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Abstract. Polylactic acid (PLA) has shown two different crystalline structures, namely o and o' when cooled down from
the melt state. However, a-PLA has shown significant improvement in the barrier and mechanical properties of PLA. Al-
though the effect of some nucleating agents on phase transformation of the PLA has been determined in the past, this is the
first attempt, the effect of the starch nanocrystals on the formation of polymorphic crystal structure of PLA was evaluated.
In this framework, the effect of lactic acid grafted starch nanocrystals (SNCs-g-LA) concentrations on the phase transition,
and crystallization behavior of PLA/SNCs-g-LA nanocomposites at different isothermal crystallization temperatures (7¢)
were studied. The results indicate that SNCs-g-LA nanoparticles promote the degree of crystalline transition to yield the
highly crystalline ordered a-PLA. Further, the half-time crystallization (¢;,) of PLA composites was calculated by the Avrami
equation. The #;, of PLA was minimum by adding 5 wt% SNCs-g-L A nanoparticles, and it decreased from 10.4 to 3.9 min.
The growth rate of the spherulite morphology of PLA composites showed a significant improvement in the crystalline struc-
ture of PLA/SNCs-g-LA (5 wt%) nanocomposites as well.

Finally, small angle X-ray scatting (SAXS) analysis showed that the inclusion of 5 wt% grafted SNCs resulted in the incre-

ment of the long period (L) as well as crystal layer thickness (L¢).
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1. Introduction

The development of bio-based and biodegradable
polymers is an important step towards the replace-
ment of traditional synthetic plastic materials with
natural resources [1]. Among the different bio-based
polymers, poly(lactic acid) (PLA) has been a subject
of many previous investigations due to its commer-
cial availability and various applications in different
domains such as medical, food packaging film, and
automotive industry [1-5]. It has been shown that
PLA, polyhydroxyalkanoate (PHA), polybutylene
succinate (PBS), polybutylene adipate therephthalate
(PBAT), and others constitute over 55.5% of bioplas-
tic production globally [6]. PLA has high strength and
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good optical and physical properties compared to the
most common type of petroleum-based polymers,
such as polystyrene (PS) and polyethylene tereph-
thalate (PET) [7, 8]. PLA exhibits two different crys-
talline structures, namely o and o’ structures when
cooled from the melt state. The a structure of PLA
is a highly ordered crystalline structure compared to
the o' structure (slightly altered crystal structure) [9,
10]. This change in the conformational structure of
o’ and a structure can affect several physical prop-
erties such as gas permeability and mechanical prop-
erties [11, 12]. It was postulated the o structure in
PLA has lower water vapor and oxygen permeability
than o' structure due to the more packed crystalline
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structure, which is very important for food packag-
ing applications [11]. This compact arrangement also
affects the mechanical properties such as Young’s
modulus and the elongation at break [12]. However,
PLA has some shortcomings that do not fulfill all the
prerequisites of the food packaging industry. It has
been demonstrated that the slow crystallization rate
and low level of crystallinity of PLA decreased the
melting strength, which led to a failure in polymer
processing [11, 12]. Hence, many researchers are
working toward finding more efficient ways to en-
hance the PLA crystallization kinetics and increase
its degree of crystallinity. Two well-documented ap-
proaches to increase the crystallinity of PLA have
been reported; a) by manipulating the intrinsic char-
acteristics of PLA, such as the ratio between two
enantiomers (L- to D-lactide) [13] and molecular
weight [14] and b) by adding nucleating agents [15],
plasticizer [16] and/or both nucleating agents and
plasticizer together [17].

Adding nucleating agents is an effective way to create
more surface area and decrease the surface free ener-
gy barrier for nucleation. Therefore, they are applied
to accelerate the nucleation rate and the growth of
spherulites, which will result in a short processing
time [18-25]. In addition, the amount, size, and sur-
face crystalline morphology of nucleating agents can
determine not only the rate of crystallinity but also
the type, size, and morphology of spherulites of semi-
crystalline polymers [18-25]. The nucleating agents
are also used to control the crystalline conformation
of polymorphic polymers such as PLA [18-25]. Be-
sides, adding nucleating agents can improve other
properties such as thermal resistance, impact strength,
optical transparency, and barrier properties [18-25].
However, only a few nucleating agents have been de-
veloped for PLA to control crystalline conformation
and to enhance the kinetics of crystallization of PLA
at the same time, including; graphene nanosheet
(GNSs) [26], dibenzylidene-D-sorbitol (DBS) [27]
and uracil [28]. Xu et al. [26] demonstrated that the
presence of graphene nanosheet (GNSs) resulted in
more o structure in PLLA nanocomposite than
o structure [26]. They also showed that the phase
transition temperature of PLLA/GNSs shifted to a
higher temperature compared to neat PLLA [26]. Lai
et al. [27] investigated the effect of 1-4 wt% of diben-
zylidene-D-sorbitol (DBS) on the thermal and crys-
talline behavior of PLLA. They found that the ordered
and stable form (o structure) is favored in PLLA/DBS

nanocomposites, and phase transition temperature
shifted to a lower temperature as more DBS content
was added. Pan ef al. [28] reported that the addition
of uracil enhances the crystallization rate, and it also
controls the crystalline morphology of PHB copoly-
mers. Nevertheless, most of these chemicals are not
biocompatible, biodegradable, and non-toxic; there-
fore, their composition of them with PLA is not de-
sirable in the utilization of the final product.

