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Abstract Nitrogen-doped bamboo-shaped carbon nanotubes (N-BCNTs) and their non-doped

conventional counterparts, multiwalled carbon nanotubes (MWCNTs) were compared as polymer

reinforcing additives in polyvinyl chloride (PVC) matrix. The nanotubes were synthetized by cat-

alytic chemical vapor deposition (CCVD) method. The purity of both nanotubes was measured

by thermogravimetric analysis (TGA) and found to be >91%. Further analysis on the morphology

and size of the carbon nanotubes (CNTs) were performed by transmission electron microscopy

(TEM). The PVC powder was impregnated with CNTs in ethanol by using tip ultrasonicator.

The dispersion media was evaporated, and the CNT/PVC powder was used to produce polymer

fibers. The orientation of carbon nanotubes in the PVC matrix was characterized by scanning elec-

tron microscopy (SEM), and the presence of nanotubes were confirmed in case of all PVC samples.

It can be observed on the SEM images that the nanotubes are fully covered with PVC. The tensile

strength of the nanotube containing samples was tested and the N-BCNT/PVC composite was

found to be better in this sense, thanks to the extraordinary structure of the nanotube. In case of

the N-BCNT/PVC composite the measured young modulus was 39.7% higher, while the elongation

at brake decreased by 33.6% compare to the MWCNT/PVC composite. These significant differ-

ences in the mechanical properties of the composites can be explained with the stronger interaction

between N-BCNTs and PVC.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polyvinyl chloride (PVC) is the third-most widespread poly-
mer, and it is inevitable for our modern daily life (bottles,

packaging, plastic cards, electrical cable insulation, etc.). The
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mechanical and thermal properties of PVC can be tuned for
different applications by using fillers, such as glass (Liang,
2002), clay (Peprnicek et al., 2006), wood fibers (Matuana

et al., 1998), calcium carbonate (Sun et al., 2006) bamboo,
and pine flour (Ge et al., 2004). It is known that suspension
type PVC resin has a hierarchical supramolecular structure

and the grains are highly porous (Hattori et al., 1972). This
type of resin can absorb high quantity solution additives which
makes possible the so called dry-blend technology and solid

materials can also be added into the grains.
Carbon Black (CB) was studied as PVC filler (Islam et al.,

2018). The tensile strength of CB-PVC composites increased
with the amount of CB until 15 wt%, then decreased, but elon-

gation at break decreased with increasing CB-content (Islam
et al., 2018). Nanostructured materials are frequently used as
composite reinforcing additives (Wang et al., 2015;

Vadukumpully et al., 2011; Broza et al., 2007). Han Wang
et al. made multilayer graphene (MLG)-PVC composites
(Wang et al., 2015). This composite has higher tensile modulus

and glass transition temperature, but lower tensile strength and
thermal stability (Wang et al., 2015).

Sajini et al. reported that graphene-filled PVC nanocom-

posites have flexible conductivity, high mechanical strength
and thermal stability (Vadukumpully et al., 2011). Carbon
nanotubes (CNTs) have also been used as filler to improve
the electrical and thermal conductivity of PVCs (Broza et al.,

2007). Carbon nanotube containing cation exchange PVC
membranes were developed by using solution casting
(Hosseini et al., 2013). Bikiaris examined multiwalled carbon

nanotube (MWCNT)-polypropylene (PP) nanocomposites
and found that the MWCNT act as reinforcing agent (tensile
strength increased) when it is used in a small amount (2–

2.5 wt%) (Bikiaris Dimitrios, 2010). However, increased
MWCNT content undermined the mechanical properties of
the composite (Bikiaris Dimitrios, 2010).

Mudassir and Moonyong prepared PVC/MWCNT and
PVC/graphene nanocomposites (Hasan and Lee, 2014). PVC/-
graphene films had a smoother surface morphology, compare
to PVC/MWCNT films (Hasan and Lee, 2014). MWCNTs

tend to aggregate in the polymer matrix (van der Waal interac-
tions), which prevents their widespread usage as PVC fillers.

