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ABSTRACT

TiO, nanofibers were prepared within polyvinylpyrrolidone (PVP) polymer using a combination of sol-gel
and electrospinning techniques. Based on a Taguchi design of experiment (DoE) method, the effects of
sol-gel and electrospinning on the TiO,/PVP nanofibers’ diameter, including titanium isopropoxide (TiP)
concentration, flow rate, needle tip-to-collector distance, and applied voltage were evaluated. The anal-
ysis of DoE experiments for nanofiber diameters demonstrated that TiP concentration was the most
significant factor. An optimum combination to obtain smallest diameters was also determined with a
minimum variation for electrospun TiO,/PVP nanofibers. The optimum combination was determined to
be a 60% TiP concentration, at a flow rate of 1 ml/h, with the needle tip-to-collector distance at 11 cm
(position a), and the applied voltage of 18 kV. This combination was further validated by conducting a
confirmation experiment that used two different needles to study the effect of needle size. The aver-
age nanofiber diameter was approximately the same for both needle sizes in good accordance with the
optimum condition estimated by the Taguchi DoE method.

© 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Production and hosting by

Elsevier B.V. All rights reserved.

1. Introduction

The electrospinning technique has attracted considerable atten-
tion as a relatively new, cheap and simple synthesis method
for one-dimensional nanostructures [1-4]. The unique nanofibers
prepared by electrospinning generally exhibit high surface area-
to-volume ratios, high porosity, nanosized effects, and excellent
mechanical strength [5]. They have been suggested for many appli-
cations, such as membrane separation, drug delivery, protective
clothing, wound dressings, filtration, tissue engineering, and elec-
tronics [6-9].

Titanium dioxide (TiO,), also known as titania, has emerged as
a promising photocatalyst in the current market. It has the advan-
tages of being photocatalytically stable, reasonably inexpensive,
and relatively easy to produce and use. It is a human and envi-
ronmentally friendly photocatalyst used to treat polluted air and
water, and to split water to generate hydrogen [10]. A high surface
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area-to-volume ratio (SA/vol) of electrospun nanofibers can signif-
icantly improve the photocatalytic performance of TiO, because
of small fiber size, and the high SA/vol provides further means
for quick charge transfer to the dynamics of hole-electron (e~ /h*)
recombination on a large specific surface area of TiO, nanofibers
[6,11].

TiO, nanofibers can be synthesized by combining electrospin-
ning with a TiO, sol-gel technique [2,3,11-14]. The components
of the electrospun experiment to synthesize TiO, nanofibers com-
prise a syringe pump, a syringe with a conductive needle, a high
voltage supply, a conductive collector, copper wires, and a sol-gel
of polymer (binder), and a TiO, precursor [4]. In general, electro-
spun nanofiber diameters depend primarily on three processing
parameter sets [15] mentioned below.

The first set of adjusted parameters involved in the sol-gel
solution include electrical conductivity, viscosity, surface tension,
polymer concentration, and molecular weight. They are related to
one another, and these relationships have important influences
on electrospun nanofiber diameters [16]. The viscosity of the TiO,
solution depends on the molecular weight and concentration of the
material solution, such as polymer, solvent, and TiO, sources. The
polymer concentration is one of the most significant factors in con-
trolling beads and fiber diameters [ 16-18]. The TiO fiber diameter
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increases with a higher TiO, concentration in a precursor solution
[12,19].

Electrospinning conditions are the second set of parameters,
which consist of applied voltage, flow rate, needle size, and nee-
dle tip-to-collector distance [16]. Optimally applied voltage is
a significant factor to affect fiber diameters [17,19-21]. High
applied voltage (i.e., strong electrical repulsive forces) reduces the
nanofiber diameter, resulting in highly stretched and elongated
fibers [20]. Flow rate plays one of the most important roles in
determining the fiber diameter and bead formation, because it
determines the amount of sol-gel solution available to be stretched
into nanofibers [16,19,20]. During the electrospinning process, the
shape and size of the needle tip affect the formation of Taylor cone
and nanofiber oscillation [22]. Ksapabutr et al. [22] claimed that a
sawtooth needle shape allowed for Taylor cones of greater length
than standard and flat counterparts. A needle tip-to-collector dis-
tance with the sufficient field gradient produces fibers with less
bead defects, but the more considerable distance increases the
nanofiber diameter owing to subsequent decreases in the elec-
tric field gradient [17]. Applied high voltage setting, a large needle
tip-to-collector distance, a comparatively low concentration of
polymer solutions and a low flow rate reduce the variation in prod-
uct quality of electrospun fiber mats with a minimum number of
experiments [17]. It is clear that the relationship between electro-
spun variables and associated fibrous structures is still not well
understood to achieve ultrafine bead-free nanofibers with good
dimensional stability.

