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ffects of nanocarbons on catalyst
behaviour and polyethylene properties through in
situ polymerization

M. Khoshsefat,a S. Ahmadjo,*a S. M. M. Mortazavia and G. H. Zohurib

MWCNT (multi-walled carbon nanotube), MWCNT-COOH and xGnP (exfoliated graphene nanoplatelet)

were used in the in situ polymerization of ethylene in the presence of a binuclear complex (BNC4) in

which triisobutylaluminum (TiBA) and methylaluminoxane (MAO) were employed as cocatalysts.

Functional groups on MWCNT-COOH, MWCNT and xGnP were masked with TiBA. In comparison to

BNC4 (503.3 g PE per mmol Ni per h), not only was the catalytic activity using BNC4/xGnP (1811.8 g

PE per mmol Ni per h) and BNC4/MWCNT (1025.1 g PE per mmol Ni per h) improved, due to the

adsorption of catalyst on the nanocarbon surface, but also the properties of the PE/nanocarbons

were markedly affected. A DSC thermogram of PE/xGnP showed a peak together with a shoulder,

which was broader than was observed with pure PE, whereas a narrow peak was observed for

PE/MWCNT-COOH and for PE/MWCNT. Moreover, nanocarbons with a change in PE morphology

were observed through SEM images. The unsaturation content and the extent of branching for

polyethylene obtained using BNC4/Nanocarbons were in the range of 7.6–16.8 and 186–214.,

respectively. The surface electrical conductivity improved substantially (z10�6 S cm�1), relative to

pure PE (z10�13 S cm�1).
Introduction

Nanomaterials (especially nanocarbons) have shown interesting
effects on polymers, modifying or enhancing their properties.1,2

Nanocarbons can affect various properties of a polymer matrix,
such as molecular weight, stiffness, toughness, electrical/
thermal conductivity, thermal stability, and crystallinity.1–6

The nanocarbons can be incorporated into the polymer matrix
through three main methods: synthesizing the nanocomposite
by in situ polymerization,7–10 solution mixing11–13 and melt
mixing.13–17 Among these, the in situ polymerization9,18 of olens
such as ethylene and propylene in the presence of nanocarbons
is one of the most promising and efficient methods to synthe-
size polyolen nanocomposites, or alternatively functional
nanocarbons can be used as a co-monomer in polymer gra-
ing.9,19–23 Also, the nanocarbons can act as a support or ligand
for a coordinative polymerization catalyst.24–26 Overall, the
synthesis of nanocarbon nanocomposites through in situ poly-
merization seems to be benecial due to the fact that nanotube
dispersion can be achieved in a solvent in which the monomer
is also dissolved or suspended.27
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In a comparison between CNTs and graphene, CNTs have
a lower surface to volume ratio due to the inaccessibility of the
inner nanotube surface to polymer molecules.28–30 To fabricate
graphene/polymer composites, several polymers have been used
as a matrix.31–36 In addition, there is a good interfacial adhesion
between the polyolen matrix and carbon nanotubes. Many
factors, including the type of nanocarbons used and their
intrinsic properties, the dispersion state of nanocarbons in the
polymer matrix and their interfacial interaction in the matrix,
can affect the properties and application of nanocarbon/
polymer composites. The hydrophobic surfaces of carbon
nanotubes adsorb a wide variety of substances by van der Waals
interactions.37,38 Graphene and carbon nanotubes are receiving
a great deal of attention as an alternative matrix for catalyst and
enzyme immobilization.

