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In this study, in order to produce nanofibers from waste hazelnut shells, a lignocellulosic biomass, firstly, liquefied
hazelnut shell (LHS) was obtained by liquefaction of waste hazelnut shells using phenol and some chemicals. Then,
reduced graphene oxide (RGO) was produced by Hummers’ method. RGO and polyvinyl pyrrolidone (PVP) were
added to LHS, in certain proportions, to form seven different LHS-RGO-PVP solutions with
ethanol/dimethylformamide (EtOH/DMF). From these solutions, nanofiber surfaces were obtained by a semi-industrial
electrospinning device. The morphology of the nanofibers and the properties of the electrospinning solution were
investigated, and it was observed that the optimum nanofibers were obtained from 7.5% LHS/10% PVP/5.6% RGO
solution by the electrospinning method. It has been determined that the conductivity is slightly reduced by the addition
of RGO to the solution, the viscosity is greatly reduced, the nanofiber diameters are reduced by approximately half, and
thinner nanofibers are obtained.

Keywords: liquefied hazelnut shell, reduced graphene oxide, polyvinyl pyrrolidone, multi-needle electrospinning,
nanofiber

INTRODUCTION

Wood is one of the most important renewable
energy sources.'™ Liquefaction of wood is carried
out using an acid or alkaline catalyst, with phenol
or polyhydric alcohols.*” In the literature, there
are many studies on the phenolation of wood
wastes using different acids, such as
hydrochloric,® sulfuric,” oxalic,'” phosphoric''
etc., alkalis,’ such as sodium hydroxide (NaOH),
and metallic salts,® such as magnesium sulfate
(MgSO0,), as chemical catalysts. According to the
data provided by the Turkish Statistical Institute
(TUIK), and presented in Table 1, Turkey has rich
resources in terms of hazelnut production, with an
average share of 65.53% of the world’s hazelnut
production in the years 2010/11 and 2017/18."

Hazelnut shells resulting as residue are either used
as fuel or disposed of as waste. Considering this,
this study aimed to find a new application for this
residue, so as to valorize it and turn it into a
value-added product.

Nowadays, many consumable commercial
products are manufactured from synthetic
polymers. These resources, which cannot be
renewed and biodegradable, have disadvantages
in terms of their insufficient availability and
serious environmental pollution.'>'* Innovative
technologies with bio-based products can reduce
the dependence on fossil resources. Cellulose and
lignin are the most and the second most abundant
components of plant biomass, respectively. Agro-
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industrial biomass, comprising lignocellulosic
waste, is inexpensive, renewable and abundant,
providing a unique natural resource for large-scale
manufacture of cost-effective products.'™'*"* As a
by-product of the cellulose and paper industry,

lignin is often burned for energy recovery. Lignin
can be used for sustainable production processes
based on renewable resources not only for energy
purposes, but also as a resource for chemicals and
plastics.'>"®

World hazelnut production1

Table 1

2

Hazelnut production by years (tons)

Countries 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16 2016/17 2017/18
Turkey 600,000 430,000 660,000 549,000 412,000 646,000 420,000 675,000
Ttaly 107,000 140,000 84,000 132,000 100,000 125,000 130,000 100,000
USA 24,500 35,000 32,000 35,000 36,300 43,500 32,000 34,000
Azerbaijan 39,000 55,000 40,000 30,000 25,000 50,000 35,000 45,000
Georgia 40,000 30,000 28,000 35,000 35000 40,000 40,000 60,000
Spain 20,000 22,000 16,000 19,500 19,500 20,000 21,000 19,000
Other 27,000 27,000 25,000 25,000 25,000 45000 42,000 44,500
Total 857,500 739,000 885,000 825,500 660,773 969,500 720,000 997,500
Turkey’s share (%) 69.97 58.19 74.58 66.51 62.35  66.63 58.33 67.67

