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The aphorism ‘God made the bulk; surfaces were
invented by the devil’ is credited to Wolfgang Pauli,
Nobel Prize in Physics in 1945. The interphase is a
key issue for polymer composites since it guaran-
tees the necessary stress transfer from the ‘weak’
matrix to the ‘strong’ reinforcement. Since the inter-
phase is the key factor of composite performance,
its engineering design is being under spot of interest
from both academia and industry. New impetus to
interphase engineering was provided by the world-
wide extensive research on polymer nanocompos-
ites. The mechanical properties of this new genera-
tion of materials did not fully meet the expectations,
which might have been exaggerated as far as the
replacement of traditional reinforcements by
nanoadditives is concerned.

However, nanofillers and nanocomposites have
recently attracted great interests as potential solu-
tions to some acute problems with composites’ inter-
phase. Among these problems the detection of fail-
ure/damage, their eventual healing, poor out-of-
plane performance including low delamination resist-
ance and inherently missing properties should be
mentioned. Failure/damage start at the interface or
in the interphase. Therefore, creating a ‘smart’
interphase the properties (e.g. electrical conductiv-
ity, piezoresistivity...) of which change with pro-
gressing damage would allow a structural health
monitoring (DOI: 10.1016/j.carbon.2012.04.008).
The load bearing of traditional fibers can be promi-
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nently improved when nanoscaled additives (nan-
otube, graphene, clay...) are deposited on their sur-
faces by suitable manners. The related ‘hierarchical’
fibers enhance the delamination resistance, support
a more homogenous stress distribution and improve
other out-of-plane properties. The encapsulation
strategy of healing agent was successfully adapted
for the interphase by creating and depositing submi-
cron-size capsules onto the fiber surface (DOI:
10.1016/j.compscitech.2013.02.007).

Most of the above concepts, well summarized in
recent reviews (DOI: 10.1016/j.pmatsci.2015.02.003
and DOI: 10.1016/j.compscitech.2014.07.005), have
been conceptually proved at a laboratory level and
need to be up-scaled to in industrial praxis. New
strategies to overcome deficiencies with polymer
composites are still needed. However, the inter-
phase engineering is not yet finished (the devil has
his fingers still there...) — why not to play in this
exciting research arena?
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Abstract. Over the past decades, electrospinning of biopolymers down to nanoscale garnered much interest to address most
of the millennia issues related to water treatment. The fabrication of these nanostructured membranes added a new dimen-
sion to the current nanotechnologies where a wide range of materials can be processed to their nanosize. Electrospinning is
a simple and versatile technique to fabricate unique nanostructured membranes with fascinating properties for a wide spec-
trum of applications such as filtration and others. These nanostructured membranes, fabricated by electrospinning, were
found to be of a paramount importance because of their advanced inherited properties such as large surface-to-volume ratio,
as well as tuneable porosity, stability, and high permeability. The extensive research conducted on these materials extended
the success of electrospinning not only to bio-based polymer nanofibres, but to their hybrids and their derivatives. The tech-
nique also created avenues for advanced and massive production of nanofibres. This paper reviews the recent developments
in the electrospinning technique. Electrospinning of biopolymers, their blends and functionalization using metals/metal

oxides, and the potential applications of electrospun nanofibrous membranes in water filtration are discussed.
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1. Introduction

The exponential growth of the population, water
scarcity, and man undesirable practices have spurred
efforts to develop innovative technologies to produce
high quality water at relatively low cost and energy
[1, 2]. Urbanization, industrial activities, waste dump-
ing, and alien plants are common practices con-
tributing to the current environmental crisis [3, 4]. For
example, the mining industries, although serving as
a one of the driving forces of many countries’ econ-
omy, dump billions of tons of hazardous materials
into the environment. The emissions of such pollu-
tants into the air and water are seriously considered
as primary factors to the common respiratory, neural
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and intestinal diseases. A safe and healthy environ-
ment is a priority that needs immediate intervention
in both developing and well-developed countries [5,
6]. These challenges call upon novel and effective
technologies to address the current environmental
issues, either by protecting the environment and cur-
rent water sources or by producing high quality water
from available sources (oceans and wastewater) with-
out harmful by-products [5, 6].

Over the past decades, the production of nanofibres
gained much interest and attention to develop inno-
vative materials with properties that are suitable to
address the challenges related to water treatment.
Nanofibres are a new class of nanomaterials with
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inherited properties such as the large surface-to-area
ratio, high porosity, flexibility, stability, and perme-
ability. Several routes have been utilized to fabricate
these nanostructured materials from different mate-
rials such as drawing, templates synthesis, phase sep-
aration, self-assembly, electrospinning etc. [8—10].
Amongst them, electrospinning technique received a
considerable interest due to its simplicity, efficiency
and versatility in producing nanofibres [8—10].

In the electrospinning process, an electric field is
introduced to the solution (or melt) to produce
extremely long fibres with diameters down to a few
nanometers. Almost all soluble materials can be elec-
trospun into nanofibres. These include synthetic and
natural polymers, polymer alloys and polymers
loaded with chromophores, nanoparticles, or active
agents, as well as metals and ceramics [8]. This tech-
nique gained much interest in the past two decades
not only because of its simplicity, but also due to its
feasibility to produce consistent long nanofibres with
desirable properties which cannot be fabricated
through other techniques. The resulting nanostruc-
tured materials with an extremely large surface to
volume ratio, and engineered porosity, malleability,
stability and functionality, have been applied in a
wide variety of fields [8, 10].

Research has escalated in electrospinning of biopoly-
mers, their hybrids and derivatives, for various appli-
cations because of their unique properties such as
renewability, biodegradability and their abundant
availability [7, 11]. Generally, biopolymers are
defined as polymeric biomolecules generated by liv-
ing organisms. They are categorized according to the
monomeric units that build up the complex poly-
meric structure, namely polynucleids (ribonucleic
acid (RNA) and deoxyribonucleic acid (DNA)), poly-
peptides (proteins), and polysaccharides (cellulose,
and chitosan). The electrospinnability of most bio-
polymers is still a challenge because of numerous fac-
tors [11-15]. These include their rigid structure, high
conductivity, high surface tension, and their gelation
at fairly low concentrations. Several routes have been
proposed to improve their electrospinnability such
as the use of copolymers [16] and the modification
of the processing device [13, 15].

A number of biopolymers, such as DNA [17], silk
[18], chitosan [19], collagen [20], fibrinogen [21],
gelatin [22], hyaluronic [13, 15], cellulose [23], and
alginate [24] were successfully electrospun into nano-
fibres for their application in various fields such as

filtration, biomedical and tissue engineering. Only
few of them were, however, applied in air and water
treatment [25-27]. Their readily water solubility and
biodegradation are common factors that disrupt the
success of electrospun bio-based nanofibrous mem-
branes, especially in water filtration. The addition of
nanoparticles [28, 29], functionalization and the use
of co-polymers [30] to enhance stability and bioci-
dal activity have been the major object of research
in electrospun nanofibrous membranes (ENM).
Even though there is some success in electrospin-
ning a broad spectrum of materials since its inven-
tion a century ago, the throughput of nanofibres is
still a limiting factor in the industrial production for
commercial practice. However, there were several
modifications on the classical laboratory electro-
spinning setup and new technological innovations
to increase the production rate of the electrospun
nanofibres. These technologies include bubble elec-
trospinning [31], multi-jet [32] and bowl electro-
spinning [33].

In this review we discuss the fabrication of electro-
spun biobased nanofibres, their hybrids and deriva-
tives using electrospinning technique. The factors that
influence the properties of the electrospun nanofi-
bres, and their functionalization using various meth-
ods, to enhance their performance in water and waste-
water treatment, are discussed. We also look at other
innovative technologies to modify classic electro-
spinning and to improve the properties and produc-
tion of electrospun nanofibres.

2. Electrospinning process

2.1. Historical background on electrospinning
Electrospinning was initially not considered a viable
technique because of difficulties with drying and col-
lection of the nanofibres during its execution. How-
ever, it gained scientific and commercial publicity in
the past two decades. Raleigh was the first to discover
electrospinning in 1897, and a thorough study on
electrospraying was done by Zeleny in 1914 [34, 35].
Cooley [36] was one of the scientists that patented
the electrospinning technique about 100 years ago.
However, the electrospinning technique gained enor-
mous interest later in the early 1990s, thanks to the
Reneker group. The group studied the mechanisms
involved during electrospinning which spurred much
interest in the nanotechnology arena because of the
size of the resulting nanofibres. In Germany (in the
early 1930s to 1940s), Formhals published a series
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of patents based on the process and apparatus to exe-
cute this simple and versatile technique [37-39].
Later in the 1960s, Taylor studied the initiation of the
jet from the drop on the apex of the needle when an
electric field was applied. The conical shape formed
because of the electric forces surmounting the solu-
tion surface tension was later named after him,
“Taylor cone’ [10, 40]. By that time the technique was
called ‘electrostatic spinning’. The considerable
interest in the electrospinning technique in the 1990s
resulted in the new name ‘electrospinning’ [40, 41].
The name ‘electrospinning’ was then accepted and
is now widely used in the literature as a description
of this viable technique to produce ultrathin fibres
from a polymer solution or melt through application
of electrical forces. The success of this technique is
evidenced by the number of publications each year
by universities, research institutes, and about 20 com-
mercial enterprises, who are involved in the applica-
tion of electrospun nanofibres (Donalson company
Inc., Espin technologies Inc., and Elmarco etc.) [31].

2.2. Fundamentals of electrospinning
Almost all soluble materials can be electrospun into
nanofibres, with diameters ranging from several
micrometres down to tens of nanometres. Over 200
polymers were successfully electrospun into long
ultrathin fibres for a wide variety of applications,
mostly from polymer solutions [40, 42]. A classical
setup of the electrospinning technique is shown in
Figure 1. It consists of a spinneret with a metallic nee-
dle, a syringe pump, a high voltage power supply, and
a grounded collector [8, 40, 43]. Horizontal and verti-
cal setups are commonly adapted configurations,
but in some cases upward electrospinning was also
utilized [44].

Syringe pump

E(| Polymer solution
_- Syringe

L)

"\._.J‘ t‘ ‘o
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Grounded target

i

Figure 1. Schematic representation of electrospinning appa-
ratus

Figure 2. SEM micrograph of alginate nanofibres

Basically, the sol-gel, blend, composite, or polymer
solution/melt is loaded in the syringe is driven to the
needle tip by a syringe pump, forming a hemispher-
ical droplet at the tip. A voltage (540 kV) is applied
to the solution on the needle which causes the drop
to stretch into a conical shape (known as Taylor cone)
[45]. Depending on the viscosity of the solution
(which must be sufficient enough to withstand
stretching and whipping to avoid any varicose
breakup, which forms nanoparticles) an electrified
jet is formed and moves towards to an oppositely
charged collector. During this trip the solvent evap-
orates and the jet solidifies to form nonwoven webs
on the collector. The jet is only stable from the tip of
the needle, whereafter instability starts. Interestingly,
this technique offers the processor a platform to con-
trol the resulting morphology and structure of the
nanofibres through changing of solution properties
and physical parameters. Many well-organized
papers describe in detail the effect of these parame-
ters [8, 34, 43, 45]. Furthermore, the solvent and co-
solvent play a significant effect in determining the
resulting morphology and structure. The resulting
nanofibres have high porosity, large surface to vol-
ume ratio, and good mechanical properties, which
open doors for a wide variety (Figure 2) [8, 46].

3. Factors affecting the electrospinning
process

Although electrospinning is a simple and straight-

forward technique, there are several parameters that

are important (solution properties, processing param-

eters, and ambient conditions), that must be consid-
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ered since they significantly affect the quality of the
resulting nanofibrous membranes. The solution prop-
erties include conductivity, concentration, surface
tension, and molecular weight; the processing param-
eters include voltage, tip-to-collector distance, col-
lector shape, diameter of the needle and feeding rate;
the ambient conditions such as humidity and tem-
perature of the surroundings are also important.

3.1. Solution parameters

Despite the fact that all these parameters have a sig-
nificant effect on the resulting product, the solution
properties serve as a more decisive parameter. The
solution concentration and/or viscosity have to be
sufficient enough to prevent the varicose breakup of
jet to allow a continuous stream in the spinning solu-
tion. Both are directly dependent on the polymer
molecular weight which defines the entanglement
of the chains to withstand the Coulombic stretching
force to prevent the jet breakage into droplets by sur-
face tension [47-50]. The optimal concentration
and/or viscosity are required because too high con-
centration/viscosity may result in larger diameter and
clogging of the capillary [47-50]. Nevertheless, the
gelation (highly viscous) at fairly low concentra-
tions (below entanglement concentration) disrupts the
electrospinnability of the biopolymers, resulting in
collection of droplets. Moreover, most of these poly-
mers are inherently polyelectrolytic (e.g. alginate and
chitosan) which increases the solution conductivity.
This also contributes to the difficulties in electrospin-
ning of natural polymers from their aqueous solu-
tions [47, 51]. Several modifications have been done

to improve their spinnability. The use of copolymers
such as poly(vinyl alcohol) (PVA) and polyethylene
oxide (PEO) was found to be suitable to reduce the
conductivity of the natural polymeric spinning solu-
tions [47, 52-54].

On the other hand, some solvents may be added
either to increase [55, 56] or decrease the electric
properties of the spinning solution [12, 19]. The
most used solvents in electrospinning are shown in
Table 1.

Solvents with good volatility, moderate vapour pres-
sure, moderate boiling point, good conductivity and
good cohesion with the polymer is important in the
electrospinning process [12, 56—61]. The solubility
of the polymer, however, does not guarantee the solu-
tion spinnability [12]. For example, partial solubility
in a solvent can result in smooth bead-free nanofi-
bres. Some reports suggested that a single solvent
system could result in beaded nanofibres, whereas
the addition of partially soluble solvent could
improve the nanofibre morphology [57, 59, 61].

3.2. Setup parameters

Essentially, the electrospinning process begin directly
at the point at which electrostatic forces overcomes
the solution surface tension and viscoelastic forces.
Typically, a critical voltage is required to eject the
charged jet from the drop at the nozzle (Taylor cone)
[15, 62]. For instance as the concentration, or simi-
larly, the viscosity increases, higher electrical forces
are required to overcome both the surface tension
and the viscoelastic forces for fibre stretching. The
size of the droplet at tip of the nozzle depends on

Table 1. Properties of solvents and liquids used in electrospinning

Solvent Density Viscosity | Boiling point Dipole moment Dielectric Surface tension
[grem™) [eP] [°C] [D] constant [mN'm2]
Acetic acid 1.05 1.12 118.0 1.68 6.15 26.9
Acetone 1.39 0.32 78.0 2.88 27.0 21.4
Chloroform 1.50 0.53 61.6 1.15 4.80 26.5
Dichloromethane 1.33 0.41 40.0 1.60 8.93 28.1
Dimethylacetamide 0.94 1.96 165.0 3.72 37.8 36.7
Dimethylformamide 0.99 0.80 153.0 36.70 383 37.1
Dimethyl sulfoxide 1.10 2.00 189.0 3.90 46.7 43.0
Ethylene glycol 1.11 16.13 197.0 2.20 37.7 47.0
Formamide 1.13 3.30 211.0 3.37 110. 59.1
Formic acid 1.22 1.57 101.0 1.41 57.9 37.6
Glycerol 1.26 950 290.0 2.62 42.5 64.0
Hexafluoro isopropanol 1.60 1.02 58.2 1.85 16.7 16.1
Methanol 0.79 0.54 65.0 1.70 33.0 22.7
Tetrahydrofuran 0.89 0.46 66.0 1.75 7.52 26.4
Triflouroethanol 1.38 1.24 74.0 2.52 8.55 433
Water 1.00 1.00 100.0 - 21.0 25.2
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the feeding rate as well as the needle shape and
diameter [13, 62—64]. Therefore, these factors influ-
ence the forces acting on the drop which contribute
to the jet initiation and stretching. The optimal dis-
tance is required to give the electrified jet sufficient
time for nanofibre dryness [65—67]. At longer tip-to-
collector distance (TCD), the fibre will have suffi-
cient time to solidify before reaching the collector,
but if the distance is too long, either beaded fibres or
no fibres are collected [65]. Similarly, when the dis-
tance is too short, it reduces the flight distance and
solvent evaporation, and increases electric field,
which results in beads.

One of the essential aspects in electrospinning is the
type of collector used. These collectors act as a con-
ductive substrate to collect the charged fibres. Alu-
minium foil [61] is usually used to collect the nano-
fibres. However, due to the difficulty to transfer the
nanofibres from this collector [13, 15], other collec-
tors such as liquid baths [68], metal plates [69], grids
[70], parallel or gridded bars [71, 72], rotating disks
[73], and rotating drums [74] were investigated as
possible collectors. Different collectors used in elec-
trospun nanofibres were recently reviewed in [46].
The collectors specifically used in electrospun bio-
polymers as well as the optimal conditions are sum-
marized in Table 2. The collectors are often used to
engineer and design the structure and morphology
of the fibres. For example, Matthews et al. [75]
observed that collagen nanofibres, collected at lower
speeds, were random filaments, whereas collection at
higher speeds resulted in deposition of the nanofi-
bres along the rotation axis.

3.3. Ambient conditions

Ambient conditions, temperature and humidity, can
also affect the morphology and diameter of the nano-
fibres [77]. It was deduced that the increase in tem-
perature reduces the viscosity of the solution and
enhances the solvent evaporation, which results in
thinner nanofibres [89]. Depending on the system
under investigation, two antagonistic effects are
observed: (1) reduction in fibre diameters, and
(2) increase in diameter which may result in fusion
of the nanofibres [90]. Tripatanasuwan et al. [91]
reported that an increase in relative humidity resulted
in smaller diameters of the nanofibres. They stated
that at the lower relative humidity the rate of sol-
vent evaporation increased, with the opposite effect
at higher humidity. Furthermore, the humidity can

generate pores of different size and depth depend-
ing on the molecular weight of the polymer [92].

4. Recent advances in electrospinning
techniques

During the past years research on various advance-
ments and modifications on standard needle elec-
trospinning (SNE) with the aim to scale up the nano-
fibres production, to enhance the stability of the
electrospinning technique, and to engineer patterns
and desired morphologies of the resulting nanofibres
for various applications, has escalated. The produc-
tion rate has been one of the inhibiting factors for
the commercial implementation and industrial via-
bility of the electrospinning processing technique. In
SNE the mass production rate is approximately
0.01-0.1 g-h™!, where the nanofibre source is a sin-
gle jet arising from a single needle apex through
which the polymer solutions is ejected. Various inno-
vative ways to produce electrospun nanofibres with
enhanced functionalities were developed. These
advances, namely multi-needle and needleless elec-
trospinning, gas-jet electroblowing spinning, and co-
axial electrospinning (Table 3) are described in the
following sections. However, most of these techno-
logical advances are mostly applied in synthetic
polymers as deliberated in Table 3.

4.1. Multi-needle electrospinning

An increase in the number of nozzles is the most con-
venient way to increase the production rate of the
nanofibres [100, 101]. However, there are some
drawbacks associated with multi-needle electrospin-
ning, such as complicated design and large operating
space, and repulsion between the nanofibres that
causes the uneven deposition of the nanofibres [102].
Furthermore, the clogging of needles discourages the
industrial viability of multijet spinning. In industry
the needles would require regular cleaning, which
would result in complex processes and too much
labour. Therefore, several modifications were sug-
gested to overcome the nanofibre repulsions without
compromising the production rate. For example,
Kim and Park [103] electrospun alginate/PEO nano-
fibres using multi-nozzle electrospinning with an
extra auxiliary electrode to alleviate the repulsion
between the jets. PEO (2 wt%)/alginate (2 wt%)
doped with lecithin (0.7 wt%) as surfactant produced
smooth nanofibres using SNE. The same composi-
tion was used for a comparison between nanofibres
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Table 3. The novel advances on standard laboratory electrospinning

. Polymer concentration Average diameter [nm Throughput
Technique ¥ (Wt ang vol tage[kV[] I [g-hg"]p Reference
Bowl 6 (PEO) and 12 (PCL) 268425 at 16 and 344497 at 30 7.0 [31]
Bubble 10 (PVA) 111-48.6 at 10-30 - [33]
Conical wire coil 9 (PVA) 2754113 at 50 2.8 [93, 94]
Gas jet 8 (PVA) 220 at 25 1.1 [95]
Multi-jet 15 (PVA) 230000 0.66-0.72 [96]
Nanospider 15 (PU) 193 at 81.2 96.6% [97]
Porous tubular 20 (nylon-6) 170.6+5.0 at 20 5.0 [98]
Splashing 9 (PEO) 368+45.37 at 60 3.0 [99]

aUnits g-h 1-m™!

produced with and without auxiliary electrodes in
multi-nozzle spinning. The auxiliary supported multi-
nozzle showed a higher production rate and smoother
nanofibres with diameters of 174+62 nm compared
to unsupported spun nanofibres that had diameters
of 246+62 nm. A wide variety of multijet electro-
spinning heads, namely series, elliptic, concentric,
line, rectangular and matrix can be utilized to pro-
duce nanofibres [96]. The biodegradable blend of
cellulose acetate and PVA was prepared by varying
the ratio of the jets from 1:3 to 3:1. The average diam-
eters of the fibres increased (220 to 290 nm) with a
decrease in the number ratio of PVA/CA from 3:1 to
1:3. The tensile strength and the modulus increased
from 7.0 to 9.4 MPa and 18.1 to 34.0 MPa with an
increasing the number ratio of the jets of PVA/CA
from 1:3 to 3:1 [26].

4.2. Needleless electrospinning

4.2.1. Confined needleless electrospinning

One of the promising processes to scale-up the nano-
fibre production is needleless electrospinning. This
technique avoids the issues of clogging and clean-
ing of the needles and the complexity of the multi-
axial spinning setup. The needleless process is
divided into two categories depending on the feed-
ing system: confined feeding and unconfined feed-
ing. The difference between the confined and uncon-
fined needleless electrospinning is the fact that in
confined electrospinning the electrospun fluid is
enclosed in a reservoir such as an insulating tube
[98, 104, 105] or any other material in which the
polymer is protruded, whereas in unconfined sys-
tems there is no reservoir for the spinning solution
and the droplets are projected naturally from the
surface of the solution.

The replacement of the needles in multi-jet spin-
ning is the most convenient way to resolve the com-
plexity and difficulties without compromising the

mass throughput [92, 99]. In this route the polymer
fills a porous hollow tube [93, 104]. The drilled holes
on the surface of the tube can be made in different
configurations. The positive electrode is immersed
into the solution and by using a small pressure the
polymer solution is driven through the holes. The
production rate is 3—250 times that of the standard
electrospinning (SNE), while the nanofibre diame-
ters may range from 300 nm to several hundreds of
microns. Dosunmu et al. [98] used a porous poly-
ethylene tube with pore sizes 10—-100 pm as reser-
voir for a 20 wt% nylon 6 spinning solution. The
polymer solution was pushed with air pressure to
form multiple jets on the porous surface. The jets
protruding from the tube surface were collected on
a surrounding vertically placed grounded co-axial
wire mesh. The resulting nanofibres have equiva-
lent mean diameters to those produced by SNE,
with a much broader distribution. Moreover, differ-
ent polymers can be electrospun via this method
and the porous tube can be made from different
materials such as ceramic.

Rotary-jet spinning (RJS) is composed of a rotating
motor, a reservoir and a stationary or rotating col-
lector [106]. The polymer solution is loaded into a
punched reservoir, either continuously or once in
one measurement or production. The perforated reser-
voir has two side wall orifices which rotate verti-
cally to the surrounding collector. Because of the
centrifugal forces on the solution, the polymer jets
are forced out of the reservoir through the punched
side wall, and subsequent jet extension and dryness
yield three dimensions of nanofibres. The advan-
tages include the use of low voltages, the produc-
tion of three dimensional (3D) morphologies, con-
trolled porosity, independence of solution conductiv-
ity, and larger mass production than SNE. Various
polymer solutions (poly(lactic acid) (PLA) in chlo-
roform, polyethylene oxide (PEO) in water,
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poly(acrylic acid) (PAA) in water, gelatin in acetic
acid were successfully electrospun to three dimen-
sional nanofibres by Badrossamay et al. [106]. They
indicated that with the control over the spinning
solution concentration and rotating speed the mor-
phology of the nanofibres can be tuned.

4.2.2. Unconfined needleless electrospinning
Unconfined needleless electrospinning is the elec-
trospinning the solutions naturally from a liquid
surface. Yarin and Zussman [107] prepared nanofi-
bres by a needleless method using the ferromag-
netic liquid sub-layer below the polymer solution. It
was established that the nanofibres can also be pro-
duced without a ferromagnetic sub-layer, but at a
much higher voltage. The disadvantage of this
method is that the number of jets and their location
cannot be controlled since the jets protrude natu-
rally from the liquid surface. Nevertheless, they pro-
duced nanofibres with diameters ranging from 200
to 800 nm.

Another technique involves the use of charged cylin-
drical rotators dipped in the spinning solution [108,
109]. This is the only technique that was applied
industrially since research on the enhancement of
the production rate started, and is known as nano-
spider™ [97]. The technique involves a polymer
solution in a container and a cylindrical charged
metal rotating at a certain speed. The charged rotat-
ing metal is partially immersed in the solution. When
the solution is electrified by the voltage supplied to
the cylindrical rotators, the multiple polymer jets
are launched from the circumference of the cylin-
drical rotators to the grounded collector. Nanofibres
with average diameters between 50 and 200 nm are
produced at a rate of 2.53 g-h™!, compared to con-
ventional electrospinning with a rate of 0.01—
0.1 g-h™!. Various shapes of rotating nozzles, such as
disk and spiral coils, can be used to generate narrow
distribution nanofibres with a higher mass produc-
tion than SNE. A rotating spiral coil made of metal
wire was used by Wang et al. [94] to eject the jets
from the surface of each spiral wire. Depending on
the concentration and applied voltage, ultrafine nano-
fibres were produced. Nanofibres with narrower
distribution were generated with the mass produc-
tion increasing with voltage from 2.94 to 9.42 g-h™!
for 45 and 60 kV, respectively. The disadvantage of
these nozzle processes is the uneven electric field
distribution on the spiral wire. Niu et al. [110] com-

pared a rotating disk and cylinder to envisage the
effect of the shape on the resulting nanofibre pro-
duction. They indicated that the disk nozzle requires a
lower voltage to initiate the fibre production than
the cylinder nozzle, with finer nanofibre than those
from the cylinder at similar conditions. The mass
production was equivalent for both the rotating disk
and cylinder, but higher than that of SNE.

Another approach is the polymer solution dripping
from the reservoir onto a rotating cylinder, known
as splashing electrospinning. In this case the reser-
voir is held horizontal to a charged cylinder rotating
at a certain speed. With a controlled speed, gap dis-
tance, and solution parameters the nanofibre struc-
ture can be tuned with enhanced production (24—
45 times) compared to SNE [99] (Table 3). The
influence of processing and solution properties on
the resulting nanofibres via splashing was studied by
Tang et al. [111]. Increased concentration was found
to increase the mean diameter of the fibre, whereas
an increase in the voltage decreased it. A decrease
in mean diameter was reported with an increase in
both rotating speed and gap distance. They found
that using statistical analysis (analysis of variance
(ANOVA)), the optimal conditions for fine nanofi-
bres with narrower distribution (PEO in water)
were as follows: concentration (6.94 wt%), voltage
(12.38 kV), gap distance (3.5 cm), and rotational
speed (0.76 rpm). Also, nanofibres with mean diam-
eters ranging from 100 to 400 nm, were obtained.
In the bowl-edge unconfined process, the primary
interaction between the electric field and the poly-
mer solution caused fluid perturbations within the
bath reservoir filled with polymer solution [31, 41].
These fluid perturbations were responsible for
Raleigh-Taylor instabilities formed by gravity forces
in the polymer solution. The polymer solutions, due
to the instabilities, produced jets protruding from
the edge of the bowl which are similar to the jets
ejected from the SNE. The bowl has a thin-lipped
edged structure where the droplets are ejected to the
concentric collector. At the beginning, a high volt-
age is supplied and then the voltage to initiate the jet
formation is reduced to a lower operational value.
Stable nanofibres are formed on the collector with
high quality nanofibres similar to the optimal nano-
fibres from SNE, with 40 times faster production.
Bubble electrospinning is primarily based on the
bubbles on the surfaces of polymer solutions [28].
These bubbles serve as the droplets in which the
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Taylor cone is formed. The gas tube and metal elec-
trode are inserted in the solution to produce the
bubbles. When the gas is blown into the solution,
the bubbles are formed (in a spherical shape) on the
surface of the solution, and when the voltage is
applied the bubble shape changes into a conical
shape. When the voltage is above a critical value,
multiple jets are ejected from the bursting bubble to
the collector, while new bubbles are formed and
broken again — the process repeats itself until the
solution is depleted.

Another process necessitates the drops of a polymer
solution dripped onto a standard spin coater fol-
lowed by rotation of the chuck [112]. The fibres are
produced by the instability of the spin-coated liquid
that results from the competition of the centrifugal
force and the Laplace force induced by the surface
curvature. By adjusting the solution parameters (con-
centration, spinning speed, surface tension) and sol-
vent evaporation rate, different polymers can be
processed to their nanofibres. Dabirian et al. [113]
modified the centrifugal spinning method by enclos-
ing a nozzle to avoid the influence of the surround-
ing air on the dryness of the protruding polymer
solution. They also applied a voltage which was not
applied in the centrifugal spinning proposed by
Weitz et al. [112]. They obtained uniform aligned
nanofibres with an average diameter of 440+11.3 nm.
The mechanical properties of the resulting nanofi-
bres were significantly improved compared to those
of the electrospun nanofibres from SNE.

Yet another proposed electrospinning process neces-
sitates the use of one or more plates held at a certain
angle with respect to the horizontal and vertical ori-
ented collector [114]. The reservoir on top of the
plates drops the polymer solution onto the metal
plate (which serves as a spinneret), and because of
the angle and gravitational force the solution slowly
flows until reaching the edge of the plate. At this
point, the solution forms a drop that changes its shape
to Taylor cone as a result of the electric field at the
edge of the plate. More plates were used, given a
‘waterfall geometry’. However, the plates resulted in
an irregular spinning due to the electric field differ-
ence and the polymer solution on each of the plates.
The waterfall geometry process displayed lower pro-
duction rate than the SNE and single edge-plate
geometry. The advantage of the single plate method
lies in its simplicity and ease of operation with a
large number of jets ejected from the plate edge.

The disadvantage is the inhomogeneous electric
field distribution in the solution, which contributes
to the nanofibre structures.

Another needleless setup involves concurrently pro-
voking numerous jets from a sufficiently large lig-
uid surface [115]. The electrospinning is carried out
on the free liquid surface with a stainless steel cleft
with a certain width. Numerous jets are generated
on the surface of the conductive liquid when suffi-
cient voltage is applied. Mathematical equations
were proposed and found to be well applicable to
SNE and to most of the theories based on this pro-
cessing technique. The hypothesis from different
parameters and dimensionless analysis created a com-
prehensive description which affords the opportu-
nity for the development of the liquid surface tech-
nique.

Nanofibres were also synthesized from conical wire
coils as a spinneret [94]. The technique involves a
copper wire-coil nozzle with a conical shape with a
certain distance between the wires connected to the
voltage supply. This technique falls in between the
confined and unconfined, because the dripping solu-
tion is inside the cone held upside-down, while the
reservoir is not enclosed since the droplets are
ejected from the solution flowing through the space
(gaps) between the wires. The flowing solution is
exposed to a high voltage (40-70 kV) to produce the
jets which travel towards the collector where the
nanofibres are collected.

4.3. Gas-jet electrospinning

One of the recent advances includes new designs of
the needle to fabricate the desired morphology and
patterns for various applications. It necessitates a
gas jet device connected to the needle and is known
as the gas-jet electrospinning technique [13, 15,
116—-118]. In this technique the needle of the spin-
ning solution is encircled by the tube of the gas jet.
Lin et al. [116] studied the effect of ID and gas flow
rate while keeping the other parameters fixed. They
found that a smaller ID led to smaller average diam-
eters, while the average diameter decreased monot-
onically as the gas flow rate increased. It was sug-
gested that the blown gas imposes an additional
drawing action on the polymer jet. Other groups
used hot stream air-blowing to control the solution
properties, solvent dryness and to impose additional
stretching to the jet [13, 15]. The blown air is heated
by passing through heating elements offering con-
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trol over the rate and temperature of the blown air.
The tip-to-collector distance is much shorter than
conventional electrospinning with very high volt-
ages (~40 kV). The method offers an opportunity to
increase the processing window boundaries. Ultra-
high molecular weight polymers, and polymers that
are difficult or impossible to electrospin from their
aqueous solutions, can easily be electrospun through
a gas jet process [13, 15, 86]. However, the through-
put is still equivalent to that of SNE, while the diam-
eters of the nanofibres range between 500 and
1000 nm. The disadvantage of this process is the
difficulty of solvent recovery. An increase in the
throughput will also require an increase in the num-
ber of the needles as well as large gas volumes
[118].

Another gas jet process necessitates the exploitation
of the protruding jet by applying compressed air to
further stretch the jet [119, 120]. This process is
known as gas jet nanofibre (GJF). The GJF consists
of a syringe pump, modified nozzle, jet compressed
gas (often air), and a collector. Several parameters,
such as air jet pressure, feeding rate, and tip to col-
lector distance, can be adjusted to engineer the nano-
fibres morphology. The mass production ranges
between 0.9 and 8.6 g-h™! depending on the poly-
mer properties, solution parameters and processing
parameters. However, bi-component and co-shell
morphologies can easily be fabricated. Benavides et
al. [120] produced nanofibres with average diame-
ters of 280, 186 and 425 nm from 6% v/v PEO, 6%
v/v poly(vinyl pyrrolidone) (PVP) and poly(vinyl
acetate) (PVAc) using a 276 kPa compressed air jet
with a feeding rate of 0.8 mL-min~!. They demon-
strated that the nanofibre diameter can be reduced
by increasing the air pressure. They also indicated
that core-shell by co-axial syringe and side-by-side
morphologies from immiscible polymers can easily
be prepared.

4.4. Nozzle configurations for multi-
component nanofibres

4.4.1. Co-electrospinning

The modifications of the standard electrospinning
devices created a new avenue to combine one or
more components with ease of functionalization.
One of the simplest ways to fabricate one or more
polymeric components is through the use of two or
more needles containing different solutions (double
electrospinning). This can be done by spinning both

solutions, fed from different reservoirs, in a pro-
grammed way such that both solutions reach the
collector at the same time [121]. Another way is the
depositing of the nanofibres in a sequential way,
where one polymer solution is first deposited fol-
lowed by the other [122]. In these methods the
syringes filled with different polymers are placed
opposite each other with the collector between them,
and perpendicular to the principal axis of the collec-
tor. The ejected jets are collected using the same
collector (mandrel). Nanofibrous membranes con-
taining chitosan and alginate were produced via the
dual-jet system by Hu and Yu [123]. The PEO/chi-
tosan and PEO/alginate were fed from two different
nozzles and the jetting difference was 15 seconds
[123]. X-ray photon-electron spectroscopy (XPS)
confirmed the compositions of the two biopoly-
mers, and fluorescent microscopy micrographs
showed that these polymers were evenly dispersed
onto each other. A hybrid of chitin and silk fibroin
(SF) were also electrospun simultaneously from their
solutions fed from two syringes on opposite sides
facing a rotating target [124]. Chitin/SF (75/25,
50/50, 25/75) hybrids were prepared from chitin
(5 wt% in 1.1.1.3.3.3-hexaflouro-2-propanol (HFIP))
and SF (7 wt% in HFIP) and fed to two syringe in
opposite directions. The resulting bimodal type of
distribution consisted of thinner chitin nanofibres
and thicker SF nanofibres with each component
dominant depending on their concentration in the
composition.

Similarly, the two polymer solutions in the syringes
can be placed on opposite sides of the collector. The
voltage applied to the syringes result in ejection of
the jets which come into contact (merge into single
nanofibres) moving towards the collector (Figure 3)
[125]. Duan et al. [126] simultaneously electrospun
poly(lactide-co-glycolide) (PLGA) and chitosan/
poly(vinyl alcohol) (PVA) from different syringes
and mixed them on the collector (drum). The solu-
tions from the two syringes connected to a high
voltage (15 kV) were fed by a double-way syringe
pump at a feeding rate of 0.2 mL-h™! to a grounded
drum (TCP = 10 cm). The composite nanofibres with
a diameter of 275+175 nm consisted of both smooth
nanofibres with large diameters and beaded nanofi-
bres. Ji et al. [86] crosslinked hyaluronic acid (HA)
hydrogel nanofibres by a primary syringe (2.5% w/v/
2.5% w/v HA/PEO) connected to a T-shaped three-
way steel adapter, and the secondary syringe
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Figure 3. Schematic representation of other side-by-side
electrospinning (Reprinted with permission from
Xu et al. [125] Copyright © 2012 Fu Xu et al.)

(9.0% w/v PEGDA) connected by Teflon tubing. A
voltage of 18 kV was applied with a TCP of 10 cm.
The primary syringe feeding rate was 20 pL-min!
and secondary syringe feeding rate was maintained
at 5 uL-min! to yield a final 3.3"-dithiobis(propanoic
dihydrazide)-modified HA (HA-DTPH) concentra-
tion of 2.0% (w/v) in the mixture. Ultrafine nanofi-
bres with diameters of 90+15 nm were obtained.
The fibrous structure was maintained after dissolu-
tion of PEO in water, but the average diameter
moved to 110£28 nm.

The most convenient way to electrospin two poly-
mers is through blending the two or more polymers
in a suitable solvent [127]. In this case, the selection
of the polymers and the solvent is important due to

Liquid A Liquid B

Vv

| d Collector /é?—

Figure 4. Schematic diagram of side-by-side dual spinneret
(Reprinted with the permission from Liu et al.
[128]. Copyright (2007) American Chemical
Society)

.

the fact that the interactions between the polymers
must not cause phase separation during electrospin-
ning. Nonetheless, the proposition to use a single
nozzle with two polymer solutions lying in a side-
by-side fashion and coming into contact at the tip of
the needle and flowing towards the counter elec-
trode overcame the complications of blending the
polymers [127]. This technique is known as side-by-
side dual spinneret (Figure 4) [128]. These authors
synthesized bicomponent nanofibres made up of
two small fibres bound together and respectively
containing titanium dioxide (TiO;) and tin dioxide
(Sn0O,). This was confirmed by SEM-EDS results
showing that TiO, and SnO, were on different sur-
faces of the fibre.

4.4.2. Co-axial electrospinning

Other designs include co-axial electrospinning where
hollow or core-shell fibres can be produced with easy
functionalization (Figure 5). Various materials such
as polymers, oligomers, nanoparticles, metal salts,
proteins, oils, and enzymes immobilized into the core
can be produced to achieve integrated multifunc-
tional materials [1, 129—132]. Coaxial electrospin-
ning offers an avenue to prepare nanofibres from the
materials which are difficult or impossible to be
electrospun into nanofibres using conventional elec-
trospinning processes [129, 132]. It can be used in
various applications where the stability and control
release of small molecules are of significance [133—
136]. With appropriate choice of solvent and com-
ponents a variety of functionalised hollow struc-
tures can be fabricated from blend to composite
materials [134]. A core-shell of collagen-r-poly(e-
caprolactone) was prepared by this technique [136].
The inner and outer solutions were — poly(e-caprolac-
tone) (PCL)/triflouroethanol (TFE) (100 mg:mL™")
and collagen/TFE (72 mg'mL™"), respectively. TEM
revealed a core-shell structure with a dark PCL
component inside with a diameter 385+82 nm, and a
lighter collagen shell with a thickness of 64+26 nm.
The variation of the concentration of the solutions
for the inner and outer layers influences the overall
diameters of the nanofibres, the thickness of the
shell and the diameter of the core. Gulfam et al.
[137] produced porous co-shell structured nanofi-
bres by utilizing a collecting water bath. They var-
ied the concentration of PCL (outer shell) to evalu-
ate its effect on the overall diameter of the resulting
nanofibres. The overall diameters of the gelatin-
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Figure 5. Schematic representations for co-axial electrospinning (a). It consists of a spinneret with two coaxial capillaries in

which the polymer solution, mineral oil and functional group are ejected simultaneously to fabricate functional-
ized hollow fibres. TEM image of two as-spun hollow fibres (b). TEM image of TiO, (anatase) hollow fibres (c).
SEM image of a uniaxially aligned array of anatase hollow fibres (d). (Reprinted with the permission from Li and
Xia [134]. Copyright (2004) American Chemical Society).

PCL core-shell nanofibres gradually increased with
an increase in PCL concentration from 105+31 nm
at 4% PCL to 210449 nm at 12% PCL.

4.4.3. Tri-axial electrospinning

Additional to the conventional co-axial electrospin-
ning, various researchers developed a novel tri-
axial electrospinning technique [130, 138, 139]. The
method uses a nozzle with three concentric needles
and three solutions are delivered by different pumps
to meet at the tip of the nozzle. Liu et al. [140] pro-
duced multi-layered biodegradable nanofibres made
of gelatin as core and sheath and PCL as middle
layer by triaxial electrospinning (Figure 6). The gela-
tin shell (17 wt%) and core (10 wt%) solutions in
80/20 w/w TFE/deionized water and middle layer
PCL (11 wt%) solution in TFE were fed from the
triaxial concentric nozzle at 1.0, 0.15, and 0.4 mL-h1,
respectively. The confocal fluorescence microscopy
(with the aid of dyes) and FIB-SEM images con-

firmed the presence of the gelatin/PCL/gelatin lay-
ers. The thickness of the sheath was 130 nm, that of
the intermediate layer 240 nm, and that of the core
layer 230 nm. Even miscible and immiscible poly-
mer solutions, that were impossible to electrospin
with traditional co-axial electrospinning, can be fab-
ricated by introduction of the solvent between the
two solutions and a reasonable flow rate [130, 140].
The incorporated multilayers can perform different
functions and incorporate functional groups to tar-
get specific applications of the nanofibres.

