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For the purpose of development of graphene/polylactic acid (PLA) composites with
improved mechanical properties, a stearic acid (SA) compatibilizer was used to
enhance the compatibility of graphene oxide sheets (GO) to PLA polymer matrix.
Graphene oxide was modified with stearic acid at different mass ratios of 1, 3 and 5
prior to forming composites with PLA. Characterization showed positive effects of
SA attached to GO in every mass ratio and also compatibility with PLA matrix. SA
can strengthen interfacial interactions of flat graphene sheets with polymer
matrices resulting in polymer properties improvement. The tensile strength of PLA-
GO-SA composites with mass ratio of 1 increases almost 35 percent compared to
neat PLA. The results implied that GO-SA composites can be used as a nanosheet

filler for property enhancement in PLA.

Keywords : Graphene, Polylactic acid, Bioplastic, Stearic acid
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Introduction

Nowadays, plastics play important roles in human daily life such as in the packaging
industries, general industries and pharmaceutical and medical industries. However, a
huge consumption of these conventional plastics which is produced by petrochemical
industries leads to environmental destruction and pollution due to their contamination of
natural resources and slow degradation. With this issue in concern, people turn their
attention to an environment of using materials which can be biodegraded under
environmental conditions. Bioplastics, as biodegradable plastics, have received much
attention from people, due to their being environmentally friendly. Bioplastics could be
derived from plant-based materials such as starch and silk fibroin or synthetic
biodegradable polymer such as poly(lactic acid), poly(glycolic acid) and poly(E-
caprolactone) [1-3]. Furthermore, the degradation of bioplastics yields carbon dioxide
and water as end products which are friendly to an environment. So bioplastics is one
of the most innovative materials which is classified as an environmentally friendly
product. However, bioplastics have some drawbacks such as limited shelf life, as they
degrade very quickly, and have low mechanical strength compared to regular plastics

XXX.

Graphene is defined as a single layer of two-dimensional sp? carbon atoms arranged in
a honeycomb or hexagonal ring structure obtained from the stacking of hexagonal
carbon layers called graphite. Graphene has many outstanding properties, including
large surface areas up to 2630 m?g™" xxx (in theory), high Young’s modulus (1100 Gpa)
[4] with fracture strength up to 125 GPa [4], high charge carrier mobility (200,000 cm?V"
's™) [5], and good thermal conductivity (5000 Wm™'K™) [6]. All these outstanding
properties make graphene a good candidate for a filler of biodegradable polymer matrix
to enhance their mechanical and thermal properties. It has been reported that graphene
has a potential to be used as a nanofiller with an improvement of polymer properties.
Graphene/polymer composites can significantly improve tensile strength, elastic
modulus, electrical and thermal properties xxx. Compared with carbon nanotubes,
graphene has a higher ratio of surface-to-volume due to the inaccessibility of the inner
of carbon nanotubes surface to polymer matrices [7]. This makes graphene more
favorable for improving polymer properties. There have been reports that Poly(methyl

methacrylate) (PMMA) [8, 9], Poly(vinyl alcohol) (PVA) [10, 11], Polystyrene (PS) [12]
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were used as polymer matrices for graphene to fabricate graphene/polymer composites.
It was found that these graphene/polymer composites show superior properties of

mechanical, electrical and thermal properties.

In terms of the fabrication of graphene/biodegradable polymer composite, graphene can
be incorporated with biodegradable polymers such as poly(lactic acid) by: (i) blending
with the polymer matrix followed by curing and/or polymerization to produce
graphene/polymer composites; (ii) reducing by in-situ chemical or thermal reduction of
graphene oxide (GO) during blending with polymer matrix then followed by curing and/or
polymerization [13]. However, preparing graphene/poly(lactic acid) (PLA) could lead to
brittleness and cracking in polymer composite matrices due to the insufficient surface
wettability of graphene to PLA. In this work, we try to increase surface wetting of
graphene by using stearic acid (SA) modification. Graphene sheets were functionalized
with the long alkyl chain from SA to increase their lipophilicity and compatibility with

PLA. Furthermore, trans-esterification of PLA composite was examined.

