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INTRODUCTION

Electrospinning is a fascinating method for creation of fibrous structures through
an electrically charged jet of the polymer solutions or melts [1]. The advantages,
in comparison to other fiber formation methods, are the following: high process
speed, low cost, easy application, continuous fibers, sub-micro- and nanoscale of
average diameter, and flexibility in process parameters among others. [2].
Electrospun fibrous materials have many extraordinary properties, such as large
surface area to volume ratio, flexibility in surface functionalities, and superior
mechanical performance (e.g. stiffness and tensile strength) compared with any
other known forms of the materials [3]. These outstanding characteristics make
the polymer fibers optimal candidates for many important applications, like filter
media, nano-sensors, functional clothing, cosmetic skin mask, tissue engineering
scaffolds, energy storage and harvesting, etc. [2, 3]

Nanotechnology has attracted a great interest during the last 20 years. Nowadays,
polymer materials are ideal for forming fibrous materials quickly and easily.
However, their mechanical, electrical, thermal, rheological and optical properties
need improvement for widespread application. For this reason, polymer/carbon
nanotubes (CNTs) composites have gained attention in science’s and industry’s
points of view. CNTs are widely used for the improvement of material strength,
electrical and thermal conductivity for special applications. However, the
literature review showed, that there are several problems in processing CNTs for
electrospinning. For example, application of multi-walled CNTs (MWCNTs) is
limited by aggregation and poor dispersion in many polymer matrices [4].
Additionally, the weak interfacial adhesion between CNTs and the polymer
matrix causes inefficient load transfer between the matrix polymer and CNTs
inside the fibers.

Different approaches can be used for solving the problems in the CNT application
above described. Largely they involve different mixing techniques, utilization of
functional additives and the functionalization of CNTs. Each approach has a
potential for being used in industry, as well as it has both advantages and
disadvantages. Unfortunately, until now no comparative study of different
approaches has been performed focusing on only one polymer.

The aim of this study is to create reinforced composite polymer fibrous
membranes through the utilization of CNTs as functional additives. In this
dissertation, there were applied different approaches to disperse MWCNTs into a
styrene-co-acrylonitrile (SAN) polymer matrix: ultrasonic mixing, application of
ionic liquid (IL) as a functional additive and covalent grafting of CNTs with the
modified matrix polymer. A novel “grafting to” reaction to bind CNTs with
polymer was developed to achieve effective interfacial adhesion between CNTs
and the polymer matrix. In addition, current dissertation gives the answers to the
problem above described — the comparison of different dispersion methods of
CNTs in frames of the only one polymer.
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1. LITERATURE REVIEW

Since the current research is about the dispersion of the CNTs into a polymer
matrix and electrospinning of membranes, the main literature overview is
presented in the following topics: electrospinning technology and influence of
different parameters on fiber properties, dispersion of the CNTs into the polymer
matrixes by different approaches, application of electrospun fibers and
polymer/CNT composites.

1.1.  Electrospinning

Electrospinning is a widely used method for the electrostatic formation of polymer
fibers with diameters ranging from six nm [5] to several micrometers utilizing
polymer solutions of both natural and synthetic polymers [6] or melts.
Electrospinning technology was first described as a fabrication technique for the
production of the finest fibers by electrostatic forces in 1887 by C.V.Boys [7].
The method was first patented in 1902 by J. F. Cooley [8] and W. J. Morton [9]
separately. This electrospinning method was then developed for industrialization
and it was well described in series of patents by A. Formhals in 1934-1944. But
the real popularity in science has not been achieved until around the year of 2000
and still the interest for electrospinning is growing exponentially up to 3280
scientific papers per year in 2016 [10]. The figure 1.1 represents main application
fields of electrospinning.

2% 1% 1% 3%
2%

H Materials Science u Medicine
= Engineering ® Energy
# Chemistry ® Environmental Science
Chemical Engineering ® Pharmacology, Toxicology
: and Pharmaceutics
B Physics and Astronomy ® Computer Science

u Biochemistry, Genetics and  m Others
Molecular Biology

Figure 1.1. Statistics on the scientific literature published about electrospinning from
2000 to 2016 (Search made through www.scopus.com database on 23.08.2017 [10]).

1.1.1. Electrospinning setup

Electrospinning is the cheapest, quickest and an extremely simple way of fiber
production in nano- and submicron range compared to other fiber-spinning
technologies as drawing, template synthesis, phase separation and self-assembly
[2]. For a single-needle electrospinning setup, (see Fig. 1.2) the polymer solution
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is first supplied through a syringe by an electrical pump to the tip of the needle.
When a high voltage is applied to the solution, a Taylor cone forms with a droplet
collected at the tip of the needle. At a critical voltage, the repulsive force of
induced charges within the solution overcomes the surface tension of
electrospinning solution and jet forwards to the area of lower potential, which is
usually a grounded collector [11]. Near the tip of the needle and Taylor cone [12],
the electrospinning jet is stable but moving forward to the collector it enters an
instability stage. Further stretching under the electrostatic force and solvent
evaporation results in the deposition of dry fibers on the collector forming an
unstructured mesh or structured membrane depending on the collector type.

Electrospun &
fiber mesh §

\Taylor cone

/\/é Eicr

N . collector
Syringe pump Electrospinning jet K
r High voltage supply

Figure 1.2. Scheme of typical electrospinning setup.

Il

The unstructured mesh can be deposited to a flat stationery collector. The primary
disadvantage of the mesh is the limited number of application fields due to the
unstructured orientation of the fibers. However, different opportunities can be
achieved for increasing the number of application of electrospun fibrous materials
with the alignment of the fibers during the electrospinning. This alignment of the
fibers can be achieved by utilizing different collector types [3]. A cylinder
collector with high rotating speed allows the fibers to be deposited in parallel. An
uniaxially aligned polymer nanofiber yarns can be collected with a thin wheel with
a sharp edge [13]. A parallel frame collector can be used to obtain individual
fibers. Gridded frames can be used to place fibers into a controlled 3D structure
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to some extent. In addition, a liquid bath filled with an appropriate non-solvent
can be used for deposition of fibers.

1.1.2. Factors affecting electrospinning process and fiber quality

Production of fibers by electrospinning is based on the stretching of the
viscoelastic liquid by an electrostatic force. To understand the process of
electrospinning and formation various fiber structures, the basic principles of the
method and influence of electrospinning parameters should be considered. Basic
factors influencing the electrospinning process and morphology of the obtained
fibers can be divided into solution, process, and ambient parameters. Solution
parameters are the most significant followed by the process and then ambient
parameters. The most important variables and their influence are presented in the
Table 3.1.

Properties of polymer solutions such as viscosity, electrical conductivity, surface
tension, solvent evaporation rate and dielectric properties play a significant role
in electrospinning process, obtained fiber morphology and the material’s
properties as a consequence [ 14, 2].

Table 1.1. Important parameters in electrospinning.

Parameter:

Explanation

Solution properties

Polymer
molecular
weight,
concentration
and solution

viscosity:

Impacts process
stability, fiber
average diameter
and formation of
the beads.

Minimal viscosity, concentration and appropriate molecular
weight of the polymer are needed to produce continuous
electrospinning fiber. Continuous fibers can be produced due to the
entanglement of polymer molecules inside the polymer solution.
There are two opportunities to affect solution’s viscosity: change
the polymer concentration or molecular weight of polymer [15].
At low viscosity values, the beaded thin fibers are produced. With
an increase of the solution’s viscosity, a fiber average diameter
also increases. As a result, less-beaded, more uniformed fibers are
produced. At the increased solution concentrations, the viscosity
inside the electrospinning jet also increases and thus preventing the
jet bending instability near the Taylor cone. As a result, bending
instability starts further from the tip of the needle [2]. Due to this,
the jet path to the collector and the deposition area are reduced.
Alternatively, a shorter path to the collector means the decreased
stretching of the electrospinning jet resulting in greater fiber
diameter. Too high solution viscosity can obstruct the solution
pumping through the system; it will also dry faster on the tip of the
needle. No continuous fiber can be obtained from the above critical
solution viscosity [16].
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Table 1.1 (continued)

Surface tension:

Has a key role in
the bead
formation
process during
electrospinning.

At the initiation of the electrospinning process, the total surface
charge on the droplet surface at the tip of the needle must exceed
solution surface tension to start the electrospinning process [17].
In fact, at lower viscosity values, more free solvent molecules are
present in the solution. In this case, the surface tension of the
solvent will play a dominant role; solvent molecules will gather
and adopt a spherical shape (see Fig. 1.3). The gradual increase of
viscosity will cause changing the shape from spherical to
cylindrical until perfectly smooth bead-free fibers are produced.
The interaction between the polymer and solvent molecules is
greater at higher viscosity values and therefore the solvent
molecules are more uniformly distributed throughout the chain
[18].

Solvent
evaporation rate:

Influences
dryness of the
final membrane
and process
stability.

Separate fibers can be obtained only if most of the solvent
evaporates while the electrospinning jets forward to the collector.
Otherwise, the residual solvent will dissolve the fibers into a thin
film on the surface of the collector [19]. Again, the needle might
clog [20] at too high evaporation rate. The evaporation rate of a
solvent is dependent on many factors: vapor pressure, boiling
point, specific heat, enthalpy and heat of vaporization of the
solvent, rate of heat supply, interaction between solvent molecules
and between solvent and solute molecules, surface tension of the
liquid, and air movement above the liquid surface [2].

Solution
electrical

conductivity:

Influences the
fiber average
diameter.

Pulling of the electrospinning solution to the collector is caused by
the repulsion of the charges on the surface of the droplet. At zero
conductivity, no fibers can be formed. At higher conductivity, jets
can carry more charges and the stretching force towards the
collector increases as well. Due to that, the greater bending
instability will occur and the deposition area increases as well.
Finally, more uniform fibers are formed [2, 16]. A small amount
of salts, conductive additives, and metal ions can be added to
increase the electrical conductivity of the solutions.

Dielectric effect
of solvent:

Influences
formation of the
beads.

An increase of bending instability of the electrospinning jet
appears with the utilization of the solvents with higher dielectric
constants. As a result, the deposition area and the jet path increase,
resulting in the formation of the fibers with more uniform shapes
and lower average diameters [2]. In opposite, if the polymer does
not dissolve effectively in the solvent, fibers with more and larger
beads are obtained.
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Table 1.1 (continued)

Solution
temperature:

Impacts solvent
evaporation rate
and fiber average
diameter.

Heating of the solution has two effects: it increases the evaporation
rate of the solvent and reduces the viscosity of the solution. At
higher temperatures, the mobility of the polymer molecules in the
solution increases. Due to this, the solution resists less to pulling
by the same Columbic forces, resulting in a decrease of the fiber
diameter [21].

Process and ambient parameters

Applied voltage:

Affects fiber
average diameter
and polymer
crystallinity
inside fibers.

It is known, that both positive and negative voltages can create
Taylor cone [22]. Only a minimal voltage is needed to overcome
the surface tension of the solution. Increasing the voltage causes
greater stretching of the jet because of the increase of the number
of charges. Generally, this causes a decrease in the obtained fiber’s
diameter. Nevertheless, in some cases, high voltages can cause
bead formation. Continuous increasing of the voltage changes their
shape from cylindrical to spherical. At too high voltage, the Taylor
cone withdraws to the needle, the instability of the jet increases,
and this, in turn, increases the frequency of bead formation.
However, in a weaker electrical field, acceleration of the jet
decreases and the time it takes the polymer to get to the collector
of the jet increase. This enables the jet to stretch more during
electrospinning and thus thinner fibers are obtained [20]. Also at
the weaker stretching, longer deposition time allows polymer
molecules to relocate inside the fibers and to increase crystallinity

(2].

Solution
pumping rate:

Affects the
stability of
Taylor cone and
the morphology
of the obtained
fibers.

The average diameter of fibers increases at a higher than optimum
pumping rate. In this case, at a constant voltage, a greater amount
of solution collects on the needle tip, which decreases the
evaporation rate of the solvent. This can result in pulsing
electrospinning. Additionally, if the solvent does not evaporate
quickly enough, then the result may be a fused fiber network [23].
Optimal pumping rate is needed for the production of continuous
uniform fibers.

Inner diameter of
needle:

Influences fiber
average
diameter, needle
clogging and
applied voltage.

The needle can become clogged if the diameter is not large enough.
The wider the needle, the lower voltage is needed for
electrospinning and thus thicker fibers are produced. With a
smaller inner diameter, the droplet size on its tip decreases. As a
result, the surface tension increases and greater electrostatic force
is required to erupt a solution jet. Consequently, acceleration and
drawing of the jet increase and as the pulling force is stronger, the
smaller diameter fibers are formed [17].
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Table 1.1 (continued)

Distance
between tip of
the needle and
the collector:

Affects
deposition time
and strength of

the electrical
field [16].

Thin uniform fibers can be produced at the longer distance. When
other parameters are constant, the electrical field is weaker at the
longer distance. This increases the flight time and the deposition
area. Therefore, the diameter of the obtained fibers and bending
instability can be reduced. Finally, thinner fibers of uniform
morphology are obtained. No fiber will occur if the distance is too
long because the electrical field will be too weak to overcome the
viscosity of the solution. Alternatively, at shorter distances, the
electrical field strength is increased. This increases the acceleration
of the jet to the collector and fiber diameter as well as it decreases
the deposition area. Finally, there is not enough time for the solvent
evaporation and membranes need additional drying [2].

Humidity:

Affects porosity
of fibers and
packaging
density of the
membrane.

Condensed water on the fiber surface slows the evaporation of the
solvent, which usually leads to pore formation in the fiber
structure. The higher the humidity, the wider and deeper the pores
that are formed. However, above a certain humidity, the diameter,
depth, and number of the pores will be satiated. From another point
of view, condensed water reduces the concentration of electrostatic
charges on the collector, thus increasing packaging density of the
membrane [24].

Figure 1.3. At the higher solution viscosity, solvent molecules are distributed along the
polymer chains (top fiber). At the lower solution viscosity, solvent molecules have a
tendency to accumulate and form spherical shapes due to surface tension (bottom fiber).

1.1.3. Fiber properties and application

Electrospun fibers have an extremely high surface to weight ratios in comparison
to conventional nonwovens (nanofibers with ~100 nm diameter have a specific
surface of ~1000 m*/g). Electrospun fibers exhibit special properties such as
remarkable high porosity, excellent structural mechanical properties, and high
axial strength combined with extreme flexibility, low basis weight, and cost-
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effectiveness, among others [25]. Properties of polymeric fibers offer numerous
fields for their application (see Fig. 1.5).

Despite the fact that polymers are ideal for electrospinning of membranes, the
mechanical, electrical, thermal, rheological and optical properties need
improvement for special applications. Depending on the application, different
fillers can be used for this purpose. For example, ceramic nanoparticles such as
barium titanate (BaTiOs3), aluminum oxide (Al,Os) or silicon dioxide (SiO;) are
used to enhance ionic conductivity and the electrochemical stability window of
nanocomposite polymer electrolytes (NCPEs) [26]. Calcium carbonate (CaCO3)
or hydroxyapatite (HA) can be used for the improvement of the mechanical
strength of bone-scaffolding materials [27]. For enhancing the biodegradability of
polylactic acid (PLA), fibrous membranes like cellulose nanocrystals (CNCs) can
be used as a filler [28]. However, among the wide variety of different fillers, there
is one, which can improve many properties of the polymer matrix at once; this is
carbon nanotubes. CNTs are widely used for the improvement of mechanical,
thermal and electrical properties of fibrous membranes.

1.2. CNT as reinforcing and electroconductive components in
electrospun fibers and membranes

1.2.1. CNTs

Since 1991 when lijima [29] reported the preparation of MWCNTs, a lot of work
has been done with CNTs because of their outstanding properties. For example,
CNTs have high flexibility, low mass density, large nanotube aspect ratio, high
mechanical strength, electrical and thermal conductivity. They exhibit
extraordinary stiffness-to-weight and strength-to-weight ratios [30]. The most
important properties of CNTs are presented in a Table 1.2.

Table 1.2. Properties of CNTs [31 — 34].

Property Value Additional information
Young’s modulus Upto 1 TPa 10 times stronger than titanium
Tensile strength 10-63 GPa 50 higher than steel

Thermal conductivity >3000 W/(m-K) | ~2 times higher than diamond
Electrical conductivity 106—107S/m the same as copper

Strain at break 10% ~4 times higher than Kevlar
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CNTs are long and thin tube-shaped materials of rolled graphene sheets (see Fig.
1.4). The diameter ranges from 1 to 50 nm and the length between a few hundred
nm up to 50 cm [35]. Sheets of hexagonal-shaped carbon atoms are rolled up into
cylinders and are closed by pentagonal-shaped carbon atoms. There are three
types of CNTs: single-walled CNTs (SWCNTs), double-walled CNTs
(DWCNTs) and MWCNTs [29, 36].

CNTs already have application fields on the industrial scale. For example, CNT
powders mixed with polymers or precursor resins can increase stiffness, strength,
and toughness of final composite in load-bearing applications [45]. Coatings and
films are second large area of CNTs application. As an example: transparent
conductive materials made of CNT films can be formed [46]. In addition, CNTs
are used in microelectronics, for transistors [47] and Li-ion batteries. Figure 1.5
gives an overview of the main application fields of CNTs, adjacent fields of CNTs
and polymeric fibers where both are used. The figure also presents perspectives
of utilization of CNTs in other applications with polymeric fibers.

Figure 1.4. Schematic structure of SWCNT and MWCNT [43].

CNTs are widely used nowadays and the interest for their applications in new
fields is growing rapidly every year even though there are some difficulties in the
application of CNTs (see Fig. 1.5). The enhancement of the final product
properties largely depends on the CNTSs’ purity, quality, surface chemistry,
diameter, aspect ratio, alignment, dispersion, and interfacial interaction with the
matrix [4]. In polymer/CNT composites, CNTs cannot be used in its bulk bundled
form due to insolubility, poor dispersion and incompatibility with the polymer
matrix. The problem to be solved is the following: how to break up entanglements,
bundles or agglomerates of the CNTs and then uniformly disperse and align them
within a polymer matrix. In addition, there is a need for improving the transfer of
properties from CNTs to the polymer matrix. The next sections give an overview
of the different CNT dispersion methods into polymer matrices.
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CNTs:

Composites: tires, skis,
golf and hockey sticks,
surfboards, hunting
arrows, wind turbines,
electrical cabels and
wires

Electrochemical
devices: Li-ion and
paper batterie, fuel
cells, lamps

Field emission

devices: gas discharge
tubes, microwave and
X-ray generators, flat

Sensors and probes:
electron transfer, gas
molecule sensors,
biosensors, nanoprobe
tips, nano-
electromechanical
SCNSOrs

Other applications:
military protective
clothing, micro-and
nano electronic
divices, ultra-
lightweight spacecraft
materials, LCD
divices

Polymeric nanofibers:

Tissue engineering:
membranes for skin, 3D
scaffolds for bones, blood
vessels

Life science: drug delivery,
wound dressing, skin therapy
- healing and cleaning,
haemostatic divices

Other applications: liquid
and gas filtration,
electrostatic dissipation,
nano-solar cells, higher
efficient and functional
catalysts, electrostatic

dissipation

L panel displays

Figure 1.5. Application of CNTs [44], polymeric fibers [3] and adjacent fields.
1.2.2. Methods for CNT dispersion into polymer matrix

Many methods have been developed for better dispersion and compatibility of
CNTs with polymer matrices during the last two decades. These methods in
principle can be divided into two major sections, those that utilize physical and
chemical approach.

Methods with the physical approach can be applied mainly for the dispersion of
unmodified CNTs into polymer solutions and melts. In addition to a mechanical
stirring of solutions, ultrasonication can be used to achieve a good dispersion of
CNTs [48]. For polymer melts, the extrusion method is used for the same aim
[49]. Recently, it was found that simple compounding of polymer, mechanical
mixing, of a polymer solution with CNTs does not give a uniform mixture. The
reason is in the m-m interactions between the CNTs in agglomerates. A lot of
energy should be transferred to the mixture of polymer and CNTs to overcome
this force [50].

The chemical approach tends to be more effective for the achievement of good
dispersion and compatibility of CNTs with polymers. Chemical methods can be
divided into three subcategories: functionalization of the CNT surface with
chemical groups, utilization of compatibilizers (surfactants) and modification by
polymers.
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Incorporation of functional groups on the surface of CNTs usually involves
treatment with strong acids at high temperature and pressure. Typical groups to
be attached are carboxylic (-COOH), hydroxyl (-OH) [51] or amino (-NH,) [52].
The reason for their popularity is in their reactivity: a large number of chemical
reactions can be performed with these groups after CNTs functionalization. Less
popular processes include sidewall functionalization, thiolation, halogenation and
hydrogenation [53]. The disadvantage of these methods is in structural defects that
might introduce in CNTs sidewall [54].

A simpler and non-destructive method to re-bundle CNTs agglomerates is the
addition of surfactants. Typically, after the surfactant has been adsorbed on the
CNT surface, the physical treatment may help to re-bundle agglomerates by steric
or electrostatic repulsions [55]. For different media, surfactants of opposite nature
are preferable: for CNTs/water-soluble solutions — ionic, for organic solvents —
nonionic surfactants. However, there are additives, which can be used in both
media - ILs. The phenomenon of this type of surfactant is discussed separately in
next subsection.

1.2.3. IL assisted dispersion of the CNTs

ILs are usually defined as organic salts with a low melting temperature, below
100°C [56]. In general, they consist of a large cation and small anion. To
characterize the ILs as a class it should be marked, that ILs are environmentally
friendly or “green” solvents with many remarkable properties. They are “green”
because of extremely negligible vapor pressure, which inhibits evaporation into
the air and allows simple recycling and reuse. The interest in the application of
ILs is growing rapidly every year because of their high electrical conductivity,
wide range of densities and viscosities, variable polarity and solubility, negligible
vapor pressure, high thermal and chemical stability, high product recovery, an
endless number of different compositions and designable functionality [57].

It is known from the literature, that imidazolium ILs can be used to exfoliate or
re-bundle the CNTs agglomerates. S. Bellayer et al. showed experimentally, that
“cation-m” interaction between imidazolium ions and the large m-electronic
surface of the CNTs causes the exfoliation of CNT agglomerates [59]. Molecular
dynamic simulations proposed by Shim and Kim [60] showed, that cations and
anions of 1-ethyl-3methylimidazolium tetrafluoroborate (EmimBF) form a
cylindrical shell outside the CNT surface. Imidazole rings were mainly parallel to
the CNT surface thus producing n-stacking between ions and the CNT surface,
therefore, enhancing the dispersion of CNTs. CNTs agglomerate because of n-n
interactions between separate tubes. The n-n interaction-shielding model for the
dispersion process of CNTs in imidazole ILs was proposed by J. Y. Wang et al
[58]. By this theory, CNT agglomerates gradually exfoliate by a shearing force
into smaller bundles and detached separate CNTs are surrounded by ILs
immediately. During this process, the strong n-n interaction of CNTs is shielded
due to the large dielectric constant of imidazole ILs thus preventing re-bundled

21



nanotubes and smaller agglomerates from aggregating. Finally, separate CNTs
and small agglomerates in dispersion are encapsulated because of van der Waals
forces between ILs and CNTs (see Fig. 1.6). This suggests that in CNTs dispersion
shielding of m-m interaction between CNTs plays an important role and can be
provided by utilization of imidazole ILs. For this current research, 1-buthyl-3-
methylimidazolium chloride (BmimCl) was chosen as a functional additive to
enhance the dispersion of CNTs.

Figure 1.6. Schematic representation of the dispersion process for SWCNTs in ionic
liquids [58].

