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Highlights 

 
• Unmodified  and modified MWCNTs such as MWCNT-COOH, MWCNT-OH, and MA-g-MWCNT 

were incorporated into the PLA matrix. 

• The nanocomposite films were successfully prepared by the solvent casting method.  

• These nanocomposite films can be used for different applications due to their improved properties 

especially in biomedical. 
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ABSTRACT: To enhance the properties of poly(lactic acid) (PLA) composite films, unmodified (MWCNT) 

and modified multiwall carbon nanotubes (MWCNT-COOH, MWCNT-OH, and MA-g-MWCNT) were 

incorporated into the polymer matrix followed by the solvent casting method. The success of the 

modification of MWCNT with maleic anhydride (MA) was verified by absorption transmission reflectance 

spectroscopy (ATR). The fabricated nanocomposite films were analyzed by Fourier transform infrared 

(FT-IR) spectroscopy, thermal analyses, atomic force microscopy (AFM), contact angle measurements, 

dynamic mechanical analysis (DMA), and electrical conductivity tests. ATR spectra showed that MA was 

covalently grafted to the surface of the MWCNT, which was well dispersed and homogenously 

incorporated in the PLA matrix. The results of the thermal degradation demonstrated that the degradation 

value of the film increased from 328.91oC to 347oC with the addition of 0.5 wt% MA-g-MWCNT. 

Additionally, the MWCNT-OH/PLA films illustrated strongly hydrophilic nature due to the –OH groups. 

The surface resistance of 3 wt% of the MWCNT-COOH/PLA nanocomposite film decreased from 2.56x109 

to 2.42x103 Ω (by 106 order). Therefore, the properties of PLA were increased with the addition of 

functionalized MWCNTs, which can be used for different applications such as biomedical, food 

packaging, and electronics. 
 

Keywords: Nanocomposites, Multiwall Carbon Nanotube, Poly(Lactic Acid), Grafting, Maleic Anhydrate 

1. INTRODUCTION 

Polymeric nanocomposites have gained much attention due to their significant mechanical, thermal, 

electrical, and biodegradable properties [1, 2]. Among these nanocomposites, biodegradable polymers 

have specific properties such as renewable, excellent biodegradable, and biocompatible [3, 4]. Therefore, 

biodegradable polymeric nanocomposites have been used in almost all areas such as food packaging, 

biomedical, solar cells, electronic components [5], and eco-friendly applications. These polymers such as 

poly(lactic acid) (PLA), poly(ethylene oxide) (PEO), poly(3-hydroxybutyrate) (PHB), and 

polycaprolactone (PCL) [2] have been extensively used in these nanocomposites [1]. Poly(lactic acid) 

(PLA), which is a biodegradable polyester [6], is derived from renewable resources such as corn and sugar 

[1]. However, poor mechanical properties, brittleness [7], low crystallization rate, low impact strength, 

low glass transition temperature, and poor electrical conductivity of PLA severely restrict its applications 

[4]. Therefore, blending PLA with other polymers or reinforced nanomaterials overcomes these drawbacks 

of PLA, and leads to the desired properties [8]. To enhance its properties, nanomaterials such as carbon 

nanotubes [9], montmorillonite [10], and graphene oxide [11] can be used to reinforce. 

Multiwall carbon nanotubes (MWCNTs) have attracted a great deal of interest for material sciences 

due to their high physicochemical properties [12]. MWCNTs possess a large surface area, high elastic 

modulus, high mechanical and barrier properties, good thermal stability up to 2800oC in a vacuum, and 

high thermal and electrical conductivity [13]. Thus, they have been used as superior reinforced 

nanomaterials in polymeric nanocomposites [14]. Especially in the food industry, the studies showed that 
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there were no harmful effects of the use of MWCNTs as nanofillers [15, 16]. Yu et al. [15] displayed the 

potential use of grafted MWCNTs in the PHBV films as food packaging. However, the interfacial 

interaction between polymer matrix and MWCNTs depends on the dispersion of nanofillers in matrices 

[17]. Seligra et al. [18] developed a technique to disperse MWCNTs in the PLA matrix by linking covalently 

the nanofiller with the polymer. Yinghui Zhou et al. [19] investigated the effects of the CNTs-COOH 

nanoparticles on the properties of PLA/CNTs-COOH nanocomposites. The most important issue of the 

MWCNT nanocomposites is the dispersion of them in the matrix. Therefore, the physical/chemical 

treatment can be used to improve the dispersion and the compatibility between MWCNT and the polymer 

matrix [1]. The mechanical performance of the materials can be improved by the strong interfacial 

adhesion between the matrix and the nanofiller [20] by the functionalization of MWCNT with a 

compatibilizer agent such as maleic anhydride [21] which is a popular and effective method to enhance 

this adhesion [22]. 

To improve the properties of MWCNT, some compatibilizer agents such as maleic anhydride (MA) 

can be selected. It is highly reactive [23], which enhances the adhesion between polymers and MWNT. 

