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Abstract: Nowadays, companies and researchers are concerned about the negative consequences of
using synthetic polymers and direct their efforts to create new alternatives such as biocomposites.
This study investigated the effect of biobased SiO; on the properties of poly(L-lactic acid)/SiO;
(PLLA/SiO;y) and poly(L-lactic acid)/SiO; /poly(ethylene glycol) (PLLA /SiO,/PEG) composites.
The SiO, was obtained from rice husk incineration and mixed with PLLA at various concentrations
(5, 10, and 15 wt.%) via melt extrusion before compression molding. Furthermore, PLLA /SiO,/PEG
composites with various PEG concentrations (0, 3, 5, and 10 wt.%) with 10 wt.% SiO, were pro-
duced. The sample morphology was studied by scanning electron microscopy (SEM) to analyze
the dispersion/adhesion of SiO;, in the polymer matrix and differential scanning calorimetry (DSC)
was used under isothermal and non-isothermal conditions to study the thermal properties of the
samples, which was complemented by thermal stability study using thermogravimetric analysis
(TGA). Rheological analysis was performed to investigate the viscoelastic behavior of the composites
in the melt state. At the same time, tensile mechanical properties were obtained at room temperature
to determine their properties in the solid state. DSC and X-ray diffraction analysis (XRD) were
combined to determine the crystalline state of the samples. Finally, gas permeation measurements
were performed using a variable pressure (constant volume) method to analyze the permeability
of different gases (CO,, CHy, Oy, and Hy). The results showed that SiO; decreased the PLLA chain
mobility, slowing the crystallization process and lowering the gas permeability while increasing
Young’s modulus, thermal stability, and viscosity. However, PEG addition increased the crystalliza-
tion rate compared to the neat PLLA (+40%), and its elongation at break (+26%), leading to more
flexible/ductile samples. Due to improved silica dispersion and PLLA chain mobility, the material’s
viscosity and gas permeability (+50%) were also improved with PEG addition. This research uses
material considered as waste to improve the properties of PLA, obtaining a material with the potential
to be used for packaging.

Keywords: poly(L-lactide acid); rice husk silica; poly(ethylene glycol); crystallization; tensile
properties; gas permeability

1. Introduction

Over the last decades, the use of conventional petroleum-derived plastics has been
less attractive because of their environmental issues. Several nations and states are banning
plastic shopping bags and single-use plastics, which are considered the origin of so-called
“white pollution” [1]. Therefore, the use and demand for biodegradable polymers have
increased worldwide. One of the alternatives for commodity polymers is poly(lactic acid)
(PLA). This polymer has several advantages, including biodegradability, biocompatibility,
and a semi-crystalline structure [2—4]. This biodegradable polymer is made of renewable
sources and produced by fermentation of simple sugars such as glucose, maltose, and dex-
trose from corn and potato starch, sucrose from cane, and lactose from cheese whey [5-7].
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PLA has gained attention as a promising environmentally friendly packaging application
reducing the use of petroleum-based commodity polymers [8,9]. However, PLA has some
limitations restricting its applications. For example, PLA is a brittle polymer with a slow
crystallization rate, poor toughness, average permeability properties, and moderate degra-
dation [10]. Nevertheless, several modifications can be applied to enhance PLA’s properties,
including copolymerization [11,12], particle addition [13,14], polymer blending [15,16], and
plasticization [13,15-17]. The trend and development of environmentally friendly materials
led to studies and research on new production techniques for biodegradable materials
using PLA as a sugarcane-based thermoplastic [18], as well as lignin addition [19] for
the production of materials with good mechanical properties, excellent thermostability,
and biodegradability.

In order to have a comparison of the mechanical properties of PLA with synthetic
polymers, it is important to study the effect of different particles in synthetic polymers. Za-
ghloul et al. studied the effect of various fillers such as synthetic graphite and multi-walled
carbon nanotubes (MWCNTs) [20], e-glass fiber [21,22], magnesium hydroxide [23], and
melamine phosphate [24] on synthetic polymers: polyester [21,22,25], polypropylene [20],
polyethylene [23,24], and polyaniline [26]. One of the conclusions of particle incorporation
generated an improvement in the mechanical properties of the materials. For example,
in [21-23,27], it was concluded that the tensile strength of the composites increased as
the particle content increases up to an optimal amount between 16.82% [22] to almost
200% [24]. Likewise, the material’s stiffness increased whereas the elongation at break
decreased. In addition to the usual ways in which PLLA composites are prepared, pul-
truded fiber-reinforced polymers (FRP) could be explored to obtain a building material
from filler or fibers and biodegradable polymers. The pultrusion manufacturing process is
the most economical of all currently used methods and the benefits of FRP include high
strength-to-weight ratio, increased durability, resistance to corrosion, and environmental
effects, and ease of handling [28-30]. Furthermore, FRPs have been widely used in several
building structures and infrastructure domains due to their exceptional properties, includ-
ing flexibility, high strength, and chemical resistance [31-33]. For these reasons, pultruded
FRP would be an interesting way to develop new PLLA products.

Poly(ethylene) glycol (PEG), a biocompatible and flexible polymer, is an excellent
choice to modify the toughness of PLA [34]. Because the terminal hydroxyl groups in PEG
molecules can react with the carboxyl groups in PLA, PEG exhibits very good miscibility
with PLA [8]. Jacobsen and Fritz [35] observed that adding PEG to PLA reduced both
tensile strength and elastic modulus while increasing the elongation at the break. The
addition of 10 wt.% PEG increased the impact resistance by five times compared to the
neat PLA. However, it is essential to understand that PLA improvements via PEG addition
are limited. Sheth et al. [36] reported that PLA/PEG blends ranged from completely
miscible to moderately miscible depending on the PEG content. The compounds had
higher elongation at break and lower elastic modulus when the PEG content was less
than 50% by weight. However, beyond 50% PEG, the morphology of the samples was
altered as PEG crystallinity increased leading to higher modulus and a corresponding drop
in elongation at the break. Due to the chemical nature of PEG, the crystallinity of PLA
increases, whereas the cold crystallization temperature, glass transition temperature, and
melting temperature decrease, thus increasing the crystallization rate [15].

