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Abstract Considerable interest has been devoted to graphene since this material

has shown promising and excellent results in mechanical and thermal properties.

This finding has attracted more researchers to discover the attributes of graphene

due to its extensive and potential applications. This paper reviewed the recent

advances in the modification of graphene and the fabrication of polylactic acid/

graphene nanocomposite. The different techniques that have been employed to

prepare graphene, such as reduction of graphene oxide and chemical vapor depo-

sition, are discussed briefly. The preparations of PLA/graphene nanocomposites are

described using in situ polymerization, solution, and melt blending; and the prop-

erties of these nanocomposites are reviewed. Due to the difficulties in obtaining

good dispersions, modifications of nanomaterials have been the critical issues that

lead to excellent mechanical properties.

Keywords Polylactic acid � Graphene � Graphene modifications � PLA/graphene

nanocomposites

Introduction

The attributes of graphene, namely transparency, density, electric and thermal

conductivities, elasticity, flexibility, hardness, and mechanical resistance, as well as

the capacity to generate chemical reactions with other material, have been a
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potential port to release a revolutionary new technology. In 2004, a group of

researchers studied the preparation and the isolation of single graphene layers using

adhesive tape. They measured the electric properties of the flakes [1], and thus,

boosted the current research.

There are many different types of graphene-based materials, and they can be

categorized by limiting them into groups of graphene, graphene oxide, graphite,

expanded graphite, and graphite oxide. The properties are different, depending on

where the graphene sits within this space. Each graphene type is manufactured using

different techniques, and all techniques differ in terms of their cost structure,

volume production capability, and ultimately, potential target markets. The

manufacturing techniques include micro-cleavage, chemical vapor deposition,

liquid-phase exfoliation, oxidization–reduction, and plasma.

Polylactic acid (PLA) is considered both; (1) biodegradable, which is suitable for

short-term packaging, and (2) biocompatible in contact with living tissues, as it is

appropriate for medical applications, such as tissue scaffolds, internal sutures, and

implant devices [2]. Since the basic monomers (lactic acid) are produced from

renewable resources (carbohydrates) via fermentation, this compostable material

reduces the solid waste disposal problem. Amazingly, due to the depletion of

petroleum resources, PLA has entered into a new era as a valuable biosource

polymer alternative in long-term applications, such as automotive and electronics.

Unfortunately, some disadvantages, such as relatively poor mechanical properties,

slow crystallization rate, and low thermal resistance, have limited its application. As

an alternative, adding nanofillers has been an interesting way to improve the

properties and to expand the use of PLA.

Polylactic acid (PLA)

Polylactic acid or polylactide (PLA) belongs to the family of aliphatic polyesters,

commonly made from a-hydroxy acids. PLA is a polymer, in which, the

stereochemical structures can be modified by polymerization of the controlled

mixture of L and D isomers to yield high molecular weight and amorphous or semi-

crystalline polymers. In addition, the properties of PLA can be easily modified

through the addition of plasticizers, fillers, other biopolymers, etc. In 2010, a market

survey showed that the PLA was in the second place at demand after starch-based

plastic in biobased plastic category for global demand [3].

Besides, there are several ways to synthesize PLA, which involve two monomers:

lactic acid and cyclic di-ester, lactide. The most common method is the ring-

opening polymerization of lactide with various metal catalysts (mostly tin octoate)

in solution, melt or as a suspension, patented by Cargill (US) in 1992 [4]. The

second route to PLA is the direct condensation of lactic acid monomers below

200 �C. This method consists of two stages: (1) lactic acid first oligomerized to PLA

oligomers; (2) polycondensation is done in the melt or as solution, whereby short

oligomeric units are combined to give high molecular weight polymer. This route

needs water removal through the application of vacuum or azeotropic distillation to

favor polycondensation over transesterification [5]. PLA has varying molecular
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weights, and only high molecular weight is used in the packaging industry (Fig. 1;

Table 1).

Properties of PLA

Lactic acid is a chiral molecule that exists in L and D isomers, and the term

‘‘polylactic acid’’ refers to a family of polymers, which are pure poly-L-lactic acid

(PLLA), pure poly-D-lactic acid (PDLA), and poly-D,L-lactic acid (PDLLA) [12].

The final properties of PLA depend more on the content in optical impurities

between both LA enantiomers within PLA chains. PLA can be tailored by a

formulation involving co-polymerizing of the lactide with other lactone-type

monomers, and hydrophilic macromonomers, such as polyethylene glycol (PEG) or

other monomers, with functional groups, such as amino and carboxylic groups, and

blending PLA with other materials [13] (Table 2).

PLA is thermally unstable and exhibits rapid loss of molecular weight, which is a

result of random main-chain scissions. PLA degradation occurs in two stages: (1)

random non-enzymatic chain scission of the ester groups that leads to a reduction in

molecular weight, and (2) the molecular weight is reduced until the lactic acid and

low molecular weight oligomers are naturally metabolized by microorganisms to

produce carbon dioxide and water [16, 17]. Several reactions, such as hydrolysis,

de-polymerization, inter-, and intra-molecular transesterification reactions to

monomer and oligomeric esters, are involved in the degradation process during

thermal reactions [15, 18]. The thermal degradation is initiated below the PLA

melting point and the rate rapidly increases above the melting point.

In addition to its biodegradability, PLA exhibits a Young modulus of around 3

GPa and impact strength close to 2.5 kJ/m2 [19]. By comparison with commodity

polymers, such as polyethylene (PE), polypropylene (PP), polystyrene (PS), and

polyethylene terephthalate (PET) [20], the mechanical properties of semi-crystalline

PLLA are attractive, especially Young modulus, as PLA is favored for short-term

Fig. 1 PLA production steps by ring-opening polymerization using stannous octoate as an initiator
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packaging. Unfortunately, PLA is a brittle material with low impact strength,

resulting in limitation for the sustainable development of PLA [16] and the low

crystallization ability limits the industrial implementation [21] (Table 3).

The physical, mechanical, and barrier properties of PLA depend on the solid-state

morphology and its crystallinity. PLA can be either amorphous or semi-crystalline,

depending on its stereochemistry and thermal history. The favorable of crystallinity

formation relies on the end-use requirement of PLA. For instance, high crystallinity

is unnecessary for injection molded, which is pursued for further blow molding

since rapid crystallization of the PLA would hamper the stretching of the

performance and the optical clarity of the resulting bottle [23]. Otherwise, increased

crystallinity is desirable for injection-molded articles, for which good thermal

stability is important. Two strategies can be implemented to increase crystallinity

[23]: (1) annealing the PLA between the glass transition temperature and the

melting temperature to improve the thermal stability, and (2) incorporating

nanoparticles as nucleating agent in the PLA during extrusion. These lower the

Table 1 A summary of studies on PLA polymerization variables and molecular weight, catalyzed by

stannous octoate

Lactic acid

polymers

Solvent(s) Reaction

temp.