The use of biomass resources will be a major
solution to the above-mentioned problems and
many techniques are currently being developed to
effectively use biomass resources. '
Lignocellulosic biomasses mainly consist of three
polymers: cellulose, hemicelluloses and lignin,
representing the three main constituents of the cell
walls of plants, in which they are not uniformly
dispersed.”’ Hazelnut shell is a lignocellulosic
biomass material containing 26.7% cellulose,
30.29% hemicellulose and 43.01% lignin.**™
Lignocellulosic biomass materials are used as a
source for renewable energy and materials. While
waste hazelnut shell is generally either burned or
discarded, it has been reported that it can be
liquefied in the laboratory by the liquefaction
technique in order to use it effectively to produce
high value-added products.**

Polyvinyl pyrrolidone (PVP) is a polymer that
can be used in the electrospinning method due to
its good adhesion, complexation properties and
solubility in water and various organic solvents.
PVP is typically used to produce fibers from
materials that cannot be spun by electrospinning,
acting as a carrier polymer or partner.”” Yang et
al. found in their study that a mixture of ethanol
and DMF, with a mass ratio of 50/50, is the best
solvent system to obtain an ultra-thin PVP
nanofiber.”® As it is known that, theoretically, it is
difficult to convert the graphene doped liquefied
hazelnut shell to nanofibers by electrospinning,
the PVP polymer was used in this study to
produce nanofibers by electrospinning from
graphene doped liquefied hazelnut shell.
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Graphene is a material with two dimensions,
which is  unique  with  its  superior
electrochemistry, electrical conductivity, optical,
thermal and mechanical properties.”” " Graphene,
due to its superior properties, is increasingly used
in nanosurface production at an industrial level.
Graphene has applications in polymer supports,
gas sensors, composite materials, biological
sensors, hydrogen storage devices, field effect
transistors, transparent touch screens, lithium ion
batteries and light panels.’’ ™ Graphene can be
produced by different methods. However, the
chemical reduction method is the most common.
In this method, graphite is first converted to
graphene oxide (GO) by chemical oxidation using
a strong acid and oxidant, forming numerous
functional groups, such as hydroxyl (-OH), epoxy
(-COC), carbonyl (-CO) and carboxyl (-COOH).
GO has a hydrophilic character due to these
functional groups. This structure decreases the
conductivity of GO, causing restrictions on the
use of GO in electronic applications. Therefore,
the functional groups of GO should be removed
by reduction to obtain reduced graphene oxide
(RGO). Hydrazine hydrate and sodium
borohydride are the main chemicals used for the
reduction process.’**

Electrospinning is the ideal method for
nanofiber production. The nanofibers exhibit
superior properties, such as large surface area by
volume, very small pore sizes, flexible surface
functionality, and mechanical properties.”””
Owing to the increased use of the electrospinning
method, researchers have come up with different



production methods. In the electrospinning
method using a solution, the polymer can be
dissolved in an ideal solvent under suitable
conditions and used in the electrospinning
process.”” The synthesis of new polymers that can
be spun by the electrospinning method has
emerged as a subject of research.

In recent years, with the depletion of oil
reserves and environmental problems, there has
been a rising interest in utilizing sustainable
feedstock, such as biomass, to obtain various
renewable products as an alternative to petroleum-
based materials. Especially, phenolated biomass,
obtained by using the liquefaction technique, was
recently used for the production of nanofibers via
the electrospinning  method.”*  However,
liquefied biomass is a kind of viscous liquid rich
in phenolics and cellulosic oligosaccharides. The
main composition of liquefied biomass consists of
relatively low average molecular weight
compounds, ranging from a few hundred to
several thousand. Theoretically, it is hard to
obtain electrospun fibers from liquefied biomass.
Because the average molecular weight of polymer
solutions used in the electrospinning process is
generally more than several hundred thousand.
However, mixing an un-spinnable material with a
spinnable polymer is a commonly used approach
for the electrospinning technique.”

Also, it has been reported that graphene-
reinforced nanocomposites have good
performance, especially in terms of mechanical
properties, as compared with other nanofillers,
such as carbon nanotubes. This nanomaterial was
added to polymer matrixes in order to enhance the
mechanical and electrical properties along with
morphological properties, such as diameter and
porosity of the composite materials. Additionally,
the high electrical field obtained during the
electrospinning process can enhance the
interactions between the nanofiller and the
polymer matrix, developing a filler/matrix
interface at a molecular scale.””'

