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Abstract

Polylactic acid (PLA) is a biodegradable aliphatic polymer obtained from renewable sources, primarily used in the packaging sector. 

Electronic components require antistatic packaging to prevent electrostatic discharge (ESD). PLA, being non-conductive, necessitates 

the addition of conductive carbon nanotube (CNT) to reduce its resistivity and make it suitable for antistatic packaging applications. 

This research investigates the effect of polyethylene glycol (PEG) on the properties of conductive polymer composites (CPCs) based on 

PLA, using solvent casting to form film sheets. Four different concentrations of PEG-1,000 and PEG-10,000 (0, 6, 10, and 14 wt%) were 

utilized to improve the ductility of PLA. CNT was incorporated at a concentration of 8 wt% to enhance the mechanical and electrical 

properties of PLA. The addition of PEG to the PLA/CNT composites resulted in a reduction in tensile strength while increasing elongation 

at break, thereby indicating improved flexibility. FTIR analysis revealed significant changes in the carbonyl group peak at 1747 cm−1, 

with a decrease in carbonyl content observed as the concentration and molecular weight of PEG increased. The electrical conductivity 

of the CPCs showed a notable increase with the incorporation of 14 wt% PEG, rising from 1.89 × 10−11 S cm−1 to 5.62 × 10−8 S cm−1 (PEG-

1,000) and 1.25 × 10−7 S cm−1 (PEG-10,000). These results demonstrate that PEG enhances the mechanical flexibility and electrical 

conductivity of PLA/CNT composites, making them promising candidates for antistatic packaging applications.
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1 Introduction
Electrostatic discharge (ESD) is a key problem that causes 
losses in products containing sensitive electronics during 
manufacturing, assembly, storage, and shipping [1]. 
To mitigate this issue, it is essential to use antistatic 
agents that impart dissipative properties to these materi-
als, allowing for the conduction of electrons through their 
structures. Conducting polymers, particularly those based 
on inorganic or metal particle-filled composites, are versa-
tile materials widely applied in electronic devices, includ-
ing Antistatic and dissipative materials [2].

There are four main types of polymers that conduct 
electricity:

1. inherently conducting polymers (ICPs),
2. polymer charge transfer complexes,
3. organometallic polymer conductors,
4. conductive polymer composites (CPCs) [3].

CPCs, which combine conductive fillers with insulat-
ing polymer matrices, have found widespread applica-
tions in electronic devices, batteries, fuel cells, heat sinks, 
electromagnetic shielding, and antistatic packaging [4–7]. 
However, the accumulation of electronic waste (white pollu-
tion) and the depletion of petroleum resources highlight the 
need for biodegradable and renewable CPCs [8]. Dispersing 
electrically conductive fillers or ICPs in an insulating poly-
mer matrix, such as thermosets or thermoplastics, creates 
CPCs. Achieving the desired level of electrical conductiv-
ity depends on the specific application. Conductive fillers 
commonly used include carbon black (CB), graphite, metal 
particles, carbon nanotubes (CNTs), graphene, expanded 
graphite (ExGr), and carbon nanofibers (CNFs) [1, 3, 8].

Polylactic acid (PLA) is a biodegradable polyester that 
has garnered significant interest due to its potential appli- 
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cations across various industries, including biomedical, 
food packaging, composites, automotive, and electron-
ics. However, PLA's brittleness, hydrophobicity, low melt 
strength, low heat resistance, slow degradation rate, and 
crystallization kinetics limit its broader application [9, 10]. 
To enhance PLA as a CPCs, its mechanical properties and 
electrical conductivity need improvement.

Several modification techniques can tailor PLA prop-
erties, such as copolymerization, blending, plasticiza-
tion, and the incorporation of fillers [11]. Among these, 
the blending technique is advantageous due to its simplic-
ity and cost-effectiveness compared to copolymer synthe-
sis. By adjusting the component ratio in polymer blends, 
a broad range of mechanical properties and degradation 
rates can be achieved [10].