5. Electrospinning of biopolymers

A wide array of biopolymers have been electrospun
into ultrafine fibres with some difficulty due to the
rigid structure and lack of solubility in common sol-
vents. The functional groups, biocompatibility, bio-
degradability and non-toxicity of biopolymers are
unique properties that afford their applications in var-
ious fields. The major disadvantage of some bio-
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Figure 6. Schematic presentation of triaxial and FIB-FESEM images of triaxial electrospun nanofibres (Reprinted with per-
mission from Liu ez al. [140]. Copyright (2013) American Chemical Society.)

Table 4. The potential applications of electrospun biopolymer membranes in water treatment

Biopolymer

Desirable properties

Current application

Potential future applications

Cellulose and derivatives

Easy functionalization, hydroxyl
groups, and functional groups
from derivatives

Drug delivery, food, tissue scaf-
folds, personal care, detergent,
paper making, textile, mining flota-
tion, Pharmaceuticals, personal
care, cigarette filters

Bioadsorbent, metal and impurities
separation, ultralfitration, microfil-
tration and bioadsorbent, trace
metal detection

Cellulose nanowhiskers

High specific area, easy function-
alization, high crystallinity, high
modulus

Polymer reinforcement

Selective layer in ultrafiltration and
nanofiltration membranes, micro-
filtration, reinforcement

Chitin and derivatives

Easy functionalization, availabil-
ity of amino groups and other
functional groups from deriva-
tives

Drug delivery, environmental engi-
neering, tissue scaffolds, food
wraps, flocculants in water, bioci-
dal membranes, tissue scaffolds

Anti-biofouling membranes, mem-
brane coating, flocculation agent

Chitin nanowhiskers

High specific area, easy function-
alization, high crystallinity, high
modulus

Polymer reinforcement

Barrier layer in TNFC, reinforce-
ment

Carboxyl groups and hydroxyl

Metal chelation, anti-biofouling

pendent of pH

ceutical, coatings

Alginate Food texturing, tissue scaffolds
groups membrane, heavy metal detectors
Collagen Unique triple-helical structure Food, tissue scaffolds, cosmetics | Metal chelation
. . .o . . Membrane coating, controlled
. Thermoreversible viscosity, inde- | Cosmetics, food industry, pharma- 5, cot -
Gelatin release and encapsulation of disin-

fection agents

Hyaluronic and derivatives

Easy functionalization

Dermal fillers, tissue scaffolds

Metal chelation

Aloe vera

Different functional groups

Antibacterial creams, lotions, oint-
ment, tissue scaffolds

Immobilizer of bacteria, enzymes
and other biological molecules
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polymers in water treatment is their solubility and
biodegradation in an aqueous medium, giving the
edge to synthetic polymers to be the most applied in
water filtration and treatment. As already men-
tioned earlier, different metal oxides were incorpo-
rated into the polymers to enhance their biocidal effi-
cacy and the mechanical strength of the electrospun
membranes. Most of these biopolymers bear unique
functional groups that can be explored in waste-
water treatment to adsorb various heavy metals via
different mechanisms such as chelation, electrostatic
attraction and ion-exchange. They have abundant
availability, biocompatibility, large surface-to-arca
ratio, high porosity, and malleable mechanical prop-
erties and structure, with some unique and interest-
ing potential applications (Table 4).

5.1. Cellulose

Cellulose is the most abundant natural polymer on
earth derived from a wide variety of cellulose-con-
taining sources such as plants, animals and bacteria
[26, 141]. It is composed of a linear chain of B(1-4)
linked D-glucose units as shown in Figure 7. Cellu-
lose has interesting properties such as biocompati-
bility, biodegradability, and recyclability. Electrospin-
ning of pure cellulose, from its aqueous solutions,
like most biopolymers poses many challenges, where
some modifications of the electrospinning setup/
devices are needed [11, 14]. For example, Frenot et
al. [11] found that the collected fibre stood straight
up on the collector when plastic and aluminium
covered plates are used as collectors. However, the
use of a rotating drum/copper or liquid bath collec-
tor in a suitable humidity resulted in smooth bead-free
fibres [76, 142, 143]. Cellulose cannot melt and is
insoluble in water and most of the common organic
solvents because of the dense hydrogen network
which limits its applications and processability.
Only a few solvents such as paraformaldehyde
(PF)/N.N-dimethylformamide (DMF), lithium chlo-
ride (LiCl)/N.N-dimethylacetamide (DMAc), N-
methylmorpholine-N-oxide (NMMO), urea/sodium
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Figure 7. Structure of cellulose

hydroxide (NaOH) and ionic liquids can dissolve
cellulose [23, 76].

The possibility to functionalize cellulose via the
hydroxyl side groups on the backbone offers the
opportunity to electrospin it in a derivative-form
followed by its regeneration via deacetylation or
hydrolysis treatments.

The cellulose derivatives through —OH (hydroxyl
group) functionalization include cellulose acetate,
hydroxyl propyl cellulose, hydroxyl propyl methyl
cellulose, and methyl cellulose [11]. These deriva-
tives are soluble in most of the common organic
solvents and they can be converted to pure cellulose
via hydrolysis and deacetylation. Stephen et al.
[142] functionalized cellulose nanofibrous mem-
brane with oxolane-2,5-dione to enhance their heavy
metal adsorption efficiency. They first electrospun
cellulose acetate, followed by deacetylation of the
resulting nanofibres membrane using sodium hydrox-
ide (0.3M NaOH) to generate pure cellulose. The
nanofibrous membrane displayed a large surface
area of 13.7 m*>g ™! compared to raw cellulose fibres
membrane with a surface area of only 3.2 m>g.
The adsorption capacity for lead (Pb) and cadmium
(Cd) were respectively 1.0 and 2.9 mmol-g~!. The
regeneration of the mats was done through nitric
acid (HNOs3) treatment, and the regenerated mats
performed quite well.

5.1.1. Cellulose nanowhiskers

Cellulose nanowhiskers can be extracted from their
abundant source (cellulose) by mechanical and
chemical means [141, 144]. The high aspect ratio,
high crystallinity, easy functionalization, and large
surface areas make the nanowhiskers the next gen-
eration of wastewater treatment nanomaterials.
Several researchers incorporated various whiskers
in different polymers such as poly(2-hydroxy ethyl
methacrylate) [145], PVA [146], and PEO [147] to
improve the mechanical properties of the resulting
electrospun nanofibres. These researchers found
that the higher modulus and stiffer nanowhiskers
improved the mechanical properties of the electro-
spun nanofibres despite the observed agglomeration
of the whiskers [147].

Oxidized jute cellulose whiskers with diameters
ranging between 3 and 10 nm were coated onto poly-
acrylonitrile (PAN) nanofibres membrane (mean
diameter ~173 nm) either once (single layer) or
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twice (double layer) by using a glass rod [148]. This
method afforded pore sizes ranging between 5 and
65 nm. The membrane was tested under both ultra-
filtration (UF) and nanofiltration (NF) conditions,
in which the rejection of both nanosilica (in the case
of UF) and oil and water (in the case of NF) was
above 99%. The mechanical properties of the result-
ing electrospun nanofibrous membrane (ENM) were
improved by the presence of the whiskers, with the
tensile strength increasing from 4 to 10 MPa (for one
coating of the whiskers onto the ENM) and 14 MPa
(for double coating).

Cellulose nanowhiskers and nanofibres have also
been thoroughly studied by the Chu and Hsiao
group in water treatment and filtration applications
[149—152]. The cellulose nanowhiskers were either
employed as barrier layer of thin-film nanofibrous
composite membranes (TFNC) (Figure 8), or they
were infused into the electrospun membrane, depend-
ing on the intended filtration application (microfil-
tration (MF) or UF).

The cellulose nanowhiskers were prepared through
a [2.2.6.6-tetramethylpiperidinooxy (TEMPO)/
sodium bromide (NaBr)/sodium hypochlorite
(NaClO)] oxidation method. The length of the cellu-
lose nanowhiskers ranged between 200 and 400 nm
and the diameters between 5 and 10 nm. In the case
of MF, the infusion of the whiskers resulted in a
reduction of the mean pore size with a narrower dis-

tribution than the electrospun PAN nanofibrous
membrane. In comparison with the commercial
membrane GS0.22 made of nitrocellulose and acetyl
cellulose ester, the water flux cellulose nanowhisker-
based membrane was better because of the differ-
ence in porosity (>80% versus 52%) [144]. The
mechanical properties were improved with Young’s
modulus and tensile strength values of 375+15 and
14.3+£0.4 MPa, respectively, compared to the unmod-
ified membrane (226+20 and 8.5+0.3 MPa) which
was still higher than the commercial membrane with
a tensile strength of 5.6+0.3 MPa. The adsorption
of crystal violet (CV) dye was better in the case of
the cellulose nanowhiskers-based membrane than
in GS0.22 (Figure 9a). The adsorption was two
times higher at 10 mg-L™! of CV dye with a high
rate of adsorption because of the hydrophilicity and
large surface area. The adsorption data fitted the
Langmuir isotherm showing monolayer adsorption
(Figure 9b). The adsorption capacity was 16 times
higher for the cellulose nanowhiskers-based mem-
brane. The cellulose nanowhiskers as a thin barrier
layer in TNFC displayed superior performance com-
pared to the commercial known membranes [144].
The hydrophilicity, large surface area to volume
ratio and the surface charges of the cellulose nano-
whiskers played a significant role in improving the
rejection and flux of the membrane.

Figure 8. (Left) A schematic representation of a thin-film nanofibre composite membrane (TNFC) with three layers: selec-
tive/barrier layer, mid-layer of electrospun nanofibres, and nonwoven supporting mat (poly(ethylene terephtha-
late) (PET)). (Right) Cross-sectional SEM views of the barrier layer and electrospun nanofibres in a typical TNFC
membrane. (Reprinted with permission from Ma et al. [150]. Copyright (2012) American Chemical Society).
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Figure 9. (a) Adsorption capacity of cellulose nanowhiskers-
based nanofibrous MF membrane and GS0.22
against time; (b) respective Langmuir adsorption
isotherms for the two membranes (Reprinted with
permission from Ma et al. [144]. Copyright (2012)
American Society.)

5.1.2. Cellulose derivatives

Cellulose acetate

Among the cellulose derivatives, cellulose acetate
(CA) is the most studied derivative due to its poten-
tial to regenerate pure cellulose via deacetylation
[23, 152]. Cellulose acetate is synthesized by acety-
lation of the hydroxyl groups on cellulose with an
average of 2—4 degree of substitution per glucose
units (Figure 10). The CA enjoyed its success in
membrane filtration for more than seven decades
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Figure 10. Structure of cellulose acetate

now [149, 153, 154]. It has been widely used as a
selective layer in nanofiltration and ultrafiltration.
With its unique functional groups that can be modi-
fied, it is rated as one of the good metal adsorbents
[149, 150]. The functionalization of CA with —-COOH,
—SO3;H and NH, offers an opportunity for the appli-
cation of CA in heavy metal complexation [155—
158]. Some nanofillers can be added to a cellulose
acetate membrane to enhance the metal adsorption
capacity [149, 155, 156].

Zhou et al. [159] prepared cellulose acetate nanofi-
brous membranes from various solvents (dichloro-
methane, formic acid, acetic acid, and triflouro-
acetic acid). Only trifluoroacetic acid afforded the
production of smooth nanofibres with diameters
ranging between 100 and 300 nm. This membrane
displayed a porosity and surface area of respec-
tively 87% and 2.02-10” m™! with high water perme-
ability and hydrolytic stability. Aluigi et al. [61] stud-
ied the influence of various solvents and their
mixtures on the electrospinning of CA. Using a sin-
gle solvent like chloroform, N,N-dimethylformamide
(DMF), dichloromethane (DCM), methanol (MeOH),
formic acid, or pyridine, it was not possible to fabri-
cate smooth nanofibres. Only discrete beads were
formed, and acetone produced short beaded nanofi-
bres. CA (5% w/v) in a mixture of chloroform-MeOH
and DCM-MeOH produced beaded and smooth
fibres, especially at 4:1 (v/v). The average diameters
were 0.79—1.09 pm and 0.67—1.06 um respectively
for the binary mixtures of chloroform-MeOH and
DCM-MeOH. Smooth fibres were formed at solvent
mixture concentrations of a 16% (w/v) solution of CA
in 1:1, 2:1 and 3:1 acetone-N,N-dimethylacetamide
(DMACc), 14-20 % (w/v) solution of CA in 2:1 ace-
tone-DMAc, and 8—12 % (w/v) solutions of CA in 4:1
(v/v) DCM-MeOH. The diameters ranged between
0.14-0.37 um and 0.48-1.58 um for fibres prepared
from acetone-DMAc and DCM-MeOH, respec-
tively.

Chen et al. [160] functionalized cellulose acetate
nanofibrous membrane with chlorhexidine for their
biocidal efficacy. To facilitate electrospinnability in
N,N-dimethylformamide (DMF), high molecular
weight PEO was added. The electrospun nanofi-
brous membrane was crosslinked using titanium tri-
ethanolamine in isopropanol. The biocidal efficiency
against E. coli and S. epidermisidis increased with
concentration of chlorohexidine. The membrane dis-
played biocidal efficiency above 99%. Moreover,
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different drugs can be incorporated in cellulose
acetate as carrier [69, 161, 162]. Suwatong et al.
[162] incorporated curcumin in cellulose acetate
nanofibres to investigate its releasing character. The
cellulose acetate nanofibres retained their structure
and morphology after the addition curcumin. A 95%
release without toxicity was established. This prop-
erty can be explored in incorporating different func-
tions/biocides for controlled release in water treat-
ment. For example, Ma and Ramakrishna [163],
covalently bond protein A/G onto the oxidized CA
membrane to bind IgG molecules and a capturing
capacity of 18 ug/mg was reported. Similarly, Chen et
al. [164] functionalized hydrolysed CA with cobalt
tetraaminophthalocyanine (CoPc) for the adsorp-
tion of reactive red X-3B dye and more than 95% of
the dye was eliminated within 3 hours.

Other cellulose derivatives

Four different carboxymethyl cellulose sodium salts
(CMC) were electrospun by Frenot ez al. [11]. CMCs
with different molecular weight and degree of sub-
stitution were electrospun in the presence of PEO as
copolymer, dissolved in a water and ethanol mix-
ture at a ratio of 1:1. The nanofibres displayed sim-
ilar homogeneous structures with mean diameters
of 200-250 nm, regardless of the molecular weight
and degree of substitution. In the same study, two
hydroxypropyl methyl cellulose (HMPC) samples
with equal M, and with varying contents of methoxy
and hydroxypropoxy groups, were compared. Mean
diameters of 127 and 128 nm were obtained for the
two HMPCs, regardless of the functional group con-
tents, but at different spinnable concentrations. Lim
et al. [88] studied the effect of different parameters
(concentration, voltage, flow rate and tip-to-collec-
tor distance) on the electrospinning of ethyl cellu-
lose (EC). At a low concentration (6 wt%) a mixture
of smooth and beaded-fibre structures was observed,
which disappeared as the concentration was increased
to 8 wt% of the EC and above. The mean diameter
of the nanofibres gradually increased with flow rate,
whereas an increase in voltage reduced the mean
diameter of the nanofibres.

5.2. Chitin

Chitin is the second most abundant natural polymer
on earth after cellulose. It appears as ordered crys-
talline structure of microfibrils in the exoskeleton
of arthropods, and the cell walls of fungi and yeast
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Figure 11. Structure of chitin

[165]. Chitin, the mucopolysaccharides that is made
up of B-(1-4)-N-acetyl-D-glucosamine units linked
by 1-4 glycosidic bonds, acts as mechanical strength
and supporting structure in crustaceans, insects, etc.
(Figure 11) [51, 166, 167]. Chitin with desirable
properties such as good biocompatibility, biodegrad-
ability and ubiquitous availability has been used in
various fields such as cosmetic, biomedical and in
food additives [165].

Very few studies dealt with electrospinning chitin
from its aqueous solution, because of its poor solu-
bility [168, 169]. In these studies the solubility of
chitin was enhanced by Co®® gamma ray irradiation.
Chitin nanofibres with diameters ranging between
50 nm and several microns were electrospun in
1.1.1.3.3.3-hexaflouro-2-propanol (HFIP), with the
diameters depending on the electrospinning tech-
nique parameters such as concentration [167-169].
Min et al. [168] irradiated chitin (200 kGy) and
obtain an average molecular weight of 91000 to
enhance its dissolution in HFIP. They produced chitin
nanofibres with a broad fiber diameter distribution
(40 to 640 nm) and most were less than 100 nm.

5.2.1. Chitin nanowhiskers

The nanocomposites of PVA and chitin whiskers
were reported for the first time by Junkasem et al.
[170]. Nanowhiskers with the lengths in the range
231-969 nm and widths of 12 to 65 nm were pro-
duced. Nanocomposite nanofibres (prepared from
water) with diameters ranging between 175 and
214 nm, depending on the concentration of the chitin
whiskers, were obtained. The thermomechanical
properties of PVA were enhanced by the presence of
the chitin whiskers [171]. Naseri et al. [172] rein-
forced a blend of chitosan and PEO with chitin nano-
whiskers. The modulus and tensile strength were
significantly increased from 0.4 to 4.3 GPa and and
from 4.6 to 34.9 MPa, respectively. An antibacterial
TNFC membrane was developed by including chitin
nanowhiskers as barrier layer onto electrospun PAN
nanofibres (as a mid-layer on top of a PET nonwo-
ven support) [144]. The flux permeation was
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217.0 L'm2-h~!' (which was 8-10 times higher than
that of commercial PAN10) for two days at 30 psi
with a rejection above 99.7%.

5.2.2. Chitin with synthetic/biopolymers

A nanofibre blend of poly(glycolic acid) (PGA) and
chitin was prepared by Park et al. [173]. The nanofi-
bres had a broad diameter distribution in the range
of 50-350 nm, with most of the nanofibres having an
average diameter of 150 nm. Chitin/silk blend nanofi-
bres were prepared by several researchers using
HFIP as a solvent [124, 173]. The nanofibres had
diameters ranging between 340 to 920 nm depend-
ing on the content of silk in the composite material.
Irradiation and little deacetylation (8% DD) of chitin
was also adopted to reduce its molecular weight and
improve its solubility.

5.2.3. Chitin derivatives

Dibutyryl chitin

One of the readily soluble chitin derivatives in most
common organic solvents (acetone, ethanol) is dibu-
tyryl chitin. It is synthesized from butyric anhy-
dride and perchloric acid. Blasinsk ez al. [174] elec-
trospun an ester derivative of chitosan, dibutyryl-
chitin (DBC), from ethanol. 9 wt/v of DBC at 25 kV
was the optimal conditions to establish bead-free
nanofibres with a transverse dimension of 0.3 pum.
DBC and a cellulose acetate hybrid were electro-
spun in a 1:1 ratio of acetone and acetic acid [175].
The mixture of CA/DBC at a concentration of 5%
from 100/0 to 0/100 ratio compositions produced
bead-free nanofibres with 30-350 nm diameters.
Pant et al. [176] synthesized chitin butyrate from a
mixture of butyric acid, trifluoro acetic anhydride and
phosphoric acid, followed by the addition of ethyl
alcohol and filtration. The resulting solution was
washed repeatedly with diethyl ether and water, fol-
lowed by drying for 3 days in a hood and then in a
60°C oven for 6 hours. The resulting butyric chitosan
was electrospun with nylon-6 in formic acid/acetic
acid to give spider-web-like nanofibres with an
average diameter of 15 nm at a low butyric chitosan
content (90/10 nylon-6/butyric chitosan).

Carboxymethyl chitin

To circumvent the solubility issues of chitin and
chitosan, some of their derivatives have been elec-
trospun into nanofibres either from their aqueous
solutions or by blending with other polymers. This

not only to improved their spinnability, but also alle-
viated the use of a toxic solvent utilized in electro-
spinning both chitin and chitosan. Carbomethyl chitin
(CMC) is one of the chitin derivatives that are read-
ily soluble in water. However, the electrospinning of
CMC from its aqueous solution results in spherical
drops [177]. Nevertheless, ultrafine nanofibres from a
CMC/PVA blend at a 20:80 ratio (CMC (7%):PVA
(8%)) was reported. Sohofi et al. [178] were the first
to fabricate CMC electrospun nanofibres from its
aqueous solutions using binary solvents. The 6 wt%
CMC (with degree of substitution of 0.65) was elec-
trospun in a 30/70 dichloromethane/trifluoroacetic
acid mixture to ultrafine nanofibres with an average
diameter of 2604+42 nm. Although the carbomethy-
lated chitosan showed a potential in metal adsorp-
tion [179], nanofiltration [180], and microfiltration
[181] processes, not much has been done on elec-
trospun CMC in wastewater treatment.

Chitosan

Chitosan results from the deacetylation of chitin
under alkaline conditions, or from enzymatic hydrol-
ysis in the presence of chitin deacetylase. It is an
aminopolysacchride with unique properties and func-
tionalities for a wide spectrum of applications from
biomedical to industrial areas. Chitosan is a copoly-
mer made up of 2-acetamido-2-deoxy-B-D-glucopy-
ranose and 2-amino-2-deoxy-f-glycopyranose linked
together through (1-4)-B-glycosidic bonds (Fig-
ure 12). Similar to alginates, different forms of chitin
and chitosan such as gels, membranes, beads, micro-
particles, nanoparticles and nanofibres have been pro-
duced for various applications [51, 166]. Chitosan
is well-known for its unique antimicrobial activity
and metal adsorption [182, 183]. These result from
the protonation of NH, groups on its backbone. It is
capable of chelating ions from aqueous media and
inhibiting the growth of a broad spectrum of fungi,
yeasts and bacteria. The cations along the chitosan
repeating units can be varied through deacetylation.
A higher the degree of deacetylation results in a
larger number of cations on the backbone of the chi-
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Figure 12. Structure of chitosan
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tosan. Chitosan is soluble in most acids, which pro-
tonate it into a polyelectrolyte.

Different solvents such as dilute hydrochloric acid,
acetic acid, formic acid and triflouroacetic acid (TFA)
were tested to envisage the electrospinnability of
chitosan [184]. Only with TFA as solvent chitosan
nanofibres were successfully established [184]. It was
indicated that the TFA either forms amino groups
on chitosan, which results in the destruction of the
rigid interaction between the chitosan molecules, or
that the high volatility of TFA caused rapid solidifi-
cation of the electrified jet. More homogeneous
nanofibres were obtained by addition of dichloro-
methane, due to its high volatility. Geng et al. [67]
successfully electrospun chitosan from concentrated
acetic acid. 30% of acetic acid in water resulted in a
combination of droplets and thinner nanofibres with
an average diameter of 40 nm, whereas at 90% acid
concentration the diameter of the nanofibres increased
to 130 nm without beads.

Chitosan with synthetic polymers

Over the past decades, electrospun chitosan hybrids
have been fabricated using various synthetic poly-
mers such as polyvinyl alcohol (PVA) [126, 185],
poly(lactide-co-glycolide) (PLGA) [126], polyeth-
ylene oxide (PEO) [186], polyvinyl pyrrolidone
(PVP) [83], poly(lactic acid) (PLA) [80], and poly
(ethylene terephthalate) (PET) [187]. Interestingly,
the synthetic polymer did not only improve the elec-
trospinnability of chitosan, but significantly enhanced
the biocompatibility, antibacterial, mechanical
strength and other properties of the hybrid nanofi-
bres. These broadened the applicability of the chi-
tosan-based nanofibres in a broad spectrum of appli-
cations. PEO is a biocompatible synthetic polymer
favourable for biomedical and tissue engineering.
Su et al. [186] prepared chitosan/PEO blends doped
with monovalent (Na*), divalent (Ca*") and triva-
lent (Fe*") metal chlorides to enhance the homo-
geneity of the resulting nanofibres. They found that
these metal chlorides promoted the fibrous morphol-
ogy of the chitosan/PEO blends, opening doors for
the use of these nanofibres in various applications
such wound dressing, bone regeneration, etc.

Chitosan with other biopolymers

The electrospun nanofibres of chitosan and other
natural polymer blends were studied by several
researchers [188, 189]. Torres-Giner et al. [188] pre-

pared a bioblend of chitosan and zein for biocidal
applications. Low zein content (1 wt%) in the bio-
blend resulted in ribbon-like nanofibres with an aver-
age diameter of 320.9+92.3 nm. An increase in the
percentage of chitosan in the blend yielded beaded-
fibres with smaller average diameters between
161.7£39.6 and 128.5+£26.2 nm. The electrospun bio-
blend inhibited bacterial growth. Bioblend electro-
spun nanofibrous membrane of chitosan and a type |
collagen were fabricated with the aid of PEO, fol-
lowed by crosslinking with glutaraldehyde [190]. The
ultrafine fibres had average diameters of 134442 nm
before crosslinking and 98+76 nm after crosslinking.
The difficulty of electrospinning CS/collagen, due
to its high conductivity/charge density, was improved
by the addition of PEO. Young modulus was improved
from 0.2940.04 to 0.65+0.02 MPa by crosslinking.
Maeda et al. [191] electrospun chitosan with the aid
of PEO, followed by coating with hyaluronic acid.
The composite was made by dissolving PEO in water
and coating with hyaluronic acid, and it was stable
in water with an improved swelling ratio due to the
increased hydrophilicity as a result of the presence
of hyaluronic acid. PVA/CS was electrospun onto a
PVDF micro-filter, followed by crosslinking with
glutaraldehyde [192]. The membrane was immersed
in glutaraldehyde (5 mM) and an HCI (0.01 N) solu-
tion for six hours, and the membrane shrinked by
~5%. Dead-end filtration was utilized to evaluate the
metal adsorption capacity of the membrane. A 5%
adsorption capacity was reported.

Chitosan derivatives

Quaternized chitosan (QCh) nanofibrous membrane
for antibacterial activity were electrospun by Igna-
tova et al. [83, 193, 194] using poly(vinyl pyrroli-
done), polyvinyl alcohol, and poly(lactic acid). The
addition of these synthetic polymers significantly
improved the electrospinnability of quaternized chi-
tosan. The composite nonwoven mats showed good
antibacterial activity against Gram negative and
Gram positive bacteria. Kangwansupamonkon et al.
[195] prepared chitosan/PEO mats followed by func-
tionalization to form N-(2-hydroxyl) propyl-3-tri-
methyl ammonium chitosan chloride (HTACC) and
N-benzyl-N,N-dimethyl chitosan iodide (QBzCS)
membranes. They prepared the nanofibres from a
blend of chitosan and PEO (6.7:0.3% w/v) in a mix-
ture of trifluoroacetic acid/dichloromethane (70/30
v/v) followed by functionalization. They obtained
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ultrafine nanofibres with average diameters of
272+56 nm. The membranes displayed good antibac-
terial efficiency against both S. aureus and E. coli.
Ultrathin nanofibres of N-[(2-hydroxy-3-trimeth-
lammonium) propyl] chitosan chloride (HTTC)
through blending with PVA was reported by Alipour
et al. [196]. The HTTC was synthesized from a reac-
tion between chitosan and glycidyl-trimethylammo-
nium chloride. The water soluble derivative, HTTC,
was electrospun through blending with PVA to give
nanofibres with 200-600 nm diameters. Good anti-
bacterial efficiency was reported for these mem-
branes.

Chitosan can be modified by various acyl chlorides
(dodecyl, hexanoyl, decanoyl, and lauronyl) in the
presence of mixed pyridine and chloroform as sol-
vents [197]. These modifications are usually adapted
to improve the solubility of the chitosan. Hexanoyl-
chitosan from chitosan modification by hexanoyl
chloride in chloroform was electrospun by Nea-
mark et al. [82]. The ribbon-like fibres with average
diameter of 3.93+£1.82 um at a concentration of
14% w/v were obtained. This was due to the rapid
evaporation of the chloroform from the electrified
jet. Peesan et al. [198] fabricated a blend of hexanoyl
chitosan/polylactide using chloroform, dichloro-
methane and tetrahydrofuran as solvents. The smooth
bead-free nanofibres were obtained at 50 wt% of
chitosan in the blends using chloroform as spinning
solvent. Patanaik et al. [27] electrospun lactic acid
modified chitosan using TFA as solvent and MC as
co-solvent. The nanofibres were stabilized using ther-
mal treatment to convert the lactate to lactamide.
The resulting nanofibres showed good nanofibrous
integrity, even after exposure to a BSA medium for
72 hours.

Different molecular weights (40—405 kDa) and
degrees of substitution (DS) (0.25-1.19) carbomethyl
chitosan (CMCS) were synthesized via chitosan alka-
lization, followed by carbomethylation with mono-
chloroacetic acid [81]. Despite the difference in DS
and My, and with the incorporation of Triton X-100
(to reduce both solution surface tension and con-
ductivity) into the aqueous CMCS solution, the spin-
ning solution still led to drops (6—20% concentra-
tion). The blending of the CMCS with hydrosoluble
synthetic polymers (PVA, polyacrylic acid (PAA),
polyacrylamide (PAAm) and PEO) enhanced the
spinnability of CMCS into smooth nanofibres, but it
depended on the polymer used. PEO (100 kDa) with

30% CMCS gave merged non-cylindrical nanofi-
bres mostly with 300 nm diameter, while PAAm at
1/10 w/w of 5000 kDa/10 kDa (18 wt%) resulted
into a similar structure as the PEO/CMCS blend. A
10 wt% binary aqueous mixture with equal mass
PAA (450 kDa), produced straight cylindrical nanofi-
bres with elongated beads (100 nm diameter). A mix-
ture of PAAm and PAA resulted in higher CMCS
content (50%), but with a large number of beads. In
the case of a PVA binary solution with a concentra-
tion of 8.5 wt% (CMCS 405 kDa), nanofibres with
average diameters ranging between 210 and 170 nm
were obtained on increasing the CMCS content from
20 to 50%. The PVA/CMCS system is therefore fea-
sible to produce bead-free nanofibres. The stability
of the PVA/CMCS in water was further enhanced
by heat treatment at 140°C for 30 minutes.

Another interesting approach to overcome the prob-
lem of solubility of chitosan is PEGylation. Du and
Hsieh [84] synthesized PEG-N-chitosan and PEG-
N,O-chitosan via reductive amination and acylation
of the chitosan. A small DS value of 0.2 for the sol-
ubility of the derivatives in water was reported. For
PEG-N,O-chitosan a DS of 1.5 was sufficient for its
solubility in CHCl;, DMF, DMSO and THF. Regard-
less of the degree of substitution of PEG (DS) and
the derivative of chitosan, only droplets were col-
lected due to a lack of chain entanglements. All the
aqueous solutions of PEG-N-chitosan (from reduc-
tive amination) resulted in spraying (drops), regard-
less of the DS of PEG. Smooth nanofibres with
diameters ranging between 40 and 306 nm (average
162) were obtained by increasing the concentration
of the PEG-N,O-chitosan with the aid of a surfactant
(0.5% Triton X-100™) and co-solvent (75/25 v/v
THF/DMF).

5.3. Alginate

Alginate is a well-known polyelectrolyte binary
copolymer derived from seaweeds/algae [199-202].
It contributes to the flexibility and strength of the
seaweeds against adverse water forces. It is usually
found in the cell wall matrix and intercellular mate-
rial (mucilage). Alginate is a linear polysaccharide
made up of D-mannuronic (M) and L-guluronic (G)
units linked together by 1-4 glycosidic bond (Fig-
ure 13). These units appear in varying sequences
and ratios, M/G, along the polymer chain depend-
ing on the source or specie, the growth conditions,
season and depth at which is extracted. The varia-
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Figure 13. Structure of alginate

tion of M and G along the alginate chain determines
its physical properties and reactivity. The molecular
conformation and functional groups (especially car-
bonate ions) have been found to play a significant
role in the heavy metal affinity of the alginates
[202]. Alginate can gel at room temperature in the
presence of polyvalent or divalent metal ions. This
phenomenon has been exploited to prepare different
morphologies and structures for certain applica-
tions. Beads [203], films [204, 205], hydrogels [206],
as well as porous membranes and nanofibers [200]
were fabricated for different applications such as
wound dressings and metal adsorption. There has been
significant interest in the use of alginate in biomed-
ical applications because of its antimicrobial effi-
ciency and structural resemblance to glycosamineg-
lycan (GAG) (one of the significant components of
natural extracellular matrices (EMCs) found in mam-
malian tissues). Furthermore, the good cellular com-
patibility, non-toxicity, biodegradability, and avail-
ability of alginate opened doors for its exploitation
in various applications such as metals recovery
[202, 203].

Until now the electrospinnability (in this case elec-
trospinnability is used to describe bead-free smooth
nanofibres) of sodium alginate is still impossible. In
most studies carrier polymers are generally used to
improve this. Alginate is readily soluble in water.
However, it is still controversial on why it is not
possible to electrospin alginate on its own. It has been
postulated that a high conductivity, lack of entangle-
ments, and gelation of the alginate solution at low
concentration (below the concentration for the for-
mation of entanglements) are responsible for this. The
rigidity of the chains, worm-like molecular struc-
ture and high surface tension also contribute to this.
Nevertheless, Nie ef al. [12] managed to prepare pure
alginate nanofibres using glycol as a solvent. They
found that the glycol altered the chain conformation
of the alginate and improved chain entanglements
(viscosity and elasticity). Glycol decreased the sur-
face tension and conductivity which contributed to
the electrospinnability of pure alginate. Bonino et al.

[207] tried to electrospin pure alginate using water
as a solvent, which resulted in large droplets on the
collector, that were reduced by a surfactant. The pro-
duction of alginate nanofibres from its aqueous solu-
tion was also reported by Fang et al. [24]. Calcium
ions improved the intermolecular interaction which
enhanced its electrospinnability from water. 1 wt%
Ca®" was sufficient to ensure continuous electrospin-
ning and long nanofibres. The hydrolysis degrada-
tion of alginate in water via glycosidic hydrolysis
after 15 days (reducing alginate solution viscosity)
was exploited to electrospin alginate solution (4wt%)
with the aid of a Triton X-100 surfactant and dimethyl
formamide (DMF) as a cosolvent [208].

5.3.1. Alginate with synthetic polymers

One of the convenient ways to enhance the electro-
spinnability of biopolymers consists of choosing a
compatible copolymer to co-spin with. Polyethyl-
ene (PEO) is a biocompatible and biodegradable syn-
thetic polymer. It is non-ionic and hydrosoluble. Algi-
nate is also hydrosoluble and therefore offers the
opportunity to co-spin the two without difficulties
[54]. The two interact with each other through hydro-
gen bonding which reduces the viscosity of the algi-
nate solution. Cylindrical nanofibres from alginate/
PEO with a mean diameter of ~75 nm were pre-
pared by Jeong et al. [52]. Recently, Saquing et al.
[54] reported that higher molecular weight PEO is
required to increase the concentration of alginate in
the PEO/alginate blend. They indicated that the PEO-
PEO interaction is responsible for the electro-
spinnability of alginate. Co-axial electrospinning of
alginate (core) and PEO (shell) was recently reported.
PEO was easily extracted by dissolving the nanofi-
bres in water containing calcium chloride to cross-
link the alginate [129]. They successfully incorpo-
rated 85 wt% of alginate in the blend with the aid of
the surfactant. Another hydrosoluble synthetic poly-
mer, with good mechanical properties, thermal sta-
bility, chemical stability and biocompatibility, is poly
(vinyl alcohol) (PVA). A number of researchers uti-
lized this polymer as copolymer for alginate elec-
trospinning [208-210]. Similar to PEO, the flexible
PVA interacts with the alginate via hydrogen bond-
ing, thus improving the electrospinnability of the
rigid alginate [208]. Different morphologies of PVA/
alginate were reported by Lee et al. [210]. At low
alginate concentrations, ultrafine nanofibres were
produced, and when the concentration was increased,
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electrospinning led to bigger beads with smaller
average distances between the beads.

The solubility of alginate has been one difficulty
facing its applicability in various fields. In order to
improve the stability of the electrospun alginate,
various crosslinking agents were investigated [211].
The electrospun nanofibrous membrane retained
their fibrous structure after incubation for 7 days in
aqueous medium (BSF). The morphology of the
electrospun alginate/PEO blend as vitamin carrier
was directly dependent on the viscosity of the algi-
nate [212]. Higher viscosity alginate favoured beaded
nanofibres with smaller average diameters, com-
pared to low viscosity alginate-based nanofibres
that were bead-free with larger diameters. The most
significant part of using PEO as copolymer, beside
the fact of enhancing the electrospinnability, is the
opportunity to extract PEO from the nanofibres by
incubation in water [53]. In this case the alginate is
crosslinked through ionic bonds followed by leach-
ing the PEO. A natural surfactant such as lecithin has
been used to impart uniformity to the nanofibres
[213]. The surfactant readily renders the opportu-
nity to increase the alginate content in the blend
without losing the uniformity of the nanofibres.

5.3.2. Alginate with other biopolymers

A blend of gelatin/sodium alginate produced smooth
nanofibres in heated water (45°C) [22]. A blend of
chitosan and alginate was also electrospun with the
aid of PEO as copolymer [214]. Because chitosan is
a cationic copolymer and alginate is an anionic
copolymer, they form a polyionic complex that does
not need further crosslinking. Due to the gelation of
these polymers, side-by-side electrospinning was
used where the alginate and chitosan meet at the tip
of the spinneret. The swelling of the nanofibres was
reduced by the incorporation of chitosan which is not
soluble in water. Core-sheath morphology of alginate
and chitosan was achieved by spinning the alginate
into a chitosan coagulation bath [133]. The average
diameter of the nanofibres ranged between 600 and
900 nm coated with chitosan. This enhanced the sta-
bility of the alginate in saline solution.

5.4. Collagen

One of the most abundant proteins is collagen. Col-
lagen is a kind of protein that gives strength, elastic-
ity and structural support. The two most electrospun
collagen types are collagen type I and type III [75,

215]. Collagen is soluble in a water/ethanol mixture,
HIFP [216], TFE [217] and acetic acid [218]. Most
research based on collagen was aimed to develop
collagen nanofibrous membrane from non-toxic sol-
vents, since collagen is usually used in biomedical
applications [219]. These authors established that col-
lagen nanofibrous membrane electrospun from flu-
oroalcohols lost their natural inherited properties.
Matthews et al. [75] fabricated aligned collagen
nanofibres using 1,1,1,3,3,3 hexafluoro-2-propanol
as solvent with a rotating drum collector. The nanofi-
bres were randomly oriented at a mandrel rotating
speed of less than 500 rpm, and an increase to
4500 rpm aligned the fibres along the rotation axis.
Optimization of the collagen nanofibres was studied
by Li et al. [218] . Through manipulation of the pro-
cessing and solution parameters it was possible to
produce smooth nanofibres with diameters below
100 nm, but at the expense of the fibre structure. A
decrease in concentration from 5% gradually reduced
the fibre diameter from ~500 to ~200 nm, and a fur-
ther decrease in concentration led to fibres with diam-
eters below 100 nm, but with significant formation of
beads. It was concluded that the minimal concentra-
tion of collagen in 1,1,1,3,3,3 hexafluoro-2-propanol
to produce smooth and uniform nanofibres is 5%.

5.4.1. Collagen with synthetic polymers

Another feasible approach to avoid the use of toxic
solvents is to co-spin collagen with a spinnable poly-
mer. Chakrapani et al. [220] produced collagen nano-
fibrous membrane from a blend of PCL and collagen
in acetic acid. The nanofabric network was made up
of fibres with diameters ranging between 100 and
200 nm having a porosity of about 60%. Dong et al.
[20] prepared collagen nanofibres from phosphate-
buffered saline (PBS) and ethanol in the presence of
the salt (NaCl). They found out that 16 wt% of colla-
gen was readily soluble when the salt was 5 wt% or
more. Nanofibres with diameter ranging between
210 and 540 nm, depending on the salt concentra-
tion, were produced. A co-axial morphology of col-
lagen (outer shell) and PCL (inner core) as structural
support was produced using both TFE and
1.1.1.3.3.3-hexaflouro-2-propanol (HFP). The co-
axial structure was fabricated by using a co-axial noz-
zle or by coating the electrospun membrane by
immersion into a collagen solution [217]. The co-
axially electrospun nanofibres displayed a similar
morphology as pure PCL nanofibres, with an aver-
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age diameter of 385+82 nm, and a coating thickness
of 64+26 nm. Another copolymer often used to
enhance the spinnability of collagen without toxic
solvents is poly(L-lactide-co-g-caprolactone) [221].
Zhong et al. [222] prepared collagen-glycosamino-
glycan scaffolds through electrospinning in a mix-
ture of TFE and water, followed by glutaraldehyde
vapour crosslinking. The biostability of the smooth
nanofibres with a mean diameter of 260 nm was
improved. Although much work has been done on
collagen in clinical applications, not much has been
done on the application of the collagen in water treat-
ment [219, 223]. However, Davis and Maffia [224]
successfully prepared collagen from type 1 bovine for
water treatment and sludge dewatering. The colla-
gen showed good potential as a coagulant of col-
loidal solids.