2|Page



Experimental

Materials

PLA resin (4043D) was supplied by Nature Works Co. (USA). Natural graphite
powder employed in this work was SP-1 supplied by Bay Carbon (Bay City, Michigan,
USA). Di-Phosphorus pentoxide was obtained from Merck. Potassium persulfate and
Potassium permanganate was supplied by Ajax. Stearic acid (SA) was purchased from
Loba. Sulfuric acid, THF, Methanol and Ethanol were purchased from Labscan. Titanium

(IV) butoxide was purchased from Sigma-Aldrich.

Preparation of PLA and PLA/GO composite films

PLA film was firstly prepared by dissolving PLA resin 8.91 g in THF 45 ml at 50
°C and stirring until the PLA was completely dissolved followed by co-precipitation of
PLA in methanol. Precipitated PLA was then dried at 70 oC in the oven for 12 hours.
The obtained PLA was chopped in a Moulinex blender in readiness for film fabrication.

PLA/GO composites film was prepared by the method mentioned above. GO
(0.09 g) was sonicated in 30 ml THF for 30 mins at room temperature. GO solution was
then mixed with PLA solution followed by stirring, co-precipitation and powder
preparation.

In this study, PLA and PLA/GO composites films were fabricated by a hot press forming
process, which consisted of heating and compressing PLA powder for a measured
amount of time (for 60 mins) and optimized temperature of 180 oC.

Preparation of GO-SA nanocomposite and PLA/GO-SA composite films
GO-SA nanocomposite was prepared by mixing GO (0.09 g) in ethanol (30 ml) with SA
in ethanol (mass ratios of 1, 3 and 5 of GO). The mixtures were then stirred for 24 hrs
and dried for 8 hours at 70 oC. GO-SA nanocomposites with mass ratios of SA to GO
1, 3 and 5 were dispersed in THF and mixed with PLA solution followed by co-
precipitation in methanol and film fabrication as previously mentioned above.

Preparation of PLA/GO-SA-Ti(OBu)4 composite films

PLA/GO-SA-Ti(OBu)4 composite films were prepared by adding Ti(OBu)4 1
wt % of GO-SA nanocomposite in the mixtures of GO-SA nanocomposite and PLA in

THF. Films fabrication was prepared as per the method indicated above.
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Characterizations

Tensile properties of fabricated films were examined with a tensile tester (Cometech-
QC506B1). Films were cut into a specimen size of 80 mm in length, 10 mm in width
and 0.4 mm in thickness. The specimens were elongated at a rate of 1 mm/min.

X-ray photoelectron spectroscopy (Kratos Axis Ulira DLD X-ray Photoelectron
Spectrometer) was analyzed using Al KOU X-ray radiation.

Raman spectroscopy (Model Jobin—-Yvon Horiba T64000 Raman spectrometer with
LabSpec software) equipped with a microscope (50x objective) and a Nd-YAG laser
with excitation wavelength of 532 nm was used to record raman spectra of composite
samples.

X-ray diffractometer (Rigaku Miniflex 600 X-Ray Diffractometer using Cu KOl X-ray
radiation) was used to investigate the diffraction patterns of the composite samples.
Thermal analysis was analyzed by differential scanning calorimeter (PerkinElImer-DSC7).
Samples were heated from room temperature to 200 oC with heating rate of 10 oC /
min and then cooled down to -20 oC.