Blending methods include melt blending and solvent 
casting. Melt blending involves heating the polymer to its 
melting temperature and mixing it with other polymers or 
fillers under these conditions. Solvent casting, based on 
Stokes' law, dissolves each polymer in a suitable solvent 
before combining them in solution. Filler dispersion in 
this method is achieved in the solution phase, often aided 
by stirring or ultrasonic homogenization, resulting in 
superior and uniform dispersion of blends [12].

Carbon nanotubes are now applied as conductive 
fillers because of their excellent electrical conductiv- 
ity (103–105 S cm−1) [13, 14]. CNTs also enhance the 
mechanical properties of polymer blends, with increased 
CNT concentration correlating with higher tensile mod-
ulus and tensile strength in PLA/CNT composites [15]. 
Moreover, the electrical resistivity of the polymer blend 
decreases significantly with the addition of CNTs, suggest-
ing applications such as antistatic packaging [1]. Uniform 
dispersion of CNTs within the matrix is crucial to maxi-
mizing conductivity, as inadequate dispersion yields min-
imal conductivity improvement [16].

Incorporating multi-walled carbon nanotubes 
(MWCNTs) into the PLA matrix has produced compos-
ites with electrical conductivities up to 1.13 S cm−1 [17]. 
The uniform dispersion of MWCNTs enhances the ten-
sile strength and elastic modulus of PLA, although elon-
gation and flexibility decrease as the nanoparticle com-
position increases. Improving these properties is essential 
for broader PLA applications, given its inherent brittle-
ness [18]. Introducing polyethylene glycol (PEG) as a plas-
ticizer can mitigate some of PLA's limitations. The addi-
tion of PEG to the PLA matrix has been shown to increase 
elongation at break while decreasing tensile strength and 

elastic modulus [19]. PLA and PEG blends also demon-
strate excellent miscibility and biodegradability [11].

The counterintuitive influence of CNT fillers and PEG 
plasticizers on the mechanical properties of PLA underscore 
the need for a comprehensive exploration of their combined 
effects to advance PLA as a conductive polymer compos-
ite. Notably, the impact of various PEG molecular weights 
on the electrical conductivity and morphological properties 
of PLA/CNT composites remains underexplored. In this 
study, we address this gap by synthesizing PLA compos-
ites with CNT and PEG using the solvent casting method. 
We investigate the role of PEG by varying its concentration 
and molecular weight (1,000 and 10,000 Da). Qualitative 
analysis using Fourier transform infrared (FTIR) spectros-
copy examines the potential functional group interactions, 
the structural polymorphs, and the crystallinity index within 
the PLA matrix due to CNT and PEG inclusion. Scanning 
electron microscopy (SEM) assesses the morphology of 
the CPCs, focusing on CNT dispersion within the matrix. 
Furthermore, we characterize the mechanical and electrical 
properties to determine the impact of PEGs on the perfor-
mance of the PLA/CNT composite.

2 Materials and methods
2.1 Materials
Commercial PLA from Xiamen Keyuan Plastic was used 
as the matrix material, which has a density of 1.25 g cm−3, 
a glass transition temperature (Tg ) of approximately 60 °C, 
and a melting temperature (Tm ) of 170 °C. MWCNTwas 
obtained from Jiangsu XFNANO Materials with an aver-
age diameter of 20–30 nm, length of 0.5–2 μm, purity of 
up to 95%, and electrical conductivity of approximately 
100 S cm−1. PEG with two different molecular weights ( Mw ) 
(1,000 and 10,000 Da) and analytical grade chloroform 
were purchased from Sigma‒Aldrich. All chemicals were 
applied without any prior purification.