Aspects of the atmospheric environment, such as humidity,
pressure, and temperature, belong to the last set of parameters. The
average nanofiber diameter decreases with increasing atmospheric
temperature and decreasing atmospheric humidity [23].

Electrospun TiO,/PVP nanofibers were synthesized using dif-
ferent titanium oxide precursors with a constant flow rate, needle
tip-to-collector distance, and applied voltage in most electrospun
experiments [2,8,28-31]. The fibers have a smooth and uniform
surface with a random orientation, and the average fiber diameters
range from 132 to 2280 nm [24-27]. Kumar and co-worker used a
different applied voltage and flow rate with a constant needle-to-
collector distance. At ~10 cm, the average diameter of the as-spun
TiO,/PVP nanofiber was 450 nm at 10kV and 1ml/h, 262 nm at
20kV and 1 ml/h, and 145 nm at 20kV and 0.5 ml/h [20].

The Taguchi method for robust experimental design is a use-
ful engineering approach to select the optimal levels of processing
parameters with the minimal sensitivity to different causes of vari-
ations. Furthermore, such a method can also elucidate the effects of
a large and complex number of factors on an individual and inter-
active basis. In general, two essential tools are required, namely
an orthogonal array (OA) to simultaneously accommodate several
experimental design factors, and signal to noise ratio (S/N) to mea-
sure the most robust set of operating conditions from variations
within the results [17,28-31].

In this study, TiO, nanofibers were fabricated with PVP polymer
as precursor using both sol-gel and electrospinning techniques. An
optimum combination of parameters obtained from TiP concentra-
tion, flow rate, needle tip-collector distance, and applied voltage in
response to minimizing diameter size and its variation for TiO, /PVP
nanofibers was determined by means of the Taguchi DoE method.
Such an optimum condition was further implemented to explore
the effect of needle size on fiber diameters accordingly.

2. Experimental procedure

2.1. Materials

Titanium isopropoxide (TiP) (My, =284.22 g/mol, 97% purity),
polyvinylpyrrolidone (PVP) (My =1,300,000 g/mol, 100% purity),
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Fig. 1. Schematic diagram of electrospinning process with a slope collector.

acetic acid (My, =60.05g/mol, 99.7% purity) and ethanol (M, =
46.07 g/mol, 99.5% purity) were all purchased from Sigma-Aldrich,
Inc., NSW, Australia.

2.2. Preparation of TiO,/PVP sol-gel

TiO,/PVP solutions were prepared by mixing 40 wt%, 50 wt% or
60 wt% TiP with a constant mixed solvent, which comprised 2.098 g
acetic acid and 4.734 g ethanol (1:3 volume ratio) with 2.05g PVP
polymer inside a glass bottle. The solutions were subsequently sub-
jected to magnetic stirring for 120 min at 80°C. The viscosity of
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Fig. 2. SEM micrographs of electrospun TiO,/PVP nanofibers used in DoE study: (a) T1, (b) T2, (c) T3, (d) T4, (e) T5, (f) T6, (g) T7, (h) T8, and (i) T9. All scale bars represent

2 pm.

the TiO, /PVP solution depends on the concentration and molecu-
lar weight of PVP polymer, the solvent, and TiO, sources [3,12]. As
the solvent and PVP were constant, the viscosities of the solutions
were solely controlled by the TiP concentration (wt%). Increasing
the TiP concentration (284.22 g/mol) reduces the concentration of
PVP (1,300,000 g/mol), which further reduces the solution viscosity.

2.3. Electrospinning experiments

A commercial Nabond® electrospinning unit (standard type)
was purchased from Nabond Technologies Co., Ltd., Shenzhen,
China to fabricate electrospun fiber mats. The homogeneous solu-
tion was loaded into a 10 ml plastic syringe that was attached to
a stainless steel needle with the inner diameter of approximately

Table 1
Four factors and three levels selected in the DoE study for electrospun TiO,/PVP
nanofibers.