MA grafted MWCNT showed better properties than pure MWNT nanoparticles [24]. Huang et al. [24] 

produced composite materials composed of MA grafted MWCNT and PMMA and investigated the 

electrical property and EMI shielding efficiency. Wu et al. [25] functionalized MWCNTs with maleic acid 

(MAA) and maleic anhydride (MA) by the free radical reaction and produced the nanocomposites by the 

hydrogen bonding with poly (urea urethane) (PUU). Both non-covalent and covalent modifications of the 

MWCNT surface have been used to improve the wetting and solubility of MWCNT. The advantage of 

non-covalent attachment is that the perfect structure of the MWCNT is not damaged, and its mechanical 

properties remain intact. The main disadvantage of this attachment is that the forces between the 

wrapping molecules and the MWCNT are very weak, which means that the load may not be transferred 

efficiently from the polymer matrix to the MWCNT filler [26]. 

Low amounts of MA-g-multi-walled carbon nanotubes (MWCNTs) and other functionalized MWCNT 

species such as carboxyl (-COOH) and hydroxyl (-OH) groups can indeed act as plasticizers in poly(lactic 

acid) (PLA) polymer matrices. Here are some literature references that elaborate on this topic specifically 

in the context of PLA. Zhou et al. [27] described a study where polylactic acid (PLA) was modified with 

poly(butylene adipate-co-terephthalate) (PBAT) and carbon nanotubes (CNTs-COOH) containing 

carboxyl groups using melt blending. A compatibilizer, ethylene-butyl acrylate-glycidyl methacrylate (E-

BA-GMA), was employed to enhance the interaction between the CNTs-COOH nanoparticles and the 

PLA/PBAT matrix. The effects of varying CNTs-COOH content on mechanical properties, thermal 

properties, crystallinity, and morphology of PLA/CNTs-COOH nanocomposites were investigated. The 

results showed that incorporating CNTs-COOH nanoparticles led to simultaneous improvements in 

tensile strength, elongation at break, and impact strength of PLA. Additionally, PLA/CNTs-COOH 

nanocomposites exhibited higher thermal stability compared to pure PLA, with increases observed in 

glass transition temperature and initial degradation temperature as CNTs-COOH content increased. At 

low CNTs-COOH content (≤0.5 wt%), the nanoparticles dispersed uniformly in the PLA matrix. Overall, 

CNTs-COOH were found to be effective fillers for reinforcing and toughening PLA simultaneously, with 

the PLA/CNTs-COOH nanocomposite containing 0.5 wt% CNTs-COOH demonstrating a favorable 

combination of strength and toughness [27]. To enhance the performance of PLA (polylactic acid) 

composites, addressing the poor dispersion and adhesion of carbon nanotubes (CNT) is crucial. Zhang et 

al. [28] utilized sodium dodecylbenzene sulfonate to modify multi-walled CNT surfaces, improving 

interfacial adhesion with PLLA (levopolylactic acid) through melt blending. This modification reduced 

the composite's conductivity below the penetration threshold and enhanced its thermal stability. 

Additionally, Urtekin et al. [29] leveraged CNT's bridging effect to enhance PLA's interaction with 

polycarbonate (PC). They compounded variously functionalized multi-walled CNTs (MWCNT, MWCNT-

OH, MWCNT-COOH, PC-g-MWCNT) with PC/PLA in a twin-screw extruder. This process facilitated 

effective grafting of PC onto MWCNT, resulting in improved composite properties. Notably, the addition 

of 5 wt% MWCNT-OH yielded the highest values for elongation at break, tensile strength, and modulus 
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in the PC/PLA composites. These studies collectively demonstrate that maleic anhydride-grafted 

MWCNTs, as well as MWCNTs functionalized with carboxyl and hydroxyl groups, can act as effective 

plasticizers in PLA polymer matrices, leading to improvements in crystallization behavior, mechanical 

properties, and thermal stability. 

The novelty of this study is that not only the functionalization of MWCNT with MA and also the 

investigation of the effects of unmodified (MWCNT) and modified multiwall carbon nanotubes 

(MWCNT-COOH, MWCNT-OH, and MA-g-MWCNT) on the PLA nanocomposites followed by the 

solvent casting method. Thus, the thermal, mechanical, and electrical properties of nanocomposite 

materials were determined, and the results of the nanocomposites were compared with neat PLA film. 

2. MATERIAL AND METHODS 

2.1. Materials 

MWCNTs were bought from Timesnano (Chinese Academy of Sciences (CAS)) with a diameter of 10 

and 20 nm, a length of 30 μm, and >95 wt% of purity. MWCNT-OH composes of 3.06 wt% -OH content 

and MWCNT-COOH was 2.00 wt% -COOH content. Poly (L-lactic acid) (PLA) was supplied by Isochem. 

Chloroform (99%), tetrahydrofuran (99%), acetone (>99%), benzoyl peroxide (BPO) (99%), and maleic 

anhydride used for functionalization of MWCNTs were purchased from Sigma-Aldrich (St. Louis, USA). 

All the solvents were used without any further purification. 

2.2. Functionalization of the MWCNTs 

Maleic anhydride functionalized multiwalled carbon nanotubes (MA-g-MWCNT) were prepared by 

the following procedure [30]: 1 g of MWCNTs was mixed by refluxing with 2.6 g of maleic anhydride. MA 

was added into 50 mL of acetone and 50 mL of THF and mixed at 80oC for 4 h. 0.1 g of benzoyl peroxide 

(BPO) was used as an initiator of the free radical reaction in this procedure. In the last part, anhydrous 

acetone was used to wash the functionalized MWCNTs (MA-g-MWCNT), and MA-g-MWCNT was 

centrifuged. 

