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ABSTRACT: Two different sizes of graphene oxide/poly(lactic acid) composites were PLA

. . ! 500 —e—PLA-S
prepared by the solution flocculation method, and the effect of the size effect of —a PLAIL
graphene oxide on the crystallization, barrier, and mechanical properties of poly(lactic E
acid) was investigated by various characterization methods. The results of the g
crystallization behavior test show that the size change of graphene oxide has little effect 5.,
on the nucleation effect of poly(lactic acid). Increasing the size of graphene oxide can & T
promote the crystal growth, so as to improve the crystallization ability of poly(lactic 5 .| Tl
acid). The test results of mechanical properties and barrier properties show that g
increasing the size of graphene oxide can provide a larger interfacial surface area and & 4|
transmit stress more effectively, which can greatly improve the modulus of poly(lactic
acid). At the same time, because of this, the diffusion path of gas molecules in 0 . s : s . .

poly(lactic acid) can be longer and more tortuous, so as to improve the barrier

t (min)

performance of poly(lactic acid).

1. INTRODUCTION

Polymer materials are widely used in people’s daily life. The
polymer materials used more often are mainly petroleum-based
resins. Most of the monomers of these petroleum-based resins
are derived from petroleum. The large-scale use of petroleum-
based resins brings a lot of waste, and petroleum is a
nonrenewable resource, which also leads to the waste of
petroleum resources. Most polymer materials are nondegrad-
able polymer materials. Because of their nondegradability, their
mass waste will inevitably lead to white pollution and bring
greater pressure on the environment.' Poly(lactic acid) (PLA),
a biodegradable and renewable biopolymer, undoubtedly
provides a good solution to this environmental and energy
problem.

The monomer of PLA is lactic acid, which is mainly derived
from plants. It has a wide range of sources and is renewable.
Therefore, PLA is an excellent potential substitute for
petroleum-based resins.” The main chain of PLA contains a
large number of ester groups and methyl side groups, so the
molecular chain is rigid and the mobility of the molecular chain
is weak, which makes the glass transition temperature (Tg) of
PLA larger so that the PLA has poor heat resistance, poor
crystallization ability, and poor toughness.*”® The barrier
properties of PLA also fail to meet the commercial require-
ments. These shortcomings seriously limit the wide application
of PLA. At present, PLA is mainly used in the medical industry.
To broaden its application, our predecessors have done much
research to improve the performance of PLA, mainly through
chemical modification, modification with other polymers,
adding nanofillers””* etc. Adding nanofillers for modification
is a relatively simple and efficient method. Adding a small
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amount can achieve the goal of greatly improving performance
and does not affect the key properties of PLA.’

Graphene oxide (GO) is a two-dimensional sheet of carbon
material and a derivative of graphene. It has a honeycomb
structure and is mainly composed of sp> and sp® hybrid carbon
atoms. As a result of its high density of the surface electron
cloud, GO is impermeable, which makes allows it to have an
excellent barrier performance. The surfaces of GO flakes
contain a large number of epoxy groups, hydroxyl groups, and
of carboxyl groups at the edges,m_12 which allows the flakes to
have more active sites, be better dispersed in the matrix or
solution, and have stronger interfacial binding ability compared
to graphene.'”” Meanwhile, GO has a high modulus (mean
value of 32 GPa) and fracture strength (mean value of 80
MPa) and has a great potential for reinforcing polymers.'*

Huang et al. prepared randomly dispersed GO/PLA
composites and found that when the GO content was 1.37
vol %, the permeability coeflicients of O, and CO, decreased
by 45% and 68%, respectively, which substantially improved
the barrier properties of PLA."> Geng et al. investigated the
effect of GO content on the crystallization behavior of GO/
PLA composites and found that GO can act as a nucleating
agent for PLA. With the increase of GO content, the
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Scheme 1. Schematic Diagram of DSC Program Setting for the Cooling and Isothermal Process
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crystallinity of PLA increased from 4.34% to 49.01%.
Obviously, GO can significantly improve the crystallinity of
PLA.' Zheng et al. studied the effect of amidated GO on the
properties of PLA and found that the addition of 0.3 wt %
could increase the crystallinity of PLA by 34.1% and the
elongation at break and impact strength by 47.32 and
4127%."7 A comparison table of the barrier performance
enhancement of PLA by GO and other fillers (see Supporting
Information) shows that GO has a greater advantage in
enhancing the barrier performance of PLA. Obviously, GO is
an excellent modified filler for PLA.

