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Abstract: Polylactide (PLA) has been regarded as one of the most promising bio-based, environmentally-friendly
polymers. The products derived from PLA will degrade into CO2 and H2O ultimately after being wastes. To this
extent, PLA is the really sustainable synthetic polymers, due to its nature-to-nature loop within life cycle. However,
inherent brittleness, poor heat resistance, slow crystallization rate and high cost, have limited pure PLA and its
composites’ potential applications. Carbon nanotubes (CNT) is one kinds of one-dimensional nano-materials with
hollow structures composed of only hybrid sp?> C-C bonds. CNT is identified as the most preferred candidate
for space elevators, due to its excellent mechanical properties and electrical conductivity. CNT/PLA blends will exert
synergistic effects of their individual component, bring breakthroughs in their structures and various properties,
and open up potential application scenarios for the resultant composite materials. In this review, recent advances on
fabrication methods, structure manipulation, property optimization and application scenarios of CNT/PLA composites
were summarized. Especially, the effects of CNT content and pretreatment methods on the microstructures and
properties of the resultant PLA composites were focused on in this review. Also, future prospective of CNT/PLA

composite materials were addressed.
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INTRODUCTION

In the past decades, global citizen has paid more
and more attention to ecological environment,
biodiversity and sustainable development, due to the
overproduction and overconsumption of petroleum-
derived polymers [1]. In this context, various bio-based,
degradable, eco-friendly polymers have been
developed to replace the traditional petroleum-based
polymers in both academia and industry [2, 3].

Among all the biopolymers, polylactide (PLA), the
so-called ‘corn plastic’, was regarded as the most
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promising eco-friendly biodegradable polyester that
derived from renewable resources such as corn, sugar
beet and cassava. Thus, the products made of PLA will
completely degrade into CO2 and H20 under both in
vivo and composting conditions after being waste. PLA
has excellent physical properties, such as outstanding
biocompatibility, excellent transparency, high strength
and modulus. So, in recent years PLA has been used
in various fields, such as tissue engineering, 3D
printing and biomedicine. However, PLA is a kind of
hard and brittle polyester at ambient temperature. The
inherent brittleness, poor heat resistance, slow
crystallization rate and high cost, have limited the
potential applications of pure PLA and its composites in
some emerging fields, such as wearable electronic
devices, supercapacitors, and friction nanogenerators
[4-7]. In this case, toughening modification, heat
resistance improvement and crystallization rate
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enhancement are very essential for PLA to widen its
application scenarios, beyond some basic research to
pristine PLA [8]. Also, PLA has stereoisomers,
including  poly(L-lactide)  (PLLA), poly(D-lactide)
(PDLA), and poly(D, L-lactide) (PDLLA) [9].

Carbon nanotubes (CNT) discovered in 1991, has
been recognized as the most magical one-dimensional
nano-materials in the past decades, due to its low
density, high aspect ratio, hollow structure, excellent
mechanical and electrical performance [10]. CNT is
classified into single-walled carbon nanotubes
(SWCNT) and multi -walled carbon nanotubes
(MWCNT), according to its different layer number. Up
to now, CNT has been confirmed by innumerable
scientific reports to improve the components, physical
and chemical properties for various polymers to
produce versatile advanced composite materials [11,
12].

In recent years, meaningful attempts and important
progress have been made to modify PLA with CNT and
further explore the potential applications of the
resultant CNT/PLA blends or composites in
biomedicine, thermal management,  conductive
materials and e-skins [13-15]. In this review, recent
advances of CNT/PLA composite materials are
reviewed, with a focus on the preparation,
microstructure, property regulation and application in
the past five years are reviewed, and their future
development prospects are also prospected-

1. PREPARATION METHODS

PLA composites with different types of fillers,
various microscopic structures and versatile functions
and properties can be made by melt blending, solution
blending, and in situ polymerization [13]. A suitable
method is very important to prepare the CNT/PLA
composites with controllable structures and desired
properties. So, the effects of preparation methods on
the microstructure control and property enhancement
of the resultant CNT/PLA composites are summarized
and evaluated at first.

