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Abstract
An alternative and efficient strategy for the synthesis of polymer-modified multiple-walled carbon nanotubes (MWCNTs) 
using ‘‘grafting to’’ technique was demonstrated successfully. For this purpose, maleic anhydride was grafted onto polypro-
pylene (PP) followed by opening of anhydride ring with ethanolamine to produce hydroxylated polypropylene (PP-OH). The 
hydroxyl groups were esterified using α-phenyl chloroacetyl chloride to obtain PP-Cl macroinitiator. Afterward, styrene (St) 
monomer was grafted onto PP through atom transfer radical polymerization technique to afford PP-g-PSt graft copolymer. 
The chloride-end-caped PP-g-PSt copolymer was then attached to the oxidized MWCNTs in the presence of CuBr as the 
catalyst to produce MWCNTs-g-(PP-g-PSt) nanocomposite. The chemical structures of all samples as representatives were 
characterized by means of Fourier transform infrared spectroscopy. The chemical attaching of PP-g-PSt to the MWCNTs 
was approved by thermal property study using thermogravimetric analysis and differential scanning calorimetry, as well as 
morphology studies using transmission electron and scanning electron microscopies. The synthesized MWCNTs-g-(PP-g-PSt) 
nanocomposite can be applied as a reinforcement for polymeric (nano-)composites due to superior features of MWCNTs as 
well as their compatibility with polymeric materials after functionalization processes.

1 Introduction

Since the discovery of carbon nanotubes (CNTs) by Iijima 
[1], more and more attention have been devoted for applica-
tion of this nanomaterial in various industrial and biological 
fields. This nanomaterial possesses some superior physico-
chemical features including nanometer size, good chemical 
stability, high aspect ratios, excellent mechanical strength, as 
well as high thermal and electrical conductivity [2–4]. The 
most important application fields of CNTs can be listed as 
bio/chemical sensors [5], energy storage [6], field emission 
materials [7], electronic devices [8], catalyst support [9], as 
a reinforcement for polymeric materials [2, 4], as well as 
biomedical fields [10].

In general, the homogeneous dispersion of CNTs in poly-
meric matrix is hindered by both synthesis-induced ‘entan-
gled’ and ‘aggregated’ structures of nanotubes, as well as 
the tube tendency to form agglomerates, mainly due to the 
strong intermolecular van der Waals interactions between 
individual CNTs [11–13]. In the case of polymeric nano-
composites based on CNTs, it is well established that the 
physicochemical and mechanical features of resultant mate-
rial are strongly depend on the dispersion of CNTs in poly-
mer matrix [14]. Therefore, improvement in their compat-
ibility with monomers and polymers is necessary toward 
fabrication of nanocomposites with proper physicochemical 
properties. In this context, CNTs can be modified using both 
chemical [15, 16], and physical [17, 18] approaches. Car-
boxylation of CNTs is the most commonly used chemical 
approach to produce stable water dispersion of nanotubes 
and for further modification through carboxylic groups [19, 
20]. Among the various approaches for the modification of 
oxidized CNTs, the polymer grafting is particular of inter-
est. In this context, the main methods for macromolecules 
attaching are ‘‘grafting from’’ and ‘‘grafting to’’ techniques. 
The ‘‘grafting from’’ mechanism promises high graft densi-
ties; however, immobilization of initiators onto CNTs and 
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control over molecular weight and architecture can be dif-
ficult to achieve. In the case of ‘‘grafting to’’ technique, a 
polymer with a specific molecular weight and well-known 
architecture can be synthesized and attached to the graphitic 
surface of CNTs through end-group transformation [14, 19, 
20].

In recent years, many researchers have attempted to uti-
lize reversible deactivation radical polymerization (RDRP) 
technique for the synthesis of CNTs-based nanocompos-
ites with well-defined structures [21–23]. This approach is 
divided into three main categories including atom transfer 
radical polymerization (ATRP) [24, 25], nitroxide-mediated 
radical polymerization (NMRP) [26, 27], and reversible 
addition of fragmentation chain transfer (RAFT) polymeri-
zation [28, 29]. Among these, ATRP is a robust and efficient 
approach to accurately control the molecular weight, archi-
tecture and, dispersity of the synthesized polymer. Other 
advantages of ATRP technique are negligible homopolymer 
formation when employed in graft copolymerization, as well 
as its applicability to numerous monomers possessing vari-
ous functional groups and polarities. In addition, this tech-
nique is simple and has excellent tolerance to many solvents, 
additives, and impurities [30, 31].

