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Abstract

Poly(3-hydroxybutyrate) (PHB) faces a significant challenge of intrinsic brittleness, thus
limiting its widespread applicability. This challenge can be surmounted by incorporating
various nanofillers into the PHB matrix to tune the mechanical performance. However, many
of these fillers are produced using unsustainable, non-environmentally friendly methods.
Herein, we employed a green process to develop castor-oil-based fillers, CO-g-DLA, and CO-
P(CL-co-DLA)-PDLA (CO-r-DLA), for the toughening of the PHB matrix. Impressively, the
addition of 20% of these fillers increases the elongation at the break by 13-fold through forming
elongated fibril structures and enhanced interfacial interactions between fillers and the matrix,
accompanying by a substantial reduction on the PHB’s brittleness through shear yielding and
fibrillation. These are confirmed by Small-Angle X-ray Scattering (SAXS) results, showing
significant copolymer-induced microstructural changes in the matrix. The biodegradable PHB
biocomposite developed in this study offers a promising green alternative to conventional
plastics, especially in sustainable packaging.
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Introduction

Global pollution, primarily caused by plastics like polypropylene, polyethylene, and PVC, has
become a significant concern.!: 2 70% of all plastic produced ends up in landfills, causing
potential impacts such as carbon and nutrient cycle changes, habitat changes, biological
impacts on endangered species, ecotoxicity, and societal effects.!: > Researchers are exploring
safer alternatives to synthetic plastics, such as biodegradable polymers like PLA, PCL, PHAs,
and starch. These biodegradable, renewable, and low-carbon polymers can be broken down by
microorganisms in controlled environments, reducing plastic waste and promoting a
sustainable future.* >

PHAs, naturally occurring biopolymers accumulated by microorganisms in the form of
granules with diameters of 200—700 nm, are expected to reach a market size of USD 27.9 billion
by 2025 due to their promising features and the push for green materials. Approved by the FDA
for food-contact applications, PHAs are biodegradable and compostable in all mediums,
making them suitable to curb marine litter problems. In the PHA family, poly-B-
hydroxybutyrate (PHB) is the most studied since its discovery in the 1920s.® PHB has certain
advantages such as biocompatibility, thermoformability, and mechanical strength, which makes
it potential for applications in sustainable areas of packaging, biomedicine, energy, agriculture,
and animal feeds.”®

However, unmodified PHB is limited in industrial applications due to significant defects, such
as poor mechanical properties, high brittleness, high crystallinity, and low thermal stability.”’
High brittleness is one of the biggest challenges, making it unsuitable for many applications

and products that demand high flexibility and toughness.” !° In addition, PHB is susceptible to
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hydrolysis and photolysis, which may limit the shelf life of PHB-based products. To circumvent

these challenges, various modification strategies, such as blending with other polymers or

11, 12 13, 14 15,16

copolymers'"> 12 additives such as plasticizers'> 4 nanofillers!*> 1°, cross-linkers!” etc., have
been proposed over the years.'® ! Another alternative approach of improving the mechanical
properties of PHB is copolymerization with different monomers. In this approach,
copolymerization with different monomers produces medium chain length (M-CL) PHAs that
are not brittle but has improved mechanical properties.'®2* The MCL-PHAs been reported in
literature include poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (PHB-4HB), copolymers of
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHB-HHXx), and poly(3-hydroxyoctanoate)
(PHO).!° For instance, the mechanical properties of poly(4HB) especially its ductile nature
(elongation at break ~1000%) makes it suitable as a comonomer of PHB to produce toughened
polymers by copolymerization.?! This copolymerization approach results in PHB copolymers
displayed lower crystallinity resulting in reduced brittleness.

For instance, Yeo et al.!! blended synthesized PHB-rubber fillers with PLA to obtain highly
extensive composites suitable for shape memory sensors.?? Their work reported that PHB-
based filler (PHB-di-rub) had a synergetic effect as an effective nucleator and toughening
modifier for the PLA matrix. Notably, at low content of only 5% (1.5 wt.% PHB content), the
strain at break increased to 300%, whereas 10% of PHB-di-rub (3 wt.% PHB content) resulted
in 680% strain, with uncompromised strength and stiffness. Similar works revealed good
results from synthesized PHB fillers in PLA.?>?* In recent work, Chen et al.’”’, blended PLA

with low content of poly[(R)-3-hydroxybutyrate-co-4-hydroxybutyrate] (P3HB4HB <8 wt.%)

to improve the heat resistance of the resultant spun fibers effectively. The authors reported a
4



significant drop in boiling water shrinkage of about 90% compared with ca. 80% for neat PLA
spun fibers. They ascribed the improved heat resistance of the PLA/PHB blend fibers to the
increased mobility and orientation of the PLA chains aided by the presence of PHB.
Subsequently, Etxeberria et al. » studied the effect of tributyl citrate (TBC) as a plasticizer for
PLA and PHB toughening. In their work, the TBC plasticizer effectively reduced the glass
transition temperature of PLA and PHB. Even with the addition of up to 20% TBC, the barrier
properties of PHB were unaffected. On the other hand, PLA was found to change in properties
ascribed to many factors, including an apparent increase in free volume fraction. Other notable

