacted residues would migrate to the material surface and
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finally be released into the environment to cause adverse impact [41]. Moreover,
a random chain scission at ester groups is the mechanism of thermal degradation
in PHBYV, and the polymer can be thermally degraded to substituted olefins and
oligomers [42-44]. The degradation process involves a f-hydrogen elimination
process (six-membered ring ester decomposition process), which could enable
PHBYV to be grafted onto PLA. Compared to other compatibilization methods in
blending, in situ grafting between these two polymers is still relatively underex-
plored [37-39, 45].

In this study, we developed a method to prepare fully bio-based and sustainable
materials by a one-step reactive extrusion process, which the addition of the initia-
tor induced the grafting reaction. PHBV produced unsaturated bonds from thermal
decomposition, which were then grafted onto the PLA backbone through free radical
reactions. Using this approach, we were able to prepare a toughened blend when the
mass ratio of PLA and PHBYV is 80/20, with the addition of 0.3 wt% 2,5-dimethyl-
2,5-di(tert-butylperoxy)hexane. The demonstration of simple and efficient methods
for preparing biodegradable polymer blends could be beneficial toward enabling
their practical applications.

Experimental section
Materials

Poly(lactic acid) (PLA-6202D) in pellet form was purchased from NatureWorks
(USA). The melt index of PLA-6202D is 15-30 g/10 min, and it has a molecular
weight of 140 kDa (Mw) with 98% L-lactide to 2% D-lactide units. Poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV-Y1000P) was purchased from Tianan Bio-
logic Materials Company, Ltd. (China), which has a molecular weight of 280 kDa
(Mw) with 8% 3-hydroxyvalerate (3HV) content. The tensile strength of PHBV
is 39 MPa, and the elongation at break is approximately 2%. The specific grav-
ity of PLA and PHBV is 1.24 g/cm® and 1.25 g/cm?, respectively. 2,5-Dimethyl-
2,5-di(tert-butylperoxy)hexane (DBPH, Trigonox® 101) was purchased from Alad-
din Bio-Chem Technology Company, Ltd. (China) and was used as the initiator for
reactive extrusion. Chloroform was obtained from Sinopharm Chemical Reagent
Co., Ltd. (China), and d-chloroform was obtained from Meryer Chemical Technol-
ogy Company, Ltd. (China). All materials were used as received.

Sample preparation

PLA and PHBYV were dried under vacuum at 65 °C for 12 h prior to the processing to
remove residual water in the sample. This step can reduce the hydrolytic degradation
of the polymers during the melt processing. The reactive extrusion was performed
by adding all three components (PLA, PHBV, and DBPH) into HAAKE Rheomix
QC internal mixer (Thermo Scientific, USA) at 170 °C. The screw speed was set to
40 rpm, and the reaction time was 10 min. Subsequently, blend was removed from
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Table1 Sample name and

D : Samples PLA (wt%) PHBV (wt%) DBPH (wt%)

compositions of different

PHBV/PLA blends prepared in 100/0 100 _ _

this study
0/100 - 100 -
90/10 90 10 -
80/20 80 20 -
70/30 70 30 -
60/40 60 40 -
80/20D1 80 20 0.1
70/30D1 70 30 0.1
80/20D3 80 20 0.3
70/30D3 70 30 0.3
80/20D5 80 20 0.5
70/30D5 70 30 0.5

the internal mixer and immediately cut it into pellet with scissor while it was hot. A
variety of blends with different compositions were prepared, as shown in Table 1.
Furthermore, control samples were prepared using PLA and/or PHBV employing
the same process. The blended products were collected in the form of pellet, cooled
at room temperature, and then dried under vacuum prior to use.

