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Abstract: Biodegradable poly (D,L-lactide) (PLA)/carboxyl-functionalized multi-walled carbon nanotubes (c-MWCNTs) composites 
were achieved via in-situ polymerization. These as-prepared composite materials were characterized with FT-IR, XRD, TG, DSC, 
SEM, and high insulation resistance meter. The results demonstrate that the multi-walled carbon nanotube was carboxyl 
functionalized, which improved the collection between c-MWCNTs and PLA, and further realized the graft copolymerization of 
c-MWCNTs and PLA. There is a higher glass transition temperature and a lower pyrolysis temperature of PLA/c-MWCNTs 
composites than pure PLA. The c-MWCNTs gave a better dispersion than unmodified MWCNTs in the PLA matrix, and an even 
coating of PLA on the surface of c-MWCNTs was obtained, which increased the interfacial interaction. High insulation resistance 
analysis showed that the addition of c-MWCNTs increased the electric conductivity, and c-MWCNTs performed against the large 
dielectric coefficient and electrostatic state of PLA. These results demonstrated that c-MWCNTs modified PLA composites were 
beneficial for potential application in the development of heat-resisting and conductivity plastic engineering. 
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1 Introduction 
 

Polylactide(PLA) is a synthetic aliphatic polyester 
derived from renewable resources, such as corn, sugar 
beet and cassava [1,2], which can ultimately be degraded 
under composting conditions [3]. PLA assumes unique 
properties, such as biodegradability, biocompatibility and 
good mechanical properties [4,5], and has been used in 
biomedical and food packaging applications [6,7]. 
However, there are some drawbacks for PLA, such as 
brittleness, low crystallization rate, low impact strength, 
low glass transition temperature and poor electric 
conductivity [8], which has limited the applications of 
PLA as common plastic materials. 

Many studies have been attempted to improve the 
properties of PLA [9], particularly the thermal stability 
and electric conductivity properties [10], by blending 
with other heat-resistant materials, such as 
montmorillonite [11], zinc oxide nano-crystal whisker, 

calcium carbonate, nano silicon dioxide [12] and carbon 
nano-tubes[13]. Carbon nano-tubes are an interesting 
molecular form of carbon in the fullerene family, 
discovered by IIJIMA [14]. 

Carbon nanotubes have extremely low electrical 
resistance which is derived from their 1D character and 
the peculiar electronic structure of graphite. Carbon 
nanotubes (CNTs) are the stiffest known fiber, with a 
measured elastic modulus of 1.4 TPa [15]. CNTs have 
now shown a thermal conductivity at least twice that of 
diamond [16]. CNTs have the unique property of feeling 
cold to the touch, like metal, on the sides with the tube 
ends exposed, but similar to wood on the other sides [17]. 
With their unique physical properties, many investigators 
have endeavored to fabricate advanced CNT composite 
materials that exhibit one or more of these properties 
such as conductive filler in polymers. For example, 
polyimide/carbon nanotube (PI/CNT) composites with 
different proportions of CNT were fabricated by in-situ 
process [18], polylactide/carbon nanotube composites 
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[19]. The above modification means for PLA were about 
L-PLA; however, no research about the improvement of 
heat-resistant and electric conductivity properties for 
D,L-PLA has been performed, which is a relatively 
cheaper biodegradable plastic [20,21]. In this work, an 
organic functional group was introduced into MWCNTs 
after being treated with mixed acids, to form 
carboxyl-functionalized carbon nanotubes (c-MWCNTs). 
With D,L-lactide and c-MWCNTs as monomers, and 
stannous octoate as initiator, in-situ polymerization was 
performed, and c-MWCNTs modified poly (D,L-lactide) 
was achieved, and the properties of PLA/c-MWCNTs 
composites were characterized. 
 
2 Experimental 
 
2.1 Materials 

Main reagents included concentrated sulfuric acid 
(98%), nitric acid (60%), D,L-lactide (86%), zinc oxide, 
acetone, acetic acid, tetrahydrofuran, chloroform (all 
were analytically pure, Shanghai National Medicine), 
stannous octoate (95%, Sigma), de-ionized water 
(prepared in the laboratory), and multi-walled carbon 
nanotubes with diameter of 10−20 nm, length of 5−15 
μm and specific area of 40−300 m2/g (95%, Shenzhen 
Nanotech Port Co., Ltd.). 
 