Among different bio-based fillers, starch has attract-
ed widespread attention due to its availability, re-
newability, and being cheaper than most of the nu-
cleating agents tested [29]. It has been demonstrated
that the incorporation of starch in the PLA matrix
has several other secondary benefits, such as higher
mechanical strength, better mechanical behavior, and
lower gas permeability [29-31]. Jacobsen et al. [16]
studied the effect of dry starch on the non-isothermal
crystallization behavior of PLA. They reported that
the dry starch did not influence the crystallization of
PLA [16]. Nevertheless, Ke and Sun [32] showed
that dry starch could significantly increase the crys-
tallinity of PLLA, having 8% D-concentrations. They
demonstrated that the addition of dry starch to PLLA
reduces 7, from 13.6 to 3.2 min [32].

Starch nanocrystals (SNCs) are the crystalline phase
of starch granules that are mainly produced by acid
hydrolysis of the amorphous phase of starch grains
[33, 34]. SNCs have attracted many interests because
they are unique in their morphology, good mechan-
ical properties, and high reactivity [33, 34]. It has
been proposed that the introduction of modified
SNCs into the PLA matrix can affect the permeabil-
ity and mechanical properties of PLA more than
starch powder [35]. For example, the addition of
starch nanocrystal-graft-poly(e-caprolactone) (PCL-
2-SNCs) into PLA resulted in enhancement of elon-
gation at break and, at the same time lowering the
Young’s modulus [36]. However, only a few studies
have investigated the potential of SNCs as a nucle-
ating agent for PLA [37]. To the best of our knowl-
edge, there have been a few studies done on the ef-
fect of SNCs on the crystallization of PLA, however,
the role of SNCs-g-LA on the crystalline structures,
transcrystallization, and crystallization behavior of
PLA was not studied.

This work aims to determine the effect of SNCs-g-
LA on the kinetics of crystallization and the forma-
tion of polymorphic crystals of PLA. In this regard,
LA molecules are grafted onto the surfaces of SNCs
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through a simple esterification reaction. Then the ef-
fect of SNCs-g-LA concentrations [wt%] on the
crystallization behavior, including nucleation and
spherulitic growth rate of PLA, melting behavior,
and crystalline conformation of PLA were investi-
gated., The effect of SNCs-g-LA nanoparticles con-
tent on the crystalline structure and melting behavior
of PLA composites were investigated by wide angle
X-ray diffraction (WAXS) and differential scanning
calorimetry (DSC). Subsequently, the effect of dif-
ferent concentrations of SNCs-g-LA on the nucle-
ation and overall crystallization rate of PLA com-
posites were measured using DSC. Finally, the effect
of SNCs-g-LA nanocomposites on the morphology
and spherulite growth rate are examined by polarized
optical microscopy (POM).

2. Experimental sections

2.1. Materials

Semi-crystalline commercial-grade PLA (4032D)
pellets were supplied by Nature Works LLC (Min-
nesota, USA), and it has 2% of D-lactide content.
The average molecular weight (M,,) and polydisper-
sity index (My/M,) of PLA pellets were about
109 kg/mol and 1.57, respectively. In addition, corn
starch and LA were purchased from Sigma-Aldrich,
Canada, and it was majorly contained amylopectin.

2.2. Extraction of starch nanocrystals (SNCs)
Starch nanocrystals (SNCs) were prepared by acid
hydrolysis of corn starch according to the previously
reported work of authors [34, 46]. Briefly, 147 g corn
starch granules were dispersed into a 500 ml of
3.16 M aqueous sulfuric acid (H,SOy4). The suspen-
sion was then kept under mechanical stirring at a
speed of 400 rpm and a temperature of 40°C for
5 days. Subsequently, the resulting solution was
washed in distilled water at 11 °C by successive cen-
trifugation (Centrifuge 6K-15C, Sigma) at 10000 rpm
until a neutral pH was obtained. The suspension was
then freeze-dried using a Heto Power Dry PL6000
apparatus from Thermo Fisher Scientific. After freeze-
drying, a few drops of chloroform were added to the
SNCs powder to avoid bacterial activity, and then
SNCs were kept in the cold environment at 4 °C.