1.1. Melt Blending

Melt blending is a conventional process to prepare
polymer blends or composites after different
components were heated to the viscous flow
temperature of polymeric matrix under shear force [5,
6]. However, sometimes fillers or modification agents
can’t be uniformly dispersed within the matrix,

especially when the filler size is micro - or nano-
scale.

The tensile strength and elongation at break of the
PLA/MWCNT composites with 1.0 wt% of MWCNT
prepared by melt blending method were increased by
18.4% and 12.6%, respectively, compared with that of
pure PLA[16]. Zhou et al[17] reported that the tensile
strength, elongation at break, and impact strength of
the CNT-COOH/PLA composite with 0.5 wt% of CNT-
COOH were increased by 8.3%, 49.3% and 78.7%,
respectively. In addition, its glass transition
temperature increases from 82.2 °C (i.e., pure PLA)to
85.3 °C, as shown in Figure 1.
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Figure 1: DSC curve of CNT-COOH /PLA composites [17].

1.2. Solution Blending

Solution blending is another common preparation
method used to prepare polymer composites. This
method has simple process, easy to operate and adjust
parameters. So, it is widely used to prepare new
polymer composites with expected structures and
properties [18].

1.2.1. Solution Casting

Nayara et al[19] prepared a PLA/BG/MWCNT film
by solution casting. PLAwas added to the biofiim (BG)
solution and stirred for 60 min after BG was stirred
and ultrasound for 15 min at 40 °C. Then, the solution
was cast in a mold with the diameter of 9 mm to obtain
composite  film  after drying. The  porous
PLA/BG/MWCNT membrane with 1.5 wt% of CNT
could inhibit the growth for all the types of
microorganisms. Yang et al [20] prepared the
PLLA/PDLA blends (LD) and MWCNT/PLLA/PDLA
nanocomposites by solution casting and found DMF is
easier to form steric crystals, as shown in Figure 2.
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Figure 2: Crystallinity (a) and relative content of SC crystals (b)in LD and CLD samples cast with different solvents [20].

1.2.2. Solvent Evaporation

The PLA/poly(e-caprolactone) (PCL) solution and
MWCNT/cinnamaldehyde (CIN) ultrasonic dispersion s
with dichloromethane (DCM) as solvent were prepared.
Then, the solution was mixed, poured into a mold and
evaporated to form the PLA/MWCNT/CIN composite
film. The results showed that addition of CNT and CIN
improved the UV resistance of the resultant composite
film: the transmittance decreased by 100% within the
wavelength range of 100 -320 nm [21]. Yu et al [22]
prepared the PLA composites modified with both CNT
and cellulose nanocrystal (CNC) by combining
Pickering emulsion with solvent evaporation. Its
electromagnetic shielding efficiency reaches up to 41.8
dB for the ternary PLA composite with 4.3 wt % of CNT.
As shown inFigure 3, its electrical conductivity reaches
up to 59 s/m at this CNT concentration-
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Figure 3: Electrical conductivity of PLA/CNC/CNT composites
[22].

1.3. In-Situ Polymerization

During an in-situ polymerization, reactive monomer
(or its soluble prepolymer) is added to the dispersed or
continuous phase with catalyst. The monomer pre-
polymerizes at first after the reaction begins. Then, the
pre-polymers begin to polymerize. The final polymer

will deposit on the surface of core material with the
increasing size.

Li et al [23] prepared the PLA composites modified
with  carboxyl-functionalized COOH-MWCNTs was
prepared via in-situ polymerization. The results
showed that, glass transition temperature (Tg) of the
resultant PLA composite teaches up to 74 °C with 0.5
wt% of COOH-MWCNTSs, which is 48 % higher than
that of pure PLA (50 °C). Wang et al [24] prepared
porous PLA/CNT/PANI (polyaniline) (P-PCP)
unsupported flexible films by combining in-situ chemical
oxidation polymerization of aniline with rapid-mixing
chemical oxidation polymerization technique. When
aniline concentration is 0.1 mol/L, tensile strength of
the ternary PLA composite film reached up to 18 MPa
after heat treatment at 60 °C for 60 min (P-PCP-H-1,
see Figure 4 (a)). What's more, its capacitance
retention is kept as high as 93.4% after been 180°
bended for 700 times, as shown in Figure 4 (b).