127

lasticizers for PHAs include levulinic acid'?, tributyrin®%, olive oil, and carvacrol?’ etc.
p y

16,28 natural oils® etc., are valued

On the other hand, bioresources such as clay', cellulose
fillers that could be harnessed to enhance the properties performance of biopolymers including
PHB. In this respect, natural oils from both plant and animal sources are abundant in nature,
making them a viable alternative chemical feedstock among bioresources.>® Typically, castor
oil and its derivatives, made up mostly of ricinoleic acid with a secondary hydroxyl group and
glycerol has been used to make resins and other numerous applications.’! For instance, Hosoda

1.2 prepared 3-arm branched PLA by ring opening L-lactide with castor oil and tin octanoate

eta
catalyst. The resultant branched polymer was an effective heterogenous nucleator for PHBYV,
improving the crystallization process. This improvement was attributed to the induced phase
separation, which remarkably suppressed the formation of large spherulites of PHBV, thus
enhancing the crystallization rate. Interestingly, the authors did not report the mechanical

properties of the modified PHBV. In other works, castor oil was used as a polyol for

polyurethanes, widely used in the automotive, building, and furniture industries. > There
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have also been reports of functional polymers derived from castor oil and derivatives of
ricinoleic acid.>® For instance, lactic acid and castor oil utilizing phosphoric acid as a catalyst
as well as the preparation and thermal characteristics of the copolyester of lactic acid and
ricinoleic acid®”>’

In this work, we report on solvent-free synthesis of a branched poly(D-lactic acid) material
employing ring-opening polymerization (ROP) to graft a random sequence of D-lactide and
caprolactone from castor oil, and the impact of this filler on the toughening of PHB. Adding
only 10% and 20% CO-P(CL-co-DLA)-DLA fillers (herein referred to CO-r-DLA) increased
the flexibility by about 3-fold and 13-fold, respectively, compared to pure PHB. Conversely,
without the rubber segment, 10% CO-g-DLA did not significantly enhance PHB's flexibility (e
=12.21%), but 20% CO-g-DLA enhanced the strain at break by 13-fold. FESEM and SAXS
analysis confirm a change in morphology and microstructure occasioned by filler type and the
content. Shear yielding and fibrillation are the proposed toughening mechanisms for PHB filled
with castor-oil-based fillers. Overall, the modified PHB is a promising sustainable material

with potential use in various applications, particularly in sustainable packaging.

EXPERIMENTAL

Materials and Methods

Castor oil (Sigma-Aldrich), e-caprolactone monomer (97.0%, Sigma-Aldrich), and tin(Il)
octoate (Sn(Oct)2) (92.5-100.0%), Sigma-Aldrich) catalyst, Chloroform (99.0%, TCI
chemicals, Japan), Ethanol (=99.8%, Sigma-Aldrich), PHB (ENMAT Y3000) (M, = 1.62 x

10° Da) was purchased from TianAn Technologies; Purasorb D® (D-lactide) monomer was
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sourced from Corbion Purac. Chloroform Ethanol All other chemicals were used as received.

Solventless synthesis of castor oil-based fillers.

The ROP method was employed to create castor oil-based fillers. Prior to usage, all required
glassware was first dried in an oven. Typically, for CO-P(CL-co-DLA)-PDLA or CO-r-DLA,
the flask was then filled with a monomer’s mixture of e-caprolactone (10.273 g, 90 mmol), D-
lactide (5.186 g, 35.98 mmol), and castor oil (CO) (0.093 g, 0.1 mmol), which was used as an
initiator. After multiple nitrogen gas purges, 0.3 mmol of the tin(II) octoate (Sn(Oct),) catalyst
was added and, the mixture was gently stirred in a silicon oil bath at 130 °C overnight.
Sequentially, D-lactide (5.186 g, 35.98 mmol) was added and reacted for an additional 24 h.
The resulting polymeric product was then dispersed in CHCI3, re-precipitated into surplus
methanol, separated by filtering, and dried under vacuum. The same procedure was applied for

CO-g-DLA, except that only the D-lactide monomer was used in the ROP.

Fabrication of PHB/CO-g-DLA and PHB/CO-r-DLA green biocomposites.