2.3. Chemical modification of SNCs

Surface modification of SNCs by LA was carried out
as the following: in brief, 30 g of starch nanoparticles
were first dispersed into the 100 ml of tetrahydrofuran

(THF). Then, LA was added slowly to the reaction
mixture. The resulting reaction mixture was heated
up to 60°C and maintained at this temperature for
30 mins under an argon atmosphere. After THF evap-
oration, 150 ml toluene was slowly added to the mix-
ture, and it was heated up to 85°C and kept at this
temperature for 24 hrs. Finally, the reaction mixture
was centrifuged at 10000 rpm for 20 min, to remove
the toluene, and it was washed with THF and ethyl
acetate to remove the toluene remaining in the reac-
tion product. The final product was then dried under
a vacuum at 45 °C.

2.4. Preparation of PLA/SNCs-g-LA
nanocomposites

The PLA/SNCs-g-LA nanocomposites were pre-
pared by the solvent casting process and evaporation
technique. Initially, PLA was dissolved in dichloro-
methane solvent at 70 °C, and then different concen-
trations of SNCs-g-LA (3, 5, and 7 wt%.) were added
to the PLA solution, and the solution was stirred for
24 h. Subsequently, the solution of PLA/ SNCs-g-
LA was dried by the casting process. Finally, the pre-
pared nanocomposite films were vacuum dried
overnight to remove the traces of the solvents.

2.5. Methods

2.5.1. Fourier-transform infrared spectroscopy
(FT-IR)

Fourier transform infrared spectroscopy (FT-IR)

analysis was performed to determine the different

functional groups present on the surface of SNCs be-

fore and after grafting with LA. The FT-IR analysis

was performed using a JASCO-4600 spectrometer

(Japan) in the range of 4000-600 cm™! with a reso-

lution of 4 cm™!.

2.5.2. Differential scanning calorimetry (DSC)

The thermal behavior of neat PLA and PLA/SNCs-
g-LA nanocomposites was studied by a Q2000, TA
instrument, differential scanning calorimeter (DSC)
2000, TA Instruments, equipped with a liquid nitro-
gen cooling system. Prior to the measurements, the
temperature was calibrated using indium as the stan-
dard material. Samples (5—10 mg) were sealed in a
closed aluminum pan. Afterward, the samples were
heated from room temperature up to 200°C with a
heating rate of 10 °C/min for 3 min to eliminate any
possible crystallinity or residual stress in the samples.
Then samples were directly quenched to different
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crystallization temperatures (7, = 80-130 °C) to
allow them to crystallize from melt under quiescent
conditions. The temperature was then ramped back
up to 200 °C with a heating rate of 10 °C/min to probe
the melting behavior after the crystallization process.

2.5.3. Wide angle X-ray diffraction (WAXD)

The crystalline structures of neat PLA and PLA/
SNCs-g-LA nanocomposites were analyzed at the 7,
by the wide-angle X-ray Diffraction (WAXD), D-8,
Bruker. The samples were exposed to an X-ray beam
with the X-ray generators running at 40 kV and
40 mA. The copper K, radiation (k= 1.542 A) was
selected, and the scanning was carried out at 0.03°/s
in the angular region (20) of 5-40°.

2.5.4. Polarized optical microscopy (POM)

The spherulite growth rate of neat PLA and PLA
nanocomposites was observed using polarized opti-
cal microscopy (POM), Nicon 249171, in conjunction
with the hot-stage (Mettler Toledo FP82HT). Sam-
ples were prepared by cutting small pieces from pre-
pared films. Then, the sample was placed between
two microscopy slides and pressed gently to form a
thin film (~20-50 um). Initially, the hot stage was
stabilized at 200 °C, and then samples were kept at
200°C for 3 min before any thermal protocol. After
that, the sample was quenched to different isother-
mal temperate (7, = 80—130°C) and continued at that
temperature for one hour. The hot stage is calibrated
with a melting point standard of +0.2 °C accuracy.

2.5.5. Small angle X-ray scattering (SAXS)
Small angle X-ray scattering (SAXS) patterns were
collected with a Bruker SAXS Nanostar system,
equipped with a microfocus copper anode at 45 kV/
0.65 mA, MONTAL OPTICS, and VANTEC 2000
2D detector. The distance from the detector to the
sample was calibrated with a silver behenate stan-
dard prior to the measurements. The scattering in-
tensities were integrated from 0.1 to 2.8°. Collection
exposure times were 500 seconds.