1.4. Mechanochemical Method

Mechanochemistry is an emerging s technique to
investigate  physical, chemical, biochemical or
physicochemical changes of substances, which will
exert strong 3D shear forces to realize the solid phase
synthesis of matter [25]. Now, it has been widely used
to modify solid materials, synthesize functional
polymers and develop various composite materials
[26, 27]. The CNT/PLA composite materials were
prepared via mechanochemical method. The
crystallinity of the resultant CNT/PLA composites
reaches up to 33.28 % (i.e., 3.06 times that of the
un-treated counterparts, 10.87%) when the CNT
contentis 1.0 wt% [28].

1.5. 3D Printing

3D printing is an additive manufacturing technique

for rapid prototyping, which has been used to
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Figure 4: Stress-strain curves (a) and flexible stability of the composite

composite films [24].

prototype various mechanical parts and composite
materials [29-31].

The MWCNT/PLA composites were successfully
manufactured via an electric- field-driven (EFD) fusion
jetting 3D printing method [32]. Its conductivity of the
resultant composites is 10° and 10° S/cm,
respectively, when 2.0 and 5.0 wt% of MWCNT were
added in PLA under the frequency of 10° Hz. As the
preparation process shown in Figure 5, PLA particles
were mixed with hybrid graphene nanosheets (GNPs)
and CNT to produce the PLA/GNPs/CNTs printing parts
via 3D printing technique [33]. The tensile strength and
Young's modulus are 16.2 % and 25.5 % higher than
that of pure PLA, respectively.
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Figure 5: Schematic diagram of 3D printing of

PLA/GNPs/CNTs nanocomposites [33].

1.6. Physical Foaming

The chain-extended PLA was prepared by grafting
octa(epoxycyclohexyl) polyhedral oligomeric
silsesquioxanes (POSS) on CNT for first step [34].
Then, the CNT-POSS/PLA foam was obtained by
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continuous solid-state foaming at 140 °C and 16 MPa
for 5 hours with CO2 as foaming agent. Its expansion
rate is 13 times higher than that of unmodified PLA
foam. The CNT/PLAnanocomposite foam with ultra-low
density was  successfully prepared through
straightforward, efficient and green COp2- based
foaming methodology, as the porous morphology
shown in Figure 6 [35]. Especially, its volume
expansion ratio reached up to 49.6 when 2.0 wt% of
CNTwas added at 121 °C.

Figure 6: Porous morphology of the PLA/CNTs foams under
different foaming temperature: (a) 115 °C, (b) 118 °C, (c) 121
°C, (d) 124 °C, and (e) 127 °C [35].
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2. STRUCTURAL REGULATION

2.1. Chemical Structures

Hydrogen bonds exist within the PLA composites
modified with nitrogen-doped carbon nanotubes (N-
CNT), due to nitrogen-hydrogen interactions [36].
Moderate and weak hydrogen bonds are dominant at
low temperature (-73 °C to -23 °C), while strong
hydrogen bond appears at temperature above zero (0
to 50 °C). Also, reduction- graphene oxide/PLA/CNT
(RGO/CNT/PLA) nanocomposites show hydrogen
bonds formed between the RGO or CNT groups and
the C=0 groups of PLA chains [37], as shown in Figure
7.
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Figure 7: FTIR spectra of PLA nanocomposites with different
RGO orCNT concentrations [37].

2.2. Dispersibility of CNT in PLA

Interfacial adhesion between CNT and matrix can be
improved by CNT’s chemical or physical modification.
What'’s more, itis beneficial to the uniform dispersion of
CNT in polymer matrix. Sodium dodecyl benzene
sulfonate (SDBS) was used to non- covalently modify
MWCNTs in order to prepare SWCNTs/PLLA
composites. The result shows that there has no
agglomeration of MWCNT occurred in PLLA matrix until
its filling content increased to 3.0 wt% [38].

In addition, 3D printing process helps to evenly
disperse nano-filler in polymer matrix. As shown in
Figure 8, MWCNT can evenly distribute in PLA matrix,
when its content increased up to 5 wt% [32].

2.3. Micro-Scale Structures

Usually, some changes on macromolecular chains,
chain segments, configurations and conformations will
occur when two different polymers are mixed into
together. Their intrinsic properties and interactions
between different components will have some effects
on the appearance, structures and properties of the
resultant mixture or blends.