Another way to modify the PLA properties is by adding fillers. Biobased particles are
of interest for keeping the sustainable nature of the final compounds. Some drawbacks
have been found in using agricultural waste to fill materials. The thermal stability of
organic wastes such as grape stem, hemp hurd powder, hemp hurd chips, and alfalfa is
lower than inorganic ones. Thus, selecting the polymer matrix with appropriate processing
temperatures is mandatory to avoid the filler’s decomposition [37,38]. On the other hand,
inorganic fillers from waste, such as CaCOj3 from eggshells [39], SiO, from rice husk [40],
and biochar from food waste [41] have higher thermal stability, which increases the ther-
mal stability of the biocomposite. However, the tensile strength and elongation at break



J. Compos. Sci. 2023, 7, 150

30f25

decrease when a high amount of filler is added to the polymeric matrix due to particle
agglomeration. Despite these limitations, the use of agricultural waste fillers is a research
topic that continues to attract the attention of researchers due to its advantages: renewa-
bility, high specific resistance, low density, lightweight, and low environmental impact
during production [42,43]. One example of such agricultural filler is silica (5iO;) obtained
from rice husks which contain over 20% of SiO, [44]. After milling rice, rice husks are
often discarded, landfilled, or burned [45]. To solve this issue of a high amount of residue
generation, research incorporating rice husk silica as reinforcement for agricultural filler-
reinforced PLA composites has gained significant attention in the literature [14,40,46-51].
Prapruddivongs et al. [14] studied the biodegradation behavior of PLA. They crosslinked
PLA filled with precipitated SiO, (commercial SiO;) and SiO; from rice husk ash and
found that SiO, incorporation has a direct effect on the composites” stability. In particular,
introducing commercial SiO; in PLA and crosslinked PLA increased the degree and rate
of biodegradation. According to Opaprakasit et al. [50], PLA /silica composites can im-
prove gas permeability and selectivity. They also reported that the materials had a strong
potential to be used as biodegradable packaging films with tunable gas permeability. Fur-
thermore, the materials preserved their biodegradability because the silica particles were
generated from biobased resources. Similarly, Battegazzore et al. [48] observed that the
presence of extracted silica (5, 10, 20, and 30 wt.%) in PLA resulted in significant increases in
Young’s modulus (+32%) and a slight decrease in the oxygen permeability (—19%). Several
other studies reported the effect of silica on the mechanical properties, permeability to
water vapor and oxygen, as well as thermal degradation and flame retardant behavior
of PLA [27,40,52-54]. Aydin and Geyikgi [47] reported that PLA/PEG/SiO; films had
improved thermal stability (+23%) and water absorption capacity (+50%) with increasing
silica concentration. Although biobased silica from rice husk is known to act as a functional
filler in polymers by improving several properties, a comprehensive and comparative study
on the effect of rice husk silica in PLA with PEG addition has yet to be conducted. Thus,
the first part of this study investigates the effect of rice husk SiO, content on the properties
of PLLA/SiO, composites. Then, PLLA /SiO; /PEG composites are studied to determine
the effect of PEG on the final properties.

2. Materials and Methods
2.1. Materials

The rice husk was a residue of rice milling (Retsch, Haan, Germany), whereas the
PLLA (4043D), with 94% I-lactide and 6% d-lactide content. The properties of PLLA (4043D)
are shown in Table 1, was supplied by Ingeo Nature Works (Blair, NE, USA). The PEG
selected had a molecular weight (Mw) of 6000 g/mole and purchased from Merck Millipore
(Burlington, MA, USA). The properties of PEG 6000 are presented in Table 2. Hydrochloric
acid (37%) was obtained from Sigma-Aldrich (Burlington, MA, USA).

Table 1. Physical and mechanical properties of PLLA (4043D).

Property Value ASTM Method
Relative viscosity 4.0 D5225

Peak melt temperature 145-160 °C D3418

Glass transition temperature 55-60 °C D3418

Tensile yield strength 8700 (60) psi (MPa) D882

Tensile strength at break 7700 (53) psi (MPa) D882

Tensile modulus 524,000 (3.6) psi (MPa) D882

Tensile elongation 6% D882
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Table 2. Physical and chemical properties of PEG 6000 g/mol.

Property Value

Density 1.2 g/cm3 at 20 °C
Peak melt temperature 145-160 °C
Melting range 59-64 °C
Hydroxyl value 16-23

Average molecular mass 5000-7000 g/mol

2.1.1. 5iO, Preparation

The rice husk was first ground with an industrial mill (Retsch, Haan, Germany) and
then washed with a solution of HCI 1 M for 2 h before being washed with distilled water
up to 10 times until the solution pH was neutral. Then, the rice husk was placed overnight
in an oven at 60 °C for drying. Finally, the material was left at 600 °C for 7 h to obtain
amorphous SiO;. The process for obtaining SiO, from rice husk was based on previous
work [44,47,48]; typical properties of the silica obtained are described in Table 3.

Table 3. Characteristics of SiO; extracted from rice husk.

Property Value

Average particle size 10-40 pm
Content of carbon (C) 21.25% of mass
Content of oxygen (O) 45.41% of mass
Content of silicon (Si) 33.34% of mass

2.1.2. Composites Preparation

Grounded PLLA and SiO, were pre-dried for 2 h at 60 °C to remove the residual
moisture content. Mixing of PLLA, PEG, and SiO; was performed manually (dry-blending
of the powders) at different concentrations before being melt-blended in a co-rotating
twin-screw extruder (Leistritz ZSE-27, Niirnberg, Germany) with an L/D ratio of 40 and
10 heating zones (die diameter of 2.7 mm). The total flow rate was 0.5 kg/h and the screw
speed was fixed at 70 rpm. Because PLLA exhibits its maximum melting temperature
between 175 and 180 °C [55], the temperature profile imposed was 175 °C for the first zone
(feed), 190 °C for the second to the eighth zone, 170 °C for the ninth zone, and 150 °C for
the tenth zone (die) to limit degradation. At tap water temperature (10-15 °C), PLA is in
a solid state below its T, which is between 55 and 60 °C [56]. Therefore, tap water was
used for the water bath to promote an eco-friendly process without any modifications. In
contrast, higher temperatures near T¢ will affect the composites’ final properties, increasing
the material’s brittleness and stiffness [57,58]. Then, the filament was pelletized using
a model 304 pelletizer (Conair, CA, USA) to be finally dried at 60 °C for 2 h to remove
any remaining water. All the compositions investigated are presented in Table 4. The
elaboration process of the composites was designed based on previous work [15,40,49,59]
and prevents material degradation processes.

Table 4. Formulations for the composites.

Samples PLLA (wt.%) Si0; (wt.%) PEG (wt.%)
PLLA 100 - -
PLLA/SiO; (95/5) 95 5 -
PLLA/SiO; (90/10) 90 10 -
PLLA/SiO; (85/15) 85 15 -
PLLA/SiO,/PEG (90/10/3) 90 10 3
PLLA/SiO,/PEG (90/10/5) 90 10 5
PLLA/SiO, /PEG (90/10/8) 90 10 8
PLLA/SiO,/PEG (90/10/10) 90 10 10
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2.2. Methods
2.2.1. Morphology

An Inspect F50 scanning electron microscope (SEM) (FEI, Hillsboro, OR, USA) was
used at 10 kV to take images of the SiO, particle. After cryogenic fracture, a lower voltage
(2-5 kV) was used to take micrographs of the PLLA and PLLA composite cross-sections.
The samples were cut with a sharp knife in both the flow (F) and transverse (T) directions
to provide a thorough 3D characterization of the deformed cellular structure caused by the
cryogenic rupture. In addition, a thin Au/Pd coating was applied on the exposed surfaces.
Energy dispersive spectroscopy (EDS) was also used to study the SiO, composition and to
identify contaminants. The system used was an Edax Ametek Model Octane Super-A.

