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Abstract

Nonbiodegradable plastic pollution has taken centerstage because of its negative impacts on ecosystems, and poly(lactic
acid) (PLA)/starch blends, which are biodegradable plastics, have attracted increased attention as sustainable materials.
However, the poor compatibility between hydrophobic PLA and hydrophilic starch causes their composites to become
brittle. In this study, to improve the compatibility between PLA and starch, the hydroxyl groups of starch were modified with
acetoacetate, and amine-modified silicone was used as the compatibilizer. The acetoacetyl group readily reacts with primary
amines under mild conditions to form enamines and is expected to react rapidly during the melt-kneading process. The
amino groups also react with the decomposed PLA end groups via condensation. Therefore, amine-modified silicone is
considered a suitable compatibilizer for PLA and starch acetoacetate (SAA). PLA/SA A/amine-modified silicone blends were
prepared via melt-kneading. The toughness of PLA/SAA was improved by approximately 15 times when 3 wt% amine-
modified silicone was added. Furthermore, in the SEM observation of the tensile fracture surface, it was found that the
dispersibility of SAA in PLA was improved such that SAA and PLA were indistinguishable. This approach can contribute to
the widespread use of biodegradable plastics in packaging materials and single-use plastics.

Introduction degradation under certain environmental conditions and are

converted into water, carbon dioxide, and organic matter

Petroleum-derived plastics such as polyolefins can harm
ecosystems because they do not degrade easily in the nat-
ural environment. Plastic waste in the ocean increased
dramatically in the 1950s with the widespread use of plas-
tics [1, 2]. Furthermore, plastic emissions are expected to
continue to increase, with annual emissions reaching 53
million tons by 2030 [3]. Biodegradable plastics are con-
sidered to have a lower environmental impact than existing
petroleum-based plastics do and are therefore attracting
attention as a solution to waste management and marine
pollution. Biodegradable plastics undergo microbial
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[4]. Hence, the use of biodegradable plastics can potentially
reduce the impact of plastic waste on the environment.
Biodegradable plastics are particularly promising alter-
natives to single-use plastics such as plastic bags. Hence,
the demand for the development and use of sustainable
plastic materials is increasing, resulting in rapid growth in
research on biodegradable plastics [5].

Typical examples of biodegradable plastics include
polybutylene adipate terephthalate (PBAT) derived from
petroleum, polylactic acid (PLA) derived from plants, and
polyhydroxyalkanoate (PHA) derived from microorgan-
isms. PLA is a well-known biodegradable plastic, and its
main raw material is starch derived from plants such as corn
and sugarcane [6, 7]. Under suitable environmental condi-
tions (such as temperature and humidity), PLA decomposes
over time and turns into water, carbon dioxide, and organic
matter [8, 9]. Thus, it can help reduce plastic pollution from
a waste management perspective. However, PLA has sev-
eral disadvantages over traditional biodegradable plastics,
such as a slow degradation rate, relatively high cost, and
brittleness [10]. Furthermore, PLA does not degrade easily
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in marine environments; therefore, there is a concern that it
transforms into microplastics after it enters marine envir-
onments [11]. To resolve this issue, the marine biodegrad-
ability of PLA must be increased.

Starch is one of the most abundant natural poly-
saccharides synthesized in plants. In contrast to PLA, starch
degrades in any environment, such as in oceans and soil. It
is the main component of biopolymer structures in the
polysaccharide group and is considered the second most
important renewable resource after cellulose [12]. In recent
years, starch-based plastic materials have attracted con-
siderable attention owing to their sustainable nature
[13—15]. Starch is composed of two components: linear
amylose with a-1-4 bonds between the glucose monomers
and branched amylopectin with both a-1-4 and a-1-6 bonds
[16]. Starch does not exhibit thermoplasticity because of the
strong intra- and intermolecular hydrogen bonds between its
hydroxyl groups [17]. Therefore, starch is used as thermo-
plastic starch (TPS) with plasticizers in composites with
other biodegradable plastics. Adding plasticizers such as
glycerol or sorbitol to starch decreases the number of
hydrogen bonds within the starch and increases its mole-
cular mobility, and the starch becomes thermoplastic starch
[18, 19].

Many studies have reported the use of thermoplastic starch
composites with biodegradable plastics to achieve high per-
formance and low cost. Starch is expected to improve the
marine biodegradability of plastics [20]. Thus, blends of PLA
and TPS have potential for a wide range of applications in
agriculture, the packaging industry, and biomedical fields as
biodegradable marine materials. In addition, blends of PBAT
and TPS have the same benefits and significant cost reduc-
tions compared with PBAT alone [21]. However, TPS is
hydrophilic and incompatible with hydrophobic PLA, which
degrades the mechanical properties of PLA [22]. Therefore,
acetylation and maleic acid modification are used to improve
the compatibility of starch with PLA by replacing the
hydroxyl groups in starch [23, 24]. However, modified starch
is brittle, and blending it with PLA does not significantly
improve its mechanical properties.