2.2 Composite preparation
By solvent casting, neat PLA and its composites were cre-
ated into film sheets. Before processing, PLA was dried 
overnight in an oven at 80 °C to remove moisture content. 
According to the fabricating steps in Fig. 1, PLA was dis-
solved in 10 mL chloroform and stirred using a magnetic 
stirrer at 150 rpm and 55 °C for approximately 1 h. CNT with 
a composition of 8 wt% CNT was also dispersed in 2 mL 
chloroform using an ultrasonic tip (Kingqi Science Model: 
KQJS-800, ( P = 800 W; amplitude = 40%), for 30 min. 
An ultrasonic homogenizer was used to disrupt the van der 
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Waals forces between particles, which caused the agglom-
eration tendency of the nanosized particles. Four different 
loadings of PEG (0, 6, 10, and 14 wt%) were prepared as 
plasticizers to enhance the ductility, toughness, and flexibil-
ity of PLA. Then, these three chemicals (PLA solution, dis-
persed CNT, and PEG) were mixed and stirred for 30 min. 
The obtained solution was then poured into a film machine 
(TMAX-TCC1, Xiamen Equipment, China) with a filling 
velocity of 1 mm s−1. The filling velocity of 1 mm s−1 was 
selected based on preliminary trials and previous studies 
that indicated it provided optimal dispersion of the CNT 
within the PLA matrix without inducing shear-related deg-
radation or agglomeration of the CNT. The composition of 
CNT and PEG added to the PLA solution and the nomencla-
ture of the samples are described in Table 1.

2.3 Mechanical characterization
The mechanical properties of neat PLA and its compos-
ites were evaluated by tensile tests. The tensile test was 
carried out in a universal tensile testing machine (Lyxyan 
HZ-1007A, China) at ambient temperature with a cross-
head speed of 1 mm min−1, according to the ASTM D882-10 
standard [20]. The thickness of the molded ASTM samples 
was previously measured by a digital caliper (Krisbow 
KW06-351). The thickness and gauge length were pre-
scribed to be 0.04–0.1 mm and 50 mm, respectively. Three 
specimens of each sample were examined at room tem-
perature to obtain average data.

2.4 Fourier transform infrared (FTIR) spectroscopy
The functional groups of neat PLA and its composites were 
confirmed using attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectroscopy (Ir-Spirit FTIR, 
Shimadzu). The films were scanned using infrared radi-
ation with wavenumbers in the range of 400–4000 cm−1. 
FTIR was also employed to examine the structural poly-
morphs of PLA, focusing on the intensity ratios of specific 
absorption bands. The intensity ratios I1384/1361 and I1211/1186 
were used to quantitatively assess structural alterations in 
PLA and CPCs. The values of I1384/1361 and I1211/1186 were cal-
culated according to the Eqs. (1) and (2) [21, 22]:

Fig. 1 Preparation procedures for the PLA and CPCs

Table 1 List of the PLA/CNT/PEG composite samples prepared

Sample Mw of 
PEG (Da)

PLA 
(wt%)

CNT 
(wt%)

PEG 
(wt%)

PLA – 100 0 0

PLA/CNT – 92 8 0

PLA/CNT/PEG6 (1) 1,000 86 8 6

PLA/CNT/PEG10 (1) 1,000 82 8 10

PLA/CNT/PEG14 (1) 1,000 78 8 14

PLA/CNT/PEG6 (10) 10,000 86 8 6

PLA/CNT/PEG10 (10) 10,000 82 8 10

PLA/CNT/PEG14 (10) 10,000 78 8 14
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with A1384, A1361, A1211, and A1186 referring to the absor-
bance at 1384, 1361, 1211, and 1186 cm−1 bands, respec-
tively. The T% indicates the percent of transmittance at 
the respective band. To further assess crystallinity, we fol-
lowed the method outlined by Giełdowska et al. [23], mea-
suring the absorbance at the 921 and 957 cm−1 bands to 
determine the crystallinity index using Eq. (3):

x A
A AIF � �

�921

921 957

100%,  (3)

where xIF represents the overall crystallinity index, 
A921 and A957 determine the total absorption of the bands at 
921 and 957 cm−1, respectively.

2.5 Morphological characterization
The distribution morphology of the nanoparticles (CNT) 
in the conductive polymer composites was observed using 
scanning electron microscopy (SEM) (SEM-EDX JEOL 
JSM 6510LA, Japan). This SEM instrument was prein-
stalled with energy-dispersive X-ray spectroscopy (EDX). 
The film sheets of the samples were coated with a thin 
layer of gold, and then, the surface was examined by SEM 
at 20 kV and 1,000× magnification.