1.2.4. CNT modification by polymers

Despite the variety of methods described, the most attractive method for
dispersion of CNTs is covering their surface with an appropriate polymer. This
allows for a tailored approach for each polymer/CNT composite system designed
to achieve the best transfer of CNTs properties to the matrix polymer and
consequently final product. The modification of CNTs by polymers can be
broadly divided into two subsections: covalent and non-covalent modification.
The non-covalent modification is very modest. It is the polymer wrapping and/or
polymer adsorption to CNTs’ sidewalls [61]. Mainly, the non-covalent
modification is caused by m-m interactions between double bonds of sidewall
carbon rings and conjugated polymers or organic polymers with a free electron
pair. An advantage of this method is in the holistic structure of CNTs in the final
product. The covalent modification is more varied. Broadly, it is divided into
“grafting to” and “grafting from”. Each direction has numerous variations with
the main ones presented in figure 1.7.

1.2.5. CNT modification by SAN

Polymers are very complicated, multiform and unique substances. One polymer
can be prepared by different methods, for example, it has different molar mass
and 3D structures, and it can be processed by numerous methods to the endless
number of products. One can be modified and transformed into another polymer.
The same is with SAN.
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"Grafting to" - usually involves pre-
formed polymer chains reacting with
the surface of either unmodified,
oxidized or functionalized CNTs.

"Grafting from" - usually involves the
polymerization of monomers from
surface-derived initiators on CNTs.

(" ] ) Atom transfer radical
Ester linkage between | polymerization (ATRP)
— oxidized CNTs and ’
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transfer (RAFT)
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Electrochemical grafting ]

Nitroxide-mediated radical
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Figure 1.7. CNT modification by “grafting to” [64 - 70] and “grafting from [71 - 80]
methods.

SAN has many good properties: excellent transparency, high tensile modulus,
good rigidity and hardness, high dimensional stability and accuracy, good heat
and high chemical resistance [62]. Chemical resistance, for example, is very
important in electrospun filters. It is well known that properties of SAN products
strongly depend on the styrene (S) to acrylonitrile (AN) ratio in the polymer chain.
With an increase of molecular weight or AN content in the chain, improvements
in the following properties of SAN were also observed: strength, stiffness, impact
resistance, heat resistance and resistance to stress [63]. For this reason, products
with different properties can be made from one polymer, which makes SAN
copolymers attractive for future studies. Both S and AN can be modified through
chemical reactions for special issues. In CNTs, modification by SAN, for
example, can be used in both approaches: “grafting to” and “grafting from”.
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A. M. Shanmingharaj et al. [81] first reported the preparation of SAN-g-CNTs via
surface-initiated ATRP. During this “grafting from” procedure, all initiator-
grafted MWCNTSs were prepared through multistage functionalization. Carboxyl
group functionalized MWCNTs (MWCNT-COOHs) were first prepared by
refluxing the unmodified MWCNTs in chromic acid for 30 min at 80°C. After
washing them with deionized water, filtration and drying in vacuo, MWCNT-
COOHs were modified to acyl chloride functionalized MWCNTs (MWCNT-
COCls) by addition of thionyl chloride (SOCl,) and stirring for 24 h at 65°C. The
obtained MWCNT-COCIs were washed with anhydrous tetrahydrofuran (THF)
and dried in vacuo for 30 min at the room temperature. MWCNT-COCls were
refluxed with previously synthesized 2-hydroxyethyl bromoisobutyrate (HEBB)
in anhydrous THF for 45 min. Obtained HEBB-grafted MWCNTs (HEBB-g-
MWCNTSs) were washed with THF and ethanol, filtered and dried in vacuo for 10
h. Finally, SAN-grafted-MWCNTs (SAN-g-MWCNTs) were prepared via ATRP
by mixing of HEBB-g-MWCNTs, S and monomer units in inert nitrogen (Nz)
atmosphere with addition of copper bromide (CuBr) and ligand in toluene. The
polymerization reaction was maintained at 80°C for 24 h. In the end, the product
was purified and dried (see Fig. 1.8). This proposed method has both positive and
negative aspects. It is time consuming and complicated. Procedures need careful
monitoring on each of the multiple steps. The method is also not environmentally
friendly because of the utilization of numerous organic solvents and a copper
ligand. Finally, it is very complicated to apply this in the production scale. From
another point of view, the ATRP procedure allows controling of properties of the
final polymer by reaction time and monomer ratio and creating SAN-g-MWCNTs
for specific applications.

J.-H. Shi, et al. [82] proposed simpler “grafting to” approach for the production
of SAN-g-MWCNTs by reactive melt blending. This procedure was divided into
two steps. First, the modified SAN was prepared in a compounder by melt
blending. For this purpose, SAN was blended with 2-aminoethanol (AE) and zinc
acetate dihydrate (Zn(Ac)22H,0) for 30 min at 150-200°C in a compounder,
extruded, washed with chloroform (CHCI;), filtered and dried in vacuo at 70°C
for 48 h. In the second step, MWCNTs were oxidized by nitric (HNOs3) and
sulfuric acids (H2SO4) for 6 h at 50°C to form MWCNT-COOHs. Finally,
MWCNT-COOHs and modified SAN were blended to produce SAN-g-MWCNTs
for 30 min at 200°C, extruded, washed with THF and dried. J.-H. Shi, et al. claim,
that the final product is SAN-g-MWCNTs, but actually it is (modified SAN)-g-
MWCNTs. Compared to ATRP, reactive melt blending is shorter in time, simpler
and it can be adopted by industry. It also allows changing SAN for any AN
containing thermoplastic polymer and graft CNTs onto the surface by the same
procedure through the addition of an oxazoline functional group to SAN.
However, the method is not as flexible as ATPR: it allows using of already
synthesized polymer with constant length, monomer ratio and structure.
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Figure 1.8. Reaction scheme of polymer-grafted CNTs through ATRP [81].
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1.3. Aim and objectives of the study

The main aim of the current study was to electrospin reinforced fibrous polymer
membranes through the utilization of CNTs as functional additives. Two problems
of CNT utilization had to be solved for achieving the aim: the creation of good
dispersion of the CNTs into polymer matrix and achievement of effective
interfacial adhesion between CNTs and polymer matrix.

First, SAN polymer was chosen from the variety of different polymers. The choice
was based on the chemical structure of SAN, which contains acrylonitrile
functional groups suitable for further grafting reactions. The polymer-solvent
system was chosen for electrospinning based on continuity of the process, solution
parameters and fiber morphology.

Different approaches were used for achieving the aim. The ultrasonic treatment
and IL were used to improve dispersion of the CNTs into polymer matrix. In the
second step, unmodified CNTs were dispersed into a polymer solution by
mechanical and ultrasonic mixing while the effect of IL, as a dispersive agent, was
evaluated. Finally, a grafting reaction to bind CNTs with modified SAN was
developed to create the effective interfacial adhesion between CNTs and polymer
matrix.

The additional aim of this study was to evaluate the efficiency of different
approaches of CNT dispersion into polymer matrix focusing on the SAN. Solution
properties have the biggest influence in electrospinning process on final
membrane properties. Therefore, viscosity and electrical conductivity of all
solutions were measured and their impact on the final properties was analyzed.
After all, the combined method incorporating addition of the IL, application of
ultrasonication and covalent bonding of the CNTs with oxazoline modified
poly(styrene-co-acrylonitrile) (SANm) was used to disperse the CNTs into the
polymer solution.

For electrospun membranes, the effect of ultrasonication, addition of the IL, CNTs
grafting and utilization of the combined method on the morphology, mechanical
and electrical properties were studied and compared to pure SAN membrane.
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2. EXPERIMENTAL

2.1. Materials and chemicals

Two different solvents were used for the preparation of electrospinning solutions
of SAN (Polimeri Europa SRL): 1,2-dichloroethane (1,2-DCE, purity > 99.5%)
and dimethyl sulfoxide (DMSO, Merck KGaA, purity > 99.9).

1-butyl-3-methylimidazolium chloride ([Bmim]Cl) was synthesized using the
procedure reported in the literature [83]. In the standard preparation method, 1.5
moles of chlorobutan (purity > 99%) and 1.0 mole of 1-methylimidazole (Merck
Millipore, purity > 99%) were mixed in a round-bottomed flask fitted with a reflux
condenser and stirred for 3 days at 80°C under nitrogen (N2). After the two phases
formed, the top phase containing the reagents was removed by washing several
times with ethyl acetate (Sigma-Aldrich, purity > 99%). The yellowish IL product
of [Bmim]Cl was further heated up to 50°C under vacuum to remove ethyl acetate.
Only one IL, [Bmim]Cl, was used in this study and it is referred to as IL in the
dissertation.

MWCNTs with an average diameter of 9.5 nm, average length of 1.5 pum and
95wt% purity were purchased from Nanocyl S.A. The carboxyl group modified
multiwalled carbon nanotube (MWCNT-COOHs, Cheap Tubes Inc.) have
average diameter of 8-15 nm, average length of 0.5-2.0 um, 2.56wt% content of
—COOH functional groups and 95wt% purity. SANm-g-MWCNTs are considered
as a special type of MWCNTs in this study. All carbon nanotubes used in this
study are MWCNTs and will be considered as CNTs in the dissertation.

For the modification reaction of SAN to SANm, zinc acetate dihydrate
(Zn(Ac),2H,0O, purity > 99%) was purchased from EMSURE® and 2-
aminoethanol (AE, purity > 99%) was purchased from Merck Millipore. For
washing of oxazoline modified poly(styrene-co-acrylonitrile) grafted carbon
nanotubes (SANm-g-CNTs), THF was purchased from Riedel-de Haén (purity >
99.9%). For precipitation of SANm-g-CNTs, methanol was supplied by Riedel-
de Haén (purity > 99.8%).

2.2.  Preparation of SANm and SANm-g-CNTs

First, for dissolving and achieving better homogenization of Zn(Ac),'2H,0 in AE,
the mixture in a ratio 1:83 was ultrasonically mixed [84] for 10 minutes. SAN was
modified using the procedure partially reported by J.-H.Shi in [82]:

1) SAN (4.5 g) was first melted in a HAAKE™ MiniCTW Micro-Conical
Twin Screw Compounder using rotational speed 20 rpm at 150°C until it
achieved a stable torque (~10 min)
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2) amixture of AE and Zn(Ac), 2H,0 (455.4 mg) was then quickly added to
the SAN and mixed with the polymer at 150°C for 10 min using a rotation
speed of 80 rpm

3) next, the temperature was increased up to 200°C and the blending
continued for 20 min

4) the oxazoline modified SAN (SANm) was then extruded from the
compounder

5) SANm was dissolved in 45 ml of THF by mechanical mixing for 45 min
and then precipitated in 1350 ml of methanol. The obtained mixture was
filtered with 0.45 um pore size polytetrafluoroethylene filters (PTFE,
Sartonus Stedim Biotech Gmbh, Germany). This process was repeated
several times to ensure the complete removal of Zn(Ac), 2H,0 residue
and AE. The resulting SANm was dried in a vacuum oven at the room
temperature for 24 h. The yield of this process was 79%. The obtained
material was characterized by Fourier transform infrared spectroscopy
(FT-IR) and thermogravimetric analyses (TGA).

200°C, 80rpm

Figure 2.1. Scheme of CNT grafting reaction with SAN (article Il1).

28



Steps 1-3 were conducted for nanotube grafting with SANm. Immediately after
the step 3, CNT-COOHs with a weight ratio of 1:20 to polymer were added to the
compounder, and the melt blended at a rotating speed of 80 rpm at 200°C for
another 30 min. Finally, the resulting material was dissolved in THF and
centrifuged (EBA 21, Hettich Centrifugen, Germany) at 6000 rpm for 30 min in
50 ml falcon tubes. The washing procedure was repeated several times until
transparent centrifugate was obtained to ensure the complete removal of
Zn(Ac)2 2H>0 residue, ungrafted SANm and AE. The solid precipitate was dried
in a vacuum oven for 24h at 80°C to remove THF. The yield of this process was
55%. The obtained material was characterized by nuclear magnetic resonance ('H
NMR) and TGA. Fig. 2.1 represents the Scheme of the CNT grafting reaction with
SAN.

2.3.  Preparation of electrospinning solutions and electrospinning

Solutions with IL and different CNTs for the electrospinning experiments were
prepared by mechanical and ultrasonic mixing techniques (see Table 2.1). The
concentration of IL and CNTs was calculated by the weight of SAN. All
concentrations in the current study are presented as the weight to weight
concentrations. A Sonoplus HD 2070 (BANDELIN electronic GmbH & Co. KG)
ultrasonic device was used for solution preparation.

A typical electrospinning setup is presented in the Fig. 2.2. All solutions were
electrospun from a disposable plastic syringe with a medical needle with an inner
diameter 0.1 mm. A MK Series power supply (GLASSMAN EUROPE Limited)
was used to generate a high voltage up to 20 kV. Fibers were collected on a flat
aluminum foil collector or rotating drum of a diameter 7.5 cm covered with
aluminum foil. The distance between the tip of the needle and the collector was
10 to 20 cm. A NE-1000 Single Syringe Pump (New Era Pump Systems, Inc.) was
used to pump the electrospinning solutions. The pumping rate was from 0.6 to 0.9
ml/h. Mechanical, electrical properties and morphology were investigated for each
electrospun membrane.

; : Rotating idrum
High voltage suppl:

Syringe

Figure 2.2. Electrospinning setup.
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2.4. Characterization of the SANm-g-CNTs, solutions and
electrospun membranes

The transmittance FT-IR spectra was recorded on an Interspec 200-X FTIR
spectrometer, with 16 scans averaged at the resolution of 1 cm™ for SAN and
SANm.

TGA experiments with a Setaram LabsysEvo 1600 thermoanalyzer were carried
out under non-isothermal conditions by heating up to 800°C at the heating rate of
10°C/min in the argon atmosphere. Standard 0.1 ml alumina crucibles were used,
the mass of the samples was 4-5 mg and the gas flow was 60 ml/min.

"H NMR spectrum was recorded with a Bruker Avance I1I spectrometer operating
at 500 MHz. The sample (7 mg/ml) was first dispersed in d6-DMSO by keeping
it at 50°C overnight followed by vortex mixing for several minutes. The spectrum
was collected at the room temperature with 32 scans averaged.

The viscosity of the electrospinning solutions was measured by a Physica MCR
501 rheometer (Anton Paar, Austria) at the rate 100/s using cone-plate geometry
(cone angle 2° and diameter 2.5 cm) and Brookfield Rheometer RVDV II+
(Brookfield eng labs Inc.). Each experiment was performed at a standard
temperature 23°C.

The electrical conductivity of the solutions was measured with a SevenCompact
Conductivity S230 electrical conductivity meter (Mettler Toledo, Switzerland) at
the room temperature.

The electrical conductance of the electrospun membranes was measured with a
High Resistance Meter Model HR2 (AlphalLab, Inc., USA) at the room
temperature (2-point method). The thickness of each sample was measured from
3 to 6 different points by digital thickness gauge (INSIZE CO., LTD.) and the
average was calculated. After that, each sample was placed into the cell between
electrodes and the values were detected. Finally, electrical conductance was
calculated into electrical conductivity (o) considering dimensions of the samples
according to the equation (2.1):

o=6GL, 2.1)

where G (US) is the electrical conductance, A (Cm?) is a cross-section area and [
(cm) is the sample length.

Mechanical properties of the electrospun membranes were measured at 23°C
using an Instron 5866 (Instron Corporation, UK) tensile tester. The samples were
cut into a rectangular shape. The thickness of each sample was measured from 3
to 6 different points and the average was calculated. The load cell of maximum
capacity 2.5 N was used for tensile testing procedures applying a constant actuator
speed of 10 and 20 mm/min. The collected data was analyzed and the tensile stress

31



at maximum load and Young’s modulus were calculated using Bluehill™ 2
Version 2.17 software.

The morphology of the electrospun fibers was analyzed using an optical
microscope Axiskop 2 (Carl Zeiss Microscopy, LLC), scanning electron
microscopes (SEM) Gemini Zeiss Ultra 55 and Hitachi TM1000. Pictures of
various magnifications from 10 to 100000 were done for the samples. The average
fiber diameter was calculated for each sample. The transmission electron
microscopy (TEM) measurements for SANm-g-CNTs were done with FEI Titan
Themis 200 working at 80 kV.
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3.  RESULTS AND DISCUSSION

3.1. Optimization of electrospinning parameters

This section is based on article | and article II. Below is described the optimization
of SAN polymer electrospinning process. The main parameters including solution
properties and process variables are discussed and evaluated in this part. In the
electrospinning process, solution properties are dominant in achieving of
continuous fibrous membrane [2]. The SAN concentration in different solvents
and its impact on the obtained membrane morphology were analyzed. In addition,
the utilization of the IL as a functional additive, its effect on polymer solutions
properties, electrospinning process and obtained fiber morphology are discussed.
The key point of this research is the utilization of carbon nanotubes as a
reinforcing filler. The optimization of effective concentration and creation of good
dispersions into polymer solutions is described and analyzed in details.

3.1.1. Impact of solvent and solution concentration on electrospinning
process and fiber morphology

To find out the most optimal SAN concentration and electrospinning variables,
SAN solutions from 10 to 20% in 1,2-DCE and from 12 to 25% in DMSO were
prepared and electrospun. Electrospinning was performed at different variables:
distance from 10 to 20 cm and voltage from 10 to 20 kV. The obtained fibers were
studied using an optical microscopy and SEM.

Figure 3.1. SAN fibers, electrospun at 10 kV and 10 cm from the collector with solutions
in 1,2-DCE with different polymer concentrations: A - 10%, B - 13%, C - 17% (optical
microscope, magnification 50x) (article I).

While analyzing all the electrospun fibers with an optical microscope, it could be
seen that at lower solution concentrations beaded fibers of smaller diameter were
obtained. The lowest concentration for the formation of continuous fibers was
found at 10% for SAN solutions in 1,2-DCE and 12% in DMSO. At a lower
concentration, the higher number of solvent molecules and fewer chain
entanglements of SAN present in solution. This means that the surface tension of
the solvent is higher than the interaction of solvent molecules with polymer chains
and is dominant during the electrospinning process [16]. This contributes to bead
formation at lower solution concentrations (see Fig. 3.1 A). When the SAN
concentration was increased, the formation of fibers with greater diameter was

33



observed. This is caused by the greater resistance of the solution to the stretching
force, as the amount of charged particles is decreased [85]. Increasing the solution
concentration and viscosity also increases and the competition between viscosity
and electrostatic forces appearing in greater fiber diameter. Also at a higher SAN
concentration, there is a decrease in the number of beads and a change of shape
from spherical to cylindrical was observed (see Fig. 3.1 B and C). At higher
polymer concentrations, one can suppose more entanglement of SAN molecules,
which prevent the gathering of solvent molecules. Anyway, the concentration
cannot be increased infinitely. At SAN concentrations above 20% in 1,2-DCE and
25% in DMSO solutions dry at the tip of the needle before electrospinning can be
initiated. This is caused by the viscosity being too high, which cannot be overcome
by electrostatic repulsive forces [16]. At the same time, solvent evaporation from
the surface of the droplet on the tip of the needle causes needle clogging.
Therefore, the solution concentration of 13% for SAN in 1,2-DCE and 20% for
SAN in DMSO was chosen as the most optimal for further experiments.

The solutions of 13% SAN in 1,2-DCE and 20% SAN in DMSO were electrospun
at 10-20 kV and 10-20 cm in order to find the most optimal electrospinning
variables. All other parameters including pumping rate, ambient parameters etc.
were constant. It was found, that 20 kV and 20 c¢cm should be used for the
continuous and stable electrospinning process of SAN. Fibers were less beaded
and had a smaller average diameter at a higher voltage and longer distance.

3.1.2 Effect of IL and its concentration on properties of electrospinning
solutions, fiber morphology, and electrospinning process

One of the possibilities to eliminate bead formation in fibers is increasing the
stretching force of the electrospinning solution [2]. A literature review showed
that the addition of charged particles into the electrospinning solution increases
the stretching force of the solution to collector due to the increase of the solution
electrical conductivity [86]. Therefore, [Bmim]Cl was chosen as a conductive
additive for further experiments. To find out the most optimal amount of IL
solutions of different [Bmim]Cl concentrations (0.5 to 20% by weight of SAN)
were prepared and electrospun at constant variables. First of all, the impact of the
IL and its concentration on solution properties including viscosity and electrical
conductivity and consequently on fiber morphology was investigated. The
diagrams representing the dependences of solution properties on IL concentration
are presented in the Fig. 3.3 and in the Fig. 3.4.

The viscosity of pure SAN solution in 1,2-DCE is 0.174 Pa-s and in DMSO is
almost 10 times higher, 1.658 Pa-s. The addition of IL reduces the viscosity of
both solutions. The same results were reported for gelatin/[C;OMIM]BF,
solutions [87]. This is caused by decreases of the intermolecular interactions
resulting from [Bmim]Cl dilution in the solvent [88, 89].
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Figure 3.4. Solution electrical conductivity dependence on addition of IL (article I and I1).

The results of electrical conductivity measurements of SAN solutions with 0.5 to
20% IL solutions (see Fig. 3.4) show the increase of solution electrical
conductivity with an increase of IL concentration. The electrical conductivity of
pure liquids was also measured to be 78.3 uS/cm for [Bmim]Cl, for 1,2-DCE it
was 0.70 pS/cm and for DMSO it was 0.54 pS/cm. The electrical conductivity of
SAN in 1,2-DCE solutions increases from 0.35 pS/cm at 0% up to 272 uS/cm at
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19% concentration of the IL. In case of SAN solutions in DMSO the values start
at 0.85 uS/cm at 0% and 1698 pS/cm at 20% concentration of IL. The increase of
solution electrical conductivity can be explained by the ionic nature of IL.
[Bmim]Cl is a salt and consists of a large [Bmim]" cation and small CI" anion.
With the addition of [Bmim]Cl into the SAN solutions, the ionic pairs dissociate
in solvents, therefore increasing the number of charge carriers.

For both properties, viscosity and electrical conductivity, it was found that
solutions of SAN in 1,2-DCE + (0.5-20%) IL have lower values compared to SAN
in DMSO + (0.5-20%) IL. This is caused by different chemical and physical
properties of the solvents (see APPENDIX B) and as a consequence, by their
intermolecular interactions with SAN and the IL.
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Figure 3.5. Average fiber diameter dependence on addition of IL (article I and II).

After electrospinning, the impact of IL and its concentration on the morphology
of the fiber was investigated by SEM and evaluated by calculating the average
fiber diameter. One positive impact of IL addition on fiber morphology was the
lack of solvent beads. With the addition of at least 1.5% of the IL into the solution
of SAN in 1,2-DCE uniform fiber morphology was observed. Secondly, by
increasing the IL content, a decrease in the average fiber diameter can be seen in
both solvent systems. Finally, with increasing of IL content, fibers are getting
more homogeneous in a diameter (see Fig.3.5 and Fig. 3.6). This can be explained
by an increase of solution electrical conductivity with an increase of the number
of charge carriers (IL ions). This subjects the solution to higher stretching under
the electrical field, resulting in the formation of finer fibers with a smoother shape.
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In case of solutions with 1,2-DCE, the decrease of the fiber average diameter was
7 times from 2015 nm at 0% down to 275 nm at 19% of IL. For solutions in
DMSO, the reduction of the average fiber diameter was only 2.5 times, from 1325
nm at 0% down to 500 nm at 20% of IL. At higher than 20% IL, the process was
not stable and safe anymore. Sparks were observed due to the high electrostatic
charge and electrical conductivity of the solution. For this reason, the 20%
concentration of IL was chosen to be the most optimal for further experiments.