In this study, to improve the compatibility between PLA
and starch and reduce the brittleness of their blends, acet-
oacetate modification was used to obtain a reactive modified
starch. Acetoacetyl groups react with primary amines under
mild conditions without catalysts to form enamines, which
were then used to synthesize vitrimers and responsive
polymers [25, 26]. Acetoacetate-modified polymers have
also been found to be biocompatible and are considered
nature-friendly polymers [27]. This high reactivity was
effectively utilized to improve the compatibility between
PLA and starch acetoacetate (SAA). Specifically, amine-
modified silicone was added as a compatibilizer to the PLA/
SAA blends. The PLA/SAA blends were prepared by melt-
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kneading, during which the amine-modified silicone reacted
with SAA to form dynamic enamine covalent bonds.
Amine-modified silicones also reacted with the decomposed
PLA end groups during heating via condensation. There-
fore, amine-modified silicone reacted with both PLA and
SAA to form covalent bonds, which is expected to improve
the interfacial affinity between the two materials. The
addition of silicone, a flexible polymer with biocompat-
ibility and heat resistance [28, 29], is also expected to
improve the flexibility of PLA/SAA. Furthermore, silicone
does not emit carbon dioxide when disposed of, so its use
helps reduce its environmental impact in light of global
warming issues. Hence, this blended material is promising
for applications in the food packaging and biomedical
fields. In this study, the mechanical properties of PLA/SAA
with amine-modified silicone and the mechanical effects of
the viscosity of amine-modified silicone and the position of
the amine modification in silicone on PLA/SAA were
evaluated. In addition, thermal and crystal structure ana-
lyses, morphological observations and biodegradability
studies in the ocean atmosphere were performed to develop
a deeper understanding of the mechanical properties of the
material.

Experimental section
Materials

PLA (2003D) was supplied by NatureWorks, LLC (Min-
nesota, USA). The melt flow rate (MFR) was 6 g/10 min
(210°C, 2.16 kg). Native cornstarch and thermoplasticized
starch (TPS) were obtained from Matsutani Chemical
Industry Co., Ltd. (Hyogo, Japan) and Sankyo Chemical
Industry Co., Ltd. (Osaka, Japan), respectively. Tert-butyl
acetoacetate (t-BAA) was supplied by Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). The silicone samples
listed in Table 1 were obtained from Shin-Etsu Chemical
Co., Ltd. (Tokyo, Japan). Silicones with the end group in
the modified position are bifunctional amine-modified sili-
cones, whereas silicones with the side chain in the modified
position are multifunctional amine-modified silicones. The

Table 1 Sample information for silicone

Sample  Amino group Modification Viscosity
equivalent [g/mol]  position @25 °C [cs]

PDMS - - 50

End800 800 End group 25

End1500 1500 End group 55

End5700 5700 End group 450

Side3800 3800 Side chain 1700




Improvement in the toughness and compatibility of poly(lactic acid)/starch acetoacetate through...

Table 2 Composition of PLA/

SAA/silicone blend Sample PLA [wt%] TPS [wt%] SAA [wt%] Silicone [phr]
PLA/TPS 80 20 - -
PLA/SAA 80 - 20 -
PLA/SAA/PDMS 80 - 20 3
PLA/SAA/End800 80 - 20 3
PLA/SAA/End1500 80 - 20 3
PLA/SAA/End5700 80 - 20 3
PLA/SAA/Side3800 80 - 20 3

length of the silicone chain per mole of amine is also
indicated by the amine group equivalent. For example,
End800 is bifunctional, so it has a silicone chain length of
1600 g/mol. Polydimethylsiloxane (PDMS) was prepared
for comparison with amine-modified silicone. All the
reagents were used without further purification.

Synthesis procedure of SAA

SAA (degree of substitution = 1.57) was synthesized as
previously reported [30, 31]. Starch (10.0g, anhy-
droglucose unit: 61.7mmol) was added to 200ml of
dimethyl sulfoxide (DMSO) in a three-necked flask. The
mixture was heated to 90 °C to completely dissolve the
starch. Then, t-BAA (51.2ml, 0.31 mol) was added drop-
wise under a nitrogen atmosphere, and the reaction was
carried out at 120 °C for 2 hours. After the reaction, the
SAA mixture was obtained by reprecipitation in ethanol.
Pure SAA was obtained by washing with acetone to remove
unreacted t-BAA, followed by drying under vacuum.