Characterization

The chemical composition of the PHBV/PLA sample before and after heating was
determined using '"H NMR. The AVANCE III HD 400 Nuclear Magnetic Reso-
nance Spectrometer of BRUKER (USA) was used, and the sample was prepared
in the d-chloroform (CDCl;) at a concentration of 10 mg/ml. Spotlight 400/400 N
(Thermo Scientific Nicolet IS5, USA) was used to recorded the FTIR spectra of
various film samples blends. All spectra were recorded in the absorbance mode
within wavelength of 4000-600 cm™'. Samples were prepared by solution-casting
and dried. The blends were dissolved in chloroform under agitation overnight. The
solution was smeared on the glass slide and placed in a fume hood for 12 h. After
the solvent evaporated, the film samples were placed in a vacuum oven to be dried
at 30 °C for at least 6 h. The melt flow indices of the blends and the raw materials
were determined by MFI452 (WANCE Technologies Company, Ltd., China) under
the condition of 190 °C/2.16 kg, according to the ISO 1133. The MFI of the sample
was obtained via Eq. (1):

MET = 600M

ey
where M is the extrudate weight in grams and ¢ is the time in seconds.

The glass transition, crystallization, and melting temperatures of neat polymers
and their blends were obtained by a differential scanning calorimeter (DSC Q 2000,
TA Instruments Inc., USA), which was equipped with a cooling attachment, and
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the entire operation was under a nitrogen atmosphere. The thermal history of the
samples was removed in all measurements. The samples were subjected to a heat-
ing ramp from 30 to 200 °C with a rate of 15 °C/min, then cooling to 30 °C at 15
°C/min, and finally a second heating ramp to 200 °C at the same rate. TA Univer-
sal Analysis software recorded the heat absorbed and emitted by the sample to the
empty aluminum pan as reference for data analysis. The thermal stability of blends
was determined by a thermogravimetric analyzer (TGA 2, Mettler Toledo, Switzer-
land). Sample of approximately 10 mg was loaded into a ceramic cup and scanned
from 30 to 600 °C at a heating rate of 10 °C/min under a nitrogen atmosphere.

To investigate the crystallinity of the blends, an X-ray diffractometer (Ultima IV,
Rigaku, Japan) was used, and the wavelength of the X-ray beam is 1.5418 nm (using
Cu Ka-radiation, V=40 kV, =40 mA). Measurements were taken over a 26 range
of 5-25°, with a scanning speed of 2°/min.

Tensile testing was used to determine the mechanical properties of the sam-
ples. The blends were injection-molded into standard tensile bars according to ISO
20753, using micro-injection molding machine (WZS10D, Shanghai Xinshuo Preci-
sion Machinery Co., Ltd.). The cylinder and mold temperatures were 185 °C and 45
°C, respectively. The pressure was 0.4—0.5 MPa, and the holding times were 15 s. At
least 5 specimens of each blend composition were prepared for mechanical testing.
All samples were pre-conditioned for 24 h before the characterization. Tensile tests
were performed on a universal testing instrument (WANCE Technologies Company,
Ltd., China). A standard procedure was employed according to ISO 527. Specifi-
cally, a crosshead speed of 2 mm/min was used for all dumbbell shaped samples
(75 % 10x2 mm>), and data analysis was performed using commercial software.

Hydrolysis tests were performed on blend samples with film geometry. The
blended product (0.5 g) was dissolved in chloroform (5 ml) and stirred with a mag-
net bar for 6 h until a complete homogenous solution was formed. The solutions
were slowly poured into glass dishes (d=4 cm), evaporated overnight in a fume
hood, and then dried in a vacuum oven at 40 °C for 4 h to obtain uniform blend
films. The films were placed in 100-ml beakers containing 50 ml phosphate-buffered
saline (pH=7.2-7.4, Adamas life) and hydrolyzed at 80 °C for 2 weeks. Five sets of
parallel experiments were performed for each sample. The films were taken out of
the aqueous solution, washed with deionized water, dried, and weighed every day.
The weight loss (W,,,) of the sample was obtained via Eq. (2):

My

=0 v Tary 100%
Wioss = x 100% (2)
my

where my, is the weight (g) prior to hydrolysis and m,, is the weight (g) removed
from the hydrolysis media and dried.

The morphology of the blends was determined using a Zeiss Gemini 300 (Carl
Zeiss AG, Germany) scanning electron microscope to examine the fracture surface
of the samples. Prior to the measurements, specimens were fractured in liquid nitro-
gen. The specimens were then mounted on a sample stage using conductive glue and
coated with a thin gold layer. An accelerating voltage of 3.0 kV was used to collect
the SEM micrographs.
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Results and discussion

A one-step reactive extrusion process (Fig. 1) was used to produce the PLA-based
thermoplastic materials that were biodegradable. In our approach, PHBV can go
through thermal decomposition at 170 °C for obtaining oligomers consisting of
vinyl groups, which can be used to graft onto PLA chains simultaneously upon ini-
tiation with the presence of PHBV. Not only this method was efficient to prepare
grafted polymer blends with covalent linkages to improve their thermal and mechan-
ical properties, but more importantly, it was a complete green and energy-saving
process since it did not require the use of solvents. Different amounts of initiators
compositions were used in the blending process for controlling the conversion of
this grafting reaction.