There are two approaches to immobilizing substances on the
surface: covalent and noncovalent. Hydrophobic interactions of
substances through their hydrophobic side chains with the
surface of GnPs or the sidewall of CNTs can contribute to
immobilization because of the highly hydrophobic nature of
pristine nanocarbons. As for electrostatic interactions, the
p-electrons on the surface of CNTs will interact with the
p-electrons of aromatic rings.38

According to the literature, catalytic polymerization using
a nanocarbon/catalyst system, including nanocarbon/Ziegler–
Natta,39–42 nanocarbon/metallocene8–10,25,26,43–47 and also nano-
carbon/post-metallocene,10,19 has shown some benecial
RSC Adv., 2016, 6, 88625–88632 | 88625
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inuence on catalyst performance, including maintaining or
enhancing catalyst productivity, stability, and selectivity, and
avoiding reactor fouling. There have also been benecial effects
on the properties of the produced polymer, such as mechanical,
thermal and electrical conductivity, as a result of the incorpo-
ration of nanoparticles and nanotubes, with potential applica-
tions in the automotive, aerospace and electronics industries,
etc.27,45,48

In this paper, a synthesized binuclear catalyst was used. The
aim of the research was to investigate the effect of nanocarbons
on catalyst behaviour and on the properties of the resultant
polyethylene. The polymerization of ethylene in the presence of
a binuclear a-diimine Ni-based catalyst occurred directly on the
nanocarbon surface. The effects of nanocarbons on catalyst
performance and the resulting nanocomposite properties were
signicant.
Experimental
Materials

All manipulations of air- and/or water-sensitive compounds
were conducted under an argon/nitrogen atmosphere using the
standard Schlenk techniques. All the solvents were puried
prior to use. Toluene (purity 99.9%) (Iran, Petrochemical Co.)
was puried over sodium wire/benzophenone, and used as the
polymerization solvent. Dichloromethane (purity 96%) (Sigma
Aldrich Chemicals, Germany) was puried over calcium
hydride powder and distilled prior to its use as a complex-
synthesis solvent. Polymerization-grade ethylene gas (purity
99.9%) (Iran, Petrochemical Co.) was puried by passing it
through activated silica gel, KOH, and a 4 Å/13� molecular
sieve column. 2,6-Diisopropyl aniline, 1,4-phenylene diamine,
acenaphthoquinone, nickel(II) bromide ethylene glycol
dimethyl ether complex [(DME)$NiBr2] (purity 97%) and diethyl
ether (purity 99.5%) were supplied by Merck Chemicals
(Darmstadt, Germany) and used in the synthesis of ligands and
catalysts. Triisobutylaluminium (purity 93%) (TIBA), supplied
by Sigma Aldrich Chemicals (Steinem, Germany), was used as
cocatalyst, masking agent and reactant in the synthesis of MAO
according to the literature.49 MWCNT (>50 nm) and MWCNT-
COOH (8–15 nm) were purchased from Neunano (Tehran,
Iran) and GnPs (grade M) were supplied by XG Sciences (East
Lansing, USA).
Characterization

FT-IR spectra were obtained using a ThermoNicolet AVATAR
370 instrument. Differential scanning calorimetry (DSC)
(Mettler Toledo DSC822) and thermal gravimetric analysis
(TGA) (Perkin Elmer TGA-7) with a rate of 10 �C min�1 were
used for characterization of polymer and nanocomposites.
The morphologies of the polymer and nanocomposites were
studied by a scanning electron microscopy (SEM) (LEO
1450VP) technique. Electrical resistance was performed with
resistance thermometers from the Rizpardazan Company of
Iran, 4PP-R2K model, according to ASTM D257 and F-84
standards.
88626 | RSC Adv., 2016, 6, 88625–88632
Preparation of complex BNC4

The ligand and corresponding catalyst BNC4 were synthesized
according to our previously reported work.50
Polymerization procedure

Ethylene polymerization was carried out in a reactor which was
equipped with a Schlenk system, vacuum line, ethylene inlet
(Buchi bmd 300 type reactor) and magnetic stirrer.
Results and discussion
In situ polymerization