2.2.2. Differential Scanning Calorimetry

A DSC-8 Perkin Elmer (Waltham, MA, USA) differential scanning calorimeter con-
nected to a cooling system calibrated with pure indium and tin standards was used with
the Pyris software. Samples of about 5 mg, sealed in aluminum pans, were used. All the
experiments were performed under an Ny atmosphere with a flow rate of 20 mL/min.
For the non-isothermal cold crystallization determination, the samples were melted at
200 °C. The thermal history of the samples was erased by holding the temperature for 3 min
before being cooled down from the melting state to 0 °C at a rate of 10 °C/min. Finally, the
samples were heated back to 200 °C at 10 °C/ min. The degree of crystallinity (X.) was

calculated as: AH AH )
Xe(%) = [ — 22— ) [ = }(100% 1
() = (B ) (L) (100% <>

where AH,; is the experimental heat of fusion (J/g), AHY, is the theoretical heat of fusion of
the 100% crystalline PLLA (93 J/g) [60], and w is the weight fraction (wt/wt) of PLLA in
the composites.

2.2.3. Equilibrium Melting Temperature Determination

The Hoffman-Weeks (HW) method involves the extrapolation of a linear regression of
experimentally observed melting temperatures (T,,) for various crystallization tempera-
tures (T.) to the equilibrium line (T, = T;). After isothermal crystallization, the samples
were heated to 200 °C, and the equilibrium melting temperature (T9,) was calculated by
extrapolating the first fusion peak to the intersection of T, = Tk.

2.2.4. Isothermal Crystallization

After erasing the thermal history for 3 min at 200 °C, samples of about 5 mg were
rapidly cooled down from the melting state to 0 °C (about 80 °C/min) to prevent crys-
tallization during cooling. The samples were then heated to the selected crystallization
temperature. The exothermic crystallization was recorded as a function of time until equi-
librium was achieved (about three times the half-crystallization duration). The samples
were then heated at a rate of 20 °C/min to record the melting behavior of the isothermally
crystallized composite. Preliminary tests were performed to identify the appropriate crys-
tallization temperatures (T;). The samples were rapidly cooled down from the melting
point (about 80 °C/min) to a predetermined T, and then heated at 20 °C/min to determine
whether any melting could be observed. Then, a test with a more precise T, was carried
out until no crystallization occurred during the previous cooling. A T, temperature range
including at least six different temperatures was used [61].

2.2.5. Thermogravimetric Analysis

The weight curves (TGA) were recorded using a TA Instruments (New Castle, DE,
USA) model Q5000IR from 30 to 600 °C at a heating rate of 10 °C/min under a nitrogen
atmosphere (25 mL/min).
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2.2.6. Melt Rheology

An ARES (TA Instruments, New Castle, DE, USA) rotational rheometer with 25 mm
discs and a 3 mm gap was used to characterize the viscoelastic properties in the melt state.
All experiments were carried out at 190 °C under a nitrogen atmosphere. After performing
dynamic strain sweeps to determine the limits of the linear viscoelastic range, frequency
sweeps were performed at a strain of 7%. The data obtained analyzed the elastic modulus,
loss modulus, complex viscosity, and damping factor (tan (4)) to quantify the rheological
properties in the melt state.

2.2.7. Tensile Test

Tensile tests were performed at room temperature using an Instron 5565 universal ma-
chine and Blue Hill software following ASTM D882. Rectangular samples (length = 10 cm,
width = 0.5 cm) were cut and examined at 2 mm/min. The average values of the mechan-
ical properties with the corresponding standard deviation have been measured for five
specimens. Tensile modulus, tensile strength, and elongation at break were the outcomes
of the test.

2.2.8. X-ray Diffraction Analysis

An X-ray diffractometer Rigaku with D/tex ultra 2 detectors was used to obtain the
patterns. The measurement conditions were 30 kV and 20 mA for the X-ray generator in a
sealed tube with a Cu Ka » radiation source. For collecting the data, the angular region
selected was 20 = 5-90° with a step size of 0.005°. The crystallization degree was calculated
using the Match! Program. Before carrying out the measurements, the samples were placed
in holders and then heated for one hour at 80 °C in a vacuum oven.

2.2.9. Gas Permeation Measurements

The membranes were tested for pure gases (N2, Oy, CO,, and CHy). The pure gas trans-
port properties were measured using a variable pressure (constant volume) method [62]. For
pure gases, the permeability coefficient P (cm® (STP) cm/cm? s cmHg) was calculated as:

2414V [ dp 2
" A RTApdt

where A is the membrane area (cm?); I is the membrane thickness (cm); Ap is the up-
stream pressure (psi); V is the downstream volume (cm?); R is the universal gas constant
(6236.56 cm? cmHg/mol K); T is the absolute temperature (K) and dp/dt is the permeation
rate (psi/s). The permeabilities are reported with units of Barrer (10719 cm? (STP) cm/(cm?
s cmHg)). All the permeation measurements were performed at the same temperature (°C)
and feed pressure (40 psi).

3. Results
3.1. Morphology

The extraction of SiO; from the rice husk is a fundamental part of our study, which is
why studying the purity of the silica obtained is important. Figure 1 shows that the EDS
spectrum contains peaks corresponding to silicon and oxygen, indicating that the particles
obtained are mostly silica.

The analysis of the interaction between the polymeric matrix and the filler, as well
as the miscibility of PEG in the PLA matrix, is important because the PLA’s physical,
mechanical, and barrier properties are affected by its morphology [63]. Figure 2a presents
the amorphous SiO; particles extracted from rice husks with particle sizes (diameter) dis-
tribution from 10 to 40 micrometers. Figure 2b shows that neat PLLA has a homogenous
surface with surface fractures highlighting the material’s fragility [64]. For the composites,
Figure 2c—e shows that the SiO, particles are uniformly distributed without interfacial
decohesion, indicating that good mixing conditions were used and that strong interac-
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tions between both materials were obtained since no voids/defects can be seen. Finally,
Figure 2f—i present micrographs of the composites with PEG. Compared to PLLA /SiO,
composites, the PLLA /SiO, /PEG samples exhibit a much smoother surface (less brittle)
and a better silica particle distribution. Because both PLLA and PEG contain significant
amounts of hydroxyl groups, they are expected to be compatible between themselves and
with the polar SiO; particles leading to homogeneous samples as presented here [65].

| 920K oK
‘ 828
‘ 736
843
552
|
ok
‘ 368K
‘ 278k
18k
<K
Pl
09| b
‘ 5 PdLpg, m
el ) d
| 0% 10 200 300 400 500 60 700 100 900
Lec28l  BISKCes  170keV  Dét:ApolloX-S0D

Figure 1. EDS spectra of the SiO, particles showing the composition (purity) of the sample.