Figure 3.6. SEM micrographs of SAN fibers electrospun from solutions with 1,2-DCE. A:
0% IL, B: 19% IL (article | and article II).

The utilization of the IL in electrospinning also affected the process itself. For
example, during the electrospinning experiments it was found that the longest
fiber-forming distance at voltages up to 20 kV for a pure 13% SAN solution in
1,2-DCE was 15 cm. With an addition of at least 0.5% of IL the distance increased
up to 20 cm. At longer distances, the electrospinning jet has more time to dry into
a fiber. The drier the fiber is when it reaches the collector, the less post-processing
the membrane needs. The process stability was also improved for solutions in 1,2-
DCE. With an addition of 0.5% IL, no needle clogging was observed during
electrospinning due to the stronger stretching of the solution in the electrical field
because of higher solution electrical conductivity.

3.1.3 Effect of IL and CNTs on properties of electrospinning solutions and
fiber morphology

In this subsection, the application of unmodified CNTs in the electrospinning of
solutions with and without IL will be discussed. Solutions for the next experiments
with the addition of the CNTs were prepared with the application of the ultrasound
in an ice bath. At ultrasonic treatment imparts a large amount of energy to the
solution and dramatically increases its temperature. Due to that, 1,2-DCE
evaporated quickly and the polymer concentration rapidly increased. For this
reason, it was decided to continue further experiments only with SAN in DMSO
system.
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Fig. 3.7 represents the impact of IL and CNTs on the SAN polymer solution
viscosity. It can be seen that increasing the content of CNTs increases viscosity in
both solution types, with and without IL. This is caused by the dispersion of CNTs
into the polymer solution. CNTs are entangled with polymer chains and this
increases the solution viscosity. The higher the content of CNTs is, the higher the
solution viscosity is. The same phenomenon is described in [90], where the
viscosity of PVDF/DMF solutions with various CNTs concentrations was studied.
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Figure 3.7. Solution viscosity dependence on addition of CNTs (article II).

By comparing the solutions with and without IL it can be seen that solutions with
IL have lower viscosity values than the solutions without IL at the same CNT
concentrations. IL-free solution viscosity increased from 1.537 Pa-s at 0% CNT
up to 3.436 Pa-s at 3% concentration of CNT. At the same time, the viscosity of
IL containing solutions increased from 1.184 up to 1.742 Pa‘s at the same
concentrations of CNT. This is caused by the improved dispersion of CNTs into
the polymer solution. This phenomenon is wider discussed in the section 3.2.2. In
addition, the decrease of the viscosity of the solutions is related to a decrease of
intermolecular interactions resulting from IL dilution in DMSO. The same
phenomenon is described by G. Yanfang et al. in [89].

While studying the effect of CNT concentration on the electrical conductivity of
the solutions, it was found that with increasing of the content of CNTs, the
solution electrical conductivity also increases. This is true for both solutions, with
and without the IL. This can be explained by the conductive nature of CNTs, thus
the higher the CNTs content in the solution is, the higher the solution’s electrical
conductivity is. However, there is also a difference in three orders of magnitude
between electrical conductivity values of the solutions with and without IL, which
is explained by ionic nature of IL. There is also a difference in the effect of the
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addition of CNTs in IL-free and IL containing solutions. The effect of IL and
CNTs on solution properties considering preparation technique is discussed in
depth below in the section 3.2.2.

3.1.4 Effect of IL and CNTs on properties of electrospun membrane

First, the effect of IL and CNTs on the electrical conductivity of electrospun
membrane will be discussed. It was found that the addition of 20% of IL alone
increases the electrical conductivity of the membrane from 0 up to 0.244 uS/cm
(see Fig. 3.8). This is caused by the conductive nature of IL.
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Figure 3.8. Membrane electrical conductivity dependence on addition of CNTs (article

).

The addition of CNTs into pure SAN in DMSO solution does not affect the
electrical conductivity of electrospun membranes. The electrical conductivity of
all SAN + CNT membranes is below nS/cm range. This phenomenon can be
explained by the poor dispersion of CNTs in SAN polymer solution. With the
increase of the concentration of the CNTs in SAN + IL membrane, the electrical
conductivity of the membrane is also increased. This phenomenon is caused by
the role of IL as a dispersant and its conductive nature. The IL creates conductive
linkages between separate CNTs and its agglomerates thus making a conductive
network inside the SAN polymer fibers.

The effect of CNTs and IL on membranes tensile stress at maximum load was
evaluated. The addition of IL increases the tensile stress at maximum load of a
SAN membrane from 2 up to 4.8 MPa (see Fig. 3.9). This can be explained by the
increase of the electrical conductivity of the solution with the addition of IL. As a
result, the stretching force of the solution due to the electrical field increases. This,
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in turn, promotes the formation of the fibers of smaller average diameter (see Fig.
3.10). The stronger stretching during electrospinning increases the molecular
orientation in the obtained fibers results in the higher tensile stress of the
electrospun membrane [91].
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Figure 3.9. Membrane tensile stress at maximum load dependence with the addition of
CNTs (article 11).

It should be marked that no dependence of membranes tensile stress on the
addition of CNTs was found in SAN + CNT membranes. The tensile stress at the
maximum load of SAN membranes decreases at all CNT concentrations. This
phenomenon is explained by the poor dispersion of CNTs into polymer solutions.
The agglomerates of CNTs inside SAN fibers create stress location areas. It results
in micro-crack diffusion in the membrane and deterioration of the membrane’s
mechanical properties [92]. The same is true for all SAN + IL + CNT membranes
at CNT concentrations above 1%. The decrease of the membrane’s tensile stress
at CNTs concentrations above 1% is caused by the repletion of CNTs in the
solution. Another reason for the decrease of the tensile stress at the maximum load
of SAN + IL + CNT membranes is the increase of solution viscosity with an
increase if CNTs concentration is above 1%. At higher viscosity values,
electrospinning solutions resist more the stretching by the charges on the jet. As a
result, fibers of greater diameter (see Fig. 3.10) are produced, which are weaker
[91]. This, in turn, promotes the production of membranes with lower tensile stress
at maximum load.
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For SAN + IL + CNT membranes it was found, that the tensile stress at maximum
load is higher at all CNTs concentrations compared to SAN + CNT membranes.
This can be explained by the effect of the IL as a dispersant, which helps to create
more uniform dispersion of single CNTs, which reduces the amount and size of
agglomerates and therefore improves the strength of the membrane. More detailed
discussion about the IL assisted mechanism of the dispersion of the CNTs is
presented in the sections 3.2.2 and 3.2.3. Another reason of the increasing of the
tensile stress is an increase of polymer solution electrical conductivity with the
addition of IL and CNTs, which allows the production of fibers of smaller average
diameter. The best result of the tensile stress was achieved for SAN + IL + 1%
CNTs membrane, which is 5.1 MPa.

Finally, in this subsection, the effect of IL and CNTs on the obtained fiber
morphology will be discussed. It should be noted that no clear dependence
between CNTs concentration and fiber average diameter for SAN + CNT
membranes was found in this study. However, it was found, that the addition of
IL + CNT into polymer solution reduces the average diameter of the obtained
fibers until the certain concentration of the CNTs (see Fig. 3.10).
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Figure 3.10. Average fiber dimeter dependence on the addition of CNTs (article I1).

From the Fig. 3.10 it can be seen that with the addition of CNT, the average fiber
diameter decreases to 290 nm at 1% CNTs but increases continuously above this
concentration. It was also noted that the deviation of fiber diameter gets smaller
until 1% CNTs and again starts growing above this concentration. For these two
phenomena, there is one explanation — the counteraction of the solution electrical
conductivity and viscosity during the electrospinning process. With the addition
of CNTs into SAN in DMSO + IL solution, its electrical conductivity and
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viscosity increase continuously (see the section 3.1.3). Until 1% of CNTs, the
electrical conductivity during electrospinning plays a major role. With the
increase of electrical conductivity not only is the stretching of solution increasing,
but also the bending instability of the electrospinning jet. Lastly, this means that
the deposition area is also increased, which, in turn, promotes higher elongation
and favors the formation of finer fibers of lower average diameter [93]. Either
way, at concentrations above 1% of CNTs the average fiber diameter and its
stability increases. This is caused by the increase of the solution viscosity that
starts playing a major role in electrospinning process at these concentrations.

SEM investigations (see Fig. 3.11) showed bead formation in both SAN + CNT
and SAN + IL + CNT fibers starting from 1.5% of CNTs. This is possibly due to
the unstable process, which was caused by inefficient CNT dispersion. The same
phenomenon was observed by J. Xu et al. [94]. At higher CNTs concentrations,
the amount and size of the agglomerates also increase and thus promoting solution
flow instability. Beaded fiber structure can also be reasons for the decreasing
tensile stress of the obtained membranes because the shape of single fibers is not
uniform.

To summarize, the optimization of the major parameters was performed and the
following values were chosen as optimum: voltage 20 kV, distance 20 cm, SAN
in DMSO solution concentration 20%, IL concentration 20% by weight of SAN,
CNTs concentration 1% by weight of SAN. The main outcome of this section is a
decision to move from non-covalent bonding between CNTs and polymer to
creation of the covalent bond between them. During the optimization of
electrospinning parameters, it was found that the dispersion of CNTs into polymer
solutions has a key role in reinforcement of the electrospun membrane. Utilization
of the IL as a functional additive for CNTs gave certain results. Membrane
electrical conductivity reached puS/cm range. Unfortunately, the tensile stress at
maximum load of SAN + IL + CNT membranes is only two times higher, on
average, compared to the SAN + CNT values. At the same time, the addition of
only CNTs into electrospinning solutions reduces the tensile stress at maximum
load of membranes compared to SAN membrane due to CNTs tendency to
agglomerate. To overcome this problem, it was decided to create a covalent bond
between SAN and CNTs while enhancing the dispersion through that, which will
be discussed in the section 3.2.
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Figure 3.11. SEM micrographs of SAN + CNT (A-D) and SAN + IL + CNT (E-H) fibers.
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3.2 CNT grafting with SAN for electrospinning

Reactive melt blending was chosen as an appropriate grafting technology for the
creation of SANm-g-CNTs. This research method, which was proposed by J.-H.
Shi, et al. was modified: unnecessary steps were removed, solvents changed to
more efficient, time-consuming filtering was replaced with quick and effective
centrifugation. Finally, this new procedure (see section 2.2) was developed for the
production of SANm-g-CNTs, which has even more chances to be adopted by the
industrial field.

In this section, the creation of covalent bond between CNT's and SAN is discussed.
FT-IR, "H NMR, TGA and TEM were used to confirm the covalent bonds between
SANm and CNTs. After the CNT surface modification, the obtained nanotubes
were effectively dispersed into SAN in DMSO solution and electrospun.
Solutions, prepared with different methods and obtained membranes were
carefully studied for electrical, rheological and mechanical properties. All results
are presented and compared to unmodified CNTs. The section 3.2 is based on
article III.

3.2.1 Characterization of SANm and SANm-g-CNTs

There are a few methods for the preparation of oxazolines by the utilization of
amino alcohols. The simplest and cost-efficient method usually involves the
reaction of amino alcohol and carboxylic acid [95]. A literature survey showed
that at temperatures below 200°C, the rate of a linking reaction is insufficient [96].
At higher temperatures, it was reasonable to make a reaction of SAN attachment
to CNTs surface in a melt. The decomposition temperature of SAN is 375°C. SAN
is also a thermoplastic polymer. These two properties, in addition to amino
functional group, make it a perfect polymer for grafting reaction on CNT-COOHs
in a compounder at high temperature.

At first, cyano groups of SAN polymer molecules were reacted with AE in
presence of Zn(Ac), catalyst. The SANm or oxazoline-modified polymer was
formed through this reaction. In order to confirm the formation of oxazoline
group, FT-IR spectra of SAN and SANm were recorded and compared (see the
Fig. 3.12). The peaks of the mono-substituted C=C bond of the aromatic ring of
styrene at 1601 cm™ and C=N bond of acrylonitrile functional group at 2237 cm’
!are present in both spectra of SAN and SANm [84]. But, SANm spectra have an
additional strong peak at 1664 cm’, corresponding to expected oxazoline
functional group (vibration of N=C bond). This confirms the formation of new
bonds in the SAN molecule [82].

After the oxazoline group forms, the CNT-COOHs were immediately added to
SANm in compounder. Grafting reactions between oxazoline groups of SANm
and carboxylic groups of nanotubes took place to form covalent bonding and
cover CNTs with polymer molecules (see Fig. 3.15). "H NMR was performed for
SANm-g-MWCNTs to confirm the reaction between SANm oxazoline group and
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carboxylic group on the surface of carbon nanotubes (see Fig. 3.13). The styrene
aromatic protons between 6.84 and 7.17 ppm are clearly identifiable.
Unfortunately, the solvent peaks are overlapping the acrylonitrile peaks around
2.0-3.5 ppm. Regardless, the signal from styrene units shows, after extensive
purification steps, that a grafting reaction took place and the CNTs’ surface is
covalently coated with SANm.
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Figure 3.12. FT-IR spectra of SAN (solid line) and SANm (dotted line) (article I11).

To characterize the thermal behavior of SAN, SANm, CNT-COOHs, and SANm-
g-CNTs to determine the amount of SANm grafted onto CNT-COOHs, TGA was
performed (see Fig. 3.14). The TG curve of CNT-COOHs shows a continuous
decomposition with the increase of temperature. The same is true for the SANm-
g-CNTs at the temperature above 445°C. The continuous decomposition of the
SANm-g-CNTs at the temperatures above 445°C can be explained by the
decomposition of unreacted -COOH groups on the CNTs and impurities that the
CNT-COOHs sample contained. SAN starts to decompose at 375°C and loses its
weight completely at 445°C [97]. SANm TG curve is very similar to SAN curve,
despite this, SANm starts to decompose at 360°C. The modification reaction of
SAN into SANm changed the degradation pathway of polymer molecules and
induced decomposition at a lower temperature. In case of SANm-g-CNTs, weight
loss starts at the same temperature as SANm, 360°C. This is attributed to the
grafted SANm onto the CNTs. The SAN polymer content on the CNTs is about
35 wt%, as estimated by TGA.
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Figure 3.14. TG curves for SAN, SANm, CNT-COOHSs and SANm-g-CNTs (article I11).

TEM microscopy analysis was performed to confirm the existence of a SANm
layer on the CNT surface (see the Fig. 3.15). After CNT grafting with SANm the
structure of nanotubes takes a core and shell structure where inside layer is
nanotube and outside layer is modified polymer. From the Fig. 3.15, the graphite
sheet structure of the inner layer of SAN-g-CNT can be clearly observed. The
polymer layer thickness on CNT is near 8 nm.
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Figure 3.15. TEM micrographs of SANm-g-CNTSs (article 11).

3.2.2 Effect of CNT grafting with SANm on properties of electrospinning
solutions

First, the solution electrical conductivity dependence on the addition of different
CNTs and solution preparation method will be discussed. In mechanically mixed
solutions, an increase of the electrical conductivity was observed with the addition
of CNTs for almost twice compared to pure polymer solutions (see the Fig. 3.16).
This is due to the excellent electrical properties of CNTs, which improve the
electrical conductivity of polymer solutions.

A difference between mechanically and ultrasonically mixed solutions was
discovered. The ultrasonic treatment was used for improving the dispersion of
CNTs into polymer solutions. The Fig. 3.16 shows, that the application of
ultrasonic treatment increases the electrical conductivity of the solutions
compared to mechanically mixed in IL-free systems. The ultrasonication reduces
the size and amount of nanotube agglomerates thus helping to enhance the
electrical conductivity of the polymer solution [98].

In the article II [99], the positive impact of IL addition on the dispersion of CNTs
into electrospinning solutions is discussed. The IL acts as a dispersive agent for
CNTs. The size and amount of the agglomerates of the CNTs were reduced with
the addition of IL into electrospinning solutions. For this reason, the IL was added,
and the same series of the solutions prepared. It was found that addition of IL
increases the electrical conductivity of all solutions by three orders of magnitude
(see Fig. 3.16) compared to IL-free solutions. This phenomenon is caused by the
ionic nature of IL molecules, which was previously discussed in the section 3.1.2.

It was also found that ultrasonic treatment reduces electrical conductivity of SAN
in DMSO + IL electrospinning solutions compared to IL-free series. The decrease
in electrical conductivity after ultrasonication can be explained by the decrease of
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electrical conductivity of IL during ultrasonication. The initial electrical
conductivity of the IL was 78.3 pS/cm and after 3h of ultrasonication, it reduced
to 71.1 uS/cm. The decrease of the electrical conductivity of the IL is caused by
oxidative degradation of IL under ultrasonication, which is discussed below [100].

50

E 42.5

2 40 37.5

z

=

g 30 26.6

=}

g

S 20

= .

E 10 8.89

= 0.835 1.635 1.666 1.602

2 0 — | — 1  —

=

S SANin DMSO SANinDMSO SANin DMSO SAN in DMSO
+CNT +CNT-COOH  + SANm-g-CNT

OMechanically mixed solutions OUltrasonically mixed solutions

1800 1759

1700

1600

1500

1400

1300

Solution electrical conductivity (uS/cm)

SAN in DMSO SAN in DMSO SANin DMSO SAN in DMSO
+ CNT + CNT-COOH + SANm-g-CNT

@ Mechanically mixed solutions with IL. B Ultrasonically mixed solutions with IL

Figure 3.16. Solution electrical conductivity dependence on the addition of different CNTSs,
IL and solution preparation method (article 111).

The literature review and personal experience showed that morphology and
consequently mechanical properties of electrospun membrane strongly depend on
rheological properties of the electrospinning solutions, especially on viscosity. To
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evaluate the influence of CNT grafting with the polymer on the solutions, the
viscosity was measured at the 100/s shear rate. Results are presented in the Table
3.1.

Table. 3.1. Viscosity of solutions (Pa-s, article IlI).

Mechanically | Ultrasonically
mixed mixed

SAN in DMSO 2.26 2.12

SAN in DMSO + CNT 291 2.90

SAN in DMSO + CNT-COOH 231 1.90

SAN in DMSO + SANm-g-CNT 2.50 1.91

SAN in DMSO + IL 0.79 3.58

SAN in DMSO + CNT + IL 2.81 4.93

SAN in DMSO + CNT-COOH + IL 0.87 3.86

SAN in DMSO + SANm-g-CNT +IL | 5.80 3.23

A decrease of the solution viscosity was observed in SAN in DMSO, SAN in
DMSO + CNT and SAN in DMSO + CNT-COOH solutions with the addition of
IL into mechanically mixed solutions. It was previously discussed in the section
1.2.2, that imidazolium ILs can be used to re-bundle the agglomerated CNTs.
“Cation-1t” interactions between imidazolium ions and a large n-electronic surface
of CNTs causes the CNTs to re-bundle [58]. With the addition of the IL into
solution, the strong n-m interactions of CNTs are shielded due to the large
dielectric constant of ILs that prevent exfoliated CNTs and smaller agglomerates
from aggregation [58]. As the dispersion of CNTs into polymer solution was
improved by adding the IL the viscosity of mechanically mixed solutions also
decreased. Z.Fan and S.G.Advani found the same phenomenon while the study of
the rheology of MWCNTs suspensions [101]. The viscosity is known as a fluid's
resistance to flow. The viscosity of pure IL is lower compared to the viscosity of
SAN in a DMSO solution. For this reason, it acts as a lubricant in solutions. The
decrease of the viscosity of the solutions with the addition of IL can be also
explained by the decrease of intermolecular interactions resulting from IL dilution
in DMSO [89].

Alternatively, the viscosity of the mechanically mixed solution with SANm-g-
CNTs increases with the addition of IL. This effect can be explained by covalent
grafting of CNTs by the polymer. During current research, it was found that
[Bmim]Cl has poor compatibility with SAN and SANm: pure SAN and SANm
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do not dissolve in pure IL. Due to this fact, IL ions can reach only the ungrafted
surface of SANm-g-CNTs. Therefore, IL cannot play the role of dispersant for
solutions with SANm-g-CNTs. For the current moment, no explanation was found
for this phenomenon. No relevant literature was found for a better explanation of
interactions between SAN and SANm, SAN and IL, or SANm and IL. More
precise rheological research is needed to explain this effect.

The effect of ultrasonic treatment on electrospinning solutions viscosity will be
now discussed. In IL-free solutions, viscosity decreases after ultrasonication.
During the ultrasonic treatment, more energy is applied to solutions thus
increasing the dispersion of CNTs and consequently, a decrease of the viscosity
value is observed. The similar results were observed in the study of Y. Y. Huang
et al. in [50]. Authors found that high-energy ultrasonication during mixing
dispersed CNTs into a polymer matrix is better and consequently, the viscosity
reduces.

However, the opposite effect of ultrasonication was observed in all IL containing
solutions: the viscosity increases after ultrasonication. The reason may be in the
increase of viscosity of IL itself during ultrasonication. The viscosity of pure IL
before and after ultrasonication was measured. Obtained values are 0.97 and 1.38
Pa-s respectively. During the oxidative degradation under ultrasonication, some
ions are degraded. Consequently, not all degraded ions have lower mobility in
solution [100]. Due to this reason, the decrease of the electrical conductivity and
increase of the viscosity of IL containing solutions under ultrasonic treatment are
observed.

3.2.3 Effect of CNT grafting with SANm on properties of electrospun
membrane

First, it should be marked that electrospinning of mechanically mixed SAN in
DMSO + IL + CNT solution was not stable. No continuous fibers were produced
for the evaluation of membrane mechanical and electrical properties. Due to this
reason, this membrane is excluded from the further discussion.

The results of electrical conductivity measurements described in 3.1.4 were
confirmed: the electrical conductivity of all membranes without IL is below
nS/cm. Grafting of CNTs with SANm also did not affect the electrical
conductivity of SAN + SANm-g-CNTs membrane. Once again, the utilization of
IL increases the electrical conductivity of the membranes up to the uS/cm range.
It was noted that the electrical conductivity of mechanically mixed SAN + IL and
SAN + IL + SANm-g-CNT is almost the same.

The results that are more interesting were achieved by ultrasonic treatment: an
electrical conductivity decrease was observed in pure SAN + IL and SAN + IL +
CNT-COOH membranes (see Fig. 3.17). This can be caused by a decrease in
electrical conductivity of IL itself during ultrasonication. Alternatively, the
electrical conductivity of SAN + SANm-g-CNT membrane increased with the
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application of ultrasound as a mixing technique to the electrospinning solutions.
This phenomenon can be caused by the grafting of SANm on CNTs. SANm-g-
CNTs disperse easily compared to ungrafted ones due to the polymer which is
covalently bonded to CNTs surface. Better dispersion of CNTs ensures the
enhancement of the electrical conductivity of the electrospun membrane
overcoming the observed decrease in conductivity of IL itself.
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Figure 3.17. Membrane electrical conductivity dependence on addition of different CNTSs,
IL and solution preparation method (article 111).

The effect of CNTs grafting, IL and ultrasonic treatment on membrane mechanical
properties will be discussed. First, the effect of CNTs grafting by SANm on
membrane mechanical properties should be evaluated. The SAN membrane has
the lowest tensile stress at maximum load and modulus. With the addition of
different CNTs, the tensile stress and modulus of SAN membranes increase from
0.18 and 5.2 MPa up to 0.43 and 9.7 MPa for SAN + CNT, up to 1.31 and 41 MPa
for SAN + CNT-COOH, and up to 2.91 and 72 MPa for SAN + SANm-g-CNT,
respectively (see Fig. 3.18 and Fig. 3.19 mechanically mixed IL-free systems).
The addition of CNTs increases mechanical properties of electrospun membranes
due to the outstanding mechanical properties of CNTs [102]. Membranes with
CNT-COOHs and SANm-g-CNTs have higher tensile stress at maximum load and
modulus compared to the unmodified CNTs. According to the literature, all
functionalized CNTs provide higher strength than unmodified CNT due to the
better dispersion [103] in a certain matrix.