The structure of SAA was confirmed via proton nuclear
magnetic resonance (lH—NMR) (Bruker AVANCE 1II
600 MHz, Bruker Corporation, Massachusetts, USA) using
deuterated dimethyl sulfoxide (DMSO-g4) as the solvent.

Preparation of PLA/SAA with amine-modified
silicone blends

The compositions of the blends are listed in Table 2. Blends
with more than 5 wt% PDMS or amine-modified silicone
with high amine functional group equivalents exhibited
phase separation and could not be formed into films.
Therefore, blends with 3 wt% silicone are reported in this
study. PLA/SAA with silicone blends were prepared via
melt-kneading via a twin-screw internal mixer (Labo
Plastmill 4C150-01; Toyo Seiki Co., Ltd., Osaka, Japan).
Before blending, the PLA, TPS, and SAA samples were
dried under vacuum at 80 °C for 4 h to remove water. To
prepare the PLA/TPS and PLA/SAA blends, PLA was
blended with TPS or SAA at 170 °C with a screw speed of
70 rpm for 10 min. To prepare the PLA/SAA and amine-
modified silicone blends, PLA and SAA were blended at

170 °C with a screw speed of 70 rpm for 3 min. Silicone
was then added and kneaded to the same temperature at a
screw speed of 20 rpm for 7 min.

The 0.5mm thick blend films were molded by hot-
pressing at 180 °C for 5 min at 20 MPa and quenched with
ice. An Izod impact sample with a thickness of 4 mm was
prepared via an injection molding machine (HAAKE
MiniJet Pro, Thermo Fisher Scientific Inc., Massachusetts,
USA) by melting blended samples in a cylinder at 185 °C
for 10 min and extruding them at 750 bars into a mold (80 x
10 x 4 mm) at 45 °C.

Measurement

Differential scanning calorimetry (DSC) measurements
(NEXTA DSC200, Hitachi High-Tech Corporation, Tokyo,
Japan) were performed to evaluate the thermal properties of
the blended films. The samples were measured within a
temperature range of —40-180°C up to the 2nd heating
curve at a rate of 10 °C/min. Nitrogen at a flow rate of
40 mL/min was used as the atmosphere.

Wide-angle X-ray diffraction (WAXD) was performed at
beamline BLA40OB2 in the SPring-8 Synchrotron Radiation
Facility (Sayo, Japan). Before the measurements, the blended
samples were annealed at 110 °C for 2 h to evaluate the crystal
structure. The blend films were irradiated for 3 s at a wave-
length of 0.1 nm, and 2D images were recorded via the
detectors. A flat panel (C9728DK-10; Hamamatsu Photonics
KK, Shizuoka, Japan) was used as the WAXD detector. The
sample-to-detector length of the WAXD profiles was
58.3 mm.

The sample mechanical properties were evaluated via
tensile and Izod impact tests. Tensile tests were performed
via an AutoGraph AGS-X (Shimazu Corporation, Kyoto,
Japan) at a constant deformation rate of 10 mm/min.
The samples were cut into dumbbell-shaped sheets
(W 4mm x D 20mm) of approximately 0.5 mm. Ichod
impact tests were performed via an Izod impact tester
(IM-1110; UESHIMA SEISAKUSHO Co., Ltd., Tokyo,
Japan). The samples were notched to a depth of 2 mm via a
notching machine (C-6898-000; Instron Co., Ltd,
Massachusetts, USA).
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The morphologies of the fracture surfaces of the blended
samples were observed by scanning electron microscopy
(SEM) (SU3500, Hitachi High-Tech Corporation, Tokyo,
Japan) at an acceleration voltage of 10.0kV. The samples
were coated with a platinum sputter (MSP-1S, VACUUM
DEVICE Co., Ltd., Ibaraki, Japan) before being loaded into
the SEM device.