3. Results and discussions

3.1. FT-IR analysis

The FT-IR spectra of neat SNCs and SNCs-g-LA
nanoparticles are shown in Figure 1. The FT-IR spec-
trum of neat SNCs show characteristic peaks of
stretching and bending vibrations of “OH groups at the
wavelengths of 1650 and 3300 cm™! [47]. Moreover,
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Figure 1. FT-IR spectra of SNCs and SNCs-g-LA nanopar-
ticles.

the stretching vibration of C—O bonding in C—-O-H
and C-O—C groups of the glycosidic rings appear at
the wavelength of 1150, 1080, and 990 cm™!, respec-
tively [47]. After grafting SNCs by LA, an additional
sharp peak appeared at 1730 cm™'. This peak is at-
tributed to the carbonyl stretching group (=CO),
which is present in the lactic acid. In addition, two
new peaks at 1250 and 1055 cm™! were observed
that can be attributed to C—O group presenting an
ester group. Moreover, grafted SNCs demonstrate a
decrease in the peak intensity of —OH functions
around the wavelengths of 1650 and 3300 cm™. All
these results imply a successful bonding of the LA
molecules on the SNCs surface.

3.2. Wide angle X-ray scattering (WAXS)

To determine the phase transition temperature (7ans)
and crystalline structures of neat PLA and PLA/
SNCs-g-LA nanocomposites, WAXS analysis was
performed after crystallization of samples at different
T.. Figure 2 shows the WAXS patterns of isothermal-
ly crystallized neat PLA and PLA with 3, 5, and
7 wt% of SNCs-g-L A nanoparticles after crystalliza-
tion at the different 7, (80—130°C). As can be seen
in Figure 2d, distinct diffraction peaks were observed
for isothermally crystallized neat PLA samples at the
different T, preferably from 80 to 130°C. At T,
above 120 °C, five diffraction peaks are observed at
20=11.1, 14.5, 16.5, 19.5 and 22.5°. These diffrac-
tion peaks can be attributed to the (103)/(004), (010),
(110)/(200), (203)/(113) and (210) planes of PLA o
structure respectively [9, 10, 38]. However, the in-
tensity of diffraction peaks at the 260 = 11.1, 14.5, and
22.5° decreases with decreasing 7. to 100 °C, and fi-
nally, these diffraction peaks disappear at 7, <100 °C.
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Figure 2. WAXS patterns of a) neat PLA, b) PLA/SNCs-g-LA (3 wt%), ¢) PLA/SNCs-g-LA (5 wt%) and d) PLA/SNCs-g-
LA (7 wt%) nanocomposites at different isothermal crystallization temperatures.

At the same time, the 20 value of 16.5 and 19.5° of
diffraction peaks shifted to the lower value evi-
denced in the WAXS patterns. The appearance of the
diffraction peaks at 20 = 11.1, 14.5, and 22.5° and
the subsequent shifting of the two diffraction peaks
at 20 = 16.5 and 19.5° to lower 20 at the same tem-
perature is related to the presence of both o and o’
structures of PLA [9, 10, 38]. Finally, at 7,= 80°C
the 20 of 16.5 and 19.5° diffraction peaks shifted to
the lower values, which is attributed to the presence
of PLA o’ structure [9, 10, 38].

The comparison of WAXS profiles of PLA/SNCs-g-
LA nanocomposites with neat PLA confirms that the
characteristics of o and o' structures are observed in
WAXS pattern of all PLA/SNCs-g-LA nanocompos-
ites. However, the 20 value of diffraction peaks for
(110)/(200) and (203)/(113) planes shifts to a higher
value with adding SNCs-g-LA nanoparticles. These
changes in the 26 angle indicate a higher phase tran-
sition from o' to o structure till only a structure is pres-
ent. More importantly, it was found that the Ty, of o
to a structure is minimum when 5 wt% SNCs-g-LA

nanoparticles were added into PLA. However, a fur-
ther decrease in SNCs-g-LA nanoparticles loading
(i.e., 3 wt%) resulted in an increase in the Ty, tem-
perature. It seems that 5 wt% of SNCs-g-LA loading
has a considerable effect on the Ti.ns, which got re-
duced to 100 °C compared to 110 °C as reported in the
case of neat PLA. This means that SNCs-g-LA was
helpful in forming the more stable crystal structure
(a) instead of the less stable crystal structure (a') in
PLA matrix and promoted superior crystalline struc-
ture in PLA at lower 7, by adding 5 wt% SNCs-g-LA
nanoparticles.

Figure 3 shows the variation of lattice spacing of the
(110)/(200) diffractions (d110200) calculated from the
Braggs law for neat and PLA nanocomposites. The
results show that the dj19200 values of o crystal
structure of neat PLA are higher compared to the
SNCs-g-LA reinforced PLA nanocomposites. While
by increasing T, to 120°C, the djj9/200 values de-
crease further for the neat PLA and PLA nanocom-
posites regardless of the grafted SNCscontent. How-
ever, the SNCs-g-LA has more influence on the
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Figure 3. The lattice spacing of the (110)/(200) diffractions
(d1101200) of neat PLA and PLA nanocomposites
with different concentrations.

di10/200 values of o crystal of neat PLA, which is
crystallized above 7, =120°C where just a crystal
structure is formed. This means that SNCs-g-LA af-
fects not only the dj19/200 value of o’ crystal structure
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but also the dj19200 of o crystal structure of PLA.
The enhancement of dy;¢09 of a crystal structure is
most predominant when 5 wt% SNCs-g-LA nano-
particles were added to neat PLA.