As shown in Fig. 2, the thermal degradation of PHBV was known to produce
oligomeric products with substituted olefins, which the chemical compositions were
analyzed by "H NMR [42]. Figure 3 shows the chemical shift of degradation residue
under air atmosphere at 170 °C for 10 min and 45 min. Substituted olefins of oligom-
ers can be observed in both 'H NMR spectra. The characteristic peaks associated
with vinyl groups include 2.05 ppm (i, R—-CH=CH-), 6.98 ppm (m, R—-CH=CH-),
and 5.84 ppm (n, R—CH=CH-). The increase in relative intensity of these three
peaks from 10 to 45 min indicated that increasing reaction time leads to the formation
of a higher amount of substituted olefin end groups. The ratio of characteristic peak
m (R-CH=CH-) to b+f (-O-CH(CH;)—CH,—or—O—-CH(CH,CH;)-CH,—)
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Fig. 1 a Schematic illustration of synthesizing PLA-g-PHBV graft copolymer during one-step reactive
12 blending; b schematic illustration of the in situ formation of PLA-g-PHBV copolymer at the 13 PLA/
PHBYV blend interface
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increased from 0.06 (10 min) to 0.15 (45 min). Figure S1 shows the '"H NMR spec-
tra of neat PLA and PLA after 170 °C for 10 min. No obvious changes in chemical
shift values were observed between samples before and after processing. The char-
acteristic peak of —CH— was 1.56-1.58 ppm, and that of —CH; was 5.13-5.17 ppm
[46]. The proton area ratio (—CH,/—CH-) was maintained at 3. The FTIR spectra of
100/0, 0/100, 80/20, and 80/20D3 are shown in Figure S2. For 100/0, a strong and
sharp absorption peak was observed at 1746 cm™! in the spectrum, which was due to
the stretching vibration of C=0. In addition, the peaks at 1452 cm~' and 1358 cm™!
were derived from C-H deformation vibration, and the peak at 1078 cm~! was due
to C—O—C stretching vibration. The peak of the C=0 stretching mode of 0/100
was observed at 1719 cm™'. The absorption peaks at 1274 cm~! and 1043 cm™!
were considered to be the C—O-C stretching mode of PHBV. The absorption peak
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detected at 1130 cm™! was from the C—O—C stretching band [47]. For blend sam-
ples, all the characteristic groups of the raw materials were observed in the FTIR
spectra.

Understanding material viscosity is important for informing their processing
conditions, which can be determined by their torque and melt flow index meas-
urements. As all raw materials were added at the same step for reactive extru-
sion, only one torque maximum, 7}, , was observed, and 7, was the balanced
torque at the end of entire processing. Figure 4a shows the how torque changes as
a function of time for all PLA/PHBYV blends with the absence of DBPH. T, ,, w
19.4 Nm for the sample only containing PLA, which gradually decreased w1th
the increase in PHBV content. For the sample of 60/40, the T,,, was approx-
imately at 12.2 Nm. The change of 7, was much less dependent on the inclu-
sion of PHBYV, only ranging from 1.6 to 2.5 Nm for all samples. However, when
DBPH was involved in the process, T;, changed more significantly as a function
of the DBPH content (Fig. 4b, c¢). For the 80/20 sample, when the initiator con-
tent increased from 0.1 to 0.5 wt%, T,,,, only slight decreased from 15.4 to 13.2
Nm, and T increased from 2.0 Nm to 4.3 Nm. Similar trend was observed for
70/30, where T, decreased from 13.4 to 12.2 Nm, and T}, increased from 1.9
to 4.5 Nm. As the change in torque was directly related to the overall viscos-
ity of the sample, these results demonstrate that (1) with the addition of PHBYV,