The objective of this research was to design and develop 
an efficient and simple approach for the synthesis of well-
defined polymer-grafted multiple-walled carbon nanotubes 
(MWCNTs) using ‘‘grafting to’’ technique. For this pur-
pose, polypropylene (PP) was functionalized using α-phenyl 
chloroacetyl chloride to obtain PP-Cl macroinitiator. Then, 
styrene (St) monomer was grafted onto PP through ATRP 
technique to afford a PP-g-PSt graft copolymer. The chlo-
ride-end-caped PP-g-PSt copolymer was then attached to the 
oxidized MWCNTs in the presence of CuBr as the catalyst 
to afford MWCNTs-g-(PP-g-PSt) nanocomposite.

2  Experimental

2.1  Materials

MWCNTs (purity ˃  95%) with an average diameter and 
length of about 10–20 nm and 20 µm, respectively, were 
purchased from Research Institute of Petroleum Industry 
(Tehran, Iran), and purified as described in 2.6. section. 
Copper(I) chloride (Merck, Darmstadt, Germany) was 
purified by stirring in glacial acetic acid, then washed with 
methanol, and finally dried under reduced pressure at room 
temperature. Styrene monomer (Tabriz Petrochemical Co., 
Tabriz, Iran) dried over calcium hydride  (CaH2), distilled 
under reduced pressure, and then stored at − 20 °C prior to 
use. O-Xylene and toluene (Merck) were dried by refluxing 
over sodium and distilled under argon prior to use. Isotactic 
polypropylene (i-PP; P SF060) was obtained from Polynar 

Company (Tabriz, Iran), and was used as received. Maleic 
anhydride (MA), 2, 2′-bipyridine (BPy), trimethylamine, 
α-phenyl chloroacetyl chloride, and ethanolamine were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and were 
used as received. All other reagents and solvents were pur-
chased from Merck or Sigma-Aldrich and purified according 
to the standard methods.

2.2  Synthesis of PP‑g‑MA

The reaction of MA with PP was carried out as follows. A 
100-mL three-neck round-bottom flask equipped with con-
denser, gas inlet/outlet, and a magnetic stirrer was charged 
with PP (5.00 g), MA (2.00, 20 mmol), and dried O-xylene 
(80 mL). The reaction mixture was de-aerated by bubbling 
highly pure argon for some minutes, and then allowed the 
temperature which was increased to 60 °C for about 2 h to 
make the PP particles swell. In a separate container, benzoyl 
peroxide (0.10 g, 0.40 mmol) was dissolved in dried xylene 
(10 mL), de-aerated by bubbling highly pure argon for some 
minutes, and then dropped into the reaction flask during 
15 min. The content of the flask was warmed to 120 °C and 
stirred for about 3 h. At the end of this time, the product 
was poured into warm water (500 mL), filtered, and washed 
with a large amount of warm water until pH 7. Finally, the 
obtained PP-g-MA (6.15 g) was washed with acetone and 
dried at 50 °C for 24 h in vacuum.

2.3  Synthesis of PP‑OH

The synthesized PP-g-MA was reacted with ethanolamine in 
a 100-mL glass reactor equipped with condenser, gas inlet/
outlet, and a magnetic stirrer. The reactor was charged with 
PP-g-MA (5.00 g) and O-xylene (70 mL). The reaction mix-
ture was de-aerated by bubbling highly pure argon for some 
minutes, and then stirred at 120 °C for about 2 h. Afterward, 
ethanolamine (2.50 mL, 41 mmol) was added to the reactor 
using a syringe through the septum, and the reaction mixture 
was maintained at 120 °C for 6 h under argon protection. 
The reaction was terminated through the pouring of reaction 
mixture into 300 mL of acetone. The precipitated polymer 
was collected by filtration, washed with acetone, and dried in 
reduced pressure at 60 °C to give hydroxylated PP (PP-OH) 
as a white powder (Scheme 1) [32].