3.3. Differential scanning calorimetry (DSC)

It has been shown that the melting behavior of semi-
crystalline polymers such as PLA has a direct rela-
tionship with their crystal structures [39]. Therefore,
the melting behavior of both PLA and PLA nano-
composites was studied using DSC analysis. Figure 4
shows the melting behavior of isothermally crystal-
lized neat and PLA/SNCs-g-LA nanocomposites at
a wide range of 7; (80-130°C), and subsequently,
samples were melted above the 7}, of PLA (200 °C).
Three different melting behaviors were observed in
the DSC thermograms irrespective of the sample:
1) a single endothermic melting peak above 120°C,
i1) a secondary endothermic peak that appears before
the main endothermic melting peak at the temperature

Endo up
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Figure 4. Melting behaviour of a) neat PLA, b) PLA/SNCs-g-LA (3 wt%), ¢) PLA/SNCs-g-LA (5 wt%) and d) PLA/SNCs-
g-LA (7 wt%) nanocomposites at different isothermal crystallization temperatures.
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range of 100—-120°C, iii) an additional small exother-
mic peak that appears just before the main endother-
mic peak (below 100 °C). As mentioned previously in
WAXS results, neat PLA, which is crystallized be-
tween 110°C < T, < 120°C shows a transition from
o' to a structure. Furthermore, for neat PLA crystal-
lized at T below 110 °C and above 130°C only o’ and
o structure was observed, respectively. Since o struc-
ture is less ordered than a structure, thus the melting
point of PLA o’ structure is lower than a structure.
As can be seen in Figure 4a, the neat PLA is isother-
mally crystallized at 80 °C, and has a lower melting
temperature (166.0 °C) than the one which is isother-
mally crystallized at 130°C (168.8 °C). This means
that the crystal structure of a sample which is isother-
mally crystallized at 80 and 130 °C are different. Ac-
cording to the melt recrystallization theory [32], al-
though the higher melting temperature (168.8 °C)
can be solely attributed to the melting of a structure,
the lower melting temperature (166.0 °C) cannot be
uniquely attributed to the o' structure. Therefore, the
exothermic peak which appears before the main en-
dothermic peak of the PLA sample is isothermally
crystallized at 80 °C and is suspected to be related to
the transition of o’ to a structure [40]. For PLA sam-
ples crystallized between 100—110 °C, a small endo-
thermic peak disappeared, and a double melting peak
was observed in the DSC thermograms. However, at
T, above 120 °C, the two melting peaks collapse, and
a single sharp endothermic peak is observed. In the
case of PLA nanocomposites, very similar 7,-depen-
dent DSC thermograms were observed. However, a
small exothermic peak starts to disappear at 7, =
90°C, which is 10°C lower than neat PLA (100°C).
This indicates that the addition of SNCs-g-LA nano-
particles encourages the PLA molecular chains to
arrange themselves in a more ordered form (a struc-
ture) at a lower temperature. Furthermore, the melting
temperature of PLA nanocomposite samples isother-
mally crystallized at 130°C is higher than the neat
PLA sample isothermally crystallized at the same
temperature. Indicating that more o structure is pres-
ent in PLA nanocomposite compared to neat PLA es-
pecially when 5 wt% of SNCs-g-LA is added into the
PLA matrix.

The equilibrium melting temperature (7,9) of both
neat and PLA nanocomposites was calculated by the
Hoffman-Weeks theory [41]. The 7,3 was measured
based on the extrapolation of the linear part of the
Tm above 110 °C since at above this temperature 7},
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Figure 5. Equilibrium melting point of neat PLA and PLA
nanocomposites with different concentrations of
SNCs-g-LA nanoparticles ranging from 3 to 7 wt%.

are considered to relate to the melting point of the
o structure. Figure 5 shows the 7, as a function of
T, of neat PLA and PLA nanocomposites containing
3, 5, and 7 wt% SNCs-g-LA nanoparticles. Neat
PLA exhibits 7,0 at 187.5°C in this condition which
is reported by Zhang et al. [10] as well. The [10] of
PLA was influenced significantly by the concentra-
tion levels of SNCs-g-LA nanoparticles. Regardless
of the different amounts of grafted SNCs present, the
7.2 in the PLA nanocomposites is smaller than neat
PLA. The addition of 3, 5, and 7 wt% of SNCs-g-
LA nanoparticles decreases the 7,) to 185.4, 183.7,
and 185.9°C, respectively. This decrease indicates
the formation of the perfect crystalline and ordered
structure at lower under cooling. As can be seen, the
addition of 5 wt% SNCs-g-LA nanoparticles resulted
in more decrement in 7,3, while increasing the con-
centration of grafted SNCs was unfavorable and in-
duced higher T,3. Therefore the phase transition tem-
perature is lowered with decreasing SNCs-g-LA
nanoparticles concentrations to 5 wt%.