In order to compare the effect of nanocarbons on the catalyst
behaviour and properties of the produced nanocomposite, the
ethylene polymerization was carried out in the presence of BNC4

and BNC4/nanocarbon systems, and MAO and TiBA were also
used as co-catalysts. A modied procedure was employed to
anchor the catalyst on the nanocarbon surface.10,25,43 The key to
the synthesis of the nanocomposites is a good dispersion of
nanoparticles. To achieve this goal, the mixture was completely
stirred for about 20 minutes prior to and aer injection into the
reactor, in order to obtain a good dispersion throughout the
in situ polymerization. In this method, a mixture of the nano-
carbon and triisobutylaluminium (TiBA) was stirred to mask the
functional groups (naturally occurring functional groups such
as ethers, carboxyls, or hydroxyls, according to factory MSDS
and FT-IR analysis) at the edges of the graphene platelets, and
carboxyl groups in MWCNT-COOH. In this state, TiBA can act as
an impurities scavenger. As depicted in Scheme 1, aer reaction
with TiBA, xGnP and BNC4/MAO, the catalyst can be immobi-
lized and be partially active with alkyl aluminum.51,52 The
reactions of alkyl aluminium compounds and hydroxyl,
carboxyl and amine groups are completely described in the
literature references.53,54 There are proposed mechanisms for
this type of immobilization, including p–p stacking of aromatic
rings and electrostatic interaction of alkyl aluminium and active
species.27,51,53,55,56

In this paper, the authors considered both of these
mechanisms, due to the presence of the phenyl and ace-
naphthenyl aromatic rings in the ligand structure of the
BNC4 that improve the p–p interaction and immobilization
of the catalyst. In addition, the electrostatic interaction
between the positive active species and the negative masked
species at the edge of the nanocarbons should also be
considered. However, according to the results for BNC4/
xGnP, the p–p stacking is stronger and more effective. The
principal reaction for activation of the catalyst is shown in
Fig. 1.56 The presence of nanocarbons through the use of this
method can make the system into a semi-heterogeneous
system which can be active with common alkyl aluminium
compounds such as TiBA.

The amount of nanocarbons was equal (1 : 1) (w/w) to the
amount of BNC4. Aer polymerization, the nanocomposite
produced was precipitated using 5% v/v acidic methanol.
According to Fig. 2, the catalytic performances using MAO as
cocatalyst were higher than with TiBA for BNC4, BNC4/
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Procedure for immobilizing the catalyst on the xGnP.
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MWCNT and BNC4/xGnP; however, MAO was less effective for
the BNC4/MWCNT-COOH catalytic system. This can be
ascribed to the nature of the cocatalyst and nanocarbon and
the interaction between them.19 Moreover, TiBA could act as
an activator in the BNC4/nanocarbon system but less effec-
tively than MAO. This behaviour has been used to assign the
Fig. 1 Mechanism of catalyst activation in the presence of the MAO.

Fig. 2 Polymerization of ethylene using the BNC4/nanocarbon system
activated by MAO and TiBA.

This journal is © The Royal Society of Chemistry 2016
best combination according to the alkylating ability and
acidity of the MAO.57

In some reports, using a catalyst/nanocarbon system in
olen polymerization showed an increase in activity, branching
degree, broadening PDI and decreasing crystallinity and
melting point.10,19,25,40,43 In this work, based on the yield of
nanocomposites, xGnP and MWCNT exhibited a remarkable
and striking inuence on catalyst behaviour due to the direct
adsorption of catalyst onto the surface of the nanocarbons. The
nonfunctional surface leads to physisorption arising from
attractive interaction (van der Waals forces). In comparison
with nanocarbons, graphene has a higher surface to volume
ratio.

Based on this, anchoring the catalyst on nanocarbons and
distributing active centres is better than using CNTs. In
Fig. 3 FT-IR spectrums of the PE and PE/nanocarbon
nanocomposites.

RSC Adv., 2016, 6, 88625–88632 | 88627
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Scheme 2 Procedure for immobilizing the catalyst on the MWCNT.