2.3. Preparation of Samples 

All the nanocomposite films were prepared by solvent casting method. 5% (w/v) of PLA was added 

into 100 mL of chloroform and stirred to get a homogenous mixture. Then, appropriate amounts of 

MWCNT, MWCNT-COOH, MWCNT-OH, and MA-g-MWCNT were separately mixed in this mixture to 

obtain 0.5, 1, 2, and 3 wt.% ratios of nanofillers. To produce unmodified and modified MWCNT 

nanocomposites, the solutions were sonicated for 4 h in a water bath at room temperature to enhance the 

dispersion of MWCNTs and functionalized-MWCNTs in the polymer matrix. The prepared solutions were 

cast on Petri dishes and put in a vacuum oven at room temperature to remove completely the residue 

solvent. Finally, the fabricated films were peeled, and the thicknesses were measured as approximately 

130 μm. Table 1 shows the amounts of the polymer and nanofillers. 0.5% MWCNT/PLA, 1% 

MWCNT/PLA, 2% MWCNT/PLA, and 3% MWCNT/PLA nanocomposite films. 
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Table 1. The prepared polymer solutions for the solution casting method 

Films 
PLA 

% 

MWCNT 

% 

MWCNT-

COOH 

 % 

MWCNT-OH 

% 

MA-g-MWCNT 

% 

PLA 5 - - - - 

MWCNT/PLA 

5 0.5 - - - 

5 1.0 - - - 

5 2.0 - - - 

5 3.0 - - - 

MWCNT-COOH/ PLA 

5 - 0.5 - - 

5 - 1.0 - - 

5 - 2.0 - - 

5 - 3.0 - - 

MWCNT-COOH/PLA 5 - 0.5 - - 

 5 - 1.0 - - 

 5 - 2.0 - - 

 5 - 3.0 - - 

MWCNT-OH/PLA 5 - - 0.5 - 

 5 - - 1.0 - 

 5 - - 2.0 - 

 5 - - 3.0 - 

MA-g-MWCNT /PLA 5 - - - 0.5 

 5 - - - 1.0 

 5 - - - 2.0 

 5 - - - 3.0 

 

2.4. Characterization of Samples 

2.4.1. ATR spectroscopy 

The grafting behavior of the maleic anhydride (MA) onto the MWCNT was analyzed by Absorption 

Transmission Reflectance (ATR) spectroscopy (Bruker Tensor 27, USA). 

2.4.2. FTIR spectroscopy 

The chemical bonding of the prepared films was investigated by the Fourier transform infrared (FTIR) 

spectrometry (Thermo Nicolet Avatar 370 spectrometer, USA). The examination covered a wavenumber 

range of 4000–400 cm⁻¹ with a resolution of 4 cm⁻¹ at ambient temperature. 

2.4.3. Electrical conductivity 

The electrical conductivity was measured using a standard four-point method. All conductivity 

measurements were determined at room temperature with a Keithley 2400 Source Meter (USA). 

Rectangular samples of 1 x 5 cm2 dimensions were prepared for conductivity analysis of the 

nanocomposite films produced of different types and concentrations. The thickness and resistance values 

for each sample obtained were taken as the average of the five determined values. The electrical 

conductivity values of the nanocomposite films were calculated using the resistance values read with the 

help of the device. The averages of five measurements were reported for each composite. 
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2.4.4. Thermal characterizations 

The thermal gravimetric analysis (TGA) was determined by Pyris 1 TGA device (Perkin Elmer Inc., 

USA). The samples were heated from 0 to 1000°C under a nitrogen atmosphere with a heating rate of 10°C 

min-1. In addition, differential scanning calorimeter (DSC) analysis was carried out with the Scinco DSC 

N-650 instrument (Seoul, Korea). The samples were heated at a temperature range of 25-200°C under a 

nitrogen atmosphere at an increment of 10°C min-1.  

Crystallinity values of the PLA in the nanocomposite films were calculated from the following equation 

(1): 

 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 (%) = (
𝐻𝑚

93.7
) 𝑥 100    (1) 

 

where ΔHm is the melting enthalpy (J/g) and 93.7 J/g is the theoretical enthalpy of completely crystalline 

PLA [31]. 

2.4.5. Contact angle analysis 

The surface nature of the materials was evaluated by the water contact angle analysis (WCA) using 

the Krüss DSA 100 instrument (Hamburg, Germany) at ambient temperature. The measurements involved 

applying a 5 μL water droplet with the sessile drop method, and the tests were repeated at least three 

times using deionized water. 

2.4.6. Dynamic mechanical analysis 

The dynamic mechanical analysis (DMA) was carried out with the Gabo Eplexor 100 N instrument 

(Germany) in tension mode for a rectangular specimen of dimension (10 x 35 x 2 mm3). The isochronal 

frequency of 10 Hz, static load at 1% strain, and dynamic load at 0.2 % strain were applied, and the storage 

modulus (E'), loss factor (tan δ), and loss modulus (E”) were recorded. 