2.4  Synthesis of PP‑Cl macroinitiator

A 100-mL glass reactor equipped with condenser, gas inlet/
outlet, septum, and a magnetic stirrer. The reactor was 
charged with PP-OH (4.00 g) and dried toluene (60 mL). The 
content of the reactor was warmed up to 100 °C using an oil 
bath under stirring (2 h) to swell and dispersion of PP-OH. 
The content of the flask was cooled, added triethylamine 
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(1.50 mL, 17 mmol), and the reaction mixture was de-aer-
ated by bubbling highly pure argon for some minutes. After-
ward, α-phenyl chloroacetyl chloride (2.70 mL, 17 mmol) 
was added to the reaction mixture using a syringe through 
the septum, and the content of the reactor was stirred for 
about 2 h at room temperature. Then, the flask was warmed 
to 100 °C using an oil bath, and the reaction mixture was 
stirred for another 5 h under argon protection. At the end 
of this time, the reaction mixture was cooled using an ice/
water bath, and poured into a large amount of cold methanol. 
The resulting polymer was collected by filtration, washed 
with methanol several times, and dried in vacuum at room 
temperature [32].

2.5  Graft copolymerization of styrene onto PP‑Cl 
macroinitiator using ATRP technique

A polymerization ampoule was charged with PP-Cl (3.00 g), 
CuCl (0.10 g, 0.10 mmol), BPy (0.25 g, 0.15 mmol), styrene 
monomer (4.6 mL, 40 mmol), and dried O-xylene (15 mL). 
The ampoule was degassed with several freeze–pump–thaw 
cycles, sealed off under vacuum, and placed in an oil bath at 
100 °C for about 15 h. At the end of this period, the ampoule 
was cooled using an ice–water bath, to stop the polymeriza-
tion. The content of the ampoule was precipitated into cold 
methanol (200 mL) and filtered, and the product was dried 
in vacuum at 50 °C [33]. The crude product was extracted 
with xylene at room temperature three times, to remove PSt 
homopolymer. The purified product was dried in a vacuum 
at 50 °C and weighed (5.85 g) (Scheme 2).

2.6  Stepwise purification of MWCNTs

The received pristine MWCNTs was purified thermally 
and chemically to remove foreign impurities. The amor-
phous carbon was removed through thermal oxidation of 
MWCNTs at 550 °C in air flowing for 30 min. The chemi-
cal purification was consecutively done with HCl (6 M) 
and  HNO3 (6 M) solutions, respectively, under stirring 
for about 3 h [20].

2.7  Synthesis of MWCNTs–COOH

A 100-mL round-bottom glass reactor equipped with con-
denser, and a magnetic stirrer was charged with purified 
MWCNTs (0.50 g), and a mixture (1:3 v/v) of sulfuric 
acid (15 mL, 95–97%) and nitric acid (45 mL, 65%). The 
content of the reactor was sonicated for about 1 h to open 
agglomeration of nanotubes and anchoring acid solution 
uniformly on the CNTs surface. Afterward, the homog-
enized MWCNTs dispersion was oxidized under reflux 
at 100 °C for about 7 h to introduce functional carboxyl 
acid groups. At the end of this time, fivefold dilution was 
then applied to the mixture to stop oxidation reaction. The 
product was washed using distilled water until the water 
pH approximately at 7. The product was dried in vacuum 
at 50 °C, and assigned as carboxylated MWCNTs (MWC-
NTs–COOH) [20].

Scheme 1  Overall strategy for 
the synthesis of PP-g-MA and 
PP-OH
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2.8  Synthesis of MWCNTs‑g‑(PP‑g‑PSt)

MWCNTs–COOH (100  mg) was dispersed in xylene 
(20 mL) through the sonication for about 20 min. Then, the 
PP-g-PSt copolymer (1.00 g) and CuBr(I) (7 mg, 0.05 mmol) 
were added to the solution and sonicated again for another 
15 min. The reaction mixture was transferred into a 50-mL 
round-bottom glass reactor and refluxed at 90 °C for about 
12 h under argon protection. The resulting product was fil-
tered, and extracted using hot toluene and xylene several 
times to remove un-grafted polymeric chains. The product 
obtained was then dried in vacuum at 60 °C (Scheme 3).