(�C)

Reaction

time

Molecular weight References

PDLLA, PLLA Alcohols 200 60–75 min Mw \ 350,000 Korhonen

et al. [6]

PLLA Glycerol 130 6 h DPn = 43–178 Han et al. [7]

PLLA, PDLA Alcohols,

carboxylic

acid

130 2–72 h Mn \ 250,000 Zhang et al.

[8]

PLLA No solvent 130 72 h Mv = 20,000–680,00 Hyon et al. [9]

PLLA (stannous

octoate and

triphenylamine)

No solvent 180–185 7 min Mn = 91,000 Jacobsen et al.

[10]

PLLA (stannous

octoate and

compounds of

titanium and

zirconium)

Toluene 180–235 15–180 min Mn = 40,000–100,000 Rafier et al.

[11]

Table 2 Lactic acid polymer properties (represents the values from [14, 15])

Lactic

acid

polymers

Glass transition

temperature Tg

(�C)

Melting

temperature

Tm (�C)

Density

(g/cm3)

Good solubility in solvents

PLLA 55–80 173–178 1.290 Chloroform, furan, dioxane, and dioxolane

PDLLA 43–58 120–170 1.25 PLLA solvents and acetone

PDLA 40–50 120–150 1.248 Ethyl lactate, tetrahydrofuran, ethyl acetate,

dimethylsulfoxide, N,N xylene, and

dimethylformamide
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surface free energy barrier for nucleation and allow crystallization at higher

temperature to take place upon cooling.

Recently, melt processing has been the main conversion for the approaches of

PLA. Hence, comprehension on thermal, crystallization, and melt rheological

behavior is vital to optimize the properties of PLA. The rheological properties are

highly dependent on temperature, molecular weight, and shear rate. Semi-crystalline

PLA tends to possess higher shear viscosity than its amorphous counterpart under

identical processing conditions. As shear rate increases, the viscosities of the melt

decrease significantly [24]. The rheological properties of PLA can be tailored by the

insertion of branching into the polymer chain architecture using variety routes like

multifunctional polymerization initiators, hydroxycyclic ester initiators, multicyclic

ester, and crosslinking via free radical addition [25–28].

Graphene-based materials

Graphite, as a carbon natural precursor, is made of hundreds of thousands of layers

of graphene. Graphite is naturally a very brittle compound and cannot be used as a

structural material on its own due to its sheer planes. Extensive research has proven

that graphite is an impressive mineral that shows a number of outstanding and

superlative properties, including its ability to conduct electricity and heat well, also

highly resistant to chemical attack and self-lubricating. Graphite is one of the only

three naturally occurring allotropes of carbon, besides diamond and amorphous

carbon. The differences between the three naturally occurring allotropes are the

structure and the bonding of the atoms within the allotropes; diamond enjoying a

diamond lattice crystalline structure, graphite having a honeycomb lattice structure,

and amorphous carbon is without a crystalline structure.

Graphene is a thin layer of pure carbon, which is a single, and a tightly packed

layer of carbon atoms that are bonded together in a hexagonal honeycomb lattice. It

is an allotrope of carbon in the structure of a plane of sp2-bonded atoms. Graphene

is the basic structural element of other allotropes, such as graphite, charcoal, carbon

nanotube, and fullerenes. Graphene sheets stack to form graphite with an interplanar

Table 3 Comparison between the properties of PLA and other polymers (represents the value from [22])

Tg (�C) Tm (�C) Tensile strength

(MPa)

Tensile modulus

(MPa)

Elongation at

break (%)

PLA 40–70 130–180 48–53 3,500 30–240

LDPE -100 98–115 8–20 300–500 100–1,000

PCL -60 59–64 4–28 390–470 700–1,000

PS 70–115 100 34–50 2,300–3,300 1.2–2.5

PVA 58–85 180–230 28–46 380–530 –

PET 73–80 245–265 48–72 200–4,100 30–300

LDPE low density polyethylene, PCL polycaprolactam, PS polystyrene, PVA polyvinyl alcohol, PET

polyethylene terephthalate
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spacing of 0.335 nm and the carbon–carbon length in graphene is about 0.142 nm

[29].

The awareness of graphene began to take place in 1859 when Brodie realized the

highly lamellar structure of thermally reduced graphite oxide [30]. Thereafter, many

scientists have been involved in graphene researches [31–40]. The revolution of

graphene has sparked in 2004 [1], whereby they extracted single-atom-thick

crystallites from bulk graphite using Scotch tape or mechanical cleavage technique.

For this effort, they were awarded Nobel Prizes in Physics in 2010. In 2009,

graphene became one of the strongest materials, known with a breaking strength

over 100 times greater than hypothetical steel with similar thickness [41] and

stiffness of 1,000 GPa [42] and 220 Gpa for graphene oxide (GO) [43]. The fracture

strength of a single-layer graphene is 130 GPa [42] with thermal conductivity

*5,000 W/mK [44] and electrical conductivity 104 S/cm [45]. The value of

thermal conductivity is significantly higher than GO (*2,000 W/mK) [42],

multiwall carbon nanotubes (*3,000 W/mK) and single-wall carbon nanotubes

(*3,500 W/mK) [46, 47]. Besides, graphene also shows excellent electric charge

transport and 97.7 % optical transmittance [48]. High light transmittance, photo-

luminescence, and high charge mobility are features of graphene that are important

for applications in Magnetic Resonance Imaging (MRI) and biomedical imaging

[49, 50].

Pristine graphene is hydrophobic in nature and it poorly disperses in water, which

requires surfactants or other stabilizing agents to obtain suspension in biological

fluids and to prevent agglomeration [51]. Graphene oxide is capable in forming

hydrogen bonds and metal ion complexes due to the polar basal plane and negative

charges associated with carboxylate groups on the edge site [52]. Reduced graphene

oxide consists of basal vacancy defects that occur during oxygen removal, making it

less hydrophobic than graphene and shows less basal reactivity than graphene oxide

[52–55].

Graphene has great potential for applications in medicine, electric circuits,

chemical and industrial processes. In 2008, graphene produced from exfoliation

procedures had been scaled up and manufacturers sold graphene in large quantities

[56]. In early 2013, the European Union awarded a grant worth of one billion Euros

to be used for research of potential graphene applications [57]. With the rapid

development of synthesis and functionalization approaches, graphene and its related

derivatives have shown prominent potentials in many fields such as nanoelectronics

[58, 59], composite materials [60–63], energy technology [64–67], sensors [68, 69],

and catalysis [70–72].