Table 1 Ethylene polymerization using BNC4 and BNC4/nanocarbon catalytic system

Entry Catalytic system Cocatalyst Crystallinity%
C]C
(in 1000 C)

Branching (in
1000 C)

1a BNC4 MAO 24.3 9.4 78
2 BNC4 TiBA n.d. n.d. n.d.
3 BNC4/MWCNT-COOH MAO 2.8 16.8 237
4 BNC4/MWCNT-COOH TiBA 1.1 17.2 246
5 BNC4/MWCNT MAO 7.9 11.0 198
6 BNC4/MWCNT TiBA 2.3 14.3 201
7 BNC4/xGnP MAO 16.2 7.6 224
8 BNC4/xGnP TiBA 4.5 3.3 153

a Extracted from ref. 48, polymerization conditions: (catalyst : nanocarbon) ¼ (% w/w) ¼ 1, [Al]/[Ni] ¼ 2000, monomer pressure 1.5 bar,
polymerization time 1 h, polymerization temperature 26 �C, [BNC4] ¼ 4.2 � 10�3 mmol.

Fig. 4 DSC thermograms of the PE and PE/nanocarbon composites
synthesized through in situ polymerization using the BNC4/MAO
system.
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contrast, using the BNC4/MWCNT-COOH catalyst system indi-
cated a signicant adverse effect on catalyst activity when it was
treated with TiBA. An FT-IR spectrum of the polyethylene ob-
tained by this catalytic system (Fig. 3) showed the presence of
carboxylic acid groups in the product (C]O at 1647 cm�1 and
a broad peak at range 3200–400 cm�1). This is due to carboxyl
groups which could cause deactivation of the catalytic centres
(Scheme 2).

The infrared spectra (Fig. 3) of samples in the region of 1360–
1380 cm�1 and 720–730 cm�1 arise from the symmetrical
deformation of methyl groups and from the rocking of methy-
lene groups perpendicular to the chain direction (crystalline
regions), respectively.57

Consideration of the intensities at 723 cm�1 and 1370 cm�1

of the samples provides evidence of the decreasing crystallinity
from polyethylene to PE/nanocarbon composite, as calculated
using DSC data (Table 1). Also, the aliphatic vinyl content and
branching degree of samples were determined according to our
recent work.48
88628 | RSC Adv., 2016, 6, 88625–88632 This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra16243f


Fig. 6 Differential thermogravimetric curves of the PE and PE/nano-
carbon composites synthesized through in situ polymerization in the
presence of the BNC4/MAO system.

Table 2 Specific conductivity of PE/nanocarbons

Entry Sample
Specic electric
conductivity (S cm�1)

1 PE 10�13

2 PE/MWCNT-COOH 2.37 � 10�6

3 PE/MWCNT 1.54 � 10�6

4 PE/xGnP 1.07 � 10�8
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For all nanocomposites, the vinyl content was higher than
for pure PE, exceptionally so for PE/xGnP. The highest amount
belonged to PE/MWCNT-COOH which was attributed to the
electronic effect of the presence of electronegative groups which
can increase the b-hydrogen elimination reaction. The branch-
ing degrees of the PE/nanocarbon composites were all higher
than for pure PE.

In the DSC study (Fig. 4), a similar broadening transition in
melting was observed in all samples, which has been attributed
to a sequence of melting followed by recrystallization steps of
less ordered domains with variable degrees of chain branch-
ing.48 By considering the increase in branching degree in the
nanocomposites, the decrease in the extent of crystallinity is
visible. The main melting point shied to a greater extent for
PE/nanocarbon composites in comparison to PE. Nanocarbons
play a constraining role in the mechanism of PE chain growth,
by interaction with the catalyst and/or the active centre of
propagation.58 We ascribed all of these observations relating to
microstructure and thermal properties to the presence of
nanocarbons. Although they can act as a support for the cata-
lyst and distribute the active centres, facilitating monomer
accessibility and enhancing catalytic performance, they can
also make it possible to increase b-hydrogen elimination and
chain transfer reactions to the monomer or catalyst and
dissociation of the linked polymer chain from the metal
center.9

