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Introduction

Since the discovery of carbon nanotubes in 1991 [2] much
attention is being given to the preparation of materials that contain
these nanoparticles. An important issue is the transposition of the
unusual properties of individual carbon nanotubes onto macro
scale polymeric materials. Properties of a nanocomposite with
carbon nanotubes are associated with the dispersion degree and
arrangement of nanotubes [3, 4], and also with the high shape factor
of these nanofillers, which promotes formation of strong interactions
and a tendency to agglomerate. This is also a major issue in the case
of obtaining PVC/CNT nanocomposites by the method of solvent
evaporation [5].

Overcoming the van der Waals potential between CNT particles
(500 eV/um) [6] and formation of a homogenous and stable dispersion
requires the application of mechanical energy or the use of surfactants
and dispersants to reduce the interparticle potential [7+10].

One method frequently used to disperse CNT in solvents is
by applying ultrasounds of appropriate frequency. Ultrasounds
generate local shearing stresses in the sonicated mixture and break
or disentangle CNT bundles [I2]. As carbon nanotubes exhibit
hydrophobic behaviour, it was expected that their tendency to
aggregate into entangled bundles will be diminished in organic
solvents. However, CNTs exhibit optimum (sufficient) solubility in
some solvents only. The applicable solvents are those, which have
no adverse effect on CNT properties, and in the case of polymer
solutions, do not change their properties.

Joint action of ultrasounds and dispersing agents facilitates the
dispergation of carbon nanotubes [12, 13]. Dispersing aids are mainly
substances of long hydrocarbon chain, halogen derivatives with C atoms
in the chain (6 to 40 atoms) with an alkene or alkyl group and with at
least one side chain of carboxylic, phosphoric, sulphonic acid or an
ester thereof. The hydrophobic-hydrophilic interaction between the
nanotubes and molecules of the dispersant induces steric stabilization
of nanoparticles in solvents when subjected to the action of various
disintegrating factors (sonication in most cases).

Dispersing agents stabilize the suspension of disaggregated
carbon nanotubes, preventing the destruction thereof [I4, I5].
This is one of the methods of noncovalent functionalisation of
nanoparticles [16].

The tendency of CNTs to agglomerate poses a serious obstacle
in industrial applications, where materials of reproducible properties
are required. Therefore, solutions that are sought (and applied) must
enable obtaining stable CNT suspensions, without compromising
the properties of the nanocomposite produced [17, 18]. The use
of dispersing agents and surfactants enables formation of stable
and homogenous dispersions of carbon nanotubes by increasing
the repulsive steric or electrostatic interactions between individual
nanoparticles, preventing them from aggregating [19].

Little attention has so far been given in the literature to
modification of PVC with carbon nanotubes. The first to propose such
modification was a research team of the University of Technology and
Life Sciences (UTP) in Bydgoszcz [20]. Of considerable importance in
the production of PVC/CNT nanocomposites is the development of
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an optimum method of disintegration of agglomerates and controlled
distribution of individual carbon nanotubes in the PVC matrix.

Objective

The aim of the study was to analyse the effect of dispersants on the
quality and stability of MWCNT dispersion in a solution of PYC in THF
and on the homogeneity of nanocomposite films produced.

Starting materials

The polymer matrix of the nanocomposites comprised suspension
poly(vinyl chloride) PVC S61 (Anwil S. A. Wtoctawek). Multi-walled
carbon nanotubes MWCNT from Aldrich Chemistry were used, outer
diameter 7-15 nm, length 0.5-200 um. PVC additives: MOKI7 (esther
of thioglycolic acid and di-n-butyltin) and organotin thermal stabilizer
Mark 17M (Acros, Belgium). The solvent used was tetrahydrofuran,
98.5% C,H,O (THF), whereas the dispersants included oleic acid
C ¢H,,0, (OA) and methyl oleate C H, O, (MO).
Experimental setup and procedure

MWCNT dispersions in 6% PVC solution in THF were prepared
with various content of two types of dispersing agents. MWCNT
content in all dispersions was 1% wt. in relation to PVC, while the
variable content of dispersants was related to the nanotubes content.
Dispersion composition is presented in Table |. The mixtures were
subjected for 100 minutes at ambient temperature to ultrasound
disintegration using a Bandelin SONOPULS homogenizer with a bar
probe. |0cm? of each dispersion were putinto glass measuring cylinders
to visually monitor the process of reagglomeration and sedimentation
of nanotubes.