Beyond the applications aforementioned, another interesting field, the biomedical

application, is a relatively new area for graphene-based nanomaterials due to their

excellent mechanical, electrical, and optical properties. The 2D structure of

graphene and the presence of delocalized surface p electrons can be used for

effective drug loading via hydrophobic interactions and p–p stacking [51]. Several

researches have been observed in this field using graphene oxide [73–76]. Another

application of graphene in biomedical is as gene therapy to treat genetic disorders

such as cancer, cystic disorders, and Parkinson’s disease. The efficient and safe gene

vectors that protect DNA from nucleus degradation, as well as in facilitating DNA
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uptake with high transfection efficiency, are compulsory to obtain successful gene

delivery [77, 78]. The approaches for the use of graphene in gene delivery are

functionalized with cationic polymers such as polyethylenimine (PEI) [79–82],

chitosan-functionalized GO [83], and amine-terminated PEGylated GO [84]. PEI is

used as a non-viral gene vector due to its strong electrostatic interaction with

negatively charged phosphates of RNA and DNA, and its chemicals are easily

modified to achieve increased transfection efficiency, cell selectivity, and reduced

cytotoxicity [51]. Furthermore, Chitosan–GO acts by thickening the pDNA into

stable nano-sized complexes.

Routes of producing graphene

Chemical vapor deposition (CVD)

The most common way for scientists to create a monolayer or a few layers of

graphene is by a method known as chemical vapor deposition (CVD), also known as

‘‘bottom-up’’. This is a method that extracts carbon atoms from a carbon-rich source

by reduction. This method involves the growth of graphene films with macroscopic

dimensions on the surface of metal. The main problem with this method is finding

the most suitable substrate to grow graphene layers on, and also developing an

effective way of removing the graphene layers from the substrate without damaging

or modifying the atomic structure of the graphene. The first successful synthesis of a

few layers of graphene films using CVD was reported in 2006 by Somani et al. [85],

using camphor as the precursor on Ni foils. This research showed a new way of

graphene synthesis route with several unsolved problems like controlling the

number of layers and minimizing the folding of graphene.

Three processes can be classified in the CVD technique: (1) thermal CVD, (2)

plasma-enhanced CVD, and (3) thermal decomposition on SiC and other substrates.

In thermal CVD, two general approaches have been developed: (1) the precipitation

of carbon from carbon-rich precursors on metal like nickel (Ni) [86] and cobalt

(Co), and; (2) the CVD growth of carbon on copper (Cu) using methane (CH4)/H2

mixtures [87]. The diffusion of carbon into the metal thin film is involved during the

growth of graphene on substrates with medium-high carbon solubility ([0.1 atomic

%), such as Ni and Co, at the growth temperature, and the henceforth precipitation

of carbon out of the bulk metal to metal surface upon the cooling [86, 88]. The

thickness and crystalline ordering of the precipitated carbon (graphene layers) are

controlled by the cooling rate and the concentration of carbon dissolved in the

nickel, which is determined by the type and concentration of the carbonaceous gas

in the CVD, and the thickness of the nickel layer [89].

On the other hand, as for route (2), the graphene growth on low carbon solubility

(\0.001 atomic %) substrate like Cu priory happens on the surface through the four

steps process described by Li et al. [87]: (1) first, catalytic decomposition of

methane on Cu, (2) the formation of nuclei as a result of supersaturation, (3) nuclei

grown to form graphene islands on Cu surface saturated or supersaturated, and

finally, (4) full Cu surface coverage by graphene under certain temperature, methane

flow rate, and methane partial pressure. A unique feature of CVD method in
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synthesizing graphene is the possibility for substitutional doping by introducing

other gases, such as NH3, during growth [70, 90, 91]. A research found that the

N-graphene electrode has long-term stability, tolerance to crossover, and better

poison effect than Pt/C for oxygen reduction in alkaline electrolyte [70]. The

reversible discharge capacitance of N-graphene in lithium batteries is almost double

compared to pristine graphene because the surface defects are induced by nitrogen

doping, as reported by Reddy et al. [91].

Then, the second technique of CVD, plasma-enhanced CVD (PECVD), offers the

graphene synthesis at lower temperature and low pressure using reactive species

generated in the plasma compared to thermal CVD. The benefits of the plasma

deposition include very short deposition (\5 min) and lower growth temperature of

650 �C compared to thermal CVD (1,000 �C). The growth mechanism of graphene

via PECVD is balanced between the graphene deposition through the surface

diffusion of C-bearing growth species from precursor gas, and etching caused by

atomic hydrogen [89].

In addition, Terasawa and Saiki [92] studied the graphene deposition on Cu using

PECVD at 500 and 900 �C using CH4/H2 gas mixture. It has been pointed before;

the dissociation hardly occurs at around 500 �C using thermal CVD, so, graphene

does not grow at this temperature. In contrast, the activated carbon fragment like C2

radical is formed in PECVD and the graphene growth occurs even at the

temperature of 500 �C, as depicted in Fig. 2a, however, the grain size is limited to

20 nm. At higher temperature, as depicted in Fig. 2b, the catalytic nature of Cu

works simultaneously and increases the grain size of the first graphene layer to

40 nm, as larger grain size of Cu substrate causes enlargement of graphene growing

on it. As for the second layer of growth, the active sites are concentrated on C2 and

CH radicals. The attachment of C2 radicals continues the growth of graphene, while

the attachment of CH blocks the extension of sp2 network. The effect of CH is

Fig. 2 The growth of graphene at 500 and 900 �C using PECVD method
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presented in (a), (c), and (d). Hence, the size of graphene growth is limited by the

degree of CH termination.

The third method of obtaining graphene is to heat silicon carbide (SiC) to high

temperature ([1,100 �C) under low pressure (*10–6 torr) in a dense noble gas to

reduce it to graphene [93]. The face of SiC used for graphene formation, either

silicon or carbon-terminated, extremely influences thickness, mobility, and carrier

density of the graphene. The important advances on graphene have been made since

a patent for graphene-based electronics was filed provisionally in 2003 and was

issued in 2006 [94]. This patent claims creating on a preselected face of a substrate,

a thin-film graphitic layer disposed against preselected face; and generating a

preselected pattern on the thin-film graphitic layer. In 2009, researchers at the

Hughes Research Laboratories produced very high frequency transistors on

monolayer graphene on SiC, where the epitaxial-graphene layer is formed by

graphitization of 2-in-diameter Si-face semi-insulating 6H-SiC (0 0 0 1) substrates

with a metal gate on top of a high-k Al2O3 gate dielectric deposited via an atomic-

layer-deposition method [95], only after one year the researchers at MIT Lincoln

Lab produced hundreds of transistors on a single chip [96]. The MIT Lincoln Lab

developed transistors using multilayered epitaxial graphene (MEG) on SiC. In this

research, graphitic films on SiC substrates were prepared by solid-state decompo-

sition of single-crystal 4H-SiC (0 0 0 1) in vacuum. Si sublimes to produce carbon-

rich surfaces that subsequently graphitize. When SiC substrate is heated under

ultrahigh vacuum (UHV), the silicon atoms sublimate from the substrate and the

removal of Si leaves the surface of the carbon atoms to be rearranged into graphene

layers [89]. The thickness of graphene layers depends on the annealing and the

temperature of UHV. Besides the interesting method of manufacturing graphene,

several hurdles are encountered in the real production, such as controlling the

thickness of graphene layers in large area production [89]. Another challenging

issue is the different epitaxial growth patterns on different SiC polar face, Si-face,

and C-face. Such mismatch of graphene growth process has visceral effects on the

physical and electronic properties of epitaxial growth.

