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Abstract To investigate the performance of graphene (Gra) modified with ethoxycarbonyl ionic liquid (IL), chain mobility and
crystallization kinetics of poly(L-lactic acid) (PLLA), a series of PLLA nanocomposites have been prepared using solution-cast method.
IL can improve the dispersion of Gra in PLLA matrix and the samples containing IL have higher growth rate of PLLA spherulite than neat
PLLA does. PLLA/IL/Gra and PLLA/2Gra exhibit the same relaxation strength and time of an relaxation that corresponds to the longest
normal mode motion at 110—140 °C. PLLA/IL/Gra shows a faster crystallization rate than PLLA/2Gra does, which might be attributed to
the Gra-imidazolium cation interaction in IL modified Gra, the significant dispersion effect of IL at Gra surface, and the increase of nuclei

density of PLLA/IL/Gra.
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INTRODUCTION

Poly(L-lactic acid) (PLLA), as a biodegradable thermoplastic
aliphatic polyester, has attracted increasing attention in
recent years since it can be completely degraded under the
composting conditions in several months.[!”3] However,
some drawbacks such as low crystallization rate and
crystallinity may prevent it from extensive applications.[4~¢]
One of the effective methods for accelerating the
crystallization rate is the incorporation of nucleation agents
(inorganic or organic nanofillers).”"''l Graphene (Gra) is an
allotrope of carbon in the form of two-dimensional, atomic-
scale, honey-comb lattice in which each atom forms one
vertex. It has many superior properties, such as remarkable
thermal, electronic, and mechanical properties.[?] The
crystallization rate and crystallinity of PLLA gradually
increase with increasing concentration of Gra.[l3715]
Nevertheless, as the concentration of Gra increases further,
the poor dispersion of Gra and slow chain mobility of PLLA
would inhibit the crystallization ability of PLLA.!1¢:17]

Ionic liquid (IL) is a room temperature molten salt with a
bulky organic cation and an inorganic anion, exhibiting good
electrical conductivity, high thermal stability, and low vapor
pressure 18201 3-Methyl-1-(ethoxycarbonylethyl)imidazoli-
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um tetrafluoroborate could be dispersed homogeneously in
PLLA matrix and impose plasticization effect on
PLLA.[21.22] Dielectric relaxation spectroscopy has been em-
ployed to study the effect of IL on chain segment relaxations
of PLLA corresponding to the longest normal and the seg-
mental mode motions.[232¢] Results show that IL can accel-
erate the segmental and normal mode motions, and increase
the charge carrier movement of IL following the longest mo-
tion of chains. More importantly, Zhao et al. found that the
m-electron-rich Gra can be dispersed in ILs,[?7] because IL
and Gra have strong cation-z physical interactions that can
improve the dispersion of Gra and maintain the excellent
physical properties of Gra.[?8] This method for dispersing
Gra in polymer is simple, environmentally friendly, and has
a relatively high efficiency compared with the chemical
modification of Gra.[293% Xu et al. proposed a facile strategy
to enhance the crystallization kinetics of PLLA with
poly(ethylene glycol)-grafted graphene oxide as a heterogen-
eous nucleation agent and chain mobility promoter simultan-
eously.B!] There are two successive events: the primary nuc-
leation of a new phase from the melt polymer and the three-
dimensional growth.32734]

In this work, 1-((ethoxycarbonyl)methyl)-3-methylim-
idazolium bromide (IL) and Gra were used to modify the
crystal structure and promote the crystallization behavior of
PLLA. The dispersion of Gra in PLLA matrix was studied by
field emission scanning electron microscopy (FESEM),
while the crystallization morphology was characterized with
polarized optical microscopy (POM). Differential scanning
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calorimetry (DSC) and dielectric relaxation spectroscopy
(DRS) were utilized to analyze the synergetic effect of Gra
and IL on crystallization kinetics and dynamics of relaxa-
tions of PLLA.

EXPERIMENTAL

Materials

PLLA (4032D) was purchased from Nature works Co.,
whose weight-average molecular weight and number-average
molecular were 2.0 x 103 and 1.2 x 10° g:-mol!, respectively.
The IL, 1-((ethoxycarbonyl)methyl)-3-methylimidazolium
bromide, was obtained from Lanzhou Institute of Chemical
Physics, China. Gra prepared by physical exfoliation method
(0.5-2 ym in diameter, 0.8—1.2 nm in thickness, and 500—
1000 m?-g™! for BET surface area), was obtained from
Nanjing XFNANO Materials Tech Co., Ltd.