The effect of added IL on mechanical properties of membranes that was described
in 3.1.4. was confirmed. The tensile stress at the maximum load and modulus
diagrams on the Fig. 3.18 and the Fig. 3.19 show that in both preparation methods,
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mechanical and ultrasonic mixing, the improvement of mechanical properties was
achieved with the addition of IL. As an example, the membrane modulus of
mechanically mixed SAN + SANm-g-CNT system increased from 72 up to 420
MPa. The same behavior is true for ultrasonically mixed systems; the increase of
membrane modulus was from 110 up to 139 MPa. This is indirectly related to the
increase of electrical conductivity of electrospinning solutions, which was
described above in 3.1.4 and deeply evaluated by X.-L. Xie et al. in [99].
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Figure 3.18. Membrane tensile stress dependence on the addition of different CNTSs, IL
and solution preparation method (article I11).

The impact of ultrasonication on mechanical properties of obtained membranes is
also shown in the Fig. 3.18 and Fig. 3.19. The tensile stress at maximum load and
modulus of the membrane increases drastically with the utilization of ultrasound
in IL-free solutions preparation. A higher amount of energy is applied to polymer
solution during ultrasonication, which provides better dispersion of CNTs into the
polymer matrix. Finally, a better load transfer to the filled network is achieved,
resulting in more uniform stress distribution, which in turn enhance the
mechanical properties of the composite polymer membrane [82, 4].

During the current study, the opposite effect of ultrasonication was found for
polymer-grafted CNTs in presence of IL. It was found that the behavior of SAN
+ IL + SANm-g-CNT system is opposite to other ones: ultrasonication caused a
decrease of the tensile stress and modulus of the membrane. This can be explained
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by CNTs grafting with SANm. In case of ungrafted nanotubes, IL can easily cover
the CNTs. The application of the ultrasound enhances the dispersion of
unmodified CNTs and CNT-COOHs. IL is connected to CNTs surface in those
systems. For example, during fiber formation when the solvent is evaporated, in
dry SAN + IL + CNT and SAN + IL + CNT-COOH membranes IL is distributed
on the surface of CNTs and connected by discussed above “cation-n” interactions.
Nevertheless, in SAN + IL + SANm-g-CNTs membranes separate nanotubes are
covalently bonded to the polymer. This means that the surface of the separate
CNTs is fully or partially covered with the modified SAN. Due to this reason, the
IL cannot reach the CNT surface fully and play a role of dispersant and the
opposite effect appears during ultrasonic mixing in SAN + IL + SANm-g-CNT
system.
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Figure 3.19. Membrane modulus dependence on addition of different CNTs, IL and
solution preparation method (article I1).

In case of SAN + IL + SANm-g-CNT, the system with two polymers, which are
very close but not identical, is formed. Both SAN and SANm do not dissolve in
IL. During ultrasonication, a more homogeneous distribution of SAN, IL, and
SANm-g- CNTs is achieved in the solution. This means that in the dry SAN + IL
+ SANm-g-CNT membrane IL is distributed more homogeneously, compared to
the membrane electrospun from the mechanically mixed solution. As IL cannot
stay on the surface of SANm-g-CNTs, more stress location sites appear in the

53



fiber after ultrasonication of the electrospinning solution. This can cause the
decrease of SAN + IL + SANm-g CNTs membrane mechanical properties after
ultrasonication of electrospinning solution. Unfortunately, no relevant literature
about SAN(SANm)/IL fiber structure after mechanical stress was found to prove
this theory. A deeper study of SAN(SANm)/IL membranes behavior and structure
under mechanical stress is needed to experimentally confirm this theory.

Finally, it can be concluded, that the best mechanical and electrical properties were
achieved by utilization of SANm-g-CNTs and IL. Membrane mechanical
properties increased by two orders of magnitude compared to SAN membranes.

In comparison to membranes with unmodified CNTs and CNT-COOHs, the
increase was two times in average. From one point of view the IL and SANm-g-
CNTs together enhance the electrical conductivity of the electrospinning solution
and affect membrane morphology and mechanical properties of the membrane.
From another point of view, the covalent bonding of SANm to CNT-COOHs
provides better dispersion of CNTs into the polymer matrix. A uniform load
transfer in the final product is reached through this and the material strength
properties are enhanced.

The morphology of the obtained fibers was carefully studied by SEM. Illustrative
pictures are presented in the Fig. 3.20 and in the Fig. 3.21. The average fiber
diameter was calculated (see the Fig. 3.22) and the dependence of the average
fiber diameter in the addition of different CNTs, IL and the application of different
mixing techniques was analyzed. Ultrasonication was found to have certain
effects on fiber morphology. In IL-free membranes, smoother fibers of lower
average diameter can be produced with the ultrasonic mixing of electrospinning
solutions. This is explained by an increase of the the solution’s electrical
conductivity. However, as evident from Fig. 3.22, in case of IL containing
solutions, the effect of ultrasound on fiber average diameter is weaker compared
to IL-free systems. Comparing membranes with and without IL shows that the
addition of IL decreases fiber average diameter. It should be also marked that SAN
and SAN + SANm-g-CNT membranes average diameter dependence on the
addition of IL and ultrasonic treatment is the same: a systematic decrease. This
can be explained by the formation of a covalent bond in SANm-g-CNTs between
CNTs and SANm, which helps the CNTs act as integrated part of polymer solution
during electrospinning.
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Figure 3.20. SEM micrographs of SAN fibers with different CNTs electrospun from
mechanically (A-D) and ultrasonically (E-H) mixed solutions (article I11).
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Figure 3.21. SEM micrographs of SAN fibers with IL and different CNTs electrospun from
mechanically (A-D) and ultrasonically (E-H) mixed solutions (article I1I).
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Figure 3.22. Fiber average diameter dependence on the addition of different CNTs, IL and
solution preparation method (article I1).

During the current research, it was also found that obtained fibers have a porous
structure (see Fig. 3.20 and Fig 3.21) which means that volume to weight ratio
increases as well. According to the literature review, porous fibers can be formed
using phase separation [104]. If the electrospinning solution contains a volatile
solvent, rapid solvent evaporation occurs and pores appear in the fiber structure
as the solvent-rich phase is dried out [105, 106]. In this research, the DMSO was
used as a solvent for SAN in electrospinning experiments to prevent this. It has
opposing properties, high boiling point and low evaporation speed [107], which
make electrospinning of SAN continuous. However, as it is a poor solvent for
SAN, a porous structure was obtained. It was not the main aim of this research,
but as high porosity is desirable in several applications such as healthcare, energy,
environmental engineering and biotechnology, defense and security, the potential
application field list for the obtained mats is wider now due to the porous structure
of the fiber surface [106].
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CONCLUSIONS

Concluding from the research carried out in this thesis, the main outcomes are
presented in next paragraphs.

For the electrospinning process, DMSO was chosen as an appropriate solvent for
SAN spinning. Because of its low evaporation rate and high boiling temperature
the electrospinning process was continuous unlike with 1,2-DCE. Also, solutions
with DMSO can be electrospun at higher polymer concentrations compared to
1,2-DCE, which is always preferable from an environmental point of view. At
higher polymer concentrations, the fibers have more uniform less-beaded
cylindrical shape.

The influence of IL on the SAN solution properties as electrical conductivity and
viscosity of the SAN + (0-20%)IL solutions was investigated. The electrical
conductivity increases linearly because of the conductive nature of IL. The results
of electrical conductivity measurements showed that IL effects stronger electrical
conductivity of solutions with DMSO. Despite low electrical conductivity of IL
itself, which is 78.3 uS/cm, the electrical conductivity of SAN in 1,2-DCE
solutions increases up to 272 pS/cm at 19% of IL. With the addition of 20% of
the IL into SAN in DMSO solution, the electrical conductivity increased up to
1698 uS/cm. The addition of IL into SAN solutions caused a decrease of the
viscosity of solutions. However, at all IL concentrations, the viscosity of solutions
with DMSO is almost 10 times higher compared to solutions with 1,2-DCE. The
described differences of solution electrical conductivity and viscosity are caused
by different chemical and physical properties of solvents and, as a consequence,
their intermolecular interactions with SAN and IL.

The IL and its concentration have a notable effect on the morphology of
electrospun fibers. No solvent beads were observed with concentrations >1.5% of
IL. The biggest effect of [Bmim]Cl was observed on fiber morphology. With the
addition of 0.5% of IL fiber diameter decreases by almost half and at 20% of IL,
it reduces seven times compared to pure SAN fibers.

The impact of CNTs on the properties of SAN polymer solutions and membranes
with and without IL was studied. CNTs increase viscosity in both solution types,
with and without IL. Nevertheless, the viscosity of SAN in DMSO + IL + CNT is
lower at the same CNTs concentrations compared to SAN in DMSO + CNT
solutions.

As for membranes, it was found that CNTs have different impacts on the electrical
conductivity, the tensile stress and fiber morphology of SAN + CNT and SAN +
IL + CNT membrane. The electrical conductivity of all SAN + CNT membranes
is below nS/cm in the studied range. CNTs do not form any conductive network
in pure SAN fibers. The addition of IL creates a conductive network inside the
SAN fibers between separate CNTs and their agglomerates and assists the
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production of membranes with conductivity in pS/cm range. It was also found that
CNTs increase the tensile stress of the membrane only in presence of IL. The
highest tensile stress of 5.2 MPa was achieved at the CNTs concentration of 1%
in presence of IL. It was three times higher than the tensile stress of SAN
membrane, but only 0.3 MPa higher comparing to SAN + IL membrane. However,
SEM investigation showed that both types of membranes, with and without IL,
contain beads at CNTs concentrations over 1.5%. Membranes of SAN + CNT
showed no dependence of fiber diameter on the concentration of CNTs.
Alternatively, there was a marked clear relation between CNT concentration and
fiber average diameter in SAN + IL + CNT membranes. The fiber diameter
decreases up to 290 nm at 1% CNTs and increases above this concentration. This
is caused by the relation of solutions viscosity, electrical conductivity and applied
force during electrospinning.

For increasing the efficiency of CNTs as a reinforcing filler, it was decided to
graft their surface with SAN polymer. For this purpose, SAN was modified by
reactive melt blending with an oxazoline group to SANm and attached covalently
to CNTs surface in a one-step blending procedure. FT-IR confirmed the presence
of the oxazoline group. A strong peak at 1664 cm-1 in SANm corresponding to
the expected oxazoline functional group (vibration of N=C bond). '"H NMR and
TEM confirmed the presence of SANm on the surface of CNTs. According to
TGA results, it was estimated that polymer content on the CNTs is about 35wt%.
In addition, a modification reaction of SAN into SANm changed the degradation
pathway of polymer molecules and induced decomposition at a lower
temperature. The process yield was 55%. It should be also marked that proposed
method for grafting of CNTs by SANm has many advantages compared to
previously reported in literature procedures. It is simple, time efficient and can be
easily adopted by industry.

SANm-g-CNTs were effectively dispersed into SAN in DMSO as well as SAN in
DMSO + IL solutions and electrospun. Two different methods for solution
preparation, mechanical and ultrasonic, were used and compared. Electrospun
membranes were studied for electrical and mechanical properties. IL increased
solution electrical conductivity by three orders of magnitude on average.
Ultrasonic treatment increases solutions electrical conductivity in all IL-free
systems because of enhanced dispersion. However, with the application of the
ultrasonic treatment to IL containing solutions, the electrical conductivity of all
solutions decreased, which can be caused by a decrease in the conductivity of IL.
Viscosity measurement showed that SANm-g-CNTs do not cause the significant
change in polymer solution viscosity. This is very important for electrospinning
process, as solution processing strongly depends on viscosity values.

The highest mechanical strength was achieved in membranes with SANm-g-
CNTs. The membrane tensile stress at maximum load and modulus were 16 and
14 times higher compared with pure SAN membrane and 7 times higher compared
to ungrafted CNTs and CNT-COOHSs. Even more, during the current research, an
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increase of mechanical strength of two orders of magnitude was achieved by the
combination of a grafting method and ultrasonic treatment, which is a very
promising result. It was also discovered that the electrical conductivity of SAN
membranes could not be increased by only the addition of CNTs. The IL is needed
to produce membranes with the electrical conductivity of at least uS/cm range.
The last one was achieved by the addition of IL and SANm-g-CNTs with the
application of an ultrasonic treatment.

In general, it can be concluded that a combined approach is needed to create
SAN/CNTs conductive reinforced membranes. CNTs should be covalently
grafted with relevant polymers for effective load transfer between CNT and
polymer matrix in final membrane. Conductive additive is needed to create
linkages between separate CNTs or their agglomerates inside the electrospun
fiber. Finally, ultrasonic treatment is needed to enhance the dispersion of CNTs,
IL and as a consequence mechanical and electrical properties of the composite
membrane.
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ABSTRACT

Electrospinning of a polymer membrane reinforced with carbon nanotubes.

The aim of the current research was to electrospin a reinforced composite polymer
membrane. SAN polymer was chosen from the variety of different polymers as a
matrix polymer and CNTs were used as the functional additive. CNTs are often
utilized for improvement of material properties such as strength, electrical and
thermal conductivity for special applications. However, literature survey and
personal experience showed there are several problems with CNTs used as filler.
For example, poor dispersion of CNTs into the polymer solution and weak
interfacial adhesion between CNTs and polymer matrix. The first is limited by
agglomeration of CNTs and the second causes inefficient load transfer between
the matrix polymer and the CNTs inside the fiber.

In the current dissertation, different approaches were applied to overcome the
named problems to achieve the aim. Ultrasonication was applied as a powerful
mixing technique to achieve a better distribution of CNTs in electrospun fibers.
The IL was used as a functional additive, which improved dispersion of CNTs and
created conductive linkages between CNTs. Finally, a new covalent grafting
method of CNTs with modified SAN polymer was developed to enhance CNT
dispersion and improve interfacial adhesion between CNTs and polymer matrix.

The dissertation is based on three publications. The thesis composes a literature
overview, experimental, results, and discussion sections.

In the literature overview, the audience can read about electrospinning and
utilization of CNTs. In the subsection dedicated to principles of electrospinning
with the scheme of typical setup, variables and their influence on fiber
morphology as well as properties and application of electrospun fibers are
presented. In the subsection related to CNTs structure, properties and application
are briefly described. More attention is given to dispersion methods, especially to
the utilization of dispersive agents and the modification of CNTs by the polymer.
In the experimental part, all used materials, electrospinning variables, solution
preparation conditions, and samples characterization methods are fully described.
In addition, a full scheme and a description of new modified SAN grafting to
CNTs method are presented.

The section with results and discussion is divided into two subsections. First, a
solution optimization procedure is discussed. Based on the solution and
membrane properties such as viscosity, electrical conductivity, and the tensile
stress, 20% SAN in DMSO with the addition of 1% of the CNTs and 20% of IL
were chosen as optimal concentrations. Secondly, an evidence of formation of
covalent bonds between modified SAN and CNTs by reactive melt blending are
presented. TGA, '"H NMR, FT-IR and TEM results are discussed. Finally, the
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effect of IL, CNTs grafting by polymer and utilization of ultrasonication for better
CNTs dispersion is deeply discussed.

An outcome of the thesis is an electrospun reinforced SAN/SANm-g-CNTs
composite membrane, produced by a combined method. Ultrasonication was used
for better dispersion of CNTs, IL — for enhancement of membrane electrical
conductivity and CNTs grafting by polymer — for better load transfer between the
polymer matrix and CNTs under load. In addition, a new method for the
preparation of polymer grafted CNTs was developed. Novel “grafting to” process
is simpler, less time consuming and can be easily adopted by industry compared
to the previously proposed methods.
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KOKKUVOTE

Siisinik nanotorudega tugevdatud poliimeerse membraani elektroketrus

Antud uurimisto6 pohieesmérk oli elektrokedrata tugevdatud poliimeerne
komposiitmembraan. SAN (stiireen-akriiiilnitriilkopoliimeer) oli valitud
maatriksiks ja CNT-sid (siisiniknanotorusid) kasutati funktsionaalse lisandina.
CNT-sid kasutatakse tihti selliste materjalide omaduste parendamiseks nagu
tugevus, elektri- ja soojusjuhtivus. Seevastu kirjanduse iilevaade ja isiklik
kogemus néitasid, et CNT-de kasutamisel lisandina on mdned raskused, néiteks
CNT-de kehv dispersioon poliimeeri lahuses ja ndrk faasidevaheline adhesioon
CNT-de ja poliimeerse maatriksi vahel. Esimene probleem on selgitatav CNT-de
aglomeratsiooniga, aga teine pdhjustab kiu sees ebaefektiivset koormuse
iilekandmist poliimeerse maatriksi ja CNT-de vahel.

Kéesolevas doktoritods on nimetatud raskuste {iletamiseks ja eesmérgi
saavutamiseks kasutatud erinevad ldhenemisviise. Ultraheli oli rakendatud kui
voimsat segamismeetodit, et saavutada CNT-de paremat jaotumist
elektrokedratud kius. IL-i (ioonvedelikku) kasutati funktsionaalse lisandina, mille
iilesandeks oli parandada CNT-de dispergeerimist ja luua CNT-de vahel juhtiv
vorgustik. Lopuks todtati vilja uus meetod kovalentse sideme loomiseks CNT-de
ja modifitseeritud SAN poliimeeri vahel selleks, et suurendada faasidevahelist
adhesiooni.

Antud doktorit6d pohineb kolmel publikatsioonil. Viitekiri koosneb kirjanduse
iilevaatest, eksperimentaalsest ja tulemusi kokkuvotvast osast.

Kirjanduse {ilevaates on kirjeldatud elektroketruse meetodit ja CNT-de
kasutamise voOimalusi. Elektroketruse pShimottele pithendatud alajaotises on
esitatud tiiiipilise elektroketrusseadme skeem, elektroketrust mojutavad faktorid
janende moju kiu morfoloogiale. Samas alajaotises on kirjeldatud elektrokedratud
membraanide kasutamisalasid. CNT-dega seotud alajaotises on esitatud CNT-de
struktuur, nende kasutamisalad ja omadused. Suurem téhelepanu on podratud
CNT-de dispergeerimise meetoditele, dispergeerumist parandavate lisandite
kasutamisele ja CNT-de modifitseerimisele poliimeeriga. Eksperimentaalses osas
on taielikult kirjeldatud koik kasutatud kemikaalid, elektroketruse tingimused,
lahuste valmistamise meetodid, lahuste ja membraanide uurimismeetodid. Samas
jaotises on esitatud uus meetod kovalentse sideme loomiseks CNT-de ja
modifitseeritud SAN poliimeeri vahel ning selle meetodi detailne skeem ja
kirjeldus.

Tulemusi kokkuvéttev osa on jagatud kolmeks alajaotiseks. Esmalt on kasitletud
lahuste parameetrite optimiseerimist. Lahuste ja membraanide omadusi on
selgitatud ldhtuvalt viskoossusest, elektrijuhtivusest ja tdmbetugevusest. Leiti, et
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parim lahuse koostis on 20% SAN poliimeeri lahustatuna dimetiiilsulfoksiidis
koos 1% CNT-de ja 20% IL lisandiga. Teises alajaotises on esitatud tdestus
modifitseeritud SAN-i ja CNT-de vahel kovalentse sideme moodustumise kohta.
TGA (termogravimeetriline analiiiis), "H NMR (tuuma magnetresonants), FT-IR
(Fourier’ infrapunaspektroskoopia) ja TEM (ldbilaske-elektronmikroskoopia)
analiilisi tulemusi on selgitatud. Viimases alajaotises on laialdaselt kasitletud IL-
i lisamise, CNT-de poliimeeriga katmise ja ultraheliga segamise moju.

Antud uurimist66d tulemuseks on elektrokedratud SAN/CNT komposiitne
membraan, mis oli valmistatud kombineeritud meetodi alusel. Ultraheliga
segamist kasutati ja IL lisati paremaks CNT-de dispergeerimiseks poliimeerses
maatriksis. CNT-d kaeti modifitseeritud poliimeeriga, et saavutada parem CNT-
de ja poliimeerse maatriksi vaheine adhesioon. Elektrokedratud membraanide
elektrijuhtivus saavutas tinu IL ja CNT-de lisamisele pS/cm taseme.
Viljatootatud CNT-de SAN-ga katmise meetod on lihtsam, kiirem ning to60stuses
kergesti rakendatav.

65



REFERENCES

(1]

(2]

(3]

(4]

(5]

(7]

(9]
[10]

[11]

[12]

[13]

Rutledge, G.C., Fridrikh, S.V. 2007. "Formation of fibers by
electrospinning." Advanced Drug Delivery Reviews, 59: 1384-1391.

Ramakrishna, S. 2005. An introduction to electrospinning and nanofibers.
Singapore: World Scientific Publishing Co. Pte. Ltd.

Huang, Z.-M., Zhang, Y.-Z., Kotaki, M., Ramakrishna, S. 2003. "A review
on polymer nanofibers by electrospinning and their applications in
nanocomposites." Composites Science and Technology, 8: 2223-2253.

Bhattacharya, M. 2016. "Polymer Nanocomposites—A Comparison
between Carbon Nanotubes, Graphene, and Clay as Nanofillers." MDPI,
9: 1-10.

Huang, C., Chen, S., Lai, C., Reneker, D.H., Qiu, H., Ye, Y., Hou, H. 2006.
"Electrospun polymer nanofibres with small diameters." Nanotechnology,
17: 1558-1563.

Bhardwaj, N., Kundu, S.C. 2010. "Electrospinning: A fascinating fiber
fabrication  technique." Biotechnology = Advances, 325-347.
doi:10.1016/j.biotechadv.2010.01.004.

Boys, C.V. 1887. "On the Production, Properties, and some suggested Uses
of the Finest Threads." Proceedings of the Physical Society, 9: 8-19.
doi:10.1088/1478-7814/9/1/303.

Cooley, J.F. 1902. US Patent US692631 A.
Morton, W.J. 1902. US Patent US705691 A.
Electrospinning — Elsevier. "www.scopus.com” (Online: 08.12.2016)

Mitchell, G.R. 2015. Electrospinning. Principles, practice and
possibilities. The royal Society of Chemistry.

Taylor, G. 1969. "Electrically driven jets." Proceedings of the Royal
Society Series A, 313: 453-475.

Theron, A., Zussman, E., Yarin, A.L. 2001. "Electrostatic field-assisted
alignment of electrospun nanofibres." Nanotechnology, 12: 384-390.

66



[14]

[20]

[22]

[24]

Shenoy, S.L., Bates, W.D., Frischb, H.L., Wnek, G.E. 2005. "Role of chain
entanglements on fiber formation during electrospinning of polymer
solutions: good solvent, non-specific polymer—polymer interaction limit."
Polymer, 25: 3372-3384.
(doi:http://dx.doi.org/10.1016/j.polymer.2005.03.011.)

Manas, C., Salil, K. R. 2007. Plastics Technology Handbook, fourth
edition. New York: Taylor & Francis Group, LLC.

Li, Z., Wang, C. 2013. One-dimensional nanostructures. Electrospinning
technique and unique nanofibers. Springer.

Andrady, A.L. 2008. Science and technology of polymer nanofibers. New
Jersey: John Wiley & Sons, Inc.

Qin, Y. 2010. Micro-Manufacturing Engineering and Technology. Oxford:
William Andrew.