2.6 Electrical conductivity
The electrical volume resistivity (  ρv ) of the conductive 
polymer composites was determined by measuring at 
room temperature and ambient humidity using a ZC-90G 
insulation resistance tester. The setup is schematically 

depicted in Fig. 2. The volume resistance ( Rv (Ω)) obtained 
from this measurement was then converted to the electri-
cal ρv (Ω cm) using Eq. (4). Additionally, the electrical con-
ductivity of the samples was calculated from the resistiv-
ity values using Eq. (5) [24, 25]:
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h
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�
�
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1

v
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where A is the effective area of the measuring electrode 
(21.24 cm2 ), h is the average thickness of the sample (cm), 
and σ is the electrical conductivity ( S cm−1 ). The average 
electrical conductivity data were the result of measure-
ments on three specimens for each sample.

3 Results and discussions
3.1 Tensile properties
The influence of the addition of CNT and PEG on the ten-
sile properties of the PLA composites is discussed in this 
section. Fig. 3 (a) shows typical stress-strain curves from 
the tensile test for neat PLA and its composites. It illus-
trates the changes in the mechanical behavior of the sam-
ples caused by the addition of PEGs. The mean values of 
the mechanical properties obtained from the stress-strain 
curves are shown in Fig. 3 (b), (c), and (d).

Neat PLA is characterized by its rigidity, brittleness, 
and tendency to fracture near the yield point, consistent 
with other reported PLA results [19, 26]. PLA typically 
shows low elongation at break, high tensile strength, 
and a high tensile modulus. Specifically, neat PLA demon-
strates an elongation at break of approximately 4.2%, 
a tensile strength of around 23.747 MPa, and a tensile 

Fig. 2 Schematic setup for the ρv measurement of the composites
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modulus of roughly 748.644 MPa. These values align well 
with the literature, which typically reports PLA tensile 
strength in the range of 32 ± 5 MPa [27], demonstrating 
PLA's inherent stiffness and brittleness.

In this study, 8 wt% CNT was added to the compos-
ites. Fig. 3 (b) and (c) show that this addition increases 
the tensile strength and tensile modulus of pure PLA to 
30.675 MPa and 994.327 MPa, respectively. As reported 
in the literature, the presence of carbon nanotubes reduces 
the mobility and deformability of the PLA matrix, thus 
increasing rigidity and tensile performance [28]. However, 
with the inclusion of 6% PEG-1,000 in a PLA/CNT com-
posite, the tensile strength and tensile modulus decrease to 
16.051 MPa and 659.721 MPa, respectively. Similar trends 

are observed with PEG-10,000 as a plasticizer, as illus-
trated in Fig. 3 (b) and (c). Thus, while PEG enhances elon-
gation at break, it reduces both tensile strength and modu-
lus compared to PLA/CNT.

The addition of PEG as a plasticizer significantly 
increases the elongation at break while reducing the ten-
sile strength and modulus of the PLA/CNT composite. 
This trend is observed across a range of PEG additions 
from 0% to 14 wt%, as shown in Fig. 3 (b), (c), and (d). 
PEG's plasticizing effect mitigates the brittleness of the 
PLA/CNT composite, enhancing its flexibility and mak-
ing it less prone to fracture.

When CNT is uniformly dispersed within the PLA 
matrix, it significantly enhances the interfacial strength 

(a) (b)

Fig. 3 Tensile properties of PLA, PLA/CNT, and PLA/CNT/PEG composites: (a) typical stress-strain curves, (b) tensile strength, (c) tensile modulus, 
and (d) elongation at break

(c) (d)
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between the matrix and the filler, reinforcing the com-
posite material [29]. This uniform dispersion allows the 
effective transfer of applied forces to the CNT, leverag-
ing their inherent strength. The multi-walled structure 
of CNT contributes to their strong interfacial interaction 
with the PLA matrix, explaining the observed increase in 
tensile strength and modulus of PLA/CNT composites. 
The degree of CNT dispersion within the PLA matrix is 
further analyzed in the morphological analysis section.