Scanning Electron Microscopy (SEM, JEOL JSM-5910LV) was used to investigate

morphology and fractured surface of composite films.
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Results and Discussions

Raman spectroscopy

(a)

500 1000 1500 2000 2500 3000 3500
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Figure 1. (a) Raman spectra of GO, GO-SA1, GO-SA3 and GO-SAS5. (b) Expansion of
Raman spectra of GO, GO-SA1, GO-SA3 and GO-SA5
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The raman spectra (Fig. 1) of GO show D band G band and 2D band at 1352,

1577 and 2650 respectively. Generally, D and G band peaks represent the molecular
response of poly-aromatic hydrocarbons in carbon materials. The D band (also known
as disorder band or defect band) refers to a ring breathing mode of sp2 carbon rings G
band relates to the E2g phonon of sp2 carbon atom [14]. From Figure 1, D band of GO
is dominant which indicates that there are a lot of defects in GO [15-17]. These defects
come from acid oxidation in the Hummers method.
The ratio of the D to G bands intensities (Ip/lg) in Raman spectra also informs on defect
and disorder in the carbon structure [15, 16, 18]. It can be observed that the ratio of D to
G band in GO is higher than 1 while the ratio of D to G band in GO-SA1, GO-SA3 and
GO-SA5 are nearly or equal to one. This can be interpreted as that the addition of
stearic acid to GO can decrease defects by the stearic acid coating on GO sheets, and
also the ordered structure increment of graphene sheets by the agglomeration or
regrouping of GO sheets encapsulated by stearic acid.

The ratio of 1(G)/I(2D) band and shifting of G band is used to determine the
layer thickness [14, 19, 20]. If the ratio of 1(G)/I(2D) increases, the numbers of graphene
layers increased. Also if G band shifts to the lower wavenumber, the layer thickness has
increased [14]. From Fig. 1b, It can be observed that there is a small G peak shift to
lower wavenumber in the raman spectra of GO-SA1, GO-SA3 and GO-SA. This can be
an indication that SA addition to GO may induce a restacking of graphene sheets
resulting in lower Raman shifts. Furthermore, the shift in D and G band peaks towards
lower wavenumbers indicates the reduction of GO [16, 21]. However, in this case GO
may not be reduced but the substitution of alkyl group from stearic acid to the epoxy

group occurred instead by the following mechanism in Fig. 2.
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COOH COOH COCH
COOH COOH COOH

COCH COOH

Figure 2. Schematic presentation of the substitution of alkyl group from stearic acid to

the epoxy group on graphene sheet.

The reduction of the epoxy group is confirmed by XPS and will be discussed in the next

section.
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X-ray photoelectron spectroscopy, XPS
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Figure 3. XPS spectra of (a) GO-SA1, (b) GO-SA3 and (c) GO-SA5

The C1S XPS spectrum of GO-SA1, GO-SA3 and GO-SA5 (Fig. 3a to c) indicates five
different peaks at 284.5, 285.3, 287.2, 288.7 and 289.7 attributable to C=C (aromatic
hydrocarbon), C-C/C-H (aromatic hydrocarbon), C-O (epoxy and alkoxy), C=0 (carbonyl
group) and O=C-O (carboxylic acid group) bonds (refer from A to E) [16]. It can be
observed that the C1S spectra of C-C/C-H (Peak B) dramatically increased from GO-
SA1 to GO-SA5, indicating the C-C/C-H attached on the surface of GO. These results
suggest that the surface coverage of GO with stearic acid is increased with the amount
of stearic acid addition. Furthermore, the decrease in peak A and peak C intensities can
be confirmation of the surface coverage of GO by stearic acid because the XPS
spectroscopic technique is used to analyze samples with an average depth of analysis

of approximately 5 nm.
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X-Ray Diffraction, XRD

et PLA-GO-SA5
e,
PLA-GO-SA3
PLA-GO-SA1
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PLA
—
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Figure 4. XRD pattern of PLA, PLA-GO, PLA-GO-SA1, PLA-GO-SA3 and PLA-GO-SA5