Thus, the aim of this research was to produce
PVP and PVP/RGO doped LHS nanofibers, using
liquefied waste hazelnut shells and to characterize
their properties. In the experiments, lignocellulose
based biomass waste hazelnut shells were
effectively liquefied in the laboratory and doped
with graphene in order to produce high value-
added products. GO was synthesized from
graphite by the modified  Hummers’
method™?***** and then RGO was produced
from GO by the chemical reduction method.****

Nanofibers

Theoretically, since it is difficult to convert the
graphene doped liquefied hazelnut shell to
nanofibers by electrospinning, PVP, a well-known
polymer that can be used for electrospinning, was
added to the LHS-RGO mixture, in certain
proportions, due to its above-mentioned excellent
properties. Then, the mixtures were dissolved in
EtOH-DMF solvent mixtures and LHS-RGO-
PVP/EtOH-DMF solutions at different
concentrations, and nanofibers were produced
from PVP and PVP/RGO doped LHS spinning
solutions by the electrospinning method.
Nanofibers were obtained by electrospinning with
appropriate spinning parameters. Finally, some
analyses were carried out to characterize the
obtained nanofibers. The obtained nanofibers had
decent properties and would be of interest for
several applications, such as in sensor technology,
membrane technology, battery technology as
anode material, and in supercapacitor technology
as electrode material after carbonization.

EXPERIMENTAL
Materials

In this study, graphite powder (<20 pm), potassium
permanganate (KMnO,) and sodium nitrate (NaNOs,
99.5%), which were used to synthesize GO by the
modified Hummers’ method, and phenol, sulfuric acid
(H,SOy4, 95-97%), methanol and sodium hydroxide
(NaOH), which were required to liquefy the hazelnut
shell, were supplied by Merck, Germany. Hydrogen
peroxide (H,0O,, 35.7%), hydrazine hydrate (HeN,O,
80%), ethanol (EtOH) and sulfuric acid (H,SOy4, 95%)
were supplied by Sigma Aldrich, Germany. Waste
hazelnut shells were collected from the Black Sea
region in Turkey. The hazelnut shells were ground
using a high-speed blade grinder to obtain fine
particles, and then these particles were sieved by using
a vibrating screen. Particles of 60-80 mesh sizes were
used for the experiments.

Methods
Liquefaction of waste hazelnut shells

In order to liquefy the hazelnut shell, first it was
dried in the oven for 12 hours at 103 °C. The moisture
content of the dried hazelnut shell was measured as
3%. 90 g of phenol was weighed, so that the phenol-
hazelnut shell ratio was 3/1 (30 g of oven-dried
hazelnut shell). 2.7 g of sulfuric acid, corresponding to
3% of the amount of phenol, was weighed. In the
experiments, 30.9 g of hazelnut shell was used
considering 3% moisture content of 30 g raw hazelnut
shell. The mixture of hazelnut shells, phenol and
sulfuric acid in a 500 mL glass flask was reacted in a
microwave oven under 350 W power at 192 °C, with
continuous stirring at 200 rpm for 90 min. At the end
of this process, the obtained product was diluted with
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methanol and filtered under vacuum using filter paper
to remove unreacted substances. The pH of the filtrate
was measured and found to be 2.66. To neutralize the
liquefied fraction, 0.98 g of NaOH was added to the
mixture until pH 7 was reached. Subsequently,
filtration was carried out again in order to separate the
salts formed by the reaction of alkali (sodium
hydroxide) and acid (sulfuric acid), and the remaining
salts were removed. Finally, methanol was removed on
a rotary evaporator at 50 °C and 90 rpm for 4 hours
and liquefied hazelnut shell (LHS) was obtained.