3.4. Effect of SNCs-g-LA nanoparticles on the
nucleation rate of PLA

The influence of SNCs-g-L A nanoparticles concen-
trations (3, 5, and 7 wt%) on the overall isothermal
crystallization behavior and kinetics of PLA were
studied by using DSC. Then, the relative degree of
crystallinity (X(¢)) was quantified theoretically by
the Avrami equation at different 7, using the Equa-
tion (1) [42]:

X(1)=1—exp(—ks") (1)
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where £k is the crystallization rate constant, and 7 is
the Avrami exponent, which depends on the nucle-
ation and growth mechanisms of crystallites.

The Avrami parameters (n and k) can be calculated
using the Equation (2):

In(=In[1 = X()]) = nin(¢) + Ink )

Figure 6 shows the plot of In[— In(1 — X(#)] versus
In(?) of neat and PLA nanocomposites at different
T.. In all samples, Avrami plots were found to be lin-
ear, demonstrating the accuracy of the procedure as
shown in Figure 6. The slope of the line in the plot
of In[— In(1 — X(¢)] versus In(r) gives the value of .
Subsequently, the crystallization rate constant (k) can
be obtained using the Equation (3):

_In2

k=-"%
L2

A3)

where 1/, is the half-time of crystallization which
is defined as a time when X(7) reaches half of the
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crystallization. Table 1 summarizes the effect of
SNCs-g-LA concentrations on the n and & values
and #1,. Avrami exponent (n) for polymer crystal-
lization is usually between 2 and 4, and it is related
to the type of nucleation and geometry of crystal
growth [37]. As shown in Table 1, the value of n de-
creases and then increases with increasing 7. or with
decreasing undercooling. The depletion of the n
value is related to the heterogeneous mechanism of
nucleating agents (i.e., dimensional of nuclei) and
spherulite parameters (i.e., spherulite morphology).
Furthermore, in both neat PLA and PLA nanocom-
posites, the value of k£ decreases with increasing T,
revealing that the nucleation is controlled by the
crystallization process because of the low undercool-
ing degree present in the current experimental tem-
peratures. However, the crystallization constant k of
PLA nanocomposites is greater than that of the neat
PLA at the equivalent temperature, which indicates
that the crystallization rate of PLA nanocomposites
is higher than that of the neat PLA. The value of £
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Figure 6. Plot of In[— In(1 — X(¢)] versus In(z) of neat PLA and PLA nanocomposites with different concentrations. a) neat
PLA, b) PLA/SNCs-g-LA (3 wt%), ¢) PLA/SNCs-g-LA (5 wt%) and d) PLA/SNCs-g-LA (7 wt%) at different

isothermal crystallization temperatures.
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Table 1. The effect of SNCs-g-LA nanoparticles concentrations on n and k values of PLA.

Samples PLA PLA(/?’SI‘\’JVS;:)g-LA PLA(/SSI:JV(tZOZig-LA PLA(/‘?I:JV S»Zig-LA

[OTCC] tin n k tp n k ti n k tp n k
80 43.0 | 33 2.8208-107° | 23.0 | 2.5 2.7321-10% | 120 | 2.5 1.3895-1072 | 15.0 | 3.0 | 2.0537-10*
90 22.0 | 33 2.5753-107 | 18.6 | 2.5 4.6456-10* | 10.8 | 2.4 2.2940-1072 | 12.5 | 3.0 | 3.5489-10°*
100 135 | 25 1.0351-103 | 103 | 2.6 1.6123-1073 3.9 | 24 | 2.2830:102 551 28 5.8580-1073
110 104 | 2.5 1.9872-103 | 12.0 | 2.6 1.0838-10* 5.1 2.4 1.3880-1072 72 | 28 2.2830-107
120 16.6 | 2.8 | 2.6578-10% | 150 | 2.8 3.5299-104 7.8 | 2.6 7.7484-10% | 12.7 | 2.8 5.6256-10°*
130 23.0 | 2.7 1.4593-10* | 21.1 2.7 1.8418-10* | 145 | 2.6 6.9964-10% | 19.9 | 3.0 8.7956-1073