Fig. 4 shows the XRD patterns of PLA, PLA-GO1-SA1, PLA-GO1-SA3, and
PLA-GO1-SA5. The XRD pattern of GO shows a diffraction peak at xx o. The XRD
pattern of PLA shows no diffraction peak over the whole range of 20, indicating the
amorphous structure of PLA. Addition of GO to PLA can enhance crystallinity in the PLA
matrix resulting in one diffraction peak at 17° which is ascribed to the existence of a GO
phase in PLA. However, the XRD pattern of PLA-GO1-SA1 shows a similar trend as in
the diffraction peak of PLA-GO1, which can be interpreted as that SA addition to GO at
1:1 weight ratio is a suitable ratio that can help stabilize the crystallinity of the GO in the
PLA matrix. In contrast, addition of SA to GO at 3:1 and 5:1 weight ratios (PLA-GO1-
SA3 and PLA-GO1-SA5) show very small diffraction peaks at the same position as in
PLA-GO1 and PLA-GO1-SA1. This could suggest that the content of GO is low and
polymer matrix is rich with SA, resulting in a more amorphous structure in the PLA

matrix.
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Thermal analysis (DSC)

Table 1. Themal properties of PLA, PLA-GO1, PLA-GO1-SA1, PLA-GO1-SA3 and PLA-
GO1-SAS5 films

Tq Tn °C)  AH,(Jig) AS,(Wig T.(C)  AH, (Jg)
°c)
PLA 59.5 153.3 11.4 0.075 123.3 10.3
PLA-GO1 60.9 153.2 3.4 0.022 131.3 2.1
PLA-GO1-SA1  58.1 151.3 275 0.182 - -
PLA-GO1-SA3  57.4 150 26.9 0.179 - -
PLA-GO1-SA5  57.2 150 26.2 0.174 - -

Thermal analysis of PLA, PLA-GO1, PLA-GO1-SA1, PLA-GO1-SA3 and PLA-
GO1-SAS5 films are shown in Table 1. It can be observed that addition of graphene to
PLA does not affect T4 and T, while addition of stearic acid to PLA-GO1 can decrease
T4 and T,, because of amorphization. AHm values of PLA-GO1-SA1, PLA-GO1-SA3 and
PLA-GO1-SA5 films are significantly increased more than 2 times and 8 times
comparing to PLA and PLA-GO1 respectively. We can determine ASm by the following

equation [22];
AHp,
AS,

It can be seen that the increases of AHm and ASm are in proportion. Stearic acid

Thm =

addition to PLA can increase the chain entanglement leading to entropy increment.
However, AHc of PLA-GO1 decreases almost 5 times comparing to PLA because
graphene itself may hinder the crystallization and molecular rearrangement in PLA
matrix. Furthermore, there are no T, and AHC observed in PLA-GO-SA1, PLA-GO-SA3
and PLA-GO-SA5 samples. This can be explained from two aspects. Firstly, the
molecular orientation was suppressed by graphene addition. Secondly, stearic acid
added to GO can form chain or brush structure on GO surface resulting in the disorder

of molecular orientation or entangled polymer chain.
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Mechanical properties

Table 2. Tensile properties of PLA, PLA-GO 1 %wt, PLA-GO 2 %wt, PLA-GO 3 %wit,
PLA-GO1-SA1, PLA-GO1-SA3 and PLA-GO1-SA5 films

Tensile strength  Elongation at break Modulus
(MPa) (%) (Gpa)
PLA 37.0+26 48.0 £ 18.9 0.255 + 0.026
PLA-GO 1 %wt 38.8 21 2504 0.260 + 0.028
PLA-GO 2 %wt 38.3+1.8 31+04 0.232 + 0.040
PLA-GO 3 %wt 38.8+0.9 36+0.2 0.033 + 0.008
PLA-GO-SA1 494 + 0.3 25+0.3 0.289 + 0.003
PLA-GO-SA3 457+ 23 26+0.3 0.325 + 0.018
PLA-GO-SA5 444 +1.9 27+04 0.325 + 0.019