Synthesis of graphene oxide (GO)

The graphene oxide used in the study was obtained
by the modified Hummers’ method.?****4** For this
purpose, 5 g of graphite and 2.5 g of sodium nitrate
(NaNOs;) were added to a beaker placed in an ice-bath
(temperature = 0 °C). Thereafter, 115 mL of sulfuric
acid (H,SO,) was added slowly to the beaker. It was
stirred for 1 hour at a very low speed (5 rpm) with the
aid of a magnetic stirrer. 15 g of potassium
permanganate (KMnO,4) was added slowly to the
beaker in an ice bath. The speed of the magnetic stirrer
was set to 25 rpm and it was stirred for 2 hours at a
temperature not exceeding 40 °C. The mixture in the
beaker was transferred to a double flask. 500 mL of
deionized water was then added to the mixture. After
the addition of water, the color of the mixture changed
from black to light brown. The flask was then re-
mounted to the condenser and stirred at 25 rpm for 1
hour. 8.403 mL of hydrogen peroxide (H,O, 35.7%)
was added to the mixture and processed for 2 hours on
a magnetic stirrer at a constant temperature of 40 °C.
The color of the mixture turned brown. An Erlenmeyer
flask and a gas scrubber were connected to the vacuum
device and a Buchner funnel was placed on the flask so
that no air could leak. The mixture was washed 14
times with deionized water and filtered. Filtration was
performed slowly, and the pH was increased to 7. After
the filtration process, the remaining material was
transferred to the watch glass and oven-dried at 50 °C
for 24 hours, and 9.69 grams of graphene oxide (GO)
was obtained.

Production of reduced graphene oxide (RGO)

To obtain graphene from graphene oxide (GO), 3 g
of GO was first added to 900 mL of deionized water
and the mixture was processed for 24 hours in a
magnetic stirrer at 35 °C and 300 rpm, and then
dispersed in an ultrasonic bath at 12 °C for 2 hours. 90
mL of hydrazine hydrate was then added slowly to the
solution. The mixture was connected to the condenser.
It was stirred at 90 °C for 24 hours in a magnetic
stirrer. Filtration was then carried out several times
with ethanol. It was filtered with deionized water until
pH 7. The resulting material was kept in the drying-
oven at 50 °C for 24 hours and 1.28 grams of RGO
was obtained.
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Nanofiber spinning process from PVP and PVP/RGO
doped LHS solutions

In preliminary studies, nanofiber extraction by the
electrospinning method could not be performed from
only LHS containing drafting solutions. Therefore, in
order to produce nanofibers from LHS, PVP polymer,
a material suitable for electrospinning, was added to
the solution. In addition, in order to improve the
properties of the produced nanofiber surfaces, RGO
doping was performed. Seven different electrospinning
draft solutions were prepared in EtOH-DMF binary
solvent mixture, 50%-50% by weight, in the following
ratios: 6% LHS/8% PVP, 7.5% LHS/8% PVP, 7.5%
LHS/10% PVP, 7.5% LHS/10% PVP/5.6% RGO, 6%
LHS/10% PVP/5.6% RGO, 7.5% LHS/8% PVP/5.6%
RGO, 7.5% LHS/10% PVP/4% RGO, for spinning
nanofiber using the electrospinning apparatus. These
mixtures were treated in an ultrasonic bath, with a
magnetic stirrer, then injected into the syringe and
placed in the apparatus for electrospinning. As a result
of the preliminary tests, the optimum device operating
conditions were adjusted to 21.5 kV, solution feed rate
of 6 mL/h and distance between nozzle and sample of
18.1 cm. According to these parameters, nanofibers
were obtained by spinning fiber in the electrospinning
device. The same instrument parameters were used for
all the samples.

Characterization of spinning solutions and
nanofibers

The morphology of the obtained nanofibers was
characterized by scanning electron microscopy (SEM
Model EVO LHI10, ZEISS, Germany) and Fourier
transform infrared spectroscopy (FTIR Model
Spectrum 400 FTIR, Perkin Elmer, USA) analyses
were performed to determine the chemical structure of
nanofibers. Zeta potential measurements of the
solution and obtained nanofiber surfaces were
performed with a Zetasizer Nano ZS90 (Malvern
Instruments, UK). Water was used as a solvent.
Electrical conductivity (Hanna Edge EC Meter, USA)
and viscosity (Polyscience Standart Model 9106, USA)
values of the electrospinning solutions and electrical
conductivity (Lucas Labs Pro4, USA) values of
graphene and nanofibers were also measured. Finally,
the effects of the properties and contents of the
electrospinning solutions on the morphology and
properties of the nanofibers were examined, using the
results obtained from these analyses.