The biodegradability of the PLA/SAA/silicone blends
in marine environments was assessed via biochemical
oxygen demand (BOD) testing in accordance with OECD
306. Seawater was collected from the sea in Hyogo Pre-
fecture (34°71’N, 135°35’E). Seawater was collected on
October 1, 2023, with a water temperature of 22.2 °C. The
tests were conducted in a pressure sensor-type BOD reactor
(6D, TAITEC Co., Ltd., Saitama, Japan) in the dark at
20°C for 28 days. Aniline was used as a reference. The
samples evaluated were PLA, PLA/TPS, PLA/SAA and
PLA/SAA/End800 as representative samples containing
silicone. Each BOD reactor contained 10 mg of aniline and
a 10x10x0.5 mm thick sample film, along with 100 ml of
seawater and nutrients (25 mg of NH4CI, 5 mg of NaHPOy,,
0.5 mg of N-allylthiourea, and 0.1 mL of a buffer solution)
to ensure unrestricted conditions for microbial activity and
growth. Equation (1) was used to calculate the BOD bio-
degradability. BODy represent the BOD of the sample,
whereas BODy,,,x represents the BOD of a reactor that
contained nothing. ThOD refers to the theoretical oxygen
demand.

BODg — BODpjank

1
ThOD x 100 (M)

BOD (%) =

Results and discussion
Characterization of SAA

The 'H-NMR spectra of native corn starch and SAA are
shown in Fig. 1. The peaks of the protons of the anhy-
droglucose unit showed chemical shifts (8) of 3.0-4.0 ppm
and 5.0-5.2 ppm [32]. In contrast, the anhydroglucose unit-
derived peaks were broader for SAA than for starch. Fur-
thermore, SAA presented new peaks at & 3.6 ppm and 2.2
ppm. The peak at & 3.6 ppm was attributed to methylene,
and the peak at 2.2 ppm was attributed to the methyl group
of the acetoacetate group. These results indicated that a
portion of the hydroxyl groups in the starch were modified
by acetoacetyl groups [30]. The degree of substitution (DS)
as calculated from '"H-NMR was 1.57. This was calculated
via Equation (2), consistent with Weng et al. [31]. Here, the
integration of the total area of anhydroglucose includes the
methylene-derived integral of the acetoacetyl group. To
remove the integration, the ratio of the acetoacetyl group to
the methyl group (0.67) was subtracted from this integra-
tion. Seven and three are the numbers of protons on the
anhydroglucose units and the numbers of methyl groups of
the acetoacetyl groups, respectively.

(Integration of peak a) x 7

(Integration of total area of anhydroglucose units — 0.67) x 3

(2)

The thermal properties of the samples were confirmed
via DSC. The 2nd heating curves for native corn starch and
SAA are shown in Fig. 2. Native corn starch did not have a
glass transition temperature (Tg), whereas SAA had a Tg at

Fig. 1 'H-NMR spectra of
native corn starch and SAA in
DMSO-4

H,0 [ DMSO

Anhydroglucose unit |

AANLNEAY ALY ‘\'\___.,J \ " .

SPRINGER NATURE



Improvement in the toughness and compatibility of poly(lactic acid)/starch acetoacetate through...

Starch

1

2
5 |
T
% _§ SAA

L

!

0 40 80 120 160

Temperature [°C]

Fig. 2 DSC 2" heating curves of native starch and SAA

113 °C, indicating that it has thermoplasticity above 113 °C.
Native cornstarch has intra- and intermolecular hydrogen
bonds and does not exhibit thermoplasticity [17, 33].
Therefore, plasticizers, such as water or glycerol, have been
added to improve the thermoplasticity of starch. Further-
more, the DSC curve of the SAA did not show a crystal-
lization temperature (Tc) or melting point (Tm), indicating
that SAA is an amorphous thermoplastic polymer. This
thermoplasticity is due to acetoacetate groups that are
modified by the transesterification of hydroxy groups in
starch, which reduces the number of hydroxyl groups in
starch, providing steric hindrance and thus relaxing hydro-
gen bonds. As this behavior has also been reported for other
modified starches, the degree of relaxation of intramolecular
hydrogen bonds, that is, the degree of substitution, is con-
sidered to depend on the glass transition temperature [30].

Behavior of PLA/SAA/amine-modified silicone
during melt-kneading

PLA/SAA/amine-modified silicone blends were prepared
by melt-kneading at 170 °C for 10 min. During the pre-
paration of the blend sample, the torque value of the screw
rotation changed during melt-kneading after amine-
modified silicone was added to the PLA/SAA blend
(Fig. 3). For PLA/SAA/PDMS, the torque increased after
the addition of PDMS and then decreased slowly. The
initial increase in torque is attributed to the homogeneous
mixing of PLA and PDMS. The gradual decrease in torque
is assumed to be due to the thermal decomposition of PLA
[34]. In contrast, the torque increased slowly in the sample
with amine-modified silicone after the amine-modified
silicone was homogeneously dispersed in the PLA matrix.
SAA forms dynamic covalent bonds with amine-modified
silicone (Fig. 4a). This reaction was supported by FTIR