Tripatanasuwan, S., Zhong, Z., Reneker, D.H. 2007. "Effect of evaporation
and solidification of the charged jet in electrospinning of poly(ethylene
oxide) aqueous solution." Polymer, 26: 5742-5746.
doi:http://dx.doi.org/10.1016/j.polymer.2007.07.045.

Subbiah, T., Bhat, G. S, Tock, R. W., Parameswaran, S., Ramkumar, S. S.
n.d. "Electrospinning of Nanofibers." Journal of Applied Polymer Science,
96: 557-569.

Huang, Z.-M., Zhang, Y .-Z., Kotaki, M., Ramakrishna, S. 2003. "A review
on polymer nanofibers by electrospinning and their applications in
nanocomposites." Composites Science and Technology, 63: 2223-2253.

Reneker, D.H., Yarin, A.L., Zussman, E., XU, H. 2007. "Electrospinning
of Nanofibers from Polymer Solutions and Melts." Advances in Applied
Mechanics, (41): 43-195, 345-346.

Cramariuc, B., Cramariuc, R., Scarlet, R., Manea, L. R., Lupu, G. I,
Cramariuc, O. 2013. "Fiber diameter in electrospinning process." Journal
of Electrostatics, 71 (3): 189-198.

Huang, L., Bui, N.-N., Manickam, S.S., McCutcheon, J.R. 2011.
"Controlling electrospun nanofiber morphology and mechanical properties
using humidity." Journal of Polymer Science Part B-Polymer Physics, 49
(24): 1734-1744.

67



[25]

[26]

(27]

(28]

[31]

[32]

[33]

[34]

[35]

Chronakis, I.S. 2005. "Novel nanocomposites and nanoceramics based on
polymer nanofibers using electrospinning process—A review." Journal of
Materials Processing Technology, 167 (2-3): 283-293.

Raghavana, P., Zhaoa, X., Kima, J.-K., Manuel, J., Chauhana, G.S., Ahna,
J.-H., Nah, C. 2008. "Ionic conductivity and electrochemical properties of
nanocomposite polymer electrolytes based on electrospun poly(vinylidene
fluoride-co-hexafluoropropylene) with nano-sized ceramic fillers."
Electrochimica Acta, 54 (2): 228-234.

Wautticharoenmongkol, P., Sanchavanakit, N., Pavasant, P., Supaphol, P.
2005. "Preparation and Characterization of Novel Bone Scaffolds Based
on Electrospun Polycaprolactone Fibers Filled with Nanoparticles."
Macromolecular Bioscience, 6 (1): 70-77.

Shi, Q., Zhou, C., Yue, Y., Guo, W., Wu, Y., Wu, Q. 2012 "Mechanical
properties and in vitro degradation of electrospun bio-nanocomposite mats
from PLA and cellulose nanocrystals." Carbohydrate Polymers, 90: 301-
308.

Ilijima, S. 1991. "Helical Microtubules of Graphitic Carbon," Nature, 354:
56-58.

Saito, R., Dresselhaus, G., Dresselhaus, M.S. 1998. Physical properties of
carbon nanotubes. London: Imperial College Press.

Properties and Applications of Carbon Nanotubes — Nanoscience.
“www.nanoscience.com” (Online: 29.08.2017)

Eatemadi, A., Daraee, H., Karimkhanloo, H., Kouhi, M., Zarghami, N.,
Akbarzadeh, A., Abasi, M., Hanifehpour, Y., Joo, S.W. 2014. "Carbon
nanotubes: properties, synthesis, purification, and medical applications."
Nanoscale Research Letters, 9 (393): 1-13.

Donaldson, K., Poland, C.A., Duffin, R., Bonner, J. 2012. The Toxicology
of Carbon Nanotubes. Campridge: Cambridge University Press.

Low, I.M. 2006. Ceramic-Matrix Composites: Microstructure, Properties
and Applications. . Cambridge: Woodhead Publishing.

Zhang, R., Zhang, Y., Zhang, Q., Xie, H., Qian, W., Wei, F. 2013. "Growth
of Half-Meter Long Carbon Nanotubes Based on Schulz—Flory
Distribution." ACS Nano, 7: 6156—6161.

68



[36]

[37]

[38]

[39]

[40]

[41]

[46]

[47]

lijima, S., Ichihashi, T. 1993. "Single-shell carbon nanotubes of 1-nm
diameter" Nature, 363: 603-605.

Ando, Y., lijima, S. 1993. "Preparation of Carbon Nanotubes by Arc-
Discharge Evaporation." Journal of Applied Physics, 32: 107-109.

Che, G., Lakshmi, B.B., Martin, C.R., Fisher, R., Ruoff, R.S. 1998.
"Chemical Vapor Deposition Based Synthesis of Carbon Nanotubes and
Nanofibers Using a Template Method." Chemistry of Materials, 10 (1):
260-267.

Hsu, W.K., Terrones, M., Hare, J.P., Terrones, H., Kroto, H.W., Walton,
D.R.M. 1996. "Electrolytic formation of carbon nanostructures." Chemical
Physics Letters, 262 (1-2): 161-166.

Lebedkin, S., Schweiss, P., Renker, B., Malik, S., Hennrich, F., Neumaier,
M., Stoermer, C., Kappes, M.M. 2002. "Single-wall carbon nanotubes with
diameters approaching 6 nm obtained by laser vaporization." Carbon, 40
(3): 417-423.

Morales, A.M., Lieber, C. M. 1998. "A Laser Ablation Method for the
Synthesis of Crystalline Semiconductor Nanowires." Science, 279 (5348):
208-211.

Journet, C., Bernier, P. 1998. "Production of carbon nanotubes." Journal
of Applied Physics, 67: 1-9.

CNT Technology Overview — Nanoscience. “www.nanoscience.com”
(Online: 29.08.2017)

De Volder, M.F.L., Tawfick, S.H., Baughman, R.H., Hart, A.J. 2013.
"Carbon Nanotubes: Present and Future Commercial Applications."
Science, 339 (6119): 535-539.

Chou, T.-W., Gao, L., Thostenson, E.T., Zhang, Z., Byun, J.-H. 2010. "An
assessment of the science and technology of carbon nanotube-based fibers
and composites." Composites Science and Technology, 70 (1): 1-19.

Wu, Z. et al. 2004. "Transparent, conductive carbon nanotube films."
Science, 305 (5688): 1273 -1276.

Tans, S.J., Verschueren, A.R.M., Dekker, C. 1998. "Room-temperature
transistor based on a single carbon nanotube." Nature, 393 (6680): 49 -52.

69



(48]

[49]

[52]

[53]

[54]

[56]

Huang, Y.Y., Terentjev, E.M. 2012. "Dispersion of Carbon Nanotubes:
Mixing, Sonication, Stabilization, and Composite Properties." Polymers,
4:275-295.

Villmow, T., Pétschke, P., Pegel, S., Hiussler, L., Kretzschmar, B. 2008.
"Influence of twin-screw extrusion conditions on the dispersion of multi-
walled carbon nanotubes in a poly(lactic acid) matrix." Polymer, 49 (16):
3500-3509.

Huang, Y., Y., Ahir, S., V., Terentjev, E., M. 2006. "Dispersion rheology
of carbon nanotubes in a polymer matrix." Physical Review B, 73: 125422.

Osorio, A.G., Silveira, 1.C.L., Bueno, V.L., Bergmann, C.P. 2008.
"H,SO4/HNO3/HCl—Functionalization and its effect on dispersion of
carbon nanotubes in aqueous media." Applied Surface Science, 255: 2485—
2489.

Saito, T., Matsushige, K., K.Tanaka, K. 2002. "Chemical treatment and
modification of multi-walled carbon nanotubes." Physica B, 323: 280-283.

Hirsch, A., Vostrowsky, O. 2005. "Functionalization of Carbon
Nanotubes." Top Curr Chem, 245: 193— 237.

Datsyuk, V., Kalyva, M., Papagelis, K., Parthenios, J., Tasis, D., Siokou,
A., Kallitsis, 1., Galiotisa, G. 2008. "Chemical oxidation of multiwalled
carbon nanotubes." Carbon, 46: 833 — 840.

Vaisman, L., Wagner, H.D., Marom, G. 2006. "The role of surfactants in
dispersion of carbon nanotubes." Advances in Colloid and Interface
Science, 128-130: 37-46.

Weingirtner, H. 2008. "Understanding ionic liquids at the molecular level:
Facts, problems, and controversies." Angewandte Chemie International
Edition, 247: 654-670.

Greaves, T.L., Drummond, C.J. 2007. "Protic ionic liquids: Properties and
applications." Chemical Reviews, 108: 206-237.

Wang, J.Y., Chu, H.B., Li, Y. 2008. "Why single-walled carbon nanotubes
can be dispersed in imidazolium-based ionic liquids." ACS Nano, 2: 2540—
2546.

Bellayer, S., Gilman, J.W., Eidelman, N., Bourbigot, S., Flambard, X.,
Fox, D.M., and H.C., Trulove, P.C. de Long. 2005. "Preparation of

70



[66]

[68]

[69]

[70]

homogeneously dispersed multiwalled carbon nanotube/polystyrene
nanocomposites via melt extrusion using trialkyl imidazolium
compatibilizer." Advanced Functional Materials, 15: 910-916.

Shim, Y., Kim, H.J. 2009. "Solvation of carbon nanotubes in a room-
temperature ionic liquid." ACS Nano, 3: 1693—-1702.

Liu, P. 2005. "Modifications of carbon nanotubes with polymers."
European Polymer Journal, 41 (11): 2693-2703.

Wypych, G. 2012. Handbook of polymers. Toronto: GhemTec Publishing.

Chrisochoou, A., Dufour, D. 2003. Styrenic copolymers. Shrewsbury:
Smithers Rapra.

Hill, D.E., Lin, Y., Rao, AM., Allard, L.F., Sun, Y.P. 2002.
"Functionalization = of carbon nanotubes with  polystyrene."
Macromolecules, 35: 9466-9471.

Huang, W., Lin Y., Taylor, S., Gaillard, J., Rao, A.M., Sun, Y.P. 2002.
"Sonication-assisted functionalization and solubilization of carbon
nanotubes." Nano Letters, 2: 231-234.

Lou, X., Detrembleur, C., Sciannamea, V., Pagnoulle, C., Jerome, R. 2004.
"Grafting of alkoxyamine end-capped (co)polymers onto multi-walled
carbon nanotubes." Polymer, 45: 6097-6102.

Xie, L., Xu, F., Qiu, F., Lu, H., Yang, Y. 2007. "Single-walled carbon
nanotubes functionalized with high bonding density of polymer layers and
enhanced mechanical properties of composites." Macromolecules, 40:
3296-3305.

Li, H., Cheng, F., Duft, A.M., Adronov, A. 2005. "Functionalization of
single-walled carbon nanotubes with well-defined polystyrene by “click”
coupling." Journal of the American Chemical Society, 127: 14518-14524.

Jung, Y.C., Sahoo, N.G., Cho, J.W. 2006. "Polymeric nanocomposites of
polyurethane block copolymers and functionalized multi-walled carbon
nanotubes as crosslinkers." Macromol Rapid Commun, 27: 126-131.

Koshio, A., Yudasaka, A.M., Zhang, M., lijima, S. 2001. "A simple way
to chemically react single-wall carbon nanotubes with organic materials
using ultrasonication." Nano Letters, 1: 361-363.

71



[71]

[73]

[74]

[75]

[76]

[78]

Yao, Z., Braidy, N., Botton, G.A., Adronov, A. 2003. "Polymerization
from the surface of single-walled carbon nanotubes—preparation and
characterization of nanocomposites." Journal of the American Chemical
Society, 125: 16015-16024.

Cui, J., Wang, W.P., You, Y.Z., Liu, C., Wang, P. 2004. "Functionalization
of multiwalled carbon nanotubes by reversible addition fragmentation
chain-transfer polymerization." Polymer, 45: 8717-8721.

Yoon, K.R., Kim, W.J., Choi, I.S. 2004. "Functionalization of shortened
single-walled carbon nanotubes with poly(p-dioxanone) by “grafting-
from” approach." Macromolecular Chemistry and Physics, 205: 1218-
1221.

Blond, D., et al. 2016. "Enhancement of modulus, strength, and toughness
in poly(methyl methacrylate)-based composites by the incorporation of
poly(methyl  methacrylate)-functionalised  nanotubes."  Advanced
Functional Materials, 16: 1608-1614.

Wang, X., Liu, H., Qiu, L. 2007. "Cationic polymerization of
tetrahydrofuran from multiple-walled carbon nanotubes: Preparation and
glass transition kinetics." Materials Letters, 61: 2350-2353.

Meng, Q.., Zhang, X.X., Wang, X.C. 2006. "Preparation and
characterization of poly-(1, 3-propylene glycol-hexanedioic acid)-
functionalized carbon nanotubes." High Performance Materials, 19: 451-
461.

Philip, B., Xie, J., Abraham, J.K., Varadan, V.K. 2004. "A new synthetic
route to enhance polyaniline assembly on carbon nanotubes in tubular
composites." Smart Materials and Structures, 13: N105-N108.

Funck, A., Kaminsky, W. 2007. "Polypropylene carbon nanotube
composites by in situ polymerization." Composites Science and
Technology, 67: 906-915.

Santhosh, P., Gopalan, A., Lee, K.P. 2006. "Gold nanoparticles dispersed
polyaniline grafted multiwall carbon nanotubes as newer electrocatalysts:
preparation and performances for methanol oxidation." Journal of
Catalysis, 238: 177-185.

72



[80]

[81]

[82]

[84]

[85]

(87]

(88]

[89]

Datsyuk, V., et al. 2007. "In situ nitroxide-mediated polymerized
poly(acrylic acid) as a stabilizer/compatibilizer carbon nanotube/polymer
composites," Journal of Nanomaterials, 2007: 74769.

Shanmugharaj, A.M., Bae, J.H., Nayak, R.R., Ryu, S.H. 2007.
"Preparation of poly(styrene-co-acrylonitrile)-grafted multiwalled carbon
nanotubes via surface-initiated atom transfer radical polymerization." J
Journal of Polymer Science Part A: Polymer Chemistry, 45: 460-470.

Shi, J.-H., Yang, B.-X., Goh, S.H. 2009. "Covalent functionalization of
multiwalled carbon nanotubes with poly(styrene-co-acrylonitrile) by
reactive melt blending." European Polymer Journal, 45: 1002-1008.

Huddleston, J.G., Visser, A.E., Reichert, W.M., Willauer, H.D., Broker,
G.A., Rogers, R.D. 2001. "Characterization and comparison of hydrophilic
and hydrophobic room temperature ionic liquids incorporating the
imidazolium cation." Green Chemistry, 3 (4): 156-164.

Hu, G.-H., Scaffaro, R., La Mantia, F. 1998. "Chemical Modification of
Nitrile to Oxazoline Functionality on a StyreneAcrylonitrile Copolymer in
the Melt." Journal of Macromolecular Science, Part A: Pure and Applied
Chemistry, 35: 457-474.

Ki, C.S., Baek, D.H., Gang, K.D., Lee, K.H., Um, I.C., Park, Y.H. 2005.
"Characterization of gelatin nanofiber prepared from gelatin—formic acid
solution." Polymer, 46: 5094-5102.

Lin, T., Wang, H., Wang, H., Wang, X. 2004. "The charge effect of
cationic surfactants on the elimination of fibre beads in the electrospinning
of polystyrene." Nanotechnology, 15: 1375-1381.

Pimenta, A.F.R. et al. 2012. "Electrospinning of Ion Jelly fibers."
Materials Letters, 83: 161-164.

Walker, M. 1992. DMSO: Nature’s Healer. New York: Avery Publishing
Group Inc

Yanfang, G., Tengfang, W., Dahong, Y., Changjun, P., Honglai, L., Ying,
H. 2011. "Densities and viscosities of the ionic liquid [C4mim][PF6]+
N,N-dimethylformamide binary mixtures at 293.15 K to 318.15 K."
Chinese Journal of Chemical Engineering, 16 (2): 256-262.

Seoul, C., Kim, Y.-T., Baek, C.-K. 2003. "Electrospinning of
poly(vinylidene fluoride)/dimethylformamide solutions with carbon

73



(91]

[92]

[94]

[95]

[96]

[97]

(98]

[99]

nanotubes." Journal of Polymer Science Part B Polymer Physics 41: 1572-
1577.

Papkov, D., Zou, Y., Andalib, M.N., Goponenko, A., Cheng, S.Z.D.,
Dzenis, Y. A. 2013. "Simultaneously strong and tough ultrafine continuous
nanofibers." ACSNano, 7: 3324-3331.

Zha, J-W., Sun, F., Wang, S-J., Wang, D., Lin, X., Chen, G., Dang, Z-M.
2014. "Improved mechanical and electrical properties in electrospun
polyimide/multiwalled carbon nanotubes nanofibrous composites."
Journal of Applied Physics, 116: 134104 (1-5).

Macossay, J., et al. 2014. "Imaging, spectroscopic, mechanical and
biocompatibility studies of electrospun Tecoflex® EG 80A nanofibres and
composites thereof containing multiwalled carbon nanotubes." Applied
Surface Science, 321: 205-213.

Xu, J., Xie, Y., Zhang, H., Ye, Z., Zhang, W. 2014. "Fabrication of
PLGA/MWNTs composite electrospun fibrous scaffoldsfor improved
myogenic differentiation of C2C12 cells." Colloids and Surfaces B:
Biointerfaces, 123: 907-915.

Frump, J., A. 1971. "Oxazolines. Their preparation, reactions, and
applications." Chemical Reviews, 71: 483-505.

Plackett, D. 2011. Biopolymers — New materials for sustainable films and
coatings. United Kingdom: Wiley.

Ma, Y., Pang, Y. 2015. "Mechanism Study on Char Formation of Zinc
Acetylacetonate on ABS Resin." Chinese Journal of Polymer Science, 33
(5): 772-782.

Lee, J., Kim, M., Hong, C., K., Shim, S., E. 2007. "Measurement of the
dispersion stability of pristine and surface-modified multiwalled carbon
nanotubes in various nonpolar and polar solvents." Measurement Science
and Technology, 18: 3707-3712.

Xie, X.-L., Mai, Y.-W., Zhou, X.-P. 2005. "Dispersion and alignment of
carbon nanotubes in polymer matrix: A review." Materials Science and
Engineering R, 49: 89-112.

[100] Gudkova, V., Mirtson, T., Rikko, M., Tarasova, E., Savest, N., Viirsalu,

M., Krumme, A. 2015. "1-butyl-3-methylimidazolium chloride assisted

74



electrospinning of SAN/MWCNTSs conductive reinforced composite
membranes." Journal of Electrostatics 78: 11-16.

[101] Ewa, M.S., Malgorzata, C., Stolte, S., Stepnowski, P. 2011. "Stability of
Ionic Liquids." Current Organic Chemistry, 15: 1974-1991.

[102] Fan, Z., Advani, S.G. 2007. "Rheology of multiwall carbon nanotube
suspensions.”" Journal of Rheology, 51: 585-604.

[103] Spitalsky, Z., Tasis, D., Papagelis, K., Galliotis, C. 2009. "Carbon
nanotube—polymer composites: Chemistry, processing, mechanical and
electrical properties." Progress in Polymer Science, 5: 357-401.

[104] Eren, O., Ucar, N., Onen, A., Karacan, I., Kizildag, N., Demirsoy, N.,
Vurur, O., Borazan, 1. 2016. "Effect of differently functionalized carbon
nanotubes on the properties of composite nanofibers." Indian Jorunal of
Fibre & Textile Research, 41: 138-144.

[105] Ramakrishna, S., Fujihara, K, Teo, W., E., Yong, T., Ma, Z., Ramaseshan,
R. 2006. "Electrospun nanofibers: solving global issues.," Materials
Today, 9: 40-50.

[106] Fiber physical structure - ElectrospinTech.
“www.electrospintech.com/porousfiber.html” (Online: 11.03.2017)

[107] Dayal, P., Kyu, T. 2006. "Porous fiber formation in polymer-solvent
system undergoing solvent evaporation." Journal of Applied Physics, 100:
043512-1.

[108] Katsogiannis, K., A., G., Vladisavljevic’, G., T., Georgiadou, S. 2015.
"Porous electrospun polycaprolactone (PCL) fibres by phase separation."

European Polymer Journal, 69: 284-295.

[109] Smallwood, I., M. 1996. Handbook of organic solvent properties. London:
Gray Publishing.

75






APPENDIX A

Article 1

Gudkova, V., Krumme, A., Mirtson, T., Rikko, M., Tarasova, E.,
Viirsalu, M. (2014). The impact of 1-butyl-3-methylimidazolium
chloride on electrospinning process of SAN polymer solutions and
electrospun fiber morphology. Journal of Electrostatics, 72,
433—436. (https://doi.org/10.1016/].elstat.2014.08.003)

77






Journal of Electrostatics 72 (2014) 433—-436

Contents lists available at ScienceDirect

Journal of Electrostatics

journal homepage: www.elsevier.com/locate/elstat

The impact of 1-butyl-3-methylimidazolium chloride on
electrospinning process of SAN polymer solutions and electrospun

fiber morphology

@ CrossMark

V. Gudkova’, A. Krumme, T. Martson, M. Rikko, E. Tarassova, M. Viirsalu

Department of Polymer Materials, Tallinn University of Technology, Tallinn, Estonia

ARTICLE INFO ABSTRACT

Article history:

Received 28 July 2014

Accepted 14 August 2014
Available online 2 September 2014

Keywords:
Electrospinning
Ionic liquid
SAN

Fiber
Morphology
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viscosity were measured and their effect on the obtained fibers morphology estimated.
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1. Introduction

Electrospinning is a fascinating fiber formation method that cre-
ates nanofibers through an electrically charged jet of polymer solution
or polymer melt [4]. The advantages of this fiber formation method
are high speed of process, low cost, easy application in production,
continuous fiber, easy to achieve nanoscale diameter, flexibility in
process parameters [3]. The electrospinning process is governed by
many parameters, classified broadly into solution parameters, process
parameters, and ambient parameters. Solution parameters include
viscosity, conductivity, molecular weight, and surface tension [2]. It
was found from the literature that each of these parameters signifi-
cantly affect the fiber morphology obtained as a result of electro-
spinning, and by proper manipulation of these parameters we can get
nanofibers of desired morphology and diameters [2].

Nanofibrous materials produced by electrospinning have many
extraordinary properties, such as very large surface area to volume
ratio, flexibility in surface functionalities, and superior mechanical
performance (e.g. stiffness and tensile strength) compared with any
other known form of the materials [1]. These outstanding

* Corresponding author. Ehitajate tee 5, 19086 Tallinn, Estonia. Tel.: +372
56260175.
E-mail address: viktoria.gudkova@ttu.ee (V. Gudkova).
1 [Bmim]Cl - 1-butyl-3-methylinmidazolium chloride.
2 SAN - styrene-acrylonitrile copolymer.
3 1,2-DCE - 1,2-dichloethane.

http://dx.doi.org/10.1016/j.elstat.2014.08.003
0304-3886/© 2014 Elsevier B.V. All rights reserved.

characteristics make the polymer nanofibers optimal candidates for
many important applications like filter media, nano-sensors, mili-
tary protective clothing, cosmetic skin mask, tissue engineering
scaffolding and industrial application etc. [1,3].