Factor description Level
1 2 3
A TiP concentration (wt%) 40 50 60
B Flow rate (ml/h) 0.5 1 2
C Needle tip-to-collector distance (cm) ~11 ~8 ~9
D Applied voltage (kV) 14 18 25

0.514 mm. The needle tip-to-collector distance was varied due to
a slope aluminum collector (see Fig. 1). Thus, the needle tip-to-
collector distances were in range of ~11 cm for position a, ~8 cm
for position b, and ~9 cm for position c. A syringe pump was used
to control the solution flow rate at 0.5, 1, or 2 ml/h during the elec-
trospinning process. The voltage setting was controlled by a high
voltage power supply to maintain 14, 18, or 25kV between the
needle and the slope collector. The slope collector was covered

Table 2
Taguchi orthogonal array with nine trials (Lg).

Trial Factor

A: TiP B: flow rate C: needle D: applied
concentration (ml/h) tip-to-collector voltage (kV)
(wWt%) distance (cm)

T1 40 0.5 a 14

T2 40 1 b 18

T3 40 2 c 25

T4 50 0.5 b 25

5 50 1 c 14

T6 50 2 a 18

T7 60 0.5 c 18

T8 60 1 a 25

T9 60 2 b 14
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Fig. 3. EDS spectra of electrospun TiO,/PVP nanofibers.

with an aluminum foil, and the needle tip-to-collector distance
was adjusted accordingly. The electrospinning experiments were
performed in a sealed environmental chamber at a constant tem-
perature of 30 °C maintained by a lamp heater.

20 (a)

15

10

Frequency Contribution (%)

0- AR RRRRRRA SRR
RO RO 6“@6 @@@&@“
AT CR XN LS ¢

6.@',\%\55,\6 ;\?!/\665«6’@?!& N %@;&% ‘5 > ,\?,,

Electrospun TiO, nanofibers Diameter Range (nm)

(©)

25
204
15 4

10

Frequency Contribution (%)

oL M N Ro—

AN S S 6“@“ 6 6“%%6
VR, ,@o\ e" it w Q,»w,\. o>

Electrospun TiO, nanofibers Diameter Range (nm)

2.4. Taguchi DoE

Four factors of sol-gel and electrospinning parameters have
been selected for this experiment, which are given by TiP concen-
tration, flow rate, collector distance, and applied voltage at three
different levels (Table 1). The full factorial experiment of 81 (34)
trials can be completed in just 27 runs due to the slope collector,
but that entails a large number of tests, which are significant in
both experimental cost and time. As a result, Taguchi DoE layouts
are more applicable when compared to a traditional full-factorial
counterpart. This is because it reduced the number of tests to a
practical level, thus significantly saving the experimental time and
associated costs as opposed to the conduct of four factors individu-
ally. The Lg DoE orthogonal array was selected with the assumption
of no factorial interactions, resulting in nine trials as illustrated in
Table 2.

2.5. Analysis of variance (ANOVA)

As earlier mentioned, the Taguchi DoE method replaces the full
factorial experiments with only a simple orthogonal array of nine
trials. To determine the significant factors, and optimum combina-
tion of factors, an analysis of variance (ANOVA) was utilized in order
to offer a measure of confidence by determining and analyzing the
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Fig. 4. Frequency contributions to electrospun TiO,/PVP nanofibers diameter range in DoE study: (a) T1, (b) T2, (¢) T3, (d) T4, (e) T5, (f) T6, (g) T7, (h) T8, and (i) T9.
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data variance [31]. In the ANOVA, the total variation (St), the sum
of squares of each factor (S;) and the percentage contribution (%)
were computed, respectively [31].

2.5.1. Total variation (St)
The total variation (St) is the sum of squares of all trial results,
which is expressed in the following form:

where ¥; is the mean fiber diameter and N is the number of trials

in Taguchi DoE study.

2.5.2. Total variance of each factor (S;)
A2 AZ AZ
— 40,750 60

Sa=—5 +5 +5 —CF (2)
B2 B2 B2

sB=%+§+?2—C.F (3)
2 (2 2

sczca—“+?b+%f—6f (4)
D%4 D%S D%S

where Su, Sg, Sc, and Sp are the sum squares for four factors
of TiP concentration, flow rate, needle tip-to-collector distance,
and applied voltage at three different levels, respectively. C.F is
denoted as the correction factor, which is a term similar to the

N2
[(ZL Y,-) /N} in Eq. (1) and it remains constant for all factors.