50
— PLA/SAAPDMS
PLA/SAA/ENd800
PLA/SAA/End1500
40 PLA/SAA/End5700
—— PLA/SAA/Side3800
€ 30
Z
()
z
S 20
°
10 o
0 I I I I I I
3 4 5 6 7 8 9 10

Time [min]

Fig. 3 Change in torque with time after the addition of amine-modified
silicone

measurements of SAA and amine-modified silicone in the
component system (Fig. 1S). On the other hand, the com-
patibility of PLA with SAA and amine-modified silicone
was likely enhanced by polar interactions due to the acet-
oacetyl groups derived from SAA and the enamine structure
and by the condensation reaction between the PLA termini
that were thermally decomposed during kneading and the
amine-modified silicone (Fig. 4b). The amine-modified
silicone acted as a crosslinker, and an SAA/amine-modified
silicone crosslinked structure was considered to have
formed within the PLA matrix. The formation of cross-
linked structures and the recombination of thermally
decomposed PLA were attributed to an increase in melt
viscosity [35]. The initial torque increase (3—5 min) was
considered to depend on the viscosity of the amine-modified
silicone. PLA/SAA/Side3800 had a higher torque when the
amine-modified silicone was homogeneously dispersed
within the PLA because of the extremely high viscosity of
the amine-modified silicone compared with that of the other
samples. Except for Side3800, PLA/SAA/End800 had the
greatest change (0.58 N* m/min) in torque with time for
mixing times of 8—10 min, whereas PLA/SAA/End5700 had
the lowest change (0.22 N* m/min). This finding indicates
that the more amino groups there are, the more densely
cross-linked the structure.

Thermal properties and crystal structure of the
blended samples

DSC measurements were performed to evaluate the effects
of adding amine-modified silicone to PLA/SAA on the Tg,
Tc, Tm and crystallinity (y) of PLA (Fig. 5). The mea-
surement results of the 2" heating, transition temperature,
and crystallinity are summarized in Table 3. The crystal-
linity was calculated via Eq. (3) to include cold

SPRINGER NATURE
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Fig. 4 Schematic illustration of a)
the proposed reaction between

(a) SAA and amine-modified

silicone and (b) PLA and amine-

modified silicone
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Fig. 5 DSC 2™ heating curves of the PLA/SAA/silicone blends

crystallization, where AH is the melting enthalpy of the
blend sample and where AHOm is the equilibrium melting
enthalpy of PLA, 93.1J/g [36].

AH,

m

The crystallinity of the PLA/TPS and PLA/SAA blends
was found to be greater than that of PLA, which likely
occurred because the starch component acted as a crystal-
nucleating agent for PLA [37, 38]. PLA/TPS showed
slightly higher crystallinity than did PLA/SAA, which was
due to the presence of the plasticizer glycerol in TPS.
Crystallinity was considered to have been increased by the
increased molecular mobility of PLA in the crystallization
temperature region with the introduction of the plasticizer
[39]. The addition of PDMS to PLA/SAA did not change
the crystallinity of PLA. It was assumed that there was no
interaction or reaction between PLA/SAA and PDMS
because both PLA and SAA are polar polymers, whereas
PDMS is a nonpolar polymer. Furthermore, because PDMS
is not reactive, no factors interact with PLA/SAA. In
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Table 3 Transition temperatures and crystallinities of the PLA/SAA/
silicone blends

CH (0]
Sé:R NH o
3 l6) |

m

Sample Tg [°C] Tc [°C] Tm [°C] Crystallinity [%]
PLA/TPS 57.1 114.2 148.9 30.0
PLA/SAA 52.7 108.7 146.1 26.6
PLA/SAA/PDMS 54.2 1114 147.5 25.1
PLA/SAA/End800  54.0 125.9 150.6 6.6
PLA/SAA/End1500 55.6 125.2 151.0 6.5
PLA/SAA/End5700 56.3 126.9 151.5 4.6
PLA/SAA/Side3800 55.5 121.0 149.7 14.0

contrast, the addition of amine-modified silicone to PLA/
SAA significantly reduced the crystallinity of PLA. Fur-
thermore, in comparison with PLA/SAA, the samples with
amine-modified silicone increased the crystallization tem-
perature by approximately 10 °C. This was attributed to the
formation of a cross-linked structure within the PLA matrix
via the reaction between the amine-modified silicone, SAA,
and PLA, which prevented the crystallization of PLA. The
formation of cross-linked structures restricts the molecular
mobility of PLA and inhibits its crystallization. This is
supported by the increase in the crystallization temperature
[40]. The correlation between the position of the modified
amine in silicone and the crystallinity of PLA showed that
end group modification of silicone inhibited PLA crystal-
lization more strongly than side chain modification did,
regardless of the amino group equivalent or the viscosity of
silicone. It has been suggested that end group modification
is more efficient for forming crosslinked structures than side
chain modification in terms of conformation. For example,
in side chain modification, the mobility of the remaining
polymer chain is largely limited when a new bond is formed
in the middle of a molecule chain. This results in less
freedom in the polymer chain than does end group mod-
ification. As a result, the side chain amine-modified sili-
cones reacted more frequently with acetoacetyl groups on
the surface of the same SAA granules, and fewer molecular
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chains were considered to connect SAA granules to SAA
granules.