The epitaxial growth on metal substrates uses source and atomic structure of a

metal substrate to start the growth of the graphene. Parga et al. [97], studied the (0 0

0 1) faces of ruthenium (Ru) crystals under UHV and found that the first graphene

layer coupled strongly to the Ru substrate, while the second layer was free of the

substrate interaction and had a similarity of electronic structure with free-standing

graphene. In contrast, the graphene growth on Irridium (Ir) is uniform in thickness,

weakly bonded, and can be produced in highly ordered [98]. Rafiee et al. [99]

reported that graphene coatings did not significantly disrupt the intrinsic wetting

behavior of surfaces for which surface–water interactions are dominated by van der

Waals forces. Their findings indicated that the wetting transparency of graphene is

related to its extreme thinness. According to Li et al. findings in 2009, the increasing

of 30–40 % in condensation heat transfer on Cu using CVD method is as a result of

the ability of the graphene coating to suppress Cu oxidation without disrupting the

intrinsic wettability of the surface. The employment of Cu at low pressure using

methane ends the growth of graphene automatically after the first single layer is
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formed and large graphene films can be produced easily [87]. Besides, the use of

ethane and propane gases leads to the growth of bi-layer graphene [100].

Among all the other techniques, graphene synthesized by CVD and epitaxial

growth on metal substrate, especially copper, has large area [86–88, 101] and both

single-layer and bi-layer characteristics with specific area up to 1 cm2 for industrial

and electronic applications, but unfortunately, this method fails to synthesize the

bulk quantities of graphene [102].

Mechanical cleavage and liquid-phase exfoliation

The excellent properties of graphite, such as in-plane mechanical, structural,

thermal, and electrical properties, are highly hinged on the exfoliation graphite

down to single graphene sheets in the matrix. The main obstacle in the synthesis and

the processing of bulk-quantity graphene sheets is aggregation. Graphene must be

well separated from each other, otherwise, this material tends to form irreversible

agglomerates or restack to form graphite through van der Waals interactions [89].

The simplest way of preparing small samples of single- or few-layer graphene is

by the mechanical cleavage like the repeated peeling of graphene layers with

adhesive tape [89]. Nevertheless, the large graphene surface area (*1 mm2)

obtained is an inadequacy in this method [1]. The consumption of graphite-

intercalated compounds (GIC) could overcome this problem. Expanded graphite

(EG) is produced from GIC by rapid evaporation of the intercalate component at

high temperatures. Oxidants and other molecules could more easily enter in the

interlayer space of EG compared to natural graphite because graphite could expand

up to a hundred times in volume at high temperature due to thermal expansion of the

evolved gas trapped between the graphene sheets [89].

Recently, Hassan et al. [103], produced high-yield aqueous phase exfoliation of

graphene via in situ emulsion polymerization using EG. In the beginning of the

research, thermal EG was produced, and followed by the preparation of dispersion

in 20 mL distilled water by mixing 0.1 wt% EG with variable amounts of sodium

dodecyl sulfate (SDS) as surfactant and stabilizing agent. Later, a sonication process

for 60–80 min at room temperature took place and was continued by in situ

emulsion polymerization to synthesize poly(styrene)–graphene nanocomposite.

Non-exfoliated graphite is eventually separated from the graphene by centrifuga-

tion. The TEM results showed that the exfoliated graphene comprised of nanoflake

with 60 % of B5 layers and 90 % of B10 layers of the product. Zhou et al. [104],

synthesized high quality and high concentration of graphene sheets using EG via

intercalation and exfoliation pathway using n-butyl lithium as intercalating agent,

water, and N,N-dimethylformamide (DMF) as exfoliating agent.

Cutting open carbon nanotubes (CNT)

Graphene nanoribbons can be produced by the unzipping of multiwalled CNT

(MWCNTs). In 2010, Terrones et al. [105], reviewed the methods to produce

graphene nanoribbons by unzipping the CNT, as shown in Fig. 3. Figure 3a depicts

an intercalation–exfoliation of MWCNTs, involving treatments in liquid NH3 and
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Li, and followed by exfoliation using HCl and heat treatments; (b) chemical route

by acid reactions that start to break carbon–carbon bonds, such as H2SO4 and

KMnO4 as oxidizing agents; (c) the implementation of catalytic approach as metal

nanoparticles ‘cut’ the CNT longitudinally; (d) electrical method by passing an

electric current through a CNT; and (e) physiochemical method by embedding the

tubes in polymer matrix, followed by Ar plasma treatment. Figure 3f portrays the

resulting structures, either GNRs or graphene sheets.

Carbon dioxide reduction

Chakrabarti et al. [106], from Northern Illinois University found a simple way to

synthesize graphene. The synthesis process involves a highly exothermic reaction,

in which, magnesium (Mg) is combusted in oxidation–reduction with carbon

dioxide (either solid or gases), producing a variety of carbon nanoparticles,

including graphene and fullerenes. The team showed that the graphene was formed

in a few layers of nanosheets up to 10 atoms thick. Burning Mg metal in CO2

environment produces carbon materials, as shown in the equation below:

2Mg sð Þ þ CO2 gð Þ ! 2MgO sð Þ þ C sð Þ:

Recently, various approaches have been developed for the mass production of

pure and high-quality graphene nanosheets (GNs) without oxidation and reduction

process, including exfoliation of graphite using sonication [103], wet ball milling

[107–109], and supercritical fluids (SCFs) processes [110, 111]. SCFs technique

offers a low-cost and simple approach to a large-scale production of pure graphene

Fig. 3 The different ways nanotubes could be unzipped to yield graphene nanoribbons (GNRs)
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sheets without the need for complicated processing steps or chemical treatment. Pu

et al. [105], implemented supercritical CO2 processing technique for intercalating

and exfoliating layered graphite. Few-layer graphene, which contains about 10

atomic layers, are produced by immersing powdered natural graphite in supercritical

CO2 for 30 min, followed by rapid depressurizing the SCFs to expand and to

exfoliate graphite. Graphene are gathered by discharging the expanding CO2 gas

directly into a solution containing sodium dodecyl sulfate (SDS) to avoid restacking.

In 2012, Sim et al. [112], prepared the GNs through repeated supercritical CO2

(scCO2) process, whereby less-damaged GNs were obtained. They did not only find

that the thickness and lateral size of the exfoliated GNs produced in the optimum

SCFs conditions (45 �C, 150 bar) were 1.0–6.0 and 0.2–1.0 lm, but also the thinner

GNs could be obtained by repeating the scCO2 process. Hence, thickness control

can be done by varying the number of scCO2 in the process (Fig. 4).