Previous studies mainly focused on the differences in the
effects of the content of GO and preparation methods of GO
on the properties of PLA, and there were few studies on the
effects of size variation of GO on the properties of PLA. In this
paper, the effect of GO size change on the crystallization
kinetics of PLA was systematically studied by differential
scanning calorimetry (DSC), polarizing light microscopy
(PLM), and small angle X-ray scattering analysis (SAXS),
and the effect of GO size change on the properties of PLA was
explored by other characterization methods. The crystallization
dynamics study reveals that the size change of GO mainly
affects the crystal growth process and then the crystallization
behavior of PLA. As a result of the different sizes of GO, the
interface area between GO and PLA is different, so there are
differences in thermal properties, mechanical properties, and
barrier properties.

2. EXPERIMENTAL SECTION

2.1. Materials. The L-poly(lactic acid) with the trade name
of 4043D was purchased from the American Nature Work
Company. Large-scale graphene oxide (GO-L) and small-scale
graphene oxide (GO-S) were purchased from Deyang Alkene
Carbon Technology Co., Ltd., China. N,N-Dimethylforma-
mide (DMF) was ordered from Chengdu Cologne Reagent
Co., Ltd., China. The distillation was done in the laboratory.

2.2, Preparation of Samples. To make GO-L and GO-S
uniformly dispersed in PLA, GO/PLA composites with an
addition of 0.1 wt % were prepared by the solution flocculation
method." First, 10 mg of GO was weighed and then dispersed
in 200 mL of DMF solution by ultrasound to obtain a well-
dispersed GO suspension. At the same time, 10 g of PLA was
dissolved in 200 mL of DMF solution at 100 °C with stirring.
After the PLA was completely dissolved, the dispersed GO
suspension was added to it, and the stirring was continued for
30 min. After cooling to room temperature, the mixed solution
was added to distilled water for sedimentation, followed by
vacuum filtration, and the filtered sediment was placed in a 50
°C vacuum oven to remove residual solvent. Finally, the dried
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powder samples were pressed into cast pieces by compression
molding at 200 °C. In the following text, the pure PLA sample
is denoted as PLA, and the composite material added with
GO-L is denoted as PLA-L. Likewise, the composite material
added with GO-S is denoted as PLA-S.

2.3. Characterization. To compare the dispersions of
graphene oxide with different sizes in PLA, the samples were
quenched in liquid nitrogen, and their sections were sprayed
with gold. Field emission scanning electron microscopy (SEM)
(FEI Inspect F microsope) was used to observe the surface
morphology of the samples.

X-ray photoelectron spectroscopy (XPS) (Thermo Scientific
K-Alpha 2.4 spectrometer) was used to measure the contents
of C and O elements to further measure the degree of
oxidation.

Thermogravimetric (TG) analysis (METTLER TOLEDO-
TGA2 analyzer) was used to measure the thermal stability of
graphene oxide. The test procedure was to weigh 3—8 mg of
the sample, and in a nitrogen atmosphere, the sample was
heated from 35 to 800 °C with a heating rate of 10 °C/min.

The test was carried out using X-ray diffraction (XRD)
(Ultima IV diffractometer produced by Rigaku Corporation of
Japan). Cu Ka X-ray was used as the radiation source. The
wavelength was 0.15416 nm. The test range was 5—30°, and
the sample scanning speed was 10°/min. The interlamellar
spacing (d) of graphene oxide can be calculated from the Bragg
equation:l

_ nd
2 sin 6

(1)

where A is the wavelength of the X-ray, @ is the angle between
the incident X-ray and the corresponding crystal plane, and n is
the diffraction order.

Ultraviolet—visible (UV) spectroscopy (Shimadzu UV-1800
spectrophotometer, Shimadzu Co., Japan) was used to
compare the dispersibilities of GO of different sizes in DMF
solution. The GO was dispersed in DMF solution by
ultrasonication for 2 h, and then the concentration was
adjusted to 0.025 mg/mL. The test range was 280—1000 nm,
and the scan speed was medium. The sampling interval is 0.5
nm. To compare the stability of GO of different sizes in DMF
solution, the uniformly dispersed suspension left to stand for
one month, and the sedimentation was observed.

