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Abstract In this study, multi-walled carbon nanotubes

(MWCNTs) were incorporated into poly (ethylene tereph-

thalate) (PET) matrix in their as-received (A-MWCNTs)

and treated (T-MWCNTs) forms. Melt-compounding

method was used for the preparation of these carbon nan-

otubes (CNTs)-reinforced PET composites. The electrical

conductivity, thermal stability, morphological, and tensile

properties were investigated. For testing and characteriza-

tion, impedance spectroscopy, thermo-gravimetric analy-

sis, scanning electron microscopy, transmission electron

microscopy, Fourier-transform infrared spectroscopy and

tensile testing were utilized. The results demonstrates that

an incorporation of *0.25 wt% A-MWCNTs, an electri-

cally conductive polymer nanocomposite (*0.2 S/m), was

formed with a low percolation threshold (*0.33 wt%). In

contrast, at the same loading of T-MWCNTs or even up

2 wt% did not yield conductive polymer. Presumably, such

behavior is attributed to the acid treatment that disrupted

the inherent electrical conductivity of the CNTs and also

reduced their aspect ratio. Nevertheless, T-MWCNTs

showed a better dispersion and distribution into the PET

matrix than that of A-MWCNTs counterpart. Moreover, an

improved tensile behavior was observed for T-MWCNTs

incorporated composites than that of A-MWCNTs coun-

terpart. Improved thermal stability was observed for PET/

A-MWCNTs in both the air and nitrogen atmospheres.

Whereas, PET/T-MWCNTs exhibited the highest thermal

stability in all samples in nitrogen atmosphere. However,

poor thermal response was seen in air atmosphere.

Keywords Carbon nanotubes � PET � Nanocomposites �
Modifications and properties

Introduction

Carbon nanotubes (CNTs) are one of the most conductive

carbon allotropies that have been discovered by Sumio

Iijima in 1991. There are various types of CNTs based on

the carbon layers in their sidewalls, such as single-walled

carbon nanotubes, two concentric layers known as double-

walled carbon nanotubes and multiple concentric layers or

multi-walled carbon nanotubes (MWCNTs). The distance

between two carbon layers in the sidewall of CNTs is

0.34 nm. These CNTs have attracted considerable amount

of research due to their exceptional properties and out-

standing aspect ratio (its aspect ratio[1000) in comparison

with the traditional conductive carbon fillers, such as car-

bon black and graphite [1–4], for instance, tensile modulus

of *1 TPa, strength of 10–60 GPA, outstanding thermal

stability in the air (*700 �C), and electrical resistivity of

*50 l X cm [4, 5].

These exceptional properties make CNTs potential

reinforcement materials for polymer matrices to produce

high-performance polymer nanocomposites and, in partic-

ular, conductive polymer composites (CPCs). Even if the

price of CNTs is reducing over years, it is still costly than

that of the traditional carbon fillers. Therefore, to minimize

the cost of the finished products, reduced electrical per-

colation threshold (U) value is highly desired. The U value
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is the critical loading or concentration of a conductive filler

at which the electrical conductivity of polymer composite

increases by several orders magnitude. This is because it

exhibits transition from insulating to the semi-conductive

or conductive composites. Another advantage of lower U is

an improved process-ability and enhanced mechanical

properties, since high filler loading may induce or generate

more stress concentrators [6, 7]. In this investigation, U
was obtained by fitting the experimental data to the per-

colation theory.

To reduce the value of U, good dispersion of CNTs filler

into polymer matrix is needed. Nevertheless, due to sig-

nificant lengths of CNTs that causes entanglement and

large surface area-to-volume ratio associated with van der

Waals forces of attraction between the tubes leading

agglomerations of CNTs into the polymer matrix. As a

result, poor interfacial adhesion, insufficient dispersion,

and non-uniform distribution are observed. To solve these

problems, chemical modification or functionalisation of

CNTs, such as acid treatment, was suggested by several

researchers [6, 8]. Nonetheless, at same time, such treat-

ments were reported to be deleterious for electrical

response of CNTs. This was due to change in hybridization

from sp2 to sp3 [2].