2.4.7. Atomic force microscopy  

The atomic force microscopy (AFM) images of 0.5 wt% of the nanocomposite films were obtained 

using a Park System (XE-100 E instrument, Korea). The analysis covered a 5 × 5 μm² area at room 

temperature, employing a scanning rate of 0.5 Hz and operating in non-tapping mode. 

3. RESULTS AND DISCUSSION 

3.1. ATR Spectroscopy Analysis 

 

Figure 1 shows the ATR spectra of the MWCNT and the MWCNT functionalized with maleic 

anhydride (MA), carboxyl (-COOH), and hydroxyl (-OH), respectively. 
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Figure 1. ATR spectrum of nanoparticles (a) MA-g-MWCNT, (b) MWCNT-COOH, (c) MWCNT-OH, (d) 

MWCNT 

 

The characteristic peak of the aromatic ring (C=C) was obtained between 1600 and 1450 cm-1 in the 

spectra of all the MWCNTs. The stretching vibration of carbonyls (C=O) appeared at 1760-1690 cm-1, which 

belonged to the carbonyl group (C=O) for MWCNT-COOH and MA-g-MWCNT particles. The C=O 

stretching at 1721 cm-1, corresponds to the incorporated carboxylic acid groups (-COOH) due to the acid 

treatment process, characterized the MWCNT-COOH [1]. The C-H stretching at 2853 and 2925 cm-1 

corresponded to alkyl groups, which comes from the carboxyl group [26]. After the functionalization of 

MWCNT with maleic anhydride, some organic groups in the chemical structure of maleic anhydride were 

attached to the surface of MWCNT via the chemical bonds. One of these organic groups, the carbonyl 

group (C=O), was observed in the spectrum of MA-g-MWCNT at a wavelength of 1740 cm-1. Moreover, 

the transmittance band appears at 2848 and 2947 cm-1 corresponding to alkyl groups (–CH) which is 

regarding the maleic anhydride [30]. Alkyl groups (-CH) existed in carboxyl acid and maleic anhydride; 

thus, the stretching frequencies appeared at 2854 cm-1 and 2917 cm-1. These peaks were nearly the same 

for MWCNT-COOH and MA-g-MWCNT. 

3.2. FTIR Analysis  

The FTIR spectra of nanocomposite films are shown in Figures 2 to 5. 

 



614  F. ARSLAN, Ş. M. ESKİTOROS TOĞAY 

 
Figure 2. FTIR spectra of (a) neat PLA, (b) 0.5% MWCNT/PLA, (c) 1% MWCNT/PLA, (d) 2% 

MWCNT/PLA, (e) 3% MWCNT/PLA nanocomposite films 

 

 
Figure 3. FTIR spectra of (a) neat PLA, (b) 0.5% MWCNT-COOH/PLA, (c) 1% MWCNT-COOH/PLA, (d) 

2% MWCNT-COOH/PLA, (e) 3% MWCNT-COOH/PLA nanocomposite films 
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Figure 4. FTIR spectra of (a) neat PLA, (b) 0.5% MA-g-MWCNT/PLA, (c) 1% MA-g-MWCNT/PLA, (d) 

2% MA-g-MWCNT/PLA, (e) 3% MA-g-MWCNT/PLA nanocomposite films 

 

 
Figure 5. FTIR spectra of (a) neat PLA, (b) 0.5% MWCNT-OH/PLA, (c) 1% MWCNT-OH/PLA, (d) 2% 

MWCNT-OH/PLA, (e) 3% MWCNT-OH/PLA nanocomposite films 

 

The peaks of pure PLA present CH stretching at 2900-3000 cm-1, C=O carbonyl stretching vibration at 

1760 cm-1, CH bending vibrations at 1350-1460 cm-1, and C-C stretching vibration at 870 cm-1 [32], as shown 

in Figures 2 to 5. Accordingly, these peaks were observed for the MWCNT/PLA, MWCNT-COOH/PLA, 

MA-g-MWCNT/PLA, and MWCNT-OH/PLA nanocomposite films with different amounts of MWCNTs 

and functionalized MWCNTs. It was clearly understood that when increasing the nanoparticle content of 

nanocomposite films, the peaks were not observed apparently due to the black color of MWCNT particles. 

These films were so opaque that they prevented the transmittance of FTIR measurements.  

3.3. Electrical Conductivity Analysis 

 

Electrical conductivity relies on the properties of nanofillers such as shape, size, concentration, and 

distribution of them in the polymer matrix. MWCNTs have a very high aspect ratio in the range of 100-
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1000. Therefore, they can build new conductive paths at a low volume fraction [33]. It is well known that 

chemical functionalization interrupts the extended conjugation of nanotubes, leading to a decrease in the 

electrical conductivity of functionalized CNTs. Specifically, altering the nanotubes results in a significant 

reduction in conductivity. Therefore, the electrical conductivity of nanocomposites acquired using 

functionalized CNT nanoparticles is typically lower compared to those utilizing non-functionalized CNT 

nanoparticles. On the other hand, some researchers found that the electrical conductivity properties of the 

types of CNT particles that are functionalized with –COOH or –OH groups may have improved [34]. All 

the results of the electrical conductivity of the samples were determined by four-point electrical analysis, 

as shown in Table 2. 