Fig. 3 (d) reveals that the molecular weight of PEG influ-
ences the elongation at break of the PLA/CNT composite. 
Notably, at 14 wt% addition, the elongation at break is lon-
ger for composites using PEG-10,000 compared to those 
using PEG-1,000. This variation can be attributed to the 
changes in crystallinity and the nature of intermolecular 
forces between the components of the composite [10, 15]. 
In this research, the interactions between PLA, CNT, and 
PEG play a crucial role in determining the mechanical prop-
erties. At low PEG concentrations, the strong intermolecular 
forces between PLA chains dominate, limiting the plastici-
zation effect of PEG. As PEG concentration increases, these 
similar PLA chain interactions weaken, and the dissimilar 
intermolecular forces between PLA and PEG become more 
influential [11, 30]. This results in a composite that becomes 
more elastic with higher PEG content, as demonstrated by 
the enhanced elongation at break in Fig. 3 (d).

The observed decrease in tensile strength and modu-
lus with increased PEG content aligns with trends seen 
in other polymer blends where plasticizers are used to 
enhance flexibility at the expense of rigidity [31]. However, 
the significant increase in elongation at break underscores 
the potential of PLA/CNT/PEG composites for applica-
tions requiring flexible, biodegradable materials with 
moderate conductivity.

3.2 Fourier transform infrared analysis
The chemical structures and molecular interactions of PLA 
and its composites were investigated using FTIR spectros-
copy. Fig. 4 illustrates the effects of PEG concentration and 
molecular weight on the structural characteristics of the 
PLA/CNT/PEG blends. The similar IR spectra of the sam-
ples indicate that their molecular structures are consistent. 
The transmittance band data of the samples display typical 
peaks at 2804–2944 cm−1 (C-H stretching) and 841 cm−1  
(–CH2– rocking), consistent with previous reports [32, 33].

Several peaks exhibited changes in intensity, namely: 
1365–1370 cm−1 (C–H bending), 1145–1150 cm−1 (–C–O– 
stretching), 1093–1099 cm−1 (–C–O– stretching),  

960–964 cm−1 (–CH2 Gauche rocking), 946–950 cm−1 
(C–C rocking), and 1748–1746 cm−1 (C=O stretching 
of PLA). The intensity of these wavenumbers becomes 
weaker as the PEG composition increases, implying sig-
nificant chemical interactions between PLA and PEG at 
high PEG concentrations [11]. The interaction between the 
C=O group in PLA and the –OH group in PEG through 
strong hydrogen bonding is responsible for the shifting of 
the C=O stretching peak of PLA (depicted in Fig. 5) [34]. 
Additionally, the increased elasticity of PLA due to the 
plasticization effect indicates the presence of some PEG 
units between the PLA chains [35].

PEG and PLA form strong chemical bonds, facilitat-
ing adequate mixing in PLA/CNT composites. Notably, 
the presence of CNT has relatively no effect on the char-
acteristic peaks of PLA. The distinctive peaks responsible 

Fig. 4 Comparison of FTIR spectra for PLA, PLA/CNT, and PLA/CNT/
PEG composites
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for –CH stretching, –C–O– stretching, C–H bending, and 
C=O stretching were observed across the spectra for all 
the composites, and no new peaks were formed in the 
presence of CNT. This suggests that CNT does not intro-
duce new functional groups that could establish a robust 
interface with the PLA matrix.

The changes in the composites' properties are likely 
due to physical interactions between the CNT and the 
PLA/PEG matrix, as well as charge transfer interactions 
between the conjugated surfaces of the CNT particles 
and the PLA/PEG [36]. The uniform dispersion of CNT 
within the matrix enhances these interactions, contribut-
ing to the overall mechanical and electrical properties of 
the composites.

The effects of CNT and PEG incorporation on the amor-
phous and crystalline phases of PLA are shown in Fig. 6 (a). 
For the PLA/CNT composite, a decrease in the intensity 
ratio I1384/1361 compared to PLA indicates a decomposition 
of amorphous PLA. This decrease suggests that the pres-
ence of CNT promotes the breakdown of amorphous PLA 
regions into smaller molecular chains, which in turn facil-
itates PLA crystallization [37]. With the addition of 6 wt% 
of PEG-1,000, the I1384/1361 intensity ratio decreases fur-
ther, indicating a continued reduction in amorphous PLA. 
However, at 10 and 14 wt% PEG-1,000, the ratio shows 
a slight increase, implying a rise in the amorphous content 
of PLA. This effect is attributed to PEG's role as a plasti-
cizer, enhancing molecular chain mobility and reducing 
chain interactions, thus increasing the composite's free 
volume [38]. This enhanced mobility leads to a more dis-
ordered structure, encouraging the transformation from 
the ordered α' crystalline state to a more amorphous struc-
ture [22]. These structural changes correspond to the 
observed reduction in tensile strength and modulus, with 
a simultaneous increased flexibility. Similar trends appear 
for PEG-10,000, with slight increases in amorphous con-
tent at 10 and 14 wt%, as seen in Fig. 6 (a).