Furthermore, there are three frequently adopted methods

for the production of composites; in situ polymerization,

solution, and melt compounding. Out of these methods, the

melt compounding is an environmentally friendly tech-

nique [2, 5, 6]. Therefore, it was used for producing PET-

CNTs nanocomposites in this study. Furthermore, poly

(ethylene terephthalate) (PET) is a thermoplastic semi-

crystalline polymer used commonly in textile fibers, films,

etc. This is due to its good strength, low melt viscosity,

chemical resistance, and stability of dimensions [9, 10].

Nevertheless, an enhancement in electrical conductivity is

required for electrostatic/electromagnetic dissipations

applications [11]. To circumvent electrostatic charging of

an insulating matrix, an electrical conductivity above

r = 10-6 S/m is required [12, 13]. An additional exciting

application of PET-CNTs nanocomposites is the replace-

ment of indium tin oxide electrodes [14]. In this study, as-

received MWCNTs (A-MWCNTs) and acid-treated mul-

tiwall carbon nanotubes (T-MWCNTs) were used. Usually,

acid treatment is believed to improve dispersion and

adhesion of CNTs. Therefore, PET was compounded with

A-MWCNTs and T-MWCNT as to investigate the elec-

trical, morphological, thermal, and tensile properties of

resultant composites. Thus, the focus of this investigation

is to develop a systematic baseline for all above properties

under similar experimental conditions, in addition to

understand the influence of functionalization treatment on

CNTs and resultant composites.

Experiment

Materials

PET was received in the form of resin and it purchased

from Equipolymers (grade: LIGHTER C93). Table 1

shows some of its properties provided by the supplier.

MWCNTs were supplied by Nanocyl (grade: Nanocy-

7000) having 9.5 nm and *1.5 lm average diameter and

length, respectively. Sulfuric and nitric acids were pur-

chased from Sigma-Aldrich with concentrations of 98 and

70 %, respectively.

CNTs modification

According to acid modification technique [15], *1 g of the

A-MWCNTs was added to 40 mL of the acid mixture in a

round-bottomed flask. Therefore, as-received CNTs or

A-MWCNTs were immersed into the mixture of HNO3 and

H2SO4 in a 1:3 ratio, respectively. The mixture refluxed at

120 �C for 30 min. Then, the mixture cooled and washed

with distilled water until neutral pH was obtained (pH *7).

This was followed by filtration step via a polypropylene

membrane filter (0.2 lm pore size) to recover the treated

MWCNTs (T-MWCNTs) from the mixture. The process

schematic is shown in Fig. 1.

Preparation of nanocomposites

PET matrix and CNTs (A-MWCNTs and T-MWCNTs)

were dried in vacuum oven at 120 �C overnight before melt

compounding was carried out. The preparation of the

nanocomposites was carried out using a laboratory scale

extruder (Thermo-Haake Minilab, capacity: 7 cm3) equip-

ped with co-rotating twin-screws. The mixing time, tem-

perature, and screw speed were set at 5 min, 280 �C, and

45 rpm, respectively. The extruded samples were com-

pression moulded at 280 �C for 10 min and quenched in an

ice bath as to reduce the crystallinity and enhance ductility

for easy sampling. Extruded samples were also injection

moulded using a Haake Minijet II injection-moulding

machine as to obtain the dumbbell shape specimens for the

tensile test (at 400 MPa). For this purpose, the injection

cylinder and the mould were preheated to 280 and 60 �C,

respectively.

Characterization of nanocomposites

Morphology characterization

The CNTs and nanocomposites samples were character-

ized using an SEM (Philips XL30) at an accelerating
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voltage of 10–20 kV. To obtain samples for SEM, liquid

nitrogen was used to cryogenically freeze them for 5 min.