5.5. Gelatin

Gelatin, similar to other naturally occurring poly-
mers, is biocompatible, biodegradable and non-
toxic [12]. It is derived from animal tissue such as
skin, muscle and bone. Gelatin is subdivided into
Type A and Type B, depending on the extraction and
chemical treatment. Gelatin type A is obtained from
the acidic pre-treatment of collagen, whereas Type B
is from alkali pre-treatment. The glutamine and
asparagine are converted into glutamic and aspartic
acid during alkali pre-treatment, yielding a high car-
boxylic acid content in gelatin Type B. Gelatin has
been processed into various forms for a wide spec-
trum of applications such as food products, cosmet-
ics and pharmaceuticals [225]. Although gelatin is
readily soluble in water and polar solvents, the elec-
trospinnability of gelatin is still a challenge. However,
some reports indicated the possibility of electro-
spinning gelatin using solvents such as using 2.2.2-
trifluoroethanol TFE [226], formic acid [66], and
1.1.1.3.3.3-hexaflouro-2-propanol (HIFP) [85]. Elec-
trospinning gelatin in water can be done by apply-
ing heat above 37°C [220].

The use of copolymers is another conducive route,
not only to electrospin gelatin, but also to improve the
mechanical and chemical stability [85, 136]. Huang
et al. [227] indicated that gelatin can be electrospun
into smooth nanofibres with a diameter of 140 nm
using 2,2,2-trifluoroethanol (TFE) as a solvent. With
a concentration of 7.5 wt% of gelatin, the modulus
was 117 MPa and the ultimate strength 4.9 MPa.
Similar to collagen the gelation of gelatin and its sol-
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Figure 14. Structure of hyaluronic acid

ubility in water is the reason why it cannot be used
in water treatment applications. The limitations of
the application of gelatin are its weak mechanical
strength and its ready solubility in water. The cross-
linking of electrospun gelatin nanofibrous membrane
is the most convenient way to improve the stability
and mechanical strength [227].

5.6. Hyaluronic acid

Hyaluronic acid (HA), a natural polysaccharide, is
often found in connective tissues in the body, such
as the vitreous humour, the umbilical cord, and the
joint fluid. It is a polyanionic acid made-up of N-
acetyl-D-glucosamine and D-glucuronic repeating
units as shown in Figure 14.

Thanks to the advancements in electrospinning, pure
hyaluronic has been successfully electrospun into
nanofibrous membrane from its solution [13, 15]. The
electro-blowing of hyaluronic acid affords the prepa-
ration of its nanofibres with diameters ranging from
49 to 83 nm depending on the preparation and solu-
tion properties used. HA mats with an average fibre
diameter of 39+12nm were produced from
NH4OH:DMF at ratio 2:1 [228]. Many researchers
studied the application of the hyaluronic acid in bio-
medical applications. The hyalorunic was immobi-
lized on the surface of silica microspheres to fabri-
cate a magnetic adsorbent. This shows the possibil-
ity to develop new adsorbents for wastewater treat-
ment [229].

5.6.1. Hyaluronic acid with other biopolymers
Hyaluronic acid/chitosan electrospun bioblend nano-
fibres were prepared by Ma ef al. [230] in a mixture
of formic acid and water. Smooth fibres with smaller
average diameters (83 nm) were obtained at higher
contents of hyaluronic acid (hyaluronic/chitosan at
9/1), while at low contents beaded-fibres (7/3) and
drops (6/4) formed.

5.6.2. Hyaluronic acid derivatives
A thiolated HA derivative, 3,3'-dithiobis(propanoic
dihydrazide)-modified HA (HA-DTPH), was syn-
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thesized and electrospun into nanofibrous mem-
brane by Ji et al. [86]. The dithiobis(propanoic dihy-
drazine) was synthesized and coupled to the car-
boxylic groups of HA via carbodiimide chemistry.
The thiolated bond formed were reduced using dithio-
threitol to produce thiolated HA-DTPH. HA-DTPH
(2% w/v)/PEO (2% w/v) resulting in uniform nano-
fibres with diameters ranging from 70 to 110 nm. The
resulting fibres were crosslinked with PGEDA
(9 w/v), followed by the dissolution of PEO in deion-
ized water for 48 hours. After the extraction of PEO
the fibre diameter distribution became much wider
(with 85% of the fibre diameters ranging between
50 and 300 nm). The crosslinking of the nanofibres
reduced the swelling ratio of the mats. Another group
investigated a similar system, but they used dual-
syringe reactive electrospinning with thiolated HA/
PEO into contact with PEGDA before electrospin-
ning to induce crosslinking [86].

5.7. Aloe vera

Aloe vera is one of the oldest herbal products used
for medicinal purposes. It contains more than 200
nutrients which include amino acids, saliycilic acid,
absorbic acid, enzymes and lots of minerals and vita-
mins [231, 232]. It is largely made up of water with
long chain polysaccharides of acetylated glucoman-
nan and carbohydrates. So far there is no work based
on the electrospinning of aloe vera alone, but blends
of synthetic and biopolymers were used to facilitate
its electrospinnability. We included aloe vera as bio-
polymer because of its biocidal efficacy (towards
different pathogenic organisms), and the possibility to
functionalize electrospun mats in water filtration and
treatment to reduce the biofouling of the electrospun
membrane. Nonetheless, aloe vera enjoyed its suc-
cess over a wide array of medical applications [233].

5.7.1. Aloe Vera with synthetic/biopolymers

A hybrid of hydroxypropyl methylcellulose (HPMC),
poly(vinyl alcohol) PVA, poly(vinyl pyrrolidone),
iodine PVP and poly(ethylene glycol) (PEG) were
doped with aloe vera to investigate the effect of aloe
vera on the properties of the resulting nanofibrous
membrane. Like any biopolymer, aloe vera influ-
enced the solution properties such as viscosity and
conductivity. The addition of aloe vera increased both
the viscosity and conductivity of the spinning solu-
tion, and decreased the mean diameter of the ensu-
ing nanofibres from 660 to 596 nm at 1% of aloe

vera. SEM showed an interfuse with each other when
the content of aloe vera increased in the composi-
tion. In another study the addition of aloe vera (at 6%)
resulted in finer and more homogeneous nanofibres
with mean diameters of 150 to 350 nm [232]. A simi-
lar study on the hybrid of biodegradable PCL and aloe
vera to prepare transdermal biomaterial showed
homogeneity and small average diameters of the
nanofibres in the presence of aloe vera (519428 ver-
sus 215+63 nm at 10% aloe vera), and greatly
improved mechanical properties and hydrophilicity
[234].

6. Electrospun biopolymers with
nanomaterials

In the past few years there has been an ever increas-
ing interest in incorporating different nanoparticles in
biopolymers for a broad range of applications [26,
235]. Nanoparticles have a promising potential in
wastewater/water treatment as biocidal agents, sen-
sors, and adsorbents. If these nanoparticles are used
alone for water/wastewater treatment there are some
limitations such as their recovery and reuse, cost and
their long-term effect on health and/or the environ-
ment. The biocidal activities of these nanoparticles
are depicted in Table 5. A possible solution is to
immobilize and control their release to overcome
these complications/limitations [236, 237]. Electro-
spinning these nanomaterials (with known content)
with biopolymers offers the possibility to retain their
nanosize and their release into streams without any
harmful by-products, thus reducing the overall cost.

6.1. Silver nanoparticles

Silver is well-known for centuries for its attractive
antimicrobial, antiviral and fungicidal activity [236,
238]. The metal enjoyed its success in a broad spec-
trum of consumer products, such as plastics, soaps,
pastes, food and textiles. The antimicrobial and anti-
fungal activity of silver nanoparticles (AgNP) makes
it the most studied metal nanoparticle for different
applications [234-236]. There are several ways by
which ionic silver can be reduced into silver nano-
particles [26, 238]. There is still a lot of controversy
on the mechanism behind the antibacterial, fungi-
cidal, and antiviral activity displayed by silver nano-
particles. Three mechanisms were postulated, namely
1) attachment of the silver nanoparticles on the sur-
face of the cell membrane and disturbing its perme-
ability and respiration, ii) penetrating the cell and
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Table 5. Summary of common antibacterial nanomaterials and applications

Nanomaterial

Proposed antimicrobial mechanism

Potential water treatment applications

Silver (AgNP) electron transport, DNA damage

Release of Ag" ions, disruption of cell membrane and

Surface coatings, membranes, membrane reinforce-
ment

Carbon nanotube (CNT)

Disruption of intracellular metabolic pathways, oxida-
tive stress, physical membrane damage

Biofouling resistance membranes, carbon hollow
fibres, membrane reinforcement

Hydroxyapatite (Hap) oxide

Easy functionalization with different biocidal metal

Membrane reinforcement

Zinc (ZnO)

Intracellular accumulation of nanoparticles, disruption of | Surface coating, membranes, membrane reinforce-
. + .
cell membrane, H,O, production, release of Zn" ions

ment

reacting with some compounds containing sulphur
and phosphorus such as DNA and proteins, and
iii) releasing silver ions which contributes to its
activity towards pathogens [236]. These mechanisms
depend on the distribution, shape and size of the sil-
ver nanoparticles.

Formic acid was used as solvent to prepare chi-
tosan/PVA nanofibres with optimal conditions of
0.5 mL-h™! flow rate, 18 kV voltage and a TCD of
7.5 cm. Chitosan/PVA was doped with silver oxides
and titanium oxides to significantly improve the anti-
bacterial activity of the ensuing nanofibres [26]. The
prepared nanofibres with mean diameters ranging
between 270 and 360 nm were cultured to find their
antibacterial activity against both Gram negative and
Gram positive bacteria. The antibacterial activity of
AgNO; loaded composite nanofibres increased with
an increase in AgNO3 content with 99% bacteria
eradicated for S. aures and 98% for Escherichia coli
at only 0.04 wt% of AgNOs. TiO; loaded composite
nanofibres showed a maximum of 90% bacteria for
S. aures and 85% bacteria for Escherichia coli erad-
icated at concentrations above 0.03 wt% of TiO,.
The diameter of the nanofibres also influenced the
antibacterial activity, with smaller diameters show-
ing better efficiency because of the large surface to
volume ratio giving more contact with the bacteria.
A similar blend of chitosan and PVA was doped with
AgNPs [239]. A 12 wt% PVA solution containing
AgNO; blended with a 6 wt% chitosan solution
(15 wt% in acetic acid) was electrospun, followed by
either refluxing for 48 hours or annealing at 130°C for
16 hours (to reduce Ag ions of the nanofibres). The
intensities of surface plasmon resonance (SPR) of
AgNPs increased in the presence of chitosan com-
pared to that of PVA and AgNOj; only, indicating that
chitosan can act as a stabilizer as well as a reducing
agent for the formation of AgNPs. The spherical
AgNPs on the surface of the electrospun nanofi-
brous membranes were fairly uniform and smaller in
size when refluxed, while larger particles were asso-

ciated with diffusion and agglomeration of residual
Ag ions and AgNPs formed in the solid during heat-
ing were formed when annealed. This resulted in a
lower killing efficiency of the annealed samples due
to the surface area of the AgNPs coming into con-
tact with the bacteria.

An et al. [240] prepared chitosan (CS)/polyethylene
oxide (PEO) containing AgNPs nanofibres by means
of in situ chemical reduction of Ag ions. The aver-
age diameter of the nanofibres decreased with an
increase in AgNPs because of the increased charge
density in the spinning solution, imparting stretch-
ing of the electrified jet under the electrical field. The
cubic crystal AgNPs were fairly well dispersed in the
CS/PEO ultrafine nanofibres with average diameter
of less than 5 nm. The tensile modulus and tensile
strength of the CS/PEO/AgNP nanofibres were bet-
ter than that of the CS/PEO nanofibres. The CS/PEO/
AgNP nanofibrous membrane exhibited higher anti-
bacterial activity than the CS/PEO nanofibres
towards E. coli. Silver nanoparticles were also incor-
porated into PVA/CS blends for their antibacterial
activity [241]. The electrospinnability of the PVA/CS
was enhanced by the AgNPs, and the size of the
AgNPs varied between 2.4 to 10.7 nm depending on
the CS concentration in the blends. A biopolymer
blend of CS/gelatin containing AgNPs was success-
fully electrospun by Zhuang et al. [242]. The study
indicates that the microcrystalline chitosan was
used as reducing agent and stabilizer to synthesize
the AgNPs at room temperature. Using a noniogenic
polymer (PEO), a natural polymer (N-carboxyethyl-
chitosan), and silver nanoparticles, Penchev et al.
[87] observed a complete killing of the bacteria
(Staphylococcus aureus) within an hour of contact at
higher concentrations of silver nanoparticles, whereas
at low concentrations the nanoparticles only inhibits
bacterial growth. They used a one pot system to fabri-
cate the nanofibre in which all the components were
added into the spinning solution. Formic acid was
again used as reducing agent and solvent, and the
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sizes of the NPs were 4+0.5 and 6+1.5 nm respec-
tively for 5 and 10 wt% of the AgNOs. Yang et al. [31]
fabricated antimicrobial membrane using cellulose
acetate and AgNOj; by slow and fast photoreduction.
The mats were tested against Staphylococcus aureus,
Escherilia coli, Klebsiella pneumonia, and Pseudo-
monas aeruginosa by an attachment method. The
mean diameter of the ultrafine nanofibres ranged
between 680 and 610 nm for 0.05 and 0.5 wt% of
AgNOs, respectively. Most of the nanoparticles had
a mean diameter between 3 and 16 nm, whereas
15.4 nm resulted after rapid photoreduction. The
killing efficiency for all the bacteria was 99.9% at a
very low concentration of 0.05 wt%. Lee et al. [243]
produced electrospun chitosan nanofibres with chem-
ically reduced AgNPs via electrospinning. The result-
ing spherical nanoparticles with sizes ranging between
10 and 11 nm (average diameter of 10+£2 nm) were
evenly distributed in the chitosan nanofibres. The
growth inhibition of Pseudomonas aeruginosa (gram
negative) and Staphylococcus aureus (gram positive)
increased with an increase in AgNPs in the compos-
ite materials.

6.2. Hydroxyapatite (HAp) nanoparticles
Celebi et al. [244] produced electrospun chitosan/
PVA nanofibrous membrane containing silver ion-
incorporated hydroxyapatite (HAp) nanoparticles. A
mean diameter of ~70 nm of silver ions-incorpo-
rated HAp particles were obtained with good anti-
bacterial efficiency against Escherichia coli. Hydrox-
yapatite (HAp)/chitosan was synthesized by co-pre-
cipitation synthesis followed by electrospinning of
10 wt% UHMPEO in aqueous solution with the sol-
vent composed of acetic acid (HAc) and dimethyl
sulphoxide (DMSO). The X-ray diffraction (XRD)
and selected area electron diffraction (SAED) spec-
tra confirmed that the crystalline structure of HAp
was retained in the nanofibres [217]. The electrospun
nanocomposite nanofibrous membrane were finer
and more homogeneous with diameters of 214+25 nm
with spindle-like HAp parallel to the nanofibres
direction. A similar dispersion of HAp and structure
were reported using gelatin as matrix [245]. The
mechanical properties were also improved in the
presence of HAp.

6.3. Carbon nanotubes
Carbon nanotubes have excellent antimicrobial activ-
ity and mechanical strength. Similar to Ag nanopar-

ticles, the mechanism of the carbon nanotubes against
pathogenic organisms is still controversial [236].
The proposed mechanisms include physical mem-
brane perturbation and oxidative stress. Their antimi-
crobial activity is also influenced by their distribu-
tion, diameter, length, and electronic structure. Most
of the carbon nanotubes exhibit good cytotoxicity
towards pathogenic organisms, with single-walled
carbon nanotubes reported to be the most efficient.
Well-aligned single walled carbon nanotube (SWNT)
along the fibre axis of the hombyx mori silk nanofi-
bre were produced by Ayutsede ef al. [246]. A very
low concentration of SWNT (1 wt%) was enough to
increase the crystallinity and mechanical properties.
Multiwalled carbon nanotubes (MWNTs) were also
incorporated in electrospun cellulose acetate (CA)
nanofibres to investigate the effect of these nanoparti-
cles on biopolymers [247]. The mean diameter of the
nanofibres reduced from 267 nm for pure CA to
193 nm with MWNTs at only 0.55 wt%. The MWNTs
impart significant water wetting, surface area (from
4.3 to 7.7 m-g™!), Young’s modulus (doubled from
553 to 1144 MPa), tensile strength (from 21.9 to
40.7 MPa) and elongation at break (from 8.0 to
10.5%). A core-sheath structure of PVA/CS-MWNT
with outer and inner sheath-core nanofibres of 200
and 100 nm respectively was reported by Feng ef al.
[248]. The composite nanofibres showed fast trans-
fer kinetics and good electrochemical properties. In
one of their recent studies on electrospun silk fibroin
(B. mori)/multiwalled carbon nanotubes they reported
that MWNTs induced crystallization of silk and sig-
nificantly improved the mechanical properties [249].

6.4. Zinc nanoparticles

Zinc nanoparticles (ZnO) antibacterial activity is still
not clear, but several mechanisms were proposed. It
was suggested that the lethal effect of ZnO results
from disruption of the cell membrane activity and
induction of intercellular reactive oxygen species,
such as H,O,, a strong oxidizing agent harmful to
bacterial cells [236]. Zinc oxide was produced by
mixing the precursor (zinc acetate) in 0.1 M sodium
hydroxide in methanol [250]. The prepared ZnO was
introduced in an alginate/PVA blend dissolved in dis-
tilled water. With a large contact area the composite
exhibited high toxicity to both gram-negative and
gram-positive bacteria. Taha et al. [156] functional-
ized a cellulose acetate/silica composite with NH; to
enhance its affinity towards Cr(IV) ions. They used

864



Mokhena et al. — eXPRESS Polymer Letters Vol.9, No.10 (2015) 839—-880

tetracthoxysilane (TEOS) as silica source, cellulose
acetate as precursor and 3-ureidoptopyltriethoxysi-
lane as a compatibilizer. They produced NH, func-
tionalized nanofibres with a mean diameter of 100—
500 nm and a porosity and surface area of 73% and
126.5 m?-g!. Using static and dynamic experiments
the membrane showed adsorption of 98%. ZnO nano-
particles were impregnated into the electrospun cel-
lulose acetate nanofibre membrane by Anitha et al.
[251]. The membrane displayed a superhydrophobic
nature (water contact angle of 124°) and antibacter-
ial property against well-known bacteria.

7. Applications of electrospun biopolymers
in water treatment
Electrospun nanofibres afford the opportunity to be
applied in various fields such as biosensors, and fil-
tration because of their unique properties such as
large surface area and engineered porosity, and
physico-mechanical properties. The manipulation of
the solution properties and technique advancement
rendered the opportunity to produce the desired mor-
phology and structure of the resulting nanofibres
for specific applications.

7.1. Bioremediation

Heavy metals in wastewater is still a big problem,
and a challenge to researchers to come up with reli-
able solutions without leaving by-products. Cellulose
acetate has been functionalized to increase its adsorp-
tion efficiency which depends mostly on the func-
tional groups found on the main chain. Poly(metha-
crylic acid) (PMAA) with additional carboxyl groups
was used to functionalize cellulose acetate to increase
the number of metal binding sites [252]. The effi-
ciency was enhanced by the presence of PMAA on
the cellulose acetate fibres, but the adsorption was
more effective for the removal of mercury (Hg(II))
with an adsorption capacity of 4.8 mg-g~!. The effi-
ciency may, however, depend on the metal ion type
and the pH. The de-adsorption of the metals is pos-
sible with an appropriate solvent such as ethylene-
dinitrilotetraacetic acid (EDTA). Cellulose acetate/
silica composites were tested for Cr(VI) adsorption
[156]. In this case the CA/SiO, was functionalized
with NH2 to enhance the adsorption of the resulting
fibre membranes. The membranes displayed a good
adsorption, and desorption after washing five times
with an aqueous solution of sodium hydroxide
(NaOH). The adsorption data of Cr(VI) fitted well

with the Langmuir isotherm with an adsorption
capacity of 19.5 mg-g™'.

Although various mechanisms were proposed to
describe the metal ions adsorption of chitosan, the
electrostatic attraction on the protonated amine
groups is the accepted mechanism [253]. The heavy
metal adsorption efficiency of an electrospun chi-
tosan membrane was studied by several researchers
[10, 254]. It was found to depend on several aspects
such as the degree of deacetylation [254], pH, fibre
structure and morphology [181, 254]. Desai et al.
[254] studied the adsorption efficiency of PEO/chi-
tosan nanofibres electrospun towards chromium
using simulated flow conditions at a pH of 7.3. The
chromium solution (prepared from 5 mg-L™' K,CrOy)
was passed ten consecutive times through the chi-
tosan nanofibrous filter. The binding efficiency of the
membrane decreased with an increase in nanofibre
diameter (81-131 nm). However, the heavy metal
adsorption efficiency increased with an increase in
the degree of deacetylation. Using static conditions,
the same group found that the metal adsorption
depends on the molecular weight of chitosan, the
degree of deacetylation, the percentage of chitosan
in the blend, and the surface area to mass ratio. The
molecular weight is related to the length of the
chains and therefore to the number of cations on the
backbone of the chitosan acting as active binding
sites.

Cho et al. [10] neutralized the nanofibres with K,CO;
to obtain an —NH, group on the backbone of the
chitosan membrane. This improved the stability of
the electrospun membrane in water, with negligible
weight reduction after 24 hours. The adsorption of
the metals (Cu(Il), 419.2 mg-g™' and Pb(II),
202.8 mg-g~') increased significantly for the first
15 min to 4 hours and levelled off after 8 hours, due
to the unavailability of binding sites (amine, primary
and secondary hydroxyl groups), large surface area,
and inter- and intrafibrous pores in the fibrous mem-
brane. The Langmuir isotherm data showed that the
equilibrium adsorption capacities for Cu(Il) and
Pb(II) were respectively 485.4 mg-g! (2.85 mmol g ')
and 263.2 mg-g™' (0.79 mmol-g™!). The difference
between the values for the two metals was attrib-
uted to the differences in their atomic radii. It was
suggested that the chitosan’ adsorption followed a
monolayer mechanism.

A nanofibrous membrane of pure silk fibroin (SF),
and a blend of wool keratose and silk fibroin
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(WK/SF), were compared with pure silver wool and
filter paper for their Cu(II) adsorption capacity [255].
The nanofibrous membranes displayed a significant
Cu(II) adsorption capacity compared to silver wool
and filter paper because of the large specific area
which is ~50 times larger than those of filter paper
and silver wool. The blend membrane showed a
higher capacity than the SF membrane. The differ-
ence in Cu(Il) adsorption capacity was related to the
different chemical compositions (especially amino
acids compositions). Both membranes displayed
good desorption percentages. Desorption and re-
adsorption was repeated six times, but the mem-
brane kept 90% of its adsorption capacity. The Lang-
muir isotherm fits the experimental results better
than the Freudlinch model. The Cu(II) adsorption fol-
lowed a monolayer adsorption model.

Yang et al. [256] functionalized oxidized cellulose
nanofibres embedded in an electrospun polyacry-
lonitrile (PAN) nanofibrous membrane with thiol
groups to evaluate the metal adsorption capacity.
Besides the increased stiffness due to the function-
alization, the functionalized composite membrane
displayed an adsorption of 76.5+2.0 Cr,03 metal
ions per gram of cellulose nanofibre at pH = 4.0,
while the adsorption of Pb(II) was 133+2.5 mg-g™"!
at pH =5 in static conditions. The membrane also
reached 80.0 mg-g™' of Pb(II) within 15 minutes, and
125 mg-g~! within 20 minutes. Under dynamic con-
ditions the membrane showed 60 mg Cr(VI) g”!
(pH = 4) and 115 mg Pb(II) g! were adsorbed. Wang
et al. [257] grafted cellulose nanowhiskers with
amine groups using polyvinylamine (PVAm). The
membrane displayed a maximum dynamic adsorption
of 100 mg Cr(VI) (at pH = 4) and 260 mg Pb(II) (at
a pH of 6) per gram of cellulose nanofibre.

7.2. Filtration membrane

Even though electrospun nanofibrous membranes
were successful in air filtration, much work was still
needed for water filtration. The breakthrough came
when the electrospun nanofibres were spun onto
more rigid nonwoven polyesters to improve han-
dling issues and their mechanical properties [29]. The
thin composite membrane (TNFC) significantly
enhanced the rejection and flux permeation of the
membranes, because of the nanofibres with high
porosity and controllable pore size for specific filtra-
tion processes. TNFC membranes have been one of
the growing subjects in water filtration, because of

the performance displayed by these materials since
the introduction of electrospun nanofibres as one of
the sub-layers.

Several researchers found that the coating of these
TNFC with cellulose nanowhiskers imparts signifi-
cant hydrophilicity and mechanical properties to the
membrane [ 144, 149—152]. The thin top-layer coating
enhanced the rejection and flux. Wang et al. [258]
found that the interfacial polymerization of poly-
amide around the ultrafine cellulose nanofibres layer
in TFNC showed a good rejection of MgCl and
MgSO., depending on the adapted interfacial poly-
merization (i.e. IP, the organic phase on top of the
aqueous phase, or IP-R, the aqueous phase on top of
the organic phase). The IP based membrane showed
a rejection of 67.6% at 1% of piperazine (PIP), while
the IP-R showed a rejection of 91.6% of MgSO,.
However, both membranes displayed similar rejec-
tion percentages for both MgSO,4 and MgCl at higher
PIP concentrations. The same group electrospun
PAN onto PET and infused cellulose nanowhiskers
(diameter 5 nm) for the microfiltration process [257].
The cellulose nanowhiskers were functionalized
with different amines such as polyethyleneimine
(PEI), ethylenediamine (EA), and polyvinylamine
(PVAm) by using N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) and N-
Hydroxysuccinimide (NHS) as catalysts. The result-
ing cellulose-based membrane had a mean pore size
of 0.38 um with a maximum pore size of 0.78 pum,
and the water permeation was about
1300 L'-m~>-h~"-psi~'. All the membranes showed
complete removal of the bacteria by size exclusion.
The coating of chitosan on electrospun PAN
enhanced the filtration efficiency and rejection for
both ultrafiltration and nanofiltration processes [259].
The membrane displayed a rejection of 99% due to
the inherited hydrophilicity of chitosan.

7.3. Biocidal membrane

Biofouling is a major problem for most membranes,
because it results in the accumulation and biologi-
cal growth of pathogenic organisms, and the deteri-
oration of the membrane performance. A variety of
metal oxides have been added to the electrospun
biopolymer nanofibres to impart biocidal activity to
the resulting nanofibres. Most of the diseases in
developing countries are caused by pathogenic
organisms. There has been an escalation of research
in incorporating silver nanoparticles in the electro-
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spun membrane to impart biocidal activity [156,
239, 240, 243, 244]. Even though there is still much
controversy over the biocidal activity of the silver
nanoparticles, electrospun nanofibres displayed
enhanced antibacterial efficiency when the mem-
branes contained silver. ZnO particles were intro-
duced in an alginate/PVA blend dissolved in dis-
tilled water, followed by electrospinning [250]. With
the high contact area the electrospun composite dis-
played toxicity to both negative and positive bacte-
ria. ZnO nanoparticles were also incorporated in a
cellulose acetate membrane to enhance the antibac-
terial efficiency against Staphylococcus aureus, E.
coli, and Citrobacter freundii. [251]. The impreg-
nated ZnO nanoparticles significantly inhibited the
growth of the bacteria and the inhibition zone diam-
eters were 27, 22, and 14 mm for Staphylococcus
aureus, Escherichia coli, and Citrobacter freundii.
The functionalization of the electrospun membrane
also enhanced the biocidal efficiency [83, 193, 195].
A quaternized chitosan membrane displayed inhibi-
tion of bacterial growth on the mat. Blending bio-
polymers with good antibacterial efficiency was also
significantly reduced the biocidal activity of the
resulting membrane [83].

7.4. Chemosensors

Chemosensors are detectors to selectively identify
and recognize ions and molecules. A number of stud-
ies have been done on implanting the chemosensing
agent onto solid matrices to improve the sensitivity,
robustness, and lifetime [260]. A variety of polymers
and nanomaterials were used as supporting materi-
als in solid-state sensors. The sensitivity detection
and exposure of the chemosensors was found to be
directly dependent on the structure of the support-
ing material [261].

The sensing agent embedded onto electrospun nano-
fibres (with large surface areas) improves the detec-
tion sensitivity and response time, and reduces the
concentration detection value (lowest detection value
(LOD)) compared to commonly used films. The pres-
ence and concentration of the heavy metals can there-
fore be traced and removed at fairly low concentra-
tions. Several biobased nanofibres such as ethyl
acetate, cellulose acetate and cellulose have been
functionalized with different fluorescent compounds
to detect Cu [260-262]; Cr [260], Fe [263] and Hg
ions [261, 264]. Due to the large surface areas of the
electrospun nanofibres, the sensitivity, selectivity,

response time, and stability were enhanced. Kac-
maz et al. [263] produced electrospun EC doped
with dye to detect Fe*" ions. The membrane sensed
Fe** ions over a concentration range of 102-106 M
(with an LOD of 0.07 pM), with a sensitivity
response time of less than 30 s and sensor regenera-
tion within 60 s.

Zdyrko [265] developed a self-deployable colorimet-
ric sensor by taking advantage of the super-
absorbency of alginate, and functionalizing it with a
heavy metal sensitive compound/dye. A blend of
alginate and PEO electrospun onto rigid nonwoven
(PET) absorbed metal ions from contaminated
water.

8. Limitations of electrospun biopolymers in
water treatment
Besides the hurdles based on the production scale-
up of biopolymers, properties from the same source
differ and the growth conditions influence the result-
ing properties. The harsh chemical treatment used to
extract some biopolymers put an additional burden
onto the water and the environment. It is important
to do a lot of research on genetically engineering
organisms and novel designed productions to scale
up the production of biopolymers with high purity/
quality and having identical properties. Electrospun
nanofibrous membranes have limited mechanical
strength to withstand the pressures involved in water
filtration, thus they are only applicable in mem-
brane technologies were low pressures are involved
(MF, UF and NF). Even though the work done on
electrospun biopolymers shows potential to use eco-
friendlier solvents, their application in water/waste-
water treatment is still in its infancy. Most of these
polymers are naturally prone to biodegradation and
some are readily soluble in water, hence their life-
time is too short and they will need to be regularly
replaced over time. This results in increasing the price
of the membrane. The enhancement of the stability
via either chemical or physical treatment without
altering the unique valuable properties of the bio-
based membranes is important for their application
in water/wastewater treatment. The dispersion of the
nanomaterials in electrospun nanofibres (without
agglomeration to retain their nanosize), and their
exposure and release into the stream requires a lot
of understanding. Most methods used to prepare the
electrospun composite materials revolve around
coating the mat (immersing the mat in a metal oxide
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solution) or adding the nanomaterial into the spinning
solution. Nanomaterials from these methods have
different release rates and exposure to the water
stream. In the near future, investigation of the con-
trolled release and exposure of the nanomaterials is
required to understand and control their disinfection
efficiency.

9. Conclusions

In the past decades, electrospinning has been highly
recognized as a new class of nanotechnology provid-
ing access to a range of nanomaterials with unique
properties. Significant progress has been made on the
fundamental understanding of the mechanism, and
the modelling of the envisaged processes governing
the fibre formation. This was proven by advanced
developments to engineer desired nanostructured
materials through electric field manipulation, solu-
tion properties and new designs. Control over their
deposition, dimensions and assemblies created new
avenues to generate desired configurations for spe-
cific applications. There is currently a big paradigm
shift towards the industrialization and commercial-
ization of the electrospun nanofibres. The new tech-
nical advances (fibre collections strategies, needle
shapes, and high throughput production) proved to

be successful in the synthesis of these fascinating
nanostructured materials. A fair amount of work has
been done on electrospinning biopolymers for a
broad array of applications, especially in the biomed-
ical field. Much of this work was based on electro-
spinning of biopolymers with and without copoly-
mers and using non-toxic solvents. Water filtration
and wastewater treatment received little attention,
despite the unique properties of biopolymers that
are important in addressing environmental concerns.
The biodegradation and mechanical strength of the
electrospun mats are critical limitations in water fil-
tration and wastewater treatment. In future the mutual
relation to protect and improve the strength of the
electrospun biopolymers by blending, chemical and
physical treatment, and the addition of metal oxides
and their controlled release into water streams will
revolutionize wastewater treatment and water filtra-
tion. Through further research it will be possible to
bridge the gap to enable the application of biopoly-
mers in water filtration and treatment.
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Abbreviations
3D three dimensional HA hyaluronic acid
AgNP |silver nano.particles HA-DTPH 3.3’-dithi9bis(propanoic dihydrazide)-modified
C concentration hyaluronic acid
CA cellulose acetate HAp hydroxyapatite
CMC | carbomethyl chitin HFIP/HFP  |1.1.1.3.3.3-hexaflouro-2-propanol
CMCs | carboxymethyl cellulose sodium salt HPMC hydroxypropyl methyl cellulose
CoPc | cobalt tetraaminophthalocyanine N-(2-hydroxlpropyl-3-trimethyl ammonium chi-
_ HTACC .

CcvV crystal violet tosan chloride)
D diameter LOD lowest detection value
DCM  |dichloromethane MeOH methanol
DD deacetylation degree MF microfiltration
DMAc |N,N-dimethylacetamide Mw molecular weight
DMF  |N,N-dimethylformamide MWNT multiwalled carbon nanotube
DNA  |deoxyribonucleic acid NHS N-Hydroxysuccinimide
DOSE | dual-opposite-spinneret electrospinning NMMO N-methylmorpholine-N-oxide
DS Degree of substitution NP nanoparticles
EA ethylenediamine P(CLLA) poly(L-lactide-co-caprolactome)
EC ethyl cellulose P(LLA-CL) |poly (L-lactide-co-caprolactone)
EDC N-(3-Dime.thylaminopropyl)-N’-ethylcarbodiimide PAA polyacrylic acid

hydrochloride PAAm poly(acrylamide)
EDS energy-dispersive X-ray spectroscopy PAN poly(acrylonitrile)
EDTA |ethylenediaminetetraacetic acid PBS phosphate buffered saline
ENM |electrospun nanofibrous membrane PCL polycaprolactone
GAG |glycosaminoglycan PCLDLLA |poly(e-caprolectome-co-D-L-lactide)
GJF gas jet nanofibre PEG poly(ethylene glycol)
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PEGDA |poly(ethylene glycol) diacrylate
PEI polyethyleneimine

PEO poly(ethylene oxide)

PES poly(ether sulphone)

PET poly(ethylene terephthalate)

PF paraformaldehyde

PGA poly(glycolic acid)

PIP piperazine

PLA poly(lactic acid)

PMAA  |poly(methacrylic acid)

PS polystyrene

PU poly urethane

PVA poly(vinyl alcohol)

PVAc poly(vinyl acetate)

PVAm polyvinylamine

PVDF poly(vinylidene flouride)

PVP poly(vinyl pyrrolidone)
QBzCSN |N-benzyl-N,N-dimethyl chitosan iodide
QCh quaternized chitosan

RIS rotary-jet spinning

RNA ribonucleic acid

SEM scanning electron microscopy
SF silk fibroin

SNE standard electrospinning

SO3H sulphonate groups

SWNT  |single walled carbon nanotube
TCD tip-to-collector distance

TEM transmission electron microscopy
TEMPO |2,2,6,6-tetramethylpiperidiooxy
TFA trifluoroacetic acid

TFE triflouroethanol

Tg glass transition temperature

Tm melting temperature

TMP trans-membrane pressure
TNFC thin film composite membrane
TPU thermoplastic polyurethane

UF ultrafiltration

WK wool keratose

XPS X-ray photoelectron spectroscopy
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Abstract. A series of intramolecular donor—acceptor polymers containing different contents of (£)-1-(2-ethylhexyl)-6,9-
dioctyl-2-(2-(thiophen-3-yl)vinyl)-1 H-phenanthro[9,10-d]imidazole (thiophene-DOPI) moiety and 4,4-diethylhexyl-
cyclopenta[2,1-b:3,4-b"]dithiophene (CPDT) unit was synthesized via Grignard metathesis (GRIM) polymerization. The
synthesized random copolymers and homopolymer of thiophene-DOPI contain the donor—r-bridge—acceptor conjugated
structure to tune the absorption spectra and energy levels of the resultant polymers. UV-vis spectra of the three polymer
films exhibit panchromatic absorptions ranging from 300 to 1100 nm and low band gaps from 1.38 to 1.51 eV. It is found
that more thiophene-DOPI moieties result in the decrease of band gap and lower the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) values of polymers. Photovoltaic performance results indicate
that if the content of the intramolecular donor—acceptor moiety is high enough, the copolymer structure may be better than
homopolymer due to more light-harvesting afforded by both monomer units.

Keywords: polymer synthesis, intramolecular donor—acceptor, Grignard metathesis polymerization, polymer solar cells

1. Introduction tain side-chain-tethered acceptor moieties can not
In order to harvest the sunlight over the range of max-  only exhibit multiple absorptions but also enhance
imum photon flux (500-800 nm) to achieve the high  charge transfer ability. This type of conjugated poly-
performance of polymer solar cells (PSCs), the most  mers falls into the intramolecular donor—acceptor sys-
promising approach is to lower the band gaps of con-  tems. This system typically consists of conjugated
jugated polymer donor materials. One of the effective  polymers as electron donating groups, another conju-
ways to lower the band gap of conjugated polymersis  gated groups or long alkyl chains as the bridges, and
to make —(A)y-(B)y— random type copolymers by electron acceptors which can increase the interior
adjusting the ratio of the two monomer unit [1-3]. On  charge transfer rate of molecules and broaden the
the other hand, it is found that the introduction of  absorption spectrum [5, 6]. For this type of conju-
electron-acceptor units onto the side chain of conju-  gated polymers, the electron donating groups are
gated polymers could extend the absorption breadth  present in the main chain, while the electron accept-
of sunlight and lower the energy gap to some extent ing units are pendent as side chains. After photoexci-
[4, 5]. In other words, conjugated polymers that con-  tation, the generated excitons are stabilized and fur-
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ther separated because of the extended conjugation
length, and the electrons are subsequently transferred
from the donors to the acceptors very rapidly [6, 7].
Furthermore, the charge separation and transfer
process within the planar intramolecular donor-
acceptor structure is more effective than the one in the
twisted intramolecular donor-acceptor structure,
therefore, the charge transfer rate will be higher if the
acceptor units are tethered on the polymeric main
chains in a coplanar manner [5, 6, 8].

Recently, a series of intramolecular donor—acceptor
conjugated copolymers of —(A)y-(B),— random type
have been synthesized by Wei’s group and used as the
donor materials in the active layers of PSCs [4, 5, 9].
For this kind of conjugated polymers, thiophene
derivatives were used as the electron donating groups
and presented in the main chain, and phenanthrenyl-
imidazole (PI) moieties with the characteristic of
coplanar were employed as the side-chain-tethered
electron accepting units. More recently, a new imida-
zole unit as the acceptor moiety has been synthesized
by Neophytou et al. [10] and this kind of copolymer
exhibits fast exciton dissociation at the polymer—
fullerene heterointerfaces. Lee er al. [11] also
reported a kind of intramolecular donor—acceptor
copolymer with electron-rich carbazole presenting in
the backbone as the donor unit and electron-deficient
14H-benzo[4,5]isoquino[2,1-a]perimidin-14-one
moiety as pendant side chains. In a recent report, we
have presented a new kind of intramolecular donor—
acceptor copolymers containing side-chain-tethered
perylenebis(dicarboximide) (PDI) moieties [12]. For
the above-mentioned intramolecular donor—acceptor
polymers, by the attachment of electron accepting
moieties as side chains, the electrons can be trans-
ferred sequentially from the donor main chains to the
pendant side chains, and then to n-type PCBM after
photoexcitation, hence the charge separation and
transfer process occurs more efficiently.

For choosing suitable monomer units to achieve the
high performance of PSCs, it has been stated that
using the fused thiophene family as the donor result-
ing in a low band gap accompanied by good elec-
trochemical stability [13—16]. Molecules containing
fused-ring systems can make the polymer backbone
more rigid and coplanar, therefore enhancing effec-
tive m-conjugation, lowering band gap and extend-
ing absorption. The carbon-bridged 4,4-diethyl-
hexyl-cyclopenta[2,1-b:3,4-b"|dithiophene (CPDT)
has attracted considerable research interests due to

the forced coplanarity of the two thienyl subunits
resulting in the low energy gaps of the D-A copoly-
mers based on this donor unit [17-23]. Recently,
poly[2,6-(4,4-bis(2-ethylhexyl)-4 H-cyclopenta[2,1-b;
3,4-b'ldithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]
(PCPDTBT) comprising of CPDT and benzothiadi-
azole (BT) unit was demonstrated to be one of the
most promising low band gap polymers for the use
in PSCs [21]. Even if the PCPDTBT is promising for
PSCs, the highest power conversion efficiency (PCE)
in this family of polymers has been presented very
recently by Yau et al. [24]. By using the CPDT as the
donor unit, an extremely low band gap (£, = 1.20 €V)
donor-acceptor copolymer with a panchromatic
absorption ranging from 280 to 1285 nm was syn-
thesized by our group [22].