MWCNT can be uniformly dispersed in PLA matrix
subjected to 3D printing composites [39]. The fine
structure of CNT can be observed when its contentis 1.5

Figure 9: TEM photos of the PLA composites with different MWCNT: (c¢) 1.5 wt% and (d) 9 wt% [39].
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Figure 10: SEMphotos of CNT/PLA (a) and CNT/PLA/Pd (b) composites [40].

wt% under transmission electron microscope (TEM).
More interesting, MWCNT begins to partly
agglomerate when its content reached up to 9 wt%, as
shown in Figure 9.

By grafting PLA to CNT and fixing palladium (Pd)
nanoparticles, the CNT/PLA and CNT/PLA/Pd
composites show a layered structure with Pd
nanoparticles distributed on CNTs/PLA surface [40], as
shown in Figure 10.

2.4. Crystalline Structures

Cylindrical fibers and spherulites can be observed
in pure PLA and CNT/PLA nanocomposites prepared
by solvent evaporation method under atomic force
microscope (AFM) [36]. The average diameter of fiber
and spherulite is 17.2 and 32 nm, respectively. There
are larger spherulites with a diameter of 124 nm in
the composite, though its spherulite number is less
than that of pure PLA, as shown in Figure 11. The
PLA/CNT@LDH (layered double hydroxides)

{a)
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Haeight Sensor 20 pm

133"

oo ; Tapping Phase 20 pum

membranes was prepared by electrospinning
technology. The average size of PLA spherulites
slightly decreases with the increase of CNT@LDH
content, while the number of spherulites increases
[41].

3. PERFORMANCE OPTIMIZATION
3.1. Thermal Properties

3.1.1. Heat Deflection Temperature

Low heat deflection temperature (HDT) is one of the
intrinsic limitations that limits the potential application
scenarios for PLA. At the same time, it has been one of
the hottest topics for PLA modification. The CNT/PLA
composite was prepared by aqueous cross-linking
reaction, with CNT content of 1.0 part per hundreds of
resins (phr). After cross-linking in aqueous phase for 7
hours, HDT of the resultant MWCNT/PLLA increased
to 106 °C, which is 70.9% higher than that of non-
cross- linked PLLA (62 °C) [42]. Vapor-grown carbon
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Figure 11: AFM photographs of pure PLAand PLA/CNT composites [36].
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nanofiber (VGCF) was functionalized for the first step.
Then, PLA was grafted on the surface of VGCF in
order to prepare PLA-g-VGCF/PLAnanocomposites by
melting composite method. The results showed that,
with  10wt% of PLA-VGCF, the HDT of PLA-g-
VGCF/PLA composite is as high as 139 °C, much
higher than that of pristine VGCF/PLA[43], as shown in
Figure 12.
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Figure 12 Relationship between HDT and VGCF content for
its PLAnanocomposites [22].

3.1.2. Glass Transition Temperature

Glass transition temperature (Tg) of the CNT/PLA
composite fiber prepared by electrospinning process
increased to 63 °C, when 0.5 wt% of CNT was added
[44]. Vu [45] Ternary PLA/CNT composites modified
with dispersed orange 3 (DO3) was prepared by a
two-step method: solution mixing combined with
compression molding. As the DSC curves shown in
Figure 13, Tg of the PLA/CNT/DO3 composite is
52.3 °C when 0.05 wt% of CNT was added, 1.8 °C
higher than that of CNT/PLA composite (50.5 °C).
When the CNT content increased to 0.1 wt%, Tg of the
CNT/PLA and PLA/CNT/DO3 composites were
enhanced to about 54 °C.
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Figure 13: DSC curves of

nanocomposites [45].

pure PLA and PLA

3.1.3. Melting Behavior

PLA nonwovens coated with MWCNT were
prepared by electrostatic spinning show melt
temperature of 147-148 °C and enthalpies of melting of
21-24 J/g [46]. CNT- POSS willchange PLASs crystalline
structure and increase its melting temperature. As the
DSC curves shown in Figure 14, melting temperature
of the CNT-POSS/PLA foam reached to 157 °C by
adding 1.0 phr of CNT-POSS, which is 3.2% higher
than that of pure PLA (152 °C) [34].
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Figure 14: DSC curve of PLAfoam [34].