This is followed by fracturing of the samples. Composite

samples were gold coated using an Edwards S150B

sputter coater. TEM (Philips CM200) was used at an

accelerating voltage of 200 kV. For sample preparation;

diamond blade was used to cut slices of an approximately

50 nm thick from the core of the samples. Before that,

samples were embedded into epoxy resin for slices pur-

pose using an ultra-microtome (Leica EM UC6). In

addition, CNTs were also mixed with ethanol, sonicated

in an ultrasonic bath at room temperature for about

30 min to separate the agglomerated particles. A few

drops of this suspension were dropped onto a copper grid

using a micropipette. The grid was then left to dry in a

fume cupboard to evaporate the ethanol.

Electrical conductivity and percolation threshold

measurements

Electrical conductivity (r) at room temperature was mea-

sured using an impedance spectroscopy (NumetriQ

PSM1735). It is also useful device for the determination of

percolation threshold values (U). Samples (*10 9 10 9

1 mm3) were cut, polished, and coated using sliver paint to

reduce the contact resistance. Resistance of PET and its

nanocomposites was measured in a range of 1 9 10-6–

10 9 10-6 Hz at 1 V as an amplitude voltage.

Thermal stability measurements

Thermo-gravimetric analysis (TGA) was used to study the

thermal stability of PET and its nanocomposites by mea-

suring mass changes during heating as a function of tem-

perature under a controlled atmosphere. Thermal stabilities

were evaluated by determining temperature at 0.05 (5 %)

weight loss (T5 %). The instrument used for TGA Q-500

TA Instruments in nitrogen and air atmospheres (60 ml/

min). Samples (&6–7 mg) were scanned from room tem-

perature to 700 �C at a heating rate of 10 �C/min.

Tensile test measurements

Dumbbell shape specimens for tensile testing were pre-

pared using injection-moulding machine. The tensile test-

ing was performed using Instron instrument of model 4301

at room temperature and crosshead speed of 5 mm/min by

following the ASTM D638 standard. The average of five

test results was reported as a final value of tensile prop-

erties, including tensile modulus, strength, and elongation

at break.

Results and discussions

Morphology

Figure 2a shows an entangled network arrangement that is

typical of as A- MWCNTs. In contrast, the acid treatment

of the A-MWCNTs (Fig. 2b) caused them to be less

entangled. In addition, acid treatment usually shortens

length and diameter of CNTs [16, 17].

The typical entangled nature of A-MWCNT is quite

visible also from the TEM image (Fig. 3a). On the con-

trary, less entanglement is seen after acid treatment

(Fig. 3b), resulting in an improved dispersion and distri-

bution. Furthermore, at some locations catalyst, particles

can be seen on the surface of the A-MWCNTs (black dots),

as shown in Fig. 3a. Similar morphology has been reported

in the literature [16, 17]. The interesting aspect is that these

particles were disappeared after acid treatments, as shown

in Fig. 3b.

One of the favored features of acid treatment is that it

attaches some hydroxyl and carboxyl functional groups to

the walls of CNTs [2, 15, 16]. The number of these groups

on the surface of A-MWCNTs depends on the acid treat-

ment conditions, such as temperature, time, and oxidizing

agents [8]. It is expected that these functional groups may

improve interaction with the PET matrix. To confirm the

presence of such functional groups, FTIR was conducted,

as shown in Fig. 4.

Table 1 Properties of PET matrix

Properties Values Unit

Intrinsic

viscosity

0.80 dl/g

Glass transition 78 �C
Melting point 247 �C
Bulk density 0.88 g/cm3

Fig. 1 Schematic representation of the acid treatment of

A-MWCNTs
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The spectrum of the T-MWCNTs shows two strong

peaks in the ranges of 3200–3600 and 1600–1750 cm-1

that are characteristic of hydroxyl (–OH) and carboxyl (–

COOH) functional groups, respectively [15, 17]. This

indicates the successful modification obtained in this study.

According to the literature, the peak in the range

*1710–1730 cm-1 is due to the stretching vibration of the

C=O groups in –COOH [15, 18]. Whereas in another study,

the stretching vibration mode of the C=O group found in

the range of 1690–1660 cm-1. Wavenumber, at which

peak appears, depends on the acid treatment time, e.g.,

Zhang et al. [18] found that peaks at *1735 firstly but

when acid treatment time was increased, the peaks shifted

from *1737 to 1720 cm-1.