 

Table 2. Electrical conductivity of composites for different types of particles 

Particle 
Conc.,  

% 

R,  

ohm 

ρ, 

 ohm.cm 

σ,  

ohm.cm-1 

- 0 256*107±0.5 6.8*106 1.47*10-7 

MWCNT 0.5 132*107±0.2 3.2*106 3.10*10-7 

MWCNT 1 2.24*107±3.5 4.9*104 2.05*10-5 

MWCNT 2 6.4*106±1.5 1.3*104 7.96*10-5 

MWCNT 3 2720±0.5 7.18 0.14 

MWCNT-COOH 0.5 6.4*108±46.5 1.9*106 5.08*10-7 

MWCNT-COOH 1 478*102±6.1 182 0.005 

MWCNT-COOH 2 4780±0.59 14.9 0.067 

MWCNT-COOH 3 2420±0.24 6.1 0.163 

MA-g-MWCNT 0.5 1.6*109±0.19 2.9*106 3.34*10-7 

MA-g-MWCNT 1 1.2*109±0.24 3.1*106 3.21*10-7 

MA-g-MWCNT 2 1.9*106±0.38 5*103 0.0002 

MA-g-MWCNT 3 8.3*105±109.8 2.3*104 0.0004 

MWCNT-OH 0.5 1.5*109±0.2 5.4*106 1.86*10-7 

MWCNT-OH 1 69*107±30.2 2*106 4.90*10-7 

MWCNT-OH 2 9.1*104±5.5 207.7 0.005 

MWCNT-OH 3 13*103±1.6 36.09 0.03 

 

As shown in Table 2, the electrical conductivity of the nanocomposite films was higher than the neat 

PLA film. In addition, when increased the amount of reinforcements from 0.5% to 3% for MWCNT, 

MWCNT-COOH, MA-g-MWCNT, and MWCNT-OH in the PLA polymer matrix, the electrical 

conductivity of the nanocomposite films increased. However, MWCNT-COOH/PLA composite films 

showed the highest conductivity value. It was observed that the electrical conductivity of the 

nanocomposite increases with the addition of CNTs to the PLA which has a very low electrical 

conductivity value due to the π-bonds present in the carbon nanotubes. The carbonyl (C=O) group in the 

carboxyl (–COOH) group has a π-bond; therefore, the highest increment in electrical conductivity was 

found in the MWCNT-COOH/PLA composite films.  
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Figure 6. Comparison of electrical resistivity of the composite films 

 

Figure 6 shows the variation of electrical resistivity with respect to the type of nanoparticles. A drastic 

decrease in the electrical resistivity was obtained at 1 wt.% for the MWCNT-COOH/PLA composite, which 

indicates that the percolation threshold for the formation of a conductive MWCNT-COOH network in the 

PLA matrix was reached. Moreover, the percolation threshold was gained at 1.5 wt% for MA-g-

MWCNT/PLA and MWCNT-OH/PLA nanocomposites due to decreasing of electrical resistivity. 

3.4. Thermal Analysis 

Table 3 illustrates the thermal results such as initial thermal degradation temperature, final thermal 

decomposition temperature, and the percentage of the residue amount. The effect of MWCNT, MWCNT-

COOH, MA-g-MWCNT and MWCNT-OH nanoparticles on the thermal degradation temperature and 

thermal stability of PLA was investigated by TG analysis. 

 

Table 3. The thermal properties obtained by TGA analysis 

Films 

Conc. of 

nanoparticle,

% wt 

Initial  

decomposition temp,  
oC 

Final 

decomposition 

temp, oC 

Residue, % 

at 800oC 

Neat PLA __ 328.9 370.3 1.635 

MWCNT/PLA 0.5 325.7 371.3 1.531 

MWCNT/PLA 1 332.1 371.7 1.820 

MWCNT-

COOH/PLA 
0.5 344.8 377.6 1.986 

MWCNT-

COOH/PLA 
1 343.2 379.2 0.595 

MA-g-

MWCNT/PLA 
0.5 347.0 393.3 0.976 

MA-g-

MWCNT/PLA 
2 340.6 386.7 1.752 

MWCNT-OH/PLA 0.5 341.6 377.1 1.986 

MWCNT-OH/PLA 2 345.8 378.9 1.492 
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Figure 7. TGA curves of neat PLA, 0.5 wt% MWCNT/PLA and 1 wt% MWCNT/PLA composite films 

 

 
Figure 8. TGA curves of neat PLA, 0.5 wt% MWCNT-COOH/PLA and 1 wt% MWCNT-COOH/PLA 

composite films 
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Figure 9. TGA curves of 0.5 wt% MA-g-MWCNT/PLA and 2 wt% MA-g-MWCNT/PLA composite films 

 

 
Figure 10. TGA curves of 0.5 wt% MWCNT-OH/PLA and 2 wt% MWCNT-OH/PLA composite films 

 