the intermolecular interaction between PLA chains was less pronounced, which

20 20
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Fig.4 a—c Torque change with time under different ratios of PLA/PHBV and DBPH concentrations in 9
HAAKE (time: 10 min, temperature: 170 °C, screw speed: 40 rpm/min); d mechanical energy required
for 10 the processing of PLA/PHBV blends
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contribute to the reduction in viscosity, and (2) the presence of DBPH was able to
initiate the grafting reaction. At the beginning of the reaction, the initiator played
a role of lubrication, so T,,,, was reduced. However, with the reaction progress-
ing, partially degraded PHBV was grafted onto PLA, and the force between mol-
ecules changed from intermolecular force to covalent bonding, limiting the dif-
fusion of molecular chains and leading to an increase in viscosity of the product.
Furthermore, the torque used in the processing was indicative of its correspond-
ing energy requirement. The torque curve records the mechanical energy required
during processing, and it can be calculated from the area under the curve. The
mechanical energy (ME) absorbed during the processing by each sample was
obtained via Eq. (3):

ME = 2zN [ C(H)dt 3)

where N is the rotational speed (rpm), C() is the total torque used of the whole pro-
cessing (Nm), and ¢ is the processing time (min).

The mechanical energy is defined as the energy transmitted to the material dur-
ing processing, corresponding to the respective processing conditions. Figure 4d
shows the ME required by blends of different proportions during processing.
As the initiator content increases, the energy required for processing begins to
rise. The ME required to obtain 80/20D5 is 1.35 times that of 80/20, and the ME
required to obtain 70/30D5 is 1.44 times that of 70/30, indicating an increased
costs associated with the reactive extrusion process with the presence of initiators
[48].

The changes in sample viscosity were also observed form MFI experiment,
a common method to determine the flow property of polymers in the plastics
processing industry [49]. As the PLA content decreased, the melt index gradu-
ally increased (Fig. 5a). When the PHBV content reached 40%, the melt index
increased from 18.6 to 29.9 g/10 min. For blends containing initiator, the melt
index showed a decreasing trend as the initiator content increased (Fig. 5b). Spe-
cifically, for blends containing 0.5% initiator, the melt index decreased from 22.5

(a) (b)

w
a
W
=3

N
3]

N
o

10

Melt index (g/10min)
» o

Melt index (g/10min)

0

100/0  90/10  80/20  70/30  60/40  0/100

O 0 O 02 P P O 02 P P
& %0\%0\(]9 %Q\'LQ%Q\'LQO 10\10\3010\'50%\3@ oW

Fig.5 Melt flow index of the PLA/PHBV blends: a blends in different proportions without initiator; b 8
blends in different proportions with initiator
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to 12.5 g/10 min (for 80/20) and from 23.0 to 10.5 g/10 min (for 70/30). This
trend is consistent with the change in 7,. Similar to torque, the increase in the
melt index from blending suggested that these materials could exhibit improved
flow behavior for processing.

The mechanical properties of all samples, including pure PLA, pure PHBY,
PHBV/PLA blends with initiator and without initiator, are shown in Fig. 6. PHBV
exhibits very poor mechanical properties of both the elongation at break (3.96%) and
tensile strength (33.4 MPa) due to its rigid backbone structures [50, 51]. As a com-
parison, PLA is typically stronger yet more brittle [37]. While pure PLA showed the
elongation at break of around 5.16%, its tensile strength was 49.6 MPa. The inclu-
sion of PHBV into PLA was able to improve the elongation at break of PLA signifi-
cantly, with the compromise of tensile strength [52]. As shown in Fig. 6a, the elon-
gation at break of the blend increased to 10.87% and 11.41%, when the mass ratio
of PLA/PHBYV was 80/20 and 70/30, respectively. These results were 2.11 and 2.21
times of the elongation of pure PLA and 2.74 and 2.88 times of pure PHBV. How-
ever, the tensile strength of both samples decreased to 44.78 MPa and 42.43 MPa.
Additionally, at a 40 wt% of PHBV content, the elongation at break decreased sig-
nificantly, exhibiting a similar value with pure PLA, which may be attributed to the
occurrence of macrophase separation from the incompatibility between PLA and
PHBV.