The fracture surface (or the mid/or center of samples or

cross section) was analyzed by SEM throughout this study.

Micrographs of such fractured surfaces of the nanocom-

posites at 0.35 wt% CNTs are shown in Fig. 5. In addition,

based on the comparative analysis of samples without

CNTs and with CNTs incorporation (previous literature

[19]), the bright spots in the images appear are presumably

CNTs, while the dark background is the PET matrix.

A-MWCNTs show several bright spots (Fig. 5a), while in

the case of T-MWCNTs, these are more embedded into the

matrix, as shown in Fig. 5b. This indicates a better matrix-

filler adhesion and in addition to good particle distribution.

Fig. 2 SEM images; a A-MWCNTs and b T-MWCNTs

Fig. 3 TEM images; a A-MWCNT and b T-MWCNTs
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Fig. 4 FTIR spectra of A-MWCNTs and T-MWCNTs
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Similarly, Fig. 6 shows the TEM images of PET/A-

MWCNT and PET/T-MWCNTs nanocomposites at

0.35 wt% loading. The agglomeration and poor distribution

are clearly noticed for PET/A-MWCNT as compared to

PET/T-MWCNTs nanocomposites.

Comparable SEM observations were made for PET/

MWCNT nanocomposites by Santoro et al. [19] who

concluded that a good dispersion has been achieved at

*0.25 wt%, followed by the agglomeration of CNTs.

Similar observations were made by Zaman et al. [3] who

reported improved dispersion, filler-matrix adhesion, and

distribution of acid-treated MWCNTs in PET matrix.

Electrical conductivity and percolation threshold

values

The real and imaginary parts of the complex impedance

were obtained as a function of frequencies using impe-

dance spectroscopy measurements. In this work, the values

of conductivity at 10 Hz have been chosen. This is due to

fact that at low frequencies, insulator-conductor transitions

can only be noticed [20]. Usually, values for the conduc-

tivities were determined from the real part only using

Eq. (1) [12, 21, 22]:

r ¼ L

RA
ð1Þ

where r is an electrical conductivity (S/m), L is the dis-

tance between the electrodes (m), A is the cross-sectional

area (m2), and R is the measured electrical resistance (X).
Figure 7a, b shows the values of r of the nanocom-

posites as a function of CNTs (A-MWCNTs and

T-MWCNTs) loadings (at room temperature and 10 kHz).

It is clear that the PET/A-MWCNTs nanocomposite shows

an excellent electrical conductivity and lower percolation

thresholds value (*0.35 wt%) in comparison with PET/T-

MWCNTs counterpart.

Moreover, the PET/A-MWCNTs nanocomposites show

a sharp transition from insulator behavior to conductive

one, i.e., conductivity increased from *5.5 9 10-9 to

*10-4 S/m, as the loading increased from *0.25 to

0.5 wt% of CNTs. Therefore, Uc occurs to be between 0.25

and 0.5 wt% of A-MWCNTs for the nanocomposites

investigated in this study. It is clear also from this fig-

ure that there is a significant increase in r above 0.25 wt%,

where the adding only of an additional 0.1 wt% of

A-MWCNTs (at 0.35 wt%) increases the r by two orders

of magnitude. Moreover, the r of *10-4 S/m was obtained

at 0.5 wt% of A-MWCNT that is higher than the value

(10-6 S/m) which considered being necessary to avoid an

electrostatic charging of polymer matrix.

Furthermore, to characterize insulator–conductor tran-

sitions of composites reinforced with conductive fillers,

percolation theory is applied. This will facilitate the

determination of percolation threshold and dimensions of

conductive network in polymer matrices. According to the

percolation theory, r of the composites is known by Eq. (2)

[12, 21, 22].

r ¼ roðU� UcÞt; for U[Uc ð2Þ

where r is proportionality constant, Uc is the percolation

threshold value (vol.%), U is the conductive filler content

(vol.%), and t refers to the dimensionality of the system

(geometry of the conductive path into the composites). In

fact, the density of the CNTs is often an approximate value

rather than real one. Thus, weight fractions have been used

for determining the Uc in several published studies

[12, 21, 22]. The determination of Uc in this study will be

in the expression of weight fractions as well.