Furthermore, to optimize the material properties,
conjugated polymers with an electron-rich main
chain and a donor-m-bridge—acceptor (D-m—A)
conjugated side chain has been proposed [25]. The
designed polymers take advantage of the well-
established knowledge of nonlinear optical chro-
mophores to optimize the absorption spectra and
energy levels of the resultant polymers [26, 27].
Based on this design concept, the PSC devices
using these donor materials exhibited a high Vi,
(0.99 V) and their absorption spectra can be easily
tuned by controlling the acceptor strength of their
side chains or by using a more efficient n-bridge.
As stated above, to build a low band gap and wide
optical absorption conjugated polymer to raise the
PCE of the devices, the intramolecular donor—accep-
tor structure with side-chain-tethered acceptor moi-
eties might be an efficient approach. In addition,
insertion of a m-bridge between the donor main chain
and pendant side chains to tune the molecular energy
levels and absorption spectra of the resultant poly-
mers might also be a promising way. Consequently,
we synthesized a series of intramolecular donor—
acceptor polymers consisting of different molar ratios
of 4,4-diethylhexyl-cyclopenta[2,1-b:3,4-b"]dithio-
phene (CPDT) unit and (£)-1-(2-ethylhexyl)-6,9-
dioctyl-2-(2-(thiophen-3-yl)vinyl)-1H-phenanthro
[9,10-d]imidazole (thiophene-DOPI) moiety. In the
thiophene-DOPI unit (DOPI tethered to thiophene
unit), an ethylenic double bond as the n-bridge was
inserted into the side-chain-tethered phenanthrenyl-
imidazole (PI) moiety and thiophene backbone,
where the thiophene, n-bridge and PI moiety formed
the intramolecular charge transfer system. The effect
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of molar ratio of thiophene-DOPI unit on the opto-
electronic properties and the photovoltaic perform-
ance of the fabricated PSCs were investigated.

2. Experimental

2.1. Materials

Palladium acetate (Sigma-Aldrich, USA), 1,4-benzo-
quinone (Sigma-Aldrich, USA), acrolein (Sigma-
Aldrich, USA), acetonitrile (J. T. Baker, USA),
neocuproine (Sigma-Aldrich, USA), 3-thienyl-
boronic acid (Alfa Aesar, USA), diethyl ether (Echo
Chemical, Taiwan), 9,10-phenanthraquinone (Acros,
Belgium), bromine (Sigma-Aldrich, USA), nitroben-
zene (Acros, Belgium), dibenzoyl peroxide (Sigma-
Aldrich, USA), acetic acid (Acros, Belgium), ammo-
nium acetate (Showa Chemical Co., Japan), 2-ethyl-
I-hexylamine (Alfa Aesar, USA), ammonium
hydroxide (Acros, Belgium), 2-ethylhexyl magne-
sium bromide (1.0 M in diethyl ether, Acros, Bel-
gium)), [1,3-bis(diphenylphosphino)propane] nickel
(I) chloride (Acros, Belgium), n-bromosuccin-
imide (Acros, Belgium), ethyl acetate (Echo Chem-
ical, Taiwan), sodium bicarbonate (Showa Chemical
Co., Japan), magnesium sulfate anhydrous (Showa
Chemical Co., Japan), o-dichlorbenzene (DCB, Echo
Chemical, Taiwan), poly(3.4-ethylenedioxythio-
phene)-poly(styrenesulfonate) (PEDOT:PSS, Sigma-
Aldrich, USA) and [6,6]-phenyl-C7;-butyric acid
methyl ester (PC7;BM, FEM Tech., Germany) were
used as received. All other reagents were used as
received.

2.2. Monomer synthesis

The monomer M1, 4,4-diethylhexyl-cyclopenta[2,1-
b:3,4-b"|dithiophene (CPDT), was prepared accord-
ing to a reported literature method [19]. The
monomer M2, (E)-2-(2-(2,5-dibromothiophen-3-yl)
vinyl)-1-(2-ethylhexyl)-6,9-dioctyl-1H-henanthro[9,
10-dJimidazole, was synthesized according to the
following steps and the synthetic route is shown in
Figure 1. For convenience, the monomer M2 is also
designated as thiophene-DOPI.

2.2.1. Synthesis of
(E)-3-(thiophen-3-yl)acrylaldehyde (1)

A glass reactor charged with a mixture of acrolein

(0.144 g, 2.57 mmol), 1,4-benzoquinone (0.275 g,

2.52 mmol) and 3-thienylboronic acid (0.660 g,

5.06 mmol) in 10 mL of acetonitrile was purged with

argon bubbling for 10 min. To prepare the solution of

catalyst, neocuproine (0.015 g, 0.07 mmol) and palla-
dium acetate (0.013 g, 0.06 mmol) were dissolved in
5 mL of acetonitrile with stirring and argon bubbling
for 30 min. To the above reactor was then added the
catalyst solution. The reaction mixture was stirred at
room temperature for 24 h. The solution was evapo-
rated to dryness by rotary evaporation. The residue
was chromatographically purified on silica gel eluting
with n-pentane/diethyl ether (2:1, v:v) to afford 1 as a
brown oil. Yield: 0.549 g, 65%. '"H NMR (500 MHz,
CDCl3): & (ppm) 6.75 (t, 1H), 6.88 (t, 1H), 7.08 (d,
1H), 7.22 (d, 1H), 7.32 (s, 1H). '*C NMR (125 MHz,
CDCl3): 6 (ppm) 126.1, 126.7, 128.3, 130.2, 134.9,
152.6, 193.5. Anal. Calcd for C;H¢OS: C, 60.84; H,
4.38. Found: C, 60.81; H, 4.42.

2.2.2. Synthesis of
3,6-dibromophenanthrene-9,10-dione (3)

9,10-Phenanthrenequinone (7.03 g, 33.4 mmol)
(compound 2) was dissolved in 50 mL of nitroben-
zene with stirring and argon bubbling for 10 min
and then 0.35 g of benzoyl peroxide was added. The
solution was heated by a tungsten lamp with stirring
and argon bubbling for 30 min. Liquid bromine
(5 mL, 97.6 mmol) was added dropwise into the reac-
tor through a dropping funnel under the illumination
of a tungsten lamp with stirring for 8 h. After turn-
ing off the tungsten lamp, the reaction had been con-
tinuously run for 18 h at room temperature. The reac-
tion mixture was then poured into 50 mL of diethyl
ether. The precipitate was then triturated in diethyl
ether for 30 min followed by filtration. The residue
was washed twice with diethyl ether and then dried
in a vacuum to afford 3 as a golden yellow solid.
Yield: 6.41 g, 52%. '"H NMR (500 MHz, CDCl3): &
(ppm) 7.0 (s, 1H), 7.74 (d, 2H), 7.51 (s, 2H).
BC NMR (125 MHz, CDCls): & (ppm) 180.2, 136.3,
134.0, 132.5, 131.5, 130.2, 129.4. Anal. Calcd for
C14HgBr,0,: C, 45.94; H, 1.65. Found: C, 45.98; H,
1.62.

2.2.3. Synthesis of (E)-6,9-dibromo-1-(2-
ethylhexyl)-2-(2-(thiophen-3-yl)vinyl)-1H-
phenanthro[9,10-d]imidazole (4)

In a 100 ml glass reactor was suspended compound 3

(0.549 g, 1.50 mmol) with stirring in acetic acid

(30 mL) and ammonium acetate (0.238 g, 3.00 mmol)

for 10 min then 2-ethyl-1-hexylamine (0.528 g,

4.00 mmol) was added dropwise over a period of

20 min. Compound 1 (0.207 g, 1.50 mmol) was dis-
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Figure 1. Synthetic route for the preparation of P11, P13 and POl conjugated polymers
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solved in 10 mL of acetic acid and then added drop-
wise into the reaction. The stirring mixture was
heated at reflux for 3 h. After cooling down to room
temperature, the reaction mixture was filtered and
the solid was washed with an aqueous solution of
acetic acid (1:1, v:v) until the washings were almost
colorless. The washings were discarded and the solid
was further washed with distilled water (~200 mL)
until the washings were colorless. The residue was
recrystallized from isopropyl alcohol. The product
was dried under vacuum giving 4 as a red solid.
Yield: 0.501 g, 56%. '"H NMR (500 MHz, CDCl3): &
(ppm) 8.80 (s, 1H), 8.01 (d, 1H), 7.35 (s, 2H), 7.55 (d,
2H), 8.65 (d, 2H), 4.65 (d, 2H), 2.01 (t, 1H), 0.9~1.5
(m, 15H). '*C NMR (125 MHz, CDCls): § (ppm)
11.6, 14.1, 23.0, 26.0, 29.3, 32.0, 37.2, 52.0, 118.7,
120.9, 125.7, 126.1, 126.5, 126.6, 126.7, 128.3,
130.2, 130.5, 133.4, 133.6, 141.5. Anal. Calcd for
Cy9HosBroN,S: C, 58.40; H, 4.73; N, 26.79. Found:
C, 58.32; H, 4.85; N, 26.73.

2.2.4. Synthesis of (E)-1-(2-ethylhexyl)-6,9-
dioctyl-2-(2-(thiophen-3-yl)vinyl)-1H-
phenanthro[9,10-d]imidazole (5)

In a glass reactor, (£)-6,9-dibromo-1-(2-ethylhexyl)-

2-(2-(thiophen-3-yl)vinyl)-1H-phenanthro[9,10-

d]imidazole (0.700 g, 1.18 mmol) was dissolved in

10 mL dry THF with stirring and argon bubbling for

10 min. (2-Ethylhexyl)magnesium bromide (2.37 mL,

2.37 mmol) was then added dropwise into the reac-

tor in an ice bath under argon atmosphere. After

returning to room temperature, this mixture was

heated at 60°C for 2 h and then Ni(dppp)Cl, (0.005 g,

0.010 mmol) was added. The stirring mixture was

continuously heated for 24 h. After cooling down to

room temperature, the reaction mixture was filtered
and the solid was washed with distilled water

(~200 mL) until the washings were colorless. The

product was dried under vacuum to give 5 as a dark

red solid. Yield: 0.492 g, 63%. 'H NMR (500 MHz,

CDCl3): & (ppm) 8.35 (s, 1H), 7.90 (d, 1H), 7.75 (d,

1H), 9.20 (s, 2H), 7.95 (d, 2H), 8.55 (d, 2H), 3.81

(m, 6H), 0.9~3.5 (m, 45H). 3C NMR (125 MHz,

CDCl5): o (ppm) 11.6, 14.1, 22.7, 23.0, 26.0, 28.9,

29.3,31.2, 31.8, 32.0, 36.0, 37.2, 52.0, 118.7, 120.5,

124.7, 126.1, 126.3, 126.6, 126.7, 128.1, 128.3,

130.2, 131.2, 133.4, 137.2, 141.5. Anal. Calcd for

C37H4sN,S: C, 80.82; H, 8.25; N, 5.10. Found: C,

80.36; H, 8.14; N, 5.21.

2.2.5. Synthesis of (E)-2-(2-(2,5-
dibromothiophen-3-yl)vinyl)-1-(2-
ethylhexyl)-6,9-dioctyl-1H-
phenanthro[9,10-d]imidazole (6)

N-bromosuccinimide (NBS) (0.284 g, 1.60 mmol)

was added into a solution of (£)-1-(2-ethylhexyl)-

6,9-dioctyl-2-(2-(thiophen-3-yl)vinyl)-1 H-phenan-
thro[9,10-d]imidazole (0.530 g, 0.800 mmol) in

20 mL of THF and 20 mL of acetic acid. The mix-

ture was stirred at room temperature under an argon

atmosphere for 1 h. Water (50 mL) was added to the
mixture and it was extracted with ethyl acetate three
times. Organic fractions were combined and washed
with 5% (w/w) NaHCOj and then distilled water
three times. After drying over anhydrous MgSO., the
organic phase was purified by column chromatog-
raphy on silica gel with chloroform to afford a dark
brown solid. Yield: 0.288 g, 44%. 'HNMR

(500 MHz, CDCls): & (ppm) 9.25 (s, 2H), 8.5 (d,

2H), 7.80 (d, 2H), 7.65 (s, 1H), 3.81 (m, 6H), 0.9~3.8

(m, 45H). '*C NMR (125 MHz, CDCls): § (ppm)

11.6, 14.1, 22.7, 23.0, 26.0, 29.2, 29.3, 29.6, 31.2,

31.8, 32.0, 36.0, 37.2, 52.0, 110.5, 115.0, 118.7,

120.5, 124.7, 126.3, 126.6, 128.1, 131.2, 133.4, 137.2,

140.0, 141.5. Anal. Calcd for C37H45BroN,S: C,

62.62; H, 6.39; N, 3.95. Found: C, 63.15; H, 6.18; N,

3.72.

2.2.6. Synthesis of the copolymers (P11 and P13)
and homopolymer (P01)

All polymers were synthesized through Grignard
metathesis (GRIM) polymerizations in THF except
the molar ratio of M1 to M2 was different. The
copolymer P11 was synthesized using a 1:1 molar
ratio of M1 to M2, while the molar ratio of M1:M2
for the copolymer P13 and homopolymer PO1 was
1:3 and 0:1, respectively. The detail synthetic proce-
dures for the copolymer P11 are described below.

In a three-necked 100 mL round-bottom flask, (£)-
2-(2-(2,5-dibromothiophen-3-yl)vinyl)-1-(2-ethyl-
hexyl)-6,9-dioctyl-1H-phenanthro[9,10-d]imidazole
(1.20 g, 1.49 mmol) and 2,6-dibromo-4,4-di-(2-eth-
ylhexyl)-4H-cyclopenta[2,1-b:3,4-b"]dithiophene
(0.834 g, 1.49 mmol) were dissolved in 40 mL of
freshly distilled THF and then flushed by argon for
10 min and CH3;MgBr (0.672 mL, 2.98 mmol) was
added dropwise to the solution. After reflux for 1 h,
Ni(dppp)Cl; (0.016 g, 0.03 mmol) was added, and the
solution was purged by argon for another 20 min.
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Another portion of Ni(dppp)Cl, (0.016 g, 0.03 mmol)
was added after refluxed for 45 min. The reaction
mixture was then refluxed for 48 h under the protec-
tion of argon. The solution was cooled and poured
into 200 mL of methanol, where the crude polymer
was precipitated and collected as a dark brown
solid, which was then subjected to Soxhlet extrac-
tion with methanol, hexane, and THF. The polymer
was recovered from the THF fraction by rotary
evaporation to afford a brownish-yellow solid. The
synthetic route is shown in Figure 1. Yield: 0.672 g,
28%. '"H NMR (500 MHz, CDCl;): § (ppm) 7.7 (d,
2H), 7.5 (s, 2H), 7.2 (d, 2H), 5.02 (d, 2H), 3.81 (m,
6H), 2.50 (d, 4H), 0.9~0 (m, 90H). '3C NMR
(125 MHz, CDCl3): 6 (ppm) 11.6, 11.9, 14.1, 15.1,
15.5, 22.7, 23.0, 26.0, 26.5, 29.2, 29.3, 29.6, 31.2,
31.8, 32.0, 33.5, 33.6, 36.0, 37.2, 49.0, 50.5, 52.0,
118.7, 120.5, 121.9, 124.7, 126.3, 126.6, 128.1,
128.2, 131.2, 133.4, 133.9, 134.4, 135.2, 135.9,
136.1, 137.1, 137.2, 138.0, 139.1, 141.5. Anal.
Calcd for (CeHgiN,S3),: C, 78.34; H, 8.59; N, 2.95.
Found: C, 77.86; H, 8.83; N, 3.14.

2.3. Device fabrication

The device structure of PSCs for current density-
voltage (J-V) measurements is ITO/PEDOT:PSS/
Polymer:PC7;;BM/Al. P11, P13, and PO1 were used
as the p-type donor polymers and PC7,BM acted as
the n-type acceptor in the active layer. Before device
fabrication, the ITO-coated glass substrates were
first cleaned by ultrasonic treatment in acetone, deter-
gent, de-ionized water, methanol and isopropyl alco-
hol sequentially. The ITO surface was spin-coated
with ca. 80 nm layer of poly(3,4-ethylene dioxythio-
phene): poly(styrene) (PEDOT:PSS) in the nitro-
gen-filled glove-box. The substrate was dried for
10 min at 150°C and then continued to spin coat the
active layer. The polymer:PC7;BM blend solutions
were prepared with a weight ratio of 1:1 in 1,2-
dichlorobenzene (DCB) as the active layer. The solu-
tion blends were spin-cast onto the PEDOT:PSS
layer at 800 rpm for 30 s. The obtained thicknesses
for the blend films were ca. 110 nm. The devices
were completed by evaporation of metal electrodes
Al with area of 6 mm? defined by masks.

2.4. Instrumentation

Thermogravimetric analyses (TGA) were per-
formed using a TA Instruments SDT-2960 analyzer
operated at a heating rate of 10°C/min in the air. Dif-

ferential canning calorimetry (DSC) thermograms
were obtained with a TA Instruments modulated
DSC 2920 analyzer operated at a heating rate of
10°C/min under a dry nitrogen purge. Ultraviolet-vis-
ible (UV-vis) spectroscopic analysis was conducted
on a Perkin—Elmer Lambda 35 UV-vis spectropho-
tometer. Photoluminescence (PL) spectrum was
recorded on a Hitachi F-7000 fluorescence spectro-
photometer. The J-V curves were measured under
illumination from a solar simulator, using a Keithley
2400 source meter. The intensity of solar simulator
was set with a primary reference cell and a spectral
correction factor to give the performance under the
AM 1.5 (100 mW/cm?) global reference spectrum
(IEC 60904-9). EQE was detected with a QE-3000
(Titan Electro-Optics Co., Ltd.) lock-in amplifier
under monochromatic illumination. Calibration of the
incident light was performed with a monocrystalline
silicon diode. Molecular weights of the copolymers
were determined by gel permeation chromatogra-
phy (GPC) using Young Lin Acme 9000 liquid chro-
matograph equipped with a 410 RI detector and a
p-Styragel columns with THF as the carrier solvent.
Cyclic voltammetric (CV) measurements were per-
formed in 0.1 M tetrabutylammonium perchlorate
solution using a PGSTAT30 electrochemical ana-
lyzer (AUTOLAB Electrochemical Instrument, The
Netherlands).

3. Results and discussion
3.1. Material design and structural
characterization

Since the charge separation and transfer process
within a planar intramolecular donor-acceptor struc-
ture is more effective than that of a twisted intramole-
cular donor-acceptor structure, therefore, the charge
transfer rate will be higher if the acceptor units are
tethered on the polymeric main chains in a coplanar
manner. As reported by Wei’s group, the electron
transfer probability of the polymer with the planar
intramolecular donor-acceptor structure is at least
twice higher than the pure poly(3-hexylthiophene)
when blended with PC4;BM [5, 9]. This type of ran-
dom copolymer synthesized by Wei’s group con-
tains a thiophene monomer and a side-chain-teth-
ered phenanthrenyl-imidazole moiety as the other
monomer unit, as shown in Figure 2a. Although the
intramolecular donor—acceptor conjugated copoly-
mers reported by Wei and coworkers exhibit lower
band gaps (1.77-1.89 eV) than regioregular poly(3-
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Figure 2. (a) The synthesized copolymers reported by Chang et al. [4] (b) Synthetic route of PCPDTTPI copolymers

hexylthiophene) (r-P3HT), the optical band gaps are
still considered too large and ranges of light-harvest-
ing are not broad enough [4, 5, 9]. To compare with
the results of Wei’s group, in an unpublished report,
we designed and synthesized an intramolecular
donor—acceptor type of conjugated copolymer with
an ethylhexyl and two octyl chains attached to the
PI moiety. The molecular structure is shown in Fig-
ure 2b and the copolymer is designated as PCPDTTPI.
For the copolymer PCPDTTPI synthesized from
1:1 molar ratio of M1” to M2", although the UV-vis
spectrum of the polymer film exhibited a panchro-
matic absorption ranging from 280 to 1170 nm and
a low band gap of 1.42 eV as seen in Figure 3, the

—— P11
—— PCPDTTPI

Normalized absorbance [a.u.]

400 500 600 700 800 900 1000 1100 1200
Wavelength [nm]

Figure 3. Normalized UV-vis absorption spectra of P11 and
PCPDTTPI
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weak absorption in the range between 600 to 1170 nm
resulted in a low PCE of 0.52%.

Therefore, further improvement based on this struc-
ture was carried out to obtain a copolymer with an
enhanced absorption of UV-vis spectrum in the long
wavelength region to afford a higher PCE. In the
present study, we designed a new random copoly-
mer containing the donor—n-bridge—acceptor moiety
as a monomer unit (M2 in Figure 1). As compared
to the molecular structure reported by Wei’s group
(Figure 2a) [4], because the structure of PI moiety
was too rigid to be soluble in common organic sol-
vents, we attached an ethylhexyl and two octyl chains
to the PI moiety. In addition, to reduce the steric hin-
drance of the copolymer for increasing the effective
packing and to tune the molecular energy levels and
absorption spectra of the resultant polymers for
charge transfer and light-harvesting, an ethylenic
double bond as the n-bridge was inserted into the PI
moiety and thiophene backbone. For the other mono-
mer unit, CPDT was chosen due to the forced copla-
narity of the two thienyl subunits resulting in the
more extended conjugation and stronger intermole-
cular interaction. In this regard, we synthesized a
series of intramolecular donor—acceptor polymers
containing the conjugated thiophene-DOPI moi-
eties and CPDT units via GRIM polymerization (Fig-
ure 1). Employing the GRIM method can shorten
polymerization times and lower reaction tempera-
tures, facilitating the preparation of aryl and het-
eroaryl conjugating polymers. Using this approach
also paves the way toward the production of block
or random copolymers. Because our synthesized
copolymers are also the intramolecular donor—
acceptor type, which is similar to the copolymers
synthesized by Wei’s group (Figure 2a), we adopt
the same synthetic approach and the same Grignard
reagent like them. Their synthetic approach is
referred to McCullough’s publication [28], so we also
used CH3MgBr as the Grignard reagent in our syn-
thesis. However, it was found that yields of this series

of copolymer were relatively low. Hence, it is sug-
gested that for the synthesis of this series of copoly-
mers, other Grignard regents such as isopropylmag-
nesium chloride (i-PrMgCl) or isopropylmagne-
sium bromide (i-PrMgBr) together with lithium
chloride (LiCl) may be used to afford the copoly-
mers in good yields [29, 30].

Since the copolymer synthesized by Wei’s group
comprising of equal molar ratio of M1’ and M2’
(Figure 2a) exhibited an optical bandgap of 1.82 eV
and a HOMO value of —5.21 eV [4], the copolymer
consisting of equal molar ratio of CPDT unit and thio-
phene-DOPI unit was synthesized for comparison
and designated as P11. As shown in Table 1 (the data
will be discussed in the following section), it can be
seen that the incorporation of CPDT unit and inser-
tion of an ethylenic double bond could significantly
reduce the band gap (1.40 eV) and lower the energy
level of HOMO (-5.27 eV) of the conjugated poly-
mer. On the other hand, compared to the UV-vis
spectrum of the copolymer PCPDTTPI synthesized
from equal molar ratio of M1” and M2" (Figure 2b),
the copolymer P11 exhibited much enhanced absorp-
tion in the region between 550 to 1050 nm. From the
TGA thermogram of P11, the onset decomposition
temperature of this copolymer is around 275°C in the
air. The thermal stability of this kind of copolymer
is adequate for its application in PSCs and other
optoelectronic devices. In addition, due to the inser-
tion of an ethylenic double bond into the PI moiety
and thiophene backbone, the copolymer P11 is more
flexible, exhibiting a lower T of 53.5°C compared
with the similar type of copolymer synthesized by
Chang et al. [5]. These findings encouraged us to vary
the content of thiophene-DOPI moiety to proceed
further study. Therefore, we further synthesized a
copolymer with a mole ratio of 1:3 for CPDT to thio-
phene-DOPI. The copolymer was designated as P13.
Besides, the homopolymer of thiophene-DOPI,
P01, was also prepared for comparison. The data of
synthesized polymers are summarized in Table 1. In

Table 1. Molecular weights and optoelectronic properties of the synthesized polymers

M My, Eg* HOMOP LUMO*
Polymer [kg-ml(l)l‘l] [kg-mol™] PDI [e%’] [eV] [eV]
P11 11.8 16.0 1.36 1.40 -5.27 -3.87
P13 10.5 13.4 1.28 1.38 -5.39 -4.01
PO1 12.3 16.9 1.37 1.51 -5.42 -3.91
P3HT (commercial) 13.2 17.0 1.29 1.90 -5.20 -3.30

2Obtained by Tauc relation.
®Obtained by cyclic voltammetry.
“Obtained from LUMO = HOMO + Ej.
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particular, for this kind of intramolecular donor-
acceptor polymer, the electron donating groups
(CPDT and thiophene units) are present in the main
chain as the polymer backbone, while the electron
accepting units (DOPI moieties) are pendent as side
chains. By the attachment of a coplanar type of DOPI
moieties as side chains, the electrons can be trans-
ferred sequentially from the donor main chains to
the acceptor side chains, and then to n-type PCBM
after photoexcitation, hence the charge separation and
transfer process are more readily and enhanced in this
intramolecular donor-acceptor system. Therefore, it
was expected that a low band gap polymer with
wide sunlight absorption band and high power con-
version efficiency could be achieved for this type of
copolymer using the thiophene-DOPI moieties as
the intramolecular donor-acceptor units.

3.2. Optical properties and band gaps

The normalized UV-vis absorption spectra for the
films of the three synthesized polymers and P3HT are
presented in Figure 4. As seen from Figure 4, the
UV-vis absorption spectrum of the P11 film exhibits
a wide absorption band ranging from 300 to 1100 nm
with four absorption peaks positioned at about 312,
516, 906 and 952 nm. The strong absorption at
312 nm is attributed to m—m* transition within the
polymer backbone, whereas the other weak absorp-
tion peaks are ascribed to the intramolecular charge
transfer (ICT) between CPDT and thiophene units
in the polymer backbone and thiophene donor and
DOPI acceptor units of the thiophene-DOPI moi-
eties. In other words, the weak and broadened absorp-
tion bands may imply that an effective and enhanced
ICT between thiophene backbone and DOPI moi-
eties has occurred. Consequently, with the incorpo-
ration of DOPI moieties as acceptor side chains and
thiophene unit as the donor backbone, the synthesized
copolymer exhibits the enhanced characteristic of
intramolecular donor—acceptor polymers. Moreover,
since the UV-vis absorption regions of the copoly-
mers stated in Wei’s report only extend to ca. 700 nm,
the incorporation of CPDT unit and insertion of an
ethylenic double bond as the n-bridge between thio-
phene and PI moiety may extend the absorption
breadth of sunlight and lower the energy gap. In addi-
tion, as compared to the spectrum of PCPDTTPI
and evident from Figure 3, the intensified absorp-
tion for P11 in the region from 550 to 1050 nm may
indicate that an enhanced ICT has occurred. This tes-

—e— P11
—— P13

Mormalized absorbance [a.u.]

400 500 600 700 800 900 1000 1100
Wavelength [nm]

Figure 4. Normalized UV-vis absorption spectra of P11,
P13, and PO1

tifies to the fact that the insertion of a m-bridge
between the donor and acceptor unit may optimize
the absorption spectrum and harvest more light.

In a similar manner, the spectrum of P13 film also
exhibits a panchromatic absorption ranging from
300 to 1100 nm with two strong n—n* transitions (cen-
tered at 314 and 373 nm) arising from both CPDT
and thiophene units of the polymer backbone. As
compared to the spectrum of P11 film, it is notice-
able that the absorption bands in the region of 600—
900 and 900—1100 nm are significantly enhanced. It
may be ascribed to the increased mole ratio of thio-
phene-DOPI unit raising the ICT between the thio-
phene donor and DOPI acceptor. For the homopoly-
mer of thiophene-DOPI, the absorption peak at
334 nm is assigned to the m—n* transition of thio-
phene backbone, while the broad absorption band
ranging from 600 to 850 nm and centered at 700 nm
is attributed to the ICT between thiophene and
DOPI. It is worth noting that the absorption band in
the region of 600—850 nm is stronger as compared
to that of P11 and P13 film, indicating that the thio-
phene-DOPI structure has a remarkable effect of ICT
between thiophene backbone and DOPI side chains.
On the other hand, for the copolymer P11 and P13,
the broad absorption around 900 to 1100 nm may
arise from the ICT of the polymer backbone between
CPDT and thiophene-DOPI units since no obvious
absorption for PO1 was observed in this region.

The optical band gaps obtained from the Tauc rela-
tion [31] ahv = B(hv — Eop)" for P11, P13 and POl
are 1.40, 1.38, and 1.51 eV (Figure 5), respectively,
and are shown in Table 1. The HOMO and LUMO
energy levels of the three polymers can be deter-
mined from the oxidation potentials of cyclic voltam-
metry (CV) measurements and the curve-fitting opti-
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Figure 5. Plot of (ahv)? vs. hv via Tauc relation for P11,
P13, and PO1 film

cal band gaps (E,"" by Tauc relation). The related
data are listed in Table 1. As compared to the data
reported by Chang et al. [4], it is noteworthy that the
incorporation of CPDT unit and insertion of an eth-
ylenic double bond can not only lower the HOMO
of the copolymer but also reduce the band gap. Both
of them are important characteristics for high-per-
formance solar cells. In addition, comparing the
data of P13 with those of P11, it may suggest that
more thiophene-DOPI moieties may result in the
decrease of band gap and lower the HOMO and
LUMO values. However, if no CPDT units present
in the polymer backbone, as in the case of PO1, only
the HOMO value is reduced whereas the band gap
is raised. Therefore, for reducing the band gap and
extending the sunlight absorption of the conjugated
polymer, the copolymer structure may be more
favorable than that of the homopolymer structure.

Since PC71BM possesses a strong absorption of UV-
vis spectrum around 450-600 nm to compensate
the weak absorptions of the three synthesized poly-
mers in this region, we expected that the polymer/
PC7;BM blend films would be beneficial to raise the
power conversion efficiency of the fabricated solar
cells. Figure 6 displays the UV-vis absorption spec-
tra of the three polymers blended with PC;BM in a
weight ratio of 1:1. As evident from Figure 4 and Fig-
ure 6, the absorption range of UV-vis spectrum for the
three blend films increases in the order of P01/
PC7BM = P11/PC7BM < P13/PC7,BM, resembling
the absorption profiles of the three polymers. It is
apparent that the ICT interaction between donor
(thiophene) and acceptor (DOPI) moieties in this
kind of intramolecular donor-acceptor polymers is a
practical approach to lower the band gap and broaden
the absorption bands of conjugated polymers. In addi-
tion, in comparison of copolymer P13 with P11, it is

- P11:PC,,BM
~—P13:PC BM
—+PO1:PC'BM

a ey

Absorbance intensity [a.u.]

1000

400 600 800
Wavelength [nm]

Figure 6. UV-vis absorption spectra of P11, P13, and POl
blended with PC7;BM in a weight ratio of 1:1

obvious that the increase of molar ratio of thio-
phene-PDI enhances the absorption intensity in both
the m—m* transition and ICT (600—1100 nm) regions,
and results in the red-shifted absorption bands as
well. Conversely, for the homopolymer P01, the weak
absorption in the ICT region (600—1100 nm) results
in the lower PCE as compared to that of P13, which
we will see in the following section.

3.3. Photoluminescence spectra

The photoluminescence (PL) emission spectra of
the three polymers in comparison with that of P3HT
are shown in Figure 7. All of the spectra were
obtained from the blend film of polymer/PC;;BM in
a weight ratio of 1:1 without annealing and any addi-
tives. The PL of the P11 blend film is dramatically
quenched relative to that of P3HT blend film with two
peaks centered at 379 and 468 nm. The former peak
may result from the PL of CPDT units while the lat-
ter peak is associated with the PL of thiophene-DOPI
moieties. Upon increasing the content of thiophene-
DOPI unit in the copolymer, as in the case of P13,
the degree of quenching in both regions is further

—=P11:PC,,BM
——P13:PC,,BM
——P01:PC, BM
——P3HTPE, BM
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o
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(93]
o
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Photoluminescence intensity [a.u.]
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Figure 7. Photoluminescence emission spectra of the poly-

mer/PC;BM blend films in a weight ratio of 1:1
with excitation at 320 nm
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enhanced, especially in the region around 379 nm
because of the reduction of the CPDT content, as seen
in Figure 7. It is evident that an efficient intramole-
cular charge transfer between CPDT and thiophene
unit in the polymer backbone and thiophene back-
bone and the electron-withdrawing DOPI side chains
has occurred. For the homopolymer P01, the peak
arising mainly from CPDT units is further reduced,
whereas the PL around 468 nm shows not much
change. Therefore, it seems that a 3:1 mole ratio of
thiophene-DOPI to CPDT may be enough for the
efficient intramolecular charge transfer to occur.

3.4. Photovoltaic properties

The photovoltaic performances of the devices for the
blend films cast at room temperature (RT) with a 1:1
weight ratio of polymer:PC7BM as the active layer
were measured under illumination from solar simula-
tor at 100 mW/cm? light intensity. The current den-
sity-voltage (J-V) curves of the cells are shown in
Figure 8. The corresponding V., short-circuit current
(Jse), fill factor (FF), and power conversion efficiency
(PCE) are also listed in Table 2. As seen in Figure 8
and Table 2, comparing both copolymers (P11 and
P13), the value of Jy. increases with the increase of
the molar ratio of thiophene-DOPI moiety. In addi-
tion, it is worth noting that the V. value is also related
with the content of the thiophene-DOPI unit and the
more the thiophene-DOPI content, the higher the V.
Since the values of J. and V. increase with the
increase of the thiophene-PDI moiety simultaneously,
the PCE of the solar cell increases with the increase of
thiophene-DOPI moiety in the copolymers. However,
the homopolymer P01 displays a lower J,. and results
in a lower PCE as compared to those of P13. This

04
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Figure 8. J-V characteristics of devices under AM 1.5 simu-
lated solar illumination at an intensity of
100 mW/cm? for the polymer/PC7;BM blend films
cast at room temperature in a weight ratio of 1:1
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Table 2. Photovoltaic characteristics of the polymer solar

cells
V. J FF | PCE
Polymer VI | imAdem?] | %] | (%]
PIl 0.63 5.18 345 | 113
P13 0.66 6.15 347 | 141
PO 0.67 5.87 340 | 134
P3HT (commercial) 0.58 6.25 46.4 1.68

may imply that if the content of the intramolecular
donor—acceptor moiety is high enough, the copoly-
mer structure may be a better choice than homopoly-
mer due to more light-harvesting afforded by both
monomer units (CPDT and thiophene-DOPI).

3.5. External quantum efficiency

External quantum efficiency (EQE) measurements
with monochromatic wave from 300 to 1100 nm were
also performed on the solar cell devices with a 1:1
weight ratio of polymer:PC;BM (Figure 9). As seen
in the figure, both of the EQE spectra of the copoly-
mer P11 and P13 blend films exhibit a dominant
region ranging from 300-600 and 300-640 nm,
respectively, along with a remarkable peak positioned
at 480 nm. Both spectra also show a broad band in the
region of 600—1100 and 640—1100 nm, respectively.
The broad band in the red to near-infrared region ful-
fills the expectations for panchromatic photovoltaic
applications. Comparing both spectra, it is apparent
that the EQE value increases with the increase of thio-
phene-DOPI content and shows a red-shifted trend
for the P13 blend film. The higher EQE values and
enhanced J,. for P13 blend film are attributed to the
rapid electron transfer of the dissociated excitons in
polythiophene backbone to the conjugated DOPI side
chains. It may indicate that more thiophene-DOPI

20
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Figure 9. External quantum efficiency curves of polymer/
PC7BM blends in a weight ratio of 1:1
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units may facilitate the charge separation and the
intramolecular charge transfer between the thiophene
backbone and DOPI moieties. As for the PO1 film, the
EQE spectrum displays three dominant regions rang-
ing from 300-720, 720-840, and 840— 1100 nm with
three peaks positioned at 518, 780, and 990 nm,
respectively. The EQE values in the first dominant
region are apparently smaller than those of P11 and
P13 blend films. Conversely, due to the remarkable
effect of ICT between thiophene backbone and DOPI
side chains in the region of 600-850 nm from the UV-
vis spectrum of POl (Figure 4) as mentioned above,
the EQE values are higher in this region as compared
to both copolymers. This may suggest that more thio-
phene-DOPI moiety may facilitate the charge separa-
tion and charge transfer process.

4. Conclusions

We have designed and synthesized a series of intra-
molecular donor—acceptor polymers with different
contents of thiophene-DOPI unit that has the D-n—A
structure. The spectra of the polymer films exhibited
panchromatic absorptions and low band gaps (1.38
to 1.51 eV), which were attributed to the incorpora-
tion of thiophene-DOPI moieties. A more efficient
charge transfer occurred between thiophene (donor)
backbone and DOPI (acceptor) side chains, which
could be ascribed to the intramolecular donor—accep-
tor structure. When increasing the content of the thio-
phene-DOPI unit, the V. could be raised and the
PCE:s of the photovoltaic devices showed significant
improvements. In comparison with the device of
P11, since the values of J. and V. increased with the
increase of the thiophene-DOPI moiety in the poly-
mers, the PCEs of the solar cells for P13 and POl
were much enhanced.
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Abstract. In-situ X-ray diffraction was applied to isotactic polypropylene with a high volume fraction of a-phase (a-iPP)
while it has been compressed at temperatures below and above its glass transition temperature 7. The diffraction patterns
were evaluated by the Multi-reflection X-ray Profile Analysis (MXPA) method, revealing microstructural parameters such
as the density of dislocations and the size of coherently scattering domains (CSD-size). A significant difference in the
development of the dislocation density was found compared to compression at temperatures above 7T, pointing at a differ-
ent plastic deformation mechanism at these temperatures. Based on the individual evolutions of the dislocation density and
CSD-size observed as a function of compressive strain, suggestions for the deformation mechanisms occurring below and

above T, are made.

Keywords: thermal properties, polypropylene, dislocation, X-ray diffraction, plasticity

1. Introduction

Semicrystalline polymers consist of a complex multi-
scale structure. A physical interpretation of defor-
mation processes at the macroscopic scale can only
be successful when both, micro- and mesoscopic
deformation processes are considered. At the meso-
scopic scale, rearrangements of lamellar crystalline
blocks such as bending, rotation, fragmentation or
shear band formation occur [1]. At the microscopic
scale, basic micromechanisms of deformation within
the crystalline and amorphous phase are active.
There is already an overwhelming amount of data
demonstrating that the plasticity of semicrystalline
polymers is controlled by the deformation of the crys-
talline phase even up to large strains [2]. In this con-
nection, two deformation mechanisms have been

*Corresponding author, e-mail: gerald.polt@univie.ac.at
© BME-PT

discussed, those are a) an approach based on adia-
batic melting and recrystallization [3], and b) the
deformation by crystallographic slip [4]. The major
part of publications, favor the occurrence of the lat-
ter mechanism even for a wide range of strain [5—7].
Recently it could be shown that this mechanism is
governed by nucleation and propagation of disloca-
tions [8—10], although it was also reported [9] that
in some polymer systems other deformation modes
have to be considered in the crystalline phase. Nev-
ertheless, the amorphous phase still contributes to
the deformation process as the stresses are being
transmitted between the two phases.

In the present work, the deformation behaviour of the
crystalline phase — with special respect to a disloca-
tion mediated mechanism — has been investigated at
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different deformation temperatures, in order to find
out the role of the amorphous phase having varying
rigidity. Therefore, in-situ compression experiments
during X-ray diffraction below the glass transition
temperature (7,) were performed on polypropylene
with a high volume fraction of a-phase and com-
pared with previous observations done above 7.

2. Experimental

2.1. Material and measurement

Isotactic polypropylene (type BE50 from Borealis)
was used during this investigation (melt flow rate
(230°C/2,16 kg): 0,30 g/10 min, density: 905 kg/m?).
Cylindrical samples were produced with 6 mm in
diameter and a height of 10 mm.

In-situ Wide Angle X-ray Scattering (WAXS) meas-
urements during compression below the glass transi-
tion temperature were performed at the Synchrotron
Light Source ELETTRA in Trieste, Italy (SAXS-
Beamline 5.2L). Measurements were performed with
a photon energy of 8 keV which corresponds to a
wavelength of A =1.54 A, close to CuKa radiation.
The spot size on the sample was 500 pmx150 um
while measurements were performed in a transmis-
sion setup which ensured a large sample volume to
be investigated. Diffraction patterns were recorded
using a curved position sensitive detector of the
type INEL CPS-590. In order to reach high degrees
of deformation without cavitation, the sample was
deformed by compression using a miniature com-
pression machine mounted to the sample stage.
After a WAXS pattern was recorded of the unde-
formed sample at a temperature of 24.8°C, the sam-
ple was cooled below its glass transition tempera-
ture of 0, to —5°C using an Oxford Cryostream
Cooler. The sample was then deformed stepwise, still
being at a temperature of —5°C, using a true strain
rate of é = 1073 s7! to different levels of strain up to
a true plastic strain of e = 0.8. The deformation was
stopped every time a X-ray diffraction pattern was
recorded.

2.2. Multi-reflection X-ray profile analysis
(MXPA)

The diffraction patterns were evaluated using the

Multi-reflection X-ray profile analysis (MXPA)

method which allows for a detailed analysis of dif-

fraction profiles revealing parameters such as the

coherently scattering domain size (CSD-size, also
called ‘crystal size’ in literature) and the density of
dislocations [11-15]. A physical line profile of a
Bragg reflection can be expressed by the convolu-
tion of the intensity profiles originating from the
limited crystal size and by lattice strains, such as
from dislocations. In Fourier space the contribu-
tions of size and strain can be well separated result-
ing in the Warren-Averbach equation (Equation (1))
[16]:

Ind; =Ind; +Indp =Ind} +exp(—2mL’g’(e3 )

(1)

where 47 and AP are the size and the distortion
coefficients respectively, with the Fourier Length L.
The distortion coefficient depends on the absolute
value of the diffraction vector K =2sinf/A, where
K = g at the exact Bragg-position and the mean
square strain (g, ;). The distortion coefficient is
modeled under the assumption that the mean square
strain originates from the strain field of dislocations
[17], as shown by Equation (2):

2 pébz Re
o =22 ln(L> ®)

with the absolute value of the Burgers vector b, the
dislocation density p and the effective outer cut-off
radius of dislocations R.. The peak broadening due
to dislocations is taken into account by the average
dislocation contrast factor C [17, 18], while the size
coefficient is calculated assuming a lognormal size
distribution of the crystals [12].