(d) PLLA/SiO, (90/10), (e) PLLA /SiO, (85/15), (f) PLLA /SiO, /PEG (90/10/3), (g) PLLA/SiO, /PEG
(90/10/5), (h) PLLA /SiO, /PEG (90/10/8), and (i) PLLA/SiO,/PEG (90/10/10).
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3.2. Differential Scanning Calorimetry
3.2.1. Non-Isothermal Crystallization

To determine the effect of SiO, particles on the order/spatial distribution of PLLA
chains was the main goal of their addition into PLLA. This is why the analysis is focused
on the crystallization process of these composites. The DSC thermograms for the first
heating and cooling of the composites are presented in the supplementary information
as Figure Sla,b, respectively. Figure Sla shows a slight decrease in the glass transition
temperature (T¢) and cold crystallization temperature (T,.) for composites with 5 and 10%
of silica due to the previous crystallization temperature. Furthermore, no change in the
melting temperature (T};) is observed since, for the first and second heating steps, the
value is close to 150 °C. Two melting peaks are observed, and changes in the peak melting
temperature are explained in the second heating analysis. On the other hand, Figure S1b
shows no crystallization peak; only a glass transition temperature of around 60 °C, as
expected for polyesters.

The second heating thermograms are presented in Figure 3. The cold crystallization
behavior is typical of aliphatic polyesters such as PLA. It reflects the material’s ability
to crystallize below the melting temperature [66]. Because crystallization occurs during
the heating scan, an increase in T for PLLA /SiO, (85/15) is related to more difficulty in
chain mobility hindering the PLLA crystallization [67]. Then, a melting process occurs as
determined by the presence of two melting peaks. The melt-recrystallization model states
that the exothermic peak occurs when the recrystallization rate exceeds the melting rate.

PLLA/SIO,/FEG (90/10/10) N \

PLLA/SiO,/PEG (90/10/8)

PLLA/SiO,/?EG (90/10/5) J’
—_J

PLLA/SiO,/PEG (90/10/3)

| pLLASIO, (85/15)

I PLLA/SIO, (90/10) L
_—/'/;_4\4
[ PLLA/SIO, (95/5) |
I

PLLA \
__4

4 60 80 100 120 140

Heat Flow, Endo Up (mW)

5SmW

160 180
Temperature (°C)

Figure 3. Thermogram of the second DSC heating step for PLLA, PLLA /SiO,, and PLLA /SiO, /PEG.

Silica, at high concentrations, makes recrystallization more challenging (less space
and more limitation), as confirmed by a single fusion peak for the highest silica con-
centration. In contrast, the endothermic peak occurs when the melting rate overcomes
recrystallization [4,68,69]. This lower temperature peak can also be related to the melting
of a’-crystals and their recrystallization into the « crystalline form [70].

In order to improve the silica dispersion in the PLLA matrix, different amounts of PEG
were added to evaluate the crystallization rate and the interaction with PLLA /SiO,. The
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value of Ty is an excellent indicator of the polymer structure and chain mobility [71]. As
shown in Figure 3, the Ty decreases with increasing PEG content compared to neat PLLA,
showing good miscibility between the polymeric matrix and the plasticizer [72]. The T,
and Tg both decrease with increasing PEG content since PLLA crystallizes more easily due
to increased chain mobility [71] and chain packing [73]. As a result, Table 5 shows that by
increasing the PEG content, the degree of crystallinity increases by 90% compared to neat
PLLA and by up to 40% compared with the composite having 10 wt.% silica.

Table 5. Enthalpy of fusion, glass transition, melting temperature, and degree of crystallinity from
the second heating step at 10 °C/min.

Sample Tee (°C) AH. (J/g) T (°O) Ty (°C) AH,, (J/g) Xc (%)
PLLA 118.0 —23.8 59.9 150.1/155.1 26.9 34
PLLA/SiO; (95/5) 118.7 —25.2 59.9 150.2/155.0 27.2 23
PLLA/SiO; (90/10) 116.1 —22.5 59.9 149.5/155.1 26.4 4.6
PLLA/SiO; (85/15) 125.2 —17.6 61.8 153.8 21.3 47
PLLA/SiO, /PEG (90/10/3) 115.0 —23.3 58.8 149.1/155.2 252 2.3
PLLA/SiO,/PEG (90/10/5) 109.5 —24.6 56.3 147.6/155.5 27.6 3.8
PLLA/SiO,/PEG (90/10/8) 101.8 —23.2 51.2 144.3/153.8 28.2 6.4
PLLA/SiO,/PEG (90/10/10)  99.8 —23.3 49.6 143.8/153.7 28.2 6.5

3.2.2. Isothermal Crystallization
Equilibrium Melting Temperature Determination

Figure 4a presents a typical example of DSC heating scans for PLLA /SiO, (90/10).
For the different isothermal crystallization temperatures used, two melting peaks were
identified. TY, is often calculated by linearly extrapolating the Ty, vs. T; plot to the line
T, = T¢, as stated by linear Hoffman-Weeks (HW) extrapolation shown in Figure 4b. The
values of the TY, obtained for all samples are reported in Table 6. The reference T9, is taken
from the literature as 207 and 206 °C [74-76]. Different trends in T, are observed: for the
composites with silica alone, the value decreases from 180 to 175 °C at 10 wt.%, whereas it
increases to 184 °C at 15 wt.%. It is known that Ty and T9, are the main factors influencing
the crystallization rate of a polymer [8]. Because of the high silica concentration added, T,
increases. As a result, nucleation is favored. Even if these TY, values are lower than those
reported in the literature, the thickening ratio (7y) exhibits a typical value between 2 and 3
by linear HW extrapolation [77]. It can be concluded that the linear HW extrapolation is
valid to determine the TY, of our PLLA composites. Furthermore, T, for the composites
containing silica and PEG increase with PEG content: from 169 to 215 °C. This increase in
TY, is expected since, as reported in Table 5, the presence of PEG improves the crystallization
rate by increasing the crystallization’s driving force; i.e., chain mobility [8]. For the values
of 7, no variation is observed in the composites containing silica. However, a decreasing
trend is observed with PEG, implying that lower lamellar thickness is needed to activate
secondary surface nucleation and growth.

Table 6. Variation of T), with SiO, and PEG content, as determined by the Hoffman-Weeks extrapo-
lation procedure.

Samples 9, (O 7 ()
PLLA 180 24
PLLA/SiO, (95/5) 180 2.4
PLLA/SiO, (90/10) 175 26
PLLA/SiO, (85/15) 184 24
PLLA/SiO,/PEG (90/10/3) 169 3.2
PLLA/SiO,/PEG (90/10/5) 198 19
PLLA/SiO,/PEG (90/10/8) 199 1.9

PLLA/SiO, /PEG (90/10/10) 215 17
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Figure 4. (a) DSC heating scans after isothermal crystallization at the indicated temperatures for the
PLLA/SiO; (90/10) composite. (b) Hoffman—Weeks plot for the same composite.

Isothermal Crystallization Kinetics

Figure 5 presents the experimental data for the overall crystallization rate of PLLA
composites as a function of isothermal crystallization temperature T.. The T, required for
crystallization slightly increases with SiO, content, implying that supercooling decreases
due to the filler content inhibiting the PLLA chain motion, and increasing the energy barrier
for spherulite development [78]. In contrast, lower T, is required for the crystallization
of PLLA /SiO,/PEG composites, implying an increase in supercooling. This behavior is
related to the results presented in Figures 3 and 4, where PEG has high miscibility in
PLLA, increasing the mobility of PLLA chains and crystallization rate. The result is an
overall decrease in the crystallization rate. Furthermore, the values of half-crystallization
time increase as the crystallization temperature decreases. This behavior is related to the
proximity of the crystallization temperatures used since it is known that crystallization is
slower near Ty and Ty,.