We further investigated how the presence of DBPH influences the mechanical
properties of 80/20 and 70/30 (PLA/PHBV) through graft reactions. Three differ-
ent initiator concentrations (0.1 wt%, 0.3 wt%, and 0.5 wt%) were employed. Fig-
ure 6b shows how the material mechanical properties changes as a function of the
amount of DBPH. When the initiator was added to induce the grafting reaction
during processing, the tensile strength of the blend increased significantly. For the
ratio of 70/30, the addition of initiator further increased the tensile strength of the
blend, while reducing the elongation at break. It was found that the tensile strength
increased from 42.4 (without DBPH) to 45.8 MPa (0.5 wt% DBPH), 47.8 MPa (0.3
wt% DBPH), and 50.5 MPa (0.1 wt% DBPH), while the elongation at break reduced
from 11.41 (without DBPH) to 9.00% (0.1 wt% DBPH), 8.72% (0.3 wt% DBPH)
and 8.78% (0.5 wt% DBPH). Interestingly, the inclusion of initiator increased both
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Fig.6 Mechanical properties of the PLA/PHBYV blends: a blends in different proportions without 12 ini-
tiator and b blends in different proportions with initiator
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the tensile strength and the elongation at break for the composition of 80/20. The
tensile strength of 80/20D1 blend already reached 50.25 MPa, exceeding that of
pure PLA. The elongation at break of 80/20D3 showed the most superior perfor-
mance, which was about 15.95%, 3.09 times of pure PLA and 1.47 times of the
blend without the initiator. For comparison, the elongation at break of 80/20D1 and
80/20D5 was 12.60% and 10.27%, respectively, which were lower than the elonga-
tion at break of 80/20D3. However, its tensile strength was only 3.44% lower than
pure PLA. Analysis of variance on the values of elongation at break and tensile
strength is shown in Tables S1-S4 to prove that the increase was significant. Com-
parison between the tensile strength of 80/20 and 80/20D1 showed a clear differ-
ence, which is similar with 70/30 and 70/30D1, 70/30D3. Meanwhile, there was no
significant difference in tensile strength between pure PLA and blends with initiator.
In addition, for the polymer blends systems containing initiators, we found that only
using a low amount of initiator was effective to improve the tensile strength of the
blend. The elongation at break of 80/20D5 was 10.27%, and the tensile strength was
46.4 MPa, both lower than the mechanical properties of 80/20D3. When the initia-
tor was added excessively, although the tensile strength of the product was higher
than the product without initiator as well, the elongation at break became lower. The
yield strength of the blend exhibited a trend similar to the tensile strength, as shown
in Figure S3, with no significant difference in the modulus of elasticity of the vari-
ous blends. These results suggest that the initiator may be suitable as a trace additive
to improve the mechanical properties of the blend. If the degree of grafting is too
high, it will adversely affect the mechanical properties.

For all thermoplastics, thermal properties are essential for determining their tem-
perature window of processing and product use. Figure 7 shows the DSC curves of
blends with different compositions, and Table S5 shows the 7;,, T,, and the crystal-
lization of the PLA/PHBV blends from DSC. The glass transition temperature (Tg)
of pure PLA is around 60 °C, which is consistent with literature results, while the 7,
of PHBV is approximately 0 °C. [47, 53-55]. For the PLA/PHBYV blend, it can be
noticed that the 7, of the PLA phase slightly decreased to 57.1-58.9 °C, suggesting