2.3. Evaluation of MXPA

Before the evaluation procedure, the background
scattering and the a and y-phase have been modeled
by analytical functions using the program fityk [19]
(Figure 1). Only the a-phase was used for the final
evaluation using the programs CMWP-fit [12] and
its extension Multi-Eval [20], since it could be
shown that dislocations play only a minor role dur-
ing the plastic deformation in the y-phase [21].
Details of the evaluation procedure have already
been described in a previous work [21], however it
is noticed that the error bars in Figure 2 and 3 do not
represent a physical error, but a numerical one indi-
cating the reproducibility of the evaluation process.

895



Polt et al. — eXPRESS Polymer Letters Vol.9, No.10 (2015) 894-900

Intensity [a.u.]

20[7

Figure 1. WAXS pattern of undeformed iPP below 7.
Measured data (0), fit (full line), a-phase (dash-
dotted line), y-phase (dashed line) and amorphous
phase (dotted line).

3. Results

At the beginning of in-situ compression below the
glass transition temperature Ty, a yield stress of
120 MPa was observed in the true stress — true
strain plot. This value is higher than the flow stress
occurring during compression at room temperature
mostly because of the increased stiffness of the
amorphous phase.

The development of the dislocation density as a
function of true strain is shown in Figure 2. In case
of the room temperature experiment, the dislocation
density increases markedly at a plastic strain of
approximately 0.2 from initially p = 0.5-10'3 to p =
1.6:10' m~2. In contrast to that, the change in dislo-
cation density of the sample deformed below Ty is

18

—&— Above T,

16} —i5— Below T 4
—é&— Before cooling

14} 1

12

Dislocation density (p) [10" m¥]

0 10 20 30 40 50 60 70 80
True strain [%]

Figure 2. Development of the dislocation density of a-iPP
at room temperature and below its glass transi-
tion. The black triangle indicates the dislocation
density obtained for the unloaded sample at a
temperature of 24.8°C before cooling below 7.

"5 Below T,
50 —&— Above T,
—&—i Before cooling

40 r

CSD-size [nm]

f} 110 2IO 3IO 4ID 5ID E'SIO ?IO 8ID
True strain [%)

Figure 3. The coherently scattering domain size (CSD-size)
as a function of true strain. The black triangle
indicates the CSD-size obtained for the unloaded
sample at a temperature of 24.8°C before cooling
below T,. Some refinement of the undefected
areas is found.

moderate: The dislocation density of initially p =
1-10'> m™ increases slightly up to p =2.6:10'> m~2.
In Figure 3, the development of the coherently scat-
tering domain size (CSD-size) is depicted as a func-
tion of deformation. The CSD-size represents the
smallest domain which scatters coherently. Assum-
ing a cuboid like structure of the crystalline domains
in the lamellae [10, 21, 22], the CSD-size can be
related to the thickness of the lamellae. A decrease
in the CSD-size can be seen at both deformation tem-
peratures, from 20 to 12 nm for the sample deformed
beyond T and from 23 to 14 nm for the deforma-
tion below T.

Crystallinity was found to decrease linearly from
initially 66% to a value of 52% at a plastic deforma-
tion of e = 0.8 for the sample deformed below 7, and
from 56 to 43% for the room temperature experi-
ment as evaluated from X-ray diffractograms.

4. Discussion

Much experimental data are available in literature
which confirm that deformation of polymer crystals
operates via crystallographic slip [5, 6, 8, 23, 24]. In
the case of a-iPP deformed at room temperature i.e.
above the glass transition temperature 7, crystal slip
is facilitated by dislocation motion since an increas-
ing number of dislocations are nucleated as defor-
mation proceeds (Figure 2). The situation is markedly
different when a-iPP is compressed at temperatures
below its glass transition Ty where only a weak
increase in dislocation density is observed pointing
at another deformation mechanism being active.
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Not at least due to the presence of tie molecules
which connect the crystalline lamellar phase with the
amorphous one, deformation occurs in each of the
phases. Especially at deformations above T, the soft
viscoelastic behavior of the amorphous phase pro-
vides additional degrees of freedom to the lamellar
crystals. Here, for the deformation of the amorphous
phase, three deformation modes can occur which
are (i) interlamellar shear (ii) interlamellar separa-
tion and (iii) lamellae stack rotation [25-28]. Dur-
ing mechanism (i) the amorphous region between
two crystals is exposed to shear with the shear direc-
tion being parallel to the lamellae. Interlamellar sep-
aration (ii) is characterized by a change in the spac-
ing between two lamellae, and lamellae stack rota-
tion (iii) causes a whole set of parallel lamellae to
rotate as a unit.

In contrast, the plastic deformation of the crystalline
phase in polypropylene can be the result of crystal-
lographic slip processes [26], or twinning [29-31].
However, the slip process can accommodate also
large amounts of deformation, and is thus quoted in
most works to carry most of the plastic strain [26].
Crystallographic slip occurs first on the closest
packed planes in the unit cell. During slip, two parts
of a polymer crystal, separated by the slip plane
undergo a relative translation against each other,
which is achieved (at least in the actual case of a-iPP)
by dislocation motion along the slip plane. How-
ever, dislocations only move if the force on the dis-
location and as a consequence, the resolved shear
stress 7 reaches a critical value 7y (critical resolved
shear stress) that is characteristic for the correspon-
ding slip system.

The resolved shear stress for uniaxial tension or
compression by a stress ¢ is given by t=
o-cosk-cosp = mo where x and ¢ are the angles of
the slip plane normal and the slip direction with
respect to the uniaxial stress o, respectively, and m
is the Schmid-factor which can vary within 0 and
0.5. It is assumed that the preferred slip type espe-
cially at smaller deformations is chain slip, operat-
ing along the chain direction [32]. Slip transverse to
the chain direction is known to be energetically less
favored due to its higher 7y [33, 34].

At early stages of deformations above T, deforma-
tion primarily occurs in the amorphous phase by
one or more of the possible deformation mecha-
nisms discussed above, while the hard crystalline
lamellae with ongoing deformation start to rotate

within the soft amorphous matrix [28]. When the
slip planes are tilted with respect to the direction of
the applied stress o, the Schmid-factor changes
accordingly leading to a change in the resolved
shear stress. If 7 is reached due to chain orientation,
more polymer crystals will experience crystallo-
graphic slip, accompanied by dislocation motion
along the slip plane. With proceeding deformation,
additional dislocations are generated to maintain
the plastic flow, leading to an increase in the density
of dislocations, especially exceeding a true strain of
about 25% (Figure 2).

Below the glass transition temperature, however, the
deformation of the amorphous phase, and thus, the
rotation of polymer crystals are hindered. As a result,
the lamellae are prohibited in rotating to a position
where the Schmid-factor reaches a maximum, there-
fore less crystals undergo plastic slip which — in the
actual material — means that markedly less disloca-
tions are generated compared to the same material
deformed at room temperature, above 7. In such a
purely crystallographic picture we can conclude that
the amorphous phase is acting similarly to an addi-
tional slip system as for instance suggested by Niko-
lov and Raabe [35]. On a molecular scale, however,
the nucleation of new dislocations is also related to
molecular relaxations in the crystalline phase. Some
authors have suggested thermally activated chain
twist defects to be responsible for the nucleation of
dislocations [36]. It is possible that the reduction of
conformational degrees of freedom below T, of
polypropylene is also inhibiting the nucleation of
such precursor defects for dislocations [36]. In this
context a manuscript is in preparation studying the
annihilation of dislocations in polypropylene as a
function of molecular relaxation processes [Polt G,
unpublished].

As a consequence of the starvation of dislocations
for deformations below 7}, one can — independently
of the underlying mechanism — expect that the defor-
mation is accompanied by micro-cracking and or
shear banding, and that the lamellae are deformed by
fragmentation before crystallographic slip occurs.
Such behavior was already observed in poly(3-
hydroxybutyrate) (P3HB) where no increase in the
dislocation density at larger strains could be found
due to considerable crack formation and shear
banding [9].

However, a reduction in CSD-size is seen in both
experiments, below and above T, (Figure 3). This
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reduction is the result of any deformation that breaks
the coherence in the crystal. If the misorientation
exceeds an angle of 1.5° within the crystal, these two
parts of the crystal will be registered as two sepa-
rate domains by the MXPA method. Below 7, the
primary deformation mechanism operating in the
crystalline phase is bending of the lamellae involv-
ing the formation of geometrically necessary misfit
dislocations [21], accompanied by only small
amounts of crystallographic slip due to the hindered
rotation of the lamellae, consequently leading to a
continuous decrease in the domain size involving
an only moderate increase in the dislocation den-
sity; the situation seems to be very similar to the
plastic deformation of y-modification of Polypropy-
lene [21].

In case of the room temperature experiment (above
Ty), it can be assumed that both mechanisms, i.e.
bending of the lamellae including misfit disloca-
tions, and crystallographic slip are operating simul-
taneously over the whole strain range. However, the
distinct reduction in the CSD-size up to a true strain
of 25% can primarily be attributed to misfit disloca-
tions, operating simultaneously with crystallographic
slip processes on slip planes with a low 75; namely
chain slip planes with moving screw dislocations
[26, 34].

Exceeding a true strain of about 25%, deformation by
bending of the lamellae and therefore the decrease
in the CSD-size becomes less dominant, while addi-
tional slip systems are being activated due to the
higher resolved shear stress. The activation of addi-
tional transverse slip dislocations with edge charac-
ter stimulates a pronounced increase of the disloca-
tion density, in addition to the increasing number of
screw dislocations in the chain slip system [34].
The decrease in crystallinity by 14% is most proba-
bly caused by the amorphization of the crystalline
domains due to shear band formation and/or by
lamellar fragmentation through micro-cracking.

5. Conclusions

a-phase polypropylene was plastically deformed
below and above its glass transition temperature
and has been observed in-situ by X-ray line profile
analysis using synchrotron radiation.

The resulting microstructural parameters such as
the size of the coherently scattering domains and
the density of dislocations were evaluated as a func-

tion of deformation up to true strains of ¢ =0.8. Sig-

nificant differences in the development of the dislo-

cation density were observed which can be explained
as follows:

1) The distinct increase in the dislocation density
above the glass transition temperature originates
from crystallographic slip processes which are
accompanied by dislocation generation and
motion.

2) The less pronounced increase in dislocation den-
sity below the glass transition temperature results
from the reduced ability of the polymer crystals
to move and rotate in the amorphous matrix due
to its increased stiffness in this temperature range.
Therefore less slip systems reach the critical
resolved shear stress, being necessary to initiate
slip and/or the lamellae even undergo fragmenta-
tion without showing any crystallographic slip.
However small amounts of dislocations are being
created by geometrically necessary misfit dislo-
cations accompanied by only small fractions of
crystallographic slip. Crystalline deformation
may operate via shear band formation also being
accompanied by micro-cracking.

3) The decrease in the CSD-size observed in the
present experiments at deformations below and
above T, most probably arises from bending of the
lamellae leading to a misorientation within the
crystal under the formation of geometrically nec-
essary dislocations. However, exceeding a true
strain of about 25% above T, the main deforma-
tion mechanism being active within the crystals
changes to crystallographic slip. As a consequence,
the CSD-size remains constant while a signifi-
cant increase of the dislocation density is observed.
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Abstract. The aim of this study was to investigate the presence of wax, different Ag nanoparticle contents, and different
cooling rates from the melt, on the morphology, thermal and electrical conductivity, and dynamic mechanical properties of
iPP. The Ag particles were well dispersed in the polymer, and formed nucleation centres for the crystallization of iPP. They
were also well dispersed in iPP/wax, but they were located in the wax phase which was dispersed between the iPP
spherulites. Generally the extent of filler agglomeration increased with increasing filler content. The Ag particles, whether
in the iPP or wax phase, had little influence on the crystallinities and melting temperatures of iPP. The presence of Ag par-
ticles in iPP had little influence on its modulus, but the presence of both wax and Ag particles significantly improved the
modulus of these nanocomposites. The thermal and electrical conductivities of the samples more significantly improved
when both wax and Ag were present. With increasing Ag particle contents in both iPP/Ag and iPP/wax/Ag, the thermal con-
ductivities increased, but leveled off at higher filler contents, while the electrical conductivities continuously increased with
increasing filler contents. The slowly cooled samples had higher crystallinities than the quenched samples and therefore
they were more thermally conductive than the quenched samples.

Keywords: nanocomposites, isotactic polypropylene, paraffin wax, morphology, conductivity

1. Introduction However, if polyolefins are used as the fixing poly-
Paraffin waxes can be used as organic phase-change  mers, both the polymer and the paraffin wax have
materials (PCM) for thermal energy storage. Thisis  low thermal conductivity which results in a slow
because they are more chemically stable than inor-  heat transfer [5, 6]. The introduction of conductive
ganic substances, have a high latent heat of fusion, nano-fillers has been used as a method for improv-
are commercially available at a reasonable cost,and ing the thermal conductivity of PCMs. This is
exhibit little or no supercooling [1-3]. However, because they offer improved properties at relatively
when used as PCMs, paraffin waxes need a support-  low filler content due to their larger surface areas [7].
ing material to prevent their leakage during the These nano-fillers include aluminum, silver, cop-
phase-change process. Blending of PCMs with poly-  per, graphite and carbon black [8]. For this work we
olefins has been commonly used as a method of  chose silver because it has very good electrical and
preventing the leakage of phase-change materials. In  thermal conductivies [9].

blending, the polymer fixes the PCM in a compact The morphology, as well as thermal and thermome-
shape during the phase-change process, and hence chanical properties, of polyethylene (PE)/wax/wood
prevents leakage [4]. flour composites were investigated in a few studies

*Corresponding author, e-mail: aluyt@qu.edu.qa
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[10—12]. Generally the authors observed two phase
morphologies with the filler covered by wax. These
studies reported two endothermic peaks for the
composites related to the melting of the wax and the
polymer. It was found that the presence, type and
amount of the filler particles did not change the melt-
ing behaviour of PE or wax in the composites. A
limited amount of research has been done on the
dynamic mechanical properties of polymer/wax
blend composites [11, 13]. When expanded graphite
was used as filler, an increase in storage modulus
was observed with an increase in filler content,
which was an indication that the filler reinforced
the matrix and countered the softening effect of the
wax [13]. No specific trends related to the amount
of filler particles were observed. However, the pres-
ence of wood filler particles in the polymer/wax
blends reduced the storage modulus [11].

The thermal conductivity of form-stable PCM com-
posites was investigated in a number of studies [5,
12—15]. An increase in the thermal conductivity of
the composites with increasing filler content was
observed, as well as the formation of thermally con-
ductive paths. However, one of the papers [12]
reported an initial decrease in thermal conductivity
at low filler contents, which increased at higher
filler loadings. This was attributed to the voids that
formed at the interface between the polymer and the
wax.

In this paper we report on the dispersion of Ag par-
ticles in iPP and an iPP/wax blend and the influence
of quenching and slow cooling treatments on the
morphology, thermal and dynamic mechanical prop-
erties, as well as thermal and electrical conductivi-
ties, in order to obtain more information on how the
presence of wax, as well as different thermal treat-
ments, will influence the morphology and related
thermal, mechanical and conductivity properties of
isotactic polypropylene.

2. Materials and methods

2.1. Materials

Isotactic polypropylene with a melt flow index of
12 g/10 min (230°C/2.16 kg), density of 0.9 g-cm™
and melting point of ~160°C was supplied by Sasol
Polymers in South Africa. Medium-soft paraffin wax
(M3 wax) was supplied in powder form by Sasol
Wax in South Africa. It consists of approximately
99% of straight chain hydrocarbons with a few
branched chains. It has an average molar mass of

440 g-mol™! and a carbon distribution between C15
and C78. Its density is 0.90 g:cm™ and it has a melt-
ing point range around 40—-60°C. The 99.99% pure
silver (Ag) nanoparticles with particle size 30—50 nm
was supplied by Dong Yang (HK) Int’l Group Ltd
in China.

2.2. Composite preparation

All the samples were prepared by melt mixing using
a Brabender Plastograph with a 55 mL internal
mixer. The samples were mixed for 15 min at 190°C
and 50 rpm. The dry Ag powder was ultra-sonicated
for 6 hours prior to the sample preparation. For the
blends, the components were premixed and then fed
into the heated mixer, whereas for the composites
the Ag nanoparticles were added into the Brabender
mixer 5 minutes after premixing the iPP/wax blends.
The samples were then melt pressed at 190°C for
5 minutes under 50 kPa using a hydraulic melt press.
The prepared samples were then exposed to two
thermal treatments, either quenching in ice water or
slow cooling from the melt at 190°C to a tempera-
ture of 100°C.

2.3. Characterization techniques

For transmission electron microscopy (TEM) analy-
sis the samples were sectioned at 150 nm using a
Leica UC7 (Viennna, Austria) ultramicrotome, and
examined with a Philips (FEI) (Eindhoven, The
Netherlands) CM 100 transmission electron micro-
scope at 60 keV.

The DSC analyses were done using a Perkin-Elmer
DSC 7 differential scanning calorimeter under a nitro-
gen flow of 20 mL-min~'. Samples with masses of
5-10 mg in aluminium pans were heated from 20 to
180°C at 20°C-min!, and cooled at the same rate.
The peak temperatures of melting and crystallization,
as well as the melting and crystallization enthalpies,
were determined from the first heating and the cool-
ing scans. Three samples of each composition were
analysed, and the melting and crystallization values
are reported as averages with standard deviations.
The dynamic mechanical properties of the samples
were investigated using a Perkin Elmer Diamond
DMA. The analyses were performed from —40 to
140°C in bending (dual cantilever) mode at a heat-
ing rate of 3°C-min~' and a frequency of 1 Hz.

The thermal conductivities were measured using a
Therm Test Inc. Hot Disk TPS 500 thermal constant
analyzer. The hot disk sensor used in this study was
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a Kapton sensor with a radius of 3.2 mm and sam-
ples with 10 mm thickness and a diameter of 13 mm
were used for the analyses. The sensor was placed
between two samples of the same composition. The
measurements were done for 20 s in order to prevent
the heat flow from reaching the boundary of the sam-
ples. All the measurements were repeated ten times
for each sample. The thermal conductivities are
reported as average values with standard devia-
tions.

For the dielectric measurements the samples were
cut from the centre of the melt-pressed sheets in the
form of discs (D = 13 mm, d = 1 mm). The surfaces
of the samples were made conductive using soft
graphite. Dielectric measurements were done using
Agilent 4263B and Agilent 4285A dielectric spec-
troscopy instruments in the frequency range between
1 kHz and 17 MHz at room temperature, and with
an applied voltage of 1 V. Conductance (G) and sus-
ceptance (B) were measured using the Cp mode of
the instrument, and the admittance (Y) was calcu-
lated as Y="\/B*+G". The following relations were
derived: tand = G/B and B = 2nfC, where f'is the fre-
quency and C is the capacitance, and C = ¢'g,S/d,
where &' is the real part of the dielectric permittivity,
&o the vacuum permittivity and S/d describing the
geometry of the samples (S = zD?/4). DC measure-
ments were done using a Keithley 2401 amperome-
ter during 10 s of electric field application at
200 V-mm™'. All the electrical conductivities (opc,
Y, G and B) are presented as their specific values cal-
culated as o = oyeasured /S, where d/S is the geome-

try factor of the samples (S = surface area and d =
thickness).

3. Results and discussion

3.1. Transmission electron microscopy (TEM)
Figure 1 shows the TEM images of some of the
investigated nanocomposites that were slowly cooled
from the melt. The TEM image of the iPP/Ag nano-
composite containing 2 wt% nanoparticles shows
iPP spherulites containing Ag nanoparticles at their
growth centres (Figure la, arrow A). It looks as if
primary nucleation could have started at the nano-
particles that formed nucleation centres from which
the spherulitic growth evolved [16]. Ag nanoparti-
cles and their agglomerates (with diameters ranging
from 0.09 to 1.15 um) can also be seen on the edges
of the iPP spherulites, and they are fairly well dis-
persed. However, at a higher Ag content (Figure 1b)

there are fewer individual Ag particles and more of
the filler aggregates (with diameters ranging from
0.12 to 3.11 um). The nanoparticles have a tendency
of forming aggregates because they have a higher
affinity for each other than for the matrix. The melt-
blending used to prepare the samples was also not
very effective in breaking up these aggregates.
Although the wax could not be distinguished in the
TEM photos of the iPP/wax nanocomposites (Fig-
ure 1c), we assumed that most of the wax crystal-
lized separately in the areas between the iPP
spherulites, because it has been established previ-
ously that the wax co-crystallizes with iPP only at
very low wax contents [17]. This separate crystal-
lization of the wax can be expected because iPP
crystallizes before the wax. The presence of molten
wax during the crystallization must have influenced
the crystal growth of the iPP, because the spherulites
in Figure l1c are smaller and somewhat differently
structured from the spherulites in Figure la. Indi-
vidual Ag nanoparticles and some aggregates (with
diameters ranging from 0.11 to 1.53 pm) are
observed in Figure 1c. These nanoparticles are only
dispersed in between the spherulites (arrow B), with
none visible at the growth centres of the spherulites.
It looks as if the nanoparticles had a higher affinity
for the wax, and therefore remained in the molten
wax phase during the crystallization of iPP. They
were then trapped in the wax phase after wax crys-
tallization. At higher Ag content the filler particles
(with diameters ranging from 0.11 to 1.72 pm) were
not well dispersed, and the extent of agglomeration
increased (Figure 1d), although it was still lower
than in the case of 95/5 w/w iPP/Ag (compare Fig-
ures 1b and 1d). Nanoparticles are also visible at the
growth centres of the iPP spherulites (arrow C).

3.2. Differential scanning calorimetry (DSC)

The DSC curves of the iPP/wax blends are not pre-
sented, but the samples with 5 wt% wax showed a
single melting peak which is associated with the melt-
ing of the iPP crystals. This indicates that the wax
and iPP are probably miscible in the molten state,
and could have co-crystallized at such a low wax con-
tent, although it is quite possible that individual
wax chains and very small wax crystals (too small
and dispersed to show visible heat flow changes
during melting) were trapped in the amorphous part
of iPP. However, when the wax content was 10 wt%
and more, two separate melting peaks were visible.
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c)

Figure 1. TEM images of (a) 98/2 w/w iPP/Ag, (b) 95/5 w/w iPP/Ag, (c) 88/10/2 w/w iPP/Wax/Ag, and (d) 85/10/5 w/w

iPP/Wax/Ag slowly cooled from the melt

These were associated with the melting of wax and
iPP crystals, respectively. This was observed in
both the slowly cooled and quenched samples. The
observed behaviour indicates the (partial) immisci-
bility of the blend components, and most of the wax
crystallized separately from the iPP. Moreover, the
melting peaks corresponding to the melting of iPP
crystals shifted to lower temperatures with an
increase in wax content. Other authors attributed
this to the plasticization effect of the paraffin wax
[17,18].

At lower wax contents, the normalised melting
enthalpies of the wax component are lower than that
of pure wax (Table 1). However, at 20% wax con-
tent, they are comparable to that of pure wax. This is
probably because the individual wax chains or very
small crystals were trapped in the amorphous phase

of iPP, or co-crystallized with iPP chains, at low wax
content and as a result only a small portion of the
wax crystallized separately into sizable crystals.
However, at a higher content, more wax crystallized
separately from iPP. The normalized melting
enthalpies of the iPP component increased with an
increase in wax content (Table 1). This confirms the
co-crystallization of some of the wax with iPP giv-
ing rise to the higher melting enthalpy of iPP. The
normalised melting enthalpies of the iPP component
in the slowly cooled blends are higher than that in
the comparable blends quenched from the melt. This
is attributed to the higher crystallinity of the blends
slowly cooled from the melt. In the slow cooling
process there is enough time for the crystals to form,
whereas faster cooling such as quenching reduces
the time for crystal nucleation and growth [19].
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Table 1. DSC melting and crystallization parameters of the investigated samples

Sample Tm AHp, AHY, Te
[wiw] [°C] g g [°C]
Quenched | Slowly cooled | Quenched | Slowly cooled | Quenched | Slowly cooled | Quenched | Slowly cooled
iPP 163.7+0.6 163.9+1.1 79.3£6.7 100.0+5.1 - - 104.6+0.8 102.1+£1.2
Wax 60.7+0.4 60.7+0.4 137.5+7.6 137.5+7.6 - - 43.24+0.8 43.2+0.8
iPP/wax
95/5 iPP/wax | 161.0>+0.6 | 160.8%+0.2 81.3%+3.5 96.9%+2.2 85.6° 102.0° 107.2+0.3 99.7°+0.6
90/10 59.324+0.8 55.0°+0.3 5.9243.6 6.9%+0.7 59.0* 69.0 43.7°+0.3 42.2°+0.3
iPP/wax 161.1°+0.4 161.0°+1.0 83.5+3.7 86.0°+3.0 92.8° 95.6 103.2°+0.3 102.2°+4.9
80/20 56.6'+3.2 59.7°4£3.2 12.0°+1.8 17.6°+6.1 120.0% 176.0* 41.6*+0.3 40.9*+0.5
iPP/wax 158.2°+0.8 157.3%+1.9 82.2°+3.2 | 100.2>+5.3 102.8° 125.3 99.45+3.5 97.2°+0.8
iPP/wax/Ag
88/10/2 51.0°+0.4 55.3%+0.3 1.724£0.2 6.0°+0.2 17.0% 60.0* 45.22+0.6 42.6°+0.3
iPP/wax/Ag | 160.2°+0.2 166.2%+1.4 74.1°+3.1 92.8+1.7 84.2° 105.5° 105.6°+0.3 100.1°+0.3
87/10/3 51.6%+0.2 53.7°+0.9 4.32+0.3 4.4*+£0.9 43.0? 44.0* 43.1*+0.3 43.4*+£0.5
iPP/wax/Ag | 161.9Y+0.2 162.1°+0.7 71.7°£1.0 83.8%+4.3 82.4° 96.3" 98.9%+0.5 100.4%+1.1
86/10/4 54.9%+2.8 54.0°+1.2 3.4°41.3 5.4°42.0 34.0% 54.0* 43.12+0.3 42.2°40.3
iPP/wax/Ag | 162.5°+0.9 | 162.1°+0.7 72.5°+8.0 82.5+3.4 84.3° 95.9° 100.9°+0.9 100.1°+0.3
85/10/5 54.8%+1.6 53.1%+0.7 3.8°£0.5 4.4£1.0 38.0* 44.0* 44.1*+0.3 44.2°+0.3
iPP/wax/Ag | 162.0°+0.1 160.5+0.7 69.4%+1.3 83.4%+3.9 81.6° 98.1° 101.9+0.5 101.9°+0.5
iPP/Ag
98/2 iPP/Ag | 165.0£0.5 165.3+0.7 79.6+1.6 97.2+2.9 81.2 99.2 106.7+0.8 104.2+0.3
97/3 iPP/Ag | 165.3+£0.4 165.3+0.7 73.7£5.8 95.0+3.0 76.0 97.9 107.7+0.3 106.7+0.6
96/4 iPP/Ag | 167.3£1.9 165.8+1.2 75.1£2.0 95.0+3.2 78.2 99.0 107.9+0.9 108.1+0.3
95/5 iPP/Ag | 165.6+0.7 167.1+1.4 73.3£2.6 89.9+2.7 77.2 94.6 107.4+0.5 106.6+0.3

Tn — melting peak temperature, 7, — crystallization peak temperature, AHj, — melting enthalpy normalised with respect to the wax and PP

contents in the respective samples
*Melting/crystallization of wax
"Melting/crystallization of PP

Both the slowly cooled and quenched iPP/wax/Ag
nanocomposites containing 10 wt% wax showed two
separate melting peaks associated with the melting
of wax and iPP crystals. There are no significant
changes in the melting temperatures and normalised
enthalpies of the iPP component with an increase in
Ag content for both the quenched and slowly cooled
samples (Table 1). This indicates that the presence
of Ag nanoparticles had little influence on the crys-
tallite sizes and mobility of the polymer chains. How-
ever, if the normalized enthalpies of the quenched
and slowly cooled samples are compared, it is clear
that the melting enthalpies of the slowly cooled sam-
ples are higher than those of the quenched samples.
This is the result of the higher crystallinity of the
slowly cooled samples. The crystallization and melt-
ing temperatures of the quenched and slowly cooled
iPP/wax blends and iPP/wax/Ag blend composites
are very similar within experimental error, although
the values are slightly lower at higher wax content
for the iPP/wax blends (Table 1). Wax normally acts
as a plasticizer by enhancing the mobility of the poly-
mer chains, leading to lower crystallization and melt-
ing temperatures. However, when Ag nanoparticles

are present, they can act as nucleating sites for the
crystallization of iPP, and this will give rise to higher
crystallization and melting temperatures. It there-
fore seems as if the opposing effects of wax and Ag
on iPP crystallization balance each other in the iPP/
wax/Ag blend composites, which causes the crystal-
lization and melting temperatures of iPP to remain
unchanged.

Both the quenched and slowly cooled iPP/Ag nano-
composites showed a single melting peak associ-
ated with the melting of the PP crystals. There are
no significant differences between the enthalpies of
iPP in the iPP/Ag nanocomposites and that of pure
iPP for both the quenched and slowly cooled sam-
ples (Table 1). However, the melting and crystalliza-
tion temperatures are slightly higher than that of pure
iPP. It is clear from this observation that the pres-
ence of Ag nanoparticles reduces the iPP chain
mobility, as already mentioned before. The melting
enthalpies of the slowly cooled composites are
higher than those of the comparable composites
quenched from the melt. The reason for this has
already been discussed.
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3.3. Dynamic mechanical analysis (DMA)

The storage modulus curve of iPP in Figure 2a
shows a minimum at about 70°C, which is not visi-
ble in Figure 2b. This is the result of the re-crystal-
lization of the quenched sample during the rela-
tively slow heating in the DMA instrument. The
minima observed for the other samples are related
to re-crystallization effects or to the melting of the
wax in the blends and composites. The storage mod-
ulus of the quenched iPP shown in Figure 2a
increases with the addition of 10 wt% wax. This is
attributed to the increase in crystallinity because of
the much higher crystallinity of the wax. However,
the storage modulus of the iPP/Ag nanocomposite
changed very little compared to that of pure iPP,
which indicates that the nanoparticle content was
too small and the interaction with the polymer was
too weak to significantly influence the polymer stift-
ness. When both wax and Ag are present, the stor-
age modulus of the nanocomposites is very similar
to that of the iPP/wax sample. This confirms that the
highly crystalline wax provided more stiffness to
the sample, while the small amount of Ag had very
little influence.

In the slowly cooled samples, the storage modulus
of the iPP/wax samples is significantly lower than
that of iPP (Figure 2b). This can be attributed to a
decrease in iPP crystallinity, or to a softening effect
of the much softer wax. If one looks at the values in
Table 1, it is clear that the normalised melting enthalpy
of iPP in the 90/10 w/w iPP/wax sample is slightly
lower than that of pure iPP, although very similar
within experimental error. It is therefore doubtful that
the decrease in storage modulus is the result of
lower iPP crystallinity.

— — PP
L - — 90/10 wiw iPP/wax
=l 87/10/3 wiw iPPiwax/Ag
S e QT3 wiw IPPIAG

1010 4

E' [Pa]

10°

0 SIU 1 EIJO
a) Temperature [*C]

When comparing the storage modulus of the iPP/Ag
sample with that of iPP and iPP/wax, it can be seen
that it is lower than that of iPP, but higher than that of
iPP/wax. According to Table 1 the melting enthalpies
of iPP and iPP in iPP/wax and iPP/Ag are very sim-
ilar, so the differences in their storage moduli can-
not be the result of differences in iPP crystallinity. It
has been reported previously that the nanoparticles
can have a plasticizing effect on a polymer [20],
and therefore the lower storage modulus in the case
of iPP/Ag is probably the result of such a plasticiz-
ing effect. The storage modulus is the lowest when
both wax and Ag are present. Again the melting
enthalpy of iPP in iPP/wax/Ag is not much different
from that of pure iPP (Table 1), and therefore the
reduction in storage modulus cannot be the result of
a change in crystallinity. It is expected that there will
be a very weak interaction between iPP and wax,
while it seems as if there is a strong interaction
between wax and Ag (section 3.1). The wax-cov-
ered Ag particles will then increase the free volume
in the sample, which will give rise to higher iPP
chain mobility in the amorphous phase and reduced
stiffness.

The tand curves in Figure 3a show that the quenched
iPP has two relaxation peaks associated with the -
and a-relaxations, respectively at about 10 and 70°C.
The B-relaxation is usually associated with motions
within the amorphous regions during the glass tran-
sition, and the a-relaxation is related to the crys-
talline phase of the polymer [19]. When wax was
present, an additional peak appeared at about 60°C,
which is associated with the wax melting. The B-
peak of the iPP/wax sample looks very similar to
that of pure iPP, and appears at about the same tem-

101 q
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Figure 2. Storage modulus as a function of temperature of iPP, iPP/wax, iPP/Ag and iPP/wax/Ag samples (a) quenched and

(b) slowly cooled from the melt
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Figure 3. Loss factor as a function of temperature of iPP, iPP/wax, iPP/Ag and iPP/wax/Ag nanocomposites (a) quenched

and (b) slowly cooled from the melt

perature, while the a-peak moved to higher temper-
atures. This indicates that the highly crystalline wax
did not influence the iPP chain mobility in the amor-
phous phase, but in some way influenced the crys-
talline phase of iPP. According to Table 1 the nor-
malised melting enthalpy of iPP in the blend is higher
than that of the pure iPP, which could explain the
increase in the o-transition temperature if one
assumes some co-crystallization of the wax with
iPP. The iPP/Ag sample also shows two relaxation
peaks associated with the - and a-relaxations. The
temperature of the B-peak is very similar to that of
iPP, but the a-peak appeared at a slightly higher
temperature. This can be attributed to the dispersion
of the Ag particles in the inter-crystalline amor-
phous areas of the iPP, and therefore they will have
an immobilizing effect on these chain segments.
However, in the presence of both Ag and wax, only
the B-relaxation and the wax melting peaks are visi-
ble. The a-peak is not visible in the investigated tem-
perature range. The pB-peak appeared at an observ-
ably lower temperature and the wax melting is much
more prominent than that of the iPP/wax blend. It is
expected that there will be a weak interaction
between iPP and wax, while there is a stronger inter-
action between wax and Ag. The wax-covered Ag
particles will then increase the free volume in the
sample, which will give rise to higher iPP chain
mobility in the amorphous phase, leading to lower
T, values. It is not clear why the a-peak has disap-
peared, unless it has moved to an even higher tem-
perature outside our analysis range.

The slowly cooled iPP has two relaxation peaks
associated with the - and a-relaxations at about 10
and 130°C (Figure 3b). When wax is present there

are also two relaxation peaks, respectively associ-
ated with the glass transition and wax melting. The
a-peak is not visible in the investigated temperature
range, probably because wax has crystallized in the
inter-crystalline amorphous regions of iPP, and as a
result reduced the mobility of these chain segments.
The B-peak of the iPP/wax sample is at a lower tem-
perature than that of the pure iPP, which can be
attributed to the increase in free volume because of
the relatively weak interaction between iPP and
wax, which gives rise to higher iPP chain mobility
in the amorphous phase. The iPP/Ag nanocompos-
ites also have two relaxation peaks associated with
the B- and a-transitions. In this case both the - and
a-peaks appear at lower temperatures than those of
pure iPP. This is an indication that Ag particles to
some extent have plasticized iPP, giving rise to an
increase in iPP chain mobility in the amorphous
phase [20]. The decrease in the a-transition temper-
ature must be related to the presence of the Ag par-
ticles in the inter-crystalline amorphous areas of
iPP. It is, however, not clear exactly how these par-
ticles influenced the relaxation of the chains in these
areas, since for the quenched samples the tempera-
ture of this transition increased. When both wax and
Ag were present, the observation is similar to that of
the quenched sample, and the explanation will be
the same.

Figure 4 compares the storage modulus curves of
the quenched and slowly cooled samples. The stor-
age modulus of the slowly cooled iPP and iPP/Ag
nanocomposites is much higher than that of the
quenched samples (Figures 4a and 4b). This is attrib-
uted to the higher crystallinity of the slowly cooled
samples, as can be seen from the higher normalised
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Figure 4. Storage modulus as a function of temperature of the quenched and slowly cooled (a) iPP, (b) iPP/wax, (c) iPP/Ag

and (d) iPP/wax/Ag nanocomposites

melting enthalpies of the slowly cooled samples
(Table 1). However, the quenched and slowly cooled
iPP/wax samples show almost the same modulus
(Figure 4c¢), indicating that the presence of the soft
wax counter-acted the influence of the higher crys-
tallinity of the slowly cooled blend. When both wax
and Ag are present, the storage modulus of the slowly
cooled sample is significantly lower than that of the
quenched sample (Figure 4d). According to Table 1
the normalised melting enthalpy of iPP in the slowly
cooled iPP/wax/Ag is higher than that in the quenched
sample, and the differences in storage modulus is
therefore not related to the differences in crys-
tallinity. The only possible reason for this observa-
tion is that more wax crystallized around the nano-
particles in the quenched samples, giving rise to
more rigidity from the wax-covered Ag filler.

There is no difference between the temperatures of
the B-peaks in the quenched and slowly cooled iPP
(Figure 5a), which is to be expected because differ-
ences in cooling rate will only influence the crys-
tallinity of iPP. The a-peak of the slowly cooled iPP

appears at a significantly higher temperature than
that of the quenched iPP. This is attributed to the
higher crystallinity of the slowly cooled samples
(compare melting enthalpy values in Table 1). If
one compares the relaxation peaks of the iPP/Ag
samples, it can be seen that the B-peak of the slowly
cooled iPP/Ag sample appears at a lower tempera-
ture, but the a-peak is still at a higher temperature,
than those of the quenched samples (Figure 5b).
The difference between the a-peaks of the samples
is attributed to the difference in crystallinity between
the quenched and slowly cooled samples (Table 1),
although Ag had an influence in both cases, as dis-
cussed before. Therefore, the presence of Ag parti-
cles in the inter-crystalline amorphous regions (sec-
tion 3.1) influences the crystalline phase more than
the amorphous phase in the slowly cooled sample,
because of its higher crystallinity, but the amorphous
phase more than the crystalline in the quenched
sample, which has a lower crystallinity.

In the iPP/wax samples, the B-relaxation and wax
melting peaks of the slowly cooled sample appear at
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Figure 5. Loss factor as a function of temperature of the quenched and slowly cooled (a) iPP, (b) iPP/Ag, (c¢) iPP/wax and

(d) iPP/wax/Ag nanocomposites

a higher temperature than those of the quenched sam-
ple (Figure 5c). This is because larger wax crystals
formed during slow cooling, which had a stronger
immobilizing effect on the amorphous iPP chains
and which had melted at higher temperatures. There
is little difference between the P-transition and wax
melting temperatures of the quenched and slowly
cooled samples when both wax and Ag were pres-
ent (Figure 5d), because the wax crystallized mostly
around the Ag nanoparticles, and since the rate at
which the sample was cooled would not seriously
affect the wax crystallization, and since there is
very little interaction between iPP and wax, it could
be expected that these transitions would not be seri-
ously affected by the rate at which the samples were
cooled.

3.4. Thermal conductivity

The thermal conductivities of the quenched and
slowly cooled iPP samples increased with increasing
Ag content at lower Ag contents, but leveled off at
higher contents (Figure 6). This can be attributed to

a better dispersion of the Ag particles at lower con-
tents. At higher Ag contents the particles were not so
well dispersed and formed agglomerates (Figure 1b).
It has been reported previously that the agglomera-
tion of filler particles increased with an increase in
filler content [21], and that these agglomerations
gave rise to lower thermal conductivities [22]. In the
iPP/Ag nanocomposites, phonons are transported
from one Ag particle to another via the polymer.
Since the polymer is not a good thermal conductor,
it is important that the filler particles must be well dis-
persed and fairly close to each other, and that there
should be fairly strong interactive forces between
iPP and Ag. In such a case heat will be transported
by high frequency phonon vibrations leading to
higher thermal conductivity values. However, if the
particles are poorly dispersed and/or the interaction
between iPP and Ag is weak, a small amount of heat
will be transported by low frequency phonons as a
result of higher thermal contact resistance. When the
thermal conductivities of the quenched and slowly
cooled samples are compared (Figure 6), it can be
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Figure 6. Thermal conductivities of iPP and iPP/Ag

seen that the thermal conductivities of the quenched
samples are significantly lower than those of the
slowly cooled samples. It is known that higher crys-
tallinities give rise to better thermal energy trans-
port [23], which is also the reason for the better ther-
mal conductivity of the slowly cooled samples, that
have previously been shown to have much higher
crystallinities.