3.1.4. Crystallization

Slow crystallization rate is another intrinsic limitation
that greatly limits many potential applications of PLA,
such as flexible electronics and smart wearables.
Therefore, accelerating the crystallization rate of PLA is
another research hotspot at both domestic and
international level in recent years. Adding nucleating
agent has been regarded as one of the most important
strategies to increase polymer’s crystallization rate.
MWCNTs incorporation le ads to an enhanced
crystallization for PLA. The crystallinity of PLA
increases to 125 % with 10 wt% of MWCNT,
demonstrating a 54.3% increase over the crystallinity of
1.0 wt% MWCNT composites (8.1%) [47].

Also, CNT was modified with hydroxy-ended
hyperbranched polyester (HBP- H202) to prepare
CNTs-H202/PLLA composite sheets [48]. The results
showed that the CNT/PLA composite has the
narrowest crystallization peak, followed by the CNTs-
H202 crystallization peak and PLLA is the widest, as
shown in Figure 15.

3.1.5. Thermal Stability

The temperature at 5% weight loss (T5) of for the
CNT/PLA composites prepared by melt blending
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Figure 16: TGA (a) and DTG (b) curves of MMT, PLA and their nanocomposites [49].

method is 3.0 °C higher than that of pure PLA [49].
The initial decomposition temperature of
PLA/polyethylene oxide/CNTs (PLA/PEO/CNTSs)
nanocomposites increased up to 258 ‘( with 60 wt% of
PLA, 40wt % of PEO and 1.0 wit% of CNTs,
respectively [50]. It illustrates a 3.2 % of increase,
compared with their unmodified counterparts (250 °C).
It shows that the addition of CNT can improve the
thermal stability of PLA composites.

3.2. Mechanical Properties

3.2.1. Tensile Strength

PLA is a hard-and-brittle aliphatic polyester at
ambient temperature. Its intrinsic brittleness restricts
PLA’s potential applications in many emerging fields.

PLLA/CNT nonwovens were prepared with
oligomeric linear ladder poly(silsesquioxane)s (LPSQ)
as modification agent by electrospinning technology.
Tensile strength of the resultant nonwovens is 2.4
times higher than that of pure PLLA when 10 wt% of
LPSQ-COOMe and 0.1 wt% of CNT were added (see
Figure 17). ltillustrates CNT has excellent performance
when it was used to modify PLA [51]. Compared with
that of pure PLA, tensile strength and stiffness of the
PLA/graphene nanosheets/CNTs (PLA/GNPs/CNTSs)
ternary composites increased by 44% and 66%,
respectively, when 0.5wt% of CNT and GNPs mixed
components was added. The results show that
different types of nanofillers can improve the
mechanical properties of PLA matrix composites via
their synergy effects [52].
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Figure 17: Stress-strain curves of PLA-based nonwovens
[51].

3.2.2. Young's Modulus

PLA/ MWCNT/polyethylene glycol
(PLA/IMWCNT/PEG) composite fibers were prepared
by electrostatic spinning process [44]. Young's
modulus of the composites reached up to26.1 MPawith
0.5 wt% of MWCNT and 0.1 wt% of PEG, which is 38.4%
higher than that of pure PLA (i.e., 5.39 MPa). Also,
PLA/montmorillonite/ MWCNT (PLA/IMMtY/MWCNT)
nanocomposites showed multiple enhancement in
mechanical properties. With 1.0 phr of MMt/MWCNT,
Young's modulus and elastic modulus of the resultant
composites increase to 19 GPa and 2.0 GPa [53], as
shown in Figure 18.
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Figure 18: Mechanical properties of PLA and PLA hybrid
nanocomposites [53].