The best-fit data to the percolation threshold model

[Eq. (2)] were obtained at the value of 0.33 wt%

A-MWCNTs for Uc of PET/A-MWCNTs nanocomposites,

as shown in the insert graph in Fig. 7a. On the other hand,

the PET/T-MWCNTs nanocomposites had similar

Fig. 5 SEM images of fractured surfaces of composites at 0.35 wt% CNTs loadings; a PET/A-MWCNTs and b PET/T-MWCNTs
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conductivity values to that of the pure PET. Therefore,

percolation threshold was not observed within the

T-MWCNTs loading used in this study. Thus, further

investigation into the electrical properties of these

nanocomposites above 2 wt% T-MWCNTs is suggested.

This behavior could be attributed to shortening of the tube

lengths of A-MWCNTs after acid treatment and improved

compatibility to PET, as a result good dispersion and

uniform distribution (as seen in SEM/TEM images).

Therefore, this hinders the formation of conductive net-

work through the matrix. In addition, the attachment of

functional groups on CNTs walls reduces electrical con-

ductivity of the nanocomposites. Several authors reported

observation of low composites conductivities because of

acid treatment [23–25]. They ascribed this performance to

the formation of functional groups and defects sites on the

surface of the A-MWCNTs after modification process

using acid treatment.

According to the literature, the lowest Uc for PET/A-

MWCNTs nanocomposites was reported at 0.06 wt% by

Logikis et al. who used an in situ polymerization method

to prepare samples [26]. Whereas same authors reported

Uc at 0.2 wt% for the same nanocomposite when made

by melt compounding. These authors have also investi-

gated the effect of functionalized MWCNTs on the

electrical conductivity. They reported much lower r for

composites containing functionalized CNTs. On the other

hand, the highest value of Uc is found to be 0.9 wt%

MWCNTs for such nanocomposites using the solution

method [16].

Thermal stability

Figures 8 and 9 show the TGA data for composites rein-

forced with A-MWCNTs and T-MWCNTs in nitrogen and

air atmospheres, respectively. Their T5 % values are pre-

sented in Tables 2 and 3, respectively. It appears that the

presence A-MWCNTs improves the thermal stabilities of

PET matrix in both environments (air and nitrogen).

However, PET/T-MWCNTs nanocomposites showed an

enhancement of thermal stabilities only in nitrogen atmo-

sphere, i.e., higher than PET/A-MWCNTs counterpart did.

Fig. 6 TEM images; a PET/A-MWCNT and b PET/T-MWCNT nanocomposites at 0.35 wt%. The inset images show magnified CNTs in the

PET matrix

Fig. 7 Electrical conductivities of composites; a PET/A-MWCNTs and b PET/T-MWCNTs as a function of wt% of CNTs. The inset plot is log

r versus log (U – Uc) to assess the PT values
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For example, at 0.1 wt% loading in nitrogen atmo-

sphere, the T5 % of PET/A-MWCNTs and PET/T-

MWCNTs is higher than pure PET by 5 and 11 �C,

respectively. Particularly, this could be due to the stronger

interfacial attraction between the carboxylic groups (–

COOH) on the T-MWCNTs and the ester groups (–C=O)

on the PET matrix owing to hydrogen bonding. Further-

more, A-MWCNTs can also lead to the stabilization of

PET and may limit thermal motion of its molecules [4, 27].

Moreover, comparatively PET/T-MWCNT nanocom-

posites exhibit lower thermal stability than pure PET when

heated in the air, as shown in Fig. 9b and Table 3. Bikiaris

et al. reported the thermal stability of isotactic

polypropylene nanocomposites containing T-MWCNTs in

the air and nitrogen atmospheres using different times of

acid treatments [28].