2.9  Characterization and analyses

Fourier transform infrared (FTIR) spectra of the samples 
were obtained on a Shimadzu 8101M FTIR (Shimadzu, 

Kyoto, Japan). The samples were prepared by grinding the 
dry powders with KBr and compressing the mixture into 
disks. Transmission electron microscopy (TEM) was per-
formed using a Philips EM 208 microscope (Phillips, Ein-
dhoven, The Netherlands) with a 100-kV accelerating volt-
age. The scanning electron microscope (SEM) type 1430 
VP (LEO Electron Microscopy Ltd., Cambridge, UK) was 
applied to determine the morphologies of the synthesized 
samples at operating voltage of 15.00 kV. The thermal prop-
erties of the samples were obtained with a TGA-PL STA 
1640 (Polymer Laboratories, Shropshire, UK). About 10 mg 
of the sample was heated between 25 and 600 °C at a rate 
of 10 °C/min under flowing nitrogen. Differential scanning 
calorimetry analyses were performed with a Netzsch (Selb, 
Germany)-DSC 200  F3 Maia. The sample was first heated 
to 200 °C and then allowed to cool for 5 min to eliminate 
the thermal history. Thereafter, the sample was reheated to 

Scheme 2  Overall strategy for 
the synthesis of PP-Cl macroini-
tiator and PP-g-PSt copolymer
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200 °C at a rate of 10 °C/min. The entire test was performed 
under nitrogen purging.

3  Result and discussion

3.1  FTIR spectroscopy

All synthesized samples were characterized using FTIR 
spectroscopy, as shown in Figs. 1 and 2. The FTIR spec-
trum of the neat PP shows characteristic absorption bands 
of aliphatic C–H stretching vibrations at 2950–2800 cm−1 
region, and bending vibrations of C–H at 1467 and 
1376 cm−1. The most important change after grafting of 
MA monomer onto PP is the appearance of new absorp-
tion bands at 1712 and 1783 cm−1 that corresponds to 
the symmetrical and asymmetrical stretching modes of 
anhydride groups in the MA unite. As seen in FTIR spec-
trum of PP-OH, the absorption bands of anhydride were 
shifted to 1714 and 1658 cm−1 due to reaction with ethan-
olamine and conversion to succinimide group. Additional 
important change in this spectrum is the appearance of 
hydroxyl stretching vibration as a broad band centered at 

3470 cm−1 that corresponds to the ethanolamine moiety. 
The successful synthesis of PP-Cl macroinitiator is con-
firmed through the appearance of new absorption bands 
related to carbonyl group of α-phenyl chloroacetate moi-
ety at 1783 cm−1, as well as γ(C–H) in the aromatic ring 
of α-phenyl chloroacetate moiety at 836 and 758 cm−1. 
In addition, as seen, the stretching vibration of hydroxyl 
group at 3470 cm−1 is disappeared completely that veri-
fies the successful conversion of hydroxyl groups into 
α-phenyl chloroacetate moiety.

The FTIR spectrum of the pristine MWCNTs exhibited 
the weak asymmetric and symmetric stretching vibrations 
of the –CH groups at 2950–2800 cm−1 region, stretching 
vibration of carboxyl groups at 1736 cm−1, and hydroxyl 
stretching vibration as a broad and strong band centered at 
3480 cm−1. It should be pointed out that the most portion of 
carboxyl groups in the pristine MWCNTs was formed during 
the chemical purification of CNTs. In the FTIR spectrum 
of the oxidized MWCNTs, the strong absorption band cen-
tered at 3480 cm−1 is related to the stretching vibration of 
–OH of carboxyl or hydroxyl groups. The stretching vibra-
tions of C=O and C–O groups were appeared at 1728 and 
1236 cm−1, respectively.