To fabricate the samples, a suitable quantity of PHB powder and either CO-r-DLA or CO-g-
DLA were dissolved in 100 mL of chloroform at 70 °C. Following complete dissolution, the
mixture was poured onto a 15-cm crystallizing dish and allowed to evaporate for about 3 days.
The resulting uniform films were then vacuum-dried at 60 °C overnight and kept in a dry box

for further characterization. Likewise, neat PHB is prepared by the solvent casting method.

Characterizations



Molecular structure and molecular weight determination 'H NMR analysis was performed by
Bruker 400 MHz spectrometer at 64 scans using CDCI; as a solvent and internal standard (6 =
7.26 ppm). The NMR spectra were obtained, and the chemical structures of CO-g-DLA and
CO-r-DLA copolymer were then characterized. For Gel permeation chromatography (GPC),
The 1260 Infinity Multi-Detector GPC/SEC System with Refractive Index, Viscometer and
dual angle Light Scattering detectors was calibrated using a polystyrene calibrant of 113,000
g/mol. GPC samples were then dissolved in HPLC grade THF at 3 mg/mL as eluent and filtered
with a 0.22 um pore-sized PTFE syringe filter before running on the system with a 5 um sized
column with guard column attachment at flowrate of 1.0 mL min™'. The number (M), weight-
average molecular weight (My), and polydispersity (PDI) of the synthesized fillers were
obtained.

Thermal analysis: Thermal stability was evaluated for initial temperature at 5% weight loss
(Tonset) and decomposition temperature (74, max) using TGA (TA Instrument QS500).
Approximately 10 mg of sample was placed in an aluminum pan and heated from 30 to 600°C
at a step rate of 20°C/min in nitrogen at a flow rate of 60 ml/min.

Additionally, dynamic scanning calorimetry (DSC) (TA Instruments Q100) was used to
evaluate the crystallization and melting properties of the fillers, and the resulting biocomposites
were characterized using a calorimeter using heat/cool/heat procedure. The employed heating
and cooling rate were 10°C/min under a nitrogen flow of 50 ml/min. In this procedure, about
10 mg of the sample was placed in an airtight aluminum pan and heated from 25 to 200 °C to
remove any residual thermal history, followed by isothermal for 2 min. Then, samples were

cooled to —80 °C, and finally heated (second heating scan) to 200 °C. The thermal transition
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temperature such as glass transition (7,) was taken at the center of heat capacity changes.
Contrarily, the melting temperature (7m) and cold crystallization temperature (7cc) were
obtained from the second heating curve. The crystallinity degree (y,¢ ) Was estimated as shown
in equation (i):

XDSC:% X 100 (i)
where AH,, is the PHB melting enthalpy in the sample, AH,, is the cold-crystallization
enthalpy, AH,, is the enthalpy of melting for 100% crystalline PHB (AH,,=146 J g'') and w;
is the weight fraction of filler.

Mechanical Properties: Tensile properties were evaluated using the Instron 5569 Table
Universal testing machine following ASTM D638-02. At least five “dumbbell” samples cut
from the cast film were stretched at a traverse speed of 5 mm/min (strain rate = 0.5) at room
temperature. The resultant tensile modulus, tensile strength, and percent elongation data
obtained using Instron Bluehill 3 software were averaged and reported.

Morphological and Structural evaluation: The JEOL JSM 6700F Field Emission Scanning
Electron Microscope (FESEM) in transmission mode was used to assess morphological studies
on fractured samples and dispersion of fillers within the matrix. On the other hand, Bruker
GADDS diffractometer (D8 Discover MR) was employed to capture WAXD patterns for
crystal structure insights for PHB and modified PHB composite films. The WAXD

diffractograms were obtained as a function of 20 in the 5-60° range with an area detector

operating at 50 kV, 800 pA current, and Cu-K radiation (A = 1.5418 ) at room temperature.

SAXS microstructure evolution: The microstructure evolution studies on fractured samples

9



were done using Small-angle X-ray scattering (Xenocs Xeuss 2.0 SAXS) at 50 kV and 0.6 mA
with Cu-Ka radiation (1.5418 A). The 2D scattering images were reduced to 1D profiles by
integration, and intensities in SAXS results were normalized by sample thickness and then

Lorentz corrected.

Results and Discussion

Synthesis and molecular characteristics of castor oil-based fillers.

It is well known that catalyzed ROP of cyclic esters such as lactides or lactones using tin(II)
octoate initiates at a hydroxyl or amine functional site.***? In this regard, castor oil, which has
three secondary hydroxyl groups, was used as an initiator for the polymerization of lactide. -
caprolactone and D-lactide monomers using stannous octoate in bulk in a solventless system.
Nearly all the monomers were consumed during polymerization because the obtained yield was
over 90%. Figure 1a and 1b shows the synthetic pathways of CO-g-DLA (filler a) and CO-r-

DLA (filler b).
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Figure 1. Schematic pathways of the synthesis castor-oil (CO)-based fillers, (a) CO-g-DLA

and (b) CO-7-DLA.