Sample Preparation

Prior to the preparation of the nanocomposites, PLLA was
dried at 60 °C in vacuum overnight. Then, PLLA was
dissolved in dichloromethane (CH2Cl2) with magnetic
stirring at room temperature for 4 h. Simultaneously, IL was
dissolved in CH2Cl2 and Gra was dispersed in the IL solution
under sonication for 4 h. The suspension of Gra or modified
Gra was added to the PLLA solution, and the mixture was
subjected to ultrasonic treatment for 2 h to form uniform
slurries. Afterwards, the mixture was heated at 50 °C for 8 h
to remove solvent and dried in a vacuum oven at 60 °C for
24 h. Finally, the nanocomposites were compressed into
films (around 200 um thickness) by hot pressing (190 °C
under 1.2 MPa for 7 min) for DSC and dielectric measure-
ments. The composite formulations are shown in Table 1. In
addition, IL-modified graphene (The mass fraction ratio of
graphene to ionic liquid is 1:1) was prepared for TEM
measurement.

Table1 Composite formulations

Sample PLA (wt%) Gra (Wt%)  IL (wt%)
PLLA 100 0 0
PLLA/2IL 99.98 0 0.02
PLLA/2Gra 99.98 0.02 0
PLLA/IL/Gra 99.98 0.01 0.01
PLLA/2IL/2Gra 99.94 0.02 0.02
Characterization

The morphologies of Gra and modified Gra were examined
by field emission transmission electron microscopy
(FETEM, JEM-2100F, JEOL). Before observation, Gra was
dispersed in dichloromethane to make a 0.5 mg-mL™!
dispersion with the aid of sonication. X-ray photoelectron
spectroscopy (XPS) was performed on an ESCALAB250Xi
spectrometer (Thermo, America) with the measurement
range of 0—800 eV.

FESEM (Hitachi, SU8020) was used to investigate the dis-
persion of Gra in PLLA matrix. The acceleration voltage is
3 kV. Before observation, the samples were fractured cryo-
genically in liquid nitrogen and a thin layer of gold was
sprayed on the surface. To investigate the nucleation and
growth of spherulites for PLLA composites under isotherm-

al crystallization, an Olympus BX51 microscope (Olympus
Co., Japan) equipped with a Micro Publisher 3.3 RTV CCD
was utilized. The nucleation density and growth rate of
spherulites were measured by Image J software. The noniso-
thermal and isothermal crystallization behavior was investig-
ated by DSC (METTLER TOLEDO, DSC 1). For the non-
isothermal crystallization, samples were heated from 25 °C
to 200 °C and held for 5 min to eliminate the thermal history.
Then they were cooled to 0 °C at predetermined cooling
rates (2.5 and 10 °C-min~!, respectively). In the second heat-
ing stage, the samples were heated to 200 °C at a rate of
10 °C-min!. For the isothermal crystallization, thermal his-
tory of samples was also erased initially. Then they were
cooled at a rate of 50 °C-min! to the predetermined crystal-
lization temperature (7;,) and held for enough long time until
the isothermal crystallization was completed. All these ex-
periments were carried out under nitrogen atmosphere. The
films were coated with silver electrodes of 1 cm in diameter
for AC dielectric measurement. The dielectric permittivity
was measured with Agilent E4980A LCR meter in the tem-
perature range from 110 °C to 140 °C. The measurement fre-
quency range of the instrument was 20 Hz—2 MHz.

RESULTS AND DISCUSSION

Characterization of Ionic Liquid-modified Gra

According to the TEM image of pristine Gra displayed in
Fig. 1(a), the Gra sheets show an obviously wrinkled
structure and entangle with each other due to the
thermodynamic stability of the two dimensional membrane.
After being non-covalently modified with ethoxycarbonyl
ILs, the Gra sheets maintain nanosheet morphology, while
the number of wrinkles decreases and the transparency of
Gra nanosheets declines (Fig. 1b). This indicates that
numerous ILs were adhered homogeneously to the surface of
Gra nanosheets, owing to the strong cation-z physical
interactions between ILs and Gra nanosheets.?”]