The remaining portions of dispersions obtained were poured
onto glass plates. Thin films of nanocomposites of PVC and carbon
nanotubes were formed upon evaporation of the solvent at ambient

temperature.
Table |

Composition of dispersions and PYVC/MWCNT nanocomposites
obtained therefrom

Sample PVC, MWCNT, Methyl oleate Oleic acid (OA),
parts by wt. | parts by wt. (MO), parts by wt. parts by wt.
A 100 | i
B 100 ! 0.02
c 100 | } 0.02
D 100 | 001
E 100 | - 0.01
Results

The process of reagglomeration and sedimentation of the sonicated
CNT dispersion in PVC solution was observed visually. Figure | shows
the dispersions after 14 hours and after 60 days.

Complete reagglomeration and sedimentation of the dispersion
which was produced without addition of dispersants (A) was observed
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already after 24 hours. Nanotubes in the dispersion with 0.02 parts
by weight of methyl oleate (B) started to reagglomerate and sediment
after ca. 12 days. In the case of the dispersion with 0.02 parts by weight
of oleic acid (C), the process was observed after 25 days.

CNT dispersions of lower dispersant content (D, E) retained the
stability of nanoparticle dispersion throughout the entire observation
period (60 days). It was found that oleic acid, in relation to methyl
oleate, demonstrated better dispersing properties, as it maintained
MWCNT in dispersion for a longer time E). In the dispersant-free
sample (A) a distinct separation of phases was observed: MWCNT
sunk to the bottom and formed the bottom phase, leaving a clear PVC
solution above. The use of a smaller quantity of dispersants had a better
effect on the stability of CNT dispersion in THF solution of PVC.

Fig. 1. Carbon nanotubes dispersion (MWCNT content 1% wt.) in PVC
solution in THF with various quantities of dispersants after 24 hours
and after 60 days. Dispersion composition as shown in Table |

The quality of carbon nanotubes dispersion in the nanocomposite
flms produced was also assessed. Significant differences in the
homogeneity of nanofiller distribution were observed in the photographs
of nanocompsites. MWCNT in films that contained a dispersant were
dispersed betterand formed less clustersthaninthe film produced without
the use of a dispersant (A). It was also observed that nanocomposite films
produced with less dispersant added (D, E) had a more homogenous
structure than films produced with higher content of dispersants.

Fig. 2. PYVC/MWCNT nanocomposite films with 1% wt. MWCNT
content produced with the use of dispersants
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Microscopic observations in transmitted light were conducted in
order to study in more detail the effect of dispersants on the distribution
of carbon nanotubes in nanocomposite films.

These observations have revealed that the produced PVC
nanocomposites contained clusters of carbon nanotubes of various
shape and size (Fig. 3).

Thelargest MWCNT agglomeratesin PVC were foundin the sample
obtained with no dispersing agent added (A). These agglomerates were
much larger than those in nanocomposites which had dispersant added,
irrespective of its type.

Fig. 3. Microscopic images of PYVC/MWCNT nanocomposite films
produced without and with the use of dispersants

The best MWCNT dispersion in PVC polymer matrix was
observed in the nanocomposite produced with 0.0l parts by
weight of oleic acid as the dispersant (E), wherein the size of carbon

nanotube agglomerates was ca. 0.1-1 um. The nanocomposite of
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PVC and carbon nanotubes produced with larger quantity of oleic
acid (C), contained a higher number of fine MWCNT clusters and
agglomerates and the material was much less homogenous.

The use of 0.01 parts by wt. of methyl oleate provided a good
dispersion of the nanofiller in the PVC matrix (D). The sample contained
a large number of fine carbon nanotube agglomerates varying in size
between 0.1 and | um. In the sample with a larger quantity of dispersant
added (B), MWCNTs were less dispersed and formed a larger number
of agglomerates.

Conclusions

The dispersants used (oleic acid and methyl oleate) improved
the dispersability of carbon nanotubes in PVC matrix. In addition,
nanotube dispersions produced with dispersantsadded demonstrated
higher persistence (stability) and slower rate of reagglomeration and
sedimentation in comparison to dispersions with no dispersants.

Despite the application of ultrasound disintegration and
addition of dispersants, the produced nanocomposites of PVC
and carbon nanotubes contained agglomerates of nanoparticles.
It was found, however, that nanocomposites produced with less
aids added, contained less agglomerates. Microscopic images have
demonstrated that the best distribution of carbon nanotubes in
PVC matrix was attained when lower concentration of methyl
oleate was used.

Further investigations of PVC/CNT nanocomposites produced
with the use of dispersing agents are required to determine the effect
of dispersant content on mechanical and thermal properties of these
nanocomposites.
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