Deep and his co-workers functionalized the nanofiller to

increase the dispersion in the matrix (Deep and Mishra,
2018). It was observed that the tensile strength is strongly
dependent on the functionalized MWCNT content (Deep

and Mishra, 2018). The tensile strength of MWCNT/PMMA
(polymethyl methacrylate) composite increased up to 0.5 wt
% MWCNT, and then it decreases (Deep and Mishra, 2018).
The MWCNT addition showed 16% increase in tensile

strength (Deep and Mishra, 2018). This fluctuation may be
caused by the high viscosity of the polymer in melt-state, which
makes it difficult to disperse the functionalized MWCNT in

the medium.
Mashhadzadeh et al. examined the effect of functionalizing

carbon nanotubes (OH functionalization and silanization) on

the mechanical behavior of CNT/Polymer nanocomposites
(Hamed Mashhadzadeh et al., 2017). The results showed that
the functionalization increased the adsorption energy as well

as the mechanical properties (Hamed Mashhadzadeh et al.,
2017). The OH-functionalization and silanization increased
the tensile strength by 9% and 16%, respectively (Hamed
Mashhadzadeh et al., 2017). The functionalization had a
beneficial effect on the flexural strength as well (OH-
functionalization 7%, silanization about 36% increment)
(Hamed Mashhadzadeh et al., 2017).

Promising counterparts of the multiwall carbon nanotubes
are the nitrogen or boron doped carbon nanotubes (N- or B-
doped CNT) which have a bamboo like structure

(Panchakarla et al., 2010). If nitrogen is incorporated into
the CNT structure three main types of nitrogen can be differ-
entiated: pyridinic, pyrrolic and graphitic (Inagaki et al., 2018).

The pyridinic and the pyrrolic type nitrogens are bonded to
two carbon atoms as a member of a six or five-membered ring,
respectively. These can occur at the edge of the carbon layer,
but also possible to appear far from the edges if vacancies

are associated with the incorporation sites. These vacancies
and edges could serve as adsorption sites which is responsible
for the extraordinary structure of the N-doped CNTs. The N-

doped nanotubes can also be synthetized by chemical vapor
deposition (CVD) such as their non-doped counterparts
(Arjmand et al., 2016).

Nanotubes are proved to be effective polymer reinforcing
materials, but there are still difficulties in their usage. To test
and compare their applicability, nitrogen-doped bamboo-

shaped carbon nanotubes (N-BCNTs) and multiwalled carbon
nanotubes (MWCNTs) as polymer composite reinforcing com-
pounds were studied in polyvinyl chloride (PVC) matrix.

2. Experimental

2.1. Materials

N-butylamine (Sigma Aldrich) and acethylene gas (Messer)
were used as carbon sources during the CCVD synthesis of

the nanotubes. Nickel(II)-nitrate hexahydrate (Merck), iron
(III)-nitrate nonahydrate (VWR), cobalt(II)-nitrate hexahy-
drate (Sigma Aldrich), and magnesium oxide (Sigma Aldrich)

were used as catalysts, while Patosolv, mixture of aliphatic
alcohols (VWR) were applied as solvent. Concentrated
(36 wt%) hydrochloride acid was used for eliminating the

remained catalysts from the synthesized carbon nanotubes.
Commercial products were used to prepare the reference
PVC composite: suspension type PVC resin with K value 70
(ONGROVIL S-5070), di-(2-ethyl-hexyl) terephthalate plasti-

cizer (Plastsoft DOTP), Ca-Zn heat stabilizer (Reagens
CL357) and fatty acid ester type internal lubricant (Loxiol
G71).

2.2. Methods

2.2.1. Synthesis of nitrogen-doped bamboo-shaped carbon
nanotubes (N-BCNT)

CCVD method was used to synthesize N-BCNTs in a quartz

reactor (OD 60 mm) by using a tube furnace. Carbon source,
N-butylamine was injected to the quartz reactor by a syringe
pump. The synthesis was carried out over 20 min at 700 �C
using 2.5 g of Ni/MgO catalyst. The catalyst was made from

nickel-nitrate hexahydrate salt. Magnesium oxide was impreg-
nated with aqueous solution of the nickel salt and the nickel
content was kept at 5 wt%. In the nickel-nitrate solution the

magnesium-oxide was suspended by ultrasonic homogenizer.
The water was evaporated by vacuum rotary evaporator, after
the Ni/MgO catalyst was dried at 120 �C overnight. The flow



Table 1 Composition of the PVC matrix.