Fig. 1 TEM images of (a) Gra and (b) modified Gra (IL/Gra)
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Fig. 2(a) is XPS full scan spectra of Gra and IL-Gra. The
C/O ratio of Gra was 6.10, while the C/O ratio of IL-Gra de-
creased to 5.41, indicating a significant increase in oxygen-
containing groups. At the same time, the binding energy
peak of N1s and Br3d appeared at 401.7 and 68 eV, respect-
ively, in the full XPS spectrum of IL-Gra. To further con-
firm the existence of N in Gra, the XPS Nls spectra of Gra
and IL-Gra were measured as shown in Fig. 2(b). It was
found that the N1s spectrum of Gra was only a baseline with
no intensity signal for Nls. In contrast, a strong signal ap-
peared at 401.7 eV in the spectrum of IL-Gra, which corres-
ponded to N—C and —N=C bonds on imidazole ring of IL.
Figs. 2(c) and 2(d) are the Cls spectra of Gra and IL-Gra, re-
spectively. The Cls binding energies at different binding
states in Gra were C—C (284.8 ¢V), C—O (286.4 ¢V), and
C=0 (287.3 eV). The new binding states of C atoms in the
IL-Gra spectrum can be found such as O—C=0 (289.0 eV),
C—N (285.9 ¢V), and C=N (287.0 eV), which mainly de-
rived from IL. These observations prove that IL can be
strongly adsorbed on the Gra sheet by cation-z
interactions.[28]

Dispersion of Gra in PLLA Matrix

Fig. 3 displays the FESEM micrographs of cryogenically
fractured surfaces for PLLA/2Gra and PLLA/2IL/2Gra. First,
no pores or voids can be observed in cryogenically fractured
surfaces of the composites, manifesting that the solvent used
to prepare the samples and air were fully removed from the
samples. Second, the numerous bright region in Fig. 3(a)
represents the aggregation of Gra that is coated by PLLA
matrix. It indicates the poor dispersion of Gra in PLLA
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matrix. On the contrary, the layer structure of Gra dispersed
uniformly in matrix is found in Fig. 3(b). These observations
suggest that IL containing ethoxycarbonyl group can
improve the compatibility between Gra and PLLA matrix,
resulting in a uniform dispersion of Gra in PLLA matrix. The
cation-r interaction between IL and Gra can hinder Gra
aggregation because Gra is an excellent electron-donating 7
system and the imidazolium cation of IL is an electron-
deficient 7 system.[3’]

Morphology of Isothermal Crystallization for
Nanocomposites
The morphology evolutions of nanocomposites isothermally
crystallized at 130 °C are displayed in Fig. 4. Several nuclei
appear in the supercooled melt of neat PLLA after 10 min
crystallization (Fig. 4a), while the PLLA composites
containing Gra show more nuclei (Figs. 4b, 4d, and 4e). It
can be attributed to the heterogeneous nucleation ability of
Gra for PLLA crystallization. The nuclei density, namely the
number of nuclei per unit volume, is 5.86 x 10° cm™ in
PLLA/2Gra, 5.32 x 10* cm™ in PLLA/IL, 3.37 x 10° cm ™ in
PLLA/IL/Gra, and 3.99 x 10° cm™ in PLLA/2IL/2Gra.
Though the content of Gra of PLLA/2Gra is twice as that of
PLLA/IL/Gra, the nucleation density of PLLA/2Gra is not
twice as that of PLLA/IL/Gra. IL can improve the
dispersibility of Gra in PLLA matrix and PLLA/IL/Gra must
undergo surface-induced nucleation of the modified Gra.l'¥]
The variation of spherulite radius as a function of time for
PLLA and its composites during isothermal crystallization at
130 °C is shown in Fig. 5. Generally speaking, the plot of
spherulite radius versus crystallization time provides a
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Fig. 2 (a) XPS surveys; High resolution XPS spectra of (b) N1s, (¢, d) Cls of Gra and IL-Gra, respectively
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Fig. 3 FESEM images of dispersions of different PLLA
nanocomposites: (a) PLLA/2Gra, (b) PLLA/2IL/2Gra

10 min

F i

straight line. Thus, the crystal growth rate (G) of different
samples can be deduced from the slope of lines. The growth
rate of PLLA and PLLA/2Gra is 2.44 and 2.39 pm-min™!, re-
spectively. This demonstrates that G of PLLA declines
slightly with the incorporation of Gra because the increase of
system viscosity limits the mobility of PLLA chains during
the crystallization process. It is noticeable that the crystal
growth rate rises to 2.86, 2.80, and 2.90 pm-'min~! for
PLLA/2IL, PLLA/IL/Gra, and PLLA/2IL/2Gra, respectively,
which can be attributed to the interaction between ethoxycar-
bonyl of IL and ester group of PLLA.B¢ G is connected to
the ability of chain movement and ordered arrangement. The
mobility of PLLA chain segment is facilitated because the
ethoxycarbonyl group IL contained has great compatibility
with PLLA matrix and weakens the interaction between
PLLA chain segments. Although the presence of Gra in-
creases the nucleation density of PLLA, the spherulite
growth rate of PLLA/2Gra decreases slightly possibly due to
the prevented diffusion of PLLA chain segment and re-
strained growth of spherulite by Gra. Compared with
PLLA/2IL, the spherulite growth rate of PLLA/2IL/2Gra has
a slight increase. IL can improve the dispersibility of Gra in
PLLA matrix, and more dispersive ILs wrapped on Gra sur-