The authors concluded that as the time of acid treatment

increases, the onset temperature of thermo-oxidative

decreases, which lowers thermal stability of the

nanocomposites.

Tensile results

Figure 10 shows the stress–strain curves for PET and PET/

A-MWNTs nanocomposites. The values of modulus (E),

strength (ru), and elongation at break (eu) are presented in

Table 4.

These results exhibit significant improvements of

E from *1073 MPa for pure PET to *1303 MPa for

nanocomposites containing 2 wt% A-MWCNT (21.5 %).

This improvements could be due to the high aspect ratio,

strength, and modulus of CNTs that agrees to studies

reviewed elsewhere [29].

Figure 11 compares the values of E obtained from

published study to the present data. The previous study that

conducted by Santoro et al. [19] showed a sharp increase in

E values at 0.1 and 0.2 wt% MWCNTs, thereafter leveling

off. A similar trend has been observed in the present study;

however, the E values in the previous study are much

higher than ones obtained presently, although similar melt-

compounding conditions was used for the nanocomposite

preparations. This could be due to premixing of CNTs and

PET by cryogenic milling before melt compounding in

their study; hence, it could have resulted in good

dispersion.

The values of ru and eu decline with increasing

A-MWCNTs content. Values of ru reduced from 46 MPa

for neat PET to 25 MPa for nanocomposites containing up

to 2 wt%. A-MWCNTs. In addition, the elongation at

break showed a decrease from 6 % for pure PET to 2 % at

2 wt% A-MWCNT. This reduction is believed to be due to

the failure initiated at the CNTs aggregates within the

nanocomposites that results in lower strains and bulk

stresses at failure. Such decline is usually attributed to the

agglomeration of CNTs in the polymer matrix, as reported

by Aalaei et al. [30] who reported a 50 % reduction in ru
for PP/MWCNTs nanocomposites at 5 wt% CNTs. In

contrast, Santoro et al. [19] observed improvements in both

tensile strength and elastic modulus of PET/A-MWCNT

nanocomposites by 26 and 25 %, respectively, at 0.25 wt%

loading of CNTs. The authors also concluded that further

loadings did not improve these tensile properties. The

improvement in the mechanical properties in their study

was suggested to be due to the good dispersion of

A-MWCNTs into the PET matrix (Fig. 12).

Moreover, Zhu et al. [31] achieved a good dispersion of

A-MWCNTs into PET matrix also at\0.4 wt% of CNTs.

Their results exhibited that Young’s modulus and ru
improved by 25 and 15 %, respectively, at 0.4 wt%. These

improvements were followed by a slight drop in ru at 0.6

and 0.8 wt% of MWCNT loading. A similar study con-

ducted by Kim et al. [32] investigated the effect of

A-MWCNTs loading on the mechanical properties of a

PET matrix. The authors reported that 10 % enhancement

for both ru and E at 0.5 wt% CNTs. No significant

improvement was reported with further loading of

Fig. 8 TGA thermograms in nitrogen atmospheres; a PET/A-MWCNTs and b PET/T-MWCNTs
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A-MWCNTs, which they attributed to the tendency of

CNTs to bundle up and aggregate together at higher

loading. This results in low efficiency of load transfer

between the PET and A-MWCNTs.

Improvements in the values of E have also been reported

for PET nanocomposites containing T-MWCNTs by

Zaman et al. [3], as shown in Fig. 13. Interestingly, the

trend shown in this figure is similar in both studies. For

example, the value of E at 0.1 wt% in the present study is

identical to the E value obtained by Zaman et al. who

reported similar improvements in modulus but at higher

loadings of CNTs, i.e., 0.3 wt%. This indicates uniform

dispersion at lower loadings of CNTs. Upon further filler

addition, the sharp improvement in E values in both the

studies was observed and thereafter leveled off.

Table 5 shows no significant change in ru up to 0.2 wt%

of T-MWCNTs. This can be attributed to a better disper-

sion state when compared with A-MWCNTs. However,

significant reductions in ru up to *44 and 50 % were

observed for the composites containing 1 and 2 wt%

T-MWCNT, respectively. This is probably due to poor

dispersion and distribution, as agglomeration was notice-

able at higher loading. Similar behavior has been reported

for PS nanocomposites containing T-MWCNTs [21].