The correction factor (C.F) is used for the calculation of all sums of
squares [31].

2.5.3. Percentage contribution (%)

The percentage contribution of four factors (P4, Pg, Pc, or Pp) is
the ratio of the total variance of each factor (Sa, Sg, Sc, or Sp) to total
variation (St) as given by:

P — ;i; « 100 6)

where i is the number of factors (i =4 for this study).

2.5.4. Signal to noise ratio (S/N) of electrospun TiO, nanofiber
diameter

A “smaller the better” characteristic formula [17,28,29,31] has
been used to identify the optimum combination of factors to reduce
both the fiber diameter and its variation in electrospun TiO,/PVP
nanofibers as indicated below:

S/N = —10log (;Zﬁ) @)
i=1

where S/N is the signal-to-noise ratio, n is the number of measure-
ments, and y is the diameter of electrospun TiO,/PVP nanofibers.
Mathematically the greater the value of S/N, the smaller the vari-
ance for electrospun TiO, /PVP nanofibers.

3. Characterization
3.1. Scanning electron microscopy (SEM)
Electrospun TiO, /PVP nanofibers were sputter coated with 3 nm

platinum layers to be electrically conductive for reducing the sur-
face charge issue. The surface morphologies of the samples were

Table 3

Changes in nanofiber diameters of electrospun TiO,/PVP.
Trial Combination of Average nanofiber SIN

factors diameter and standard
deviation (nm)

T1 A40Bo5CaD1s 218 £ 126 —47.99
T2 A4B1C,D1s 305 + 165 -50.78
T3 A40B2CcDas 271 £ 203 —-50.56
T4 AsoBo5CpD2s 162 £+ 59 —44.73
T5 AsoB1CcD1a 142 + 28 -43.21
T6 AsoByC3D1g 118 +£ 25 —-41.61
T7 AgoBosCcD1s 85+ 18 -38.81
T8 AgoB1CaDas 70 +£ 18 -37.22
T9 AsoB2CyD14 227 + 57 —47.37

examined using an EVO 40XVP scanning electron microscope at
an accelerating voltage of 15kV and the magnification of 3000 x
with a working distance at 8.5 mm. Energy dispersive X-ray spec-
troscope (EDS) at an acceleration voltage of 10 kV was also used to
qualitatively analyze the elemental compositions.

3.2. Imaging analysis

The electrospun nanofiber diameters from the SEM images were
measured by ImageJ® software (version 1.48e) developed by the
National Institutes of Health (NIH), USA. The number of pixels over
the scale bar in the SEM image was calibrated by the given length
of the scale bar in the corresponding image. Subsequently, the fiber
length perpendicular to the fiber axis was measured manually for
each fiber. The total number of fiber measurements was 40 in each
SEM image and associated average nanofiber diameters along with
their standard deviations were calculated accordingly.

4. Results and discussion
4.1. Nanofiber morphology and diameter

SEM micrographs of electrospun nanofiber morphology for the
Lg DoE are illustrated in Fig. 2. The randomly oriented nanofibers
had smooth surfaces along with most of large beads as typical
defects except that only minor bead defects are noticed in Fig. 2e-g.
Fig. 3 shows a typical EDS spectrum of the DoE study with elemen-
tal signals for Ti, O, Pt, and C, where Ti and O elements are assigned
to TiO,, as well as C and Pt elements are due to PVP polymer and
the platinum coating, respectively [14].

Fig. 4 shows the frequency contribution diagrams for the
DoE study in the diameter range of 25-1050nm. The corre-
sponding average fiber diameters and standard deviations are
illustrated in Table 3. T2 in the DoE study yielded the highest
average diameter (305 + 165 nm) with the highest range of vari-
ation in diameter (125-1050 nm). The highest viscosity level of the
sol-gel solution with 40% TiP concentration and the lowest nee-
dle tip-to-collector distance (position b) were the main reasons
for the increased nanofiber diameter. However, nanofiber diameter
decreased slightly for T1, T3, and T9, where the average diameters
and the standard deviations were 218 + 126 nm, 271 + 203 nm, and
227 £ 57 nm, respectively. Both T1 and T3 had the same sol-gel con-
centrations as opposed to T2 with 40 wt% TiP, but with different
electrospinning parameters. The needle tip-to-collector distance
for T1 (position a) and T3 (position c) was higher than that for the
T2 (position b), which was one reason for decreasing fiber diame-
ter. Other reasons to achieve this were to reduce the flow rate or
increase the applied voltage. T1 had the lowest level of flow rate
(0.5ml/h), but it also had the lowest level of the applied voltage
(14KkV). T3 had the highest level of the applied voltage (25KkV),
but also had the highest level of the flow rate (2 ml/h). For T9,
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Fig. 5. The effect of TiP concentration, flow rate, needle tip-to-collector distance,
and applied voltage on the average nanofiber diameter of electrospun TiO,/PVP.