As can be seen from TGA curves (Figure 7 to 10), the major weight loss was noticed in the temperature 

range between 300oC and 400oC.  The nanocomposite films began to decompose and completed the 

decomposition at a higher temperature from neat PLA. This condition indicates the improved thermal 

stability of nanocomposite films due to the high thermal degradation of carbon nanotubes used as a 

nanofiller. Moreover, the primary purpose of employing a grafting technique is to improve the bonding 

at the interface between the polymer matrix and MWCNT. This circumstance facilitates efficient 

transmission of loads from the matrix to the nanoparticle, ultimately boosting thermal stability. As well, 

the most increment thermal stability of PLA was reached when the addition 0.5 wt% of MA-g-MWCNT 

with initial decomposition temperature increased from 328.91oC to 347oC due to the better interfacial bond 

between MA-g-MWCNT and PLA [35]. In the study of Chrissafis [36] on the thermal degradation kinetics 

of PLA reinforced with MWCNT-COOH and that of Kuan et al. [30] in which PLA polymer was reinforced 

with carbon nanotubes, the thermal degradation temperatures of nanocomposites were higher than the 

thermal degradation temperature of pure PLA. When the initial decomposition temperatures of 0.5 wt.% 

MWCNT-COOH/PLA and 1 wt.% MWCNT-COOH/PLA were compared, the 0.5 wt.% MWCNT-
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COOH/PLA nanocomposite film began to decompose at a higher temperature. This is an indication that 

the addition of MWCNTs-COOH causes a substantial thermal enhancement of PLA, at least at the initial 

stages of decomposition. This improvement is mainly attributed to good matrix–nanotube interaction, 

good thermal conductivity of the nanotubes and also due to their barrier effect. The nanocomposite begins 

to decompose at higher temperatures, although the addition of MWCNTs-COOH seems to have little 

effect on the temperature which the maximum decomposition rate takes place. 

Figure 11 and 12 show the effect of different types of 0.5 wt% and 2 wt% of MWCNTs n nanocomposite 

films on the glass transition temperature (Tg), melting temperature (Tm), and the melting enthalpy (ΔHm) 

obtained by DSC analysis.  

 

 
Figure 11. DSC curves of films of (a) 0.5 wt% MWCNT-COOH/PLA, (b) 0.5 wt% MWCNT/PLA, (c) neat 

PLA, (d) 2 wt% MWCNT/PLA, (e) 2 wt% MWCNT-COOH/PLA 

 

 
Figure 12. DSC curves of films of (a) 0.5 wt% MA-g-MWCNT/PLA, (b) 2 wt% MA-g-MWCNT/PLA, (c) 

0.5 wt% MWCNT-OH/PLA, (d) 2 wt% MWCNT-OH/PLA 

 

The nanocomposite films' glass transition temperature (Tg) is connected to the collective movement 

of lengthy chain segments, a process that might face obstacles due to MWCNT-OH presence. 
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Consequently, robust connections between the matrix and the strengthening component might impede 

the polymer chain's movement, resulting in an elevation in the Tg value [1]. 

It demonstrated that the Tg increased from 85.78 to 87.74 for the MWCNT-OH/PLA nanocomposite 

film, and it was higher than neat PLA (Table 4). Therefore, the highest increment was reached with the 

MWCNT-OH nanofiller. For all the nanocomposite films, when increasing the concentration of nanofillers 

in the polymer matrix, Tg increased. Conversely, the Tg values were lower than that of neat PLA, unlike 

MWCNT-OH/PLA nanocomposite film. 

 

Table 4. The thermal properties of neat PLA and the nanocomposite films 

Particle Conc., % Tg, oC Tm, oC ΔHm, J/g Xc, % 

neat PLA 0 73.7 149.1 28.3 30.2 

MWCNT/PLA 0.5 70.6 148.5 31.3 33.4 

MWCNT/PLA 2 74.8 148.1 30.9 33.1 

MWCNT-

COOH/PLA 
0.5 66.9 147.4 32.6 34.7 

MWCNT-

COOH/PLA 
2 72.8 148.1 29.6 31.6 

MA-g-

MWCNT/PLA 
0.5 68.6 148.3 32.9 35.2 

MA-g-

MWCNT/PLA 
2 69.5 142.9 37.6 40.1 

MWCNT-

OH/PLA 
0.5 85.8 147.2 46.7 49.8 

MWCNT-

OH/PLA 
2 87.7 148.4 30.8 32.9 

 

Table 3 summarizes the thermal property (Tg, Tm, ΔHm, Xc) of different types of nanocomposite films. 

Generally, the melting temperatures (Tm) and melting enthalpy (ΔHm) decreased with increasing the 

amount of nanoparticles in the nanocomposite films, and the lowest Tm value was attained at 2 wt% of 

MA-g-MWCNT/PLA. The Tm values of nanocomposite materials were lower than that of neat PLA. The 

lowest Tm value was found as 142.96 oC for 2wt% of MA-g-MWCNT/PLA. Wu and Liao [37] explained 

that the melting temperature (Tm) decreased markedly with an increasing MWNTs–OH content up to 1 

wt% and then the effect was slight. The marked decrease in Tm of PLA-g-AA/MWNTs–OH is probably 

the result of the MWNTs–OH prohibiting the movement of the polymer segments, causing polymer chain 

arrangement to become more difficult, and also of the hydrophilic character of MWNTs–OH leading to 

poor adhesion with the hydrophobic PLA. 

Moreover, the enthalpy of melting (ΔHm) is a measure of the energy required to melt a material, and 

it is closely related to the crystallinity of a polymer composite. Higher ΔHm values typically indicate 

greater crystallinity, as more energy is needed to break the ordered crystalline structure during melting. 