2.2 Preparation of D,L-lactide 

With D,L-lactic acid as material, D,L-lactide was 
prepared by reduced pressure distillation technique. 300 
mL of D,L- lactic acid was put into a three-neck flask, 
the free water was removed by keeping the reaction 
system at the temperature of 80 °C, by reducing pressure 
and stirring simultaneously, then 3.06 g of La−Ti 
composite oxides were added into the system as catalyst 
to promote polycondensation of lactic acid, the 
temperature was kept at 140 °C for 4−5 h, and the 
reaction system was turning from white into light yellow. 
After stopping vacuum and stirring swiftly, replacing the 
receiving flask, the reaction system was warmed up to 
200 °C, and was kept under fine vacuum, then the light 
yellow crude lactide was distilled from reaction flask. 
White and pure lactide was obtained by recrystallization 
using acetic ester as solvent. 
 
2.3 Surface modification of multi-walled carbon 

nanotubes 
10 g of multi-walled carbon nanotubes were put into 

round bottom flask, in which mixed acid (with volume 
ratio of concentrated sulfuric acid to nitric acid of 3:1) 
was added. After 2 h of ultrasonic dispersion, the 
reaction system was kept stirring at of 50 °C for 3 h, and 

was cooled down to room temperature, into which a 
large amount of de-ionized water was added to increase 
pH of the system. Then the system was kept stewing for 
several hours, and assumed lamination, and clear liquid 
of the upper layer was removed, the bottom was 
centrifuged till the upper clear liquid was neutral, and the 
deposition was dried in vacuum at 60 °C for 12 h. 
 
2.4 Preparation of PLA/c-MWCNTs composite 

Certain amounts of D,L-lactide and multi-walled 
carbon nanotubes were mixed evenly and put into a flask, 
then chloroform solution with stannous octoate was 
added as initiator. After being kept under ultrasonic 
vibration for 20 min, the flask was depressed at 35 °C for 
2 h and sealed under vacuum, and then the flask was kept 
in a vacuum drying oven at 160 °C for 18 h. After being 
purified with tetrahydrofuran (C4H8O), filtrated by 
depressing to remove the residual carbon nanotubes, and 
deposited with de-ionized water, the dark PLA/ 
c-MWCNTs composite was accomplished. 
 
2.5 Analysis and characterization 

IR spectra of the original MWCNTs, as-prepared 
modified MWCNTs and PLA/c-MWCNTs composite 
were recorded by a Nicolet-IR550 infrared spectrometer. 
Crystal structure of MWCNTs and crystallinity of 
PLA/c-MWCNTs were characterized by X-ray 
diffractometry (Cu Kα, λ=1.54178 Ǻ, Rigaku D/MAX- 
rotation). The glass transition temperature of PLA/ 
c-MWCNTs was recorded by differential scanning 
calorimetry (200PC, Netzsch, heating rate of 10 °C/min, 
temperature range of 30−100 °C). TGA was performed 
to record the heat decomposition of MWCNTs, PLA, and 
PLA/c-MWCNTs with a Netzsch STA−409PC apparatus 
under nitrogen gas at a flow rate of 25 L/min. Pattern 
observation of MWCNTs and PLA/c-MWCNTs was 
performed on a scanning electron microscope (SEM, 
Hitachi S−570). Surface resistivity and volume 
resistivity of PLA/c-MWCNTs composite were recorded 
on a digital high resistance meter (Shanghai Jinghong) at 
detection voltages of 25, 50, 100, 250, 500, and 1000 V, 
respectively. 
 
3 Results and discussion 
 

Figure 1 shows the IR spectra of MWCNTs, 
modified MWCNTs and the prepared PLA/c-MWCNTs 
composite. In IR spectrum (a), the peaks at 2916.76 cm−1 
and 2851.89 cm−1 originate from the stretching vibration 
of C—H of MWCNT. In IR spectrum (b), the peaks at 
1726.64 cm−1 and 3440.38 cm−1 originate from the 
stretching vibration of C=O and O—H of the modified 
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MWCNTs, respectively. In IR spectrum (c), the peaks at 
3002.60 cm−1 and 2949.19 cm−1 originate from the 
stretching vibration of —CH3 and C—H of PLA, 
respectively; the peak at 1758.79 cm−1 originates from 
the stretching vibration of C=O; the peaks at 1091.02 
cm−1 , 1194.52 cm−1, 1269.29 cm−1 originate from the 
stretching vibration of C—O. All the characteristic peaks 
in Fig. 2 demonstrate the accomplishment of 
carboxylated MWCNTs, and chemical bonding of PLA 
and carboxylated MWCNTs. 

 

 
Fig. 1 IR spectra of pure MWNTs (a), modified MWNTs (b) 
and PLA/c-MWNTs (c) 
 

 
Fig. 2 XRD patterns of pure MWNTs, modified MWNTs, and 
PLA/c-MWNTs 
 

The phase and component of the as-prepared 
product were characterized by powder X-ray diffraction 
(XRD). Typical XRD patterns of MWNTs, modified 
MWNTs, and PLA/c-MWCNTs are shown in Fig. 2. 