To get insights on the successful grafting of the random sequence P(CL-co-DLA) and DLA
chain of the filler from the castor-oil surface, molecular structure and molecular weight values
were examined using '"H NMR and GPC, respectively, as shown in Figure 2. For the 'H NMR,
Figure 2a shows the assigned protons' local magnetic environment. Then, the resultant peaks
of the fillers that confirm the grafting of branched D-lactide and e-caprolactone are shown in

Figure 2b. Clearly, in the case of CO-r-DLA, there are additional peaks at 4.04 ppm, 2.29 ppm,
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1.63 ppm, 1.58 ppm, and 1.24 ppm (labeled as t, p, q, r, and s) compared with CO-g-DLA.

These resonance peaks are ascribed to the grafted e-caprolactone. The peaks at 5.15 ppm denote

—CH-— (labeled as b), while the methyl group has a resonance at 1.5 ppm (labeled as h) for

lactide.
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derivative (DTG) curves (inset), (¢) DSC second heating thermograms and (f) cooling
thermograms of CO-g-DLA and CO-r-DLA fillers.

The molecular weight (My) of a polymer and its distribution, i.e., polydispersity index (PDI),
is widely acknowledged as intrinsically related to the polymer's properties. Processability,
morphological phase behavior, and thermomechanical performance are some of these qualities
that are affected.*’ Therefore, the grafting efficiency related to M, is determined via molecular
weight values obtained by GPC (Figure 2¢). CO-g-DLA depicts a low-intensity and broadened
multimodal curve, whereas CO-r-DLA is a monomodal broadened GPC graph. The calculated
molecular weights M,, and My, of CO-g-DLA and CO-r-DLA are 11272 g/mol, 16993 g/mol,

and 12756 g/mol, 19496g/mol, respectively, and a PDI (My/M, =~1.5).

Thermal properties of castor oil-based fillers

More importantly, the thermal parameters of fillers could help identify suitable material for
toughening thermoplastics such as PHB. In this regard, TGA analysis is a useful technique to
test the thermal stability of materials, whereas DSC provides the thermal behavior of the
materials. Figure 2d shows the TGA thermograms of CO-r-DLA and CO-g-DLA fillers with
onset thermal decomposition (79s%) located around 255.73 °C and 241.40 °C, respectively. On
the other hand, derivative curves (DTGA) in Figure 2d (inset) show that CO-r-DLA undergoes
a 2-step degradation process with maximum degradation peaks (Tg,max) at 291.9 °C and 359 °C,
whereas Tgmax of CO-g-DLA located at 282.9 °C. These results depict CO-r-DLA as more
thermally stable compared with CO-g-DLA. This higher thermal stability could be ascribed to

the two components forming the random copolymer, i.e., caprolactone and a lactide block,
13



which degrade at different temperatures. In terms of thermal transitions, the CO-g-DLA has a
crystallization temperature (7c) of 83.2 °C during the cooling cycle, a glass transition
temperature (7;) of 36.05 °C and a melting temperature (7m) of 154.18 °C, as depicted in
Figure 2e and 2f. On the other hand, incorporating a rubber copolymer in the filler backbone,
CO-r-DLA, shows a significant difference in the thermal transitions. For instance, there was
no 7. observed during the cooling cycle and a sub-temperature 7, was observed at -20.67 °C
and 2.45 °C, ascribed to the rubber segment, P(CL-co-DLA). Moreover, only a small crystalline
phase was observed at a relatively lower T, at 121.39 °C, after the rubber grafting process.

Having ascertained the critical properties of the fillers, incorporating them into the PHB matrix
could produce exciting thermal and mechanical properties for broader applications. For
instance, the thermal properties of PHB-filler composites are depicted by TGA/DTG and DSC
curves in Figure 3. As seen from TG/DTG curves of neat PHB and composite films in Figure
3 (a, b) and Table 1, adding 20% CO-r-DLA and CO-g-DLA into PHB reduces the onset
decomposition temperature (Tos%) of PHB by between 9 — 10 °C, whereas with 10% of the
fillers increase the Tose by about 6 — 9 °C, compared to PHB (shown as inset Figure 3a,b). On
the other hand, adding 20 % CO-g-DLA and 20 % CO-r-DLA reduce the Ty max by about 11 °C
and 16 °C, respectively, whereas with 10 % copolymer, the Ty max reduce marginally compared
to PHB. This decrease in Tqgmax with adding 20 % copolymer, could be attributed to the filler
composition and content. The more flexible random chains comprising e-caprolactone and D-
lactide in CO-r-DLA plausibly reduced the thermal stability of the resultant PHB composite

film.
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Figure 3. Thermal characteristics (a) TGA curve and (b) derivatives, and (c) DSC heating and
(d) cooling thermograms for PHB, PHB/10% CO-g-DLA, PHB/10% CO-r-DLA PHB/20%

CO-g-DLA and PHB/20% CO-r-DLA.