The effect of the size change of GO on the rheological
behavior of PLA was investigated using a modular intelligent
advanced rotational rheometer MCR302 produced by Anton
Paar Co., Ltd., in Austria. The samples were pressed into small
discs with a diameter of 25 mm and a thickness of 1 mm and
were vacuum-dried at 60 °C for 6 h. In order to ensure that the
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rheological test was in the linear rheological region, the
experimental conditions were set as follows: first, the test
program was set to the frequency sweep of the melt, and then
the temperature was set to 190 °C. The fixed strain was 1%,
and the sweep frequency range was 0.1—600 rad/s.

Differential scanning calorimetry (DSC) (DSC 3+/500,
METTLER TOLEDO, Switzerland) was used to study the
effect of the size change of graphene oxide on the
crystallization behavior of PLA.

2.3.1. Routine DSC Test. A total of 3—5 mg of sample was
placed into the crucible. The test procedure is to raise the
temperature from 25 to 200 °C at the heating rate of 10 °C/
min, then hold isothermally at 200 °C for S min, then lower
the temperature to 25 °C at the cooling rate of 3 °C/min,
remain at 25 °C for 5 min, and finally raise the temperature to
200 °C at the heating rate of 10 °C/min. The corresponding
DSC program setup schematic is shown in Scheme la.

2.3.2. Isothermal Crystallization Test. The samples were
first raised from room temperature to 200 °C at a rate of 10
°C/min and held for 5 min to eliminate thermal history. Then,
the temperature was rapidly lowered to the specified
isothermal crystallization temperature (90 °C, 100 °C, 110
°C, 120 °C, 130 °C) at a speed of 30 °C/min and kept at that
temperature for 1 h to ensure the completion of the
crystallization process. Finally, it was raised to 200 °C at a
rate of 10 °C/min. The corresponding DSC program setup
schematic is shown in Scheme 1b.

The crystallinity (X,) of the sample can be calculated by the
formula:

AH, — AH

m cC

AH @)

Cc

AH,, is the melting enthalpy of the sample, and AH,, is the
cold crystallization enthalpy of the sample. AHfO is the melting
enthalpy of 100% complete crystallization of the PLA sample,
which is 93.6 J/g."”

The relative crystallinity (X,) represents the crystallization
process at different times, and its calculation formula is as
follows:

/ "(dH/dt)dt
B S (dH/dnat 3)

t
dH is the corresponding enthalpy value when the crystal-
lization time is dt, t represents the time consumed in the
crystallization process, and co represents the time to complete
the crystallization.*

The Avrami equation is used to describe the crystallization
process, and its logarithmic variation is as follows:*"**

In[-In(1 — X,)]=Ink+nlnt (4)

where X, is the relative crystallinity, n is the Avrami index, and
k is the crystallization rate parameter.

The half-crystallization time (t,,,) is the time consumed for
the relative crystallinity to reach 50%. Generally speaking, the
shorter the half-crystallization time, the faster the crystal-
lization rate. The half-crystallization time can be obtained by
the following formula:**

oo (1_2)/
2k (s)

The crystallization rate (G, /,) is obtained by calculating the
reciprocal of t,,,, and the calculation formula is as follows:
1
Gp=—
/2 (6)

To visually compare the effect of the size of graphene oxide
on the crystallization process of PLA, the isothermal
crystallization process of the samples was observed using a
polarizing microscope (PLM) with a hot stage (Nikon Eclipse
LVI100N, ]apan). First, it was raised from room temperature to
200 °C and held for 5 min to eliminate the thermal history,
and then it was rapidly cooled down to 140 °C at a rate of 50
°C/min and held isothermally for 1 h. Photos were taken
immediately when the sample reached 140 °C and then every
10 min.

The long period (L,) of the samples was measured using a
two-dimensional small-angle X-ray scattering instrument (2D-
SAXS, Xenocs, France). The X-ray source was a Cu Ka target
(A = 0.154 nm), and the distance between the sample and the
detector was 2500 mm. The sample was placed perpendicular
to the emission direction of the light source, and the exposure
time was 10 min. The average long period (L,) can be
obtained by the Bragg equation:***

L2

Do (7)

where ¢, is the scattering vector corresponding to the
maximum scattering intensity on the 1D-SAXS curve.

The lamellar thickness (L,) of the crystal region can be
calculated from the following formula:*°

L= LX, ®)

The specimens were pressed into rectangular splines of 50
mm X 10 mm X 1 mm and tested on a universal material
testing machine (CMT6104, MTS SYSTEMS (China) Co.,
Ltd., U.S.A.) at room temperature. The stretching rate was 10
mm/min, and the gauge length was 10 mm.