Thermogravimetric curves resulting from thermal gravi-
metric analysis (TGA) (Fig. 5) did not show any signicant
change in degradation, but the onset of degradation temper-
ature for PE (240 �C) increased in the presence of MWCNT
(245 �C) and MWCNT-COOH (250 �C), though it was dimin-
ished for the graphene nanocomposite (225 �C).41 Differential
thermogravimetric curves (Fig. 6) claried that sample
degradation occurred mainly in the range 400–500 �C. There is
also a peak for PE/MWCNT-COOH at a higher temperature
Fig. 5 Thermogravimetric curves of the PE and PE/nanocarbon
composites synthesized through in situ polymerization in the presence
of the BNC4/MAO system.

This journal is © The Royal Society of Chemistry 2016
(660 �C). This observation was attributed to the higher thermal
stability of MWCNT-COOH, which can be observed in the
nanocomposite.

In many articles, it has been noted that polymer nano-
composites have shown better electrical and thermal conduc-
tivity because of the nature of the nanocarbon's conductivity,
which can be imparted to the polymer.4,27,59 Accordingly, the
electrical conductivities of the pure PE and PE/nanocarbons
were measured and compared. The electrical conductivity of
the PE/MWCNT-COOH composite was the highest and alto-
gether PE/nanocarbons showed a signicant effect on the
electrical conductivity (Table 2).

The morphologies of the resulting samples through in situ
synthesis of polyethylene nanocomposite and placement of the
nanocarbons in the polymer matrix were studied by SEM
images. As depicted in Fig. 7, there is a so and ower-like
shape in (a–c) of PE.9 The morphology of PE/xGnP (d–f)
showed a change in morphology, with a so and uniform
surface. It was rubber-like in appearance. Images of PE/
MWCNT-COOH and PE/MWCNT are presented in Fig. 7g–i
and j–l, respectively. The presence of nanotubes is obvious, in
which CNTs acted as a bridge and end-cap in the polymer
matrix.25
RSC Adv., 2016, 6, 88625–88632 | 88629
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Fig. 7 SEM images of (a–c) PE (d–f) PE/xGnP (g–i) PE/MWCNT (j–l) PE/MWCNT-COOH.
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Conclusions

The synthesis of polyethylene/nanocarbon composites through
in situ polymerization was advantageous, producing a good
88630 | RSC Adv., 2016, 6, 88625–88632
dispersion of nanocarbons within the polymer matrix. In
addition, this type of synthesis showed a benecial inuence on
several aspects of performance, enhancing catalyst activity,
avoiding reactor fouling and improving the properties of the
This journal is © The Royal Society of Chemistry 2016
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produced polymer. In this report, a binuclear late transition
metal catalyst was used in the presence of MAO and TiBA as
activators. Functional groups on MWCNT-COOH, MWCNT and
xGnP were masked with TiBA. This treatment was effective for
xGnP and MWCNT, but not for MWCNT-COOH. Pre-mixing of
the nanocarbons and BNC4 led to the adsorption of the catalyst
onto the nanocarbon surface, involving both hydrophobic and
electrostatic interactions. Although MWCNT-COOH with func-
tional groups can cause deactivation of catalyst active centres
even with TiBA treatment, noncovalent immobilization of the
catalyst on the hydrophobic surface of the nanocarbons never-
theless produced a striking improvement in catalyst behaviour.
Moreover, the thermal and microstructural properties of the
polyethylene, such as crystallinity extent, melting point, vinyl
content and branching degree, were strongly affected by the
presence of nanocarbons in the catalyst system and polymer
matrix. Nanocarbons impart their remarkable electrical prop-
erties to the resulting polyethylene product.
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