the main reason for the reduction in the diameter size was the TiP
concentration of 60 wt%, despite its lowest distance (position b),
lowest applied voltage (14 kV), and highest flow rate (2 ml/h). The
TiP concentration of T4, T5, and T6 was 50 wt%, but with different
combinations of electrospinning factors. Most of the diameter vari-
ation was from 75 to 275 nm, and the average diameters were under
200 nm. For both T7 and T8, the highest level of TiP concentration
at 60 wt% was used. The average fiber diameters and the standard
deviations were 85+ 18 nm for T7, and 70+ 18 for T8 due to dif-
ferent electrospinning conditions. Both T7 and T8 had a minimum
variance of fiber diameter, where about 80% frequency contribution
was detected in the fiber diameter range of 50-100 nm. Fig. 5 shows
the effect of TiP concentration, flow rate, needle tip-to-collector
distance, and applied voltage on the average nanofiber diameter
of electrospun TiO,/PVP. It was found that the fiber diameters
decreased with increasing the TiP concentration (a decrease in vis-
cosity due to the low concentration of PVP polymer in the TiP/PVP
solution), needle tip-to-collector distance (position a) and applied
voltage setting while decreasing the flow rate, which is in good
agreement with previous literature [11,17,20]. The nanofiber diam-
eters decreased relatively sharply from 265 nm with the 40 wt%
TiP to 127 nm with 60 wt% TiP. This finding suggests that the TiP
concentration is the most significant factor for achieving the small
nanofiber diameter of electrospun TiO,/PVP with the minimum
variance (a further detail is included in the Taguchi analysis).

4.2. Analysis of variance (ANOVA)

The relative percentage contributions of electrospinning factors
were determined using Eqgs. (1)-(6). The ANOVA diagram depicted
in Fig. 6 demonstrates that the effect of processing parameters
on nanofiber diameters of electrospun TiO,/PVP by the percent-
age contributions for selected Lg DoE factors. The TiP concentration
(factor A) was a significant variable to control the nanofiber diam-
eter with a percentage contribution of 63.45%. This provides the
further evidence that increasing the TiP concentration decreases
the diameter size. The second and third most prevalent factors in
minimizing nanofiber diameters were the needle tip-to-collector
distance (factor C) and the flow rate (factor B) with the percentage
of contributions of 26.59% and 7.23% accordingly. The applied volt-
age (factor D) appeared to be insignificant at 2.72% only. It is implied
that the applied voltage has a trivial impact on the nanofiber diam-
eter, which can be maintained at the workable experimental range.

4.3. Optimum combination of factors

The S/N ratios for electrospun TiO, /PVP nanofibers were calcu-
lated using the “smaller the better” Eq. (7) for the nine Taguchi
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Fig. 6. ANOVA diagram for the determination of significant factors to influence
electrospun TiO,/PVP nanofiber diameters.
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Fig.7. Average S/Nratio diagram for the determination of the optimum combination
of factors for electrospun TiO, /PVP nanofibers with the smallest fiber diameter size
and its minimum variation.

DoE study (Table 3). Since the purpose of this research work is
to determine the smallest nanofiber with the minimum variance,
the highest value of S/N ratio yields the optimum condition from
the Taguchi DoE work [17,28,31]. As illustrated in Table 3, T8
(AeoB1CaD35) was determined to be the best candidate for inclusion
in the optimal combination, which has the maximum S/N value of
—37.22 with the average nanofiber diameter and standard devia-
tion at 70 + 18 nm. However, T7 (AgoBo 5CcD1g) with the S/N value
of —38.81 and the average fiber diameter and standard deviation at
85+ 18 nmis another strong candidate. The average fiber diameter
for T8 is slightly smaller than that for T7, but the fiber variance for
T7 is less than that for T8, and the standard deviation is +18 nm
in both cases. In Fig. 4, 60% frequency contribution of fibers in the
nanofiber diameter range from 75 to 100 nm for T7; whereas for
T8, it is 45% in the diameter range of 50 to 75 nm, and 35% between
75 and 100 nm.