Graphite conversion

Many research institutions are trying to develop ways to revolutionize the

production of high-quality graphene sheet. One of the possible cost effective ways

is through the reduction of GO to reduce graphene oxide (rGO). Rapid pyrolysis and

surface modifications of graphite oxide or graphene oxide result in the formation of

graphene nanosheets (Fig. 5).

Graphite oxide is a compound made up of carbon, hydrogen, and oxygen

molecules. It is artificially created by treating graphite with strong oxidizers, such as

sulphuric acid, H2SO4. These oxidisers function by reacting with the graphite and

eliminating an electron in the chemical reaction. The most common methods used

for creating graphite oxide are Hummers and Offeman [113] methods, in which,

graphite is treated with a mixture of sulphuric acid (H2SO4), sodium nitrate

(NaNO3), and potassium permanganate (KMnO4). Graphite oxide and graphene

Fig. 4 Exfoliation mechanism of graphite through scCO2 process
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oxide are similar chemically, but different structurally. The main difference

between graphite oxide and graphene oxide is the interplanar spacing between the

individual atomic layers of the compounds caused by water intercalation. Graphite

oxide is three dimensional, whereas graphene oxide is two dimensional. The

oxidation process results in space formation, and also disrupts the sp2 bonding

network, which means that both graphite oxide and graphene oxide could be known

as electrical insulators.

A few methods are possible to turn graphite oxide to graphene oxide. The most

common techniques are using sonication, stirring, or a combination of the two.

Sonication is a useful way in exfoliating graphite oxide and extremely successful at

exfoliating graphene. Mechanical stirring is a less heavy approach, but it is time

consuming to accomplish. Achaby et al. [114], in 2012, converted natural graphite

to graphite oxide according to Hummer’s method [113], followed by exfoliation of

bulk graphite oxide to graphene oxide. The dried graphite oxide formed was

dispersed in N,N-dimethylformamide (DMF) and ultrasonicated for 2 h [115, 116].

High-speed centrifugation of GO nanosheets suspension [116] was performed to

isolate the solid phase.

Furthermore, there are several methods that can be used to reduce graphene oxide

(GO) to produce reduced graphene oxide (rGO), which are treating GO with

hydrazine [117–120], and sodium borohydrate (NaBH4) [121, 122]. Hydrazine

hydrate does not react with water and it is capable to produce very thin and fine

graphite-like sheets [89]. Reduced graphene oxide becomes less hydrophilic due to

Fig. 5 The methods of graphene production
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the removal of oxygen atom. NaBH4 has been demonstrated to be more effective

than hydrazine as a reductant of GO [122], although it can be slowly hydrolyzed by

water and alcohol groups that remain after reduction. For a preferable method, Gao

et al. [45], extended the dehydration process using 98 % of H2SO4 at 180 �C after

reduction by NaBH4 to further improve the reduction effect of GO.

Another safe method revealed by Fernández-Merino et al. [123], used ascorbic

acid (vitamin C) as a substitute to hydrazine in the reduction of GO. In comparison

with NaBH4, vitamin C, pyrogallol, as well as heating under alkaline conditions,

only vitamin C showed higher reduction than hydrazine. Besides being non-toxic,

the suspensions of rGO synthesized using vitamin C can be prepared in water and in

general solvent, such as DMF and N-methyl-2-pyrrolidone (NMP). Gao et al. [124],

employed vitamin C as a reductant, and amino acid as a stabilizer to synthesize

graphene and to give unique electrical properties similar to other methods.

The photo irradiation is another way of contributing to the reduction of GO. In

2013, Guo et al. [125], prepared rGO via green and scalable infrared (IR) irradiation

induced photothermal reduction method. At high power density, the rGO becomes

highly porous due to rapid degassing and exfoliation of GO sheets, thus revealing

good performance as the anode material for lithium ion batteries. On the other hand,

Williams et al. [126], found the UV irradiation also helps in reducing GO in TiO2

suspensions and maintaining well-separated graphene-semiconductor composite

sheets. The reduction is proved as the color of suspension shifted from brown to

black. The interaction between TiO2 particles and graphene sheets hinders the

collapse of exfoliated graphene. The study was continued with the reduction of GO

in ethanol interaction with excited ZnO nanoparticles [127]. In 2009, Cote et al.

[128], used pulsed xenon flash from photographic camera that instantaneously

triggered the deoxygenation reaction of GO at room temperature and it had been

chemical free. The rapid microwave irradiation also can be employed to achieve

exfoliation and reduction of graphite oxide within 1 min [129]. This method is

scalable and cost effective (Fig. 6).

Besides, urea can be used as an expansion–reduction agent to synthesize

graphene from graphite oxide [130]. This process consists of two simple steps: (1)

graphite oxide is well mixed with urea that decomposes upon heating to release

reducing gases, and (2) the mix is heated in an inert gas environment (e.g., N2) for a

Fig. 6 TiO2–graphene composite and its response under UV-excitation
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short time in moderate temperature (ca. 600 �C). Then, upon cooling, the solid

graphene is readily collected. Jin et al. [131], prepared nitrogen-doped graphene

sheets (NGS) by annealing graphite oxide with urea under an Ar atmosphere for 3 h

in a tubular furnace at 700–11,050 �C. The NGS is studied as positive electrode in

vanadium redox flow battery.

Preparation methods of PLA/graphene-based nanocomposites

The preparation of polymer-based nanocomposites has become a great challenge in

obtaining a good distribution of the nano-reinforcement. This level influences the

quality of dispersion of filler in matrix; which in turn determines the properties of

nanocomposites. The carbon nanotubes (CNT) have a tendency to form bundles that

can be difficult to break down. This problem needs so much effort in developing

methods of obtaining good distributions of CNT like chemical modifications [132].

Nonetheless, as for graphene or graphene oxide, the formation of bundles is not a

problem although inclination of incomplete exfoliation and restacking can occur

[133]. The mechanism for interaction in polymer/graphene nanocomposites relies

on the polarity, molecular weight, hydrophobicity or reactive groups and other

factors, which are present in the polymer, graphene or graphite, and solvent [134].

The incorporation of nanostructures into polymer can usually be done by three main

strategies; in situ intercalative polymerization, solution intercalation, and melt

intercalation.

In situ intercalative polymerization

In situ intercalative is a method where nanoparticles are first dispersed in liquid

monomer or monomer solution, followed by the polymerization of monomers. The

process assists in raising the interlayer spacing and exfoliates the layered structure

of graphite into graphite nanoplates, and the intercalation of monomers generates

polymer. In this method, a high level of dispersion of graphene-based filler is

achieved without a prior exfoliation step, not likely in solution intercalation.