Fig. 6 (b) illustrates the transition between the α and 
α' crystalline forms in PLA with CNT and PEGs addi-
tion. An increase in the intensity ratio I1211/1186 reflects 
an increase in the α crystalline form, signifying the trans-
formation from the α' to α form along with a reduction 
in amorphous PLA, which raises the overall crystallinity. 
This transformation correlates with the observed decrease 
in the I1384/1361 ratio for PLA/CNT composite, indicat-
ing a reduction in amorphous PLA as the crystallinity 
rises. The shift from α' to α crystalline structure reduces 
the flexibility of the PLA composite, which explains the 
increase in tensile modulus and strength in PLA/CNT. 
After the addition of 6 wt% of PEGs, the intensity ratio 

Fig. 5 Possible interaction of PLA with the PEG polymer

Fig. 6 The variations of the intensity ratios (a) I1384/1361 and (b) I1211/1186 of 
PLA, PLA/CNT, and PLA/CNT/PEG composites

(a)

(b)
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I1211/1186 remained constant. In contrast, the addition of 
10 wt% PEGs shows a significant increase in the inten-
sity ratio I1211/1186 for PEG-10,000, reflecting an increase in 
the α crystalline PLA, which raises the crystallinity of the 
composite. At 14 wt% PEGs, the I1211/1186 ratio decreases, 
suggesting a reverse transformation from the α to the α' 
PLA, indicating reduced crystallinity. This transition 
aligns with the observed increase in the I1384/1361 reflecting 
a higher amorphous PLA content in these composites.

The crystallinity index values presented in Table 2 fur-
ther substantiate these findings, highlighting the critical 
role of CNT and PEGs in modifying PLA's crystalline 
structure. The incorporation of CNT notably enhances 
the degree of crystallinity, increasing the index from 
14.12% in pure PLA to 40.85% in PLA/CNT composite, 
which is consistent with Fig. 6 (a) and (b). This trend con-
tinues with PEG addition: at 6 wt% PEGs, crystallinity 
rises, indicating the combined effects of CNT acting as 
nucleating agents and PEG's ability to promote molecu-
lar mobility. The data further show that, at 10 wt% PEG-
10,000, the crystallinity index reaches its peak relative to 
PEG-1,000, suggesting that PEG-10,000 more effectively 
interacts with the matrix to enhance crystalline regions. 
However, with the addition of 14 wt% PEG for both PEG-
1,000 and PEG-10,000, the crystallinity index decreases 
slightly. This decrease likely results from the increased 
plasticizing effect of PEG at higher concentrations, which 
leads to greater chain mobility and disrupts crystalline 
structure. Supporting these observations, previous studies 
have shown that differential scanning calorimetry (DSC) 
revealed that incorporating 14 wt% of PEG 10,000 into 
PLA/MWCNT composite significantly enhances the melt-
ing enthalpy (ΔHm ) from 18.3 J g−1 to 24.6 J g−1 and the 
degree of crystallinity from 2% to 17.3% [39]. This crys-
tallinity increase is particularly significant at lower CNT 
concentration (1 wt%), indicating that PEG's plasticizing 
effect, combined with CNT, can effectively modulate the 
crystalline structure of PLA.