increases with increasing SNCs-g-L A nanoparticles
concentrations to 5 wt%. As can be seen from
Table 1, the crystallization constant k increases with
increasing SNCs-g-LA nanoparticles concentrations
to 5 wt%. The addition of 5 wt% SNCs-g-LA
nanoparticles in PLA induced more crystallization
rate. Nevertheless, the value of k£ decreases with in-
creasing grafted SNCs concentrations (7 wt%), in-
dicating that the addition of more grafted SNCs
causes hindrance in the diffusion of the PLA mole-
cules, which results in a lower crystallization rate.
Further, the effectiveness of SNCs-g-LA nanoparti-
cles as a heterogeneous nucleating agent is studied
by looking at the evolution of the ¢/, as a function
of T, (Figure 7). The t,, for both neat PLA and PLA
nanocomposites starts to decrease with increasing 7.
but increases further increases 7. The minimum ¢,
for neat PLA was found to be 10.4 min at 7, =110°C.
However, the addition of SNCs-g-LA nanoparticles
decreases the minimum ¢, in all PLA nanocompos-
ites irrespective of the concentration level. This im-
plies that adding SNCs-g-LA nanoparticles not only

45 = PLA
" ® PLA/SNCs-g-LA (3 wt%)
= 40 A PLA/SNCs-g-LA (5 wt%)
£ v PLA/SNCs-g-LA (7 wt%)
= 35
k<]
S 304
s
2 25
o 20 - :
) °
£ =
< 15 v - ° A
@©
o A v ° [ ] v
10- ‘ °
v A
5 X A
80 90 100 110 120 130

Isothermal crystallization temperature [°C]

Figure 7. The t,/; of neat PLA and PLA nanocomposites
with different concentrations of SNCs-g-LA
nanoparticles.

significantly increases the kinetics of crystallization
of PLA but also decreases the minimum 7. Further-
more, the T, of the all-PLA nanoparticles is lower
than neat PLA. Interestingly, between different con-
centrations, 5 wt% of SNCs-g-LA nanoparticles con-
tent was found to have the lowest value of ¢,
(3.9 min). Further, increasing the amount of SNCs-
g-LA nanoparticles again increases the #1, due to the
decrease in the barrier-free energy.

3.5. The effect of SNCs-g-LA nanoparticles on
the spherulite growth rate of PLA
To understand the effect of adding SNCs-g-LA
nanoparticles on the spherulite growth rate (SGR) of
PLA, SGR was monitored by using polarized optical
microscopy (POM). Figure 8 shows the SGR as a
function of 7, for neat PLA and PLA nanocompos-
ites. According to the crystallization theory, the crystal
growth rate shows a well-known Gaussian-shaped
temperature dependence [43—45]. The Gaussian-
shaped temperature dependence was observed for
both neat PLA and PLA nanocomposites, as shown

=
£
§
e 4
Q)
[}
3_
e PLA
& PLA/SNCs-g-LA (3 wt%)
24 = PLA/SNCs-g-LA (5 wt%)

A PLA/SNCs-g-LA (7 wt%)

118 120 122 124 126 128 130 132 134 136
T.[°C]
Figure 8. The spherulite growth rate of neat PLA and PLA

nanocomposites was measured at different isother-
mal crystallization temperatures.
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in Figure 8. Further, the SGR of PLA nanocompos-
ites was higher than the neat PLA sample. Interest-
ingly, the maximum SGR of PLA was found in the
presence of 5 wt% of SNCs-g-L.A nanoparticles com-
pared to the PLA nanocomposites with the loading
of 7 and 3 wt% SNCs-g-LA nanoparticles. This phe-
nomenon can be explained by the competition be-
tween kinetic and thermodynamic crystallization for
grafted SNCs as a nucleating agent at lower concen-
trations (5 wt%).

In addition, the spherulite morphology of neat and
PLA nanocomposites was observed at 7, = 130°C
by using optical microscopy, and the results are
shown in Figure 9. The results show regardless of
the sample, the presence of the spherulites with mal-
tase extinction crosses and can be seen in all pic-
tures. However, whereas in the case of neat PLA the
spherulite presence is limited compared (Figure 9a)
to the SNCs-g-LA reinforced PLA composites. The

PLA containing SNCs-g-LA nanoparticles show a
smaller size and larger density of spherulite than neat
PLA indicating the nucleation density has been sig-
nificantly increased by grafted SNCs. It is worth not-
ing that the morphology of spherulite is less compact
and irregular in neat PLA. However, PLA/SNCs-g-
LA nanocomposites indicate a compact and regular
structure was observed.