0.7 T T T T T T
0.6 g
05k 1 —=—rLLA
= —e— PLLA/SIO, (95-5)
N —A— PLLA/SIO, (90-10)
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—»— PLLA/SiO,/PEG (90-10-8)
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Figure 5. Values of 1/71 2.y as a function of the isothermal crystallization temperature (T¢).
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Figure 6 presents the values of half-crystallization time as a function of 5iO, and PEG
content. Due to low chain mobility [63], the inverse of half-crystallization time decreases
as SiO, content increases. On the other hand, increasing the PEG content increases the
PLLA chain mobility leading to higher half-crystallization times at lower crystallization
temperatures.
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Figure 6. Values of 1/71 5.y at 95 °C for PLLA/SiO; and 88 °C for PLLA/SiO, /PEG.

Avrami’s theory is often used to model isothermal crystallization kinetics using overall
crystallization rate data. In this work, we followed the experimental protocols and analyses
established by Lorenzo et al. [61,79]. The Avrami equation can be written as:

1—Vo(t) = exp(—kt") ©)]

where V, is the relative volumetric transformed fraction (mg/mg), n is the Avrami index
(-), and k is the overall crystallization rate constant (min~") containing contributions
from nucleation and growth [61,80]. Parameters # and k can be obtained from the slope
and intercept of the Avrami plot of log[—In(1 — X;)] vs. log(t). Table S1 presents the
results obtained from the Avrami fit. Figures S2 and S3 show that the Avrami model fits
well with the experimental data up to 50% conversion. Figure S4 compares the Avrami-
derived DSC curve with the experimental data where proper fitting is observed within
the primary crystallization region. The values of k follow a trend similar to the one seen
in Figure 5. The higher values of the isothermal crystallization parameter k reported in
Table S1 confirm the increase in chain mobility related to PEG addition to PLLA /SiO,
composites. The Avrami predicted values of half-crystallization time are very similar to
the experimental values in most cases, as expected from the trends shown in Figure S2.
Figure 7 presents the values of n as a function of the isothermal crystallization temperatures.
These values are associated with the nucleation type during the experiment [61]. Changes
in n indicate that conditions, such as the presence of a plasticizer and crystallization
temperatures, strongly influence the crystallization mechanism of PLLA. Values in the range
of 34 were obtained for PLLA /SiO, composites indicating that mainly heterogeneous
nucleation with three-dimensional sporadic crystal growth was favored in the presence
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of a filler [66] at higher crystallization temperatures (from 91 °C). In contrast, values close
to 3 for PLLA /SiO, /PEG composites indicate that a specific PEG concentration favored
three-dimensional instantaneous crystal growth at lower temperatures (from 78 °C) as PEG
interacts with PLLA chains increasing their mobility [81].
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Figure 7. Avrami index (n) as a function of isothermal crystallization temperature (T;).

The Lauritzen-Hoffman (LH) theory has been a popular technique for studying crystal
growth. It is possible to analyze the observed isothermal crystallization data regarding
secondary nucleation or the LH theory of polymer crystal development [4,68,74,82-84].
The growing face goes through two distinct but connected processes during polymer
crystallization. In one, secondary nuclei are deposited on the growth face, whereas in the
other, growth continues along the face at the locations where the secondary nuclei are
created [80]. Although the actual size of the nucleus is significant in theoretical research, it is
challenging to determine it physically because of the experiments’ limited spatial resolution.
Therefore, LH theory is a powerful tool for theoretically investigating the characteristics of
secondary nucleation.

Hoffman evaluated experimental data on spherulite growth rate using the secondary
nucleation theory. This led to the HL equation given by [83]:

G = Gpex _oou ex K @)
= VP R(T, — T )P\ TLATY
where AT is the degree of supercooling defined by TY, — T, TY, is 480 K [75,76], f is a

factor (K/K) expressed as <T02£CTC ) , U* is the activation energy for segment diffusion to
the crystallization site (1500 cal/mol = 6276 J/mol) in order to compare the results with
the literature, R is the gas constant (8.314 ] /(mol K)), Tw is the hypothetical temperature
expressed as (T¢ — 30 K), whereas Gy is the front factor [(J/mol)/(J/mol)] and Ky is the

nucleation constant (K?) defined as:

[ Zbyoo TS,
Ke = ( Altkp ©)

where ¢ is the lateral surface free energy (J]/m?), o, is the fold surface energy (J/m?),
b is the crystal layer thickness (m), Ak is the volumetric heat of fusion (J/ m?3), and
kp is the Boltzmann constant (1.380649 x 10-2% J/K) [80]. In general, the value of Z
depends on the crystallization regime and equals to 4 for regimes I (high temperatures)
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and III (low temperatures), whereas a value of 2 must be used for regime II (intermediate
temperatures) [82]. In this work, the crystallization rate was associated with 1/7y )
leading to Z = 4 for the crystallization regime. All the numerical results are reported in
Table 7.

Table 7. Kinetics parameters for PLLA and the composites obtained by the HL model (Equation (4)).

Sample K, 1078 o 1073 (J*/m*) q (kJ/mol) Regime
PLLA 9.67 96.9 36.0 I
PLLA/SiO, (95/5) 8.36 83.8 31.1 1
PLLA/SiO; (90/10) 5.75 57.7 21.4 1
PLLA/SiO; (85/15) 8.03 80.5 299 III
PLLA/SiO,/PEG (90/10/3) 5.18 51.9 19.2 1T
PLLA/SiO,/PEG (90/10/5) 6.17 61.9 23.0 1
PLLA/SiO, /PEG (90/10/8) 4.54 45.5 16.9 III
PLLA/SiO, /PEG (90/10/10) 5.18 51.9 19.2 1T

For neat PLLA, the value of ¢, is 97 x 1072 J/m? which is in the range of values
reported in the literature: 43.5 x 1073 J/m? [84] to 107 x 1073 J/m? [76,85]. It has been
shown that the value of ¢, is affected by the molecular weight of PLLA [76], as well as
the cooling or heating rate of the isothermal crystallization temperature [84,85]. For the
composite containing 15 wt.% silica, the value of o, increases indicating that excessive
silica addition decreases crystallization due to the impeding effect of a high amount of
rigid particles [84]. In contrast, the values of ¢, substantially decrease with PEG content,
indicating that PEG acts as a plasticizer improving the nucleation and mobility of PLLA
chains [78], leading to lower lamellar thickness [80].

From the values obtained for chain folding (4) (kJ/mol) and o, a clear decreasing
trend can be seen. These results suggest that the presence of PEG lowered the work
required for PLLA chains to fold into crystals. PEG improved the PLLA chain mobility and
accelerated crystallization by lowering the energy required for the chain folding process
during crystallization [81,86]. However, a slight increase in q for the composites with 8
and 10 wt.% was observed. This behavior might be linked to some PEG molecules being
trapped in the intraspherulitic region of PLLA, inhibiting PLLA crystallization [87].