Fig. 4 The POM micrographs of isothermal crystallization at 130 °C for neat PLLA and its nanocomposites:
(a) Neat PLLA; (b) PLLA/2Gra; (¢c) PLLA/2IL; (d) PLLA/IL/Gra; (¢) PLLA/2IL/2Gra
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Fig. 5 Spherulite radius versus crystallization time of neat PLLA
and its nanocomposites during isothermal crystallization at 130 °C.
G represents the spherulite growth rate.

face promote the spherulite growth greatly due to the en-
hanced segmental mobility of PLLA. Thus, the synergistic
effects of IL and Gra on crystallization of PLLA can be de-
scribed as follows. Gra increases the nucleation density and
IL promotes the spherulite growth during the crystallization
process.

Behavior of Nonisothermal Crystallization

Fig. 6 displays the second heating curves obtained by DSC,
and the corresponding crystallization parameters are shown
in Tables 2 and 3. As can be seen from Fig. 6(a), all the
samples exhibit two obvious transitions, including the
exothermic peak attributed to cold crystallization behavior
(Tce), and the endothermic peak attributed to the melting of
the PLLA crystallites. After cooling down at a rate of
2.5 °C/min, Tecs of PLLA/2Gra and PLLA/IL/Gra are 121.3
and 125.4 °C, respectively. Compared with Tccs of PLLA,
Tees of PLLA/2Gra and PLLA/IL/Gra decrease 10 and
5.9 °C, respectively. The variation of T¢c is related to chain
movement of PLLA. Furthermore, with the incorporation of
Gra, the degree of crystallinity, X, increases significantly. X
of PLLA/IL/Gra is 16.5%, which is the same as that of
PLLA/2Gra. It can be seen that 2Gra of PLLA/2Gra has the
same effect on nucleation and chain movement of PLLA as
IL/Gra of PLLA/IL/Gra does. However, X. of PLLA/2IL is

PLA

PLA/2IL
PLA/2Gra
PLA/IL/Gra
PLA/2IL/2Gra

Heat flow
Endo

30 60 90 120 150 180
Temperature (°C)

lower than that of neat PLLA because IL can inhibit
nucleation of PLLA.B7l X; of PLLA/2IL/2Gra reduces
because of the inhibition effect on chain movement of PLLA
with more Gra.

Isothermal Crystallization Kinetics

The isothermal DSC thermograms of PLLA and its
composites at different temperatures are displayed in Fig. 7.
Some features can be found from the plots. The PLLA and
PLLA/2IL exhibit the lower crystallization rate, and the
exothermic peaks are inconspicuous and broad. However,
with the incorporation of Gra, the exothermic peaks of
samples become narrow and sharp, which means the faster
crystallization rate and higher degree of crystallinity of the
composites. The nucleating effect of Gra causes more nuclei
and enhancements of crystallization rate. Fig. 8 shows the
relative crystallinity (Xt) versus crystallization time of PLLA
and composites. X; at a certain crystallization time (¢) can be
calculated according to the equation as follows:

dH/drnd
QO f (dH/dr)dt
0

where Ot and O« are the heats generated at time ¢ and at
infinite time, respectively, and dH/d¢ is the rate of heat
evolution. Obviously, all plots exhibit a sigmoid dependence
with time. In addition, with the incorporation of Gra, the
crystallization time of samples is shortened largely. It is
worth noting that PLLA/IL/Gra shows a higher crystalli-
zation rate at 130 °C. It is well known that the Avrami
equation (Eq. 2) can be used to further describe isothermal
crystallization kinetics of neat PLLA and composites.