The FTIR analysis provides crucial insights into the 
molecular interactions and structure within the PLA/CNT/
PEG composites. The weakening of specific peaks with 
increased PEG content highlights the significant role of 
PEG in modifying the composite structure. The hydrogen 
bonding between PLA and PEG, indicated by the shift in 
the C=O stretching peak, underscores the importance of 
chemical interactions in determining the composite prop-
erties. Furthermore, the physical and charge transfer inter-
actions between CNT and the PLA/PEG matrix explain the 
enhanced mechanical and electrical properties observed in 
these composites. These interactions can improve CNT dis-
persion within the matrix, facilitating stress transfer and 
conductive pathways, which ultimately lead to the increased 
flexibility and electrical conductivity of the composites.

3.3 Morphological properties
The examination of the morphological elements is cru-
cial for understanding the physical properties of the result-
ing blends. Fig. 7 shows SEM micrographs of the sample 
surface at a magnification of 1,000×. Neat PLA exhibits 
a smooth fracture surface due to its brittle and stiff behav-
ior. A relatively uniform distribution and dispersion of CNT 
in the PLA matrix can be observed in Fig. 7 (b), (c), and (d). 

The use of an ultrasonic homogenizer to stir a solu-
tion of PLA/CNT/PEG results in a reasonable CNT dis-
tribution in the PLA matrix. The solvent casting of PLA 
in chloroform, accompanied by ultrasonic stirring, creates 
high shear stress on the PLA solution, resulting in an equal 
and uniform dispersion of CNT in PLA [40]. Proper CNT 
dispersion is crucial as it enhances the bonding interac-
tions between the polymer molecules and the CNT fill-
ers, potentially improving the composite's mechanical 
and electrical properties. The FTIR spectra presented in 
Fig. 4 show slight changes in the spectrum of PLA after 
the incorporation of CNT, indicating modifications in the 
molecular interactions within the composite structure.

The distribution and dispersion of fillers and plasticiz-
ers significantly impact the crystallinity and amorphous 
regions of PLA. Several studies have highlighted that 
well-dispersed CNT fillers can act as a nucleating agent, 
enhancing the crystallinity of the composites [41, 42]. 
The addition of CNT, known for its role as a nucleating 
agents, has been shown to increase the degree of crystal-
linity in PLA/CNT. This increase is often associated with 
a smooth fracture surface and uniform composite mor-
phology, indicating strong interactions between the CNT 
and the PLA matrix. Additionally, Fig. 6 (a) and (b) show 
that incorporating CNT with 6 and 10 wt% PEGs results 

Table 2 Changes in the overall crystallinity index of PLA and CPCs

Sample xIF

PLA 14.12%

PLA/CNT 40.85%

PLA/CNT/PEG6 (1) 44.20%

PLA/CNT/PEG10 (1) 46.55%

PLA/CNT/PEG14 (1) 45.12%

PLA/CNT/PEG6 (10) 45.71%

PLA/CNT/PEG10 (10) 47.25%

PLA/CNT/PEG14 (10) 46.79%
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in increased crystallinity, as indicated by the observed 
decrease in the intensity ratio I1384/1361 and increase in the 
intensity ratio I1211/1186. This shift reflects a reduction in 
amorphous PLA and an increase in the α crystalline form, 
contributing to overall crystallinity, as shown in Table 2. 
However, at 14 wt% PEGs, the crystallinity decreases, sug-
gesting that PEG's plasticizing effect enhances molecular 
mobility and reduces chain interactions, disrupting crys-
talline regions and promoting a more amorphous structure.

To investigate the effect of PEG on CNT dispersion more 
precisely, the diameter of the CNT agglomerations (the sur-
rounding circle around each cluster) was measured from 
the total number of aggregations in each composite sam-
ple using ImageJ software [43]. Fig. 8 depicts the findings 
of this analysis. The average agglomeration diameter ( Dave ) 
is highly dependent on PEG. Dave's value decreased after 
combining with PEGs. The agglomeration diameter of  
PLA/CNT composite without PEG is broad, measuring 
approximately 207 nm. However, upon the inclusion of 
PEGs, the size distribution narrows and shifts to smaller 
values, decreasing to 78 nm for PEG-1,000 and further to 
63 nm for PEG-10,000. This reduction in agglomeration size 
indicates improved CNT dispersion within the PLA matrix, 

with PEG-10,000 exhibiting superior dispersing capability 
compared to PEG-1,000. These findings align with the crys-
tallinity trends observed in Fig. 6 (b) and Table 2; the crys-
tallinity is higher in the 10 wt% PEG-10,000 composite 
than in PEG-1,000 due to improved CNT dispersion.