Scheme 3  Overall strategy for 
the synthesis of MWCNTs–
COOH and MWCNTs-g-(PP-g-
PSt) nanocomposite
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In comparison with the FTIR spectrum of the MWC-
NTs–COOH, the FTIR spectrum of the MWCNTs-g-(PP-g-
PSt) exhibited some differences including the appearance 
of the stretching vibrations of aromatic and aliphatic –CH 
groups (related to PP-g-PSt) at 3050–2800 cm−1 region, 
as well as γ(C–H) in the aromatic ring (related to pendent 
phenyl rings of PSt) at 900–700 cm−1 region (Fig. 2).

3.2  Grafting parameters

The grafting parameters such as grafting efficiency, graft-
ing yield, and weight gain for the synthesized PP-g-MA 
and PP-g-PSt copolymers were determined gravimetrically 
according to the following equations:

a. Grafting yield (%G) = (Wg −W0)∕Wg × 100,

b. Grafting efficiency (%GE) = Wg∕(Wm +W0) × 100,

c. Weight gain (%WG) = (Wg −W0)∕(Wm +W0) × 100.

In these equations Wg is the mass of PP-g-MA or PP-
g-PSt copolymer, W0 is the mass of initial PP or PP-Cl mac-
roinitiator, and Wm is the mass of MA or styrene monomers 
taken for the reaction [34, 35]. The grafting parameters were 
calculated and summarized in Table 1.

3.3  Thermal property study

DSC is a powerful tool for the investigation of thermal prop-
erties of polymeric materials and determines transition tem-
peratures such as glass transitions, melting, and decomposi-
tion. The DSC thermograms of neat PP, PP-g-MA, PP-g-PSt, 
and MWCNTs-g-(PP-g-PSt) are shown in Figs. 3 and 4. The 
DSC curve of the neat PP exhibited an endothermic peak at 
159 °C related to the melting temperature (Tm) of this ther-
moplastic. In contrast, in the DSC curve of the PP-g-MA, 
the Tm value decreased slightly (151 °C) in comparison with 
neat PP due to grafting process. It may be resulted from 

Fig. 1  FTIR spectra of neat PP, PP-g-MA, PP-OH, and PP-Cl

Fig. 2  FTIR spectra of pristine MWCNTs, MWCNTs–COOH, and 
MWCNTs-g-(PP-g-PSt)

Table 1  Grafting parameters for the synthesized PP-g-MA and PP-
g-PSt

Sample Mass of 
grafting 
(Wg)

Weight gain 
(%WG)

Grafting effi-
ciency (%GE)

Graft-
ing yield 
(%G)

PP-g-MA 6.15 16.4 87.8 18.7
PP-g-PSt 5.85 39.7 81.5 48.7
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the grafted branches, which disrupted the regularity of the 
chain structures in PP and increased the spacing between 
the chains.

The DSC thermogram of PP-g-PSt copolymer exhibited 
a strong endothermic peak at 146 °C corresponding to the 
Tm of this copolymer that confirms the presence of PP in the 
copolymer. In addition, the Tg of the copolymer is observed 
at 78 °C. This Tg is related to the movement of polystyrene 
chains, and demonstrates the presence of microphage sepa-
ration in this graft copolymer mainly due to immiscibility 
of PSt and PP. The Tm in the MWCNTs-g-(PP-g-PSt) nano-
composite is increased to 152 °C mainly due to presence 
of MWCNTs. It should be pointed out that the Tg is not 
detected in this sample.

The characteristic TGA curves of pristine MWCNTs, neat 
PP, and MWCNTs-g-(PP-g-PSt) nanocomposite is shown 

in Fig. 5. As seen, the pristine MWCNTs are stable till 
450 °C, and after this temperature, CNTs exhibited a neg-
ligible weight loss up to 600 °C. The residue at 600 °C for 
pristine MWCNTs is about 97 wt%. The pure PP is started to 
decomposition in one step at around 350–440 °C, and after 
which the loss rate slows down. The residue at 600 °C for 
pure PP is about 3 wt%.

The TGA thermogram of MWCNTs-g-(PP-g-PSt) 
nanocomposite exhibits a two-step weight loss process; 
the initial weight loss at 280–310 is related to the decom-
position of small molecules, whereas the second step at 
around 330–510 °C. The weight loss at lower temperatures 
(330–380 °C) is related to the decomposition of PSt chains, 
and weight loss at higher temperatures (380–510 °C) is 
related to decomposition of PP chains, after which the loss 
rate slows down. The residue at 600 °C for nanocompos-
ite is about 11 wt%. In addition, the presence of MWCNTs 
increased the thermal stability of the PP-g-PSt copolymer 
[36].