RESULTS AND DISCUSSION

It is known that the electrical conductivity and
viscosity properties of the electrospinning
solution used in the production of nanofibers play
an important role in the electrospinning process.
The conductivity and viscosity values of the
electrospinning solution and the nanofiber



diameters measured by the electron microscope
(SEM) are given in Table 2.

Similarly to viscosity and surface tension,
conductivity is an important parameter in the
application of electrospinning. Since LHS
contains many phenolic groups and small
molecule carbohydrates, nanofibers cannot be
formed by electrospinning without
macromolecular additives. In order to increase the
spinnability of LHS, the PVP polymer, which acts
as a carrier polymer or partner, is added to the
electrospinning solution. Each chemical used in
the solution can change the conductivity of the
solution. When comparing LP1 with LP2 samples
and LPR1 with LPR2 samples, it was seen that
the increase of the LHS amount increased the
conductivity of the electrospinning solutions.
When comparing LP3 with LPR1 samples and
LPR1 with LPR4 samples, it was observed that
the solution conductivity decreased by adding or
increasing the amount of RGO to the solution.
With the decrease in conductivity, a significant
decrease in nanofiber diameter was observed and
thinner nanofibers were obtained. The results
showed that conductivity in the range from 38.4
pS/cm to 16.41 pS/cm was suitable for the
electrospinning solution for the preparation of
nanofibers. The ideal nanofiber diameter is
produced by the addition of RGO.

Angammana and Jayaram™ investigated the
effects of changing the conductivity of
polyethylene oxide (PEO)/water solution on the
electrospinning process and fiber morphology.
Their results demonstrated that the average jet
current firstly increased with the increasing
conductivity of the solution and later diminished
slowly. Besides, the average fiber diameter
diminished with an increase in the conductivity of
the solution. They reported that these results could
be entirely related to the distribution of the
surface charge around the electrospun jet and the
variation in the tangential electric field along the

Table 2

Nanofibers

surface of the fluid. Low conductivity of a
polymer solution hinders a proper electrospinning
process because of the absence of surface charge
of a fluid droplet to form a Taylor cone. Similarly,
very high conductive solutions will not be able to
form a Taylor cone because of the extinct
tangential electric field along the surface of the
fluid droplet.

When the viscosity results of the produced
nanofiber solutions are examined, it may be seen
that PVP and LHS increase the solution viscosity
and RGO addition decreases the solution
viscosity. This is thought to be due to the fact that
PVP and LHS have a high specific gravity, while
RGO has low specific gravity. Viscosity is one of
the factors affecting the physical properties of
nanofibers, such as diameter and length during
electrospinning. With the addition of RGO, the
viscosity decreased greatly. In addition, nanofiber
diameters have been reduced by about half and
thinner nanofibers have been obtained. The
amount of RGO added to the solution appeared to
affect the viscosity. According to these results, it
is noted that the decrease in viscosity has a direct
effect on nanofiber diameters. Therefore, an
extremely viscous solution is not preferred in
electrospinning studies. In addition, SEM images
show that the fibers are ideal in diameter and
length, indicating that the solutions prepared for
electrospinning have an ideal viscosity. The
conductivity and viscosity of the electrospinning
solution were found to have the desired effect on
nanofiber diameter. The results show that it is
possible to obtain electrospun nanofibers by
introducing a certain amount of PVP polymer and
RGO into the liquefied hazelnut shell.

Scanning electron microscopy (SEM) images
of nanofibers produced by the electrospinning
method from LHS/PVP/RGO solutions prepared
in different ratios are given in Figure 1.