The thermal conductivity of the quenched iPP shown
in Figure 7 slightly increases after the addition of
10 wt% wax. This can be attributed to the wax crys-
tals in the sample, which increased the total crys-
tallinity and therefore the thermal energy transport.
The thermal conductivity of iPP/Ag is slightly lower
than that of iPP/wax, but is very similar to that of
pure iPP. Again, if one looks at the values in Table 1,
it is clear that the normalised melting enthalpy of
the iPP/Ag sample is very similar within experi-

mimn
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Figure 7. Thermal conductivities of quenched iPP, 90/10 w/w
iPP/wax, 97/3 w/w iPP/Ag and 87/10/3 w/w
iPP/wax/Ag

mental error to that of pure iPP, but lower than that
of iPP/wax. As already seen, the crystallinities of
the quenched samples are significantly lower, and
therefore the Ag particles are probably dispersed in
the amorphous phase of iPP with little contact with
the crystallites, which could inhibit the thermal trans-
port through the iPP/Ag samples. Although Ag is
thermally more conductive than wax and iPP, it is
clear that the thermal conductivity of the quenched
iPP sample depends more on the crystallinity than on
the presence of conductive metal particles. When
both wax and Ag are present, the thermal conductiv-
ity of the sample is higher than that of iPP/Ag. This
can again be attributed to the higher crystallinity of
the sample, but also to the dispersion of Ag within
the highly crystalline wax phase. The wax-covered
Ag particles therefore significantly increased the
thermal conductivity of the quenched iPP sample.

In the slowly cooled samples (Figure 8), the thermal
conductivity of iPP/wax is observably higher than
that of iPP, which is also the result of the presence
of the more crystalline wax. The thermal conductiv-
ity of the iPP/Ag sample is significantly higher than
those of the pure iPP and the iPP/wax samples.
According to Table 1, the slowly cooled iPP/Ag sam-
ple has a much higher crystallinity than the quenched
sample, and therefore the Ag particles should have
better contact with the iPP crystallites, which prob-
ably is the reason for the improved thermal energy
transport in the slowly cooled iPP/Ag sample. The
thermal conductivity of the iPP/wax/Ag sample is
about the same as that of the iPP/Ag sample. In the
slowly cooled iPP/Ag sample, Ag particles act as
nucleation centers and are therefore in intimate con-
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Figure 8. Thermal conductivities of slowly cooled iPP,
90/10 w/w iPP/wax, 97/3 w/w iPP/Ag and
87/10/3 w/w iPP/wax/Ag
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tact with the iPP crystallites. However, when wax is
present, the Ag particles are no longer in contact with
the iPP crystallites, but are probably covered by the
crystalline wax, which will also improve the ther-
mal energy transport. Crystallites in contact with the
Ag nanoparticles, whether they are iPP or wax crys-
tallites, seem to have a very strong influence on the
thermal conductivities of the nanocomposites.

There is no specific trend in the thermal conductiv-
ities of the quenched and slowly cooled iPP/wax/Ag
samples shown in Figure 9. In this case there is a
complex combination of effects that will influence
the thermal conductivities of the samples: (1) Ag dis-
persion; (2) extent of agglomeration; (3) covering
of Ag particles by crystalline wax; (4) extent of for-
mation and dispersion of wax crystals in between the
iPP spherulites. If the filler particles are not well dis-
persed, and if there are fewer (iPP or wax) crystal-
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Figure 9. Thermal conductivity of iPP/wax and iPP/Ag
with 10 wt% wax
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lites, high frequency phonon movement will be inhib-
ited and the thermal conductivity will be lower. The
separate crystallization of the wax in the areas
between the iPP spherulites and the covering of the
Ag particles by the crystalline wax should improve
the thermal conductivity, but the weak interaction
between iPP and wax may negatively influence the
thermal conductivity. All these factors will con-
tribute in one way or the other to the thermal con-
ductivity, but it is difficult to isolate any one of
these factors as possible reason(s) for the differ-
ences in the conductivity. However, when the ther-
mal conductivities of the slowly cooled and quenched
samples are compared, it is clear that the slowly
cooled samples have higher thermal conductivities
than the quenched samples because of their higher
crystallinities.

3.5. Dielectric properties

Figure 10 presents the DC conductivity, conduc-
tance and susceptance of the 10 wt% wax contain-
ing iPP/Ag nanocomposites. The DC conductivity of
the iPP/wax/Ag samples showed little change up to
3 wt% Ag, but increased significantly at higher Ag
contents. For the lower filler content, the mean dis-
tance between the individual metal particles and
aggregates must have been too large and the con-
ductivity was therefore controlled by the insulating
polymer matrix. When the distances between indi-
vidual filler particles are large, electrons do not eas-
ily hop from one particle to the other. However, at
higher Ag contents the individual particles and aggre-
gates were closer to each other and the mean dis-
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Figure 10. (a) DC conductivity and conductance, and (b) susceptance of 10 wt% wax containing iPP/Ag composites as

function of Ag content
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tance between the metal particles was small enough
for the electrons to fairly easily hop from one parti-
cle to another. The conductance at different fre-
quencies showed similar behaviour (Figure 10a),
but the susceptance only showed small changes
with increasing Ag content (Figure 10b). This is prob-
ably because the Ag particles do not improve the
polarity of the blend. Both the conductance and sus-
ceptance increased with increasing frequency for all
the investigated Ag concentrations, which indicates
that the Ag particles did not form a well-developed
conductive network. However, if one looks at the DC
conductivity of the 10 wt% wax containing iPP/Ag
samples, a significant increase in the DC conductiv-
ity is observed in the samples with 4 wt% Ag. This
increase in the DC conductivity was not observed in

Figure 11. High-magnification TEM photo of Ag nanopar-
ticles 89/10/1 w/w iPP/wax/Ag
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the iPP/Ag composites at 4 wt% Ag, and this con-
firms our previous observation that the silver parti-
cles were more concentrated in the wax phase than
in the iPP phase. This is clear from the TEM photo
of an iPP/wax/Ag composite (Figure 11), which
clearly indicates the existence of chain-like structures
of Ag particles in the samples, and which should
have contributed to an increase in electrical conduc-
tivity at low concentrations of silver nanoparticles.

Figure 12 presents the temperature dependence of
the dielectric properties of iPP and iPP/wax compos-
ites with 2 wt% Ag nanoparticles at a frequency of
172 kHz. The conductance of the samples decreased
after the addition of 10 wt% wax, which can be
attributed to the presence of the interface between
the immiscible wax and iPP. When Ag particles are
present the conductance of the iPP/Ag sample is
higher than those of pure iPP and the iPP/wax sam-
ple. In the iPP/Ag sample, the Ag particles acted as
nucleation centers, as discussed in section 3.1, and
are therefore in intimate contact with the iPP crys-
tallites. The iPP crystallites in contact with the Ag
particles seem to have a strong influence on the
conductivity of the nanocomposites. In the presence
of both wax and Ag, the conductance is even higher.
When wax is present in the iPP/Ag sample, the Ag
particles are no longer in contact with iPP crystals,
but covered by the more crystalline wax which fur-
ther improves the electrical conductivity. The con-
ductance of iPP and iPP/Ag remained nearly con-
stant at lower temperatures, but slowly increased at
higher temperatures. When wax was present, the con-
ductance of iPP/wax and iPP/wax/Ag also remained
nearly constant at lower temperatures, but decreased
at about 325 K, followed by a significant increase
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Figure 12. Temperature dependence of the dielectric properties of the composites with 2 wt% Ag nanoparticles at 172 kHz
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in conductivity. This indicates that the presence of
the more crystalline wax had a strong influence on
the conductivity.

The susceptance showed different behaviour from
that of the conductance in the presence of wax (Fig-
ure 12b). The susceptance of iPP/wax is higher than
those of both pure iPP and iPP/Ag. Both iPP and wax
are non-polar materials, but excellent electric insula-
tors that can be polarized by the applied electric field.
When an electric field is applied to iPP/wax, the elec-
trons do not move through the blend as they would
have done in a conductor, but move only slightly,
causing a small dielectric polarization because wax
more easily responds to polarization than iPP. When
both wax and Ag were present, the susceptance of
iPP in iPP/wax/Ag sample was higher than those of
iPP/Ag and iPP/wax. This shows that in the pres-
ence of both the conductor and wax, when an exter-
nal electric field was applied, the electrons moved in
such a way that they were free to polarize the conduc-
tor. The wax-covered Ag particles easily responded
to the polarization, and the susceptance was there-
fore very large. When the susceptance of iPP/wax and
iPP/wax/Ag are compared, the wax slightly improved
the polarity of iPP, but the wax-covered Ag particles
significantly improved its polarity. The susceptance is
the ratio of polarization to the applied electric field,
and the changes observed in the susceptance of the
composites are the result of the changes in polariza-
tion.

In order to study the effect of Ag particles on the
conductivity of iPP and the iPP/wax blend, the rel-
ative increase in admittance (AY(f,7) =
100-(Ypol+ag — Ypo1)/Ypo1) of iPP and iPP/wax due to
the presence of 2 wt% Ag was determined. The
results are presented in Figures 13 and 14. A transi-
tion which is associated with the y-relaxation
appeared at about 173 K in both composites. It has
been previously reported that the y-relaxation of iPP
appears between 150 and 230 K, and this relaxation
is usually associated with the local motions in the
amorphous phase [24]. The difference in conductiv-
ity between iPP and iPP/Ag slightly increases with
increasing temperature up to this temperature, fol-
lowed by a decrease at higher temperatures. The
non-polar iPP usually shows a y-relaxation, but the
introduction of polar groups had previously made the
y-relaxation peak disappear [25]. The observed y-
relaxation in iPP/Ag therefore confirms that the Ag
particles did not improve the polarity of iPP. The

INAVAY

Figure 13. Relative increase of admittance due to the pres-
ence of 2 wt% Ag nanoparticles in iPP as func-
tion of temperature and frequency

Z A i ;ﬁ%g
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Figure 14. Relative increase in admittance due to the pres-
ence of 2 wt% Ag nanoparticles in 90/10 w/w
iPP/wax as function of temperature and fre-
quency

iPP/wax/Ag sample has two transitions associated
with the y-transition and the softening of wax, respec-
tively at about 173 and 300 K (Figure 14). Although
the conductivity of iPP/wax and iPP/wax/Ag
increased with increasing temperature (Figure 12),
the difference in their admittance increased up to the
v-transition of iPP, followed by a decrease in admit-
tance at temperatures above the y-transition. Again,
the difference in admittance (AY) slightly increased
with increasing temperature up to the onset of wax
softening, followed by a significant increase up to
wax melting. At temperatures above the melting of
wax the admittance of iPP/wax/Ag more slowly
increased than that of iPP/Ag, probably because of
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the destruction of the semi-conductive paths during
the softening of the wax. The difference in admit-
tance only slightly changed during the softening of
iPP, but significantly changed during the softening
of the wax, which confirms that the Ag particles
were mostly dispersed in the wax phase.

4. Conclusions

The purpose of the study was to correlate the mor-
phologies of quenched and slowly cooled iPP/Ag and
iPP/wax/Ag samples with the thermal and dynamic
mechanical properties, as well as the thermal and
electrical conductivities. At low contents the Ag
nanoparticles were concentrated at the growth centres
of the iPP spherulites in the iPP/Ag nanocomposites
and formed nucleation centres for the crystalliza-
tion of iPP, while wax crystallized separately from
iPP and influenced the growth of the iPP spherulites
by acting as a diluent. The Ag nanoparticles had a
larger affinity for wax and were no longer observed
at the growth centres of the iPP spherulites, and they
had little influence on the mobility of the iPP chains
and on its crystallinity. The wax-covered Ag particles
significantly improved the thermal and electrical
conductivities of the samples, but reduced the mod-
ulus.

With increasing Ag content in iPP/Ag, the nanopar-
ticles remained at the growth centres of the iPP
spherulites, but the filler was not so well dispersed
and the extent of the agglomeration increased. In
iPP/wax/Ag with higher filler contents, Ag agglom-
erates were also observed at the growth centres of the
iPP spherulites, but they had little influence on the
crystallinites of iPP in all the samples. The thermal
conductivities of both the iPP and iPP/wax based
samples increased with increasing Ag content, but
leveled off at higher filler contents, while the electri-
cal conductivities continued increasing with increas-
ing filler contents. In the iPP/wax blend the melting
enthalpies of iPP increased with an increase in wax
content, and the highly crystalline wax increased the
stiffness of the quenched samples, but it had a soft-
ening effect on the slowly cooled samples. The pres-
ence of wax increased the thermal conductivities,
but decreased the electrical conductivities of the
blends.

Both the quenching and slow cooling treatments had
an influence on the crystallinities, and the associated
properties, of the samples. In summary, the highly

crystalline wax improved the thermal heat transport
of both the quenched and slowly cooled samples,
but decreased the electrical conductivity because of
the immiscibility of iPP and wax. The presence of Ag
in iPP/wax significantly improved the thermal and
electrical conductivities of both the quenched and
slowly cooled samples, because of the coverage of
the Ag particles by the highly crystalline wax.
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Abstract. Novel soy alkyd-based nanocomposites (NCs) were prepared using TiO, nanoparticles (NPs) surface modified
with different gallates, and for the first time with imine obtained from 3,4-dihydroxybenzaldehyde and oleylamine
(DHBAOA). Unmodified and surface modified anatase TiO, NPs were characterized by transmission electron microscopy
(TEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and ultraviolet-visible (UV-Vis) spec-
troscopy, while the amount of adsorbed ligands was calculated from thermogravimetric analysis (TGA) results. Surface mod-
ification of TiO, NPs was confirmed by FTIR and UV-Vis spectra. The influence of the TiO, surface modification on the
dispersion of TiO, NPs in alkyd resin, thermal, barrier and mechanical properties and chemical resistance of alkyd resin/
TiO, NC coatings was investigated. The obtained results revealed that glass transition temperature of all investigated NCs
is lower than for pure resin, that the presence of TiO, NPs surface modified with gallates had no significant influence on the
thermooxidative stability of alkyd resin, while TiO,-DHBAOA NPs slightly improved alkyd resin thermooxidative stabil-
ity. Also, the presence of surface modified TiO, NPs improved barrier properties, increased stress and strain at break and
hardness and chemical resistance and decreased modulus of elasticity and abrasion resistance of alkyd resin.

Keywords: thermal properties, alkyd-based coatings, TiO, nanoparticles, surface modification, mechanical properties

1. Introduction the ratio and type of the applied reactants, the oil

Alkyds are the most widely used synthetic resins due
to their relatively low cost, compatibility with other
polymers and various interesting properties which
are highly desirable for the application in paint indus-
try. The versatility of alkyd resins originates from
the fact that their properties such as drying time,
gloss retention, anticorrosion, mechanical, thermal
and barrier properties, durability, flame retardancy,
water and chemical resistance and adhesion can be
easily tailored and improved by simple changing

*Corresponding author, e-mail: edzunuzovic@tmf.bg.ac.rs
© BME-PT

length or by modification of alkyd resins with differ-
ent reactive compounds [1]. Alkyd resins are obtained
by polycondensation of polyol (glycerol, trimethy-
lolpropane, pentaerythritol, etc.) with dicarbonic acid
or its anhydride derivative in the presence of fatty
acids or oil of synthetic or natural origin (soya bean
oil, linseeds oil, sunflower oil, castor oil, etc.). The
content of oil, which corresponds to the oil length,
has significant influence on the properties of alkyd
resins [1, 2]. Depending on the composition of the
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fatty acids used for the synthesis, alkyd resins can be
cross-linked (dried) using either oxidative drying
(unsaturated fatty acids) or non-oxidative drying
(saturated fatty acids) mechanism [2—4].

Alkyd resins based on non-toxic, biodegradable, mul-
tifunctional, low cost, physically and chemically
stable and eco-friendly renewable resources such as
vegetable oils show properties comparable with prop-
erties of products based on petroleum, and therefore
have found their industrial application in paints and
surface coatings [5—19]. Especially interesting low
cost vegetable oil is soy bean oil, which has balanced
composition of unsaturated and saturated fatty acids
and it can reduce yellowing and oxidative degrada-
tion of resin [2, 16—19]. Araujo et al. [16] have shown
that anticorrosive properties of alkyd paints pre-
pared with soy bean oil are similar to the anticorro-
sive properties of alkyd resins synthesized using lin-
seed oil, but water vapor and ions permeability in
freestanding film, as well as adhesion loss, depend on
the type of pigment and vegetable oil used in the for-
mulation of alkyd resins. By comparing properties of
short oil-modified alkyd resins prepared using soy
bean, corn, rice bran, sunflower and dehydrated cas-
tor oil, it was revealed that soy bean based alkyd resin
show the best sea water resistance [17]. Nalawade
et al. [19] have used modified soy bean oils as reac-
tive diluents for the preparation of long oil alkyd
resin, which had significantly reduced viscosity.
Different commercial, micro-sized, inorganic pig-
ments are usually included in alkyd resin formula-
tions, and their presence can improve mechanical,
optical and anticorrosive properties of the coatings
[20, 21]. However, due to their micro-sizes, densities
different from the density of alkyd resins, and other
various effects, sedimentation of pigments occurs,
leading to different problems considering final alkyd-
based coatings (viscosity changes, covering power
deterioration, poor adhesion, loss of optical trans-
parency, low scratch and impact resistance, delami-
nation, reduction of the storage time, etc.) [22].
Sedimentation issue can be avoided if small quanti-
ties of nano-sized pigments are used in the alkyd resin
formulations instead of micro-sized ones. The main
advantages of the application of nanoparticles (NPs)
for the preparation of polymer nanocomposites (NCs)
are high surface to volume ratios and high interfa-
cial reactivity of NPs and properties which are sig-
nificantly different from the properties of their bulk
counterparts and micro- and macro-additives [23].

By adequate surface modification of NPs it is possi-
ble to enable uniform distribution of NPs through
the polymer matrix and better interaction with poly-
mer in order to achieve significant improvement of
properties of polymer materials with simultaneous
decrease of the final product price [24, 25]. The
influence of different nano-sized pigments on the
properties of alkyd-based NCs was extensively
investigated in the literature [26—37]. It has been
shown that application of zinc oxide (ZnO) as nano-
sized pigment improves mechanical and thermal
properties [26] and corrosion resistance [27] of alkyd-
based coatings. Furthermore, the presence of tita-
nium dioxide (TiO,) NPs affects the rheological prop-
erties of alkyd resin [28], improves corrosion resist-
ance [29, 30] and hardness of alkyd coatings [29],
and can be applied for the preparation of coatings
with antibacterial properties [31]. Also, hematite
(Fe,O3) NPs are proven to be useful nano-pigment
which enhances mechanical and UV blocking prop-
erties [32] and corrosion resistance [32, 33] of alkyd-
based waterborne coatings. The presence of nano-
ferrite (Fe;O4) in soy alkyd coating improved ther-
mal stability, physico-mechanical properties and cor-
rosion resistance [34]. The addition of aluminum
oxide (Al,O3) nano-sized pigment into the alkyd
coatings improved its corrosion [35, 36] and UV
resistance and mechanical properties, without alter-
ing the optical clarity of the prepared coating [36].
Alkyd paint prepared using molybdenum oxide
(Mo0O3) NPs showed good antibacterial properties
against pathogenic bacteria [37].

In our previous studies, we have synthesized and
examined properties of NCs based on epoxy resin
and TiO, NPs surface modified with propyl, hexyl
and lauryl gallate [38], as well as the influence of the
size of TiO, nanoparticles, their concentration and
type of the surface modification on the rheological
properties of alkyd resin [28].

Since there is constantly increasing demand for
developing environmentally friendly materials and
taking into account that alkyd resins are one of the
most applied resins and TiO; is one of the most
applied pigment in coating industry, in the present
study we have made an effort to prepare novel alkyd-
based NCs with improved properties, by utilizing
differently surface modified TiO, NPs and alkyd
resin based on vegetable oil. Different types of lig-
ands, grafted on the surface of TiO, NPs, were
applied in order to improve interactions between
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NPs and polymer matrix and consequently to enhance
the properties of the alkyd-based coatings.

In the present study we have used TiO, NPs surface
modified with hexyl (C6), lauryl (C12) and cetyl
(C16) gallate, and imine obtained from 3,4-dihy-
droxybenzaldehyde and oleylamine to prepare novel
soy alkyd-based NCs. The TiO, NPs were synthe-
sized using acid catalyzed hydrolysis of titanium iso-
propoxide. The average size and size distribution of
the synthesized TiO, NPs were determined by trans-
mission electron microscopy (TEM), their crystal
structure was investigated by X-ray diffraction
(XRD) measurements, while surface modified TiO,
NPs were characterized using TEM, XRD, FTIR
and UV/VIS spectroscopy. The amount of adsorbed
molecules on the surface of TiO, NPs was deter-
mined by thermogravimetric analysis (TGA). The
influence of the type of TiO, nanoparticles surface
modification, as well as the length of hydrophobic
part of gallates used for surface modification of
TiO; nanoparticles, on the dispersion of TiO, NPs in
alkyd resin and on the rheological properties of the
prepared dispersions, as well as on the thermal, bar-
rier and mechanical properties and chemical resist-
ance of alkyd resin/TiO, NCs was investigated.

2. Experimental section

2.1. Materials

Titanium isopropoxide was purchased from TCI
Europe N.V. (Zwijndrecht, Belgium). Gallic acid, 2-
propanol, 1-hexanol, lauryl gallate (LG) and oley-
lamine (OA) were obtained from Sigma—Aldrich
(Germany). Cetyl alcohol was obtained from Fluka
(Switzerland), while 3,4-dihydroxybenzaldehyde
(DHBA) from Acros Organics (Geel, Belgium).
Alkyd resin (AR65), CHS-ALKYD S 653, based on
soy bean oil (65% of oil) was obtained from Spol-
chemie (Usti nad Labem, Czech Republic). Ca-
octoate (10%), Co-octoate (4%) and Zr-octoate
(15%) were purchased from Tikkurila Zorka (Sabac,
Serbia) and used as driers. All chemicals were used
as received without further purification.

2.2. Synthesis of TiO;, colloid

The synthesis of TiO, colloid was performed by
hydrolysis of titanium isopropoxide using the proce-
dure described in the literature [39]. Briefly, 12.5 mL
of titanium isopropoxide and 2.0 mL of 2-propanol
were added into the dropping funnel and then the
mixture was added to 75 mL of deionized water and

vigorously stirred. White precipitate was formed dur-
ing the hydrolysis. Within 10 min of the alkoxide
addition, 0.57 mL of 65% nitric acid was added to
the hydrolysis mixture. The mixture was stirred for
8 h at 80°C, allowing 2-propanol to evaporate. Using
this procedure, approximately 70 mL of stable TiO,
colloidal solution was obtained.

2.3. Synthesis of gallic acid esters

The synthesis of hexyl (HG) and cetyl gallate (CG)
was performed by esterification of gallic acid using
1-hexanol and cetyl alcohol. The esterification of
gallic acid by 1-hexanol was performed using the pro-
cedure described in the literature [40]. In the reac-
tion flask (250 mL), connected to a Soxhlet appara-
tus containing 10 g of sodiumsulfate as a drying
agent, 50 g of gallic acid, 136 g of 1-hexanol and
1 mL of sulfuric acid were added. 80 mL of extra 1-
hexanol was used to fill Soxhlet apparatus. The reac-
tion mixture was stirred with magnetic stirrer at
165°C for 8 h. During the reaction, formed water
made azeotrope with 1-hexanol and it was captured
by drying agent in Soxhlet apparatus. Then, the reac-
tion mixture was placed in Rotavapor (BUCHI 461,
Switzerland) and 1-hexanol was distilled until the
mixture of 75 wt% of hexyl gallate in 1-hexanol was
obtained. In order to crystallize, the reaction mix-
ture was poured with stirring into methylene chlo-
ride. After that, the prepared suspension was washed
with water, and hexyl gallate was placed between
two layers. The crude product was separated by fil-
tration, washed with water and methylene chloride
and dried at 60°C in vacuum oven.

The esterification of gallic acid by cetyl alcohol
was performed using the similar procedure as pro-
cedure described in the literature for the synthesis of
octyl gallate [40]. In the reaction flask (250 mL), con-
nected to a mechanical stirrer, a nitrogen inlet, a con-
tact thermometer and a condenser for vacuum distil-
lation, 70.24 g of cetyl alcohol was placed. The flask
was heated to 60°C, and then 10.24 g of gallic acid
and 0.5 mL of H,SO,4 were added into the flask. The
reaction mixture was heated up to 160°C with stir-
ring under a stream of nitrogen. The course of the
reaction was controlled by the amount of the formed
water. After 5 h, a reduced pressure (0.4 bar) was
applied to the flask for 1 h. The reaction mixture was
then slowly cooled down to 55°C. In another flask
(500 mL), equipped with a mechanical stirrer and
reflux condenser, 250 mL of petrol ether heated to
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55°C was added. The reaction mixture was then
slowly with stirring, added into petrol ether, heated
to 60°C and left to cool down to the room tempera-
ture. The precipitate was separated by filtration,
washed with petrol ether and then with water. The
obtained precipitate was then placed into the flask
and the alcohol residue was separated by distillation
with water vapor. After that, cetyl gallate was recrys-
tallized two times from the mixture petrol ether/ben-
zene (50:50 vol.) and dried at 60°C in vacuum oven.

2.4. Modification of TiO, nanoparticles with
gallates

For the surface modification of TiO, NPs, three gal-
lates with different hydrophobic part length (hexyl,
lauryl and cetyl gallate) were applied. Modification
of TiO, NPs with gallates was done according to the
procedure described in the literature [38]. The pro-
cedure for the surface modification of TiO, NPs
with lauryl gallate will be briefly described here.
0.1136 g of LG was dissolved in the mixture of chlo-
roform and methanol and then mixed with 10 mL of
TiO; colloid solution in a separation funnel. After
short vigorous shaking, a dark-red chloroform phase
with TiO; NPs surface modified with LG (TiO,-LG)
separated from the upper aqueous phase. The
obtained dark-red phase was drop-wise added to
100 times larger amount of methanol. Nanoparticles
of TiO,-LG separated as precipitate, which was then
redispersed in chloroform.

2.5. Modification of TiO, nanoparticles with
imine based on
3,4-dihydroxybenzaldehyde and oleylamine

The surface modification of TiO, NPs with imine

obtained from DHBA and OA was performed in the

following manner. In one flask (50 mL), 0.09 g of

DHBA was dissolved in 8§ mL of methanol using

magnetic stirrer, while in another flask (50 mL),

0.5 mL of 70% OA was added into 20 mL of chloro-

form. Then, 5 mL of TiO; colloid solution, previously

diluted with 25 mL of distilled water, was vigor-
ously mixed with prepared solutions. After leaving
the obtained solution overnight, a dark-orange phase
containing TiO, NPs surface modified with imine

(TiO,-DHBAOA) separated from the upper aqueous

phase. The obtained dark-orange phase was then

slowly, with simultaneous mixing with the magnetic
stirrer, drop-wise added into 100 times larger amount
of methanol. Nanoparticles of TiO,-DHBAOA sep-

arated as precipitate, which was then redispersed in
chloroform.

2.6. Preparation of the alkyd based
nanocomposites

Alkyd based NCs, containing 2 wt% of TiO, NPs
(calculated with respect to the total mass of solid
mater in alkyd resin), were prepared by adding ade-
quate amount of TiO, NPs surface modified with
HG (TiO,-HG), LG (TiO,-LG), CG (TiO,-CG) and
DHBAOA (TiO,-DHBAOA) dispersed in chloro-
form into AR65. So prepared mixtures were then
mixed in ultrasonic bath (Sonorex Digitec, BAN-
DELIN electronic GmbH & Co KG, Berlin, Ger-
many) for 10 min. After that, chloroform was evap-
orated at room temperature under the reduced
pressure. Then, in the reaction mixtures were added
50 wt% of white spirit (oil thinner), calculated with
respect to the total mass of solid mater in alkyd resin,
and adequate amount of driers (Table 1). In order to
obtain completely cured NC films (AR65/TiO,-HG,
AR65/TiO;,-LG, AR65/Ti0,-CG and AR65/TiO,-
DHBAOA), the dispersions were drawn on two
glass plates (10x10 cm and 15%20 cm) using wire-
wound rods and then cured at room temperature for
21 days. Film based on the pure alkyd resin was
obtained in the same manner.

2.7. Characterization of unmodified and
surface modified TiO; nanoparticles
Transmission electron microscopy (JEOL-1200EX,
Jeol Ltd. Tokyo, Japan) was applied to determine the
average size of TiO, NPs, while the size distribu-
tion of TiO, NPs was obtained using Image J soft-
ware. TEM images of surface modified TiO, NPs
were recorded on JEM-1400 (Jeol Ltd. Tokyo, Japan).
The X-ray powder diffraction measurements of
unmodified and modified TiO, nanoparticles were
performed on a Philips 1050 X-ray powder diffracto-
meter (Philips, Netherlands) using Ni-filtered Cu Ka
radiation and Bragg-Brentano focusing geometry.
The patterns were taken in the 10-90° 26 range

Table 1. The amount of driers used for the cross-linking of
alkyd resin based nanocomposites

Drier Metal co:ltent
[%]
Solution of Ca-octoate 0.10
Solution of Co-octoate 0.04
Solution of Zr-octoate 0.15

*Calculated with respect to the content of alkyd resin
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with the step of 0.05° and exposure time of 6 s per
step. Using X-ray Line Profile Fitting Program
(XFIT) with a Fundamental Parameters convolution
approach to generate line profiles [41], the coherent
domain sizes of the prepared samples were calcu-
lated. FTIR spectra of gallic acid esters, dry unmod-
ified and modified TiO, NPs in the form of KBr pel-
lets were recorder using a Bomem MB-102 (Quebec,
Canada) FTIR spectrophotometer. The absorption
spectra of unmodified and surface modified TiO,
NPs were recorded on a Perkin-Elmer Lambda-5 UV-
Vis (MA, USA) spectrometer. Using thermogravi-
metric analysis, performed on Setaram Setsys Evo-
lution-1750 (SETARAM S.A. France, Caluire —
France) instrument in dynamic argon atmosphere
(flow rate 20 cm?/min) at a heating rate of 10°C/min,
the amount of molecules adsorbed on the surface of
TiO, NPs was determined. Before TGA measure-
ments, investigated samples were dried in vacuum
oven at 60°C for 12 h.

2.8. Characterization of alkyd resin,
dispersions of modified TiO,
nanoparticles in alkyd resin and prepared
nanocomposite coatings

Complex dynamic viscosity of pure AR65 and dis-
persions of surface modified TiO, NPs in AR65,
prepared by dispersing 2 wt% of surface modified
TiO, NPs in AR65 using ultrasound, was deter-
mined on rheometer Rheometrics RMS 605 (Rheo-
metric Scientific, Piscataway NJ, USA). Dynamic
shear experiments were performed between cone
and plate, at constant temperature of 25°C. The fre-
quency was changed between 0.1 and 100 rad/s, at
strain of 5%.
The dispersion of surface modified TiO, nanoparti-
cles in alkyd matrix was investigated by Scanning
Electron Microscopy (SEM) using JEOL JSM-
6610LV (Jeol Ltd. Tokyo, Japan). In order to observe
the cross section of the nanocomposite films, the
piece of each examined sample was immersed in
liquid nitrogen for 20 s, removed and immediately
broken.

Differential scanning calorimetry (DSC) measure-

ments were done on Q1000 (TA Instruments, USA)

instrument in a nitrogen atmosphere, at a heating rate
of 20°C/min. Thermooxidative stability of samples
was determined by TGA (Setaram Setsys Evolution-

1750) in air atmosphere (flow rate 25 cm3/min), at a

heating rate of 10°C/min.

Water vapour transfer rate (WVTR) through the pre-
pared films was determined according to the method
described in the standard ASTM:D1653 using
BYK-Gardner permeability cup (BYK-Gardner
GmbH, Geretsried, Germany), filled with a desic-
cant (dry calcium chloride). The investigated films
were clamped and sealed across the open end of the
cup and then the cup was placed in an atmosphere of
controlled relative humidity (85%), which was pro-
vided by saturated potassium chloride solution. Dur-
ing measurements, vapour passes from a solution
through the film to a desiccant within the permeabil-
ity cup. Three WVTR measurements were performed
for each investigated film and the average value is
reported.

Tensile properties of the prepared samples were
examined on Shimadzu Universal Testing Machine
AG-Xplus (Shimadzu, Kyoto, Japan) with deforma-
tion rate of 5 mm/min using 100 N cell. Investi-
gated specimens were cut from the dried films. For
each sample the average value of five measure-
ments was taken.

Using the non-destructive ultrasound thickness meter
Posi Tector 200 (DeFelsko, USA), the thickness of
dried films was calculated as average value of three
measurements. The estimated thickness of the pre-
pared dried films was 40+£3 pm. The surface hard-
ness of dried films was determined using Konig pen-
dulum (Elcometer Pendulum Hardness Tester 3034,
Elcometer Limited, Manchester, England). Konig
pendulum hardness, expressed in seconds as aver-
age value of three measurements, was measured
using films drawn on glass plates (10x10 cm).
Impact resistance of prepared films was determined
according to the standard ASTM D 2794 using Erich-
sen Impact Tester, Model 304 (Hemer, Germany).
The indentation was performed through the uncoated
side of metal plate, i.e. the examined coating was
exposed to convex deformation (extrusion). For each
sample, five specimens were tested and their aver-
age has been reported. Adhesion of films coated on
mild steel panels was determined by cross-cut (ISO
2409) test. For each film, three specimens were
tested by cross-cut method and their average has been
reported. Abrasion resistance of prepared films was
determined by Taber Abraser Testing Apparatus
(Taber Industries, USA) using No. CS-17 Resilent
Calibrase Wheels in accordance with standard ASTM
D 4060. Load applied to the abrasive wheels was
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1000 g. For each film, three specimens were tested
and their average has been reported.

The gel content of the prepared films was deter-
mined by immersion of square specimens
(1.2%2.5 cm), placed in holder made from steel net-
work, in xylene for 14 days, at room temperature.
After that, test specimens were dried in vacuum
oven at 100°C for 2 hours and then, their weight (w)
was measured. Data of three different specimens of
each investigated film were averaged. The gel con-
tent of the samples was calculated using the follow-
ing Equation (1):

Gel% = ~--100 (1)
"o

where wy is the weight of the sample before immer-
sion in xylene.

The chemical resistance of the prepared films to dis-
tilled water, 1M HCI, 0.15% NaOH, 3% NaCl,
ethanol, acetone and sunflower oil was investigated
using films drawn on glass plates (10x10 cm). Sol-
vent was dripped on the examined film using Pas-
teur pipette and appearance of the film was observed
during 24 hours. Three specimens of each film were
tested. The obtained results are presented as time
needed to reach certain change in the appearance of
the examined films: (0) completely unaffected,
(1) unaffected, slightly color changed, (2) film
swelled and (3) film cracked.

3. Results and discussion
3.1. Properties of unmodified and surface
modified TiO, nanoparticles

TEM image of TiO, NPs, prepared by acid catalyzed
hydrolysis of titanium isopropoxide, is given in
Figure 1. It can be observed that synthesized TiO,
NPs have approximately spherical shape and aver-
age diameter of 3.9+0.9 nm. The crystal structure
and average crystalline size of TiO, NPs were deter-
mined by XRD measurements and obtained X-ray
diffraction patterns are given in Figure 2. It can be
seen that synthesized TiO, NPs have anatase crystal
form and it has been estimated that their coherent
domain size is around 3.6 nm, which is in good
agreement with TEM result.

According to the literature, TiO, NPs have on their
surface some Ti atoms which are not in octahedral,
but in square-pyramidal position [42]. The coordi-
nation number of such Ti atoms is therefore five and
not six, and one of these five bonds between Ti and

Figure 1. TEM image of TiO, nanoparticles

oxygen is shorter than others. Due to that, Ti atoms
on the surface of TiO, NPs are more reactive than
bulk ones and can react quite fast with hydroxyl
groups of modifying agent, bonding in this manner
the missing oxygen and leading to the formation of
charge transfer (C7T) complex. This process leads
simultaneously to the formation of stable crystal
anatase form, where coordination number of Ti
atoms is six and all Ti—O bonds are of the same
length.

The surface modification of nanosized TiO, colloids
was performed with three alkyl gallates with differ-
ent hydrophobic part length (hexyl, lauryl and cetyl
gallate) and with imine obtained from 3,4-dihydrox-

TIO,LG

TiO,-HG

Intensity [a.u.]

TiO,-DHBAOA

20[°]

Figure 2. XRD patterns of unmodified and surface modi-
fied TiO, NPs
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Figure 3. TEM images of TiO; nanoparticles surface modified with a) lauryl gallate and b) DHBAOA

ybenzaldehyde and oleylamine. During the modifi-
cation process, a dark-red (when gallates were used
for the modification) or dark-orange phase (when
DHBAOA was used for the surface modification)
separated, and transfer of NPs from water into
organic phase occurred as a consequence of the for-
mation of CT complex between TiO, NPs and gal-
lates or DHBAOA. XRD patterns of modified TiO,
NPs presented in Figure 2 show that the crystal
structure and crystallite size of TiO, NPs were not
changed by modification of TiO, NPs with gallates
or DHBAOA, which was also confirmed by TEM
analysis of modified TiO, NPs, reported in Figure 3.
From the TEM analysis it can be observed that the
morphology of TiO, NPs has not been changed dur-
ing their surface modification.

The formation of CT complex between TiO, NPs
and gallates or DHBAOA was confirmed by FTIR

LN [N B By B B B B B B B N B B B B B B B B B

CG

TiO,

TiO,-LG

Transmittance [%)]

TiO_-HG

—— ]
4000 3500 3000 2500 2000 1500 1000 500

a) Wave number [cm™']

and UV-Vis spectroscopy. As an example, FTIR spec-
tra of CG, dry TiO; colloid, dry TiO,-CG, TiO,-LG
and TiO,-HG NPs are presented in Figure 4a. From
Figure 4a it can be observed that characteristic bands
of CG at 3450 and 3350 cm™!, which represent the
stretching vibrations of —OH groups from benzene
ring, are not present in the FTIR spectrum of TiO;-
CG NPs. On the other hand, the bands correspon-
ding to the stretching vibration of aliphatic C—H
bonds from cetyl group at 2920 and 2850 cm™! and
band which is assigned to the stretching vibration of
C=0 group from ester at 1670 cm™" are also visible
in the FTIR spectrum of TiO,-CG NPs. According
to these results, it can be concluded that the coordi-
native bond between surface Ti atoms and gallate
was achieved through the adjacent -OH groups from
the benzene ring, by creating bridging complexes,
which is in agreement with our previous results [28,

LN [ A B B B B B B B B B B B B B B B B B B B B |

DHBA

OA

TiO,-DHBAOA

Transmittance [%]

TiO,

M

T T T T
4000 3500 3000 2500 2000 1500 1000 500

b) Wave number [cm™]

Figure 4. FTIR spectra of a) CG, dry TiO, colloid, dry TiO,-CG, TiO,-LG and TiO,-HG NPs and b) OA, DHBAOA, dry
TiO, colloid and TiO, NPs surface modified with DHBAOA
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38, 43]. As can be observed from Figure 4a, similar
results were obtained for the TiO,-HG and TiO,-LG
NPs. Detailed explanation of the FTIR spectra of
TiO, NPs surface modified with gallates is given
elsewhere [38].

FTIR spectra of DHBA, OA, dry TiO; colloid and dry
TiO,-DHBAOA NPs are presented in Figure 4b. In
the FTIR spectrum of TiO,-DHBAOA, the bands at
3331 and 3233 cm™!, assigned to the stretching vibra-
tions of aldehyde phenolic —OH groups, and bands
at 1389 and 1192 cm™, corresponding to the bending
vibrations of phenolic -OH groups, are missing. Fur-
thermore, the intensity of band at 1296 cm™" (origi-
nating from the C—O stretching vibrations of pheno-
lic group) is noticeable reduced, and the band became
broader. Also, in the FTIR spectrum of TiO,-
DHBAOA, the band at 1576 cm™!, assigned to the
stretching vibrations of aromatic ring, and band at
1645 cm™!, corresponding to the C=N stretching
vibrations, are also visible. Furthermore, character-
istic bands of the OA residue between 3000 and
2800 cm™!, assigned to the asymmetric and sym-
metric C—H stretching vibrations of methyl and meth-
ylene groups, and at 3005 cm™!, assigned to the
C—H stretching vibrations in C=C—H group can also
be observed. These results show that imine based on
DHBA and OA was obtained and it was chemi-
sorbed on TiO; surface through the two adjacent —OH
phenolic groups of the aldehyde residue.
Absorption spectra of unmodified TiO, NPs and
TiO, NPs surface modified with CG and DHBAOA

20 I L I‘_‘ T T T
0 —TiOo,
B ----TiO,-CG 1
S BT TiO,-DHBAOA 1
1 4
1,5 1 " i
—_ N ]
E) it
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[} “a
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Figure 5. The absorption spectra of aqueous TiO, colloid
solution and solutions of TiO,-CG and TiO,-
DHBAOA in chloroform
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Figure 6. TGA curves of TiO,-CG and TiO,-DHBAOA
NPs, obtained in argon atmosphere at a heating
rate of 10°C/min

are shown in Figure 5. It can be observed that com-
pared to the absorption spectrum of unmodified TiO,
NPs, absorption spectra of surface modified TiO,
NPs are red shifted, due to the CT complex forma-
tion on the surface of TiO, NPs. The absorption onset
of unmodified, gallate and imine modified TiO,
NPs is around 380, 640 and 610 nm, respectively.
In order to determine the amount of gallates and
DHBAOA adsorbed on the surface of TiO,, TGA
measurements in argon atmosphere were performed.
As an example, TGA curves of TiO,-CG and TiO,-
DHBAOA are presented in Figure 6. It can be
observed that thermal stability of TiO,-DHBAOA
NPs is higher than thermal stability of TiO,-CG
NPs. The first stage of thermal degradation of surface
modified TiO, NPs occurred due to the mass loss of
the absorbed water, while the second stage between
210 and 800°C corresponds to the mass loss of
adsorbed ligand grafted on the surface of TiO, NPs.
In our previous work we have shown that theoreti-
cal amount of adsorbed ligand necessary to cover all
Ti surface sites should be 1.86 mmol of ligand per
gram of TiO, [38]. According to the TGA results
obtained here, the amount of the adsorbed ligands,
TiO,-HG, TiO,-LG, TiO,-CG and TiO,-DHBAOA,
are 0.90, 0.89, 0.80 and 1.53 mmol per gram of TiO»,
respectively. Consequently, the calculated coverage
is for the TiO, NPs surface modified with gallates
similar between each other (48% for TiO,-HG and
TiO,-LG, and 43% for TiO,-CG), while the amount
of DHBAOA adsorbed on the surface of TiO, NPs
is 82%.