Type of additive Trade name Qty. (phr)

PVC S-PVC K70 Ongrovil S-5070 100/102.1/

105.3

Plasticizer Plastoft DOTP 30

Stabilizer Reagens CL357 1.2

Internal lubricant Loxiol G71 0.7
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rate of the carrier gas (nitrogen, purity 99.995%) during the
CCVD process was 150 scc, while the flow rate of the carbon
source was 6 ml/h. To remove the catalyst from the final N-

BCNT product 36 wt% hydrochloride acid was used.

2.2.2. Synthesis of multiwalled carbon nanotubes (MWCNT)

Multiwalled carbon nanotubes were synthesized using the

CCVD procedure in a quartz tube reactor. The carbon source
was acetylene gas (99.95%), the flow rate was 20 scc, which
was regulated by a flowmeter. The carrier gas was nitrogen

with a flow rate of 150 scc. The reaction was carried out over
30 min at 750 �C using 2.5 g catalyst. The catalyst was pre-
pared by using iron(III)-nitrate-nonahydrate, cobalt(II)-

nitrate hexahydrate, and magnesium-oxide as catalyst support.
The purification of MWCNTs was carried out by hydrochlo-
ride acid.

2.2.3. Ultrasonic dispersion of carbon nanotubes in PVC

During the conventional extrusion method, when CNTs were
mixed directly into the PVC powder, dispersing nanotubes in

PVC mixture is proved to be very difficult and results extru-
dates of rough surface. Therefore, ultrasonic treatment in a
non-swelling solvent was applied to improve homogeneity

and ingest the nanotubes into the highly porous PVC grains
(Fig. 1).

50 g of PVC resin, 400 ml ethanol and the corresponding
amount of carbon nanotube (1–5 w/w%) were mixed in a bea-

ker. The N-BCNT and PVC was dispersed in ethanol by
Hielscher UIP1000hdt ultrasonic homogenizer
(340 W/19.42 kHz). The ethanol was evaporated by rotary vac-

uum evaporator and the resin was dried to constant weight.

2.2.4. Preparation of plasticized PVC/carbon nanotube

composites (CNT)

The following basic formulation to prepare PVC composite
was used in the production of CNT/PVC composites (Table 1).

In case of carbon nanotube containing PVC resins, the real

PVC content was weighted, and the exact carbon nanotube
content calculated accordingly. By this way the PVC/plasti-
cizer ratio is kept constant. The components were mixed by
Fig. 1 Photomicrograph of
hand in a bowl and roll milled on a twin roll-mill for 5 min
at 170 �C. The roll milled plates of about 0.4 mm thickness
were cut to strips suitable for feeding the extruder. The extru-

sion was carried out on a Göttfert Extrusiometer 20 single
screw laboratory extruder with a screw of 1:4 compression
ratio and a cylindrical die of 2 mm diameter and 30 mm length.

The temperature was set to 150/160/170 �C. The extruded fila-
ments were tested by tensile and microscopy.

2.2.5. Characterization of carbon nanotubes and the nanotube-
PVC polymer composites

The characterization of the structure and morphology of the
two different nanotubes was carried out by high resolution

transmission electron microscopy (HRTEM, FEI Technai
G2). The carbon content (purity) of the nanotubes was deter-
mined by thermogravimetric analysis (TG, NETCHS). The

distribution of the nanotubes in the PVC matrix was studied
by scanning electron microscopy (SEM, AMRAY 18301).
SEM micrographs of PVC grains were taken with a JEOL
JSM IT-100 electron microscope in secondary electron mode.

Samples were gold plated by sputter coater. Relatively thick,
10 nm gold layer was deposited because the PVC has a high
inclination to electrostatic charging. The tensile tests of

extruded PVC/carbon nanotube composite filaments were car-
ried out by an Instron 5566 universal testing machine at room
temperature (23 ± 1 �C) and tensile speed was 20 mm/min,

while pneumatic grips were used. The incorporated nitrogen
in the structure of the N-doped CNTs was identified by SPECS
X-ray photoelectron spectroscope (XPS) with Phoibos 150

MCD 9 analyzer.
a PVC grain and its slice.