3.2.3. Impact STRENGTH

Introducing various elastomers into brittle resins is
one of the effective methods to improve its impact
strength. Impact strength of the PLA composites was
enhanced to 386.36 J/m? with 0.5 wt% of CNT via
solvent evaporation method, which is 14.5% higher

than that of pure PLA [54]. Also, the PLA/polybutylene
adipate- terephthalate/CNT (PLA/PBAT/CNT)
composites were prepared via melt blending method.
The results showed that impact strength of the
ternary PLA/PBAT/CNT composites increase by 155%

when the PLA/PBAT ratio is 60/40 blending with 3wt %
of CNT (Figure 19) [55].
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Figure 19: Impact strength of the PLA composites with
different CNT content and PLA:PBAT ratios: (e) 80:20, (A)
60:40 [55].

3.2.4. Elongation at Break

Elongation at break is an important parameter to
evaluate  materials’ toughness. The PCL/PLA
composites modified with 0.5 wt% of CNT/MMT
increased its elongation at break and tensile strength
of the resultant composites by 137.4% and 79.6%,
respectively [56]. The 3-aminopropyltriethoxysilane
(KH550) was grafted onto worm-like helical carbon
nanotubes (HCNT) to prepare HCNT-KH550/PLA
composites, which showed a 205% increase in
elongation at break compared to pure PLA [57], as
shown in Figure 20.

3.2.5. Brittle-Tough Transition

For PLA, glass transition temperature (Tg) is a key
index to illustrate its transition from glassy to highly
elastic state, which will directly affect the processing
temperature window and properties of the resultant
PLA blends or composites.

The propylene/ethylene-propylene-diene/CNT
(PP/EPDM/CNT) composites was prepared by melt
blending [58]. The results show that the toughening
efficiency of CNT is related to the thickness t of matrix
ligament: CNT shows better toughening effect when t
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Figure 20: Tensile strength (a) and elongation at break (b) versus filler amount for untreated, HCNT and CNT treated PLA

composites [57].

is in the range of 0.85-1.15 mm. The impact strength of
the composites reaches up to 39 kJ/m? with 2.0 wt% of
CNT. PLLA/polyurethane (PLLA/TPU) blends were
modified with CNT to prepare ternary
PLLA/TPU/CNTs nanocomposites. With 2.0 wt% of
CNT, impact strength of the resultant nanocomposites
increase up to 53.7 kJ/m2 at room temperature, which
is 16 times higher than that of pure PLLA and 8 times
higher than that of PLLA/TPU blends, respectively [59],
as shown in Figure 21.
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Figure 21: Impact strength of PLLA/TPU blends with different
CNT content [59].

3.3. Electrical Conductivity

3.3.1. Conductivity

Carbon nanotubes have excellent electrical
conductivity. So, it was used to modify various
polymers to prepare conductive polymeric composites
[11, 12]. As the SEM picture shown in Figure 22,
MWCNT  significantly increased the electrical
conductivity of PLA composites with 3.0 wt% of CNT
filling: its surface resistivity decreases from 1.95x10'
Q of pure PLA to 2.48x10° Q and volume resistivity

decreases from 5.20x10'° Q-cm of pure PLA to
9.98x10° Q-cm, respectively [16].

Also, the electrical conductivity of poly(3-
hydroxybutyrate)-3- hydroxyvalerate/CNT/PLA
(PHBV/CNT/PLA) composites increased up to 2.79x10°
% S/m with only 1.0 wt% of CNT. It means that 1.0 wt%
of CNT increases 12 orders of magnitude, compared
with that of PLA/PHBV blend (8.679x10™* S/m). The
ternary PHBV/CNT/PLA has transformed to
semiconducting materials [60].

18080 1802 |

TM3030_5754

D45 x3bk 307%m

Figure 22: SEM picture of MWCNT/PLA composites [16].

3.3.2. Percolation Transition and Its Mechanism

The PLA/PBAT/MWCNT composites was prepared
by premixing MWCNT with PLA and PBAT. Electrical
conductivity of the PLA/PBAT/MWCNT composites
increased to 1x10™" S:m™ thatis 5 magnitudes higher
than that of MWCNT/PLA,when the ternary composites
were prepared at a 50:50 ratio of PLAto PBAT (Figure
23) [61]. When the immiscible PLA/poly(ethylene vinyl
acetate) (EVA) composites was modified with 1.0 phr
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of MWCNTSs,

its conductivity of

the

composites increased to 4x107 S/m [62].
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Figure 23: Electrical
mixture
nanocomposites [61].
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3.4. Rheological Properties