The list of solvent/polymer systems that can be electrospun is
endless. As a basic solution component SAN copolymer was used.
SAN copolymer has excellent transparency, high tensile modulus,
good rigidity and hardness, high dimensional stability and accuracy,
good heat and excellent chemical resistance [6]. The last one is very
important in filtering materials that can be produced by electro-
spinning. Chemical resistant ultrafine SAN fibers can be produced by
electrospinning according to the literature [8]. T. Senthil, G. Gibin, S.
Anandhan studied electrospinning of SAN in DMSO at different
variables and optimized the process. It is known that properties of
final products made of SAN strongly depend on styrene (S) and
acrylonitrile (AN) ratio in the polymer chain. Strength, stiffness,
impact resistance, heat resistance and resistance to stress cracking
increase with increasing of the molecular weight or AN content of
the copolymer [5]. That is why using SAN copolymer is of interest for
future studies. Literature review showed that SAN can be modified
by reactive melt blending [ 10], atom transfer radical polymerization
[11] or chemical modification [12]. Modified SAN can react with
functionalized carbon nanotubes, modify their surface and help to
disperse CNTs in SAN or PAN electrospinning solutions, thus
improving mechanical properties of the final product.

Unlike simple inorganic salts (such as NaCl) which often melt at
very high temperature, ionic liquids (ILs) are a kind of organic salts



434 V. Gudkova et al. / Journal of Electrostatics 72 (2014) 433—436

that are liquid at or near room temperature, always taking 100 °C as
an upper limit. So far, ILs have attracted much attention and been
widely used as a promising class of green solvents in the field of
chemical reactions, organic and material synthesis, solvent
extraction and electrochemistry because of their negligible vapor
pressure, nonflammability, high thermal and chemical stability,
high polarity, wide electrochemical window and tuneable physi-
cochemical properties. The imidazolium cation, especially 1-alkyl-
3-methylimidazolium (C,mim™), is one of the most popular cations
[7]. The literature review showed, that ionic liquid 1-butyl-3-
methylimidazolium hexafuluorophosphate (BMIPFg) can be used
to produce SAN nanofibers as chemiresistors for alcohol vapors [9].
The authors found that addition of BMIPFg into SAN solution in-
creases electrical conductivity and viscosity of the solution and
reduces surface tension which strongly affects fiber morphology.

Motivated by the search of new solvent systems for electro-
spinning that could reduce the obtained fiber diameter, in this
research we studied the impact of 1-butyl-3-methylimidazolium
chloride [Bmim]|Cl IL on the electrospinning process of SAN poly-
mer solutions, electrospun fiber morphology and solution param-
eters, such as electrical conductivity, viscosity and surface tension.

To the best of our knowledge, this is the first report on [Bmim]Cl
assisted SAN copolymer electrospinning. This opens up new op-
portunities for the application of [Bmim|Cl as an important additive
in electrospinning solutions.

2. Experimental
2.1. Materials

The solutions used in the electrospinning experiments were
prepared using SAN, purchased from Polimeri Europa SRL (Italy). All
solutions were mixed mechanically at 50 °C using reflux to prevent
solvent evaporation. 1,2-DCE was purchased from Merck KGaA
(Germany), purity 99.5. [Bmim]Cl was synthesized in the laboratory
of the Department of Polymeric Materials, TUT, Tallinn, using the
procedure reported in Ref. [13]. In a typical preparation, 1.5 mol of
chlorobutan and 1 mol of 1-methylimidazole were mixed in a
round-bottomed flask fitted with a reflux condenser and stirred for
3 days at 80 °C. Of the two phases formed, the top phase containing
the reagents, was removed by washing several times with ethyl
acetate. The yellowish IL product of [Bmim|Cl was further heated to
50 °C under vacuum to eliminate traces of ethyl acetate solvent.

2.2. Electrospinning experiments

All electrospinning solutions were spun from a 1 ml syringe
with a medical needle of 0.6 mm diameter. A MK Series power
supply (GLASSMAN EUROPE Limited, UK) was used to generate
voltages ranging from 0 to 20 kV. Fibers were collected to an

A B

aluminum foil flat collector 4 x 4 cm. The distance between the top
of the needle and the collector was 10—20 cm in all experiments. To
pump the electrospinning solutions, NE-1000 Single Syringe Pump
(New Era Pump Systems, Inc.) was used.

2.3. Characterization

Optical micrographs were taken with Axiskop 2 optical micro-
scope (Carl Zeiss Microscopy, LLC). Morphology of the electrospun
fibers was analyzed by SEM (TM1000, Hitachi). For each electro-
spinning solution, surface tension was determined with Data-
physics Contact Angle System OCA 20, electrical conductivity was
measured with SevenCompact Conductivity S230 (Mettler Toledo).
Solution viscosities were measured with Brookfield Rheometer
RVDV II+ (Brookfield eng labs Inc.). Each experiment was per-
formed at standard temperature (23 °C).

3. Results and discussion
3.1. Impact of solution concentration on fiber morphology

To investigate the impact of SAN concentration on fiber
morphology, SAN solutions in 1,2-DCE of concentrations from 10 to
20% were prepared and electrospun at different variables: distance
10—20 cm and voltage 10—20 kV. The obtained fibers were studied
with optical microscopy (see Fig. 1).

An increase in concentration results in more extensive polymer
chain entanglements within the solution which is necessary for
maintaining the continuity of the jet during electrospinning [3].
The lowest concentration of SAN in 1,2-DCE for the continuous
electrospinning jet to be able to form (see Fig. 1A) is 10%. The
evaporation speed of 1,2-DCE was too high and needle was clogged
for a few times even at the lowest solution concentration that
would be otherwise appropriate for the continuous electrospinning
process. With the increasing concentration the diameter of the fiber
also increases (see Fig. 1B, C) because of the greater resistance of the
solution to the stretching forces caused by the charges on the jet. At
alower concentration, the higher amount of 1,2-DCE molecules and
fewer chain entanglements of SAN means that the surface tension
of 1,2-DCE is higher than the interaction of solvent molecules with
polymer chains and is dominant during the electrospinning pro-
cess. This promotes beads formation at lower solution concentra-
tions (see Fig. 1A). When the SAN concentration is increased the
entanglement of SAN molecules during electrospinning also
increased resulting in higher diameter, decreased beads number
and change of their shape from spherical to spindle-like. Anyway
the concentration cannot be increased infinitely. At 20% concen-
tration the SAN solution dries at the tip of the needle before elec-
trospinning can be initiated because of the high evaporation speed

Fig. 1. [A] 10% SAN in 1,2-DCE; [B] 13% SAN in 1,2-DCE; [C] 17% SAN in 1,2-DCE. All fibers are obtained at the same variables: 10 kV and 10 cm (optical microscope, amplification

50x).



V. Gudkova et al. / Journal of Electrostatics 72 (2014) 433—436 435

. .
20180427 T X0k 10um

26%L 2010427

%L 15%L

&0k 20um

201404727 2 X0k 10um

Fig. 2. SEM micrograph of 13% SAN in +1,2-DCE + different concentration of [Bmim]Cl. All pictures are made by SEM. All fibers on pictures are obtained at the same variables: 20 kV

and 20 cm.

of 1,2-DCE. Solution concentration 13% was chosen for further
research as an optimum.

One of the possibilities to eliminate beads formation in fibers is
increasing the stretching force. Addition of charged particles into
the electrospinning solution can increase the stretching force of the
electrospinning jet. ILs consist of ions and [Bmim]Cl was chosen for
further experiments.

3.2. [Bmim]Cl impact on electrospinning conditions of SAN
solutions

To investigate the impact of [Bmim]Cl on the stability of the
electrospinning process of SAN solution in 1,2-DCE different
amounts of [Bmim]Cl (0—20% from SAN content w/w) was added
into 13% SAN solution and the obtained solutions were electrospun
at the same variables: distance 10—20 cm and voltage 10—20 kV.

During the electrospinning experiments it was found that for
pure 13% SAN solution in 1,2-DCE the longest fiber-forming dis-
tance at voltages up to 20 kV was 15 cm. With an addition of at least
0.5% of [Bmim]|Cl into the solution the distance increased up to
20 cm. With the increasing distance, the electrospinning jet has
more time to dry into a fiber. The drier the fiber reaches the col-
lector the less postprocessing the material needs, the less stuck-
together are the fibers obtained, the less beads and smaller beads
they contain. Process stability was also improved. With an addition
of 0.5% [Bmim]Cl no needle clogging was observed during
electrospinning.

Both phenomena are related to the increased content of charged
particles and, as a consequence, to the electrical conductivity of the
solution and the nature of the ionic liquid (see Fig. 3). [Bmim]Cl
dissolves easily in 1,2-DCE into two ions [Bmim]™ and CI". [Bmim]*"
and ClI™ increases the electrical conductivity of the electrospinning
solution and at the same time the stretching force to the collector.
With an addition of ions the stretching force becomes high enough
to overcome the surface tension and to initiate electrospinning.
Higher stretching forces prevent the needle from clogging at higher
distances. [Bmim]Cl is a nonvolatile liquid and stays in the elec-
trospinning jet during the whole fiber formation process.

3.3. [Bmim]Cl impact on fiber morphology

To investigate the impact of [Bmim]Cl and it's concentration on
fiber morphology, 13% SAN solution in 1,2-DCE with an addition of

0—20% of [Bmim|Cl was electrospun at the same variables: distance
10—20 cm and voltage 10—20 kV. The obtained fibers were inves-
tigated by optical and SEM microscopy (see Fig. 2.).

3.3.1. Impact of [Bmim]Cl addition on beads formation in SAN fibers
and their shape

First positive impact of the addition of [Bmim]|Cl on the elec-
trospun fiber morphology was detected during SEM analysis — no
solvent beads were observed even with an addition of 1.5% into the
solution of SAN (see Fig. 2. 0% and 1.5%). This phenomenon is caused
by dissolution of [Bmim]Cl in 1,2-DCE. As [Bmim]Cl is dissolved in
1,2-DCE the electrical conductivity of the solution increases (see
Fig. 3). Electrical conductivity of pure SAN solution in 1,2-DCE is
0.35 pS/cm. Addition of 1.5% of IL increases the electrical conduc-
tivity of the solution up to 2630 pS/cm. As a consequence the
stretching force of electrospinning jet to the collector increases and
this in turn prevents beads formation during electrospinning.
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The addition of 0.5% [Bmim]|Cl changes the shape of the ob-
tained fibers from trode-like to ribbon-like (see Fig. 2. 0% and 0.5%).
Ribbon-like shape formation is determined by the presence of
liquid components inside the fibers that makes the walls of the
fibers stick together from inside.

3.3.2. Impact of [Bmim]Cl addition on obtained fiber diameter

Next positive impact of [Bmim]|Cl addition into the electro-
spinning solution is a decrease of the obtained fibers diameter
down to nanoscale. From Fig. 3 it can be seen that an addition of at
least 0.5% of [Bmim]|Cl reduces the obtained fiber diameter almost
twice from 2015 nm down to 1110 nm. Addition of 20% of [Bmim]Cl
reduces the fiber diameter more than seven times, from 2015 nm
down to 275 nm. Sharp reduction in fiber diameter at lower [Bmim]
Cl concentrations is caused by the increased electrical conductivity
and decreased solution viscosity. From Fig. 3 it can also be seen that
with the increasing [Bmim]Cl concentration the diameter fluctu-
ates less.

3.4. The impact of [Bmim]Cl on surface tension and viscosity of
electrospinning solutions

Surface tension and viscosity of the electrospinning solutions
were measured to investigate the impact of [Bmim]Cl on appro-
priate solution parameters and as consequence on fiber
morphology and diameters. Surface tension of pure 13% SAN so-
lution in 1,2-DCE is 21.78 mN/m. Surface tension of 13% SAN+1,2-
DCE+20%[Bmim]Cl is 21.36 mN/m. It can be concluded that
[Bmim]Cl does not influence the surface tension of SAN solutions in
1,2-DCE at concentrations up to 20%. Fig. 3 represents the impact of
[Bmim]Cl on the solution viscosity. From the diagram it can be seen,
that an addition of 0.6% of IL reduces the viscosity of the SAN so-
lution abruptly. Viscosity of pure 13% SAN solution in 1,2-DCE is
174 cP and an addition of 0.6% [Bmim]Cl into the solution brings the
viscosity down to 150 cP value. With further addition of [Bmim]Cl
the viscosity values grow. The growth is fast up to [Bmim]Cl con-
centration of 2.5% and turns slower and linear from that value on.
A.FR. Pimenta, A.C. Baptista et al. have reported the same results for
gelatin/[C20MIM|BF; fibers [14].

4. Conclusions

In this work the impact of [Bmim]Cl on the electrospinning
process of SAN polymer solutions and electrospun fiber
morphology was studied. We have found that solution concentra-
tion, addition of [Bmim]Cl and its concentration in the electro-
spinning solution have a certain effect on the electrospinning
process and fiber morphology. We have found that fiber diameter
increases with higher polymer concentration in the solution. Also
the number of beads decreases and their form changes from
spherical to spindle-like. During the experiments we have found,
that the distance between the top of the needle and the collector
can be increased with an addition of at least 0.5% of [Bmim]|Cl into
the electrospinning solution. The process stability is also improved.
With the addition of [Bmim]Cl no needle sticking, clogging was
observed during electrospinning.

[Bmim]Cl and its concentration have a notable effect on the
obtained fiber morphology. No solvent beads were observed even
with addition of as little as 1.5% into solution. Another effect is the
change in fiber shape from trode-like to ribbon-like. And the last
and biggest effect is reduction in fiber diameter with very small
quantity of [Bmim]Cl. With the addition of 0.5% of [Bmim]Cl fiber
diameter decreases almost twice. With the addition of 1.5% of
[Bmim]Cl fiber diameter reaches nanoscale. Fibers of the diameter
of 275 nm can be produced with the addition of 20% of [Bmim|Cl.

As the solution parameters have a certain impact on the elec-
trospinning process and the obtained fiber morphology, the elec-
trical conductivity, viscosity and surface tension of the
SAN + [Bmim]Cl solutions were studied. With an addition of
[Bmim]Cl into the solution, the electrical conductivity increases
linearly and surface tension almost does not change. The highest
impact has been detected on the solution viscosity. At lower IL
concentrations in the solution (up to 2.5%) there is a significant
drop and race in solution viscosity. With higher [Bmim]Cl con-
centrations the viscosity grows slowly and linearly.
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and their effect on the morphology of the fibres, as well as electrical and mechanical properties was
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1. Introduction

Electrospinning is a fascinating fibre formation method that
creates nanofibres through an electrically charged jet of polymer
solution or polymer melt [1]. The advantages of this fibre formation
method are high speed of process, low cost, easy application in
production, continuous fibre, easy to achieve nanoscale diameter,
flexibility in process parameters [2]. The electrospinning process is
governed by many solution, process and ambient parameters. It
was found from the literature that each of the solution parameters,
which include viscosity, conductivity, molecular weight and surface
tension, has a significant impact on the morphology of the fibres
and on the properties of the material obtained. By proper manip-
ulation of these parameters membranes of desired structure and
properties can be electrospun [2].

Nanofibrous materials produced by electrospinning have many
extraordinary properties, such as very large surface area to volume
ratio, flexibility in surface functionalities, and superior mechanical
performance (e.g. stiffness and tensile strength) compared with any
other known form of materials [3]. These outstanding

Abbreviations: [Bmim]Cl*- 1-butyl-3-methylimidazolium chloride; MWCNTs**-
multiwalled carbon nanotubes; SAN***- styrene-acrylonitrile copolymer.
* Corresponding author. Ehitajate tee 5, 19086 Tallinn, Estonia.
E-mail address: viktoria.gudkova@ttu.ee (V. Gudkova).

http://dx.doi.org/10.1016/j.elstat.2015.09.002
0304-3886/© 2015 Elsevier B.V. All rights reserved.

characteristics make the polymer nanofibres optimal candidates for
many important applications like filter media, nano-sensors, mili-
tary protective clothing, cosmetic skin mask, tissue engineering
scaffolding etc. [2,3].

Basic components of the solutions used were SAN and [Bmim]CI.
SAN copolymer has many advantages in comparison with others
polymers like excellent transparency, high tensile modulus, good
rigidity and hardness, high dimensional stability and accuracy,
good heat and excellent chemical resistance [27]. It is known that
styrene (S) and acrylonitrile (AN) ratio in the polymer chain have
significant effect on properties of final products made of SAN [28].
Last is the reason why SAN copolymer is of interest for future
research. Literature review showed that SAN can be modified by
chemical modification [29] and react after the process with func-
tionalized carbon nanotubes. This can help to disperse CNTs in SAN
electrospinning solutions and improve mechanical properties of
the final product.

Our previous research showed a positive impact of [Bmim]Cl
addition to the polymer solution on the electrospinning process
and on the morphology of the fibres obtained [4]. During the ex-
periments it was found that the distance between the top of the
needle and the collector could be increased if at least 0.5% of
[Bmim]Cl by weight of SAN was added into the electrospinning
solution. With increased distance the electrospinning jet has longer
flying time and larger deposition area which in case leads to
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production of drier and thinner fibres with smaller diameter fluc-
tuation. The process stability was also improved. [Bmim]|Cl con-
centration has a notable effect on the obtained fibre morphology.
No solvent beads were observed even when only 1.5% of MWCNTs
by weight of SAN was added into the solution. Another effect is the
change in fibre shape from cylindrical to ribbon-like. And the (last
and) biggest effect is reduction in fibre diameter with very small
additions of [Bmim]Cl. E.g. 0.5% of [Bmim]Cl by weight of SAN
reduced the fibre diameter almost twice, with an addition of 1.5% of
[Bmim]Cl the fibre diameter reached nanoscale, 20% of [Bmim]|Cl
yielded fibres with a diameter of 275 nm, i.e. more than seven times
smaller compared to pure SAN fibres.

Carbon nanotubes (CNTs) have been known for longer than a
hundred years [5] but got intensive attention only in 1991 after
lijima research publication [6]. CNTs are ideal reinforcing agents for
high performance polymer composites. The properties of polymer
composites that can be improved due to the presence of CNTs
include tensile strength [7,8], tensile modulus [9,10], toughness
[11], glass transition temperature [12,13], thermal conductivity
[14,15], electrical conductivity [16,17], solvent resistance [18], op-
tical properties [19,20], etc.

A literature review showed efficient utilization of carbon
nanotubes with the help of ionic liquids. E.g. Yonghui Liu, Li Yu et al.
report good and stable dispersion of MWCNTs by an ionic liquid of
the type gemini imidazolium surfactants in aqueous solution [24].

Motivated by the aim of creating reinforced conductive mem-
branes, in this research we studied the impact of [Bmim]Cl and
MWCNTs on the properties of SAN polymer solution, on the
morphology of electrospun fibres and electrical and mechanical
properties of the membranes.

2. Experimental
2.1. Materials

The solutions for the electrospinning experiments were pre-
pared using SAN purchased from Polimeri Europa SRL (Italy) and
DMSO purchased from Merck KGaA (Germany). First a 1:4 solution
of SAN in DMSO was made by mechanical stirring at 50 °C for 8 h.
After that, [Bmim]Cl ionic liquid (20% by weight of SAN) and various
amounts of MWCNTSs (0.1 up to 3.0% by weight of SAN) solutions
were added to the 1:4 SAN in DMSO solutions. Before electro-
spinning and measuring of the viscosity and electrical conductivity
the solutions were ultrasonicated for 3 h using Sonoplus HD 2070
(BANDELIN electronic GmbH & Co. KG). MWCNTs with an average
diameter of 9.5 nm, average length 1.5 um and 95% purity were
purchased from Nanocyl S.A. (Belgium). [Bmim|Cl was synthesised
at the laboratory of the Department of Polymeric Materials, TUT,
Tallinn, using the procedure reported in Ref. [21]. In standard
preparation, 1.5 mol of chlorobutan and 10 mol of 1-
methylimidazole were mixed in a round-bottomed flask fitted
with a reflux condenser and stirred for 3 days at 80 °C. Of the two
phases formed, the top phase containing the reagents, was
removed by washing several times with ethyl acetate. The
yellowish IL product of [Bmim|Cl was further heated up to 50 °C
under vacuum to eliminate traces of ethyl acetate solvent.

2.2. Electrospinning experiments

All electrospinning solutions were electrospun from a 2.5 ml
syringe with a medical needle of a diameter 0.6 mm. A MK Series
power supply (GLASSMAN EUROPE Limited, UK) was used to
generate a voltage of 20 kV. Fibres were collected to the drum,
which had been covered with an aluminium foil beforehand. The
distance between the tip of the needle and the collector was 20 cm.

To pump the electrospinning solutions, NE-1000 Single Syringe
Pump (New Era Pump Systems, Inc.) was used. Pumping rates were
between 0.5 and 0.9 ml/h.

2.3. Characterization

For each solution the viscosity was measured with concentric
cylinder viscometer Brookfield RVDVII+ (Brookfield ENG LABS Inc.,
USA), using spindle No 21 at 23.3 °C. The temperature was held
constant with a MGW Lauda C6 thermostat (Berner Osakyhtio,
Finland). The electrical conductivities of the solutions were
measured with SevenCompact Conductivity S230 (Mettler Toledo,
Switzerland) at room temperature.

Mechanical properties of the membranes were measured at
room temperature with Instron 5866 (Instron Corporation, USA)
using Bluehill™ 2 Version 2.17 software with a cross-head speed of
20 mm/min and a clamps distance of 15 mm. The electrical con-
ductivity of the membranes were measured with High Resistance
Meter Model HR2 (AlphalLab, Inc., USA) at room temperature. Dis-
tance between electrodes was 10 mm. For both conductivity and
mechanical measurements six samples of each membrane were
prepared with dimensions of 5 x 25 mm. The thickness of each
sample was measured from three different places with a Sony U30-
F Digital Indicator (Sony Magnescale Inc., Japan) and the average
was calculated.

The morphology of the electrospun fibres was analysed using
SEM microscope TM1000 (Hitachi High-Technologies Europe
GmbH, Germany).

3. Results and discussion

3.1. Impact of MWCNTSs and [Bmim]Cl on SAN solution viscosity and
electrical conductivity

3.1.1. Solution viscosity

Fig. 1 represents the impact of [Bmim]Cl and MWCNTs on the
solution viscosity. From the viscosity diagram it can be seen that
with increasing content of MWCNTSs in both solution types, with
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and without [Bmim]|Cl, the viscosity also increases. This is caused
by the dispersion of CNTs in the polymer solution. MWCNTs are
entangled with polymer chains and this increases the solution
viscosity. The higher the content of MWCNTs, the higher the solu-
tion viscosity. The same phenomenon is described in Ref. [25],
where the viscosity of PVDF/DMF solutions with various CNTs
concentrations is studied.

By comparing the solutions with and without [Bmim]Cl it can be
seen, that the solutions with [Bmim]Cl have lower viscosities than
the solutions without [Bmim|Cl. Solution viscosity without [Bmim]
Cl increased from 1537cP at 0% concentration up to 3436¢P at 20%
concentration by weight of SAN, while the viscosity of solutions
containing [Bmim]Cl increased from 1184cP up to 1742cP at the
same concentrations. This is related to the decrease of intermo-
lecular interactions resulting from [Bmim]Cl dilution in DMSO. The
same phenomenon is described by Yanfang G. et al. in “Densities
and Viscosities of the Ionic Liquid [C4mim][PF6] + N,N-dime-
thylformamide Binary Mixtures at 293.15 K—318.15 K" [26].

3.1.2. Electrical conductivity of solutions

The electrical conductivity of SAN in DMSO solution increases
with the addition of MWCNTs from 0.919 pS/cm at 0.1% up to
5.09uS/cm at 3.0% of MWCNTs by weight of SAN. This is caused by
the highly conductive nature of MWCNTs. From Fig. 2 it can be seen
that there is a rapid rise between 0.1 and 1.0% MWCNTs by weight
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Fig. 2. Dependence of SAN in DMSO solutions electrical conductivity and viscosity on
[Bmim]Cl addition and MWCNTs concentration. A: 1:4 SAN in DMSO + (0-3)%
MWOCNTs by weight of SAN, B: 1:4 SAN in DMSO + 20% [Bmim]Cl + (0—3)% MWCNTs
by weight of SAN.

of SAN. From 1.0 up to 3.0% of MWCNTs by weight of SAN the
electrical conductivity of the solution increases only for 0.78 uS/cm.
It can be concluded that SAN in DMSO solution without [Bmim]Cl
gets saturated at 1.0% of MWCNTs by weight of SAN and further
dispersion of carbon nanotubes is not efficient.