WAXD measurements were performed on PLA blended
with SAA and silicone to evaluate the effect of the forma-
tion of cross-linked structures on the crystal structure of
PLA. The WAXD profiles are shown in Fig. 6. PLA is now
known to crystallize in three different crystal formations: o-
type, P-type, and y-type [41]. Among the three crystal
forms, the o form is the crystal structure most commonly
observed in crystals melt-crystallized at a Tc above 110 °C.
Neat PLA showed amorphous, wide, hollow and a-crystal-
derived peaks at g = 11.5nm™! and 13.2 nm™". These peaks
are characterized as (110)/(200) and (203) a-crystals,
respectively [42]. In the PLA/TPS and PLA/SAA blends,
the crystal-derived peaks were more obvious than those in
PLA. In addition, small peaks such as (203), (004)/(103),
and (211), which are also derived from the a-crystal of
PLA, were newly observed [43, 44]. This likely occurred
because the starch component acted as a crystal-nucleating
agent for PLA. This result was consistent with the crystal-
linity calculated via DSC. Furthermore, no peak shift of the
a-crystal was observed, suggesting that TPS and SAA are
not included in the crystal structure of PLA. Additionally,

(110)/(200)
(004)/
(103)
>
G O} (203)
3 \ L @11)
c //J Sl _ PLA
//J PLA/TPS
PLA/SAA
PLA/SAA/PDMS
PLA/SAA/ENd800
5 110 115 210 215 30

qm’]

Fig. 6 WAXD profiles of the PLA, PLA/TPS and PLA/SAA/
silicone blends

no shift in the a-crystal-derived peaks was observed with
the addition of PDMS or End800. Therefore, silicone was
considered to have been excluded from the lamellar crystals
during PLA crystallization.

Mechanical properties of PLA/SAA/amine-modified
silicone

The tensile properties and impact strengths of the samples are
summarized in Table 4, where toughness is the integral of the
stress—strain curve. PLA/TPS and PLA/SAA exhibited low
breaking strains, which were attributed to the low compat-
ibility of PLA, TPS, and SAA. After the addition of PDMS,
the strain at break of PLA/SAA improved slightly and
exhibited plastic deformation. Silicone, which has high
molecular mobility at room temperature, was considered to
disperse stress when tensile stress was applied. However, the
addition of a small amount (3 phr) of amine-modified silicone
to PLA/SAA significantly improved its mechanical proper-
ties, especially the strain at break. The PLA/SAA/End800
blend exhibited the highest toughness, which was 15 times
greater than that of PLA/SAA. In addition, the Young’s
modulus decreased with the addition of amine-modified
silicone. This suggested that the effects of SAA and TPS as
fillers decreased and that they were compatible with PLA.
Furthermore, amine-modified silicone effectively improved
mechanical properties and had greater toughness than did
PLA/SAA/PDMS. Amine-modified silicone was considered
to act as a compatibilizer for PLA and SAA, and the reactions
between amine-modified silicone, PLA, and SAA were also
expected to form a cross-linked structure in PLA with SAA as
the cross-linking points. This hypothesis is supported by the
increase in the impact strength of PLA/SAA with the addition
of amine-modified silicone. Compared with PLA/SAA, PLA/
SAA/PDMS had slightly greater impact strength. It was
assumed that the silicone with high molecular mobility dis-
persed in PLA/SAA dissipated energy. Compared with that
of PDMS, the impact strength of PLA/SAA with amine-
modified silicone was improved. The highest impact strength
was observed for PLA/SAA/End800, which had the highest
amine group content, and as the amine group content