The gas barrier performance of the sample was measured by
the differential pressure gas permeability meter VAC-V1
produced by Jinan Languang Electromechanical Technology
Co., Ltd. The samples were cut into square splines of 40 mm X
40 mm X 1 mm, tand he test temperature was 23 °C. The test
atmosphere was O,, and the degassing time of the high-
pressure and low-pressure chambers was 8 h.

3. RESULTS AND DISCUSSIONS

3.1. Characterization of Different Sizes of Graphene
Oxide. The size distributions of two different sizes of graphene
oxide were measured by a TEM test, and the corresponding
results are shown in Figure 1. The distribution shows that the
size of GO-L is mainly distributed between 500 and 1500 ym
and the size of GO-S is mainly distributed between 100 and
700 ym. Apparently the size of GO-L is larger than that of GO-
S.

Figure 2a,b is the thermogravimetric curves of two different
sizes of GO. It can be seen from Figure 2b that the degradation
of GO can be divided into three stages. When the temperature
is lower than 100 °C, the mass loss of GO is mainly caused by
the volatilization of water molecules adsorbed on its surface.
When the temperature reaches 150 to 250 °C, the oxygen-
containing functional groups on the surface of GO are
degraded.”” When the temperature is higher than 250 °C
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Figure 1. Size distributions of GO nanosheets.

and lower than 300 °C, the mass loss of GO is mainly caused
by the decomposition of more stable oxygen-containing
functional groups and the destruction of a small amount of
defective carbon structures on the main chain. It can be seen
from Figure 2a that the carbon residue of GO-S is 46.51% and
that of GO-L is 42.74%. Compared with GO-S, GO-L is more
degraded in the process of heating, and the thermal stability of

Table 1. Element Content of GO Nanosheets Obtained
from the XPS Energy Spectrum

sample name peak BE (eV) atomic (%) A/A,
GO-S Cls 286.09 71.06 2.46
O Is 532.90 28.94
GO-L Cls 285.92 70.68 2.41
O Is §32.75 29.32

GO-S is slightly better than that of GO-L. This indicates that
the oxidation degree of GO-L is higher than that of GO-S.

To quantitatively compare the oxidation degrees of GO-S
and GO-L, XPS spectroscopy was performed on GO-S and
GO-L. The XPS spectra of GO-S and GO-L are shown in
Figure 2¢, and the corresponding calculation results of the
element contents are shown in Table 1. Only the signal
responses of C and O elements can be observed in the XPS
spectrum. In addition, it can be seen from Table 1 that the C/
O ratio of GO-S is 2.46, and the C/O ratio of GO-L is 2.41. It
can be concluded that the C/O of GO-L is smaller than that of
GO-S, which can prove that the oxidation degree of GO-L is
slightly larger than that of GO-S.

It can be seen from Figure 2d that both GO-S and GO-L
have a strong diffraction peak of the (001) crystal plane of GO.
From this characteristic peak, the interlamellar spacing of GO
can be calculated. The lamellar spacing of GO-S is 0.95 nm,
and the lamellar spacing of GO-L is 0.94 nm. The lamellar
spacing of GO-S is larger than that of GO-L, which is related to
the slightly higher oxidation degree of GO-L than GO-S.
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Figure 2. (a) Thermogravimetric curves of GO, (b) corresponding derivative thermogravimetric curves, (c) XPS energy spectrum of GO

nanosheets, and (d) XRD patterns of GO nanosheets.
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Figure 4. SEM images of the (a) neat PLA, (b) PLA-S, and (c) PLA-L.
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Figure 5. Variation of storage modulus (G’) as a function of
frequency for neat PLA and its nanocomposites.

Because the GO/PLA composites were prepared by the
solution method, in order to ensure that GO can be uniformly
dispersed in PLA, the dispersibility and stability of GO-S and
GO-L in the DMF solution were first explored. The dispersion
of GO with different sizes in DMF solution was studied by
UV—vis absorption spectrsocopy. The test results are shown in
Figure 3. The UV—vis spectra of GO show two characteristic
absorption peaks, which can be used as a recognition means.