These results seem to be in contrast with ones obtained

by Gupta et al. [33], who reported an increase in the values

of ru for poly (trimethylene terephthalate) (PTT)-CNTs

nanocomposites upon the addition of treated MWCNTs.

This variation in results could be attributed to different

fabrication methods and conditions of acid-treatment pro-

cess. For example, Gupta [33] used sonication of CNTs

before acid treatment. On the other hand, Amr et al. [21]

utilized only nitric acid for treatments of CNTs.

Furthermore, the eu values also decreased upon incor-

poration of T-MWCNTs in the present study, indicating

that nanocomposites became less ductile and brittle com-

pared to the PET matrix. This because increased in mod-

ulus of the composites. Gupta et al. [33] and Meng et al.

[34] have reported reduction in eu values for PTT and

Polyamide6 (PA6) nanocomposites containing treated

MWCNTs. Moreover, Pat et al. [35] stated that the PET

nanocomposites containing treated MWCNTs were extre-

mely brittle outstanding to higher crystallinity of polymer

matrix.

On contrary, Zaman et al. [3] reported an enhancement

in both the ru and eu values of nanocomposites upon

increasing the amount of T-MWCNTs up to 0.5 wt% of

filler (they used the same grade as in the present study); this

was followed by a decrease due to aggregation issue. It

should be noted that they modified CNTs in a mixture of

concentrated nitric and sulfuric acids at room temperature

for 24 h. It has resulted in an improvement of interfacial

Fig. 9 TGA thermograms in air atmospheres; a PET/A-MWCNTs and b PET/T-MWCNTs

Table 2 Thermal degradation temperatures for PET/A-MWCNTs

nanocomposites under nitrogen and air atmospheres

A-MWCNT (wt%) N2 Air

T5 % (�C) T5 % (�C)

0.0 382.3 ± 1.4 370.1 ± 1.0

0.1 387.3 ± 2.2 376.9 ± 0.8

0.2 388.8 ± 2.3 372.0 ± 0.9

1.0 389.8 ± 2.7 392.5 ± 2.2

2.0 392.8 ± 1.5 390.0 ± 1.5

Table 3 Thermal degradation temperatures for PET/T-MWCNTs

nanocomposites under nitrogen and air atmospheres

T-MWCNT (wt%) N2 Air

T5 % (�C) T5 % (�C)

0.0 382.3 ± 1.4 370.1 ± 1.0

0.1 392.8 ± 0.2 346.5 ± 0.8

0.2 392.7 ± 2.3 360.9 ± 1.3

1.0 390.7 ± 0.9 356.5 ± 6.4

2.0 391.3 ± 0.9 351.3 ± 2.0
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interactions between the matrix and the filler. Therefore, an

effective load transfer was noticed in their study. However,

it was reported [8] that the mechanical properties of com-

posites containing treated MWCNTs depend on the treat-

ment temperature, time, and the composition of the acid

mixture or oxidizing agents. This displays that severe

modification lowers the mechanical properties of the final

nanocomposites. Bikiaris et al. [28] concluded that the size

of agglomeration was decreased by increasing the time of

acid treatment which can improve mechanical properties.

It is crucial to compare the tensile properties of both

A-MWCNTs and T-MWCNTs based on PET

Fig. 10 Typical stress–strain curves of the PET/A-MWCNT

nanocomposites

Table 4 Tensile properties of the PET/A-MWCNT nanocomposites

A-MWCNT

(wt%)

Tensile

modulus (MPa)

Tensile strength

(MPa)

Elongation

at break (%)