At 0.5% concentration of the MWCNT/PLA composite film, there was an increase in ΔHm compared to 

neat PLA, indicating enhanced crystallinity. This suggests that the incorporation of MWCNT improved 

the crystalline structure of PLA. However, at 2% concentration, ΔHm decreases slightly compared to the 

0.5% concentration. This could indicate a saturation effect where higher concentrations of MWCNT might 

disrupt the crystalline structure, leading to a decrease in crystallinity despite still being higher than neat 

PLA. For MWCNT-COOH/PLA composites, at both 0.5% and 2% concentrations, ΔHm values are lower 

compared to neat PLA. This suggests that the presence of MWCNT-COOH may not significantly enhance 

crystallinity in PLA composites. Both at 0.5% and 2% concentrations of the MA-g-MWCNT/PLA 

composites, there are substantial increases in ΔHm compared to neat PLA. This indicates that the presence 
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of MA-g-MWCNT greatly enhances crystallinity in PLA composites, likely due to strong interactions 

between the grafted MWCNT and the PLA matrix. Additionally, at 0.5% concentration of the MWCNT-

OH/PLA composite films, there's a significant increase in ΔHm compared to neat PLA, indicating a 

substantial enhancement in crystallinity. This suggests that MWCNT-OH effectively promotes 

crystallization in PLA composites. However, at 2% concentration, ΔHm decreases compared to the 0.5% 

concentration, which could indicate a disruption in crystalline structure at higher concentrations. Overall, 

the effects of MWCNT species on crystallinity, as indicated by ΔHm, vary depending on the functional 

groups and concentrations. While some species enhance crystallinity at certain concentrations, others may 

exhibit diminishing returns or even disruption of crystalline structure at higher concentrations. 

3.5. Dynamic Mechanical Analyzer (DMA)  

Figure 13 and Figure 14 depict the mechanical analysis of the neat PLA, 3% MWCNT-COOH/PLA, 3% 

MA-g-MWCNT/PLA, and 3% MWCNT-OH/PLA samples. It is exactly known that in dynamic mechanical 

analysis (DMA), the storage modulus (E') and loss modulus (E'') are key parameters used to characterize 

the mechanical properties of materials over a range of temperatures. The storage modulus (E’) measures 

the stored energy, relatively the elastic portion of materials. On the other side, the loss modulus (E’’) 

assesses the energy dissipated as heat, relatively the viscous portion of materials. As well, E’’/E’ ratio gives 

the tan δ values for DMA analysis. 
 

 
Figure 13. Relationship between the E’ (storage modulus) and temperature 

 
The storage modulus of PLA composites with MA-g-MWCNT showed an increase compared to neat 

PLA over a certain temperature range. This increase could indicate improved reinforcement effects and 

better load transfer between the MWCNT and PLA matrix. However, beyond a certain temperature, the 

storage modulus started to decrease as the material underwent softening or transition to a more 

viscoelastic state. On the other side, PLA composites with MWCNT-OH exhibited a slight increase in 

storage modulus compared to neat PLA over a wider temperature range. The presence of hydroxyl 

functional groups enhanced compatibility between MWCNT-OH and the PLA matrix, leading to 

improved stiffness and mechanical properties over a broader temperature range. 
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Figure 14. Relationship between the E’’ (loss modulus) and temperature 

 

The loss modulus of PLA composites with MA-g-MWCNT increased compared to neat PLA, 

indicating enhanced damping characteristics. This increase could be due to improved interfacial adhesion 

and viscoelastic behavior of the composite. Similarly, the loss modulus of PLA composites with MWCNT-

OH also increased compared to neat PLA, indicating improved damping characteristics. The enhanced 

interfacial adhesion and reinforcement effects contribute to the increased loss modulus, especially at 

higher temperatures. 

 

 
Figure 15. Variation of the tan δ with temperature for MA-g-MWCNT/PLA, MWCNT-OH/PLA and neat 

PLA 

 

The dynamic mechanical properties of neat PLA and modified-MWCNT/PLA nanocomposites such 

as MA-g-MWCNT/PLA and MWCNT-OH/PLA including 3 wt% of nanoparticles were measured and 

determined the compatibility between the matrix and filler. Fig. 15 illustrates variations of the loss tangent 

(tan δ) with the temperature of the MA-g-MWCNT/PLA, MWCNT-OH/PLA, and neat PLA.  

An important observation is that tan δ exhibits a rapid rise at a specific temperature, signifying the 
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initiation of segmental movement, followed by a subsequent decline. 

Overall, the peak becomes wider and less intense as the filler content increases, as the presence of the 

inorganic network impedes the polymer chains' segmental mobility. The displacement of the tan δ value 

towards higher temperatures implies the robust interfacial connection between the polymer matrix and 

the functionalized MWCNT nanoparticles [18]. Relatively, the most efficient bonding obtained in MA-g-

MWCNT/PLA nanocomposite with 3 wt% of MA-g-MWCNT due to the shift to high temperature of tan 

δ value. On the other hand, MWCNT/PLA and MWCNT-COOH/PLA nanocomposite films were very stiff 

and brittle; therefore, DMA analysis of these nanocomposites couldn’t be done. 