Elemental analysis offers a promising approach for mon-
itoring the purification process of composites. As illus-
trated in Fig. 9, the EDX spectrum reveals distinct sig-
nals corresponding to the elemental composition of PLA, 
PLA/CNT, and PLA/CNT/PEG. The highlighted red 
square delineates the scanned spectrum area. The accom-
panying table provides insights into the relative mass 
fraction and atomic percentage of carbon and oxygen in  
PLA/CNT, both before and after incorporating PEG. 
Notably, the presence of metallic impurities, such as copper 
and zinc, is indicated at trace levels. Additionally, traces of 
solvent, notably chlorine, are detected in each sample.

3.4 Electrical properties
Electrically insulating materials are characterized by 
a ρv greater than 1011 Ω cm, which impedes electron flow 
across their surfaces. In contrast, antistatic and dissipa-
tive materials exhibit volume resistivities ranging from 

Fig. 7 SEM micrographs of samples at 1,000× magnification: (a) PLA, (b) PLA/CNT, (c) PLA/CNT/PEG10 (1), and (d) PLA/CNT/PEG10 (10). 
The inset images depict the dispersion of CNT in the matrix
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104 to 1011 Ω cm, facilitating electronic conduction [1, 44]. 
As depicted in Fig. 10 (a), PLA/CNT and PLA/CNT/PEG 
composites fall within the category of antistatic and dis-
sipative materials, making these composites suitable for 
antistatic packaging.

The electrical properties of PLA composites are highly 
dependent on the presence of conductive fillers (CNT) and 
the morphology of the resulting polymer composites [45]. 
Fig. 10 (a) depicts the specific resistivity of PLA and  
PLA/CNT with different concentrations of PEG. It was dis-
covered that neat PLA had a resistivity of 3.94 × 1019 Ω cm, 
rendering it an electrical insulator, similar to the majority 
of polymers. However, with a CNT composition of 8 wt%, 
the electrical resistivity decreases to 5.32 × 1010 Ω cm, 
or the electrical conductivity reaches 1.89 × 10−11 S cm−1 
(Fig. 10 (b)). Furthermore, with the addition of 10 wt% PEG-
1,000 and PEG-10,000, the electrical resistivity decreases 

to as low as 1.54 × 109 Ω cm and 1.40 × 109 Ω cm, respec-
tively. The optimal outcome is achieved with the addition 
of 14 wt% PEG-10,000. This phenomenon demonstrates 
how increasing the PEG concentration in PLA/CNT can 
promote the development of charge distribution and per-
meable conduction pathways on the composite surface, 
thereby improving the electrical conductivity [15].

The investigation into the impact of technological vari-
ables on electrical resistivity revealed that under condu-
cive conditions, selecting a lower filling velocity, higher 
liquefier temperature, and larger layer thickness is advan-
tageous for achieving minimal resistivity targets [15]. 
However, this research utilized thinner film thicknesses, 
typically ranging from 0.04 to 0.1 mm, yielded poorer 
resistivity results compared to other research on PLA/CNT 
composites produced by melt blending and additional FDM 
process, which exhibited resistivity as low as 1 × 104 Ω cm 

Fig. 8 Diameter distribution of CNT in (a) PLA/CNT, (b) PLA/CNT/PEG10 (1), and (c) PLA/CNT/PEG10 (10) composites

(a) (b)

(c)
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(8 wt% CNT, 0.3 mm film thickness) [15]. This disparity 
underscores the importance of film thickness in determin-
ing electrical properties. Furthermore, employing a lower 

liquefier temperature of 55 °C for casting to form the film 
supports these findings.

Fig. 9 EDX Analysis of SEM Micrographs: (a) PLA (b) PLA/CNT (c) PLA/CNT/PEG10 (1) (d) PLA/CNT/PEG10 (10)

(a) (b)

(c) (d)

Fig. 10 Electrical properties of PLA, PLA/CNT, and PLA/CNT/PEG composites: (a) resistivity and (b) conductivity

(a) (b)
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