37319

The shoulder peak at 231 nm corresponds to the 7 — #*
transition of the aromatic C—C bond; the shoulder peak at 300
nm corresponds to the n — 7* transition of the C=0 bond.”*
However, because of the strong absorption of DMF in the
range of 200—265 nm, the instrument cannot perform proper
compensation. The lower limit of the measurement of the
ultraviolet wavelength tested here is 280 nm. As can be seen
from Figure 3a, the absorbance of GO-S at 300 nm is slightly
greater than that of GO-L, mainly because the reduction of the
size of GO will enhance the UV absorption of GO. This can be
understood as the color enhancement effect caused by size
reduction.” In general, GO-S and GO-L can be well dispersed
in the DMF solution. It can be seen from Figure 3b that no
obvious sedimentation of the GO suspension was observed
after being placed under ultrasonic treatment for one month. It
can be concluded that both GO-S and GO-L can be uniformly
and stably dispersed in the DMF solution.

3.2. Dispersion Characterization. It can be seen from
Figure 4 that the fractured surface of the pure PLA sample is
relatively smooth, while the fractured surface of the sample
after adding GO is relatively rough. Some irregular holes can
be seen on the fractured surfaces of PLA-S and PLA-L, which
are mainly due to the GO nanosheets being pulled out during
the brittle fracture process.”” The sizes of these holes are
basically between 1 and 2 pm, which is close to the size of
monolithic GO. It can be seen that both GO-S and GO-L are
well dispersed in PLA. The result shows that when the filler
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Table 2. Crystallization and Melting Parameters of Neat
PLA and Its Nanocomposites

sample AH,(/g) AH.(J/g) X, (%)
PLA 3791 21.86 17.1
PLA-S 42.49 3.12 42.1
PLA-L 45.61 48.7

content was 0.1 wt %, the size change of GO had little effect on
its dispersion in PLA.

3.3. Crystallization Kinetics. To verify that both GO-S
and GO-L have no inhibitory effect on the crystallization
behavior of PLA under the loading of 0.1 wt %, the rheological
behaviors of PLA, PLA-S, and PLA-L were measured, and the
corresponding result is shown in Figure S. For the polymer
composite system with nanoparticles, when the loading of
nanoparticles exceeds a critical value (this critical value is
called the rheological percolation threshold), due to the
interaction between nanoparticles, nanoparticles will form a
network structure in the polymer matrix. The formation of this
network structure will greatly inhibit the movement of
molecular chains and hinder the crystallization of polymers.

The rheological percolation threshold can be determined by
the load corresponding to the plateau region where viscous
fluid transforms into a solid-like material in the low-frequency
region of the rheological curve.”"*” It can be seen from Figure
S that, in the low-frequency region, the storage modulus of
PLA, PLA-S, and PLA-L increases with the increase of
frequency, and 0.1 wt % is below the rheological percolation
threshold. This result shows that the addition of GO-S and
GO-L will not hinder the crystallization of the polymer when
the load is 0.1 wt %.

The conventional DSC curves of PLA, PLA-S, and PLA-L
are shown in Figure 6, and the corresponding parameters are
shown in Table 2. It can be seen from Figure 6a that, after
adding GO-S and GO-L, the peak intensity of the
crystallization peak of PLA is significantly improved, which
means that the crystallinity of PLA is significantly improved,
and the low-temperature crystallization peak (corresponding to
the peak intensity of the a’-form) increased more obviously,
indicating that the addition of GO-S and GO-L can
significantly improve the crystallinity of PLA and the
crystallization ability of the &’ crystal. From Figure 6b, it can
be observed that, compared with PLA, the cold crystallization
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Figure 7. Crystallization curves of neat PLA and its nanocomposites after being isothermally crystallized at (a) 90 °C, (b) 100 °C, (c) 110 °C, (d)

120 °C, and (e) 130 °C for 60 min.
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peak of PLA-S is significantly weakened, and PLA-L has almost
no cold crystallization peak. As shown in Table 2, the
crystallinity of pure PLA is 17.1%, that of PLA-S is 42.1%, and
that of PLA-L is 48.7%. This indicates that GO-L can improve
the crystallization ability of PLA more than GO-S.