Conductivity and viscosity values of electrospinning solutions and nanofiber diameters

Sample Solution content Conductivity  Viscosity Nanofiber diameters
code (uS/cm) (kg/m3) Mean (nm)  Std. deviation
LP1 6% LHS/8% PVP 24.81 930 415.54 97.59
LP2  7.5% LHS/8% PVP 38.4 938 403.19 91.58
LP3  7.5% LHS/10% PVP 30.0 963 537.65 131.12

LPR1  7.5% LHS/10% PVP/5.6% RGO 21.06 943 339.24 98.05
LPR2 6% LHS/10% PVP/5.6% RGO 16.41 916 277.41 76.82
LPR3  7.5% LHS/8% PVP/5.6% RGO 20.65 932 262.32 65.14
LPR4  7.5% LHS/10 %PVP/4% RGO 36.3 925 257.57 50.22
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Figure 1: SEM images of produced nanofiber surfaces containing different ratios of LHS/PVP/RGO (7.0

kX); a) LP1, b) LP2, ¢) LP3, d) LPR1, ) LPR2, f) LPR3, g) LPR4

Twenty different nanofiber diameters were nanofiber structures were formed in all the
measured from each of the SEM images given in samples. It was observed that only the nanofibers
Figure 1 and their mean and standard deviations obtained in the LP3 sample in Figure 1 (c)
are given in Table 2. It was observed that smooth adhered to each other at some points and also
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thicker nanofibers were obtained in this sample.
This is thought to be caused by the high viscosity
of the LP3 sample. This effect of viscosity is also
in agreement with other literature reports.”*
Nezzari et al.” reported that low concentrations
generated jets with insufficient viscoelastic forces
to fully suppress droplet breakup due to the
Rayleigh instability. They also stated that, in
contrast, the increased viscosity of the higher
concentration solutions created higher viscoelastic
forces that resisted the axial stretching during
whipping, resulting in larger fiber diameter. They
reported that reduced viscosity resulted in
directional instability in the electrostatic force of
the solution, which is essential to form uniform
fibers. To obtain uniform fiber morphologies, the
viscosities of the solutions are more important
than the concentrations. When the SEM images in
Figure 1 are examined, it is seen that thin and
smooth nanofibers, with an average diameter of
415 £ 97 nm, are obtained from LP1 (8% PVP/6%
LHS), EtOH/DMF solution without RGO and
similarly, smooth nanofibers, with an average
diameter of 403 + 91 nm, were obtained from the
8% PVP/7.5% LHS solution. None of them has
beads. It has been observed that the diameters of
the nanofibers have decreased slightly with the
increase in the amount of LHS in the solution.

In Figure 1 (c), smooth fibers with an average
diameter of 537 + 131 nanometers were obtained
from 7.5% LHS/10% PVP solution. It was
observed that the increase in PVP in the solution
increased approximately 1.5 times the average
fiber diameters. This shows that the amount of
PVP in the solution significantly affects the fiber
diameter. In Figure 1 (d), the average diameter of
nanofibers obtained from 7.5% LHS/10%
PVP/5.6% RGO solution varies evenly between
339 + 98 nanometers. Beads are partly observed
in the produced fibers. Compared to Figure 1 (c),
the average fiber diameters were reduced by
approximately 2-fold as a result of the addition of
RGO to the solution, resulting in thinner
nanofibers. This result shows that the amount of
RGO in the solution has a significant effect on the
fiber diameter.

In Figure 1 (e), smooth nanofibers with an
average diameter of 277 + 76 nanometers were
obtained from 6% LHS/8% PVP/5.6% RGO
solution. In Figure 1 (f), the average diameters of
the nanofibers obtained from 7.5% LHS/8%
PVP/5.6% RGO solution vary around 262 + 65
nanometers. Figure 1 (e) shows that a slight

Nanofibers

increase in LHS in the solution leads to an
increase in fiber diameters.

Figure 1 (g) shows that the average diameters
of the nanofibers obtained from 7.5% LHS/10%
PVP/4% RGO solution vary around 257 + 50
nanometers, with a smooth surface and a small
number of beads. It can be seen from Figure 1 (a-
¢) that the amount of PVP in the solutions has a
significant effect on the nanofiber diameters,
while the amount of LHS has a minor effect on
the nanofiber diameters. Compared to the
literature on fibers obtained from liquefied wood,
it may be noted that finer fibers are obtained in
this study. When RGO was mixed into the first
three electrospinning solutions, the nanofiber
diameters showed a reduction by half.
Furthermore, beads were partly seen in the
nanofibers when RGO was added.