3.6. Contact angle analysis 

Contact angle values for the neat PLA and all the nanocomposite films with concentrations from 0.5 

wt% to 3 wt% were given in Figure 16. The water wettability of a material’s surface plays a critical role in 

determining the biological response.  

 

 
Figure 16. Contact angle images of neat PLA and nanocomposite films (a) neat PLA, (b) MWCNT/PLA, 

(c) MWCNT-COOH/PLA, (d) MA-g-MWCNT/PLA and (e) MWCNT-OH/PLA 

 

The contact angle value of the neat PLA film was calculated as 82.55o; therefore, PLA is a hydrophobic 

polymer [1]. After the modification of the surface of MWCNT with -OH group, the contact angle value of 

the films decreased and this film showed hydrophilic character. Table 5 shows the contact angle values 

with respect to various concentrations. The results indicated that the MWCNT-OH/PLA films were 

strongly hydrophilic compared to the other films due to the –OH groups. Moreover, MWCNT/PLA and 

MA-g-MWCNT/PLA films revealed more hydrophobic character. 
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Table 5. Contact angle values of neat PLA and its nanocomposite films 

Films Concentration (%) Contact Angle (o) 

Neat PLA 0 82.55 ± 6.72 

MWCNT/PLA 0.5 79.65 ± 4.04 

MWCNT/PLA 1 80.35 ± 7.06 

MWCNT/PLA 2 87.46 ± 0.56 

MWCNT/PLA 3 85.75 ± 5.95 

MWCNT-COOH/PLA 0.5 79.9 ± 9.0 

MWCNT-COOH/PLA 1 77.08 ± 9.30 

MWCNT-COOH/PLA 2 70.4 ± 12.40 

MWCNT-COOH/PLA 3 71.43 ± 6.64 

MA-g-MWCNT/PLA 0.5 82.73 ± 2.03 

MA-g-MWCNT/PLA 1 99.28 ± 8.42 

MA-g-MWCNT/PLA 2 92.05 ± 13.01 

MA-g-MWCNT/PLA 3 84.03 ± 9.41 

MWCNT-OH/PLA 0.5 65.93 ± 2.34 

MWCNT-OH/PLA 1 62.25 ± 6.25 

MWCNT-OH/PLA 2 64.13 ± 2.05 

MWCNT-OH/PLA 3 28.55 ± 2.54 
 

3.7. Atomic force microscopy (AFM)  

Figure 17 displays AFM images of the neat PLA and its nanocomposite films with the concentration 

of the nanoparticle of 0.5 wt%. 

 
Figure 17. AFM images of neat PLA and its nanocomposite films (a) neat PLA, (b) MWCNT/PLA, (c) 

MWCNT-COOH/PLA, (d) MA-g-MWCNT/PLA and (e) MWCNT-OH/PLA 
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As shown in Figure 17, the dispersion of the nanoparticles in the PLA matrix was achieved 

homogeneously for MA-g-MWCNT/PLA. In Figure 17(b), there was no aggregation in the polymer matrix 

with MA-g-MWCNT nanoparticles. Therefore, the best interfacial bonding was obtained between the MA-

g-MWCNT nanoparticle and PLA. 

 

Table 6. Surface roughness of the neat PLA and its nanocomposite films 

Films 
Surface roughness value  

(Rz, nm) 

Neat PLA 39.59 

MWCNT/PLA 23.15 

MWCNT-COOH/PLA 36.12 

MWCNT-OH/PLA 20.51 

MA-g-MWCNT/PLA 46.47 

 

When the surface roughnesses of the nanocomposite films were compared, the MA-g-MWCNT/PLA 

films showed the roughest surface at 46.47 nm. While the neat PLA film had a surface roughness of 39.59 

nm, it increased to 46.47 for the MA-g-MWCNT/PLA film. The reason is that the roughness increased with 

the addition of MA-g-MWCNT to the polymer matrix due to the good interaction between the particle 

and polymer.  

4. CONCLUSIONS 

The neat PLA and MWCNT/PLA, MWCNT-COOH/PLA, MA-g-MWCNT/PLA, and MWCNT-

OH/PLA nanocomposite films were successfully prepared by the solvent casting method. ATR analysis 

showed that the maleic anhydride (MA) was strongly grafted onto the surface of MWCNT (MA-g-

MWCNT). In addition, the dynamic mechanical analysis demonstrated good interfacial adhesion between 

3% of the MA-g-MWCNT nanoparticle and the PLA matrix. Thermal analyses represented that the thermal 

stability of the nanocomposite films increased, and these films completely decomposed at a higher 

temperature compared to the neat PLA. The most increment of the thermal stability of the films was 

obtained by the addition of 0.5 wt% MA-g-MWCNT with initial decomposition temperature increased 

from 328.91oC to 347oC. The surface resistance of the nanocomposite film of 3 wt% MWCNT-COOH/PLA 

decreased from 2.56x109 to 2.42x103 Ω (by 106 order). Moreover, MWCNT-COOH/PLA composite films 

illustrated higher electrical conductivity than other nanocomposite films. For AFM analysis, the 

functionalized MWCNT particles were homogeneously dispersed in the PLA matrix. Consequently, these 

nanocomposite films can be used for electronic systems, biomedical applications, or as packaging 

materials due to the improved properties of the PLA polymer with MWCNTs. 
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