To further explore the effect of the size change of graphene
oxide on the crystallization kinetics of PLA, pure PLA, PLA-S,
and PLA-L were subjected to isothermal crystallization
treatment at different temperatures, and the corresponding
results are shown in Figure 7 and Figure 8. It can be seen from
Figure 7 that the peak widths of the isothermal crystallization
peaks of PLA-L and PLA-S are smaller than those of PLA, and
the peaks are sharper. This indicates that GO can accelerate
the crystallization process of PLA. Double-melting behavior is
observed from the melting curves of Figure 8a—c, which is
mainly the result of melt recrystallization.”> When the
temperature is lower than 120 °C, the crystal form formed
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by isothermal crystallization of PLA is the a’-form, which is
accompanied by the formation of the a crystal during the
melting process, and subsequent a crystals melt at higher
temperatures. A downward exothermic peak (indicated by the
arrow in Figure 8) can be observed on the melting curves of
PLA, PLA-S, and PLA-L at 90 and 100 °C after being held
isothermally for 60 min, which is mainly because the
recrystallization rate of the a’-form into the a-form is higher
than the melting rate of the a'-form. Therefore, a small a-form
crystallization peak can be observed in the melting region.”
When the temperature is 120 °C and above, the crystal form
formed by isothermal crystallization of PLA is the a-form, and
its melting curve has only one single melting peak. However,
the melting curves of PLA-S and PLA-L after isothermal
crystallization at 120 °C for 60 min still show the phenomenon
of the double-melting peak. This may be due to the fact that
although the addition of GO-S and GO-L can speed up the
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Table 3. Avrami Parameters for Isothermal Crystallization
of Neat PLA and Its Nanocomposites

sample

PLA

PLA-S

PLA-L

T,
§9)
90.0
100.0
110.0
120.0
130.0
90.0
100.0
110.0
120.0
130.0
90.0
100.0
110.0
120.0
130.0

tip G
(min (min)
26.1 0.04

9.0 0.11
8.3 0.12
9.7 0.10
18.2 0.06
6.7 0.15
3.1 0.32
4.5 0.22
7.8 0.13
13.4 0.07
6.7 0.15
3.0 0.34
4.1 0.24
7.2 0.14
10.8 0.09

n

2.1
2.5
2.3
2.5
2.4
2.5
2.8
2.5
2.5
2.6
2.6
2.8
2.8
2.6
2.4

k (min™)

6.30 X
2.87 X
4.50 X
1.98 x
6.89 X
423 X
2.20 X
1.18 X
3.30 X
9.33 X
3.70 X
2.67 X
1.34 X
431 X
1.97 X

107*
1073
1073
1073
107*
1073
1072
1072
1073
107*
1073
1072
1072
1073
1073

AH,,
(/8)
364
37.5
39.9
452
52.5
416
22
4338
487
5.9
469
482
484
3.1
62.1

C,

(%)
389
40.1
426
483
56.0
444
45.1
46.8
52.0
59.7
50.1
SLS
517
56.7
66.3

crystallization of PLA, the degree of perfection of the crystal
structure is relatively reduced. Therefore, during the melting

process, imperfect crystals tend to melt to form perfect ones
and then melt again.

To compare the influence of GO-S and GO-L on the
crystallization rate of PLA, formula (3) was first used to obtain
the cumulative curves of X; and t of PLA, PLA-S, and PLA-L,
as shown in Figure 9. Then, the relationship between In[—In(1
— X,)] and In ¢ (see Figure 10) of PLA, PLA-S, and PLA-L is
obtained by using the Avrami eq 4. The Avrami index (n) and
crystallization rate parameter (k) were obtained by the slope
and intercept of the fitting curve. The crystallization rate
(Gy/,) can be calculated by formulas Sand 6. The parameters
obtained above are shown in Table 3. It can be seen from
Table 3 and Figure 11 that the t;,, of PLA-S and PLA-L is
significantly reduced, and the crystallization rate is significantly
accelerated. This rule is especially obvious for samples treated
at a lower temperature, which may be due to the fact that GO-
S and GO-L can promote the growth of PLA crystals. The
lower temperature is conducive to the nucleation of the
polymer matrix itself, but the crystal growth rate is slower.
After adding GO, the crystal growth rate of PLA itself at low
temperature is improved and the crystal nucleus density
increases, so the crystallization rate of PLA is greatly increased.
The higher temperature is conducive to crystal growth and is

75
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Figure 11. (a) Crystallization rate, G/, and (b) crystallinity, X, of samples.

37322

https://doi.org/10.1021/acsomega.2c03830
ACS Omega 2022, 7, 37315-37327


https://pubs.acs.org/doi/10.1021/acsomega.2c03830?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03830?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03830?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03830?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03830?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03830?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03830?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03830?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

PLA

Omin

10min

30min

PLA-S

PLA-L

Figure 12. PLM images during the time evolution of isothermal crystallization of all samples at 140 °C.