Fig.7 DSC curves of the PLA/ 100/0
PHBV blends with different

—
o 80/20
compositions
80/20D1
80/20D3
80/20D5

Endo

70/30D5

-

T
40 80 120 160

Temperature (C)
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that two phases were partially miscible. For the grafting blends with the initiator, the
PLA phase showed a lower glass transition temperature. For example, 7, of 70/30D1
was 48.6 °C, nearly 12 °C lower than that of pure PLA. We attributed this decrease
in 7, to the enhanced compatibility between PLA and PHBV segments through reac-
tive extrusion. In our system, in situ synthesized PLA-g-PHBV plays an important
role for improving the miscibility, efficiently served as interfacial stabilizer. More-
over, adding PHBV promotes the PLA crystallization as evidenced by the peaks
in the DSC curves of all samples, which can be possibly explained by that PHBV
acts as a nucleating agent. With increase in the initiator content, the crystallization
temperature of the blend increased, and the crystallization enthalpy decreased. The
peroxide initiated the grafting reaction, which also formed branch point, effectively
serving as nucleating agents in the crystallization process. Studies suggested that
branch point of long-chain-branched PLA can act as a nucleation point to lead to
a faster crystallization rate [56]. Higher amount of initiator loading would result in
the formation of more branching points. The presence of branched molecules can
hinder the diffusion of PLA chains, and thus, a higher temperature was required for
the crystallization of PLA phase. After blending with PHBYV, the DSC curve showed
multiple melting peaks due to the following reasons: (1) melting, recrystallization,
and remelting during heating; (2) isodimorphism or polymorphism, which is the
presence of multiple crystal forms, and (3) different lamellar thickness, distribution,
and morphology, and species with different molecular weight. The co-crystallization
behavior can also promote heterogeneous nucleation, thus inducing a faster crystal-
lization rate and improved crystal perfection during the melting process [57]. How-
ever, with the increase in the initiator content, the multiple peaks gradually become
a single peak, and the melting temperature decreased.

Thermal stability of neat, blended, and grafted PLA/PHBV was investigated by
TGA at the heating rate of 10 °C/min under nitrogen atmosphere, as illustrated in
Fig. 8a. All thermal degradation parameters of the PLA/PHBV blends are shown in
Table S6. The thermal decomposition temperature of PLA and PHBV was 366.6 °C
and 295.3 °C, respectively, indicating PLA was more thermally stable than PHBV
[57]. The blends exhibited higher thermal stability than PHBV, but lower than PLA,
with all samples showing two peaks from the DTG curves (Fig. 8b). The two-step
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Fig. 8 Thermogravimetric curves for the PLA/PHBYV blends: a TG; b DTG
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weight loss was corresponded to PHBV (at 294.33-300.17 °C), and PLA phase (at
362.33-365.5 °C), similar to the observation from Zembouai et al. [47]. Further-
more, the degree of weight loss at each step corresponds well with the blend com-
position, which is consistent for all samples. It is noted that the presence of initiator
for triggering grafting reactions does not have a pronounced impact on the thermal
decomposition temperatures of blend samples.

X-ray diffraction also confirmed the crystalline properties of the blend, as shown
in Fig. 9. The addition of PHBV improves the degree of crystallization of PLA
(shown in Table S6). After PHBV was introduced, diffraction peaks were observed
in the blends, which were different from the typical amorphous peaks of pure PLA.
The lattice planes (010), (200)/(110), (203), and (015) of PLA a-crystal correspond
to the characteristic peaks 20=13.7°, 16.6°, 20.0° and 22.6°, respectively [58].
With the increase in the peroxide initiator content in the blend increased, diffraction
peaks become more pronounced, indicating that the crystallinity of the blend has
increased, which was consistent with the DSC results.

Figure 10 shows the weight loss for the PLA/PHBV blends in phosphate-buff-
ered saline at 80 °C. The temperature used for the experiment was higher than the
glass transition temperature of all blends, so the hydrolysis reaction can be accel-
erated, and the hydrolysis of blends of different proportions has been observed.
After 2 weeks of hydrolysis, PLA had the highest degree of hydrolysis, reaching
61.67%. The 70/30 with higher PHBV content had the least degree of hydrolysis, but
it also reached 44.19%. As the content of DBPH in the blend increases, the hydroly-
sis reaction became faster. Compared with 80/20, 80/20D5 has a 6.35% increase in
the weight loss. Meanwhile, the weight loss of 70/30D5 was 4.39% higher than that
of 70/30. After 1 day of hydrolysis, all the samples were broken, showing a rapid
decline in mechanical properties. These results confirmed that the products after
blending modification retain the hydrolysis characteristics of the two raw materials.
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Fig.9 XRD patterns of the PLA/PHBYV blends with different compositions
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Fig. 10 Weight loss as a function of time for the PLA/PHBYV blends in phosphate-buffered saline at 80
°C