Therefore, the average S/N ratio was calculated to determine
the best level factor for the optimum contribution to minimize
the diameter and variation of electrospun TiO,/PVP nanofibers as
shown in Fig. 7. It suggests that 60 wt% TiP concentration, a flow
rate of 1ml/h, needle tip-to-collector distance (position a), and
applied voltage of 18kV (AggB1CiD1g) is the optimum combina-
tion of factors to obtain small electrospun TiO, /PVP nanofiber with
the minimum variation. It is further proven that the TiP concen-
tration and the needle tip-to-collector distance are the two most
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Signal A = SE1 WD = 8.5mm

Fig. 8. SEM micrographs of the confirmation experiment for the optimum combi-
nation of factors (AgoB1CaD1s) using two different needle sizes: (a) 0.514 mm and
(b) 0.819 mm. All scale bars represent 2 pm.

significant factors; whereas the flow rate and the applied voltage
appear to be relatively insignificant.

4.4. Confirmation experiment to optimum conditions

The confirmation experiment for the optimum combination of
factors was subsequently carried out as a necessary and important
post-step in the Taguchi DoE method [31]. The optimum com-
bination (AggB1CaD1g) was tested with the same needle size of
0.514 mm and a new needle size of 0.819 mm to study the effect on
the nanofiber diameter of electrospun TiO,/PVP. Fig. 8 shows the
typical SEM images of confirmation experiments with both needle
sizes. The randomly oriented nanofibers had smooth surfaces with-
out beads defects in both images. The mean diameter and range
are 79+ 11 nm and 84 + 13 nm for the confirmation experiments of
the needle size of 0.514 mm, and needle size of 0.819 mm, respec-
tively. Itis clear that the needle size is a non-significant factor in the
nanofiber diameter of electrospun TiO, [PVP. The diameters of these
nanofibers for both needles sizes are compared closely with the best
Taguchi candidate values obtained in T7 (85 £ 18),and T8 (70 + 18).
The T8 gives the smallest nanofiber diameter, but the optimum
combination (AggB1CaD1g) gives comparatively small electrospun
TiO, /PVP nanofiber diameter with the smallest standard deviation.
In Fig. 9, most the frequency contribution diagrams for both con-
firmation experiments are presented in the fiber diameter range of
50-100 nm with smallest standard deviations, as compared to the
orthogonal array with nine trials (Lg).

[%3 w - wn =)
=3 =} =3 =} =]
Il 1 1 1 1

Frequency Contribution (%)
S

<

T T T
0-25 25-50 50-75 75-100  100-125  125-150

Electrospun TiO, nanofibers Diameter Range (nm)

1(b)

153 w - 12 (=) 3
=l =l =] =] > =}
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Frequency Contribution (%)
S

=
|

0-25 25-50 50-75 75-100  100-125  125-150

Electrospun TiO, nanofibers Diameter Range (nm)

Fig. 9. Frequency contributions to electrospun TiO,/PVP nanofibers diameter range
for confirmation experiments using needle sizes of (a) 0.514 mm and (b) 0.819 mm.

5. Conclusions

An Lg orthogonal array along with S/N ratios and ANOVA in
Taguchi DoE method was used to investigate TiP concentration,
flow rate, needle tip-to-collector distance, and applied voltage at
three different levels on the nanofiber diameter of electrospun
TiO,/PVP. The small nanofiber diameter with the minimum vari-
ance has been found to be controlled mainly by two significant
factors, namely TiP concentration, and needle tip-to-collector dis-
tance. The optimum combination of factors with the highest level
of the TiP concentration, and the highest relative needle tip-to-
collector distance (position a) was found along with a flow rate
of 1ml/h and an applied voltage setting of 18 kV (AggB1CaD1g).
The effects of the needle size on the nanofiber diameter and its
variation of electrospun TiO,/PVP were also investigated based on
this optimal combination. It was determined that the needle size
is a non-significant factor in the nanofiber diameter of electrospun
TiO, /PVP.
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