To study the effect of the incorporation of GO and stearic acid to PLA on the
mechanical properties of the composites. Tensile modulus, Elongation at break and
Modulus of PLA, PLA with GO 1, 2 and 3 weight percent, PLA-GO-SA1, PLA-GO-SA3
and PLA-GO-SA5 samples were measured and listed in Table 2. The tensile strength of
neat PLA shows a tensile strength of 37.0 + 2.6 Mpa with elongation at break of 48.0 +
18.9 % while the tensile strength of GO addition of 1, 2 and 3 percent to PLA is
approximately around 39 Mpa. This value is approximately the same as in PLA. It can
be seen that addition of GO to PLA does not improve the mechanical properties of PLA
even at high concentration of 3 weight percent. However, when stearic acid was added
to PLA-GO1. It can be observed that tensile strength is much improved to 49.4 + 0.3,
457 + 2.3 and 444 + 1.9 Mpa for PLA-GO-SA1, PLA-GO-SA3 and PLA-GO-SA5
respectively, which can be attributed to the improvement of the dispersion of GO in PLA
matrices. These tensile strengths are higher than previously published work on
poly(lactic acid)/epoxidized Palm Oil/graphene nanoplatelets composites [23]. PLA-GO-
SA1 shows superior tensile strength, more than 33 percent comparing to neat PLA. The
compatibility of GO to PLA resulted from the long hydrophobic alky chain from stearic
acid. Nevertheless, the elongation at break is still low because necking is not observed

in the PLA composites samples.
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SEM morphology

42 8 SE!

Figure 5. SEM images of GO-SA1 : (a) 1000x mag, (b) 5000x mag; GO-SA3 : (c)
1000x mag, (d) 5000x mag; GO-SA5 : (e) 1000x mag, (f) 5000x mag; and GO : (g)
1000x mag, (h) 5000x mag;
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The morphology of GO, GO-SA1, GO-SA3 and GO-SA5 at 1000x and 5000x are shown
in Fig. 5a to h. It can be seen that addition of stearic acid to GO at 1 weight ratio
resulted in a coating structure of GO by SA film (Fig. 5a and b). At high magnification
5000x, wrinkle is still observed on GO-SA1 comparing to neat GO (Fig. 5g and h).
However, adding stearic acid to GO at high concentration of 3 and 5 weight percent, the
morphology of GO-SA3 and GO-SAS5 becomes agglomerated and tend to lump (Fig. 5c
and f). Furthermore, when SA was added to GO, it appears that GO was encapsulated
by stearic acid and GO might be restacked at this stage resulting in a raman shift as

shown in Fig 1b.

The SEM observations of specimen cross-sections of PLA, PLA-GO, PLA-GO-SA1,
PLA-GO-SA3 and PLA-GO-SAS5 at 1000x are shown in Fig. 6a to e. It can be observed
that the polymer matrices of PLA and PLA-GO samples (Fig. 6a and b) are not smooth.
There are many pores observed in the cross-section specimens, indicating non-
homogeneous dispersion of GO in the polymer matrix. SEM cross-section images of
PLA-GO-SA1, PLA-GO-SA3 and PLA-GO-SA5 (Fig. 6¢c and e) show smoother and
more homogeneous polymer matrices proportional to the amount of SA addition. This
can be an indication that the compatibility of GO to PLA can be enhanced by using
stearic acid. Nevertheless, high amounts of stearic acid added to GO resulted in stearic
acid predominant phases which can lower tensile strength, as discussed in a previous

section.
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Figure 6. SEM images of polymer composite films at 1000x mag of (a) PLA, (b) PLA-
GO, (c) PLA-GO-SA1, (d) PLA-GO-SA3, (e) PLA-GO-SA5
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Trans-esterification