Radoman et al. — eXPRESS Polymer Letters Vol.9, No.10 (2015) 916-931

3.2. Rheological properties of prepared
dispersions of alkyd resin/TiO,

The influence of surface modified TiO, NPs on the
rheological properties of alkyd resin was investi-
gated by measuring the dependence of complex
dynamic viscosity (#*) on frequency. From the
results presented in Figure 7 it can be observed that
prepared dispersions have higher dynamic viscosity
than pure AR65 and that #* decreases with increas-
ing frequency for all investigated samples. Dynamic
viscosity of the prepared dispersions depends on the
interactions between surface modified TiO, NPs, as
well as on the interactions between NPs and alkyd
resin. Furthermore, from the samples prepared using
TiO, NPs surface modified with gallates, the AR65/
TiO,-CG dispersion has the highest #* value. This
was reasonable to expect since TiO,-CG NPs have
the highest effective diameter. On the other hand,
the viscosity of alkyd resin increased more after
addition of TiO,-HG than after addition of TiO,-LG
NPs. This indicates that TiO,-HG NPs have low dis-
persion stability, leading to the formation of agglom-
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Figure 7. Frequency dependence of complex dynamic vis-
cosity (n*) for pure AR65 and AR65/TiO,-HG,
ARG65/Ti0,-LG, AR65/Ti0,-CG and AR65/TiO;-
DHBAOA dispersions

erates in AR65, which are actually the main cause
for the viscosity increase. Figure 7 also reveals that
ARG65/Ti0,-DHBAOA dispersion has the lowest #*
value from the investigated samples, indicating
lower hydrodynamic radius of TiO,-DHBAOA in
ARG65 than TiO, NPs surface modified with gallic
acid esters.

3.3. SEM image analysis of cross-sections of
the nanocomposite coatings

The cross-section of the prepared nanocomposite
coatings was investigated by SEM analysis in order
to examine the dispersion of surface modified TiO,
NPs in polymer matrix. The SEM micrographs pre-
sented in Figure 8§ show that TiO, NPs formed
agglomerates in alkyd resin. Furthermore, it can be
observed that agglomeration is more pronounced in
NCs prepared with TiO, NPs surface modified with
gallates and that formed agglomerates have approx-
imately the same size no matter which ester of the
gallic acid was used for the surface modification of
TiO;, NPs. The presence of agglomerates can also be
observed in AR65/TiO,-DHBAOA nanocomposite
(Figure 8d and 8f), but their size is smaller and they
are better dispersed in alkyd resin.

3.4. Thermal properties of AR65/TiO,
nanocomposites

Glass transition temperature (7,) of the synthesized
NCs was determined using DSC measurements and
obtained results are given in Figure 9 and summa-
rized in Table 2. Furthermore, it can be observed
that 7, of all investigated NCs is lower than 7, of
pure AR65, which indicates that the presence of sur-
face modified TiO, NPs increased molecular mobil-
ity of polymer chains at the polymer/nanoparticles
interface, due to the absence of the attractive inter-
actions between NPs and polymer matrix. The
increase of the hydrophobic part length of the used

Table 2. Values of the glass transition temperature (7;), water vapour transfer rate (WVTR), modulus of elasticity (E), stress
at break (op) and strain at break (eg) of the pure alkyd resin and prepared nanocomposites (WVTR values were
determined as average value of three measurements, while tensile properties were determined as average value of
five measurements and all results are reported with a standard deviation)

Sample Tg WVTR E OB &
[°C] [g/(m*h)] [MPa] [MPa] [%]
ARG65 25 3.80+0.20 354+14 12.3+£0.86 39.1+5.80
ARG65/TiO,-HG 21 2.68+0.11 27948 13.1£1.00 47.6+5.71
ARG65/TiO,-LG 23 3.44+0.21 144+6 14.0£1.12 53.7£9.12
AR65/TiO,-CG 23 3.40+0.18 246+12 11.9+0.71 45.8+4.72
AR65/TiO,-DHBAOA 20 3.66+0.23 12445 12.5+1.12 62.3+9.34
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Figure 8. SEM micrographs of the cross-section of a) AR65/TiO,-HG, b) AR65/TiO,-LG, c) AR65/Ti0,-CG,
d) AR65/TiO,-DHBAOA at magnification of 3000%, and e¢) AR65/TiO,-CG and f) AR65/TiO,-DHBAOA at

magnification of 25000%

gallic acid esters led to only slight increase of the T,
of prepared NCs.

The influence of differently surface modified TiO,
NPs on thermooxidative stability of alkyd resin was
investigated by TGA under air atmosphere, at a
heating rate of 10°C/min. The results presented in
Figure 10 show that thermooxidative degradation of

all investigated samples took place in two stages, first
at around 350°C and second at around 450°C. The
first stage of thermooxidative degradation can be
ascribed to the thermal degradation of polyester part
of the alkyd resin chains, while the second stage
occurred as a consequence of degradation of fatty
acids chains [44]. The presence of surface modified
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Figure 9. DSC curves of pure AR65 and AR65/TiO,-HG,
AR65/TiO,-LG, AR65/Ti0,-CG and AR65/TiO,-

DHBAOA nanocomposites
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Figure 10. TGA and DTG curves of pure AR65 and AR65/
TiO,-HG, AR65/TiO,-LG, AR65/TiO,-CG and
AR65/Ti0,-DHBAOA nanocomposites deter-
mined in air atmosphere at a heating rate of
10°C/min

TiO, NPs in AR65 shifted the position of both deriv-
ative thermogram (DTG) peaks to slightly higher
temperatures compared to the DTG peaks of pure
alkyd resin. This improvement of thermooxidative
stability was more pronounced for AR65/TiO,-
DHBAOA during the first stage of degradation than
for other investigated nanocomposites.

3.5. Barrier properties of AR65/TiO;
nanocomposites

The cross-linking density of long oil alkyd resin is
usually not enough to reduce diffusivity of permeat-
ing molecules through the prepared coating. On the
other hand, the filler particles, compatible with poly-
mer matrix and well dispersed in it, can be applied as
good strategy to improve barrier properties of organic
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Figure 11. The dependence of the transmitted water
through the pure AR65 and prepared nanocom-
posites on time

coatings [45—47]. The presence of NPs enhances
the degree of tortuosity of the permeating mole-
cules diffusion path through the polymer, by occu-
pying the free volume within the polymer. Therefore,
the water vapour barrier properties of the alkyd resin
and prepared NCs were investigated by water vapour
permeability measurements. Obtained results are
presented in Figure 11 and listed in Table 2. Accord-
ing to these results it can be concluded that the pres-
ence of TiO, NPs surface modified with gallates and
DHBAOA reduces WVTR of alkyd resin, whereby
AR65/Ti0,-HG NC has the lowest WVTR value.
Therefore, prepared NCs can be applied as efficient
protection coating against corrosion of metal sur-
faces.

3.6. Tensile properties of AR65/TiO,
nanocomposites

The stress-strain curves of pure alkyd resin and pre-
pared NCs are given in Figure 12. From these results,
values of the modulus of elasticity (E), stress at
break (op) and strain at break (¢g) of the pure alkyd
resin and prepared nanocomposites were determined
and listed in Table 2. Modulus of elasticity of AR65
is higher than the value obtained for the prepared
NCs, indicating that pure alkyd resin is stiffer than
other investigated samples. Simultaneously, alkyd
resin has also the lowest value of strain at break. The
rigidity of the commercial alkyd resin originates
from the presence of polyesters chains in its struc-
ture. On the other hand, the low value of strain at
break comes from the relatively fast curing of alkyd
resin, despite the presence of certain flexibility from
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Figure 12. The dependence stress-strain of pure AR65 and
ARG65/TiO,-HG, AR65/TiO,-LG, AR65/TiO;-
CG and AR65/TiO,-DHBAOA nanocomposites

fatty acids chains [48]. The stress-strain curves
given in Figure 12 also show that tensile properties
of prepared AR65/TiO, NCs are dependent on the
type of NPs surface modification. After addition of
surface modified TiO, NPs into AR65, the largest
decrease in modulus and increase in strain at break
was observed for AR65/Ti0,-DHBAOA nanocom-
posite, which is consistent with the lowest T, value
obtained for this NC. Furthermore, the increase of
the gallates alkyl chain length from 6C (hexyl gal-
late) to 12C (lauryl gallate) induced lower E and
higher op and ¢g values. In contrast, further increase
of the hydrophobic part length of the used gallic
acid esters to 16C (cetyl gallate) led to increase of
the modulus of elasticity and decrease of the stress
and strain at break. The obtained results revealed that
stiffness of the alkyd resin based on soy bean oil can
be reduced by addition of 2 wt% of TiO, NPs sur-
face modified with gallates, simultaneously leading
to the formation of NC with relatively high values
of op and ¢p. The highest impact on the increase of

stress at break was observed after addition of TiO,-
LG NPs into the AR65.

3.7. Mechanical properties of AR65/TiO,
nanocomposite coatings

The hardness of the prepared coatings was deter-
mined using Konig pendulum. From the obtained
results, listed in Table 3, it can be observed that addi-
tion of TiO, NPs surface modified with gallic acid
esters leads to the increase of surface hardness (Konig
hardness) of the alkyd resin, while with increasing
alkyl chain length of the applied gallate hardness
decreased. The certain increase of the surface hard-
ness of air dried alkyd coatings by addition of col-
loidal SiO; particles was also observed by Kurt ef al.
[49]. Furthermore, Bal and coworkers [50, 51] have
found that NC coatings based on alkyd-melamine
formaldehyde resin and modified silica, as well as
films prepared from alkyd-phenol formaldehyde resin
and organo clay have higher Konig hardness than
pure resin. On the other hand, obtained results
revealed that AR65/TiO,-DHBAOA has slightly
lower value of the Konig hardness than pure alkyd
resin. The probable reason for such behavior could
be the lowest cross-linking density of this sample.
This NC sample has the lowest T, the lowest modu-
lus of elasticity and the highest strain at break. Also,
it has better dispersion of nanofiller in polymer
matrix than other NCs. Furthermore, AR65/Ti0,-
DHBAOA had the highest concentration of unsatu-
rated double bonds before curing (additional double
bounds originating from DHBAOA ligands), caus-
ing faster curing reaction, which can lead to the lower
cross-linking density of cured sample. All this
implies that this sample has the lowest cross-linking
density and that was the reason why it showed the
opposite behavior compared to the other NCs.

From the results listed in Table 3 it can be observed
that impact strength of all investigated samples is

Table 3. Values of the Konig hardness, impact strength, adhesion and abrasion resistance of the pure alkyd resin and pre-
pared nanocomposites (Konig hardness, adhesion and abrasion resistance were determined as average value of
three measurements, while impact strength as average value of five measurements and values of Konig hardness
and abrasion resistance are reported with a standard deviation) 80 in-1b corresponds to 9 J

Sample Konig hardness Impact strength Adhesion resistance Abrasion resistance
[s] [in-1b] (ISO 2409) (wear index)
AR65 31+1 >80 Gt0 103+10
ARG65/TiO,-HG 3842 >80 Gt0 140+11
ARG65/TiO-LG 3442 >80 Gt0 109+9
ARG65/TiO,-CG 33+2 >80 Gt0 121£10
ARG65/TiO,-DHBAOA 28+1 >80 Gt0 115+12
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larger than 80 in-lb (9 J), indicating good flexibility
of the prepared coatings. Furthermore, adhesion
resistance of the prepared coatings was determined
according to the ISO 2409 standard and obtained
results listed in Table 3 indicate that all examined
coatings have very good adhesion to the metal sub-
strate. The results of the abrasion resistance test of
examined coatings are shown in Table 3. It could be
seen that the wear index is higher for NC coatings,
indicating the deterioration of abrasion resistance of
alkyd coatings after addition of surface modified
TiO; nanoparticles. It is well known that the quality
of the interface between NPs and polymer matrics
defines material capability to transfer stresses and
elastic deformation from the polymer matrix to the
nanofillers. According to the DSC results, NCs pre-
pared in this work have lower T, than pure alkyd
resin, indicating the poor interaction between NPs
and polymer matrix at the interface. Therefore, NPs
are not able to bear the applied load and due to that
the abrasion resistance of NCs cannot be better than
that of the pure polymer matrix [52].

3.8. Gel content and chemical resistance of
AR65/TiO; nanocomposite coatings

The gel content of the prepared films was deter-
mined according to the procedure described in the
experimental section and obtained results are listed
in Table 4. It can be observed that all examined sam-
ples have approximately the same gel content, which
indicates that the presence of surface modified TiO,
NPs has no significant influence on the content of
residual soluble components.

The results of the chemical resistance investigation
of the pure AR65 and prepared nanocomposite coat-

ings are given in Table 4. All examined samples show
good resistance to distilled water, 1M HCI, 3% NaCl
and sunflower oil and after 24 hours there was no
change in the appearance of the examined coatings.
Furthermore, nanocomposite coatings showed bet-
ter resistance to 0.15% NaOH, acetone and ethanol
than pure alkyd resin, but after certain time all NC
films cracked.

4. Conclusions

Novel soy alkyd-based nanocomposite coatings were

synthesized using TiO, NPs surface modified with

hexyl, lauryl and cetyl gallate, and imine obtained
from 3,4-dihydroxybenzaldehyde and oleylamine.

Anatase TiO, NPs (average diameter of 3.9+0.9 nm)

were prepared via acid catalyzed hydrolysis of tita-

nium isopropoxide. FTIR and UV-Vis spectroscopy
confirmed surface modification of TiO, NPs. Fur-
thermore, TEM and XRD analysis revealed that mor-
phology, crystal structure and crystallite size of TiO,

NPs were not changed by surface modification of

TiO;, NPs, while the amount ligands adsorbed on the

surface of TiO, NPs was calculated from TGA meas-

urements. Experimental results presented in this
work further demonstrated:

— Dynamic viscosity of AR65/TiO, dispersions is
higher than for pure AR65 and it decreases with
increasing frequency. AR65/TiO,-DHBAOA dis-
persion exhibited the lowest #* value, due to the
lower hydrodynamic radius of TiO,-DHBAOA
NPs in AR65 than TiO, NPs surface modified
with gallates.

— SEM analysis of the prepared NC coatings showed
that surface modified TiO, NPs formed agglom-
erates in alkyd resin and that the size of TiO,-

Table 4. The gel content and chemical resistance investigation of the pure alkyd resin and prepared nanocomposites (three
specimens of each film were tested; gel content is reported with a standard deviation)

Solvent ARG65 ARG65/TiO,-HG AR65/TiO,-LG ARG65/TiO,-CG ARG65/TiO,-DHBAOA
Gel% [%] 88.8+1.8 89.1£2.0 88.9+1.9 89.8+2.1 87.0+1.9
Distilled water 24h  (0) 24h  (0) 24h  (0) 24h  (0) 24h 0)
IM HC1 24h  (0) 24h  (0) 24h  (0) 24h  (0) 24 h 0)

5min (1)d" 10 min (1)d" 10 min (1)d" 10 min (1)d” 10 min (1) 1"
0.15% NaOH 70 min (2) 70 min (2) 70 min (2) 70 min (2) 70 min  (2)
90 min (3) 90 min (3) 90 min (3) 90 min (3) 90 min (3)
3% NaCl 24h  (0) 24h  (0) 24h  (0) 24h  (0) 24h 0)
Ethanol 21 min (3) 35min (3) 36 min (3) 32 min (3) 37min (3)
Acetone 13s  (3) 15s 3) 22s  (3) 24s  (3) 28's 3)
Sunflower oil 24h  (0) 24 h 0) 24h  (0) 24h  (0) 24 h 0)

(0) completely unaffected, (1) unaffected, slightly color changed, (2) film swelled and (3) film cracked

*d — the change of the film color to darker, 1 — the change of the film color to lighter
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DHBAOA agglomerates is smaller than the size
of agglomerates formed by TiO, NPs surface mod-
ified with gallates.

— T of prepared NCs is lower than 7}, of pure alkyd
resin, indicating the absence of attractive interac-
tions between NPs and polymer matrix. The
change of the hydrophobic part length of gallates
showed no significant influence on the 7, of pre-
pared NCs.

— The presence of TiO, NPs surface modified with
gallates had no significant influence on the ther-
mooxidative stability of AR65, while TiO,-
DHBAOA NPs induced slightly better thermoox-
idative stability.

— All examined samples have approximately the
same gel content, which indicates that the pres-
ence of surface modified TiO, NPs has no signif-
icant influence on the cross-linking density of the
alkyd resin.

— The presence of TiO, NPs surface modified with
gallates and DHBAOA reduced WVTR, modulus
of elasticity and abrasion resistance of alkyd resin
and improved strain at break and chemical resist-
ance. Furthermore, all prepared coatings have
good flexibility and very good adhesion to the
metal substrate, and addition of TiO, NPs surface
modified with gallates increased surface Konig
hardness of the alkyd resin, while the presence of
TiO,-DHBAOA NPs had no significant influence
on it.
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Abstract. Nanocomposite foams of ethylene-vinyl acetate copolymer (EVA) reinforced by expanded graphite (EG) were
prepared using supercritical nitrogen in batch foaming process. Effects of EG particle size, crosslinking of EVA chains and
foaming temperature on the cell morphology and foam viscoelastic properties were investigated. EG sheet surface interest-
ingly provide multiple heterogeneous nucleation sites for bubbles. This role is considerably intensified by incorporating
lower loadings of EG with higher aspect ratio. The amorphous and non-crosslinked domains of EVA matrix constitute
denser bubble areas. Higher void fraction and more uniform cell structure is achieved for non-crosslinked EVA/EG
nanocomposites foamed at higher temperatures. With regard to the structural variation, the void fraction of foam samples
decreases with increasing the EG content. Storage and loss moduli were analyzed to study the viscoelastic properties of
nanocomposite foams. Surprisingly, the foaming process of EVA results in a drastic reduction in loss and storage moduli
regardless of whether the thermoplastic matrix contains EG nanofiller or not. For the EVA/EG foams with the same compo-
sition, the nanocomposite having higher void fraction shows relatively lower loss modulus and more restricted molecular
movements. The study findings have verified that the dynamics of polymer chains varies after foaming EVA matrix in the
presence of EG.

Keywords: nanocomposites, foam, expanded graphite, morphology, viscoelastic properties

1. Introduction

The creation of polymeric cellular structures using
environmentally friendly physical blowing agents
in the supercritical or nonsupercritical state has been
of significant interest in the past decades. Nitrogen
and carbon dioxide have been applied in the poly-
meric foaming process as environmentally friendly
blowing agents. An overview on the carbon dioxide
and nitrogen assisted foaming process of glassy
polymers is provided by Fleming and Kazarian [1]
and Almanza et al. [2]. A literature review of poly-
meric foams shows that there are many studies on the

*Corresponding author, e-mail: garmabi@aut.ac.ir
© BME-PT

preparation of high-performance polymeric foams
by increasing the number of cells (bubbles) and
decreasing cell size. To seek this aim, different con-
tinuous and discontinuous process variants have
been developed to prepare microcellular foam mor-
phologies from glassy polymers [1, 3, 4]. Similarly,
there are some reports about clay reinforced nano-
composite foams based on semicrystalline polymers
[5-8]. Moreover, microcellular foaming process is
one of the techniques that have been studied for this
purpose [9-16]. By rapid pressure quenching [17],
melt blending using polymers with high glass tran-
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sition temperature (1) [4] and incorporating nano-
clay into polymers [7], micron or submicron size cel-
lular structures have been successfully obtained. Most
polymers investigated in the previous researches
have been amorphous, though there are several
papers discussing microcellular foams of semi-
crystalline polymers [15, 16, 18-23].

The influences of nanofiller characteristics such as
aspect ratio and surface chemistry on the properties
of solid polymer nanocomposites have been exten-
sively studied [24-27]. However, the behavior of
polymer composite foams is more complex than
that of solid composites. The interactions between
filler surface, bubbles and matrix chains in pairs
and their effects on the properties of composite
foams have not been fully understood. In addition,
the characteristics of one component may affect the
properties of the others. Therefore, to obtain poly-
mer nanocomposite foams with optimal properties
such as high electromagnetic wave shielding effec-
tiveness or strength, a better understanding of the
interactions between nanofillers, bubbles and matrix
chains in pairs is an essential prerequisite. The
impact of processing methods on the nanocompos-
ite foam morphology has been examined while the
aspect ratio changes of nanofillers due to the alter-
ations of processing variables have not been consid-
ered [12, 28]. The filler aspect ratio most likely
changes the foam morphology that requires to be
explored.

For polymeric foaming processes using supercritical
fluids, the most controllable parameters are process-
ing variables such as sorption pressure and temper-
ature [15]. The influence of the sorption pressure on
the foam morphology has been studied at a constant
sorption temperature. Besides, diffusivity of the
supercritical fluid can be highly influential [15].
Furthermore, in the case of polymer nano/microcom-
posites, the filler characteristics like size, aspect
ratio, geometric shape and filler/polymer interac-
tion as well as the used fluid/gas are crucially impor-
tant because the bubble size, shape and formation
mechanism are greatly impacted by these factors
[28, 29].

In addition, dynamic mechanical thermal analysis
(DMTA) has emerged as one of the most powerful
tools available for viscoelastic property study of
plastic materials. Since all polymers are viscoelastic
in nature, this analytical method suits perfectly to
evaluate the complex phenomena presented by

polymeric materials including the main chain and
side-groups motions and, in particular, different
relaxations of polymer chains [30]. As a result, this
turns it into a powerful technique for characterizing
different polymer structures such as plastic foams.
Along with this advantage, there is a well-known
relationship between the damping capabilities of a
certain polymer and the dynamic mechanical
responses that can be also investigated by DMTA
[31]. Thus this method has been applied in the pres-
ent work.

Because there are few published researches on semi-
crystalline polymer foams containing expanded
graphite (EG), microcellular nanocomposite foams
of semicrystalline ethylene-vinyl acetate copolymer
(EVA) and EG were chosen as the subject of this
study. These foams possessing a wide range of rela-
tive density and varied cellular structures have been
obtained and the influences of filler particle size,
crosslinking of EVA chains and foaming tempera-
ture as a processing parameter on the nanocompos-
ite foam morphology, void fraction and the semi-
crystalline polymer viscoelastic properties have
been evaluated. Different loadings of EG below and
above the electrical and rheological percolation
thresholds have been used to show the properties of
solid and foamed nanocomposites. Efforts have been
particularly made to show that the damping capabil-
ity of nanocomposite is reduced by changing the
microstructure to foam and molecular movements
are retarded even more for the nanocomposite foams
with larger void fractions. Moreover, for the first
time, to the best of our knowledge, the effects of EG
particle size on the foaming behavior of EVA-based
nanocomposites have been researched and the het-
erogeneous multinucleation role of EG nanosheets
has been verified. Our findings show that by incor-
porating large EG nanosheets at small loadings, i.e.
less than 5 wt%, into non-crosslinked EVA and foam-
ing these nanocomposites at high temperatures,
very light EVA nanocomposite foams with void frac-
tions about 70% can be obtained. In addition, for
these nanocomposite foams, the optimal cell mor-
phology with highest cell density and broadest cell
size distribution is attained.

2. Experimental section

2.1. Materials

Two types of expanded graphite powder having a
sheet-like structure and different aspect ratio were
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prepared by intensely heating of graphite intercala-
tion compound (GIC) at 1000°C for 30 sec. After
heating, these powders were sieved. These EGs are
EX100 and EX1500 grades (purchased from Ito
Kokuen Co., Mie, Japan), which have an average
sheet size of 149 and 2 um, respectively. Since the
thickness of graphite sheets are in the range of a few
nanometers, EX100 has larger aspect ratio and the
other one is the smaller aspect ratio EG used in this
work. In our previous study, however, the morphol-
ogy of heated and sieved expanded graphites was
investigated before melt-compounding process by
using microscopic observations. The SEM micro-
graphs of pure expanded graphites showed that
EX100 has much larger aspect ratio than EX1500.
In addition, the morphology of EVA/EG nanocom-
posites was also evaluated and it was found that the
graphite aspect ratio in the nanocomposite filled with
EX100 is much larger than the nanocomposite con-
taining EX1500 regardless of EG loading. How-
ever, the two-step melt process that was employed
for melt-compounding of EVA and graphite filler
has consisted of a vigorous elogational and shear
flow. These flow fields have reduced the graphite
sheet size. Despite this fact, the nanocomposites con-
taining EX100 have larger aspect ratio sheets. The
observed morphologies for the prepared nanocom-
posites have been delaminated and intercalated.
Intercalation of graphite stacks has been completely

obvious in the micrographs of nanocomposites hav-
ing different loadings of EX100 and EX1500
graphites (refer to [30] for more information).

A commercial grade of ethylene vinyl acetate copoly-
mer with 19 wt% vinyl acetate comonomer (VAc)
content (Seetec VS430) was purchased from Hyundai
Co. (Sosan-gun, South Korea). One of the common
crosslinking agents of EVA thermoplastic is perox-
ide chemicals, such as dicumyl peroxide (DCP) that
was supplied by Merck KGaA, Darmstadt, Ger-
many.

2.2. Sample preparation

Details of solid nanocomposite preparation were
presented in our previous study [30]. The aforemen-
tioned EGs with different sizes were used to obtain
the nanocomposites. For producing microcellular
nanocomposite foams, the sheets of specimens with
thickness of 1 mm were molded at 110°C and then
batch foaming process was conducted in a high-
pressure system. Samples were placed in the high-
pressure vessel, then N, gas was fed to the pressure
vessel. The vessel was kept at a constant pressure.
Besides the whole system was kept at a constant
temperature of 85°C for 4 h to allow nitrogen gas to
saturate the sample and attain the equilibrium state.
Next, the samples were foamed at temperatures
above and below the crystallization temperature of
EVA matrix, i.e. at 70 and 50°C respectively. After

Table 1. Sample codes with different formulations and processing conditions

Sample code Crosslinking state E(ivlv(:ua/f]l ne E[(fl I:]ze Foaming state Foammgliecnllperature
EVA non-crosslinked 0 - unfoamed -
EV6EG149 non-crosslinked 6 149 unfoamed -
EV6EG2 non-crosslinked 6 2 unfoamed -
CEV6G149 crosslinked 6 149 unfoamed -
EVFTS50 non-crosslinked 0 - foamed 50
EVXEGI49FT50 non-crosslinked variable” 149 foamed 50
EVOEGI49FT50 non-crosslinked 6 149 foamed 50
EVXEG2FT50 non-crosslinked variable” 2 foamed 50
EV6EG2FT50 non-crosslinked 6 2 foamed 50
EVI15SEG2FTS0 non-crosslinked 15 2 foamed 50
EVXEGI149FT70 non-crosslinked variable” 149 foamed 70
EV4EG149FT70 non-crosslinked 4 149 foamed 70
EVOEGI149FT70 non-crosslinked 6 149 foamed 70
EVI15EG149FT70 non-crosslinked 15 149 foamed 70
EV6EG2FT70 non-crosslinked 6 2 foamed 70
CEVXEGI49FT50 crosslinked variable” 149 foamed 50
CEV6EGI49FT50 crosslinked 6 149 foamed 50
CEVXEG2FT50 crosslinked variable” 2 foamed 50
CEV6EGI149FT70 crosslinked 6 149 foamed 70

“The EG loading for these samples is variable in the range of 0 to 30 wt%.
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the saturation of sample at a constant pressure of
11.5 MPa, the pressure was then rapidly released
and the resultant foam morphology was fixed by
cooling water.

In the remaining parts, the abbreviated codes will be
used for the obtained samples according to different
parameters, which are summarized in Table 1.

In the abbreviated codes, C, EV, EG and FT respec-
tively stand for crosslinked, EVA, expanded graphite
and foaming temperature. If the letter ‘C’ is used
before the code, it will show that the EVA matrix
was chemically crosslinked. The numbers used
before and after the letter ‘EG’ respectively show the
EG loading and sheet size. The foaming temperature,
50°C or 70°C, is a number after ‘FT’. Besides, for the
solid samples, unformed ones, ‘FT’ will be omitted
from the code like EV6G2. Similarly, for the samples
that do not contain EG, ‘EG’ letter is not included in
the codes.

2.3. Characterization methods

Scanning electron microscopy (SEM) of EVA/EG
nanocomposite foams were performed on the cry-
ofractured surfaces using a Seron Technologies Inc.
Scanning Electron Microscope (Gyeonggi-do,
Korea). The samples were subjected to brittle frac-
ture in liquid nitrogen, and then the fractured sur-
faces were gold sputtered prior to the examination.
Bubble size and Bubble size distribution were meas-
ured using Image Pro plus software (Media Cyber-
netics Inc., USA). Dynamic mechanical thermal char-
acteristics of the obtained foam samples with thick-
ness of 1-2 mm were evaluated using a DMTA ana-
lyzer (Triton Co. Lincolnshire, UK) under tension
mode. The temperature sweep measurements were
carried out over the temperature range of =50 to 50°C,
at a frequency of 1 Hz and a heating rate of 2°C/min.
For determination of the void fraction, densities of
the obtained foams were measured by solvent dis-
placement method following the standard of ASTM
D792. The void fraction of the foam samples is cal-
culated according to ASTM D2734 by using Equa-
tion (1):

d, — d;

u

where V5, d, and d; are the void fraction of foam,
density of unfoamed and foamed nanocomposites,
respectively.

3. Result and discussion

3.1. Morphology

The foaming process of nitrogen-swollen polymer
occurs after destabilizing the thermodynamic equi-
librium state, which is induced by quenching the
pressure here. During the pressure quenching, the
polymer mixture becomes supersaturated with nitro-
gen gas, which leads to cell nucleation and growth.
Depending on the melting temperature or glass tran-
sition temperature of polymer, the matrix can vit-
rify, thereby suppressing cell growth. However, for
EVA copolymer as matrix, only the melting temper-
ature is required to be considered, since the glass tran-
sition temperature is far below the processing tem-
peratures.

3.1.1. Effects of EG particle size

One of the parameters, which determines the cell
morphology of a nanocomposite foam, is the disper-
sion and delamination state of nanofiller in the poly-
mer matrix of solid nanocomposite before any foam-
ing process. In our previous study [30], the effect of
two-step melt mixing process on the dispersion of
EG particles in EVA copolymer matrix was investi-
gated. As mentioned, better dispersion state of nano-
filler in polymer matrix changes the foam morphol-
ogy significantly and leads to higher cell density and
narrower cell size distribution. In a similar manner,
the cell size and density are considerably related to
the filler loading on account of the profound impact
of particle content on the dispersion state, thereby
affecting the accessible solid surface area for cell
heterogeneous nucleation. In other words, the nano-
filler aggregation is decreased at lower particle load-
ings, whereupon the efficiency of fillers in provid-
ing nucleation sites and foaming will improve. The
effect of EG content on the foam morphology is
shown in Figure 1. More bubbles in the nanocompos-
ite foam sample filled with 15 wt% of EG are seen.
Measured cell size and cell size distribution were
presented in Table 2. The average cell size of
EV15EG149FT70 sample is lower than the one for
EV4EGI149FT70 foam. At higher filler loading
approximately equal to the EG percolation thresh-
old, more aggregates of particles remain unchanged
and consequently, worsen the performance of EG
particle surface in cell nucleation process, thus the
filler effectiveness in this process is weakened lower
than that is expected. The aggregates of graphite at
higher loading can be observed in Figure 1b.
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Figure 1. SEM micrographs of EVA/EG nanocomposite foams: (a) EVAEG149FT70 and (b) EVISEG149FT70; effect of
EG loading on cell morphology. The black circles show some of graphite aggregates.

According to the nucleation theory, the classical the-
ory is an approach that is currently used to describe
the bubble nucleation in polymer foams, although
its prediction on the nucleation rate can be easily off
by several orders of magnitude. Among the polymer
foaming community, the discrepancy between the
classical theory and experimental results is some-
times attributed to the intervening heterogeneous
nucleation provided by filler solid surface and has
led to the classical theory modifications by incorpo-
rating certain aspects specific to the polymer foam-
ing process [9, 32-34]. Nanoparticles have been val-
idated that undoubtedly serve with heterogeneous
nucleation sites and their influence on the cell den-
sity has been qualitatively represented by the classi-
cal nucleation theory [32, 34]. In heterogeneous
nucleation process, the highest nucleation effi-
ciency can be achieved only if the nucleation on the
nucleant surface is energetically favored comparing
with its homogeneous counterpart and the nucleant
is well dispersed in the polymer matrix. In most
cases, the measured cell density is much lower than
the potential nucleant density, implying that either
the nucleant surface is not energetically favored, or
the dispersion state of nucleant is not good.

In addition, the aspect ratio of filler is another deter-
minant of particle effectiveness in heterogeneous

Table 2. Average cell size and the standard deviation of cell
size for different EVA/EG foams

Average Standard | Standard

Sample cell size deviation | deviation
[um] [um] (7]
EV4EG149FT70 138 52 37
EVI15EGI49FT70 79 30 37
EV6EG2FT50 23 11 47
EV6EG149FT50 34 21 61
CEV6EGI149FT70 96 55 57
EV6EG149FT70 112 57 50

\'\ Ty Mo

f ™\
Polymer Primary  Graphite
chains bubbles nanosheet

a) b)

Figure 2. A schematic indicating the possible nucleation
mechanism of EG particles: (a) each EG particle
provides multiple nucleation sites; (b) each EG
particle acts as a single nucleation site

nucleation process. As the filler aspect ratio increases,
a single particle may shift from nucleating one bub-
ble to simultaneously initiating multiple bubbles
[29]. Therefore, the number of possible heteroge-
neous nucleation sites is most probably higher than
the number of expanded graphite sheets owing to
the potential for sidewall nucleation, which is
schematically shown in Figure 2. The possibility of
this happening is higher for larger nanosheets. This
phenomenon provides a proof that for the nanocom-
posites filled with expanded graphite with high par-
ticle size or aspect ratio, more than one heteroge-
neous nucleation site is likely to be accessible along
a given expanded graphite nanosheet.

As shown in Figure 3, different cell morphologies can
be realized for the nanocomposite foams filled with
EX100 and EX1500. Higher cell density and broader
cell size distribution of sample filled with EX100
give evidence for stronger multinucleation role of
EX100, which stems from larger solid surface area
available for heterogeneous bubble nucleation (See
the results of EVOEG2FT50 and EVOEG149FT50
samples in Table 2). Furthermore, it can be dis-
cerned in this figure that many cells are grown and
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a)

Figure 3. SEM micrographs of nanocomposite foams: (a) EV6EG2FT50 and (b) EVOEG149FT50; effect of EG particle

size

impinged into each other especially in the foam
sample containing EX100. According to Table 2, as
it is expected, the heterogeneity of bubble size in
the sample containing EX100 (EVOEG149FT50) is
much more than the sample containing EX1500
(EV6EG2FTS50).

3.1.2. Effects of EVA crosslinking

Another influential factor in cell evolution of poly-
meric foams is the polymer properties as matrix.
Molecular weight and distribution, chemical and
physical architecture of polymer chains, and the flu-
idity of polymer are substantially important to deter-
mine the cell nucleation and growth behavior [23].
Besides, the melt strength of polymer is another
notable key to characterize the foams properties. For
EVA copolymer as a thermoplastic matrix, the cross-
linking of polymer chains is the best way to increase
the melt strength. Therefore, in this study the cross-
linking and foaming process of solid nanocomposites
were completed in two separate steps, different from
other investigations [35-37]. First, the chemical
crosslinking of EVA copolymer macromolecules was
carried out in the compression molding process.
Second, the cured samples were foamed in the auto-
clave at the same conditions mentioned before. The
differences in cell morphologies of cured and non-
cured foam samples are shown in Figure 4. Consid-
ering the fact that all foam samples were foamed
under the same conditions, more nonfoamed regions
of cured samples demonstrate that the presence of
chemical crosslinks among polymer chains affects
both cell nucleation and cell growth stages of foam-
ing process. These stages are influenced respectively
by lowering the gas diffusivity, i.e. causing insuffi-
cient nitrogen saturation state, and intensifying the
local melt flow index of polymer. The results that are
gathered in Table 2 show that CEVOEG149FT70

sample has much lower average cell size than
EV6EG149FT70 foam.

3.1.3. Effects of foaming temperature

As mentioned earlier, along with the material param-
eters, the processing ones such as the foaming pres-
sure and temperature also impact on the cell morphol-
ogy and thereby, changing the foam physical and
mechanical properties. In accordance with the classi-
cal nucleation theory, the cell density and the bub-
ble shape are affected by the foaming pressure or
pressure sharp drop during foaming process. In all
related researches, it has been demonstrated that the
number of cells per unit volume increases and the
average cell size decreases by subjecting the matrix
to a larger pressure decline [14, 15, 18, 25]. Contrary
to the foaming pressure, the effects of foaming tem-
perature on the cell morphology have not been under-
stood precisely. However, it has been shown that tem-
perature heterogeneity in polymer yields uneven
foam morphologies. In addition, high temperature
foaming process promotes the formation of large
cells with wide size distribution (compare the results
of EVOEG149FT50 and EV6EG149FT70 in Table 2),
whereas lower temperatures particularly those
closer to the 7, of the polymer-gas solution results in
the foams with possessing a relatively uniform micro-
cellular core [15].

As can be found in Figure 4 and Table 2, different cell
morphologies are attained by varying the foaming
temperature above and below the EVA crystalliza-
tion temperature. Similar to different graphite struc-
tures, the crystalline regions of EVA matrix are imper-
meable and act as physical obstacles to dissolving the
nitrogen gas in polymer and consequently, increase
the nucleation activation energy. As a direct result,
some nonfoamed regions can observed in the micro-
graphs of foam samples prepared below the EVA
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Figure 4. SEM micrographs of nanocomposite foams: (a) CEV6EG149FT50; (b) EVOEG149FT50; (c) CEV6EG149FT70
and (d) EV6EG149FT70; effect of foaming temperature and crosslinking of polymer chains

crystalline meltig point (Figure 4a and 4b). Above
the crystalline meltig point, the gas molecules have
enough energy to diffuse through the polymer chains
and obtain the primary bubbles. Moreover, above
the crystalline meltig point the polymer chains have
enough mobility to allow the bubbles to grow. There-
fore, larger cells are evident in the samples foamed at
higher temperature (Figure 4c and 4d). Details about
the melting and crystallization behavior of EVA
copolymer in the presence of expanded graphite are
presented in a previous study [30].

3.2.Void fraction

Physical properties of polymeric foams depend
mainly on three parameters: cellular microstructure or
architecture, intrinsic characteristics of polymer that
constitutes the solid framework and relative density
or void fraction. It seems that the void fraction or rel-
ative foam density is the most notable physical char-
acteristic of foam sample [38].

Figure 5 illustrates the effects of aforementioned
parameters on the void fraction of EVA/EG nano-

- EVXEG149FTS0 _

0.7 -+- EVXEG2FT50
- CEVXEG149FT50
06 -=- CEVXEG2FT50
- EVXEG149FT70
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=
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Figure 5. Void fraction versus EG content of foam samples;
effect of material and processing parameters. The
standard deviation for all samples is less than 3%.

composite foams. For all types of these foams, the
void fraction is diminished by increasing the EG
loading due to the larger accessible surface area for
bubble heterogeneous nucleation and correspond-
ingly, the formation of larger quantity of smaller cells.
In addition, the existence of more EG aggregates at
higher loadings of nanofiller lower the nucleation
efficiency.
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The nanocomposite foams containing EX100, which
are prepared at the temperature above the crystalliza-
tion point, show the maximum void fractions,
whereas the nanocomposite foams including EX1500
that are prepared at the temperature below the crys-
tallization temperature, have comparatively the min-
imum amounts of void fraction. According to the
SEM micrographs, the foam sample containing
EX100 with higher particle size possesses larger cell
size and broader cell size distribution owing to the
growth of more bubbles in the foaming process in
comparison with the EX1500 incorporated foams.
Another influential factor in the cell formation
process particularly at lower foaming temperature is
the crystallinity weight fraction of solid composites.
It was found in the previous paper that the nano-
composites containing EX100 show larger degree of
crystallinity than EVA/EX1500 solid samples [30].
Therefore, more crystalline regions of EVA/EX100
samples diminish the accessible domain area for bub-
ble nucleation and growth. Furthermore, the nano-
composite foams obtained above the EVA crystal-
lization temperature have relatively higher void
fraction, which stems from large accessible matrix
domains for cell nucleation and growth. One of the
most striking features of Figure 5 is that for the nano-
composite foams including more than 15 wt% EG,
the void fraction approximately reaches a plateau. In
other words, after a certain content of EG particles,
the void fraction of foam samples becomes fixed
and a final plateau can be observed for highly filled
nanocomposites regardless of the foam type. Seem-
ingly, the mutual EG influences on providing het-
erogeneous cell nucleation sites and retarding the
bubble growth in foaming process remains roughly
constant at high filler loadings. Another pronounced
feature of this graph is the comparatively lower void
fraction of crosslinked EVA foam samples. The void
fraction of these samples is significantly smaller than
that of non-crosslinked EVA samples and is further
supported by the morphology of these foam sam-
ples. As discussed before, the crosslinked EVA/EG
foams have some crosslinked regions that are free
from bubbles, thereby reducing the available matrix
domains for cell formation and growth.