Fig. 3 XPS spectrum with the deconvoluted N 1s band of the N-

doped CNTs.
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3. Results and discussion

3.1. Characterization of the nanotubes

The purified carbon nanotubes were studied with HRTEM.
The tubing structure of the N-BCNTs is divided by graphene

lattices (Fig. 2/A). The graphene edges along the axis of the
nanotubes are clearly visible on the HRTEM image (Fig. 2/
A). These edges lead to the high dispersibility of N-BCNTs

in PVC matrix and help to form stronger interaction between
the nanofiller and the PVC polymer. In the case of the
MWCNTs the graphene edges are not visible. The absence
of graphitic edges on the outer space of the tubes favors the

aggregation of the nanotubes.
Thermogravimetric measurements showed that the purity

of the samples are 91 wt% and 93.2 wt% for N-BCNT and

MWCNT, respectively (Fig. 2/C and 2/D). The initial ignition
temperature of the N-BCNT sample was 424 �C, which is
lower than in case of the MWCNT (438 �C). The remained

metal or metal-oxide (primarily nickel) impurities can catalyze
the thermal oxidation of carbons in the N-BCNT samples and
could cause the lower ignition temperature (Li et al., 2008).
Due to the synthetic procedure, a small amount of metal par-

ticles always remain inside the nanotubes, and these can not be
Fig. 2 HRTEM images and the corresponding TG/DTG curves of th

(D).
efficiently removed from the system. Furthermore, the crys-
tallinity of MWCNT is higher than in the case of the N-
BCNT, thus it is more difficult to oxidize (Lehman et al.,
e synthesized samples. N-doped CNT: (A), (C) and MWCNT: (B),
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2011). The oxygen containing functional groups on the nan-
otubes, and defects on the crystal structure of CNTs can also
contribute to the lower ignition temperature (Feng et al.,

2008; Bom et al., 2002).
The type of the bands of the incorporated nitrogen atoms in

the structure of N-doped CNTs were examined by X-ray pho-

toelectronsectroscopy (see Fig. 3). On the deconvoluted N 1s
band the pyridinic and graphitic nitrogens can be identified
at 398.4 eV and 401.2 eV binding energy, respectively. Oxi-

dized nitrogens and shake-up satellite can also be found as
the corresponding peaks show on the spectrum at 404.9 eV
and above 410 eV, respectively.

3.2. Characterization of N-BCNT and MWCNT filled PVC
samples

The PVC resin (Ongrovil S-5070) which is used as polymer

matrix in the experiments has a hierarchical supramolecular
structure and it contains highly porous grains (Fig. 4/A). By
sonochemical treatment of the PVC/CNT mixture, the N-

BCNTs were dispersed into the PVC matrix. On the micro-
graph clearly visible that nanotubes cover the surface of the
PVC grains (Fig. 4/B). Furthermore, an N-BCNT containing

grain was cut and it can be seen that nanotubes are visible
Fig. 4 Microstructure of the pure (A) and N-BCNT containing (B

nanotubes) (A); PVC/N-BCNT mixture (5% carbon nanotube) after ul

(C).

Fig. 5 Extruded N-BCNT/PVC fibers produced by using the convent

produced by using the conventional (C) and the new ultrasonic metho
on the surface of the slice as well (Fig. 4/C). Apparently, the
N-BCNTs were able to enter into the pores of the PVC
granules.

CNT/PVC composites were prepared using the so called
conventional method and a new method which involves ultra-
sonic treatment (Fig. 5). The filling of the CNT into PVC

matrix was unsuccessful by the conventional method
(Fig. 5A and C). The ultrasonic impregnation based new
method facilitates the dispersion of the nanotubes in the

PVC matrix and led to homogeneous N-BCNT and MWCNT
filled PVC fibers (Fig. 5B and D).

The presence and orientation of carbon nanotubes in the
polimer matrix was determined by scanning electron micro-

scopy (SEM). The polimer coated nanotubes are clearly visible
and the PVC coating on the tube surface can be seen (Fig. 6).
The dispersibility of the carbon nanotubes is high in the PVC

matrix.