X = 1 —exp(—kt") 2)
where X: is related to the relative crystallinity at time ¢, n is
the Avrami exponent which depends on the type of nuclea-
tion and the growth mechanism, & is the Avrami rate constant
related to the nucleation and the growth rate parameters, and
t is the isothermal crystallization time. Eq. (2) can be rear-
ranged by taking logarithms on both sides:

X; (1)

Ig[-In(1 -X)] =nlgt+Igk 3)
PLA b
m—/’/_T

PLA/2Gra

Heat flow
Endo

PLA/2IL/2Gra

30 60 90 120 150 180
Temperature (°C)

Fig. 6 Melting behaviors of nonisothermal crystallization processes for neat PLLA and its nanocomposites when
first cooling down at (a) 10 °C-min~! and (b) 2.5 °C-min"!, respectively
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Table 2 Thermal properties of the second heating curves for
PLLA and its nanocomposites after cooling at 10 °C-min"!
Sample Tee (°C) Tm (°C) AHm (J/g)
PLLA 1343 166.5 33
PLLA/2IL 1354 166.2 5.5
PLLA/2Gra 134.1 166.5 7.2
PLLA/IL/Gra 134.6 165.9 6.4
PLLA/2IL/2Gra 136.2 166.8 7.6

Table 3
PLLA and its nanocomposites after cooling at 2.5 °C-min

Thermal properties of the second heating curves for
-1

Sample  7Tec (°C) Tm (°C) AHe (3/g) AHm (I/g) Xe (%)
PLLA 313 1672 6.9 9.7 3.0
PLLARIL 1332 1663 12.1 13.4 1.4
PLLA2Gra 1213 1673 15.3 306 165
PLLA/IL/Gra 1254 1672 13.9 292 165
PLLARIL/2Gra 1294  167.0 14.0 217 8.3

The reported enthalpy value for PLLA with 100% crystallinity is 93 J-g~!

According to Eq. (3), n and k can be obtained from the
slop and intercept of the straight line by plotting Ig[—In(1 —
X))] versus lgz. The significant parameter to describe the iso-
thermal crystallization kinetics is the half-time of crystalliza-
tion (), defined as the time needed to reach 50% crys-
tallinity.[38] As the Avrami plots shown in Fig. 9, all the
curves have good linear relationships.

Kinetic parameters directly evaluated from the sigmoid
curves are listed in Table S1 (in electronic supplementary in-
formation, ESI). The range of n values is 2.2—2.4 for PLLA
at the different crystallization temperatures, which is similar
to the values reported in literatures.39] For PLLA without

a T=115°C

ey
PLA/2IL

Heat flow
Endo

PLA/2Gra
PLA/IL/Gra
PLA/2IL/2Gra
ll() 2I0 3I0 4IO SIO
Time (min)
c T=125°C

/_/_H
M

Heat flow
Endo

/\ PLA/2Gra
PLA/IL/Gra
PLA/2IL/2Gra

2I0 4I0 6I0 SIO

Time (min)

any heterogeneous nucleus, its nucleation type should pre-
dominantly be homogeneous nucleating and its growth di-
mensions should predominantly be a three-dimensional
growth.[*0] The n values of PLLA/IL have the same range as
those of neat PLLA. With the incorporation of Gra, the n val-
ues increase slightly to 2.4—2.6, indicating the crystallization
mechanism of PLLA may not change significantly. The val-
ues of k for PLLA decrease with the increasing crystalliza-
tion temperature, implying that the crystallization process is
controlled by nucleating rate because of the low degree su-
percoiling.[*1] Other composites also have the same tend-
ency with neat PLLA. In addition, the values of k for
PLLA/2Gra are greater than those of neat PLLA and other
composites at 115-125 °C, which can be attributed to the
good nucleation ability of Gra in PLLA matrix. It is note-
worthy that PLLA/IL/Gra has faster crystallization rate than
PLLA/2Gra does at 130 °C. IL modification can prevent the
aggregation of Gra and improve the rate of nucleation and
regular arrangement of PLLA chains. With the increase of
temperature, PLLA/2IL/2Gra can decrease the crystalliza-
tion rate by inhibiting chain movement of PLLA.