Functionalized graphene or GO can improve the initial dispersion in the monomer

liquid, and followed by in composite. This technique is applicable not only for the

covalent bonding between functionalized sheets and polymer matrix through

various condensation reactions, but also for non-covalent bonded composites, such

as PP-GO [135], PE-graphite [136], and PMMA-GO [137]. The limitations of this

method are the requirement of monomer units, as well as a lot of reagents for the

polymerization procedure, and this results in less applicable for the case of naturally

existing polymers.

Other than that, Yang et al. [138], prepared PLLA/thermally reduced graphene

oxide composites via the in situ ring-opening polymerization of lactide, using

thermally reduced graphene oxide as the initiator. Even though the in situ

polymerization is an effective way to disperse the fillers in the matrix uniformly and

to generate better interfacial interactions with the host polymer, the synthesis of

high molecular weight in PLLA needs severe conditions [139, 140] and expensive
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precursor (lactide) [140, 141]. In other works by Song et al. [142], and Yong et al.

[143], PLLA was covalently grafted onto the convex surfaces and the tips of the

multiwalled carbon nanotubes (MWNTs) via one step based on in situ polycon-

densation of L-lactic acid monomers. They prepared MWCNTs with carboxylic

functional groups (MWCNTs–COOH) via a mixture of concentrated sulfuric acid

and nitric acids oxidation. PLA is grafted on MWCNTs–COOH, which acted as an

initiator.

Solution intercalation

This technique is based on solvent system, in which, the polymer or pre-polymer is

solubilized and graphene or modified graphene layers are allowed to swell [144].

The common suitable solvents for graphene or modified graphene are water,

acetone, chloroform, tetrahydrofuran, dimethyl formamide, and toluene, which

bring the weak forces to stack the layers together. When the solvent is evaporated,

the adsorbed polymer on the delaminated sheets will reassemble, sandwiching the

polymer to form nanocomposites [145]. Basically, this process involves the mixing

of colloidal suspensions of graphene-based material with the desired elastomer,

either itself already in solution or by dissolving the elastomer in the same solvent

used for filler dissolution, by simple stirring or shear mixing [146, 147]. Solution

method is an effective fabrication technique due to the ease of processing graphite

derivatives and graphene in water or organic solvents, but the solvent removal is a

critical issue. Sonication is often practiced to aid in dispersion of graphitic fillers.

Cao et al. [147], dispersed the lyophilized graphene nanosheets (GNS) in DMF

with the assistance of stirring and sonication at room temperature. They added 4 g

of PLA and continued agitation at 85 �C in 2 h, and sonication at 70 �C for another

2 h. The study was carried out to compare the dispersion level between PLA/

lyophilized GNS and PLA/vacuum-filtered GNS nanosheets. In 2011, DMF solution

was used as solvent, followed by the sonication method, to prepare nanocomposites

by Wang and Qiu [148] to identify the crystallization behaviors of poly(L-lactic

acid)/GO nanocomposite, meanwhile Yoon et al. [149], studied different GO

loading in poly(D,L-lactic-co-glycolic acid)/GO nanocomposite. On the other hand,

Pinto et al. [150], prepared PLA/GO film nanocomposite using acetone solution,

followed by ultrasonic bath for 5 h. Then, the solution was added to a PLA/

chloroform solution and again sonicated for 15 min. They also prepared PLA/GNP

films by dispersion in chloroform, then sonicated for 2 h, followed by redispersion

in PLA/chloroform solution. The purpose of the research was to compare the

biocompatibility, topography, roughness, and wettability between these two

nanocomposites.

Melt intercalation

Graphene-based polymer nanocomposites can be composed via melt intercalation,

in which, graphene is mixed when polymer is heated to molten state. The process

avoids the use of toxic solvent and it is applicable using twin screw extruder, and

two roll mills or internal mixer, which offers large-scale processing. Besides, both
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polar and non-polar polymers are suitable for this method. However, since the

pristine graphene has a tendency to agglomerate in polymer matrix, this method is

unsuitable for intercalation by polymer chains. The stacking occurs due to the large

ratio of surfaces of graphene sheets to their thickness, which brings to significant

van der Waals forces and strong interaction between single sheets of graphene. The

physical and chemical properties of such graphene aggregates are similar to the

properties of graphite with relatively small surface area. The graphene function-

alized through modification is preferred for melt intercalation. This has been

supported by a few researches conducted, such as the preparation of PLA/EG [151–

153]. Furthermore, Kim and Jeong [154] investigated the morphology, structure,

thermal stability, mechanical, and electrical properties of PLA/exfoliated graphite

through melt blending. On the other hand, Lei et al. [155], prepared conductive PLA

with PMMA-functionalized graphene (PFG) by admicellar polymerization using

melt-compounded machine at 180 �C for 10 min at a mixing speed of 80 rpm/min.

The admicellar polymerization is a method of coating the graphene with nanofilms

of polymers that is formed by polymerization of monomers inside the admicelles

[156, 157]. This coating technique is purposed to redisperse graphene in water

without any visible aggregation and to prevent the van der Waals from inducing the

aggregation [158]. Wang et al. [159], prepared tricobalt tetraoxide-functionalized

graphene nanofillers to reduce the fire hazards of PLA. Tricobalt tetraoxide (Co3O4)

is proven in reducing the toxicity of pyrolysis gases in safety science and

engineering applications by decreasing the CO concentration of the pyrolysis gases

while burning [160]. The Co3O4/graphene nanofillers were produced by in situ

chemical reduction process and were redispersed into PLA matrix by melt blending

method.

PLA/graphene-based nanocomposites

Several researches have reported that graphene and graphene oxide (GO) have

excellent electronic, thermal, and mechanical properties, and are expected to

become essential materials in nanotechnology and various other engineering

disciplines [161–165]. GO is expected to provide superiority, such as ease of

dispersion in polymer matrixes, due to their oxygenated surface functionalities,

causing stable dispersibility in aqueous or organic solutions by electrostatic

repulsion [74, 115] and possible chemical interactions of oxygenated surface

functionalities in GO nanosheets fabricated with polymer.

In addition, Kim and Jeong [154] investigated the morphology, structure, thermal

stability, mechanical, and electrical properties of PLA/exfoliated graphite nano-

composites compared to PLA/micron-sized natural graphite (NG) composites. After

melt-compounded with PLA matrix, SEM images and XRD patterns confirmed that

the exfoliated graphite with 15 nm thickness were homogeneously dispersed in the

PLA matrix, which is in contrast to the aggregates observed in the case of NG. The

thermal degradation and Young’s moduli of PLA/exfoliated graphite increased

significantly with graphene content up to 3 wt%, however, the PLA/NG composites

were unchanged regardless of the micron-sized graphite content. The electrical
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percolation threshold of PLA/exfoliated graphite nanocomposites were shown to be

far lower (was found be at 3–5 wt%) than PLA/NG (was found be at 10–15 wt%

NG).