3.3. Dynamic mechanical analysis of foams

There are distinct relaxation processes for the EVA
copolymer chains that relate to the crystalline phase
(comprised of polymethylenic segments), the inter-

facial regions (consisting of both ethylenic and VAc
segments) and the complex amorphous phase (com-
posed of noncrystallized methylenic segments and
VAc units). These relaxation processes can be denoted
by the respective transitions: a, B, and y, which refer
to the main transition, VAc segments, and the
methylenic units. In the previous study, the effects of
EG particle size on the DMTA results were discussed
[30]. However, in the present work, the storage and
loss moduli were recorded as a function of tempera-
ture for the foam samples having unequal EG parti-
cle size and different foaming temperatures. In addi-
tion, the influence of EVA crosslinking was also
evaluated as a material parameter.

3.3.1. Effects of EG particle size

Figure 6 shows the storage and loss moduli of the
prepared foams with different particle size. From this
figure and the previous research, it can be ascer-
tained that EVA/EG foams show different dynamic
mechanical behaviors in a similar way to EVA/EG
solid nanocomposites having different particle size
and EG contents. However, the more effective rein-
forcing role of EG nanofiller in EVA matrix has
been achieved for the solid nanocomposites filled
with higher loadings of large aspect ratio graphite.
Nonetheless, the EG particle size has reverse effect on
the storage modulus of the nanocomposite foams.
According to the Figure 6a, it is clear that the addi-
tion of EG to EVA matrix improves the storage mod-
ulus of virgin foam due to the reinforcing effect of
EG and the formation of more uniform cells. As men-
tioned earlier, the void fraction of foam is a critical
parameter to determine the foam properties. This is
why the foam storage modulus considerably depends
on the void fraction. As can be found in Figure 6a, the
nanocomposite foam containing EX100 with higher
void fraction has relatively lower storage modulus
in the full range of studied temperature compared to
the sample containing EX1500. Polymer-filler inter-
action and interfacial area in the solid regions of
foams, cell size, cell size distribution and void frac-
tion of foams affect the storage and loss moduli of
nanocomposite foams. The concomitant influences of
these factors determine the foam void fraction and
correspondingly, foam moduli. From the SEM micro-
graphs and void fraction curves, it is apparent that the
nanocomposite foam filled with 6 wt% of EG with
lower aspect ratio (EX1500) has smaller cell size and
lower void fraction in comparison with the EVA
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Figure 6. (a) Storage modulus and (b) loss modulus of virgin EVA, EVA foam and the solid and foamed nanocomposites
with different EG particle sizes and loadings. All samples were prepared at the same conditions. The DMTA of
solid nanocomposites were presented in the previous study [30].

matrix reinforced by EG with higher particle size
(EX100). Seemingly, the void fraction does make a
stronger impact on the foam properties than the EG
aspect ratio and the dominant role of bubbles in
weakening the EVA matrix is the plausible reason
for the higher storage modulus of sample containing
EX1500. As shown in Figure 6a, it is also obvious
that the £’ of foamed samples are relatively lower
than the £’ of solid nanocomposites due to the pres-
ence of gas phase in the foamed samples and the
formation of non-uniform cell structure.
Furthermore, Figure 6b demonstrates that the foam-
ing process of polymer in the presence of EG parti-
cle changes the loss modulus curves substantially and
the incorporation of EG nanofiller into EVA matrix
enhances the peak position of loss modulus or the
EVA glass transition temperature. The latter is caused
by the slower dynamics and restricted mobility of
polymer chain segments that interact with graphite
sheet surfaces.

An interesting phenomenon, which is worth noting,
is that the foaming process of polymer significantly
decreases the value of loss modulus. Particularly
for the pure EVA foam, the obtained heterogeneous
structure of polymer after foaming process is most
likely to diminish the storage and loss modulus.
According to the loss modulus curves of samples con-
taining 6 wt% of EGs, i.e. EX100 and EX1500, the
foaming process of EVA nanocomposites similarly
reduces the £ peak heights, indicating that the poly-
mer chain mobility and the resultant chain damping
ability is noticeably decreased by foaming the EVA
even in the presence of EG particles. During the
foaming process, the formation of bubbles in poly-
mer matrix imposes major constraints on polymer
chains by passing through the macromolecules and
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Figure 7. Schematic diagrams indicating the orientation and
intermolecular distance of polymer chains in:
(a) solid EVA/EG nanocomposite and (b) EVA/EG
foam nanocomposite; the chains are tightly packed
after foaming process

diminishing the chain-to-chain intermolecular dis-
tances. Therefore, squeezing the chains into smaller
spaces, orienting the polymer chain segments towards
each other and increasing the total chain segments
that interact with EG nanosheets are the plausible
explanations of impeded EVA molecular movements
after foaming and corresponding lower foam loss
modulus. Figure 7a and 7b are schematically show
these phenomena. In a similar manner, this trend is
also observed for the nanocomposite foams con-
taining higher loadings of EG particles that are not
shown here.

3.3.2.Effects of EVA crosslinking

As mentioned earlier, along with additive addition,
polymer properties such as melt strength and crys-
tallization behavior affect the foam structure, i.e. the
bubble nucleation and growth stages of foaming
process. As one of the key features that influences
the EVA matrix characteristics, the implications of
chain crosslinking for foam properties have been
evaluated here. From the aforementioned discus-
sion on the morphology and void fraction of the
crosslinked foams, it was concluded that crosslink-
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Figure 8. (a) Storage modulus and (b) loss modulus of crosslinked EVA nanocomposite and nanocomposite foams. All sam-

ples were prepared at the same conditions.

ing of polymer chains relatively reduces the foam cell
density and void fraction. As it can be seen in Fig-
ure 8, crosslinked EVA foam containing 6 wt% of
EX100 (CEV6EG149FT70) shows higher stiffness,
storage and loss moduli at temperatures below the
glass transition temperature compared to the non-
crosslinked foam with the same composition
(EV6EG149FT70). Chemical crosslinking of poly-
mer chains changes both the matrix molecular struc-
ture and foam cell morphology. While foaming
process weakens the solid crosslinked EVA/EG
nanocomposite, namely CEV6EG149, crosslinking
of polymer chains in the nanocomposite foam,
EV6EG149FT70, enhances the EVA viscoelastic
properties owing to the smaller cell density and void
fraction. In the case of crosslinked samples, gas per-
mittivity and bubble nucleation is influenced by the
3-dimensional network of polymer chains during
the foaming process, thereby shifting the viscoelas-
tic curves of foam samples.

Figure 8b illustrates the loss modulus variation ver-
sus temperature for crosslinked and non-crosslinked
foam samples. The height of loss modulus peak and
area under this curve indicate that the total con-
straints imposed on EVA chains in crosslinked foam
sample is lower than that of noncrosslinked one.
The higher damping ability of crosslinked foam
sample, CEV6G149FT70, is most probably caused
by the smaller void fraction and more nonfoamed
regions (refer to the schematic drawings of Fig-
ure 7).

3.3.3.Effects of foaming temperature

Another crucial factor that is directly involved the
foam characteristics is the foaming process temper-
ature. Besides, in semicrystalline polymers, the crys-
talline regions act as major obstacles for gas mole-
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cules to diffusing and for bubbles to growing in the
solid polymer just similar to the impermeable
graphite nanostructures. In this study, the nitrogen
saturation temperature in the foaming process was
near the melting point of EVA copolymer. Neverthe-
less, the foaming temperature was selected to be
above and below the EVA crystallization tempera-
ture in order to make a temperature impact assess-
ment. The melting and crystallization behavior of
EVA/EG nanocomposites was investigated earlier
[30]. Figure 9a and 9b demonstrate the variation of
storage and loss modulus alongside temperature for
the foam samples, which were prepared at different
foaming temperatures. It is clearly evident that the
foam sample obtained at the temperature below the
EVA crystallization point shows higher storage
modulus in glassy region due to lower void fraction
and the formation of special morphology that was
shown in Figure 4. Similar to the cell morphologies
illustrated in Figure 4, it can be deduced that the
crystalline regions of the nanocomposite foamed
below the EVA crystallization temperature have
markedly larger area than the one for sample pre-
pared at higher temperature. As a result of higher
crystallinity degree, the EVOEG2FT50 sample shows
stronger viscoelastic properties than EVOEG2FT70
foam. Moreover, the height of loss modulus peak and
area under the curve of EVOEG2FT70 sample are
considerably lower than that of EVOEG2FT50. As
explained earlier, the foaming of EVA in the pres-
ence of EG particles decreases the loss modulus peak
height because of the EVA chain squeeze, segmen-
tal orientation increase and EVA chain/EG nano-
layer interface area rise. This phenomenon intensi-
fies the interactions of EVA chains with each other
and EG solid surfaces, therefore the EVA molecular
movements and the peak height of loss modulus is
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Figure 9. (a) Storage and (b) Loss modulus of EVA/EG nanocomposites foamed at different temperatures; Both samples
were prepared via the same process apart from the foaming temperature.

comparatively much lower for the samples having
higher void fractions.

In Figure 10, £" is plotted as a function of £ in the
studied temperature range, which is typically known
as Cole—Cole plot. The relaxation time distribution
of polymer chains was described more accurately
by an advanced theory proposed in the work of
Cole and Cole [39]. This model represents the chain
relaxation time by a depressed semi-circle. Any
deviation from a single relaxation time is shown up
by a more imperfect semi-circle and an extra arc at
lower temperatures [40]. This extra arc refers to the
dynamic heterogeneity in the system and appears at
different chain relaxation time. The amplitude of the
additional arc at lower temperatures is more consid-
erable for EVOEG2FT50 and EVOEG149FT50 sam-
ples, which proves the existence of greater hetero-
geneity in polymer chain dynamics. This finding
can give a further evidence for the restricted molec-
ular movements of foam samples having larger void
fraction. However, the mechanisms of how the addi-
tion of EG affects the relaxations of all polymer
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Figure 10. Cole-Cole plot for neat EVA, EVA/EG nano-
composite and EVA/EG nanocomposite foams.
The ellipse indicates the aforementioned arc in
the text.

chains after foaming process needs to be studied
further considering the profound impact of foam
molecular motions on the product final properties.

4. Conclusions

The nanocomposite foams based on EVA/EG were
made using a supercritical fluid. Different cell mor-
phologies were obtained for the nanocomposite
foams containing different EGs with unequal parti-
cle size. The solid surfaces of EG sheets act as het-
erogeneous nucleation sites in the foaming process
and multiple cell nucleations simultaneously occur
on a single nanolayer. Higher cell density and broader
cell size distribution of sample filled with EX100
are the proofs of stronger multinucleations of EX100
due to the higher surface area. Furthermore, in the
foam sample based on EX100, there are so many
cells, which grow into one and impinge into each
other. Above the EVA crystallization temperature, the
gas molecules have enough energy to pass through
the polymer chains, thereby producing the primary
bubbles and the polymer chains themselves have
quickly enough molecular movements to allow the
bubbles to grow. The concomitant phenomena result
in larger cell size and void fraction for nanocompos-
ites foamed at higher temperature. The only obsta-
cle to diffusing gas molecules and growing bubbles
at this temperature is the impermeable graphite par-
ticles. Therefore, the foaming temperature plays a
key role in determining the final foam properties.
Besides, the void fraction decreases with increasing
the EG content owing to the larger accessible het-
erogeneous nucleation sites and more aggregations
of nanosheets at higher loadings. The nanocompos-
ite foams containing EX100 with higher particle
size prepared at the temperature above the EVA
crystallization point show maximum void fraction,
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whereas the nanocomposite foams incorporating
EX1500 obtained at the temperature below the crys-
tallization point possess minimum void fraction.
According to the DMTA data, the addition of EG to
EVA matrix improves the foam storage and loss
moduli because of the reinforcing effect of EG nano-
filler and the formation of more uniform cells. In
agreement with the morphology analysis and void
fraction results, the nanocomposite foams with higher
void fraction and larger bubble size demonstrate
smaller values of both storage and loss modulus.
Lower polymer chain mobility after foaming of EVA
in the presence of EG particles lead to these changes.
EVA/EG Foam properties are also influenced by
polymer chain chemical crosslinking. More non-
foamed regions were observed in these samples due
to the crosslinked regions in the EVA polymeric
matrix.
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Abstract. This work describes the production of electrically conductive nanocomposites based on thermoplastic polyurethane
(TPU) filled with montmorillonite-dodecylbenzenesulfonic acid-doped polypyrrole (Mt-PPy.DBSA) prepared by melt
blending in an internal mixer. The electrical conductivity, morphology as well as the rheological properties of TPU/Mt-
PPy.DBSA nanocomposites were evaluated and compared with those of TPU nanocomposites containing different conduc-
tive fillers, such as polypyrrole doped with hydrochloride acid (PPy.Cl) or dodecylbenzenesulfonic acid (PPy.DBSA) or
montmorillonite-hydrochloride acid-doped polypyrrole (Mt-PPy.Cl), prepared with the same procedure. The TPU/Mt-
PPy.DBSA nanocomposites display a very sharp insulator-conductor transition and the electrical percolation threshold was
about 10 wt% of Mt-PPy.DBSA, which was significantly lower than those found for TPU/Mt-PPy.Cl, TPU/PPy.Cl and
TPU/PPy.DBSA. Morphological analysis highlights that Mt-PPy.DBSA filler was better distributed and dispersed in the
TPU matrix, forming a denser conductive network when compared to Mt-PPy.Cl, PPy.Cl and PPy.DBSA fillers. This mor-
phology can be attributed to the higher site-specific interaction between TPU matrix and Mt-PPy.DBSA. The present study
demonstrated the potential use of Mt-PPy.DBSA as new promising conductive nanofiller to produce highly conductive
polymer nanocomposites with functional properties.

Keywords: nanocomposites, polymer composites, rheology

1. Introduction

Since its discovery in the late 1970s, the scientific
interest in understanding physical and chemical
properties of the intrinsically conducting polymers
(ICPs) has been increasing due to their potential in
various technological applications. Among ICPs,
polypyrrole (PPy) is a particularly promising mate-
rial because of its high electrical conductivity, chem-
ical and environmental stability in the oxidized state,
low ionization potential, electrorheological proper-
ties, electrochromic effect and relatively easy of syn-
thesis [1-6]. In fact, PPy can be potentially used in

*Corresponding author, e-mail: g.barra@ufsc.br
© BME-PT

new advanced technology areas, including elec-
tronic and optoelectronic nanodevices [7], sensors [8—
13], supercapacitors [ 14, 15], energy storage devices
[1, 7, 16], surface coatings for corrosion protection
[17], electromagnetic shielding applications [18-20],
smart textiles [21, 22] and even in medical applica-
tions [4, 23-26].

However, the poor mechanical performances and the
difficult processability (insolubility and infusibility)
[2, 3,19, 20, 27, 28] have hampered the use of PPy
for technological applications. Intensive investiga-
tions have been carried out to solve these problems.
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One approach to possibly overcome the above limi-
tations is blending PPy with commercial insulating
polymers to produce conductive polymer blends or
composites [3, 11, 27, 29-33]. Among the methods
mentioned in the scientific literature, melt mixing
offers the advantages of large-scale production and
reduced cost which are the bases for any industrial
application. However, this process has been reported
to be less efficient on the dispersion of PPy or other
ICPs within insulating polymer matrices. In fact, the
production of conducting polymer mixtures with
electrical conductivity less than 1077 S-cm™!, perco-
lation threshold about 30 to 60 wt% of ICP and
poor mechanical properties has been reported [34—
38]. Therefore, a great challenge is how to produce
a conducting polymer mixture through melt blend-
ing process with higher electrical conductivity at
low percolation threshold of ICP. Some works in
the literature have demonstrated that montmoril-
lonite/polypyrrole (Mt-PPy) nanocomposites are
potential fillers for improving the electrical and
mechanical properties of insulating matrix [27, 36,
38]. According to Boukerma et al. [36], the exfolia-
tion of Mt-PPy promotes a conductive network for-
mation in the insulating matrix with lower PPy con-
centration when compared with that found for neat
PPy. Mravcakova et al. [38] have reported interest-
ing results concerning the preparation of polypropy-
lene/Mt-PPy composites. On the other hand,
Peighambardoust and Pourabbas reported that per-
colation threshold of Nylon-6/Mt-PPy composites
was 15 wt% of Mt-PPy [27].

In this context, thermoplastic polyurethane (TPU)
is an interesting insulating matrix for developing
flexible conductive Mt-PPy composites with high
electrical conductivity at low percolation threshold.
TPU is among the most versatile engineering ther-
moplastics since it associates the properties of ther-
moplastic polymers with those of vulcanized rubbers
without vulcanizing agents [39, 40]. Moreover, to
the best of our knowledge, there are no studies con-
cerning the preparation of TPU composites with
Mt-PPy through melt blending method.

Based on the above considerations, the main objec-
tive of this study is to investigate TPU/Mt-PPy.DBSA
nanocomposites produced by melt blending and con-
taining various filler contents. In particular, the atten-
tion has been focused on obtaining good electrical
conductivity at low filler concentration. For compar-
ison purpose, three different conductive fillers, such

as polypyrrole doped hydrochloride acid (PPy.Cl)
or dodecylbenzenesulfonic acid (PPy.DBSA) and
montmorillonite-polypyrrole doped hydrochloride
acid (Mt-PPy.Cl) were separately added into TPU
matrix under the same processing conditions. The
morphology, electrical and rheological properties of
nanocomposites were experimentally investigated.

2. Experimental

2.1. Materials

Sodium bentonite, Vulgel CN 45 (Alianga Latina
Industrias e Comércio Ltda, Uruguaiana, Rio Grande
do Sul, Brazil)) was kindly supplied by Ioto Interna-
tional (Brazil). Pyrrole, 98%, (Aldrich, Germany)
was purified by distillation under reduced pressure
and stored in a refrigerator before use. Iron(III) chlo-
ride hexahydrate, FeCl;-6H,0, analytical grade
(Vetec, Duque de Caxias, Rio de Janeiro, Brazil), and
the surfactant dodecylbenzenesulfonic acid, DBSA,
(Aldrich, Italy) were used as received. Commer-
cially available TPU (Elastollan® 1180 A10 extrusion
grade; Shore A hardness = 80, density = 1.11 g-ecm™)
based on polyether was purchased from BASF
(Maua, Sao Paulo, Brazil).

2.1.1. Synthesis of conducting nanocomposites
(Mt/PPy)

The preparation procedure of the conducting nano-
composites Mt-PPy with or without a surfactant
was based on the method described in our previous
report with some modifications [41]. In a typical pro-
cedure, Mt (2.5 g) was dispersed into 250 mL of
water or aqueous solution containing the DBSA and
stirred for 2 h at room temperature. The molar ratio
of the surfactant/Py used in the polymerization was
1:5. The dispersion was sonicated with 35% power
(263 W) for 20 min with a Sonics VCX 750 ultra-
sonic processor (Sonics & Materials, Inc., USA).
FeCl;3-6H,0 (0.2542 mol) dissolved in 125 mL of dis-
tilled water was added in the aqueous MMT disper-
sion under stirring at room temperature. 50 mL of a
0.26 mol-L™! aqueous dispersion of Py (0.1105 mol)
were added dropwise in 15 min. The polymeriza-
tion proceeded for 1 h under stirring at room tem-
perature. After 24 h, the conducting fillers, (Mt-
PPy.Cl and Mt-PPy.DBSA) were filtered, washed
with distilled water and dried at 60°C. The PPy with
or without surfactant, denoted as PPy.DBSA and
PPy.Cl, respectively, were also prepared using a
similar procedure.
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2.1.2. Preparation of TPU/Mt-PPy
nanocomposites

Before processing, both TPU pellets and conducting
fillers were dried in a circulating-air oven at 100°C
for 3 h and vacuum oven at 60°C for 12 h, respec-
tively. TPU were melt blended with different amounts
of conducting fillers (5, 10, 15, 20, 25 and 30 wt%)
in an internal mixer (Haake Polylab QC, Thermo Sci-
entific, USA) at 170°C with a rotor speed of 50 rpm
and mixing time of 15 min. The specimens were com-
pression-molded at 170°C for 5 min under 12 MPa
pressure, and air cooled to room temperature.

2.2. Characterization

The elemental analysis was used to determine the
composition of conducting mixtures. Elemental
analysis was performed on a CHN 2400 analyzer
(Perkin-Elmer, USA). The combustion process was
carried out at 925°C using oxygen with a purity
level of 99.995%.

The electrical conductivity of the conducting fillers
and low-resistivity TPU composites were measured
using the four probe standard method with a Keith-
ley 6220 (USA) current source to apply the current
and a Keithley Model 6517A (USA) electrometer to
measure the potential difference. For neat TPU and
high-resistivity composites, the measurements were
performed using the two probe standard method
with a Keithley 6517A (USA) electrometer con-
nected to Keithley 8009 (USA) test fixture. All meas-
urements were performed at room temperature and
repeated at least five times for each sample.
Fracture surfaces of composites were observed by a
field emission scanning electron microscope
(FESEM), JEOL model JSM-6701F (JEOL, USA).
The specimens were fractured in liquid nitrogen
and coated with gold, and then the cross-section was
observed at an accelerating voltage of 10 kV.
Transmission electron microscopy (TEM) observa-
tions were performed by a Phillips CM120 micro-

scope (Phillips, Germany) (located at the Center of
Microstructure University of Lyon) at 80 kV. Spec-
imens consisting of 60 nm-thick ultrathin sections
were obtained by a Leica Ultracut UCT ultramicro-
tome (Leica, Germany) equipped with a diamond
knife and deposited on copper grids.

Fourier transform infrared (FTIR) spectra were
obtained through the attenuated total reflectance
(ATR) method using a spectrometer Bruker Tensor
27 (Bruker, USA) with a resolution of 4 cm™'. The
wavenumbers were in the range of 2000—-600 cm™!

for conducting fillers and 4000-600 cm™ for neat
TPU and TPU composites.

The X-ray diffraction (XRD) patterns of all samples
were obtained on an Philips X’PERT (Philips, Ger-
many) X-ray diffractometer, with CuKo (A=
0.154 nm) radiation source operating at a voltage of
40 kV and 30 mA current. The samples were evalu-
ated in a 20° range from 2 to 50°, at steps of 0.05°
and a time step of 1 s. Mt, PPy and Mt-PPy samples
were analyzed in powder form, while neat TPU and
relative composites were in the form of compres-
sion molded disks.

The rheological properties of TPU and their physi-
cal mixtures were analyzed using dynamic oscilla-
tory rheometry in the molten state through an Anton
Paar MCR302 rheometer (Anton Paar GmbH, Ger-
many). Dynamic frequency sweep test were con-
ducted at 170°C with angular frequency range from
0.1 to 100 Hz, in an oscillatory shear mode by using
a 25 mm parallel plate with a gap around 1000 pum.

3. Results and discussion

3.1. Characterization of conductive fillers

The composition of samples, electrical conductivity
and PPy content inserted in the Mt are summarized
in Table 1. Mt-PPy.DBSA and Mt-PPy.CI display
higher PPy content (approximately 90 wt% of PPy)
than those found by our recent study due to the
higher Py amount used in the in situ polymerization

Table 1. Elemental analysis, PPy content and electrical conductivity of conductive filler (PPy.Cl, PPy.DBSA, Mt/PPy.Cl

and Mt/PPy.DBSA)
Samples Compositiont PPy content Electrical conductivity
C H N [Wt%] [Seem™]

Mt 0.08 1.93 0.00 0.00 (4.26+0.34)-10°°
PPy.Cl 55.04 3.52 16.14 100.00 0.15+0.02
PPy.DBSA 66.20 6.35 9.90 100.00 4.39+1.02
Mt /PPy.Cl 44.97 3.01 13.48 83.52 4.26+0.14
Mt/PPy.DBSA 56.75 5.81 8.92 90.10 10.03+0.89

Calculated from elemental analysis.
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process [41]. As expected, the electrical conductivity
of PPy.DBSA (4.4 S:cm™) is higher than that found
for PPy.C1 (0.2 S:cm™") due to the doping effect of
DBSA molecules [41, 42]. In fact, the PPy.Cl sample
was prepared in absence of protonic acid and the
HCI that participates on the doping process was
provided by the FeCl; used as an oxidant.

This condition should be responsible for the lower
conductivity value found for the PPy.Cl sample.
The electrical conductivity values found for Mt-
PPy.DBSA and Mt-PPy.Cl samples are seven and
six orders of magnitude higher than that of neat Mt,
respectively. Furthermore, Mt-PPy.Cl nanocompos-
ite shows an increment in the electrical conductivity
of one order of magnitude higher than that found
for neat PPy-Cl, probably due to the doping effect
of the Mt [41].

3.2. Characterization of TPU/Mt-PPy.DBSA
nanocomposites

TPU/Mt-PPy.DBSA nanocomposites show a very
sharp insulator-conductor transition and the electri-
cal conductivity increased significantly with increas-
ing the Mt-PPy.DBSA content, as observed in Fig-
ure 1. This behavior can be attributed to the forma-
tion of a continuous conductive Mt-PPy.DBSA net-
work in the insulating polymer. On the other hand,
the electrical conductivity of the systems containing
30 wt% of Mt-PPy.Cl, PPy.Cl and PPy.DBSA show
electrical conductivities of 1.3:107%, 5.4-10°'! and
4310719 S-.cm™!, respectively, which were much
lower than the value found for TPU/Mt-PPy.DBSA
nanocomposites(1.5-10 S:cm™!) at the same con-
ductive filler content.

10°
10"'!

-2 o
107 1 c%"‘ e /
gg
-8

TPUMEPPy.DBSA N

1041::
101 :
10.5‘-!. - - Log([)f—!;J !
1027
1071
1047
107
1007
101
1027 #
10-%

Electrical conductivity [S/cm)]

-a— TPU/PPy.CI
-o0- TPU/Mt/PPy.CI
-A— TPU/PPy.DBSA
== TPUIMULPy_DBSA
5 10 15 20 25 30
Conductive filler content [wt%]

o

Figure 1. Effect of the conducting fillers content on electri-
cal conductivity

For electrically percolating systems, the electrical
conductivity ¢ of a filled material follows a power-
law relationship in the form of Equation (1):

o =ayf~ 1) (1)

where gy is a constant, fis the content of conducting
filler, £, 1s its percolation threshold and ¢ is the criti-
cal exponent. The values of parameters f, and ¢, as
determined through the plot of log o versus log(f— f;),
of TPU/Mt-PPy.DBSA nanocomposites resulted to
be ~10 wt% and 2.2, respectively. A critical expo-
nent in the range from 2 to 4 is in agreement with
the classical theory for tridimensional systems. On
the other hand, TPU/Mt.PPy.Cl nanocomposites
show a percolation threshold of 22.5 wt%. The
lower f,, value and higher electrical conductivity of
TPU/Mt-PPy.DBSA nanocomposites with respect
to TPU/Mt.PPy.Cl and TPU/PPy samples probably
reflects the good dispersion of the conductive filler
(Mt-PPy.DBSA) in the polymer matrix. These results
are consistent with the morphological features of
these materials, as it will be discussed later.
FESEM micrographs of cryogenically fractured
samples with 20 wt% of conductive filler are shown
in Figure 2. The microstructure of the TPU/PPy.Cl
and TPU/PPy.DBSA blends revealed typical phase
separation morphology with the presence of iso-
lated PPy agglomerates in the TPU matrix. This mor-
phology can explain the low electrical conductivity
for these samples. On the other hand, TPU/Mt-
PPy.CI and TPU/Mt-PPy.DBSA nanocomposites
present disperse agglomerates composed of con-
ducting pathways, in which the disperse phase is
better interconnected than in the case of TPU/PPy.Cl
and TPU/PPy.DBSA blends. Furthermore, TEM
image of TPU/Mt-PPy.DBSA nanocomposite (Fig-
ure 3) reveals a denser network formation of Mt-
PPy.DBSA in the TPU matrix when compared with
that found for Mt-PPy.CIl. The morphological dif-
ference of TPU/Mt-PPy.Cl and TPU/Mt-PPy.DBSA
nanocomposites indicates that DBSA was able to
induce the formation of conductive pathways in the
TPU matrix, and consequently enhancing the elec-
trical conductivity. This morphology can be attrib-
uted to the higher site-specific interaction between
TPU matrix and Mt-PPy.DBSA.

The infrared spectra of neat TPU, TPU/PPy blends
and TPU/Mt-PPy nanocomposites filled with 20 wt%
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PPy.Cl PPy.DBSA

LCME y WD57mm 1um

Mt/PPy.CI A ' { Mt/PPy,DBSA

c)

Figure 2. FESEM micrographs of cryogenically fractured samples with 20 wt% conductive for TPU/PPy.Cl (a), TPU/
PPy.DBSA (b), TPU/Mt-PPy.Cl (c) and TPU/Mt-PPy.DBSA nanocomposites (d)

Figure 3. TEM images of TPU/Mt-PPy.C (a) and Mt-PPy.DBSA (b)
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Figure 4. FTIR spectra of (a) pure TPU and physical mixtures with 20 wt% loading of conductive filler and (b) free and

hydrogen bonded N—H stretching region

of conductive filler are shown in Figure 4. The absorp-
tion bands of neat TPU in the region of 3320 cm™! and
at around 2900 (2939 and 2852 cm™') are assigned
to the N—H and CH, absorption bands, respectively.
The distinct bands that overlap intensively at 1730
and 1703 cm™! are related to the free carbonyl and
hydrogen-bonding absorption of the neat TPU mol-
ecules, respectively. The absorption band at 1526 cm™
is attributed to —NH group of urethane while the
bands at 1219 and 1105 cm™! are assigned to the ether
group [43-50].

The spectra of the TPU/PPy and TPU/Mt-PPy exhib-
ited overlapped absorption bands of PPy and TPU.
The band centered at 3320 cm ™', related to the bonded
—NH, was red-shifted to 3300 cm™' for nanocom-
posites (Figure 4b) [51]. Furthermore, the band at
3435 cm™! assigned to the free -NH group practi-
cally disappeared with the addition of the Mt-
PPy.DBSA or Mt-PPy.Cl in the TPU matrix. These
results suggest that the specific interaction between
TPU and Mt-PPy.DBSA or Mt-PPy.Cl groups is
higher than that observed for TPU and PPy.DBSA
or PPy.Cl. An in-depth analysis of the infrared spec-
tra in the range 1800 to 1650 cm™! for neat TPU and
its physical blends was carried out, as shown in Fig-
ure 5. The spectra with Gaussian deconvolution of
absorption bands centered at 1730 and 1703 cm™!
are assigned to the free and site-specific interac-
tions of the carbonyl group. As shown in Table 2,
the absorption area ratio between free and bonded
carbonyl groups (A1730/A1703) reduces signifi-
cantly with increasing of PPy.DBSA, Mt-PPy.Cl
and Mt-PPy.DBSA content, except for the PPy.CL
The observed shifts in the —NH region (1350 to
1300 cm™) and the reduction of the free carbonyl

Table 2. Ratio of the area under the peak of C=0 groups
(free (A1730) and hydrogen bonded C=0 (A7¢3)),
with 20 wt% loading of conductive filler

Sample A173011703)
TPU 0.46
TPU/PPy.C1 0.48
TPU/Mt-PPy.Cl 0.35
TPU/PPy.DBSA 0.34
TPU/Mt-PPy.DBSA 0.30

absorption bands (A;730/A1703) provide direct sup-
port for the fact that site-specific interaction between
the N-H and C=0 functional groups are operative in
blends and/or nanocomposites containing PPy.DBSA,
Mt-PPy.Cl and Mt-PPy.DBSA. These data also
reveal that there are considerable fractions of both
free and bonded carbonyl amine groups even when
TPU is the dominant (80 wt%) component. More-
over, the observed shifts and reduction of free car-
bonyl groups for TPU/Mt-PPy.DBSA are higher than
those found for others blends and/or nanocompos-
ites, suggesting higher interaction of TPU and Mt-
PPy.DBSA. These results are consistent with those
discussed in sections on morphology and electrical
conductivity.

XRD curves of the neat TPU (Figure 6) exhibits a
large and intense diffraction peak centered at 20 =
19.98° assigned to the reflection plane (110) with d-
value of 0.45 nm. This diffraction pattern can be
attributed to the irregular segments of the amor-
phous phase and, chains arranged on short-range of
the TPU rigid phase, respectively [52, 53]. Accord-
ing to Ramoa et al. [41] the neat Mt used in this study
manifests a crystalline peak at 6.3° (20) assigned to
the periodicity in the (001) direction of neat Mt and
d-value is 1.4 nm. The Mt diffraction peak and basal
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Figure 5. Deconvolution on the FTIR spectra in the free and hydrogen bonded carbonyl peaks (C=0O and H-C=0) of pure
TPU (a) and TPU composites with 20 wt% loading of conductive filler PPy.Cl (b), PPy.DBSA (c), Mt-PPy.CI (d),

Mt-PPy.DBSA (e)

distance doo1) for the TPU/Mt-PPy.Cl nanocompos-
ites are shifted to 4.6° (1.9 nm), respectively, indi-
cating an intercalation of Mt-PPy.Cl in the TPU
matrix. However, the peak at 6.3° practically disap-
peared for TPU/Mt-PPy.DBSA nanocomposites.

The storage (G') and loss moduli (G”) as a function
frequency are shown in Figure 7 for neat TPU and its

951

composites. At the lowest frequencies, neat TPU
presents a liquid-like behavior (G">G"). Furthermore,
there is a transition from liquid to solid-like behav-
ior (G"<G") at a frequency of 31.8 Hz, while for
TPU/PPy.CI and TPU/PPy.DBSA composites con-
taining 5 wt% of PPy.Cl, this transition was observed
at 81.7 and 81.5 Hz, respectively. For both TPU/PPy
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Figure 6. XRD patterns of pure TPU and TPU nanocompos-
ites containing 20 wt% loading of conductive
filler

blends, G’ and G" values decrease with increasing
the amount of PPy, suggesting a certain degree of
polymer matrix degradation. On the other hand,
TPU/Mt-PPy.Cl and TPU/Mt -PPy.DBSA nano-
composites show a quite different behavior when
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compared with those found for TPU/PPy blends.
For both TPU/Mt-PPy nanocomposites, G' and G"
values increase with increasing the Mt-PPy content
in the TPU matrix. The significant increase in the stor-
age modulus indicates that TPU/Mt-PPy nanocom-
posites exhibit a pseudo-solid-like behavior. More-
over, TPU/Mt-PPy nanocomposites with 5 wt% of
Mt-PPy content show a transition from liquid to
solid-like behavior at frequencies higher than 31.8 Hz,
which is the same value observed for the neat TPU,
while the values of G’ becomes almost independent
at lower frequency for nanocomposites containing
15 wt% of Mt-PPy. This behavior can be attributed
to the percolative network formation, in which the
conductive filler reduces the mobility of the TPU
chain. The rheological percolative network increases
the number of interfaces between conductive fillers,
and thus an enhancement of the both elastic and vis-
cous components is observed.

The loss tangent (tand) curves as a function of fre-
quency reported in Figure 8 can provide an insight
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Figure 7. Storage modulus (G, full points) and loss modulus (G”, empty points) versus frequency (o) at a temperature of
170°C for pure TPU and its composites containing 0, 5, 15 and 30 wt% of various conductive fillers: PPy.Cl (a),

PPy.DBSA (b), Mt-PPy.Cl (c), Mt-PPy.DBSA (d)
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Figure 8. Loss tangent (tand) versus frequency (o) at a temperature of 170°C for pure TPU and its composites containing
various percentages and types of conductive fillers: PPy.Cl (a), PPy.DBSA (b), Mt-PPy.Cl (c), Mt-PPy.DBSA (d)

on the site-specific interactions between the poly-
mer matrix and conducting fillers [54, 55]. Accord-
ing to Han et al. [56], for a composite system with
high-level of conducting phase agglomeration, a
larger and more intense tand curve with respect of
neat insulating polymer can be observed. TPU/PPy.Cl
and TPU/PPy.DBSA blends have shown this behav-
ior, suggesting PPy agglomeration into TPU matrix.
On the other hand, with increasing conducting filler,
the TPU/Mt-PPy.Cl and TPU/Mt-PPy.DBSA nano-
composites show lower tand intensities when com-
pared with the neat TPU, while for nanocomposites
containing 15 and 30 wt% of Mt-Py tand values are
practically frequency independent. In addition, TPU/
Mt-PPy.DBSA composites exhibit lower tand val-
ues than TPU/Mt-PPy.Cl, indicating better distribu-
tion and dispersion of Mt-PPy.DBSA in the TPU
matrix. According to Potschke ef al. [57], this behav-
ior supports the idea that site-specific interactions at
the interface of insulating polymer matrix and con-
ductive filler could be operative.

Figure 9 shows the storage modulus G' as a function
of loss modulus G” with frequency as a parameter
for neat TPU and relative composites. These curves
have been extensively used to investigate modifica-
tions in the structure of several polymeric systems at
a fixed temperature [57-59]. According to McClory
et al. [60] any change in the curve behavior of the
composite compared with the neat PPy is an indica-
tion of network formation. It is observed that with
increasing PPy.DBSA or PPy.Cl content, the varia-
tion of G’ as a function of G" for TPU/PPy.DBSA
and TPU/PPy.Cl blends at lower frequency region
(terminal zone) is different from that found for neat
TPU. This behavior is characteristic of a system with
heterogeneous structure. On the other hand, in the
high frequency region (rubbery plateau) these curves
are overlapped to that found for the neat TPU, which
highlights the occurrence of a homogeneous struc-
ture. As expected, these mixtures should present a
heterogeneous system behavior for all frequency
regions.
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Figure 9. Han plot of storage modulus (G’) versus loss modulus (G") at a temperature of 170°C for pure TPU and its com-
posites containing various percentages and types of conductive fillers: PPy.Cl (a), PPy.DBSA (b), Mt-PPy.Cl (¢),

Mt-PPy.DBSA (d)

According to Barick and Tripathy [59] the different
behavior observed for TPU/PPy.Cl and TPU/
PPy.DBSA blends at higher and lower frequencies
could be assigned to the difference of the dynamic
relaxing processes for the neat TPU and mixtures.
In addition, according to Han et al. [56] for a partic-
ular polymer system the applied shear stress at low
frequency is not sufficient to disrupt the structure of
the interconnected network due to the strong inter-
actions between insulating polymer chains and con-
ductive filler, resulting in a heterogeneous structure
behavior below a critical shearing force. Above this
critical point, with increasing the frequency, the
shear stress is able to separate the conductive net-
work structure and a homogeneous system behavior
is observed. TPU/Mt-PPy.Cl and TPU/Mt-PPy.DBSA
nanocomposites containing conductive filler load-
ing up to 5 wt% show similar trend to those found
for TPU/PPy.CI and TPU/PPy.DBSA blends. How-
ever, above 10 wt% of Mt-PPy.DBSA and 15 wt%
of Mt-PPy.Cl content, the curve slope of nanocom-

posites is higher than those observed for neat TPU
for all the investigated frequencies. This result indi-
cates that TPU/Mt-PPy.DBSA and TPU/Mt-PPy.Cl
composites are more heterogeneous when compared
to TPU/PPy.Cl and TPU/PPy.DBSA blends, due to
the presence of a strong three-dimensional conduc-
tive network, which is not disrupted with the shear
force. These changes in the curve slope of Mt-
PPy.DBSA nanocomposites suggest that the inter-
phase interaction of the TPU matrix and Mt-
PPy.DBSA are higher in descendent order of that
found for Mt-PPy.Cl, PPy.DBSA and PPy.Cl fillers
[57, 61].

4. Conclusions

A new electrical conductive nanocomposite based on
thermoplastic polyurethane and montmorillonite/
dodecylbenzenesulfonic acid-doped polypyrrole
(TPU/Mt-PPy.DBSA) with an electrical conductiv-
ity as high as 0.05 S-cm™! was successfully prepared
through melt mixing process using an internal mix-
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ing chamber. The structure and properties of the mix-
tures were strongly dependent on the site-specific
interactions between the conductive filler and TPU
chains. TPU/Mt-PPy.DBSA exhibits higher electrical
conductivity and lower percolation threshold than
TPU/Mt-PPy.Cl, TPU/PPy.Cl and TPU/PPy.DBSA
mixtures. This behavior can be attributed to the
strong interaction of Mt-PPy.DBSA particles and
TPU matrix, which induces a better conductive net-
work formation than those found for Mt-PPy.Cl,
PPy.Cl and PPy.DBSA fillers. Furthermore, this syn-
ergistic effect can also be assigned to the presence
of Mt that acts as a template for the PPy.DBSA,
facilitating the formation of Mt-PPy.DBSA network
in the TPU matrix. The results reported in this study
prove that the morphology and electrical conductiv-
ity are significantly influenced by the composition of
the conductive filler used in the melt mixing process,
especially in the case of Mt-PPy.DBSA. Moreover,
the present work reveals the potential use of Mt-
PPy.DBSA as a new promising conductive filler for
producing highly conductive polymer nanocompos-
ites to be applied in several technological applica-
tions.
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