On the other hand, Figure 3 (¢,d) shows DSC second runs depicting the thermal behavior of
the resultant composite films. As seen, pure PHB film displays a crystallization temperature
(T.), a glass transition temperature (7), a melting temperature (7m), and crystallinity (yc) of
72.94 °C, 8.35 °C, 172.41 °C, 53.2%, respectively. PHB/10% CO-r-DLA and PHB/10% CO-
g-DLA show a very close melting temperature and crystallinity compared with PHB. However,

increasing the filler content to 20% leads to a dramatic decrease in melting and a noticeable
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decrease in Tg. This reduction is attributed to the addition of low 7% filler and castor oil's long
aliphatic chain triglycerides, which can diffuse between PHB molecular structure, boosting the
free volume and causing a dilution effect.** %’

On the other hand, the PHB composite films exhibit shoulder at the melting stage to form
double melting peaks (a minor peak followed by a significant peak at higher temperatures).
This result could be ascribed to either the presence of the two crystal distinct forms (o and 8
crystals) or melting, re-crystallization, and re-melting process.*® 4’ Crystallinity refers to the
degree of molecular order within a polymer chain, where higher crystallinity implies a more
ordered structure. Notably, neat PHB had a crystallinity of 53.2%, which agrees with that
reported in the literature.*® The crystallinity slightly increased or decreased by including the
synthesized fillers in varied content. For instance, adding 10% CO-r-PDLA increased the
crystallinity to about 55.3%, whereas the PHB composite with 20% CO-g-PDLA resulted in a
lower crystallinity of 47.3%, as shown in Table 1. The varied crystallinity values would likely
affect the overall mechanical properties of the PHB/filler films. This is because higher
crystallinity enhances stiftness and strength in polymers, but may make them brittle due to
stress concentration, while lower crystallinity improves toughness by promoting molecular
mobility and energy dissipation.* °° The overall thermal properties of the fillers and the

resultant PHB composite films are summarized in Table 1.



Table 1. Thermal properties of castor oil-based fillers (CO-g-DLA and CO-r-DLA), PHB and its green biocomposite films

TGA DSC

Samples . . . . .

Tos5% (°C) Tdmax ("C) Tc (CO) AHc (J/g) Tg (CC) Tm CC) AHm (J/g) Ac (%)
Fillers
CO-g-DLA 223.8 282.4 83.2 28.2 36.05 154.18 44.88 -
CO-r-DLA 237.2 293.3/363.5 - - -20.67,2.45 121.39 3.6 -
Composite films
PHB 270.8 298.4 72.94 58.13 8.35 172.41 77.74 53.2
10% CO-g-DLA 279.2 305.7 66.27 49.96 -0.77 173.3 71.53 54.4
20% CO-g-DLA 259.8 287.1 51.71 40.76 -12.36 133.68/142.52 55.25 47.3
10% CO-r-DLA 277.3 299.9 66.13 51.20 -21.96 171.94 72.7 55.3
20% CO-r-DLA 260.5 282.1 48.70 47.99 -10.88 131.02/142.75 61.34 52.5

Tosy, = initial degradation temperature, 74, max = max decomposition temperature, 7. = Crystallization temperature, AH. = Enthalpy of crystallization,

Ty, = glass transition temperature, 7m = melting temperature, AH. = Enthalpy of melting, yc= crystallinity

17



Mechanical performance of PHB green biocomposites
The macroscopic behavior of a composite is an important parameter to consider and is usually
depicted by a stress-strain curve.’! In this regard, the mechanical properties of neat PHB were

examined in relation to that of modified PHB with CO-g-DLA and CO-r-DLA fillers, as shown

in Figure 4a
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Figure 4. (a) Tensile properties graph of PHB, PHB/10% CO-g-DLA, PHB/20% CO-r-DLA
and PHB/20% CO-g-DLA and PHB/20% CO-r-DLA. FESEM cross-sectional images of tensile

fractured surfaces (b) PHB, (c) PHB/10% CO-g-DLA, (d) PHB/10% CO-r-DLA, (e) PHB/20%
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CO-g-DLA and (f) PHB/20% CO-r-DLA.