3.4  Morphology study

Direct and clear evidence regarding the attaching of PP-
g-PSt copolymer to the MWCNTs was obtained not only 
using TGA and FTIR spectroscopy but also from SEM and 
TEM observations. The SEM images of pristine MWCNTs 
and MWCNTs-g-(PP-g-PSt) nanocomposite are shown in 
Fig. 6. As seen, the pristine MWCNTs consisting of agglom-
erated carbon nanotubes (Fig. 6a). In contrast, the SEM 
image of MWCNTs-g-(PP-g-PSt) nanocomposite exhibited 
that the surface of CNTs was covered by polymeric chains. 
However, some agglomeration of MWCNTs still exists, 
although the generally excellent separation of MWCNTs is 
attributed to the attaching of PP-g-PSt chains, which sepa-
rates the previously agglomerated MWCNTs (Fig. 6b).

More evidence on the attaching of PP-g-PSt copolymer 
to the MWCNTs was obtained using TEM observation. 
TEM images of pristine MWCNTs, MWCNTs–COOH, and 

Fig. 3  DSC thermogram of PP and PP-g-MA

Fig. 4  DSC thermograms of PP-g-PSt copolymer and MWCNTs-g-
(PP-g-PSt) nanocomposite

Fig. 5  TGA curves of MWCNTs, PP-g-PSt copolymer, and MWC-
NTs-g-(PP-g-PSt) nanocomposite
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MWCNTs-g-(PP-g-PSt) nanocomposite are shown in Fig. 7. 
In accordance with SEM image, the TEM image of pris-
tine MWCNTs exhibited agglomerated CNTs mainly due to 
high aspect ratio and strong interaction between individual 
nanotubes (Fig. 7a). The TEM image of MWCNTs–COOH 
exhibited that the agglomeration is decreased significantly 
after oxidizing of MWCNTs. However, some agglomeration 
of MWCNTs still exists in the case of this sample (Fig. 7b).

The TEM images of MWCNTs-g-(PP-g-PSt) nanocom-
posite revealed that some parts of the tubes were covered 

with the PP-g-PSt copolymer layer (Fig. 7c, d). Both TEM 
images give thickness diameter distribution in the range of 
10–20 nm. In addition, the grafting of the copolymer takes 
place along the MWCNTs, not just on their tips. As seen, 
the graphitic-like structure of the MWCNTs is preserved 
after all the functionalization processes [37].

Fig. 6  SEM images of pristine 
MWCNTs (a) and MWCNTs-g-
(PP-g-PSt) nanocomposite (b)

Fig. 7  TEM images of pristine 
MWCNTs (a), MWCNTs–
COOH (b), and MWCNTs-g-
(PP-g-PSt) nanocomposite (c, d)
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4  Conclusions

An efficient approach for the chemical modification of 
MWCNTs was demonstrated successfully through the com-
bination of ATRP and ‘‘grafting to’’ techniques. For this 
purpose, PP was grafted with styrene monomer using ATRP 
technique, and the resultant halide end-capped well-defined 
graft copolymer was grafted to the MWCNTs through the 
metal catalyzed atom transfer approach. The chemical struc-
tures of all synthesized samples as representatives were con-
firmed using FTIR spectroscopy. Thermal property study 
using TGA and DSC as well as SEM and TEM observations 
provided direct and clear evidence for grafting of PP-g-PSt 
to the MWCNTs.

We believe that the employed strategy can be applied in 
the synthesis of other polymer coated CNTs with increas-
ing complexity and functionality in the polymeric shells, 
due to its simplicity, and applicability for wide variety of 
monomers with various functionalities. In addition, the 
synthesized MWCNTs-g-(PP-g-PSt) has potential as a rein-
forcement for polymeric (nano-)composites due to excellent 
physicochemical and mechanical properties of MWCNTs as 
well as their compatibility with polymeric materials after 
functionalization processes.
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