With an addition of 20% [Bmim]Cl by weight of SAN the elec-
trical conductivity of SAN polymer solution increases up to 178 uS/
cm. This phenomenon is caused by the nature of [Bmim]Cl mole-
cules. [Bmim]Cl is a liquid salt at room temperature, that consists of
large [Bmim]™ cations and small CI~ anions, the electrical con-
ductivity of which is 3.41 pS/cm. With an addition of [Bmim]|Cl into
the SAN polymer solution the ionic pairs dissociate in DMSO and
increase the amount of charge carriers. With an addition of
MWCNTs into the [Bmim]Cl containing SAN polymer solution the
electrical conductivity increases rapidly from 178 pS/cm at 0.1 up to
209 pS/cm at 3.0% of MWCNTs by weight of SAN. The dependence
has a linear character from 1.0 up to 3.0% of MWCNTs by weight of
SAN. These can be explained by the effect of [Bmim]Cl as a
dispersant. [Bmim]|Cl helps to reduce the amount and size of ag-
glomerates of MWCNTs in SAN polymer solution. It also creates
conductive linkages between separate MWCNTs and agglomerates
thus creating a conductive network in SAN polymer solution.

3.2. Impact of MWCNTs and [Bmim]Cl on SAN membrane
mechanical properties, electrical conductivity and fibres
morphology

3.2.1. Membrane electrical conductivity

Fig. 3 represents the impact of [Bmim]Cl and MWCNTs on the
electrical conductivity of the membrane. From the diagram it can be
seen that an addition of 20% of [Bmim]Cl by weight of SAN increases
the electrical conductivity of the membrane from 0 up to 0.244 puS/
cm. This is caused by the conductive nature of ionic liquid.

The addition of MWCNTs into pure 1:4 SAN in DMSO solution
does not affect the electrical conductivity of membranes obtained.
The electrical conductivity of SAN + (0—3)% MWCNTSs by weight of
SAN membraines is 0 uS/cm. This phenomenon is caused by poor
dispersion of MWCNTs in SAN polymer solution.

The addition of MWCNTs into 1:4 SAN in DMSO solution con-
taining [Bmim]Cl increases the electrical conductivity of the
membranes from 1.08 pS/cm at 0.1% up to 5.9 pS/cm at 3.0%
MWCNTs by weight of SAN. This phenomenon is caused by the role
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Fig. 3. Dependence of SAN membrane electrical conductivity on [Bmim]Cl and

MWCNTs concentration. A: SAN + (0—3)% MWCNTs by weight of SAN, B: SAN -+ 20%
[Bmim]Cl + (0—3)% MWCNTs by weight of SAN.
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of [Bmim]Cl as a dispersant and it's conductive nature. [Bmim]Cl
creates conductive linkages between separate MWCNTs and
MWCNTs agglomerates thus making a conductive network inside
SAN polymer fibres.

3.2.2. Mechanical properties of the membranes

From Fig. 4 it can be seen that an addition of 20% of [Bmim|Cl by
weight of SAN increases the tensile stress of a SAN membrane from
2.0 up to 4.8 MPa. This phenomenon can be explained by the in-
crease of the electrical conductivity of the solution when [Bmim]Cl
is added. As a consequence the stretching force of the electro-
spinning jet to the collector increases and this in turn makes SAN
polymer molecules more aligned inside the obtained fibre,
increasing polymer crystallinity inside the electrospun fibres
resulting in the higher tensile stress of the SAN membrane.

Fig. 4 represents the impact of MWCNTs on the mechanical
properties of electrospun SAN membranes. With an addition of 0.1
up to 3.0% of MWCNTs by weight of SAN the tensile stress of the
SAN membrane reduces at all concentrations. No dependence of
the tensile tension of the membrane on MWCNTSs concentration
was found in [Bmim]Cl free membranes. These results can be
explained by the poor dispersity of MWCNTs in pure SAN polymer
electrospinning solution. The agglomerates of MWCNTs inside SAN
fibres create stress location areas. At these points crackes appear
when force is applied to fibres thus reducing the tensile stress of
the obtained membranes.

It was found that the addition of [Bmim]|Cl increases the tensile
stress of MWCNTs containing SAN polymer membranes at all
MWCNTs concentrations compared to membranes without the
ionic liquid. This can be explained by the role of [Bmim]|Cl as a
dispersant. With improved dispersity of MWCNTs less stress loca-
tion sites are generated and more separate carbon nanotubes can
be aligned during electrospinning inside the SAN fibres. Another
reason of this phenomenon is the improved electrical conductivity
of the electrospinning solution due to the addition of ionic liquid
and carbon nanotubes. It was also found that with an addition of
MWCNTs into the ionic liquid containing polymer solution the
tensile stress of the membrane increases three times from 1.7 MPa
at 0.1% up to 5.1 MPa at 1.0% of MWCNTs by SAN weight where it
reaches its maximum. Further addition of MWCNTs reduces the
tensile stress which can be explained by saturation of the polymer
solution with MWCNTSs. The dispersion of MWCNTs is efficient up to
1.0% by weight of SAN. Beyond this concentration neither the ionic
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Fig. 4. Dependence of SAN membrane tensile stress at maximum load on [Bmim]Cl
and MWCNTs concentration.

liquid nor ultrasonication can help to disperse MWCNTs in the SAN
solution. Another reason for this phenomenon is the increase of
viscosity of the polymer solution. The viscosity of the solution has a
significant effect on the morphology and mechanical properties of
the obtained fibres. Due to the increased viscosity the electro-
spinning solution resists more to being stretched by the charges on
the jet. As a result, at weaker stretching the alignment of polymer
molecules and MWCNTs is lower. This in turn leads to production of
membranes with lower tensile stress.

3.2.3. Membrane morphology

From Fig. 5 it can be seen that with the addition of 20% [Bmim]Cl
by weight of SAN into the electrospinning polymer solution the
average diameter of the obtained fibres decreases from 862 nm at
0% down to 720 nm at 20% of [Bmim]Cl by weight of SAN. This
phenomenon can be explained by the increased electrical con-
ductivity of the electrospinning solution due to the addition of an
ionic liquid. The greater the electrical conductivity of the solution,
the more charges it carries and the stronger is the stretching force
to the collector. The shape of the fibres is also more uniform at
higher electrical conductivities of the solution. Moreover, the
increased electrical conductivity of the solution influences also the
jet bending instability, which means that the depositing area is
increased and this in turn will also favour the formation of finer
fibres since the jet path is now increased.

It was found that with addition of MWCNTs from 0.1 up to 1.0%
by weight of SAN into the [Bmim]Cl containing electrospinning
solution the diameter of the obtained fibres decreases from 642
down to 291 nm. It is known that the addition of MWCNTs reduces
the resistivity of polymeric systems. This increases the conductivity
and charge density of the jet during electrospinning. These effects
in turn promote higher elongation of the fibre during the jet pass to
the collector, resulting in the decrease of the fibre diameter. The
same effect was observed by ]. Macossay et al. who studied the
incorporation of MWCNTSs into electrospun Tecoflex*EG80A class of
polyurethane nanofibers [22]. It was also found that with a further
addition of MWCNTs into the solution the average fibre diameter
stably increases. This can be explained by an increase in the solu-
tion viscosity that hinders the rise of the electrical conductivity of
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Cl + (0—3)% MWCNTs by weight of SAN.
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Cl + 1.5%MWCNTs, I: SAN + 2.5%MWCNTSs, J: SAN + 20%[Bmim]Cl + 2.5%MWCNTs, K: SAN + 3.04MWCNTs, L: SAN + 20%[Bmim]Cl + 3.0%MWCNTs. [Bmim]Cl concentration is

calculated by weight of SAN.

the solution (see Figs. 1 and 2). The growth of the viscoelastic force
of the electrospinning solution acts against the stretching force
thus promoting greater diameter of the fibres.

SEM investigation (see Fig. 6) showed beads formation in both
types of fibres, with and without [Bmim]|Cl, starting from 1.5% of
MWCNTs by weight of SAN. This is possibly due to the unstable
solution jet during electrospinning which was caused by inefficient
carbon nanotubes dispersion. The same phenomenon was observed
by X. Jiazhu et al. in their study “Fabrication of PLGA/MWNTs
composite electrospun fibrous scaffolds for improved myogenic
differentiation of C2C12 cells” [23]. With increasing concentration
the amount and size of the agglomerates also increase thus pro-
moting jet instability. Beads formation and jet instability can also be
reasons of the decreasing tensile stress of the obtained membranes.

4. Conclusions

In this work the impact of [Bmim]Cl and MWCNTs on the pa-
rameters of SAN polymer solution and electrical and mechanical
properties of the electrospun membranes was studied. We have
found that the concentrations of [Bmim]Cl and MWCNTs have a
certain effect on the viscosity and electrical conductivity of SAN
polymer solution. The addition of MWCNTs into the polymer so-
lution increases viscosity in both solution types, with and without
[Bmim]Cl. But the viscosity of [Bmim]Cl containing solutions is
lower at the same MWCNTs concentrations compared to ionic
liquid containing solutions. The electrical conductivity of SAN in
DMSO solution increases with the addition of MWCNTs in both
types of solutions, with and without [Bmim]Cl. But the solutions
with [Bmim]Cl have at least 20 times higher electrical conductivity
and the dependence is more pronounced. It means that the same
quantity of MWCNTSs has a greater effect in ionic liquid containing
solutions.

Presence of [Bmim]Cl and MWCNTs and their concentration

have a notable effect on the electrical conductivity, tensile stress
and fibre morphology of the obtained membrane. The electrical
conductivity of all membranes without the ionic liquid is zero.
MWCNTs do not form any conductive network in pure SAN fibres.
The addition of [Bmim]Cl increases the electrical conductivity only
up to 0.244 uS/cm. But the addition of MWCNTs into the ionic liquid
containing solution increases the electrical conductivity of the
membrane up to 5.95 puS/cm. Thus, [Bmim|Cl and MWCNTs create a
conductive network inside the SAN fibres and yield conductive
membranes. It was found that MWCNTSs have a certain effect on the
tensile stress of the membrane only in [Bmim]Cl containing
membranes. The highest tensile stress was achieved at the
MWCNTs concentration 1.0% by weight of SAN. SEM investigation
showed that both types of membranes, with and without [Bmim]|Cl,
contain beads at MWCNTs concentrations higher than 1.5% by
weight of SAN. But ionic liquid content has a certain effect on the
average diameter of the fibres — below 1.0% of MWCNTs by weight
of SAN it reduces it and above 1.0% it increases again (till 3.0%). The
solutions without ionic liquid showed no dependence of fibre
diameter on the concentration of MWCNTs.
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Hello,

First of all, we would like to thank you for so reasonable comments and suggestions,
especially in part of IL and it’s impact on the viscosity of different solutions and membrane

mechanical properties. You will find the response for all of them in the list below:

1. Reviewer(s):

The data should be explained clearly. For example, on page 12, the authors present that “The
decrease in electrical conductivity of IL containing solutions after ultrasonic irradiation can be
explained by the decrease of electrical conductivity of IL itself during ultrasonication. Initial
electrical conductivity of IL was 78.3 and after 3h of ultrasonication it reduced to
71.1uS/em.”. Please give the experimental details or the references which can explain

“decrease of electrical conductivity of IL itself during ultrasonication”.

Author:

The decrease of electrical conductivity of IL is caused by oxidative degradation of IL under
ultrasonication. Related discussion and reference are presented now on page 11 and page 13

in a revised version of the manuscript.

2. Reviewer(s):

On page 13, the authors present that “Addition of SANm-g-CNTs into SAN polymer solution
does not affect much viscosity values in comparison to SAN solution. This can be explained
by the covalent attaching of SANm molecules to CNT, which improves dispersion level of

CNTs into the polymer matrix.” Please interpret how dispersion affects viscosity.

Authors:
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In general, during the mechanical dispersion of ungrafted CNTs, they have a tendency to stay
in agglomerated form. Agglomerates are larger and harder compared to entangled polymer
molecules in a concentrated polymer solution and for this reason, the viscosity values
increase. Literature review (and our experience) show, that modified CNTs can be dispersed
more homogeneously. This means that more separate CNTs and smaller agglomerates present
in solution. For this reason, the viscosity of the solutions with modified CNTs is lower
compared to solutions with unmodified CNTs, but still higher compared to the pure polymer
solution. Also, the solution with CNT-COOH has lower viscosity value compared to SANm-
g-CNTs for the same reason. CNT-COOH are smaller compared to SANm-g-CNTs because —

COOH is smaller compared to SANm.

It was decided to remove named statement (“Addition of SANm-g-CNTs into SAN polymer
solution does not affect much viscosity values in comparison to SAN solution. This can be
explained by the covalent attaching of SANm molecules to CNT, which improves dispersion
level of CNTs into the polymer matrix.”) from the article, as compatibility of SAN and SANm
is still unclear and should be studied more precisely. This should be studied more precisely,
but this is out of the range of current research. We hope you will agree with this decision. In
case if you agree with the explanation above and consider it is appropriate to current

manuscript we will be happy to add it into the manuscript.

3. Reviewer(s):

On page 14, the authors present that “In case of ungrafted nanotubes, IL can easily cover the
CNTs. Nevertheless, in case of polymer- grafted CNTs separate nanotubes are coated with the
polymer, IL cannot reach the CNTs surface and play a role of dispersant.” The reviewer

suggests the authors to clearly commentate the mechanism of their opinion.

Authors:
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More detailed explanation of the interaction between the surface of CNT and the IL on page
12 with relevant references is added. Also, the scheme is presented in figure 7 for better

understanding.

4. Reviewer(s):

The changing viscosity of solution after adding the IL maybe be given a better explanation if

the authors want to display this data on page 12.

Authors:

The viscosity of pure IL before and after ultrasonication was measured and values are 0.97
and 1.38 Pa‘s respectively. During the oxidative degradation under ultrasonication, some ions
are degraded and as a consequence not degraded ions have lower mobility in solution. This
causes the decrease of the electrical conductivity and increase of the viscosity of IL-

containing solutions under ultrasonic treatment.

The effect of IL on solution viscosity under ultrasonication is different compared to
mechanically mixed systems. Please see the extended discussion about the effect of IL and

ultrasonication on pages 11-13 with the relevant references.

5. Reviewer(s):

Figure 2 can be seen the difference between the two lines (solid line or dotted line).

Authors:

The figure was modified. Now two lines are placed separately.

6. Reviewer(s):

On page 5, the authors do not give the ultrasonic power.

Authors:

URL: http://mc.manuscriptcentral.com/lfnn Email: fncneditorialoffice@gmail.com
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We are not sure about this comment if we understood it correctly. We used ultrasonication to
dissolve and achieve better homogenization of Zn(Ac)2'2H20 in AE. The mixture in ratio

1:83 was ultrasonically mixed for 10 minutes.

7. Reviewer(s):

Figures that express the same meaning can be put together. For example, fig. 6 and 7 can be

combined together.

Authors:

The figures 6 and 7 are combined under name ,,Solutions electrical conductivity dependence

on addition of different CNTs, IL, and solution preparation method. See new figure 6.

Thank you very much again for indication of weak points in our manuscript. It was useful and
helpful for current research. We hope that corrected version of manuscript will find positive

feedback from you.

Best regards,

Authors
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Abstract

Aim of this research was to electrospin conductive composite membrane of styrene-co-
acrylonitrile (SAN) reinforced with carbon nanotubes (CNTs). To improve electrical
conductivity of final membrane ionic liquid (IL) was used. For better dispersion of CNTs in
SAN matrix one-step reactive melt blending method for grafting of SAN onto CNTs was
developed. Influence of SANm-g-CNTs on solutions properties was studied and compared to
solutions with ungrafted CNTs and carboxyl group functionazed CNTs (CNT-COOHs).
Combination of IL and SANm-g-CNTs increase in to orders of magnitude SAN membrane
tensile stress and modulus. Electrical conductivity of obtained membranes achieved the level

of semi-conductor materials.
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1. Introduction

Nanotechnology has attracted more and more interest during last few decades. In addition,
carbon nanotube-polymer composites have gained attention from science and industry point
of view. Although polymer materials are ideal for forming fibrous materials expeditiously and
easily, their mechanical, electrical, thermal, rheological and optical properties need

improvement.

Nowadays the fastest, easiest and cheapest method for production of polymeric fibrous
materials is electrospinning [1]. Electrospinning is the most efficient way of fiber production
in nano- and submicron range compared to standard mechanical fiber-spinning technologies
as drawing, template synthesis, phase separation and self-assembly [2]. Nowadays fibers for
different applications can be produced by electrospinning like biomedicine [3, 4],
engineering, pharmacology, filtering and composite materials etc. Potential applications of
polymeric nanofibers are in next fields: industry, military protective clothing, nano-sensors,

cosmetic products etc.

For special applications in military, industry or sensor fields mechanical, thermal and
electrical properties of fibrous membranes need improvement and CNTs are widely used for
this purpose. There are several problems in CNTs functionalization and processing in
electrospinning. For example, manipulation of multi-walled CNTs (MWCNTs) is limited by
aggregation, insolubility and poor dispersion in polymer matrix. Also weak interfacial
adhesion between MWCNT and polymer matrix, inefficient load transfer between matrix and
MWCNT and consequently decrease of mechanical properties should be overecome to

produce composite material with enhanced properties.

According to the literature polymer grafting on CNTs gives the best result in transducing their
excellent properties to polymer matrix in final product. Therefore, there have been many

3
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researches dedicated in finding the best solution for functionalization of CNTs [5, 6]. For
example, functionalization of CNTs can be conducted with non-covalent bonding and with
covalent bonding of polymer molecules on CNTs. With covalent chemical bonding (grafting)
are established stronger bonds compared to non-covalent modification and is improved CNTs
dispersion in solvents and in polymers [7]. Literature review showed that there are two widely
used methods of covalent bonding between SAN and the CNTs: covalent functionalization by

reactive melt blending [8] and surface initiated atom transfer radical polymerization [6].

In addition, a literature review showed efficient utilization of CNTs with the help of ILs [9].
Our previous research [10, 11] showed a positive impact of [Bmim]Cl (1-butyl-3-
methylimidazolium chloride) addition to the polymer solution on the electrospinning process
and the morphology of produced fibers. It was found that the distance between the top of the
needle and the collector could be increased and process stability improved. Fiber morphology
was improved with addition of IL: beads free fibers were obtained with average diameter
lower for more than seven times (up to 275 nm). It was also found that IL can be effectively
used as dispersing agent for MWCNTSs. Based on previous research 20% of SAN polymer,
20% of [Bmim]Cl and 1% of different MWCNTs by weight of SAN were chosen as optimum

concentrations for current study.

In this study reactive melt blending was chosen due to the methods simplicity and speed.
During this research melt blending method was supplemented and one-step method for
grafting CNTs onto SAN was developed. Motivated by creation of reinforced conductive
SAN membranes prepared SANm-g-CNTs were used in combination with [Bmim]Cl to

produce semi conductive reinforced SAN membrane.

2. Experimental

2.1. Materials

4

URL: http://mc.manuscriptcentral.com/lfnn Email: fncneditorialoffice@gmail.com

Page 8 of 42



Page 9 of 42

O©CONOOADRWN-=

Fullerenes, Nanotubes and Carbon Nanostructures

Styrene-co-acrylonitrile polymer was purchased from Polimeri Europa SRL (Italy),
Zn(Ac); 2H,0 (zinc acetate dihydrate) from EMSURE® (Germany), AE (2-aminoethanol)
from Merck Millipore (Germany) and MWCNT-COOHs from Cheap Tubes Inc. (USA). The
MWCNT-COOHs have average diameter of 8-15 nm, average length of 0.5-2.0 pm, 2.56 wt%
content of -COOH functional groups and 95 wt% purity. All CNTs used in this study are
multi-walled CNTs and will be considered as CNTs. THF (tetrahydrofuran) and methanol

were purchased from Honeywell Riedel-de Haen and used as received.

Chlorobutan, 1-methylimidazole and ethyl acetate were purchased by Merck Millipore
(Germany) and used as received. DMSO (dimethyl sulfoxide) was supplied by Merck KGaA
(Germany) and used as received. CNTs with an average diameter of 9.5 nm, average length of

1.5 um and 95 wt% purity were purchased from Nanocyl S.A. (Belgium).

2.2. Preparation of oxazoline modified SAN and SAN grafted CNTs

First to dissolve and achieve better homogenization of Zn(Ac), 2H,O in AE the mixture in
ratio 1:83 was ultrasonically mixed [12] using Sonoplus HD 2070 sonicator with MS73
smaller nozzle (BANDELIN electronic GmbH & Co. KG) for 10 minutes. SAN was modified

using the procedure partially reported in [8]:

1) SAN (4.5 g) was first melted in HAAKE™ MiniCTW Micro-Conical Twin Screw

Compounder using rotational speed 20 rpm at 150°C

2) a mixture of AE and Zn(Ac), 2H,0 (455.4 mg) was then quickly added to the SAN

and mixed with polymer at 150°C for 10 min using a rotation speed of 80 rpm

3) next, the temperature was increased up to 200°C and the blending was continued for

next 20 min

4) the oxazoline modified SAN (SANm) was then extruded from the compounder

5
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5) SANm was diluted in 45 ml of THF and mechanically mixed for 45 min, and then
precipitated in 1350 ml of methanol. Obtained mixture was filtered with 0.45 pm pore
size PTFE filters (Sartonus Stedim Biotech Gmbh, Germany). Process was repeated
several times to ensure complete removing of Zn(Ac), residue and AE. The resulting
SANm was dried in a vacuum oven at room temperature for 24 h. The yield of this

process was 79%. Obtained material was characterized by FT-IR and TGA.

For nanotube grafting with SANm the steps 1-3 were repeated, CNT-COOHs in weight ratio
of 1/20 to SANm were then added, and melt blended at a rotating speed of 80 rpm at 200°C
for another 30 min. Finally, the resulting material was dissolved in THF and centrifuged (EBA
21, Hettich Centrifugen, Germany) at 6000 rpm for 30 min in 50 ml falcon tubes. Centrifugate
was removed. The washing procedure in THF was repeated several times until transparent
centrifugate was obtained to ensure complete removal of Zn(Ac), residue, ungrafted SANm
and AE. Solid precipitate was dried in vacuum oven for 24h at 80°C to remove THF. The

yield of this process was 55%. Obtained material was characterized by "H NMR and TGA.
2.3. Preparation of [Bmim]Cl

[Bmim]Cl was synthesized using the procedure reported in [13]. In standard preparation
method, 1.5 mole of chlorobutan and 1.0 mole of 1-methylimidazole are mixed in a round-
bottomed flask fitted with a reflux condenser and stirred for 3 days at 80°C. After the two
phases formed, the top phase containing the reagents was removed by washing several times
with ethyl acetate. The yellowish IL product of [Bmim]CIl was further heated up to 50°C
under vacuum to remove ethyl acetate. Only one ionic liquid, [Bmim]Cl, was used in this

study and through the paper it is considered as IL.

2.4. Preparation and electrospinning of solutions
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Four series of SAN solutions with IL and different CNTs for the electrospinning experiments
were prepared by mechanical and ultrasonical mixing techniques (see table. 1). The
concentration of IL and CNTs was calculated by weight to SAN mass and remained constant
during experiments, 20% and 1% respectively. SANm-g-CNTs are considered as special type
of CNTs in this study. Viscosity and electrical conductivity of electrospinning solutions were

measured for each solution.