In the HL secondary nucleation theory (Equation (4)), polymers crystallize in three
distinct regimes [83]. Figures S5 and S6 show that T, is between 78 and 107 °C, indicating
that crystallization occurs in regime III. Regime III involves thin lamellar crystals developed
under high undercooling and characterized by irregular surfaces. As a result, the rate is
fast at low temperatures (high undercooling), and a high number of smaller nuclei are
generated [88].

3.3. Thermal Stability

Thermogravimetric analysis (TGA) of PLLA, PLLA/SiO,, and PLLA/SiO, /PEG was
used to study their thermal stability and relationship with crystallinity. Figure 8a depicts the
weight curve and its derivative (DTA) in Figure 8b as a function of temperature. Figure 8a
shows that the incorporation of SiO, increased the onset and endset temperature of the
composites. Silica particles act as barriers to impede the diffusion of volatile components
increasing the thermal stability [47].

On the other hand, PEG allows the chain segments to move quickly and improves the
flexibility of PLLA [47,89]. Increasing the PEG content also lowers the PLLA degradation
temperature because PEG has a lower thermal degradation temperature than PLLA. This
behavior is more visible for composites having higher PEG content (8 and 10 wt.%), as pre-
sented in Table 8 Since silica does not show any thermal degradation up to 600 °C, the total
weight lost is proportional to the amount of polymer in the composite (excluding silica).
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Figure 8. Thermogravimetric analysis of PLLA, PEG, PLLA/SiO,, and PLLA/SiO, /PEG: (a) weight
curves (TGA) and (b) their derivatives (DTA).

Table 8. TGA results of PLLA, PLLA/SiO,, and PLLA/SiO, /PEG (10 °C/min in Ny).

Sample Tonset (°C) Tendset (0 Tdegrudation (°C) ;E.Z;al Loss
PLLA 9.67 96.9 36.0 98.8
PLLA/SiO; (95/5) 8.36 83.8 31.1 94.7
PLLA/SiO; (90/10) 5.75 57.7 21.4 91.7
PLLA/SiO; (85/15) 8.03 80.5 299 91.2
PLLA/SiO,/PEG (90/10/3) 5.18 51.9 19.2 90.8
PLLA/SiO,/PEG (90/10/5) 6.17 61.9 23.0 91.1
PLLA/SiO,/PEG (90/10/8) 4.54 455 16.9 90.3
PLLA/SiO,/PEG (90/10/10) 5.18 51.9 19.2 89.3

Using the Friedman method, the calculated results of kinetic parameters for the
thermal degradation of all composites are given in Table 9. The values were obtained by
plotting In(da/dt) as a function of (1/T) with the slope being (E,/R). The order of the
reaction (n) for PLLA is 1.3, whereas E, is 201.6 kJ/mol, which is higher than the one
found in the literature of 161 kJ/mol [68,90]. The difference can be explained as follows.
Friedman’s method is well known for being very sensitive to experimental noise and
numerically unstable due to the use of instantaneous rate values [91]. However, E, for the
composites increases with SiO, content resulting in substantially higher thermal stability.
Furthermore, PEG composites have lower E, values, indicating lower thermal stability as
observed from the TGA results (Figure 8 and Table 9).

Table 9. Kinetic parameters (TGA) of PLLA, PLLA/SiO,, and PLLA /SiO, /PEG (10 °C/min).

Sample E, (kJ/mol) n Ln(A) R?
PLLA 201.6 1.3 39.18 0.992
PLLA/SiO; (95/5) 2122 1.7 41.02 0.993
PLLA /SiO; (90/10) 247.9 1.1 47.83 0.995
PLLA/SiO; (85/15) 218.7 1.3 4235 0.990
PLLA/SiO,/PEG (90/10/3) 241.4 1.2 46.56 0.992
PLLA/SiO,/PEG (90/10/5) 227.8 1.2 44.07 0.994
PLLA /SiO,/PEG (90/10/8) 214.7 1.0 41.76 0.993

PLLA/SiO,/PEG (90/10/10) 156.4 0.9 30.68 0.994
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3.4. Melt Rheology

The rheological properties are important because adding solid particles to a polymer
can change its viscoelastic behavior [92]. Figure 9 presents the rheological properties of
PLLA and the composites at their processing temperature (190 °C). Figure 9a shows that
the complex viscosity (1*) decreases with angular frequency, which is a typical shear-
thinning behavior for most thermoplastics in the melting state. However, 17" increases
with increasing silica content which can be associated with the flow line disruption and
restriction of polymer chain mobility by the presence of rigid particles [92]. As a result,
the storage modulus (G’) and loss modulus (G”) increase progressively with increasing
frequency and filler content in agreement with linear viscoelasticity theory [93]. Figure 9d
shows that PLLA /SiO, have higher damping factors (tan J) than the neat PLLA because
of restricted chain mobility, especially at lower frequencies. Finally, increasing the PEG
concentration significantly decreased the viscosity [94]. The PEG molecules, acting as a
plasticizer, produced some disentanglement and improved the segmental mobility of PLLA
chains [87]. Consequently, the 7*, G/, and G” trends indicate that the materials became
more viscous than elastic [95]. The (tan §) curves seem to be shifted to higher frequencies
indicating a faster melt response (lower characteristic times).
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Figure 9. Rheological properties as a function of frequency: (a) complex viscosity, (b) storage modulus,
(c) loss modulus, and (d) damping factor (tan J) for PLLA, PLLA/SiO,, and PLLA/SiO,/PEG
(190 °C).

3.5. Tensile Properties

The tensile properties of all the samples are presented in Figure 10. The incorporation
of S5iO, in PLLA significantly decreases the tensile strength and elongation at the break
of the composites with increasing silica content. Since there is no chemical bonding
between the PLLA and SiO, particles, the composites’ integrity depends only on physical
interactions between the filler and the matrix. Limited interfacial stress transfer is expected,
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leading to lower tensile strength [96]. Nevertheless, Young’s modulus increased by 26%
for 10 wt.% SiO; due to the reinforcing effect of rigid particles [97,98], but did not further
improve at high content due to possible particle-particle contact (defects). Previous works
showed that these defects occurred at higher particle concentrations due to particle size
and agglomeration effects within the polymer matrix. Smaller particles have a larger
total surface area for a given particle content, implying that the rupture tension increases
as the surface area of the packed particles grows due to a more efficient stress transfer
mechanism [99-102]. In this work, amorphous SiO, particles with an average size of
10-40 pm were used, hindering an effective stress transfer and decreasing Young’s modulus,
as discussed above. In addition, several investigations showed that decreasing elastic
modulus is related to the cooling rate: the degree of crystallinity increases when the
polymer is slowly cooled down [103-105].
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Figure 10. Mechanical properties (elastic modulus, tensile strength, and elongation at break) of:
(a) PLLA/SiO; and (b) PLLA /SiO, /PEG composites.