Besides, although the EG is not in nanoscale, the PLA/EG composites are

discussed briefly since the expanded graphite is one of the graphene-based

materials. Murariu et al. [151], produced PLA composites filled with EG. No

significant effect was shown by EG loaded on polydispersity index compared to neat

PLA, but the average molecular weight (Mn) indicated a decrease by increasing the

EG loading from 2 to 6 wt%, which was caused by impurities, such as acidic

species, metallic ions or residual products, that provoked PLA degradation during

melt blending. Furthermore, graphite has excellent thermal stability and high

thermal conductivity that can be as high as 3,000 Wm-1 K-1 [166], thus, influences

the thermal and flame retardant mechanisms of the polymer matrix. As shown in

Table 4, the PLA/EG nanocomposites indicate some extent of the temperatures for

5 or 50 wt% loss and maximum decomposition as compared to neat PLA. The

layers of EG have the possibility to increase the diffusion pathway of the

degradation of the by-products, and thus, creates good thermal stability to obstruct

diffusion of volatile decomposition products. From the DSC analysis, the

crystallinity of all PLA/EG nanocomposites is higher than neat PLA. The

crystallinity increases with the addition of up to 6 % of EG, but for higher

percentages in EG, the crystallinity decreases due to agglomeration and poor

dispersion. From the dynamic mechanical analysis (DMTA), the PLA/EG

nanocomposites lead to the enhancement of Young’s modulus and storage modulus,

thus, bring to the possibility to be used in applications that require higher

temperature of utilization. The purification and pre-dispersion of EG nanofiller

improve the mechanical performance of the nanocomposites. The nanocomposites

also passed the horizontal test of UL94 HB with non-dripping and charring

formation, besides decreasing the pHRR (30 wt% compared to neat PLA), which

was proved via cone calorimetry testing.

Another research also used expanded graphite as filler. Hassouna et al. [152],

prepared neat PLA and PLA/EG (3 wt%) nanocomposites at different rotor speed

and time of melt blending. From the size-exclusion chromatography (SEC) analysis,

the molecular masses of samples are as depicted in Table 5. The addition of EG

affected the molecular weights of the PLA. Hassouna et al. concluded that there is

Table 4 TGA data of neat PLA compared to PLA/EG composites with different EG loading (under air

flow, 20 �C/min (represents the value from [151])

Samples Sample (%, by

weight)

Temperature for

5 % weight

loss, �C

Temperature for

50 % weight

loss, �C

Temperature of the maximum

rate of degradation, �C

(from d-TGA)

1 PLA (granules) 339 373 377

2 PLA (processed) 335 372 378

3 PLA-4 % EG 340 377 382

4 PLA-8 % EG 345 380 385

5 PLA-12 % EG 347 383 385

948 Polym. Bull. (2015) 72:931–961

123



no general behavior in the expanded graphite towards a polymer matrix, in which it

is introduced to. It mainly relies on the nature of the impurities present in EG and

the processing conditions.

As for the study of morphology, the SEM images showed that better EG

dispersion in PLA matrix was observed by increasing screw speed and residence

time which led to better separation and shear. The TEM micrographs obtained also

confirmed the observation made on SEM images. They used visible Raman

spectroscopy as a tool for characterization because visible excitation resonates with

the p states of carbon layers in graphene/graphite nanocomposites. The G band of

Raman spectrum for pure EG was presented at 1,560 cm-1, and the 2D band was

around 2,700 cm-1. The G and 2D bands of the PLA/3 wt% EG composites were

upshifted with Raman shifted close to the graphite ones. The typical profile of 2D

band was seen like 2D band in graphite samples [167], which suggested an increase

in the interaction between the carbon layers. As the speed rate increased, the right

side of the 2D was slightly upshifted, but the intensities of the G and 2D bands

decreased, which were related to better dispersion of the fillers in the polymer. This

filler dispersion was confirmed by SEM images. The residence time of blending EG

in PLA; 5 and 10 min, did not influence the structure of the carbon fillers in PLA.

Moreover, Cao et al. [147], fabricated the lyophilized graphene nanosheets

(GNS) by solution method with sonication. The comparisons in dispersion,

morphology, and properties were made between vacuum-filtered GNS and

lyophilized GNS. The vacuum-filtered GNS powders are paper-like materials,

which failed to be dispersed in DMF might be due to the strong van der Waals

forces between GNSs [147, 168]. The lyophilized GNS could be redispersed in

organic solvents, such as DMF and N-methyl-2-pyrrolidone (NMP), which

decreased the van der Waals forces, as proved by the XRD analysis and it can

generate homogenous suspension. As for nanocomposites, the FESEM analysis

confirmed that the GNSs are homogenously dispersed in PLA with no large-size

aggregates observed and suggested intimate adhesion between GNSs and matrix. In

thermal stability, the addition of 0.2 wt% GNSs increased more than 10 �C for 5 %

weight loss. This improvement resulted by ‘tortuous path’ effect of GNS, which

delayed the permeation of oxygen and the escape of volatile degradation products;

Table 5 Molecular weights (Mn and Mw) of all the samples based on PLA (represents the value from

[152])

Samples Mn (g mol-1) Mw (g mol-1) Polydispersity index

PLA (granules) 77,000 204,300 2.65

PLA: 100 rpm, 10 min 65,400 202,300 3.92

PLA: 150 rpm, 10 min 61,600 194,500 3.15

PLA-3EG: 50 rpm, 5 min 93,000 227,200 2.44

PLA-3EG: 50 rpm, 10 min 96,500 228,400 2.36

PLA-3EG: 100 rpm, 10 min 119,000 243,000 2.04

PLA-3EG: 150 rpm, 10 min 121,700 249,200 2.05

Mn average molecular weight, Mw molecular weight
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and also char permeation. Referring to mechanical properties, the 0.2 wt% GNS led

to a 26 % increase in tensile strength and 18 % raise in Young’s modulus due to

efficient load transfer between PLA and GNS. The FESEM showed that the GNSs

are embedded into host polymer with their flake-like morphology well remaining,

which supported the strong adhesion between these two components.

On the other hand, Yoon et al. [149], studied the effect of GO loading on

thermomechanical and surface chemical properties of poly(D,L-lactic-co-glycolic

acid) (PLGA)/GO nanocomposites. They found that the average diameter of the

nanocomposite nanofibers (contained 1 and 2 wt% of GO) was lower than the

pristine PLGA. This attributed to large charge accumulations in solution jets caused

by abundant negative charges on the surfaces, leading to strong electrostatic

repulsion [169, 170]. The tensile moduli of PLGA/GO (1 wt%) and PLGA/GO

(2 wt%) nanocomposite are significantly higher, almost 172.8 and 204.9 % than

those of the pristine PLGA due to the strong interfacial interactions between

nanofiller and polymer matrix caused by the dispersion of GO nanosheets and by

chemical reactions of hydrogen bonding. They also revealed the ultimate tensile

stresses, storage modulus (E0), and Tg of PLGA/GO (2 wt%) were higher than

PLGA/GO (1 wt%). Besides, a biocompatibility test showed that the 2 wt% GO

loading in nanocomposite enhanced the surface chemical properties, which

effectively improved neuronal cell proliferation and viability. Furthermore, they

found that the nanocomposite nanofibers were more hydrophilic than PLGA

nanofibers due to the increased surface energy, which in turn led to improved

biocompatibility [171, 172].