As the stress-strain curves show, PHB film is typically a brittle polymer with Young's modulus,
tensile strength, and elongation at break of about 1.71 GPa, 24.73 MPa, and 10.34%,
respectively. The low elongation at break with no plastic deformation in PHB limits its
widespread application where flexibility is a critical requirement, such as in sustainable
packaging.’? However, the PHB polymer properties can be significantly altered by designing
and incorporating low 7 or rigid fillers. Intriguingly, from Figure 4a, adding 10% CO-r-PDLA
enhanced the elongation at break by 3-fold, whereas 10% CO-g-PDLA did not significantly
improve the flexibility (¢ =12.21%) of the resultant PHB composite compared to neat PHB.
However, the strength and Young's modulus remain almost identical. On the other hand,
composites with 20% CO-r-PDLA and 20% CO-g-PDLA resulted in about 13-fold
improvement in elongation at break, but with about 50% and 16-18% reduction strength and
Young's modulus, respectively, compared with neat PHB. Although CO-g-PDLA filler could
be considered rigid, the high content (20%) produces comparable mechanical properties with
PHB/20% CO-r-PDLA composite. With high filler content, the resulting PHB composite films
show exceptional tensile toughness compared with that of neat PHB and low filler content films,
as summarized in Table 2.

Table 2. Mechanical characteristics of PHB and its biocomposite films

Mechanical Properties

Samples E (GPa) o (MPa) & (%) (Tl\(jlljg:]rf)s °
PHB 171+012  2473+317 1034+272  282+0098
10% CO-g-DLA 1824014  2668+0.61 12214249  3.02+0.40
2006 CO-g-DLA 143+040  1222+164 127.49+339 18.24+0.85
10% CO-r-DLA 1754020  2457+171 29.68+834  6.34%1.36
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20% CO-r-DLA  1.39+0.21 12.05+2.80 143.15+15.19 19.01+1.33

Notably, the 20% loadings of both CO-r-DLA and CO-g-DLA offer similar toughening effects
in PHB due to a sufficient volume of fillers to enhance the overall composite film properties.>
However, the differentiation arises when the filler is introduced at a lower concentration (10%),
likely indicating that the CO-r-DLA possesses superior compatibility with the PHB matrix,
resulting in more effective stress transfer and toughening mechanisms, whereas the 10% CO-
g-DLA filler may not exhibit the same level of compatibility and mechanical synergy, leading
to less substantial toughening in the PHB matrix.>* Based on the resultant optimal mechanical
properties for PHB composite films with 20% filler (E=1.4 GPa, 6=12 MPa, ¢ =130%), the
film has potential to replace polyethylene (PE) which has comparable properties depending on
the grades such as high-density polyethylene (HDPE).>>These PHB composite films could find
applications in housewares, toys and food containers to replace the HDPE 25055E grade. It is
worth noting that although these results are promising, further research is necessary to
determine the suitability of the PHB composite as a substitute for HDPE plastic in terms of
cost, availability, and other performance requirements such as barrier properties.’* PHB has
been reported to have moderate to good barrier properties to shield the foodstuff from light, air,
water vapor, and smell components, which eventually prevents its deterioration. However,
modifying PHB using various fillers to achieve specific mechanical properties (flexibility,
toughness) may also involve a trade-off with other properties such as barrier performance.®’
Compared with the pore-free approaches, the considerably enhanced mechanical properties of

PHB by plant oil fillers presented in this study could also lead to formation of pores that
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increase the permeation and diffusion, altering the innate barrier properties of the modified
PHB as packaging materials. This is in good agreement with previous report on using
plasticizer for the mechanical properties improvement as packaging materials.>®

On the other hand, PHB composite film offers several benefits in addressing environmental
pollution issues compared to traditional plastic packaging. For instance, it can undergo
biodegradation, breaking down into natural compounds over time, reducing plastic waste
accumulation in landfills and water bodies.> > Moreover, biodegradation enriches soil health
and ecosystem functioning, promoting microbial activity and promoting sustainable
agricultural practices.®® In addition, proper disposal also reduces microplastic generation,
safeguarding marine ecosystems and human well-being. Furthermore, the PHB-based films
witha biopolymer produced by microbial fermentation of renewable carbon sources, reduces
reliance on fossil fuels and minimizes the carbon footprint. More importantly, these
biodegradable packaging materials align with the principles of a circular economy, for instance,
by converting PHB composite films into valuable organic matter or biogas for energy

generation.* % ¢

Morphological analysis of PHB green biocomposites

Understanding material performance and durability by comparing mechanical properties to
morphological characteristics of broken samples is crucial for comprehending failure
mechanisms and creating more resilient composites.®! In this respect, the morphological
features of the tensile fractured films were studied FESEM. Figure 4 (b-f) shows the resulting