PLA
500 | —o—PLA-S|
—a— PLA-LJ
_
£
Z 400
=
=
b
2300 |
(=
wn
S
=}
5 200 |
2
]
£
]
2 100 F
0 1 1 1 1 1 1
0 10 20 30 40 50 60

t (min)

Figure 13. Relationship between spherulite diameter and time of all
samples after isothermal crystallization at 140 °C.

not conducive to crystal nucleation. Relatively speaking, the
promotion of GO to the crystal growth of PLA is weakened,
and the improvement of GO to the crystallization speed of
PLA is reduced. It can also be seen from Figure 11 that the
crystallization rate and crystallinity of PLA-L are higher than
those of PLA-S, and those of PLA-S are higher than those of
pure PLA. This indicates that GO-L is more beneficial than

GO-S to accelerate the crystallization process of PLA and
enhance the crystallization ability of PLA.

To intuitively compare the effects of GO-S and GO-L on the
nucleation of PLA and the spherulite growth rate of PLA, a
temperature of 140 °C, close to the crystallization start
temperature of the nonisothermal crystallization curve, was
selected. At this temperature, the nucleation ability of PLA
itself is weak, which is more conducive to observing the change
of nucleation density and crystal growth process after adding
GO-S and GO-L. The polarizing microscope images of PLA,
PLA-S, and PLA-L treated at 140 °C are shown in Figure 12. It
can be seen from the figure that the numbers of spherulites of
PLA-S and PLA-L are much more than that of PLA at an
isothermal temperature of 10 min, and the numbers of
spherulites of PLA-S and PLA-L are not much different, which
indicates that GO can play an obvious role in nucleation and
the effect of GO size change on the nucleation rate of PLA is
small. It can be seen from Figure 13 that the growth rate of
spherulites of PLA-L is higher than that of PLA-S, and the
growth rate of spherulites of PLA-S is higher than that of pure
PLA. Obviously, GO-L has a stronger ability to promote
spherulite growth than GO-S.

The 2D-SAXS patterns of pure PLA, PLA-S, and PLA-L
after isothermal treatment at 120 °C for 60 min are shown in
Figure 14a. From Figure 14a, it can be seen that there is a
bright scattering ring in the 2D-SAXS diagram of all samples,
indicating that the crystallinities of pure PLA, PLA-S, and PLA-
L are large. The corresponding 1D-SAXS pattern (Figure 14b)
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Table 4. Characteristic Parameters of Neat PLA and Its
Nanocomposites when Stretching at 25 °C

Young’s tensile fracture

modulus elongation at strength energy
sample (MPa) break (%) (MPa) Jm™)
PLA 914.0 7.6 634 2.9 X 10°
PLA-S 1250.2 8.1 65.6 3.3 x 10°
PLA-L 1339.8 6.8 60.0 2.6 X 10°

is obtained by integrating the 2D-SAXS pattern in Figure 14a.
The relationship between L, and X, calculated according to
Figure 14b is shown in Figure 14c. It can be seen from Figure
14c that the L, and X, of PLA-L are larger than those of PLA-S,
and the L, and X, of PLA-S are larger than those of pure PLA.
The lamellae thickness of PLA-L is larger than that of PLA-S,
and the lamellae thickness of PLA-S is larger than that of pure
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PLA. This is similar to the phenomenon obtained at PLM, and
both indicate that GO-L has a stronger ability to promote the
growth of PLA crystals.

In general, through the study of crystallization behavior, it
can be found that increasing the size of GO can promote the
crystal growth of PLA, thereby increasing the crystallinity and
accelerating the crystallization process of PLA.

3.4. Mechanical Properties. The stress—strain curves of
pure PLA, PLA-S, and PLA-L are shown in Figure 15, and the
corresponding result parameters are shown in Table 4.
Fracture energy is the energy required for fracture calculated
from the area under the stress—strain curve. Compared with
elongation at the break, fracture energy can better measure the
change of tensile toughness of materials. It can be seen from
Table 4 that, after adding GO-S and GO-L, the modulus of
PLA is increased from the original 914.0 to 1250.2 and 1339.8
MPa, which are increased by about 40% and 50%, respectively.
The fracture energy of pure PLA is 2.9 X 10° J'm~>, that of
PLA-S is 3.3 X 10° J-m~>, and that of PLA-L is 2.6 X 10° J-m ™.
Compared with pure PLA, the tensile toughness of PLA-S is
increased by 12%, and the tensile toughness of PLA-L is
decreased by 9%. PLA-S can improve the toughness of PLA
while increasing the modulus of PLA, while the increase of the
modulus of PLA-L is accompanied by a decrease in toughness.
The main reason for this difference is that GO-L has a larger
interface surface area, which enables GO-L to transfer stress
more effectively and act as a reinforcing filler. However, a
larger interface surface area will lead to local internal stress
concentration and reduce the toughness of the material.*®