There is not any difference for diffraction location 
between XRD patterns of pure MWNTs and modified 
MNNTs, the diffraction peaks at 26.06°, 42.97°, and 
53.63° can be readily indexed to planes (002), (100), and 
(004) of MWCNTs. But there are higher intensity of 
diffraction peaks and more obvious crystallization peaks 
for carboxylated MWCNTs (with 0.5% carboxylated 
MWCNTs) than MWCNTs, and full width at half 

maximum of diffraction peak at 26.06° changes from 
3.41° to 3.46°, suggesting larger size of lattice  
dimension, better crystallinity, and more complete 
structure for carboxylated MWCNTs. The possible 
reason is that acidification of MWCNTs advances 
removing amorphous carbon, carbon nanoparticles and 
metal particles. In XRD pattern of PLA/c-MWNTs, there 
are not any diffraction peaks of MWCNTs, and the only 
one peak curve bread demonstrates an amorphous sample, 
suggesting the imbedding of c-MWCNTs by PLA. 

Figure 3 illustrates the DSC curves for PLA and 
PLA/c-MWCNTs, the glass transition temperature (Tg) of 
PLA is 50 °C; while the glass transition temperature of 
PLA/c-MWCNTs with 0.5% carboxylated MWCNTs is 
74 °C, suggesting that the introduction of carbon 
nano-tubes increases Tg of PLA. 
 

  
Fig. 3 DSC curves corresponding to PLA and PLA/c-MWNTs 
 

TG curves corresponding to the pure multi-walled 
carbon nano-tubes, carboxylated MWCNTs, PLA/ 
c-MWCNTs, and PLA are shown in Fig. 4. These curves 
represent the mass loss as a function of the temperature. 
The pure MWCNTs samples degrade little throughout 
the heating stage (from 25 °C to about 425 °C), and 
assume 2.6% of mass loss, as a result of certain water 
inclusion. The carboxylated MWCNTs samples degrade 
smoothly from 25 °C to about 425 °C, and assume 20% 
of mass loss for the decomposition of carboxyl and a 
spot of water. The PLA/c-MWCNTs samples degrade in 
an obvious single step from 25 °C to about 425 °C, and 
present 98% of mass loss for the pyrolysis of graft 
polymer of PLA. The PLA samples degrade in a big 
single step from 25 °C to about 425 °C, and present 99% 
of mass loss for the pyrolysis of pure PLA. 

DTG curves corresponding to the pure PLA samples 
and PLA/c-MWCNTs are shown in Fig. 5. A 
comparative study of the influence of the introduction of 
carboxylated MWCNTs and pure PLA shows that with  
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Fig. 4 TGA curves corresponding to pure MWNTs, modified 
MWNTs, PLA/c-MWNTs, and PLA 
 

 

Fig. 5 DTG curves corresponding to PLA and PLA/c-MWNTs 
 
the increase of amount (0−0.75%) of carboxylated 
MWCNTs into PLA, there is an obvious reduction for 
starting combustion temperature, ending combustion 
temperature, and the maximum rate of combustion 
temperature for the PLA/c-MWCNTs composite, in 
which the maximum rate of combustion temperature 
steps down from 326.13 °C (PLA) to 315.98 °C 
(PLA/c-MWCNTs) and the ending combustion 
temperature is 20 °C of decrease from PLA to 
PLA/c-MWCNTs. The above TG and DTG curves 
demonstrate the speeding up of pyrolysis of PLA as a 
result of addition of carboxylated MWCNTs, suggesting 
that excellent heat conduction of carbon nano-tubes and 
carboxyl of MWCNTs present large contribution to the 
ester bond rupture of PLA to accelerate the pyrolysis of 
PLA. 

D,L-PLA was successfully applied to coating 
carboxylated MWCNTs via in-situ polymerization. SEM 
images of pure MWCNTs, carboxylated MWCNTs, and 
PLA/c-MWCNTs are shown in Fig. 6. Pure MWCNTs 
assume hollow cylinder with long caliber and random 
state, and agglomerate severely (as low magnification 

image in Fig. 6(a) and high magnification image in   
Fig. 6(b). After modification of mixed acids, 
carboxylated MWCNTs present as short segments with 
open port, and disperse well (as low magnification image 
in Fig. 7(c) and high magnification image in Fig. 7(d), 
suggesting oxidization and carboxylation of MWCNTs.  
The low magnification image shown in Fig. 6(e) reveals 
that there is an even dispersion of MWCNTs on the 
surface of PLA, from the image with a high 
magnification (Fig. 6(f)). It can be found a little bigger 
caliber of PLA/c-MWCNTs than pure MWCNTs and 
carboxylated MWCNTs, and there is not any hollow 
structure at the port of MWCNTs, suggesting the 
successfully coating of PLA on the surface of 
carboxylated MWCNTs via chemical bonding and 
achieving a strong interface interaction. 