FESEM morphological features of a tensile bar cross-section of PHB and selected PHB
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composite films. As seen in Figure 4b, PHB film exhibits a brittle fracture failure with
insignificant yielding after the elastic deformation. This observation agrees with the elongation
at break of about 10% obtained in the tensile data and perfectly agrees with previous studies.®
On the other hand, the PHB composite films incorporating 10% CO-g-DLA filler show a brittle
failure in Figure 4c¢ and a ductile failure with 10% CO-g-DLA in Figure 4d. As found in other
studies, the ductile failure mode for PHB/10% CO-r-DLA is characterized by rough fracture
surfaces ascribed to resistance to break or deformation.®* Concerning PHB/10% CO-g-DLA
samples, the filler induces some plastic deformation, resulting in a coarser surface, probably
due to hydrogen bond interactions between the PHB and PDLA blocks in the filler. In
agreement, the results have shown that star-branched block fillers in PLA matrix display similar
features.®* © Notably, with increased content of fillers up to 20% CO-g-DLA and CO-r-DLA,
as seen in Figure 4e and 4f, the fractured surfaces of the composite films appear rougher, an
indication of not only enhanced tearing resistance but also high deformation as evidenced by
the strain at break of about 130%.% Besides morphological features, structural properties of
composite materials are crucial in achieving the desired balance of mechanical strength,
durability, and performance, which determines the material's behavior and suitability for

specific applications.!!

Crystal structure of PHB green biocomposites
A particularly useful tool for tracking the structural evolution of semi-crystalline polymers is
WAXD-SAXS analysis!! as seen in Figure 5. The wide-angle X-ray diffraction (WAXD)

shown in Figure Sa reveals the crystal structure of PHB and the selected composite films.
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Figure 5. Structural evolution of PHB and selected composite films (a) WAXD intensity
profiles for the PHB and its composite films. 2D SAXS patterns of selected samples (b) PHB,
(c) PHB/10% CO-g-DLA, (d) PHB/10% CO-r-DLA, (e) PHB/20% CO-g-DLA, and (f)
PHB/20% CO-r-DLA, and Lorentz corrected 1-D SAXS profiles in the (g) equatorial direction
and (h) meridional direction.

As seen in the WAXD structure analysis, PHB crystallizes in an orthorhombic crystal structure

with its prominent peaks displayed at 20 angles of 13.95°, 16.84°, 20.5°, 22.7°, 25.9°, 27.7°,
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30.9° and 36.7°, associated with crystallographic planes (020), (110), (111), (121), (040), (002)
and (122), respectively.®” Other peaks are observed at 20 values of 40.7°, 44.2°, and 49°
representing the (151), (222), and (103) indices. Interestingly, all the modified PHB composite
films depict similar peaks with neat PHB, and the expected additional peaks for PDLA and
PCL blocks (i.e., 16.5°, 21°, 22.5°, and 34.5°) seem to be overlapped by those of neat PHB.
This dominance notwithstanding, these results clearly show that the structural data of the neat
PHB is not significantly altered by the inclusion of the synthesized fillers except for the slight
increase or decrease in crystallinity as observed in the DSC data.* % To collaborate the
double melting DSC profiles, PHB and resulting composites show the presence of a peak at
around 20 = 20° attributed to p form crystals’®, which confirms that the melting peaks result

from the presence of two crystal distinct forms.

Microstructural evolution and toughening mechanism of PHB green biocomposite

From literature, PHB forms large ring band spherulites during crystallization, eventually
leading to cracks or unstable multiple crazing deformations during brittle failure.”! On the other
hand, modification of PHB with castor-oil fillers could interfere with the ring banding, help
form smaller spherulites, and reduce crystallinity. Such modifications could alter the PHB’s
deformation behavior and induce toughening via mechanisms such as mixed crazing or shear
yielding or both.

It is worth noting that the toughening mechanisms result from microstructure change, which
eventually dictate the failure modes as well as the resultant mechanical performance of the

PHB composite films compared with that of neat PHB. For instance, incorporation of 20 %
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filler recorded about 13-fold enhancement in flexibility (ductility) compared with the brittle
PHB film. Importantly, CO-r-DLA filler comprises a flexible phase that could alter the
deformation of the PHB matrix by a shear-yielding and fibrillation mechanism. As expected,
the resultant fracture morphology shows irregular and uneven features with fibrils along the
surface, as depicted in Figure 4. Interestingly, CO-g-DLA though regarded as a rigid polymer,
also result in highly ductile PHB film contrary to the expectation, plausibly because of
enhanced interactions between PHB and the high filler content.