All solutions were electrospun from a 2.5 ml syringe with a medical needle of an inner
diameter 0.1 mm. A MK Series power supply (GLASSMAN EUROPE Limited, UK) was
used to generate a voltage of 20 kV. Fibers were collected to the rotating drum of a diameter
7.5 cm covered with aluminum foil. The distance between the tip of the needle and the
collector was constantly 20 cm and pumping rate was 0.6 ml/h., NE-1000 Single Syringe
Pump (New Era Pump Systems, Inc.) was used for pumping the electrospinning solutions.
Mechanical, electrical properties and morphology were investigated for each electrospun

membrane.
2.5. Characterization

FT-IR spectra were recorded on an Interspec 200-X FTIR spectrometer, with 16 scans

averaged at resolution of 1 cm’™! for SAN and SANm.

TGA experiments with a Setaram LabsysEvo 1600 thermoanalyzer were carried out under
non-isothermal conditions by heating up to 800°C at the heating rate of 10°C/min in argon
atmosphere. Standard 0.1 ml alumina crucibles were used, the mass of the samples was 4-5

mg and the gas flow was 60 ml/min.

"H NMR spectrum was recorded with a Bruker Avance III spectrometer operating at 500

MHz for protons. Sample (7 mg/ml) was first dispersed in d6-DMSO by keeping it at 50°C
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overnight followed by vortex mixing for several minutes. The spectrum was collected at room

temperature with 32 scans.

Viscosity of electrospinning solutions was measured by Physica MCR 501 rheometer (Anton
Paar, Austria) at rate 100/s using cone-plate geometry (cone angle 2° and diameter 2.5 cm) at

23°C.

The electrical conductivity of the solutions was measured with SevenCompact Conductivity

S230 electrical conductivity meter (Mettler Toledo, Switzerland) at room temperature.

The electrical conductance of the electrospun membranes was measured with High Resistance
Meter Model HR2 (AlphaLab, Inc., USA) at room temperature. The thickness of each sample
was measured from five different points and the average was calculated. After that, each
sample was placed into 10 mm width and 10 mm length cell between electrodes and values
detected. Finally, conductance was calculated into conductivity considering thickness of the

samples.

Mechanical properties of the electrospun membranes were measured at 23°C and relative
humidity 65% using a tensile testing instrumentation Instron 5866 (Instron Corporation, UK).
The samples were cut in a rectangular shape, width of 1 mm and length of 10 mm. The
thickness of each sample was measured by digital thickness gauge (INSIZE CO., LTD.). A
2.5 N load cell was used for tensile testing procedures applying a constant strain rate of 10
mm/min. Collected data was analyzed and parameters as tensile stress at maximum load and

1TM

modulus were calculated using Bluehill ™ 2 Version 2.17 software.

The morphology of the electrospun fibers was analyzed using SEM microscope Gemini Zeiss
Ultra 55 (Germany). Pictures of various magnification from 500 to 100000 were done for all
samples. Average fiber diameter was calculated for each sample. TEM measurements for

SANm-g-CNTs were done with FEI Titan Themis 200 working at 80 kV.
8
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3. Results and discussion

3.1. Characterization of SANm and SANm-g-CNTs

Oxazolines can be prepared in different ways by utilization of amino alcohols. The simplest
and cost-efficient method usually involves reaction of amino alcohol and carboxylic acid [14].
At temperatures below 200°C, the rate of linking reaction is insufficient [15]. Decomposition
temperature of SAN, 375°C, makes it perfect polymer for grafting reaction on CNT in a

compounder at high temperature.

In this research firstly SAN cyano groups reacted with AE in presence of Zn(Ac), catalyst to
form SANm or oxazoline-modified polymer. CNT-COOH were added after this modification
reaction and grafting reaction between oxazoline group of SANm and carboxilic group of
nanotubes took place to form covalent bonding and cover CNTs with polymer molecules (see

fig. 1).

FT-IR spectra of SAN and SANm were recordered and compared in order to confirm
formation of oxazoline group during modification reaction of SAN. From fig. 2 it can be seen
that both SAN and SANm spectra have peaks at 1601 cm™ and 2237 cm™ which correspond
respectively to mono-substituted C=C bond of the aromatic ring of styrene and C=N bond of
acrylonitrile functional group [12]. SANm spectra have additional strong peak at 1664 cm™,
corresponding to expected oxazoline functional group (vibration of N=C bond) which

confirms formation of new bonds in SAN molecule [8].

To confirm the reaction between SANm oxazoline group and carboxylic group on the surface
of carbon nanotubes 'H NMR was performed for SAN-g-MWCNTs. From the spectrum (fig.
3) the styrene aromatic protons between 6.84 and 7.17 ppm are clearly identifiable.

Unfortunately the solvent peaks are overlapping the acrylonitrile peaks around 2.0-3.5 ppm.
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Regardless, the signal from styrene units shows after extensive purification steps that grafting

reaction took place and MWCNTs surface is covalently coated with SAN.

TGA was used to determine the amount of polymer grafted onto CNT and characterize the
thermal behavior of SAN, SANm, CNT-COOH and SANm-g-CNTs (see fig. 4). CNT-COOH
TG curve shows a continuous decomposition with the increase of temperature. The same is
true for SANm-g-CNTs decomposition at temperatures above 445°C. This can be explained
by decomposition of unreacted -COOH groups on the CNTs and impurities that CNT-COOH
sample contained. SAN starts to decompose at 375°C and loses its weight completely at
445°C, the same result report Ma Y., Pang ef al [15]. Although SANm curve is similar to
SAN curve, SANm starts to decompose at 360°C and loses weight completely at the same
temperature as SAN does. SAN modification reaction into SANm induced polymer to
decompose at a lower temperature and changed the degradation pathway. In case of SANm-g-
CNT weight loss starts at 360°C, which is attributed to the grafted SANm onto the CNTs. The

SAN polymer content on the CNTs is about 35 wt% as estimated by TGA.

TEM microscopy showed that after CNTs grafting with SANm their structure take core and
shell form where inside layer is nanotube and outside layer is modified polymer. From fig. 5
graphite sheet structure can be clearly observed. Polymer layer thickness on CNT is near 8

nm.

3.2. Effect of polymer grafting of CNT's on properties of the electrospinning solutions

Now the solutions electrical conductivity dependence on addition of different CNTs and
solution preparation method will be discussed (see fig. 6). In case of mechanically mixed
solutions, the electrical conductivity increases with addition of nanotubes almost twice

compared to pure polymer solutions. CNTs have excellent electrical properties and therefore

10

URL: http://mc.manuscriptcentral.com/lfnn Email: fncneditorialoffice@gmail.com

Page 14 of 42



Page 15 of 42

O©CONOOADRWN-=

Fullerenes, Nanotubes and Carbon Nanostructures

improve electrical conductivity of polymer solutions. There is a difference of electrical
conductivity between SAN solutions with added CNT, CNT-COOH and SANm-g-CNT. This
is because electrical properties are sensitive to the degree of functionalization and to the
chemical nature of the functional group [16]. If CNTs are modified with carboxyl groups, the
dispersion in polar solvents enhance due to the combination of polar—polar affinity and
electrostatic repulsion. This results in better conductivity of solutions with CNT-COOH
compared to the solution with pristine CNTs and SANm-g-CNTs. Electrical conductivity of
solution with added SANm-g-CNT is slightly smaller comparing to solutions with ungrafted
CNT and CNT-COOH because SANm-g-CNT are covered with non-conductive SANm

polymer.

For improving the dispersion of CNTs into polymer solution, the ultrasonic irradiation was
used. Fig. 6 shows the increase of electrical conductivity with application of ultrasonic
treatment. Ultrasonication reduces the size and amount of nanotube agglomerates thus helping

to transduce their electrical properties into polymer solution [17].

Our previous research [10] showed positive impact of addition of IL on the dispersion of
CNTs into electrospinning solutions. IL acted as a dispersive agent for CNTs, it reduced the
size and amount of CNTs agglomerates. For this reason, the IL was added and same series of
solutions prepared. With an addition of IL, the electrical conductivity of all solutions increases
for three orders of magnitude (see fig. 6) compared to IL-free solutions. This phenomenon is
caused by the nature of IL molecules. [Bmim]Cl is a liquid salt at room temperature that
consists of large [Bmim]" cations and small CI" anions. With an addition of IL into the SAN
polymer solution, the ionic pairs dissociate in DMSO and increase the amount of charge

carriers. Similar results were observed in our previous research [10].
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The decrease of the electrical conductivity of IL containing solutions after ultrasonic
irradiation can be explained by the decrease of electrical conductivity of IL itself during
ultrasonication. Initial electrical conductivity of IL was 78.3 and after 3h of ultrasonication it
reduced to 71.1 uS/ecm. Decrease of electrical conductivity of IL is caused by oxidative

degradation of IL under ultrasonication, which is discussed below [18].

It is well known that morphology and consequently mechanical properties of electrospun
membrane strongly depend on rheological properties of the electrospinning solutions,
especially on viscosity. The viscosity of all electrospinning solutions was measured at 100/s
shear rate to evaluate the influence of CNTs grafting with polymer on solutions viscosity (see

table. 2).

The impact of IL on the viscosity of the solution is different depending on solution
preparation technique. With the addition of IL into mechanically mixed solutions, the
decrease of solutions viscosity was observed, the exception is SAN in DMSO + SANm-g-
CNTs. The same phenomenon was observed in our previous study [10]. This phenomenon
can be explained by few reasons. It is known from the literature, that imidazolium ILs can be
used to exfoliate or re-bundle the CNTs agglomerates. S.Bellayer et a/ showed
experimentally, that “cation-n”" interaction between imidazolium ions and a large m-electronic
surface of CNTs causes the exfoliation of CNTs agglomerates [19]. The n-m interaction
shielding model for dispersion process of CNTs in imidazole ILs was proposed by J.Y. Wang
et al [20]. By this theory, CNTs agglomerates gradually exfoliate by shearing force into
smaller bundles and detached separate CNTs are surrounded by ILs immediately. During this
process, strong n-m interaction of CNTs is shielded due to a large dielectric constant of
imidazole ILs and prevent re-bundeled nanotubes and smaller agglomerates from aggregation.
The viscosity is known as a fluid's resistance to flow. Viscosity of pure IL is lower compared
to the viscosity of SAN in DMSO solution. For this reason, it acts as a lubricant in solutions.
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As the dispersion of CNTs into polymer solution was improved with the addition of IL the
viscosity of mechanically mixed solutions decreased. Z.Fan and S.G.Advani found the same
phenomenon while study of rheology of MWCNT suspensions [21]. Also, the decrease of
solutions viscosity with the addition of IL is related to the decrease of intermolecular
interactions resulting from IL dilution in DMSO [22]. The increase of the viscosity of SAN in
DMSO + SANm-g-CNTs mechanically mixed solution can be explained by covalent grafting
of CNTs by the polymer. In this research, it was found that IL has bad compatibility with
SAN and SANm: pure SAN and SANm do not dissolve in pure IL. This means that in
solutions with SANm-g-CNTs IL ions can reach only the ungrafted surface of CNT. As a
consequence IL cannot play the role of dispersant SANm-g-CNTs. Figure 7 presents the
scheme of discussed above theory. Unfortunately, no relevant literature was found for better
explanation of interactions between SAN and SANm, SAN and IL, or SANm and IL. More

precise rheological research is needed to explain this effect.

Now the effect of ultrasonic treatment on electrospinning solutions viscosity will be
discussed. It was found, that the viscosity of solutions with IL increases after ultrasonic
treatment. This can be explained by the increase of viscosity of IL during ultrasonication. The
viscosity of pure IL before and after ultrasonication was measured and values are 0.97 and
1.38 Pa-s respectively. During the oxidative degradation under ultrasonication, some ions are
degraded and as a consequence not degraded ions have lower mobility in solution [18]. This
causes the decrease of the electrical conductivity and increase of the viscosity of IL-

containing solutions under ultrasonic treatment.

The viscosity of all IL-free solutions decreases with the application of ultrasonic treatment.
With application of ultrasound, bigger amount of energy was transduced to solutions thus
increasing the dispersion level of IL, SAN and CNTs into DMSO and consequently the

decrease of viscosity value was observed. The similar results were observed in the study of Y.
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Y. Huang et al [23]. It was found, that with application of high-energy ultrasound during

mixing the CNTs disperse better into polymer matrix and as a result, viscosity reduces.

3.3. Effect of CNTs grafting with polymer on electrospun membrane properties

Fig. 8 represent membrane electrical conductivity. Electrospinning of mechanically mixed
SAN in DMSO+CNT+IL solution was not stable; no continuous fibers were produced for
evaluation of membrane mechanical and electrical properties. Due to this reason, this

membrane is excluded from the further discussion.

It was found that all membranes without IL are non-conductive. Addition of IL increases
electrical conductivity of membranes up to semiconductor level. By applying of ultrasound
membrane electrical conductivity decrease was observed in pure SAN+IL and SAN+CNT-
COOH+IL membranes. This can be caused by decrease of electrical conductivity of IL itself
during ultrasonication. In SANm-g-CNT containing membranes the opposite effect was

observed.

The electrical conductivity of mechanically mixed SAN+IL and SAN+SANm-g-CNT+IL is
nearly the same. Surprisingly after ultrasonic treatment, membranes of higher electrical
conductivity can be obtained in case of SAN+SANm-g-CNTs+IL. The grafting of SANm on
CNTs causes this. After ultrasonic treatment grafted CNTs disperse easily compared to
ungrafted thus transducing their extraordinary high electrical conductivity into polymer matrix

overcoming the observed decrease in conductivity of IL itself.

Fig. 9 and fig. 10 represent mechanical properties of all obtained membranes. Comparing IL-
free membranes electrospun from mechanically mixed solutions, it can be seen that SAN
membrane has lowest tensile stress at maximum load and modulus. With addition of different
CNTs tensile stress and modulus of SAN membranes increase from 0.18 and 5.21 MPa up to

0.43 and 9.72 MPa for SAN+CNTs, up to 1.31 and 41 MPa for SAN+CNT-COOHs, and up
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to 2.91 and 72 MPa for SAN+SANm-g-CNTs, respectively. Membranes with CNTs have
higher tensile stress than membranes spun from pure polymer solution due to outstanding
mechanical properties of CNTs [24]. CNT-COOHs and SANm-g-CNTs show higher impact
on mechanical properties compared to unmodified CNT. According to the literature, all CNTs
with functional groups provide higher strength than CNT. This is due to the better dispersion

of functionalized CNTs [25] in a certain matrix.

The effect of ultrasonic treatment on mechanical properties of obtained membranes is also
shown in fig. 9 and fig. 10. It is clearly seen that with application of ultrasound to solution the
tensile stress at maximum load and modulus of membrane increase drastically. With
ultrasonic mixing higher amount of energy is transfered to polymer solution with filler inside
thus providing better dispersion of CNTs into polymer matrix. Due to that better load transfer
to the filled network is achieved, resulting in more uniform stress distribution, which in turn

enhance the mechanical properties of the composite polymer membrane [8, 26].

The behavior of SAN+SANm-g-CNT+IL system is different to other ones and the ultrasonic
treatment caused opposite effect: tensile stress and modulus of electrospun membrane
decrease. This phenomenon can be explained by covalent bonding of SANm to CNTs. In case
of ungrafted nanotubes, IL can easily cover the CNTs. Application of ultrasound enhance
dispersion of ungrafted CNTs and CNT-COOH and IL is connected to CNTs surface.
Nevertheless, in case of polymer-grafted CNTs separate nanotubes are coated fully or
partially with the polymer, IL cannot reach the CNTs surface (see fig.5 and fig.7). As it was
discussed before IL does not mix with SAN and SANm. By this reason, the opposite effect
appears during ultrasonic mixing in SAN+SANm-g-CNT+IL system and the decrease of
mechanical properties is observed. For example, during fiber formation when the solvent is
evaporated, in dry SAN+CNTHIL and SAN+CNT-COOH+IL membranes IL is distributed on

the surface of CNT and connected by “cation-n” interaction discussed above. But in case of
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SAN+SANm-g-CNT+IL the system with two polymers, which are very close but not
identical, that do not mix with IL is formed. During ultrasonication, more homogeneous
distribution of SAN, IL, and SANm-g-CNTs is achieved in solution. Which means, that in dry
fiber IL is distributed better compared to the mechanically mixed system. But as IL cannot
stay on the surface of SANm-g-CNT more stress location sites can appear in fiber after
ultrasonication of the electrospinning solution. This can cause the decrease of SAN+SANmM-g-
CNT+IL membrane mechanical properties after ultrasonication of electrospinning solution.
Unfortunately, no relevant literature about SAN(SANm)/IL fiber structure after mechanical
stress was found to prove this theory. A deeper study of SAN(SANm)/IL membranes
behavior and structure under mechanical stress is needed to confirm experimentally this

theory.

The effect of added IL on mechanical properties of membranes was also studied. As can be
seen from fig. 9 and fig.10 in both preparation methods, mechanical and ultrasonic mixing,
the improvement of mechanical properties was observed with addition of IL. For example,
SAN+SANm-g-CNT membrane modulus increased from 72 up to 420 MPa in case of
mechanically mixed solution. In the same system but ultrasonically mixed increase of
membrane modulus was from 110 up to 139 MPa. This is indirectly related to increase of
electrical conductivity of electrospinning solutions. With increased electrical conductivity of
solution, the higher stretching force is applied to the electrospinning jet at the same variables.
At higher stretching force, thinner fibers and as a result stronger membranes are produced

[27]. The same result was observed in our previous research [10].

Finally, we can conclude, that the best results of mechanical and electrical properties were
found for polymer membrane with SANm-g-CNTs and IL. The increase of mechanical
properties was in two orders of magnitude compared to SAN membranes and in average twice

higher than membranes with unmodified CNTs and CNT-COOH. Both together IL and
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SANm-g-CNTs enhance electrical conductivity of electrospinning solution. From another
point of view, covalent bonding of SANm to CNTs provides better dispersion of CNTs into
polymer matrix and uniform load transfer in final product is reached thus enhancing material

strength properties.

The morphology of obtained fibers was studied by SEM (see fig. 11 and fig. 12). In case of
pure SAN membranes there can be seen several beads along the fibers. These are solvent
beads, which have stretched shape. Fig. 13 represents dependence of fiber average diameter
on addition of different CNTs, IL and application of different mixing techniques. In IL-free
membranes with application of ultrasound smoother fibers of lower average diameter can be
produced due to increased electrical conductivity of solutions. In case of IL containing
solutions, as evident from fig. 13 no significant effect of ultrasonic treatment was observed on
fiber average diameter. Comparing membranes with and without IL it is clearly seen that
addition of IL decreases fiber average diameter. This phenomenon can be also explained by

increased solution electrical conductivity with dissociation of [Bmim]'CI" pair into ions.

Conclusions

Reactive melt blending method for CNT grafting with SAN polymer was successfully
modified and simplified. 35% content of SAN polymer in SANm-g-CNT sample was

achieved with process yield of 55%.

Four parallels of mechanically and ultrasonically mixed solutions with addition of different
CNTs and IL were prepared and solution properties investigated. It was found that SANm-g-
CNTs have the same impact on solution properties as CNT and CNT-COOHs in mechanically
mixed solutions. However, with application of ultrasonic irradiation SANm-g-CNTs increase
solution electrical conductivity more than other CNTs. In case of IL-containing solutions, no
difference was found between effect of CNTs, CNT-COOHs and SANm-g-CNTs on solution
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electrical conductivity. IL increased in average for three orders solution electrical
conductivity. With application of ultrasonic irradiation to IL containing solutions, the

electrical conductivity of all solutions decreased.

Viscosity was measured for all electrospinning solutions. It was found that ultrasonication has
the different effect on the viscosity of solutions with and without IL. Application of ultrasonic
treatment to IL-free solutions decreased the viscosity in all solutions because of better
dispersion of different CNTs and SAN into DMSO. However, with the addition of IL different
effect of ultrasonic treatment was observed. The viscosity of solutions with IL increased after

ultrasonication because of oxidative degradation of IL under ultrasonication.

The best result in mechanical test was observed in composite membranes with SANm-g-
CNTs. 16 times higher tensile stress at maximum load and 14 times higher modulus was
achieved with addition of SANm-g-CNTs into elctrospinning solution comparing with pure
SAN membrane. This is also 7 times higher comparing to membranes reinforced with
ungrafted CNTs and CNT-COOH. In combination of grafting method, ultrasonic treatment
and IL application the mechanical properties of SAN membrane can be increased even more,
in two orders of magnitude comparing to pure SAN membrane, which is very promising

result.

It was also discovered that the electrical conductivity of fibers cannot be increased only by
addition of different CNTs. IL is needed to produce membranes with electrical conductivity of
semiconductor level. The highest electrical conductivity was achieved by addition of IL and

SANm-g-CNTs; and ultrasonic treatment.
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Table.l. Composition and preparation of electrospinning solutions

Solution Preparation of | Preparation of ultrasonically
mechanically mixed | mixed solutions
solutions
SAN in DMSO First a SAN in DMSO | First SAN in DMSO solution
SAN in DMSO+CNT solution was mixed by | was mixed by mechanical

SAN in DMSO+CNT-COOH

SAN in DMSO+SANm-g-CNT

SAN in DMSO+IL

SAN in DMSO+CNT+IL

SAN in DMSO+CNT-COOH+IL

SAN in DMSO+SANm-g-CNT+IL

mechanical stirring at 60°C
for 24 h. After that, IL and
CNTs were added and
stirred for another 24 h at

60°C.

stirring at 60°C for 24 h. After
that, IL and CNTs were added
and stirred for another 24 h at
60°C. At last solutions were

ultrasonically treated for 3 h.

1
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Table. 2. Viscosity of solutions

Mechanically mixed Ultrasonically mixed

SAN in DMSO 2.26 2.12

O©CONOOADRWN-=

SAN in DMSO+CNT 291 2.90

SAN in DMSO+CNT-COOH 2.31 1.90

13 SAN in DMSO+SANm-g-CNT 2.50 1.91

15 SAN in DMSO+IL 0.79 3.58

17 SAN in DMSO+CNT+IL 2.81 4.93

19 SAN in DMSO+CNT-COOH+IL 0.87 3.86

21 SAN in DMSO+SANm-g-CNT+IL 5.80 323
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20 Fig. 2. FT-IR spectra of SAN (solid line) and SANm (dotted line)
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Properties of 1,2-DCE and DMSO [109]

APPENDIX B

1,2-DCE DMSO
Name 1,2-Dichloroethane Dimethylsulphoxide
Physical properties
Molecular weight 99 78
Empirical formula CoH4Cly CyHsO1S;
Boiling point (°C) 83.5 189
Freezing point (°C) -36 +18.5
Specific gravity (20/4) 1.253 1.101
Surface tension (20°C | 32.2 43.7
dyn/cm)
Absolute viscosity | 0.9 2.0
(25°C cP)
Fire hazards
Flash point (closed cup | 13 95
OC)
Autoignition 413 255
temperature (°C)
Electrical conductivity | 4x10™"" 2x10”
Lower explosive limit | 62000 30000
(ppm)
Upper explosive limit | 169000 420000
(ppm)
Solvent properties
Solubility parameter 9.8 13.0
Dielectric constant | 10.45 46.6
(20°C)
Polarity (water 100) 32.7 44.4
Evaporationt time (ether | 2.7 1500
=1)
Solubility in  water | 0.81 Total
(25°C %w/w)
Solubility of water in | 0.15 Total
(25°C %w/w)
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