In order to compensate for the brittleness introduced by SiO, addition, PEG was added
as a plasticizer. As an effective PLLA plasticizer, PEG promotes PLLA segment mobility and
elongation [106]. Figure 10b shows that increasing the PEG content into PLLA /SiO, (90/10)
decreases Young’s modulus while increasing the elongation at break. These results confirm
the plasticizing effect of PEG, increasing the homogeneous dispersion of SiO, in the matrix
(Figure 2). Nevertheless, the composites have better elasticity /ductility (lower stiffness) [17].
As reported in Figure 3 and Table 2, the crystallinity increases with PEG content which
might also contribute to a final balance between rigidity and deformation. Plasticizers
also reduce the T, (Figure 3 and Table 2) allowing more intramolecular interactions and
mobility between the polymer and plasticizer molecules [13].

The fracture surfaces of the tensile specimens were investigated by SEM, where
significant differences can be seen compared to Figure 2. Figure 11a does not show any
necking because it is rigid and produces a brittle failure (PLLA) [72]. Figure 11b—d shows a
poor distribution of SiO, and a similar brittle failure suggesting that the matrix and filler
do not interact. In these samples, the presence of the neck is not observed, but the break
is similar to that of neat PLLA. This trend also explains why most mechanical properties
decreased with increasing SiO; concentration. Nevertheless, adding a plasticizer (PEG) to
the PLLA matrix improved the filler—matrix interaction. PEG promotes SiO, dispersion in
PLLA because it acts as a lubricant for the PLLA chains (Figure 11e-h). In the composites
with PEG, the formation of a neck was present for the samples with high PEG content
(above 8%). Furthermore, the number of fibrils and their contact with SiO, increased at
higher PEG concentrations, improving matrix—particle interactions. As a result, the thermal
(Table 5) and mechanical (Figure 10) properties were improved.
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Figure 11. SEM micrograph of the tensile test rupture surface of: (a) neat PLLA, (b) PLLA/SiO, (95/5),
(¢) PLLA/SiO, (90/10), (d) PLLA/SiO; (85/15), (e) PLLA/SiO, /PEG (90/10/3), (f) PLLA/SiO, /PEG
(90/10/5), (g) PLLA/SiO, /PEG (90/10/8), (h) PLLA/SiO, /PEG (90/10/10).

3.6. X-ray Diffraction Analysis

X-ray diffraction patterns were carried out to determine the crystal structures in the
PLLA composites. The samples were thermally treated to enhance their crystallinity content
and to provide more accurate XRD patterns for the relevant analyses. Figure 12 presents
the XRD patterns of all composites, which contain four distinctive diffraction peaks. These
peaks are characteristic of the a-crystalline phase of PLLA. For PLLA /SiO, composites,
there is no significant change in the shape and position of these peaks. In contrast, when
3 wt.% PEG was incorporated, the diffraction peaks became shape-formed and shifted to
higher 20 positions. The peak at 20 = 16.3° represents the a’-crystalline phase with lower
packing density due to incomplete crystallization [107]. The intensity of this peak at 10 wt.%
PEG increased and was shifted to 26= 16.6°. In addition, three more peaks appeared and
were shifted to higher positions: at 260 = 14.7, 18.7, and 22.1°, corresponding to the lattice
planes (200)/(100), (203), and (015), respectively. Table 10 reports the crystallinity degree
determined using XRD patterns to compare with DSC results. XRD values are found to
be much higher than for DSC because of their different thermal treatment (history). It is
also observed that increasing the PEG content leads to higher crystallinity. As a result, it
is concluded that PEG efficiently promotes the mobility of PLLA chains, even when SiO,
particles are present.
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Figure 12. XRD patterns of PLLA, PLLA/SiO,, and PLLA/SiO, /PEG.

Table 10. Crystallinity (Xc) of PLLA, PLLA/SiO;, and PLLA/SiO, /PEG obtained from XRD patterns
and DSC.

Sample XRD (Xc%) DSC (Xc%)
PLLA 33.5 34
PLLA/SiO; (95/5) 30.9 2.3
PLLA/SiO; (90/10) 30.9 4.6
PLLA/SiO; (85/15) 29.4 47
PLLA/SiO,/PEG (90/10/3) 30.9 2.3
PLLA/SiO,/PEG (90/10/5) 31.0 3.8
PLLA/SiO, /PEG (90/10/8) 33.6 6.4
PLLA/SiO,/PEG (90/10/10) 30.6 6.5

3.7. Gas Permeation Measurements

One of the reasons for conducting this research was industrial interest in polymeric
gas-separating membranes [108]. The use of fillers to improve the gas permeability of PLLA
has been well documented [103,109,110]. In our study, the effect of silica on the permeability
of PLLA and its composites was investigated, and Table 11 presents the results obtained
by the variable pressure method at 35 °C and 40 psi. In general, the composites’ gas
permeability (O,, Np, CO,, and CHy) decreases as crystallinity increases, which is related to
the lower amount of amorphous zones in the polymer. There is also less free volume [110].
PLLA/SiO2 with 15 wt.% had improved barrier properties decreasing the permeability
for Oy (—30%) and CO; (—33%), whereas for 10 wt.%, an increase in permeability was
observed for Hy (+81%) and CHy (+25%). This trend can be explained by some micropores
and defects being sealed by SiO,, showing a selective character for those gases. There are
also possible interactions between the different gases and the polymer particles. According
to the values obtained for selectivity, higher values were achieved with 10 wt.% of silica.
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However, these values can be improved by changing some parameters, such as temperature
and/or pressure [103].

Table 11. Permeability of Oy, CO,, Hp, and CHy in PLLA, PLLA/SiO,, and PLLA/SiO, /PEG.

Permeability (cm® em em ™2 s~1 emHg™1) Selectivity (-)
Sample 02 COZ Hz CH4 H2/02 CH4/C02 Hz/COz Hz/CH4
PLLA 9.36 7.49 5.56 6.53 1.68 1.15 1.35 1.17
PLLA/SiO; (95/5) 7.30 6.98 9.04 9.07 1.24 1.30 1.30 1.00
PLLA/SiO; (90/10) 6.34 6.73 10.1 8.17 1.59 1.21 1.50 1.24
PLLA/SiO; (85/15) 6.46 498 7.26 5.61 1.12 1.13 1.46 1.29
PLLA/SiO,/PEG (90/10/3) 445 4.69 5.84 5.60 1.31 1.19 1.25 1.04
PLLA/SiO,/PEG (90/10/5) 441 4.60 6.02 4.01 1.37 1.15 1.31 1.50
PLLA/SiO,/PEG (90/10/8) 4.80 498 6.10 6.11 1.27 1.23 1.22 1.00
PLLA/SiO,/PEG (90/10/10) 3.56 3.76 4.02 5.48 1.13 1.46 1.07 1.36

On the other hand, the results for PLLA /SiO;/PEG composites show a decrease in
permeability for all the gases compared with neat PLLA. The variation can be important:
up to 62% for O,. As reported in Figures 2 and 11, increasing the PEG content increased the
dispersion of SiO; particles into the polymeric matrix, leading to fewer defects. As a result,
a more difficult mass transfer of the molecules throughout the composites is produced,
and the gas molecules have more resistance to permeate the material [97]. Although the
permeability significantly decreases for all gases, there is still a difference between O, and
CO, in comparison with Hy and CHy4. These results indicate that different formulations
can be used depending on the final application.