It is imperative to study the microstructure evolution to get insights on tensile deformation
mechanism and correlation between structure and performance of materials. During tensile
deformation, Small-angle X-ray scattering (SAXS) is a useful technique to study the tensile
deformation mechanism of semi-crystalline polymers such as PHB.”? The microstructure
evolution in PHB and the resulting film in our study is of tremendous interest because of the
potential of castor oil-based fillers to act craze initiators and thus determine the resultant
mechanical performance. SAXS can help trace inhomogeneities, domain separation, crazes, or
lamellar stacks in PHB and composite films.!! For example, SAXS is renowned for tracing
craze formation (~10-1000A) in polymer matrices by detecting 2D scattering of craze fibrils at
small angles (< 20 =10°).>* Craze formation in meridional and equatorial directions typically
produces a cross-like SAXS signature. Figure 5 (b-h) shows the microstructure evolution in
neat PHB and selected PHB composite films with 10% and 20% CO-g-PDLA and CO-r-PDLA
fillers. Figure 5 (b-f) shows that selected samples produce different 2D SAXS profiles
depending on the resultant microstructure. To interpret the structural information in the 2D

SAXS profiles, radial integration was used to reduce the 2D scattering data into 1D plots of
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scattering intensity (y-axis) versus g-value (x-axis). The 1D plots are Lorentz corrected to
obtain scattering invariant Q calculated from equation (ii):

Q=[1(9q*dq (i)
where Q is the scattering invariant, and ¢ is the scattering vector which equals 4n sin(0)/A
(nm™").”® Notably, the Lorentz correction shifts a broad correlation peak to higher values of q
by multiplying the intensity function by a factor of g3

From the 2D profiles, although all the selected samples show isotropic rings, PHB diffraction
rings are more pronounced than the composites. These results could be attributed to the
formation of crazes in PHB, which creates microscopic voids visible as whitening when
stretched.*® These strong crazes form in the equatorial direction and meridional crack planes,
resulting in a near-circular 2D scattering pattern and high-intensity 1D profile, as shown in
Figure 5b and Figure 5 (g, h), respectively. As a result, as the PHB polymer is stretched more,
the fibrils lengthen until they fail and form a crack. Contrarily, PHB composite films contain
inhomogeneities that act as stress concentrators because of differences in elastic properties in
relation to the PHB matrix but also help to absorb large amounts of energy before failure as it
elongates. As seen in Figure 5 (¢, d), with 10% filler content, the scattering intensities are
much lower than in PHB. These results attest to the fact that the fillers not only disrupt the
formation of cracks but also the deformation mechanism. In the case of PHB/10% CO-r-DLA,
there is more extensive deformation before break compared with that of PHB/10% CO-g-DLA,
probably because of the matrix's strong interactions and the former's softer phase. However,

the scattering intensities from both fillers are nearly similar in both directions, as shown in

Figure 5 (g, h). However, by increasing the filler contents to 20%, the 2D scattering pattern
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and 1D intensities are enhanced for both fillers in the equatorial direction and meridional crack
planes during deformation, as seen in Figure 5 (e, f) and Figure 5 (g, h), respectively. The
results reveal that filler content could increase matrix interactions and delay the failure during
deformation. Based on the experimental findings, Figure 6 presents a schematic representation
of the proposed toughening mechanism of PHB composite films. As seen, when PHB polymer

is stretched above the yield point, the fibrils lengthen until they fail and form a crack.

PHB

Cracks

Castor
oil filler

PHB/20% filler

Figure 6. Schematic representation of the toughening mechanism of PHB and PHB/20% filler
composite film during uniaxial stretching.

On the other hand, inclusion of castor-oil fillers (~ 20%) result in excessive deformation from
localized shear yielding and fibrillation as depicted by FESEM features in Figure 4f. This

deformation behavior could be attributed to the substantial interfacial interactions between the
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matrix and the much softer fillers as well as plasticizing effect of castor-oil backbone. The
proposed mechanism is also in agreement with the mechanical properties data in Table 2,
showing that 20% CO-r-DLA and 20% CO-g-DLA filler resulted in about 13-fold
improvement in elongation at break, whereas 10% CO-r-DLA filler was only effective by about
3-fold. Additionally, the effect induced by crystallinity of PHB/filler composite films as shown
in Table 1, cannot be underestimated. As seen, lower crystallinity enhances polymer toughness
by promoting molecular mobility and energy dissipation mechanisms and allow films to absorb
more energy before failure.*” These results underscore the importance of filler content, filler
structure, and matrix-filler interactions in optimizing the mechanical properties of composite

materials.

Conclusion

In summary, this study presents a breakthrough in the synthesis of sustainable materials for
packaging applications. We studied the green synthesis of castor oil-based filler for Poly(3-
hydroxybutyrate) (PHB) toughening and showed that addition of these filler (20%) effectively
mitigated PHB's brittleness by promoting fibrillation, ultimately enhancing its toughness.
Moreover, the importance of filler content and structure, and matrix-filler interactions in
optimizing the mechanical properties of composite materials is elucidated. The potential
application of biodegradable PHB composite films as alternative to conventional plastics,
especially some HDPE grades, is significant in the sustainable packaging field. Overall, this
study is important in terms of sustainability as it provides valuable insights into the use of

sustainable and environmentally friendly fillers for enhancing the properties of biodegradable
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polymers. The development of sustainable and biodegradable materials is an important step
towards addressing the challenges of plastic pollution and promoting a more sustainable future.
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