In the last section, we used titanium butoxide to catalyze the trans-esterification process
during the fabrication of PLA-GO-SA1 film. Schematic illustration of the mechanism of
trans-esterification of PLA-GO-SA1-TiBuO4 has been proposed in Fig.7 The film sample
was designated as PLA-GO-SA1-TiBuO4. Thermal analysis shows T, T, and T, at
59.8, 154.2 and 121.5 °C respectively. AH,, and AH. were found to be 11.3 and 9.8
J/g and ASm is equal to 0.073 J/g °C. As we discussed previously, all PLA-GO-SA
samples show no T, and AHC while these values are available for PLA-GO-SA1-
TiBuO4. This can be confirmation that there was a molecular orientation in PLA-GO-
SA1-TiBuO4 that was beneficial to tensile strength. Tensile strength of PLA-GO-SA1-
TiBuO4 was 51.9 + 3.7 Mpa which is higher than PLA-GO-SA1, while elongation at
break and modulus are nearly the same and were found to be 3.2 + 0.3 % and 0.275 %
0.019 GPa respectively.

The XRD pattern of PLA-GO-SA1-TiBuO4 film (Fig. 8) shows a sharp diffraction peak at
the same position as observed in PLA-GO-SA1 (17 °). Thermal analysis and diffraction
pattern data confirm that the polymer structure of PLA-GO-SA1-TiBuO4 film is more
crystalline showing a different case comparing to PLA-SA1, PLA-SA3, PLA-SAS5 films.
The SEM observations of a specimen cross-section of PLA-GO1-SA1-TiBuO4 film (Fig.
9a to c) illustrate a lot of whiskers throughout the cracking surface, which is different
from PLA-GO-SA1, PLA-GO-SA3, PLA-GO-SAS. It can be implied that sample cracking
in PLA-GO-SA1-TiBuO4 may be different from the others and also the whiskers are the

influence of the tensile strength increment.
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Ti(BuO),

Figure 7. Schematic illustration of the mechanism of trans-esterification of PLA-GO-

SA1-TiBuO4
PLA-GO-SA1-Ti(BuO4)
PLA-GO-5A1
0 10 20 0 40 50 E0

Figure 8. XRD pattern of PLA-GO-SA1 compared to PLA-GO-SA1-Ti(BuO4)
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Figure 9. SEM images of polymer composite films of PLA-GO1-SA1-TiBuO4 : (a) 250x
mag, (b) 1000x mag and (c) 5000x mag

Conclusion

Graphene /Poly (lactic acid)/Stearic acid composites have been successfully fabricated.
The obtained results show that stearic acid attached on GO sheets can act as a
compatibilizer of GO to PLA matrices. The outcome is that tensile strength is improved,
especially in PLA-GO1-SA1 and PLA-GO1-SA1-TiBuO4 where the observed tensile
strengths are more than 33 and 40 percent higher respectively, comparing to neat PLA.
The compatibility of GO to PLA influenced by stearic acid results from the lipophilicity
increment of the long hydrophobic alky chain. However, stiffness can be observed in all

PLA-GO-SA samples due to the absence of necking in the PLA composites samples.
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Future work

Metallic nanoparticles will be incorporate to PLA-GO-SA natrix to investigate their
properties enhancement. For example, mechanical properties, thermal properties

and conducting properties.

21|Page



LANRIILBUANTYLRTDY 3

Output mn‘[mamﬁﬁ'ﬂmé'%'unumn &na.
1. NANBANUN IWINIRIATINTWIWTG
atluszninanidu manuscript iWadRuWluIIENTITIMIMIMIIG
2. mynawIan Ul ss lomd
v o s a a a A a 6
- vL@EJﬂ”Iiu’leﬂHifmﬂ’ﬁﬂUﬂ’]iLSﬂ%ﬂ’liaﬂ‘Iﬂ%i’]EJ’J‘E’]L@]EJL‘NWETT’]& T
NLAMNILANLRITNNTAUAITDRTE
3. U9 (1% KANHARUNLIWINTTITIT NS I Teine mimuawamﬂuﬁﬂizqu

AT1MT RIWRD NNTIATNTUAY)

22|Page