Table 4 Results of tensile tests and Izod impact tests of PLA/SAA/silicone

Sample Young’s modulus [MPa] Maximum stress [MPa] Strain at break [%] Toughness [MPa/m?] Impact strength [MPa]
PLA/TPS 25739 +46.7 50.3+£0.7 24+0.1 923+12.2 2.84+0.31
PLA/SAA 23504 +26.8 459=+2.1 2.5+0.1 63.6+9.0 3.62+0.10
PLA/SAA/PDMS 2323.9+140.3 347x1.7 9.3+2.6 277.2+36.4 4.16 +0.04
PLA/SAA/End800  1914.7 £69.2 27.1x19 46.5+8.0 1003.9+171.2 6.14+0.48
PLA/SAA/End1500 2282.7 +30.5 328+2.4 35.1+6.2 917.7+243.5 5.68 +0.08
PLA/SAA/End5700 1926.4+95.5 35.1+2.8 7.4+09 182.5+4.1 5.17+0.19
PLA/SAA/Side3800 2162.7 +327.0 335+2.6 42+0.6 109.2+7.2 5.29+0.79
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decreased, the impact strength decreased to the same level as
that of PLA/SAA/PDMS. These results show that the number
of amine groups in the blend has a significant effect on impact
strength, which indicates the rate of formation of cross-linked
structures.

Figure 7 shows the relationships among amine-modified
silicone with different amine group equivalents, viscosities,
and toughness values of the blend. In terms of the rela-
tionship between the amine equivalent and toughness
(Fig. 7a), the toughness of the blends with end group amine-
modified silicone decreased with increasing amine group
equivalents. This behavior was also the same for the strain
at break and impact strength of the blends, as shown in
Table 4. Considering that the same weight of amine-
modified silicone was added, the increase in the number of
amine group equivalents resulted in a relative reduction in
the number of amine groups and a decrease in the number of
reaction points with SAA and PLA. A strong correlation
was found between the number of amine group equivalents
and the number of amino groups in blends that reacted with
SAA. When the amine content was low, for example,
5000 g/mol amine equivalent, SAA was not effective as a
compatibilizer and resulted in lower toughness than did the
addition of PDMS. PLA/SAA/Side3800 exhibited lower
toughness than did PLA/SAA/End5700, despite having a
lower amine group equivalent. This suggested that side
chain amine-modified silicones react more frequently with
the same SAA granules and are less likely to form cross-
linked structures than are the end group amine-modified
silicones. This result is consistent with the crystallinity
results. On the other hand, as indicated by the relationship
between the viscosity of the amine-modified silicone and
toughness (Fig. 7b), the toughness of the blends strongly
depended on viscosity, and the toughness of the blends
decreased exponentially with increasing viscosity of the
amine-modified silicone, regardless of the position of the
amine modification. Thus, toughness was found to be more
strongly correlated with the viscosity of silicone than with
the amine group equivalent or the modification position.

SPRINGER NATURE

Viscosity of Silicone [cs]

This behavior may be related to the dispersibility of the
amine-modified silicone during melt-kneading. The high
viscosity of the amine-modified silicone is expected to
cause phase separation within the PLA and prevent its
reaction with the SAA. As a result, the toughness of PLA/
SAA/End5700 and PLA/SAA/Side3800 was lower than that
of the other samples.

Morphology of the PLA/SAA/amine-modified
silicone

The results of the SEM observations of the fracture section
surface following the tensile test are shown in Fig. 8.
Granules of TPS or SAA and the interface between PLA
and TPS or SAA were observed in PLA/TPS and PLA/
SAA. The fractures indicated the poor compatibility of PLA
with TPS and SAA, which resulted in brittleness. Large
SAA granules were observed in the PLA/SAA/PDMS
samples. This morphology was attributed to the low dis-
persibility of SAA caused by the low melt viscosity of PLA
with the addition of PDMS.

However, in PLA/SAA/End800, where the toughness
was the highest, the dispersion of SAA greatly improved,
and the interface between SAA and PLA became obscure. It
was found that amine-modified silicone acted as a compa-
tibilizer between PLA and SAA. This relaxed the fracture
caused by stress concentration at the interface between the
PLA and SAA and improved the mechanical properties of
the blend. Compared with PLA/SAA/End800, PLA/SAA/
End1500 and PLA/SAA/End5700 presented few SAA
granules, indicating that they were not sufficiently compa-
tible because of the lack of amino groups in silicone. This
morphology was supported by its mechanical properties.
The dispersibility of SAA was greater with the addition of
the end group amine-modified silicone than with the addi-
tion of the side chain amine-modified silicone. Furthermore,
the SAA granules formed with the addition of end group
amine-modified silicone were smaller than those with the
addition of side chain amine-modified silicone. The end
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Fig. 9 BOD test of PLA/starch and PLA/SAA/amine-modified silicone

group of the amine-modified silicone is considered to be
more reactive with SAA. This result is supported by the
crystallinity of PLA as calculated via DSC measurements.