Furthermore, Wang and Qiu prepared a series of poly(L-lactic acid) (PLLA)/GO

nanocomposites with different GO loading (0.5, 1 and 2 wt%) [144]. The non-

isothermal melt crystallization peak temperatures from DSC analysis in nanocom-

posites were slightly higher than in pristine PLLA. The crystallization peak

temperature (Tcc) of pristine PLLA was around 95.1 �C and shifted to about 97.0,

100.4, and 96.0 �C for 0.5, 1, and 2 wt% GO loading. This trend is also similar with

isothermal melt crystallization temperatures, but it was maximum at 1 wt% GO

loading. It was found that both non-isothermal and isothermal melt crystallization

kinetics are enhanced in nanocomposites, which indicated that GO may act as a

nucleating agent for crystallization of PLLA. Previously, similar findings were

reported by Xu et al. [173]. They investigated the isothermal melt crystallization

behaviors of PLLA induced by both graphene and CNT due to acceleration of PLLA

by both nanoparticles. It was reported that the ability to accelerate crystallization by

CNT is stronger by graphene. In another study, the cold crystallization behavior was

analyzed at heating rates that ranged from 5 to 20 �C/min. The GO loading and

heating rate are the factors that influenced the behavior. The non-isothermal cold

crystallization peak temperature (Tp) of pristine PLLA was around 139.5 �C and

shifted to around 130.9, 125.5, and 119.3 �C for the PLLA/GO nanocomposites

with the increase of GO loading from 0.5 to 2 wt%, suggesting the Tp behavior of

PLLA is enhanced significantly by the presence of GO in the PLLA/GO

nanocomposites. In contrast, the Tp shifts to low temperature range with the

decrease of heating rate for both neat PLLA and PLLA/GO nanocomposites. The

glass transition (Tg) was around 61 �C for pristine PLLA and its nanocomposites
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indicated that the GO does not affect Tg of PLLA apparently in the PLLA/GO

nanocomposites. Besides, the isothermal cold crystallization kinetics, in a range of

crystallization temperatures (Tcs) from 88 to 100 �C, was studied. It can be

concluded that the crystallization time is reduced with the increase in crystallization

temperature (Tc) for all pristine PLLA and PLLA/GO nanocomposites, which

indicated that the crystallization rate becomes faster with the increase in Tc. For

example, the crystallization time was reduced from around 16 min at 88 �C to

4.8 min at 100 �C for PLLA/GO (0.5 wt%). On the other hand, the crystallization

time is declined with the increase in the GO loading for the PLLA/GO

nanocomposites as compared to pristine PLLA, for example, at a Tc of 88 �C, it

took around 19.1 min for pristine PLLA to complete crystallization, but it only took

around 15.9, 11.2, and 9.0 min for 0.5, 1, and 2 wt% of GO loading, respectively.

This suggests the presence of GO accelerates the isothermal cold crystallization of

PLLA in the PLLA/GO nanocomposites. A similar trend can also be found at other

Tcs. Instead, the crystallization mechanism and crystal structure remain unchanged

for both pristine PLLA and PLLA/GO nanocomposites.

The effect of plasticizer on PLA blending was also studied by several

researchers. The blending of origin PLA or mixing with other nanofillers produced

brittle product. The plasticizer acts as a processing aid in flow improvement, mostly

for films and cables. Instead of reducing the ductility, the plasticizer also functions

in the mechanical and thermal properties enhancement. Plasticizers work by

embedding themselves between the chains of polymers, spacing them apart, and

thus, significantly lower the Tg for the plastic and makes it softer. A list of ester-like

plasticizers for PLA has been studied, such as glucose monoesters, partial fatty

acids, citrates, glycerol esters, and dicarboxylic esters [174–180]. Unfortunately, the

low molecular weight plasticizers have the problem of migrating, owing to their

high mobility within the PLA matrix. Therefore, the high molecular weight

plasticizers with low mobility are suitable, such as poly(ethylene) glycol (PEG)

[174, 181, 182], poly(propylene) glycol (PPG) [183], and atactic poly(3-hydroxy-

butyrate) (a-PHB) [184]. Besides lowering the Tg, they do not crystallize and

miscible with PLA. Table 6 shows the recent studies using plasticizers, mostly PEG

in PLA blends and their thermal analysis.

The choice of plasticizer used as a modifier for PLA is limited by legislative or

the applications. On the other hand, the plasticizer has to be biodegradable, non-

toxic for food contact (for packaging), and biocompatible (for medical applications).

Commonly, the amount of plasticizers that range from 10 to 20 % is required to

provide both a substantial reduction of Tg of the PLA matrix, and adequate

mechanical properties. In environmental issues, the biodegradable or bioresorbable;

and non-volatile plasticizer is preferred, with a relatively low molecular weight to

produce the desired decrease of the Young’s modulus value. Additionally, the

ranging amount between 20 and 30 % of plasticizer in PLA matrix leads to phase

separation. It must be remembered that the percentage of plasticizer determines the

plasticization of PLA blend.
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Conclusion

This review focused on the PLA/graphene-based nanocomposites specifically. The

discussion covered three major topics: (1) route of producing graphene, (2) the

processing methods, and (3) the properties of PLA/graphene-based nanocomposites.

Graphene-based nanofiller are reinforcement materials that can improve mechan-

ical, thermal, and electrical properties suitable for thermally and electrically

conducting reinforced nanocomposites, electronic circuits, sensors, electrodes, etc.

The discovery of graphene as nanofiller has opened a new dimension in the research

field for the production of low cost, light weight, and high-reinforcement benefits,

thus, bringing to a wide range of applications. The biomedical is the latest in the

field of using graphene-based nanocomposites as biomedical devices. However, in

obtaining good dispersions, the graphene–PLA interaction needs to be improved,

which are achieved by the surface modification of graphene. There are a series of

surface modification techniques that has been reported in this review. Hence, it can

be concluded that the PLA/graphene-based nanocomposites exhibit superior

mechanical properties compared to the neat PLA or conventional graphite-based

composites. The improved properties of the nanocomposites were obtained at very

low graphene contents (B2 wt%). The functional groups presented on graphene

interrupt the p-conjugation in filler layers even at low loading and reduced the

surface charge. This initiated the compatibility of PLA/filler that led to high electric

properties for the composites. Thus, it is important to ensure that in the processing

techniques to exfoliate graphene, such as sonication and thermal treatments, there

are also possibilities for these methods to reduce electrical and thermal

conductivities.
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