Recordation of digital high resistance meter can be 
conversed to electrical conductivity to embody electrical 
feature of material. The volume resistivity of 
PLA/c-MWCNTs composites and the content of MWNTs 
are recorded in Table 1 and Fig. 7(a). Compared with 
pure PLA, the introduction of MWNTs brings an obvious 
nonlinear decrease of volume resistivity with the increase 
of MWNTs content in PLA/c-MWCNTs composites, and 
a sudden decrease from 2.75×1015 Ω·cm to 4.45×102 

Ω·cm, implying the contribution of MWNTs to the 
electrical conductivity of the composite. The optimal 
MWNTs content is about 0.5%. The surface resistivity of 
PLA/c-MWCNTs composite and the content of MWNTs 
are recorded in Table 2 and Fig. 7(b), and there is a  
 
Table 1 Content of MWCNTs and volume resistivity of 
composite material with lactide mass of 5 g 

Mass of 
MWCNTs/g 

Content of 
MWCNTs/% 

Volume 
resistivity/(Ω·cm) 

0 0 2.75×1015 

0.0050 0.1 1.32×1012 

0.0150 0.3 6.73×107 

0.0250 0.5 4.45×102 

0.0375 0.75 3.12×102 

 
Table 2 Content of MWCNTs and surface resistivity of 
composite material with lactide mass of 5 g 

Mass of 
MWCNTs/g 

Content of 
MWCNTs/% 

Surface resistivity/ 
(Ω·cm) 

0 0 6.64×1015 

0.0050 0.1 7.82×1012 

0.0150 0.3 9.18×107 

0.0250 0.5 6.98×103 

0.0375 0.75 4.21×103 
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Fig. 6 SEM images of pure MWCNTs (a, b), modified MWNTs (c, d) and PLA/c-MWNTs (e, f) 
 

 

Fig. 7 Correlation of volume resistivity and MWNTs content for PLA/MWCNTs (a) and of surface resistivity and MWNTs content of 
for PLA/c-MWCNTs (b) 
 
similar tendency of electric resistance for the surface 
resistivity of composite materials and is a sharp decrease 
of surface resistivity from 6.64×1015 to 6.98×103 Ω·cm. 

The introduction of c-MWNTs improves the electrical 
conductivity of PLA and broadens the application field 
of PLA. 
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4 Conclusions 
 

1) Carboxyl was introduced to MWCNTs treated by 
mixed acids, and compatibility of MWCNTs and 
polymer was improved. 

2) PLA/c-MWCNTs composites were achieved via 
in-situ polymerization. There is an interaction force 
between PLA and MWCNTs, and even certain PLA 
segments are grafted on MWCNTs. 

3) Introduction of a small quantity of MWCNTs 
brings PLA/c-MWCNTs composite a glass transition 
temperature increase and thermal decomposition 
temperature decrease as a result of carboxyl introduction 
to PLA. 

4) Scanning electron microscopic analysis 
demonstrates that carboxylated MWCNTs present an 
even dispersion in PLA matrix, and PLA is coated on the 
surface of carboxylated MWCNTs. 

5) The introduction of MWCNTs improves the 
electrical conductivity of PLA (with a optimal content of 
0.5% for MWCNTs), and will resolve problems of high 
dielectric constant and electrostatic problem for PLA 
materials. 
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多壁碳纳米管−聚乳酸复合材料的原位聚合制备 
及热性能和导电性能 
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摘  要：采用原位聚合的方法，制备了多壁碳纳米管−聚乳酸复合材料。通过红外光谱、X 射线衍射仪、差示扫

描量热分析、热分析、扫描电镜和高阻计等对材料的结构性能进行分析。结果表明：多壁碳纳米管经混合酸处理，

表面引入了有机基团，从而具有有机活性，与聚乳酸分子链之间的作用力加强，并可能存在部分聚乳酸分子链接

枝于碳纳米管上；引入碳纳米管，使聚乳酸的玻璃化转变温度升高，但热降解温度降低。扫描电镜分析发现，多

壁碳纳米管均匀分散于基体中，聚乳酸基体包覆在碳纳米管表面，界面作用增强。高阻计分析结果表明，随着碳

纳米管含量的增加，材料的导电性能得到增强，从而克服了 PLA 材料本身存在的介电常数大、易带静电等不足。 

关键词：原位聚合；多壁碳纳米管；聚乳酸；热性能；导电性能 
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