0.0 1073.3 ± 15.7 45.8 ± 2.3 6.3 ± 1.9

0.1 1124.0 ± 24.7 44.8 ± 5.0 4.9 ± 0.9

0.2 1182.3 ± 52.1 32.0 ± 2.5 3.1 ± 0.2

1.0 1252.6 ± 31.3 30.0 ± 3.8 2.6 ± 0.3

2.0 1302.7 ± 30.0 25.2 ± 4.1 2.0 ± 0.3
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Fig. 11 Comparison of E data from Santoro et al. [19] and the

present study

Fig. 12 Typical stress–strain curves of the PET/T-MWCNT

nanocomposites
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Fig. 13 Comparison of E data from Zaman et al. [3] and the present

study

Table 5 Tensile properties of the PET/T-MWCNT nanocomposites

T-MWCNT

(wt%)

Tensile

modulus (MPa)

Tensile

strength (MPa)

Elongation

at break (%)

0.0 1073.3 ± 15.7 45.8 ± 2.3 6.3 ± 1.9

0.1 1141.9 ± 17.3 46.3 ± 2.9 4.7 ± 0.5

0.2 1230.0 ± 34.0 43.3 ± 2.9 4.1 ± 0.3

1.0 1222.5 ± 105 25.6 ± 6.0 2.7 ± 0.8

2.0 1343.2 ± 13.8 22.7 ± 1.8 1.8 ± 0.1
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nanocomposites that investigated in the present study.

Interestingly, the values of E for the PET/T-MWCNTs

nanocomposites (see Fig. 12 and Table 5) were noted to be

higher than that of PET/A-MWCNTs nanocomposites at all

identical loadings of CNTs, whereas values of ru at lower

concentration of CNTs, i.e., 0.1 and 0.2 wt% T-MWCNT

were higher than that obtained at same loading of

A-MWCNTs. Such improvements can be attributed to an

improved level of dispersion, interfacial interaction, and

adhesion between the CNTs and the PET matrix in addition

uniform distribution of T-MWCNTs.

Conclusions

Two set of CNTs were prepared, i.e., A-MWCNTs (as

received) and T-MWCNTs (acid treated). These CNTs

were incorporated into PET matrix using melt-compound-

ing method. The purpose of functionalization treatment to

A-MWCNTs was to reduce entanglement and to attach

functional groups that were confirmed by FTIR. Therefore,

the focus of this study was to investigate the effect of

modification treatment on resultant properties of the

nanocomposites. The electrical, thermal, morphological,

and tensile properties were examined as a function of

CNTs weight fraction.

Morphological examination of both A-MWCNTs and

T-MWCNTs was carried out. It was found that acid treat-

ment facilitates the reduction of the entanglement of CNTs.

In addition, functional groups (carboxyl and hydroxyl)

were found in T-MWCNTs owing to acid treatment.

The addition of small loading (*0.35 wt%

A-MWCNTs) showed two orders of magnitude higher

electrical conductivity than that of pure PET polymer.

Whereas, at the same loading of T-MWCNTs into PET, no

improvement in an electrical conductivity was noticed.

Electrical conductivity of PET/T-MWCNTs nanocomposite

and pure PET was similar. In addition, no percolation

threshold was also found even over the T-MWCNTs up to

2 wt% of T-MWCNTs. However, the addition of

A-MWCNTs showed a percolation threshold at 0.33 wt% of

CNTs. Presumably, this is because of disruption of inherent

electrical conductivity and reduction in aspect ratio of CNTs

caused by acid treatment. Nevertheless, T-MWCNTs

exhibited better dispersion and distribution resulting in

reduced CNTs–CNTs interactions and hence the absence of

conductive network structures. In addition, acid treatment

resulted in higher tensile modulus and strength than that of

PET/A-MWCNT counterpart, particularly at low loadings.

Moreover, an improved thermal stability of PET in both

the air and nitrogen atmospheres was observed upon

incorporation of A-MWCNTs. On contrary, an enhanced

thermal stability was also observed in nitrogen atmosphere

only when T-MWCNTs were incorporated in PET matrix.

In comparison, PET/T-MWCNTs nanocomposites exhib-

ited higher thermal stability than that of PET/A-MWCNTs

counterpart in nitrogen atmosphere. Nevertheless, the

modification of CNTs showed a negative effect on the

thermal stability of PET/T-MWCNTs in air atmosphere.
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