Battegazzore et al. [48] observed that the presence of extracted silica (5, 10, 20, and
30 wt.%) in PLA resulted in significant increases in Young’s modulus (+32%) and a slight
decrease in the oxygen permeability (—19%). In this work, Young’s modulus increased
(+26%), whereas the permeability to oxygen decreased (—62%) creating films with selective
characteristics. In addition, an analysis with CO, (—50%), Hy (—27%), and CHy (—16%) gas
was performed. Aydin and Geyikgi [47] reported that PLA/PEG/SiO; films had improved
thermal stability (+23%) with increasing silica concentration. In this work, the thermal
stability was improved by 23%. A complete study of the properties of PLLA was carried out
and the isothermal analysis allowed us to explain the physical behavior of the composites
from the perspective of polymer crystallization. The rheological analysis also allowed us
to understand the viscoelastic behavior of this composite for its possible application to a
final product. In the same way, a study was also carried out on the crystalline structure
with XPS of the material to know the interactions between PLLA, PEG, and SiO;, obtaining
conclusive results related to its thermal properties.

4. Final Remarks and Future Works

Green and renewable resources are in more demand than ever. For example, blends
and composites made from poly(lactic) acid have found significant use in eco-friendly
packaging. Although these are gaining in popularity as alternatives to current petroleum-
based plastics, their extensive use is now constrained by their high cost and low level of
manufacture (more difficult processing) [111,112]. Due to its biodegradable nature, PLA
can be used to create loose-fill packaging, compost bags, food packaging, and disposable
dinnerware. Nevertheless, more than brittleness and other properties, such as low heat
stability, average gas barrier characteristics, and moderate solvent resistance, it must be
improved for food packaging applications [112,113]. Fibers or filler addition is one method
for enhancing PLA’s mechanical and thermal properties. Bio-composites are important for
several applications, as diverse renewable and non-renewable elements are used to create
bio-composites. This work investigated SiO, from rice husk as a filler for PLLA and PEG as
a plasticizer for its application in food packaging. The rice husk was selected because waste
can generate a circular economy. The market for PLLA /SiO, composites will continue
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to expand. Here are some relatively new areas we believe future research on PLA /silica
composites should concentrate on:

With several new applications in various disciplines, including the aerospace, energy,
and chemical industries, packaging is anticipated to be available shortly. However,
the dispersion of silica particles in the PLLA matrix should be improved.

Barrier properties are extremely important in food packaging. Future work should
investigate the permeability to water vapor, oxygen, and carbon dioxide to obtain
good candidates for bio-packaging.

Plasticizers are used to improve the mechanical properties of PLLA and obtain similar
properties to those of synthetic polymers. The improvement and development of new
components to obtain these properties will be a promising area of research.
Reduction in production costs for PLLA will be a trend that will continue to be
studied in future work since the production of this biopolymer will increase and
routes developed to reduce production costs.

5. Conclusions

PLLA/SiO; and PLLA /S5i0, /PEG composites were prepared using melt extrusion for

compounding and compression molding. A series of analyses were performed to relate
the performances of the composites depending on their composition and morphology. The
results of the current research work led to the following observations:

1.

Morphological analyses showed no agglomeration and good interaction between
the particles and the polymeric matrix. Due to the high miscibility between both
polymers and the high amount of hydroxyl groups present in SiO,, adding PEG to
the composite increased the SiO; distribution, leading to more homogeneous samples
and smoother surfaces after breakup.

Non-isothermal analysis showed that incorporating SiO, at higher concentrations
(10-15 wt.%) increased T¢ and T, hindering PLLA crystallization as confirmed by
XRD analysis. In contrast, the addition of PEG to the PLLA/SiO; (90/10) composite
showed lower Ty and T, mainly due to the plasticizing effect of PEG increasing
chain mobility.

The Avrami and Lauritzen—-Hoffman parameters confirmed that silica particles make
the crystallization of PLLA more difficult due to an impeding effect, especially at
higher concentrations, whereas for composites with PEG, lower energy is required for
the chain folding process.

The thermal stability of the composites with SiO, increased because of the presence of
highly stable particles (S5iO;) up to 23%.

Si0;, addition also increased the viscosity due to the disruption of the flow lines and
more restrictions on the polymer chains’ mobility. However, for PEG, the values of
(7*, G', and G”) decreased improving fluidity.

Incorporating 10 wt.% of SiO; to PLLA, the tensile modulus increase (26%), while
slightly decreasing (2.4%) the tensile strength. Nevertheless, composite with higher
PEG content (10 wt.%) exhibited the optimum elongation at break (26%) contributing
to a final balance between rigidity and deformation.

According to gas permeation measurements, PLLA with 5 and 10 wt.% SiO, exhibits
an improvement in the PLLA’s barrier properties for O, and CO,, while increasing
the permeability for H, and CHy4. Due to the saturation of SiO; and Si-O bonds on the
surface of the polymeric matrix combined with increased crystallinity. However, the
permeability for all gases decreased up to 62% for O, with increasing PEG content
since better SiO; particle distribution was obtained (fewer defects), reducing the free
volume and generating more resistance for the molecules to permeate (lower mass
transfer) through the composites.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcs7040150/s1, Figure S1: DSC thermograms of (a) first heating
and (b) cooling step for PLLA, PLLA/SiO, and PLLA/SiO, /PEG composites. Table S1: Avrami
fitting parameters (1, K, and ’l'tlh{,i
of TV/2 is given for comparison purposes. The conversion range used was the same in each case
(5-20%). Figure S2: Variation of 1 — V. (volumetric relative amorphous content) as a function of
log(t — tg). The lines represent fitting to the Avrami model (Equation (3)) with the parameters of
Table 6. The crystallization temperatures were 97, 100, and 107 °C for PLLA, PLLA/SiO; (95-5),
and PLLA/SiO, /PEG (90-10-3), respectively. Figure S3: Variation of the enthalpy of crystallization
(AH.) as a function of time (t) for PLLA, PLLA /SiO; (95-5), and PLLA /SiO, /PEG (90-10-3). Figure
S4: Experimental DSC isotherms and simulated DSC curves by the Avrami equation for PLLA,
PLLA/SiO; (95-5), and PLLA/SiO, /PEG (90-10-3). The crystallization temperatures were 97, 100,
and 107 °C for PLLA, PLLA/SiO; (95-5), and PLLA/SiO, /PEG (90-10-3), respectively. Figure S5:
Plots of In(1/t1,7) + U(*)/R(T¢ — Teo) as a function of (1/T.ATf) for PLLA, PLLA/SiO; (95-5),
PLLA/SiO, (90-10), and PLLA /SiO, (85-15). Figure S6: Plots of In(1/#15) + U(*)/R(T; — Teo) as a
function of (1/T.ATf) for PLLA/SiO, /PEG composites.
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