Finally, SEM was used to determine the morphology of blend samples. Morphol-
ogy of polymer blends can largely impact their physical properties and rheological
behaviors [28]. Figure 11 shows the SEM micrographs of the fractured surface of
PLA/PHBYV blends with or without DBPH, which were obtained from cryo-fractur-
ing. For the blends without initiators, PHBV particles and dark holes were observed
on the surface of the blends with PLA as matrix (Fig. 11a, e). For blends with higher
PHBYV content, the domain sizes became clearly larger with a broader distribution.
The surface of these particles seemed to have web-like entanglements slightly pen-
etrating into the surrounding areas for PLA. The connection of PHBV with PLA
was not tight, evidenced by the visible cavity around the spherical domains. This
was an indication that PHBV and PLA form a two-phase system. With the addition
of the initiator, the size of PHBV domains gradually decreased, and the interface
between the PLA and PHBV phases gradually became more blurred. The bridge
between PHBV and PLA became more and wider, which illustrated the PHBV phase
was wrapped by PLA, or incorporated into PLA (Fig. 11b—d, f-h). Furthermore,
the morphology of the blend changed from a typical sea-island structure to a lay-
ered structure, suggesting that increasing the initiator content would result in further
improved compatibility between the two phases.

The PLA/PHBV blends exhibited neck formation and growth during tensile
test by a considerable stress-whitening volume [59]. The stress whitening is a
consequence of numerous cavities and/or crazes formed during deformation in
general. In rubber-toughened polymers, two types of cavitational processes can
be formed, which are internal rubber cavitation and interfacial debonding. Both
cavitational processes are beneficial for improving the toughness of blends.
Moderate interfacial adhesion between PLA and PHBV phases and suitable
PHBYV particle size enables both types of cavitation formed during tensile tests.
The mode of cavitational process depends on a competition between the energy
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Fig. 11 SEM micrographs of fractured surface of PLA/PHBV blends with or without DBPH: a 80/20; b
80/20D1; ¢ 80/20D3; d 80/20D5; e 70/30; f 70/30D1; g 70/30D3; h 70/30D5.

gained by relieving the stress via cavitation and the energy needed to create a new
surface inside of the rubber. With the increase in the initiator content, the particle
size of the PHBV phase was too small, and the connection with the PLA phase
was too tight, which was not conducive to toughening. It causes the elongation at
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break to decrease as the initiator content increases. In terms of the PLA/PHBV
blend, phase separation can occur due to the chemical incompatibility between
PLA and PHBYV, resulting in low mechanical strength. With the addition of the
initiator, the compatibility of the two phases was improved, which was conducive
to the improvement of the tensile strength. However, the increased compatibility
changed the size of the PHBV phase and the connection between the two phases.
Therefore, as the degree of grafting increased, the tensile strength decreased.
In addition, the crystallinity of the blend also affected the tensile strength. The
increase in crystallinity in a small range was conducive to the improvement of
tensile strength. Too high also reduced the tensile strength. The compatibility
of the two phases and the crystallinity of the blend affected the tensile strength
together [60].

Conclusion

In conclusion, the properties and structure of the PLA/PHBV blends have been
systematically studied with the focus on understanding the impact of the peroxide
initiator (DBPH) addition. The blends were obtained through a one-step reactive
extrusion process. The torque curve shows the change of the melt state with the
progress during the one-step process, and the melt index drops from 23.0 for PLA
to 10.5 g/10 min for 70/30D5. The grafted PLA/PHBYV blends initiated by DBPH
could significantly increase the elongation at break while retaining excellent ten-
sile strength. The elongation at break of 80/20D3 is about 15.95%, while the ten-
sile strength is very similar to the pure PLA. Therefore, 80/20D3 is considered to
be the optimized ratio among all components. Differential scanning calorimetry
and thermogravimetric analysis illustrate that the melting point of the blends with
the initiators decreases, the thermal decomposition temperature increases, sug-
gesting the possible broader processing conditions. All blends exhibited hydro-
lyzability at a temperature slightly higher than the glass transition temperature
of PLA components. SEM micrographs of the fractured surface of PLA/PHBV
blends show the change of blend microstructure from sea-island to layered, con-
firming the improved compatibility from our grafting reactions. Overall, we
believe that blending of PLA and PHBV with grafting reaction is an effective and
feasible method to obtain green degradable bio-based thermoplastics, which also
provides the opportunity for controlling the material properties by simply adjust-
ing the ratio between components.
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