3.3. Mechanical tests of the N-BCNT and MWCNT filled PVC
samples

Mechanical testing of the composite samples was carried out
on fiber specimens produced with extrusion. 3–3 different con-

centrations (1, 2 and 5%, respectively) of the nanotubes were
and C) PVC composites. Surface slice of pure PVC grain (no

trasonication (B); surface of the sliced N-BCNT containing sample

ional (A) and the new ultrasonic method (B). MWCNT/PVC fibers

d (D). The diameter of the extrudates is about 2 mm.
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used to produce the samples. Tensile testing on the samples
were carried out using an Instron 5566 universal materials tes-
ter with a fiber clamper, and a rate of deformation of 20 mm/

min at room temperature.
It can be seen from the stress-strain curves that the PVC

composite which contains 5 wt% CNT exhibit higher tensile

strength than the neat PVC, implying that the presence of
the carbon nanotubes can remarkably improve mechanical
strength of the composites (Fig. 7). The reinforcement effect

is much larger in case of the N-doped CNTs, than the
MWCNTs, with 5% loading. Such remarkable reinforcement
of the N-CNT/PVC composites is mainly attributed to their
high mechanical strength and the extraordinary structure,

homogenous dispersibility of the N-doped CNT and good
Fig. 6 SEM images of the prepared N-BCNT/P
compatibility between PVC matrix and nitrogen doped carbon
nanotubes. These features are beneficial to effectively transfer-
ring load between N-doped CNT and the PVC matrix in the

tensile process and consequently resulting in high mechanical
strength of these nano-composites.

As it can be expected, the results of the elongation versus

filler loading (Fig. 8/A) shows a continuous decrease in elonga-
tion at break, as the filler nanotubes are having a much more
rigid structure than the matrix polymer.

For the tensile strength (Fig. 8/B), Young’s modulus
(Fig. 8/C) and the modulus at 100% (Fig. 8/D) a small
decrease can be seen initially (1 wt% CNT) compare to the
neat PVC, which can indicate a not ideal interaction and struc-

ture formation. But as the filler content increases the modulus
VC (A) and MWCNT/PVC (B) composites.



Fig. 7 Tensile strain vs tensile stress diagram of the two different

nanotube (N-doped CNT and MWCNT)/PVC composites.
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also start to increase, and the effect is larger in the case of N-

BCNTs. For the tensile strength, a local maximum can be
identified with increasing filler content at about 2% by weight
and it is also clear that the change is more significant for the

N-BCNT filled samples. The fact that there is an optimal
CNT concentration and the strength decreases below and
above it, might indicate a limited compatibility of the

nanotubes with the matrix PVC.
MWCNT and PVC is less compatible than N-BCNT and

PVC, as the MWCNT has a smaller effect in all cases. The
Fig. 8 Elongation at break (A), tensile strength (B), Young’s mod

different nanotube (N-doped CNT and MWCNT)/PVC composites.
maximum achieveable tensile strength needs further testing
which can also help evaluating the ideal mixing ratio between
the polymer and the filler, and shed light on the compatibility

of the two compounds. The modified N-doped CNT is a good
basis for improved compatibilty CNT/PVC composites.

4. Conclusion

Nitrogen-doped bamboo-shaped carbon nanotubes (N-
BCNT) and non-doped multiwalled carbon nanotubes

(MWCNT) were synthesized by the CCVD method. The
structural differences were defined using high-resolution trans-
mission electron microscopy (HRTEM) and the extraordinary

structure of N-BCNT was visualized. The presence and orien-
tation of carbon nanotubes in the polymer matrix was deter-
mined. The PVC polymer coated nanotubes are clearly

visible and the SEM images confirmed that the dispersibility
of the carbon nanotubes is high in the PVC matrix.

The graphene edges which can be found in the N-BCNT are
missing in the case of MWCNT. The absence of this structural

feature leads to a weaker interaction between the MWCNT
and PVC matrix. In case of the N-BCNT/PVC composite
the measured young modulus was 39.7% higher, while the

elongation at brake decreased by 33.6% compare to the
MWCNT/PVC composite. All in all, the N-BCNT/PVC com-
posite was stronger than the MWCNT/PVC sample and thus,

the N-doped CNT is more efficient reinforcing material, than
its multiwalled counterpart.
ulus (C), and the tensile stress at modulus 100% (D) of the two
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