Tian et al.*’ investigated the morphologies of
electrospun fibers obtained from electrospinning
solutions consisting of phenol liquefied wood and
polyvinyl pyrrolidone (PVP) using SEM. They
obtained decent and uniform fibers, with
diameters of around 400 nm and 900 nm, using
6%PVP/ethanol and 8% PVP/ethanol solutions,
respectively. They found that, in the
electrospinning process, the concentration of the
macromolecular polymer has an important role in
nanofiber morphology. They also observed
favorable nanofiber morphology, without beads or
crossing points, when liquefied wood and the
PVP ethanol solution were mixed in a ratio of 1:1
by weight. Moreover, the diameters of the
liquefied wood-based fibers increased
significantly and were found as approximately
2.0-4.0 pm, compared with those of pure
PVP/ethanol fibers. This situation was associated
with the molecular structure alteration in the
solution. They reported that the type of polymer
used plays a crucial role in the fiber diameters and
fine liquefied wood-based nanofibers could be
obtained by using 6% PVP in the electrospinning
solution.

The zeta potential measurements of the
solution and the obtained nanofiber surfaces were
performed with a Malvern Instruments Zetasizer
Nano ZS90. Water was used as solvent. Zeta
potential is the measurement of the push or pull
value between the particles. The behavior of the
beads in polar fluids is determined by the zeta
potential values, not the electrical charge on their
surface. Zeta potential is affected by pH, molarity
and solvent type of a colloidal solution.
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The zeta potential and conductivity values of
the nanofiber surfaces obtained from the samples
with graphene and LHS solutions are given in
Table 3.

When the LP1 and LP2 samples are examined
in Table 3, it is seen that the zeta potential of the
nanofiber is reduced by approximately 38% with
the addition of LHS to the solution. As the
amount of LHS increases, it keeps decreasing.
The conductivity of the samples is generally
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decreased in proportion to the decrease in the zeta
potential. When comparing samples LP2 and LP3,
the increase in the PVP amount increased the
nanofiber zeta potential approximately five-fold.
The addition of RGO to the LHS/PVP mixture
seems to reduce the zeta potential and
conductivity of the nanofiber. The zeta potential
graphs of nanofibers, RGO and LHS are shown in
Figure 2.
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Figure 2: Zeta potential graphs of RGO, LHS and nanofibers; a) LP1, b) LP2, ¢) LP3, d) LPR1, e) LPR2,
f) LPR3, g) LPR4, h) RGO, i) LHS

Table 3

Zeta potential and conductivity values

Sample Zeta potential Conductivity
code (mV) (mS/cm)
RGO -21.6 0.0465
LP1 -13.9 0.0455
LP2 -8.69 0.0573
LP3 -45.2 0.0367
LPR1 -17.2 0.0123
LPR2 -29.6 0.0218
LPR3 -48.2 0.0357
LPR4 -53.7 0.0679

Balgis et al. produced dual-size nanofibers
using a precursor solution containing TEMPO-
oxidized cellulose nanofibers and polyvinyl
pyrrolidone as a polymer source and
ethanol-water as a solvent via one-step
electrospinning. They reported that the formation
of nanofiber composites might be affected by the
relationship between the high zeta potential of the
cellulose nanofibers and the voltage applied
during the electrospinning process. They recorded
a -90 mV negative charge, which is mostly
generated by the zeta potential of cellulose. Their
results showed that even though the polymer jet
generally had a Coulomb explosion, excessive

splitting did not occur. The Taylor cone is more
stable than that of the reverse charge conditions.
Moreover, it was determined that there was no
zeta potential effect on polymer jet splitting,
which was concluded due to single-size
nanofibers (approx. 100 nm) produced using
several magnitudes of negative voltage.**

Malik er al. examined the zeta potential of
polyacrylonitrile (PAN)-magnetite (Fes0y)
electrospun composite nanofiber. They found that
the zeta potential of the obtained nanofiber was
pH dependent. Different zeta potentials of —18.8
mV to —62.3 mV were recorded at pH 2.6 and pH
7.2, respectively. It was reported that the pH
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dependence of the samples indicated that the
Fe;0, has a shear effect on the surface charge due
to the negative surface charge pH independent
PAN nanofiber. They also found that the zeta
potential did not change too much at pH 6 and
above.*