The CNTs/PLA nanocomposite foams with ultra-
low density was prepared via physical foaming
method. The results show that its complex viscosity
was enhanced by 2 magnitudes with 2.0 phr of CNT,
compared with that of pure PLA, as shown in Figure
immiscible

24 [35]. Even for

composites, its

the
complex

modulus were increased [62].
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3.5. Barrier Properties

Conductive polymer composites with low density,
excellent conductivity, processability and corrosion
resistance, have potentials  applications  for
electromagnetic interference (EMI), due to high
shielding effectiveness (SE). The CNT/PLA composites
prepared by coating CNT on 3D printed PLA scaffolds
showed the interconnected conductive networks after
compression. Thus, its EMI SE of the resultant
composites increased up to 67 dB with 5.0 wt% of
CNT, as shown in Figure 25 [63].
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Figure 25: EMI SE of the CNT/PLA composites under
different CNT content and frequency [63].
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Nitric acid-modified CNTs (N-CNTs)/PLA/PEG
composites prepared by melt blending was verified to
hinder the loss of volatile degradation products during
the thermal decomposition due to nanofiller addition, as
the thermal decomposition curves shown in Figure 26.
The initial decomposition temperatures of the
CNTs/PLA, PLA/PEG/N-CNTs and PLA/PEG/CNTs
composites reached up to 247.3 °C, 267.3 °C, and
285.7 °C, respectively, 1.4%, 9.1% and 16.7% higher
than that of pure PLA (244.8 °C) [64].

PLAMONTS
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250 350

Temperature (*C)
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Figure 26: Thermogravimetric curves of pure PLA and its

nanocomposites [64].

3.6. Degradation Performance

Mulching film is used to effectively improve crop
yields and utilization efficiency of water resource in
agricultural fields, beyond maintaining soil moisture,
regulating soil temperature and control ling weeds.
Nowadays, the mulch used worldwide is mainly
made of petroleum-based and non- degradable
polyethylene (PE). Waste mulch film caused serious
soil pollution and crop yield reduction- In this case,
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biodegradable mulch (BM) has been paid
increasing attention in both academia and industry
to solve the plastic pollution from PE mulch film.

The PLA/PBAT films begin to degrade after 60 days
and will further degrade into small fragments after 240
days since sowing potatoes [65]. For the CNT/PLA
nanocomposite film, CNT will form a zigzag path in
the PLA matrix, inhibit water molecules from
penetrating into deeper polymer matrix and delay
PLAs degradation by hindering mass transfer [66], as
shown in Figure 27. The initial decomposition
temperature of pure PLA decreases by 12.2% after
degradation treatment for 300 h, while that of the
CNT/PLAcomposites decreases by only 1.0%.

4. APPLICATION SCENARIOS
4.1. Filtering Membranes

The CNT/PLA filiration membrane prepared by
electrospinning technology has uniform thickness
and smooth surface. lIts fiber diameter increases
gradually with the increasing CNT content. The
CNT/PLA filtration membrane showed excellent
hydrophobicity when the mass fraction of CNTs in the
spinning solution increased from 0.05% to 0.85%. In
addition, filtration efficiency of the CNT/PLA filtration
membrane for oily media is higher than that for salt
media [67], as shown in Figure 28. It means that this
filtration membrane can quickly separate oilfrom water-

4.2. 3D Printing Filament

The 3D-printed CNT/PLA composites  with
excellent EMI was prepared via melting deposition
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Figure 27: TGA curves of pure PLA (left) and PLA nanocomposites with 1.0 wt% of CNT (right) after different degradation time

[66].
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hexane/water (right) [67].

|
E

Figure 28: Applications of the PLA/CNTSs filtration membrane for oil-water separation: n- hexane/saturated salt water (left) and n-
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Figure 29: Flexural stress-strain curves (a) and bending strength and modulus (b) of pure PLA and CNT/PLA composites [63].

[63]. As shown in Figure 29, its Young's modulus and
flexural strength reached up to 4.43 GPa and 87.8
MPa, respectively, 101% and 43% higher than that of
their hot-pressed counterparts.