Biodegradability of PLA/SAA/silicone blends in
seawater

Figure 9 shows the results of the BOD test for PLA, PLA/
TPS, PLA/SAA and PLA/SAA/End800. The BOD of

SU3500 10.0kV"S:8mm x500 SE

End5700 KS&2

100pm SU350090.0kV 5 dmim x500 SE

aniline reached 99.0% after 28 days, indicating the activity
of the microorganisms during this period. The BOD values
after 28 days were 1.3% for PLA, 15.8% for PLA/TPS,
10.2% for PLA/SAA, and 8.6% for PLA/SAA/End800.
These results are consistent with those of previous studies
showing that PLA is not biodegradable in either seawater or
freshwater [45]. These findings suggest that marine spills of
PLA alone could be a source of marine plastics. On the
other hand, PLA/TPS exhibited the highest level of biode-
gradability. The BOD of TPS was 10.2% (starch: 7.3%,
glycerol 1: 2.9%) when it was completely biodegraded.
Therefore, the remaining 5.6% BOD was considered to be
associated with the biodegradation of PLA. This value was
greater than that of PLA, indicating that the coexistence of
PLA with starch clearly promoted the marine biodegrad-
ability of PLA. Marine microorganisms readily degrade
TPS, creating a microbe-rich environment for the blend
film. This exposure caused PLA to biodegrade faster due to
increased exposure to seawater and microorganisms. This
behavior is similar to the biodegradability of PLA/TPS in
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soil reported by Palai et al. [46]. PLA/SAA exhibited a
slower initial biodegradation rate than did PLA/TPS. This is
because the starch was modified with acetoacetyl groups.
The biodegradation of SAA occurred through the break-
down of acetoacetyl groups, and the SAA separated into
acetone, carbon dioxide, and starch. The degradation of
starch subsequently took place. The initial biodegradation
rate of SAA was low because of its hydrophobic nature,
which was attributed to the slow hydrolysis of acetoacetyl
groups. However, the BOD ratio of SAA in PLA/SAA was
6.9%, meaning that 3.3% of the PLA was biodegraded
within 28 days. Thus, while SAA has a lower biodegrad-
ability rate than starch does, it can promote the marine
biodegradability of PLA. PLA/SAA/End800 exhibited
slightly lower biodegradability than did PLA/SAA. How-
ever, it exhibited biodegradation exceeding the BOD ratio
of the SAA component within 28 days, as did the PLA/
SAA. The results indicated that the cross-linked structures
formed with enamines are also biodegradable. Enamine
crosslinked structures have been reported to be hydrolytic
and biodegradable [26, 47]. However, owing to the longer
process required for enamine cross-linked SAA to be
hydrolyzed to starch, the BOD of enamine cross-linked
SAA was slightly lower than that of PLA/SAA [48, 49].
Although there is concern that the hydrophobic nature of
amine-modified silicone interferes with the biodegradability
of PLA/SAA, no significant effect was observed at the 3 phr
addition level. In this blend, amine-modified silicone was
not biodegradable, and a small amount of silicone is
expected to remain in the ocean. Therefore, the environ-
mental impact of this blend can be reduce further in the
future by using biodegradable diamines as compatibilizers.

Conclusions

SAA was synthesized as a reactive thermoplastic starch via
transesterification. The synthesized SAA exhibited good
thermoplasticity and was uniformly composited with PLA
without a plasticizer. Amine-modified silicone was reacted
with PLA and SAA to form a crosslinked structure during
melt-kneading. The crosslinked structure inhibited PLA
crystallization and significantly reduced the crystallinity of
the blend. Although the amine-modified silicone was
expected to bind to the PLA, it was excluded from the PLA
lamellar crystals and did not affect the PLA crystal struc-
ture. The compatibility between PLA and SAA was sig-
nificantly improved, and the toughness was enhanced with
the addition of a small amount of amine-modified silicone
(3 wt%). Furthermore, with respect to the morphology of
the fracture surface, the interface between the SAA and
PLA became indistinct, indicating that the dispersibility of
the SAA in the PLA improved. Therefore, the amine-
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modified silicone functioned well as a compatibilizer for
PLA and SAA and improved the mechanical properties of
the blend. The performance of the compatibilizer was
strongly dependent on the viscosity and amine equivalents
of the amine-modified silicone. The PLA/SAA/amine-
modified silicone blend showed marine biodegradability
despite containing cross-linkers, which promoted the bio-
degradability of PLA. This approach can contribute to
promoting the widespread use of biodegradable plastics as
packaging materials and single-use plastics.
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