The isothermal crystallization is thermally activated, and
the crystallization rate k can be approximately written as:[42]

%(lnk) =Inky - AE

RT, “4)
where ko is a temperature-independent pre-exponential
factor, AE is total activation energy,*3! T is the temperature
of isothermal crystallization, and R is the gas constant.

b T=120°C
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Fig. 7 DSC curves of isothermal crystallization for neat PLLA and its nanocomposites at various temperatures of (a)

115 °C, (b) 120 °C, (c) 125 °C, and (d) 130°C
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Fig. 10 shows the Arrhenius plots of (1/n)lnk versus 1/Tc.
The AE values are —31.0, —36.6, —14.6, —20.7, and
—71.7 kI'mol™" for PLLA, PLLA/2IL, PLLA/2Gra,
PLLA/IL/Gra, and PLLA/2IL/2Gra, respectively. The value
of AE is negative because the melting crystallization is an
exothermic process. It can be found that with the
incorporation of Gra, the AE value of composites is smaller
than that of neat PLLA due to the nucleation effect of Gra in
PLLA matrix. The AE wvalue of PLLA/2IL increases
compared with that of neat PLLA because IL can inhibit the
nucleation of PLLA slightly.
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Fig. 10 Determination of the activation energy by plotting 1/n(Ink)
versus 1/7¢ based on the Arrhenius equation. The Avrami parameter
k can be deduced from isothermal crystallization.
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Dielectric Relaxation Behavior

Dielectric relaxation spectroscopy (DRS) is performed with
neat PLLA and composites. Fig. 11 shows the frequency
dependence of the imaginary part (¢) of the dielectric
permittivity for PLLA and composites at 110-140 °C.
Normal mode (an) process in the neat PLLA is visible clearly
at low frequency.[*'# Molecular motion in PLLA is
controlled by largely different length scales ranging from the
local segmental motion (a), responsible for the glass
transition, to the cooperative motions and the normal-mode
relaxation, responsible for fluctuation of the end-to-end
vector of chains prevailing in the viscoelastic terminal
relaxation.[**] The incorporation of IL has a slight effect on
the relaxation frequency and intensity of dielectric loss
because of the significant dispersion effect of IL on Gra
surface. The increase of relaxation frequency and intensity
for an relaxation may be attributed to the chain movement of
PLLA by 2Gra, IL/Gra or 2IL/2Gra following the end-to-end
vector in the direction parallel to the chain contour. The
change of an relaxation of PLLA/IL/Gra and PLLA/2Gra is
basically as the same trend. It is concluded that 2Gra of
PLLA/2Gra has the same effect on chain movement as
IL/Gra of PLLA/IL/Gra does, and is different from that of
PLLA/2IL/2Gra.

The overall rate of crystallization depends on two factors:
nucleation rate and crystal growth rate. Gra acts as hetero-
geneous nucleating agent to increase the nucleation rate,
leading to an increase of the overall crystallization rate. On
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the other hand, the formation of Gra aggregation decreases
the nucleating efficiency of individual Gra, also contributing
to the reduction of crystallization kinetics, which can be con-
firmed by the number of active heterogeneities from POM
graphs. In addition, the increase of Gra could induce topolo-
gical confinement effect which eventually results in a reduc-
tion in chain mobility of PLLA. The results suggest that the
IL-modified Gra enhances the crystallization rate of PLLA
when the mass fraction ratio of Gra to IL is optimized. In
PLLA/IL/Gra, the Gra-imidazolium cation interaction in IL-
modified Gra can improve the dispersion of Gra, and in-
crease the nuclei density of PLLA/IL/Gra compared with
PLLA/2Gra. 2Gra of PLLA/2Gra has the same effect on
chain movement as IL/Gra of PLLA/IL/Gra does because IL
enhances the mobility of PLLA chain segments, while Gra
restrains the mobility of PLLA chain segments. When the
optimized mass fraction ratio of Gra to IL is 1:1, Gra as a
good nucleating agent and IL as the significant dispersion
agent at Gra surface can promote the crystallization of
PLLA.

CONCLUSIONS

PLLA-based nanocomposites filled with IL and Gra were
prepared by a solution-blending method. The samples
containing IL can accelerate the growth rate of spherulites
for PLLA, indicating that IL may improve the rate of regular
arrangement of PLLA chains. The change of an relaxation of
PLLA/IL/Gra and PLLA/2Gra basically has the same trend
and 2Gra of PLLA/2Gra has the same effect on chain
movement as IL/Gra of PLLA/IL/Gra does. PLLA/IL/Gra
has the faster crystallization rate than that of PLLA/2Gra,
which might be attributed to the Gra-imidazolium cation
interaction in IL-modified Gra, the significant dispersion
effect of IL at Gra surface, and the increase of nuclei density
of PLLA/IL/Gra. When the optimized mass fraction ratio of
Gra to IL is 1:1, Gra as a good nucleating agent and IL as the
significant dispersion agent at Gra surface can promote the
crystallization of PLLA.
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