4.3. Biomedical Application

PLA is a bio-based, biodegradable aliphatic
polyester. In 1995, PLA was approved by Food and
Drug Administration (FDA) to be used as medical
surgical sutures, internal fixation materials, tissue
repair materials, microcapsules for injection, and
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Figure 30: Breaking strength of pure PLA and CNTs/PLA
sutures after different degradation time [68].

controlled-release carriers. Up to now, PLA has been
widely used in many biomedical scenarios to replace
with non- degradable polymers.

The medical sutures from CNT/PLA composite
filament s were prepared by melt spinning method. Its
strength period of the CNT/PLA composite sutures
increased to 23.6 weeks, 13.1 weeks higher than that
of the unmodified PLA suture. What's more, their
breaking strength are superior to that of pure PLA
(Figure 30). It is helpful to enhance the service time
of sutures and is advantageous to the healing of
wound [68].

4.4. Packing Materials

PLA is bio-based polyester with many merits, such
as renewable raw materials and low toxicity. However,
its inferior anti-bacterial performance limits PLA’s
potential applications as packaging materials- CNT and
silver nanoparticles (AgNPs) were used to prepare
CNTs/AgNPs/PLA nanocomposites by two solvent-
assisted methods. The CNTs/AgNPs/PLA composites
illustrates higher thermal stability and tensile strength
(Figure 31). Also, the CNTs/AgNPs/PLA
nanocomposites show better antibacterial activity to
hemolytic staphylococcus, due to the antibacterial
properties of AgNPs [69].
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Figure 31: TGA (a) and DTG curves (b) of pure PLA and CNTs/AgNPs/PLA composites [69].

4.5. Electrode Materials

Nowadays, lithium-ion batteries have been widely
used in mobile phones, laptop computers, micro -
electromechanical systems and electric vehicles.
Honeycomb composite electrode ] of
PLA/LiIFePO4(LFP)/CNT was prepared via combining
3D printing with fuse manufacturing method . The
results showed that, the effects ofbattery thickness
on specific capacity can be negated by engineering
desired porosity to improve its specific and areal
capacity simultaneously (Figure 32). Specific capacity
of the thickest electrode (i.e., 300 um) increases from
125 m Ahg'1 to 151 mAhg'1. What’s more, there is no
loss of areal capacity with the increase of porosity [70].
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4.6. Supercapacitors

In recent years, flexible energy storage devices
have received more and more  attention.
Supercapacitors have the advantages of high power of
traditional capacitors and high specific energy of
batteries. So, supercapacitors mean the most
promising candidates for power sources and have
promising application prospects for portable electronic
devices.

The porous PLA/CNTs nanocomposites was
prepared to manufacture degradable flexible and free-
standing composite membrane electrodes for
supercapacitors by in- situ rapid hybrid chemical
oxidative polymerization with aniline. The ternary
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Figure 32: Charge/discharge voltage profiles of the PLA/LFP/CNT electrodes for different thickness: (a) 100 um, (b) 200 pm
and (c) 300 um, and specific capacities with different CNT content (d) [70].
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Figure 33: Galvanostatic charge-discharge (GCD) curves of P-PCP-3-H-1 (a), P-PCP-3-H-2 (b), P- PCP-3-H-3 (c), P-PCP-3-
H-4 (d), and P-PCP-3-H-5 (e) and specific capacitance (f) at different current density [24].

PLA/CNT/PAN  membrane electrode has longer
discharge time than that of the PLA/CNTs membrane,
due to better capacitance performance. Heat
treatment at the Tg of PLA for 2 hours contributed to
the maximum specific capacitance of 510 Fg'1, as
shown in Figure 33 [70].

5. CONCLUSIONS AND PERSPECTIVE

This snapshot review summarized the r ecent
progress of the PLA composites modified with CNT in
emerging field. Especially, various preparation
methods including melt blending, solution blending,
in-situ polymerization, mechanochemical method, 3D
printing and physical foaming were used to prepare
various PLA composite materials with versatile
micro- structures and excellent properties. Also,
emerging application scenarios of the CNT/PLA
composites have been summarized.

In future, more and more facile preparation
methods and eco-friendly manufacture processes will
be developed to prepare diverse functional CNT/PLA

composite materials, which will give a green light to
extend the use ofthis sustainable composite materials.
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