The graphs obtained from the FT-IR analysis
of the produced nanofibers are given in Figure 3.
It is observed that there are shifts in the
wavenumbers and changes in intensity of some
peaks of LHS, PVP and RGO in nanofibers,
which are close to each other and/or overlap
groups. When the peaks detected in the graphs are
examined, the wide band seen around 3200 c¢cm’
belongs to the OH tension. Since the combination
of aliphatic and aromatic OH groups in cellulose,
hemicellulose and lignin structure, especially in
LHS content, and the peaks cover each other, the
peaks of the OH groups are enlarged and seen as a
band. The peak around 2946 cm™ shows tensions

LP1

%T

of CH; and CH,. The peaks around 1660 cm’
belong to C=0 groups. The peaks around 1620
and 1590 cm and the tripartite peaks between
1460 and 1420 cm’' show C=C vibrations of
benzene. The peak around 1375 cm™” shows
characteristic C-H bending of cellulosic and
hemicellulosic alkanes; the peak around 1290,
1270 cm™ shows in-plane bending of the C-H; the
peaks around 1227 cm’ indicate aliphatic C-H
tension and the peaks around 800 cm™ indicate
off-plane C-H tensions. The peaks around 1030
cm™ indicate alcohol, carboxylic acid and ester C-
O tensions, while the peaks around 570 cm’!
indicate N-C=0O bending. As a result, due to the
differences in the content of LHS, RGO and PVP
in the content of nanofibered surfaces, small
differences were found among the FTIR graphs,
however, the peaks in these graphs were
consistent with  those reported in the
literature >

Mm
%

4000 3600 3200 2800 2400 2000 1600 1200 800 450
Wavenumber (cm™)

Figure 3: FTIR spectrograms of produced nanofibers

Elayappan et al. prepared porous TiO,
nanofibers by using polyvinyl pyrrolidone (PVP)
as a template via the electrospinning technique.
They studied the influence of various
concentrations of PVP (5, 8 and 10 wt%) on the
chemical properties by using FTIR. They found
the absorption bands in the range of 1000-1800
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cm™ correspond to the bending and stretching
frequencies of PVP. The characteristic peaks of
PVP are identified at 1665 cm™ and 1288 cm™'
for C=0 stretching and C-N stretching,
respectively. The broad peak at 3405 cm™ in the
spectrum was attributed to the O-H stretching of
physically adsorbed water in the structure.™



CONCLUSION

In the electrospinning  process, the
concentration of the fiber spinning solution plays
a very important role in the morphology of the
nanofibers produced. In fact, the greater the
concentration is, the greater the nanofiber
diameter is. SEM analysis was performed to
investigate the effect of LHS, PVP and RGO on
the diameter of the nanofibers produced by
electrospinning. It was observed from the data
obtained from SEM analyses that the increase in
the LHS ratio slightly increased the nanofiber
diameter and also the fiber diameter increased
with the increase in the ratio of PVP in the
solution. With the addition of RGO into the
solution, it was determined that the nanofiber
diameter was significantly reduced. This effect of
RGO will impart more robustness and higher
strength to the produced nanofiber. It is seen from
the data that the ideal electrospun nanofiber
surfaces were obtained from LPR1 (7.5%
LHS/10% PVP/5.6% RGO) solution by the
electrospinning method. It was found that the
conductivity decreases slightly, and the viscosity
decreases significantly with the addition of RGO
to the solution. It was also observed that there was
a significant reduction in the diameter of the
nanofibers obtained from these solutions and thus
thinner nanofibers were obtained.

As hazelnut shell is abundant in Turkey and in
the world, this agricultural residue can be turned
into one of the most important types of biomass
for the production of nanofiber and for
liquefaction. The findings of the present study
show that LHS can be used as a renewable
resource in the production of nanofiber materials
and can be a pioneer in the development of new
environmentally friendly nanomaterials.
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