3.6. Effect of SNCs-g-LA nanoparticles on the
long period (L,)
SAXS is an influential technique that probes the
morphological changes of semicrystalline polymers
such as PLA [19]. It can provide morphological in-
formation, such as long period (L,.), the crystal layer
thickness (L), and the amorphous layer thickness
(Ly= Lyc — L¢). Therefore, SAXS technique is per-
formed to observe the effect of the SNCs-g-LA
nanoparticles on structural changes at various

<)

d)

Figure 9. Spherulite morphology of a)neat PLA, b) PLA/SNCs-g-LA (3 wt%), c¢) PLA/SNCs-g-LA (5 wt%) and
d) PLA/SNCs-g-LA (7 wt%) nanocomposites which measured at 7, = 130°C.
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crystallization temperatures. In order to obtain the
morphological parameters, a single-dimensional cor-
relation function is applied [12]. As can be seen in
Figure 10, the SAXS patterns of both neat PLA and
PLA nanocomposites are depended on the crystal-
lization temperatures and increasing the annealing
temperature yields noticeable changes in the SAXS
correlation function plots. At 80°C neither a peak
nor shoulder is observed in the SAXS scattering pat-
tern of PLA. However, when the T is increased from
80 to 100°C, the SAXS peak begins to be visible,
and SAXS intensity increases with a further increase
of T.. At T, = 100 °C, a small shoulder appears at g =
0.31 nm™!, corresponding to the long spacing of
18.5 nm. The maximum scattering vector (¢max) ap-
pears at 110 °C, which is shifted to a lower gpax value
by increasing temperature up to 130°C (0.28 nm™).
This indicates that the 7 shifts the SAXS peaks to
lower values and is increasing the long spacing pe-
riod. Thus, a change in the thickness distribution of

A 130°C
—a— 120°C
110°C
100°C

90°C
80°C

v*edq

Intensity [a.u.]

vl

B 4
vted
003
838
00

Intensity [a.u.]
W
"y

c) q[nm-]

the lamellae and amorphous regions can be ob-
served. The higher long period at 130 °C is probably
due to the formation of secondary lamellae in the
amorphous region, which decreases the size of the
amorphous region. The PLA nanocomposite shows
a similar SAXS profile. However, the position of
scattering peak at all T, is shifted to a smaller guax
compared to neat PLA. This decrement clearly af-
fected the morphological parameters of PLA nano-
composites (Table 1). As can be seen in Table 1, the
inclusion of 5 wt % grafted SNCs resulted in the in-
crement of the L, as well as L. The L,. and L. values
at the same crystallization temperature increase in
PLA nanocomposites compared to neat PLA. In ad-
dition, the L, values decrease at the same T, for PLA
nanocomposites. These results reveal that the grafted
SNCs chains promote the PLA crystalline chain
packing, which leads to an increase in crystal layer
thickness and a decrease in the amorphous layer
thickness. Also, a new peak begins to appear upon

u A 130°C
—a— 120°C
v 110°C
® 100°C
» 90°C
*  80°C

Intensity [a.u.]

b)

Intensity [a.u.]

°
»,)*» > oY “’,ﬂ%} % :;( M

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
d) q[nm7]

Figure 10. SAXS patterns of a) neat PLA, b) PLA/SNCs-g-LA (3 wt%), ¢) PLA/SNCs-g-LA (5 wt%), and d) PLA/SNCs-
g-LA (7 wt%) nanocomposite which is crystallized at different isothermal crystallization temperatures.
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annealing, which corresponds to the formation of
secondary lamellae [26-28].

4. Conclusions

In this paper, the effect of SNCs-g-L A nanoparticles
on the phase composition, phase transition, and crys-
tallization behavior of PLA were explored. For this
purpose, different concentrations of SNCs-g-LA (3,
5, and 7 wt%) were added to the PLA to obtain the
PLA/SNCs-g-LA nanocomposite. It was found that
the formation of a crystal in PLA nanocomposites is
more likely than o crystal, and the rate of phase tran-
sition in all PLA nanocomposites was higher than in
neat PLA. This phenomenon is more prominent in
PLA nanocomposites with 5 wt% SNCs-g-LA nano-
particles. WAXS and DSC results confirm that by
adding 5 wt% of SNCs-g-LA nanoparticles, the Tians
shifts to a lower temperature, and the degree of
o crystal shifts to a higher value compared to other
SNCs-g-LA nanoparticles concentrations. Moreover,
POM observations revealed that PLA spherulites of
o crystal were accelerated by the presence of SNCs-
g-LA nanoparticles. The SGR where just a crystal
was formed showed that the size of spherulite was
smaller in PLA/SNCs-g-LA (5 wt%) nanocomposite
compared to neat PLA. Furthermore, the half-time
of crystallization (¢,) of PLA decreased with the ad-
dition of SNCs-g-L A nanoparticles. Interestingly, the
t1, of PLA was minimum by adding 5 wt% SNCs-
g-LA nanoparticles, and it decreased from 10.4 to
3.9 min. Therefore, it can be concluded that 5 wt%
SNCs-g-LA is an optimum concentration, and it can
help both thermodynamically and kinetically to form
more stable crystalline structure of PLA.
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