3.5. Barrier Properties. The gas molecules pass through
the polymer mainly through the amorphous region and defects
in the crystalline region. The permeation process of gas
molecules in polymers is shown in Scheme 2. Gas molecules
are first adsorbed on the high-pressure side and then dissolve
on the polymer surface. The dissolved gas molecules diffuse to
the low-pressure side of the polymer inside the polymer and
finally desorb at the low-pressure side. It can be seen from this

process that the permeability of gas in the polymer film is
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Scheme 2. Permeation Process of Gas in a Polymer Film
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Figure 16. Permeability coefficient of O, (P,) for neat PLA and its
nanocomposites films.

mainly affected by two processes of dissolution and diffusion.
The gas permeability coefficient P can be calculated by the
following formula:

P=DxS$ (9)

where D is the diffusion coeflicient of the gas in the polymer
matrix and S is the solubility coefficient of the gas on the
polymer surface.

The diffusion coefficient (D) of the gas in the polymer
matrix can be calculated by the formula

L2
o6ty (10)

where L is the specimen thickness and f; is the gas permeation
lag time.**’

As can be seen from Figure 16, after adding GO-S and GO-
L, Py, of PLA decreased from 3.30 X 107** cm®*.cm-cm™s™"
Pa~' to 3.11 x 107** cm*cm-em™s™-Pa™" and 3.01 X 107"
cm®cm-cm™s7"-Pa”!, respectively. Under the condition that
the filler is well dispersed in the matrix, the gas permeability of
the material can be reduced and the gas barrier performance
can be improved by addin§ GO, a nanofiller with a great aspect
ratio and impermeability.”> When GO is distributed on the
surface of the polymer matrix, the gas cannot be dissolved at
the high-pressure side, reducing the dissolution coefficient of
the gas. When GO is dispersed in the matrix, it can make the
gas diffusion path longer and more tortuous, so as to increase
the gas permeation lag time and reduce the gas diffusion
coeflicient. These two effects are called the “multipath effect”
and “permeable area reduction effect”. Because the aspect ratio
of GO-L is greater than that of GO-S, Py, of PLA-L is smaller

than that of PLA. This shows that GO-L can better improve
the barrier properties of PLA.

4. CONCLUSIONS

To ensure the good dispersion of GO-S and GO-L in PLA,
pure PLA, PLA-S, and PLA-L were prepared by the solution
flocculation method. To ensure that the addition of GO-S and
GO-L will not hinder the crystallization of PLA, their addition
amount was controlled to 0.1 wt %. In this paper, the effect of
the GO size effect on PLA performance is studied. Through
the dispersion test, it can be found that both GO-S and GO-L
are dispersed in PLA in the form of monolithic layers,
indicating that the size variation of GO at lower additions
amounts does not affect its dispersibility. It is found by
conventional crystallization behavior that GO could signifi-
cantly improve the crystallinity of PLA. Compared with pure
PLA, the crystallinity of PLA-S is increased by about 2.47
times, and the crystallinity of PLA-L is increased by about 2.85
times. It shows that large-size GO is more beneficial to
enhance the crystallization performance of PLA. Further
research on isothermal kinetics found that the addition of
GO can significantly reduce the half-crystal time, and the
decrease in the half-crystal time of PLA-L is larger than that of
PLA-S, which indicates that large-size GO is more beneficial to
accelerate the crystallization process of PLA. The PLM test
further reveals that the size variation of GO does not have
much of an influence on its nucleation effect on PLA, and the
size variation mainly affects the growth process of spherical
crystals. From isothermal kinetic studies, it can be shown that
the size effect of GO mainly affects the crystallization rate and
crystallinity by influencing the spherical crystal growth process.
In general, the large size of GO is more favorable to promote
the growth of spherical crystals and accelerate the crystal-
lization process, which in turn improves the crystallization
properties of PLA. The gas permeability test shows a 5.76%
decrease in gas permeability for PLA-S and an 8.79% decrease
for PLA-L, indicating that the larger GO size is more favorable
for reducing gas permeability and achieving improved barrier
performance.
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