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Abstract: The influence of the electrospinning parameters on the diameter of the polyethersulfone
(PES) nanofibers was demonstrated using response surface methodology. The electrospinning
parameters studied were lithium chloride (LiCl) concentration, PES concentration, feed rate,
and tip-to-collector distance. The average fiber diameter was correlated to these factors by using a
second-order polynomial function at a 95% confidence level. The statistical analysis indicated that
LiCl concentration, PES concentration, and feed rate had the significant connection with the fiber
diameter, and LiCl concentration was the most important factor in determining the fiber diameter.
When LiCl concentration increased, the fiber diameter decreased, because with more LiCl that is
added, more applied voltage is needed to overcome the electrostatic attractions. The interactive
effect between PES concentration and feed rate, the interactive effect between PES concentration
and tip-to-collector distance, and the quadratic coefficients of LiCl concentration were also found
to be significant. The adjusted determination coefficient (Radj

2) of the model was calculated to be
0.9106. The water flux measurements showed that the decrease in the fiber diameter of the membrane
caused the decrease in the initial pure water flux. The retention tests with 0.6 µm polystyrene (PS)
suspension indicated that as the fiber diameter decreased, the pore sizes decreased and the particle
removal efficiency increased.
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1. Introduction

Many researchers have recently been interested in the fabrication of ultrafine and uniform fibers
using various materials such as organics, inorganics, and composites [1]. Electrospinning is one of
the versatile methods for producing the nanofibers, which have one-dimensional nanostructures [2].
The interconnected nanostructuring of nanofibers in distinction from the conventional nonwoven
media can show unique properties. Thus, electrospun nanofibers have been applied in the field of
electronics, catalysis, drug delivery, tissue engineering, and filtration [3–6]. Electrospun nanofiber
membranes (ENMs) were widely applied for the particle separation from water. Thus, they can be used
for treatment of wastewater prior to the treatment by UF (Ultrafiltration), NF (Nanofiltration) and RO
(Reverse osmosis) [7–10]. Fiber diameter is a very important factor in determining the performance
of ENMs and is dependent on the electrospinning parameters. The electrospinning parameters are
comprised of solution properties, operating conditions, and ambient conditions. Parametrization
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is a mathematical process consisting of expressing the state of a system, process, or model as a
function of some independent quantities called parameters. The state of the system is generally
determined by a finite set of coordinates, and the parametrization thus consists of one function of
several real variables for each coordinate. The parametrization study is important to fabricate the
desired fiber morphology. However, there are few reports related to the salt effect on the diameter of
PES nanofibers, and the methods of predicting the fiber diameter from information of one parameter
alone does not currently exist because the parameters interact simultaneously in the electrospinning
process. Therefore, the experimental investigation of individual parameters and interactions between
parameters acting simultaneously was carried out, introducing the response surface methodology
(RSM) [1]. The fiber diameter influences various properties of the electrospun nanofibrous membranes
(ENMs) (i.e., morphology, specific surface, water treatment performance, and so on). To fabricate
electrospun nanofibers which have the desired fiber diameter and morphology, it is necessary to
adjust various processing parameters (i.e., flow rate, tip-to-collector distance, and so on) and solution
parameters (i.e., salt concentration, polymer concentration, and so on). Response surface methodology
(RSM) is a collection of mathematical and statistical techniques used to analyze the experimental data
acquired in the experimental design and to develop the suitable model.

In this study, the PES solution, including lithium chloride (LiCl), was used to produce electrospun
nanofibrous membranes (ENMs). The electrospinning parameters considered were solution properties
(i.e., salt concentration, polymer concentration) and operating conditions (i.e., flow rate, tip-to-collector
distance), and the response in the experiment was the average fiber diameter. A mathematical model
of the fiber diameter was obtained during the RSM process. Since the fiber morphology can have a
direct effect on the membrane structure, a thorough understanding of the electrospinning parameters
is needed for the wide application of nanofibers [11]. When applied to filters for removing the
particulate contaminants in air or water, ENMs provide many advantages, such as the high porosity
for higher permeability, the interconnected pores for lower fouling, and the high surface area for larger
particle retention [12]. The permeability tests and the filtration tests with micro-particles presented in
water were conducted to demonstrate the effect of electrospinning parameters on filtration properties.
The membranes for the filtration experiments were manufactured utilizing the information obtained in
response surface models.

The objectives of this study were to observe the morphology change of PES nanofibers through
blending LiCl and investigate the influence of electrospinning parameters on the fiber diameter
systematically by the RSM. We also identified the properties of particulate removal according to the
morphology of nanofibers in liquid filtration and evaluated the applicability of PES ENMs as filters.

2. Materials and Methods

2.1. Materials

Polyethersulfone (PES, Gafone™ 3000P) was obtained from Solvay in Belgian.
N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%) and lithium chloride (LiCl, ACS grade) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Polystyrene (PS) micro-particles of a 0.6 µm
mean diameter were also purchased from Sigma (St. Louis, MO, USA). All chemicals were used
as received. The polymer solutions were prepared at various PES concentrations (28–32% (w/v))
and LiCl concentrations (0–0.10% (w/v)) which can be in a fabricated condition without polymer
beads. The desired amount of LiCl was dissolved in NMP at room temperature using a rotator from
Labtech (Gwangju, Korea). Then, the desired amount of PES was added to the pre-prepared LiCl
solution. The mixture was dissolved for more than 12 h at room temperature to become homogeneous
using a rotator.
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2.2. PES ENMs Fabrication by Electrospinning

A custom-built electrospinning instrument was used to fabricate the PES nanofibrous mats.
The prepared solutions were injected with a 10 mL syringe (Kovax-Syringe®, Korea Vaccine, Korea)
with a 19-gauge stainless-steel needle. The voltage in the 13.0–22.5 kV range was applied with a
high-voltage power supply. The tip-to-collector distance varied in the 20–30 cm range. The polymer
solution placed in the syringe was ejected by the syringe pump, producing a feed rate in the 0.3–0.5 mL/h
range. The nanofibers were collected on the plate and covered with aluminum foil. The synthesized
PES nanofibrous mats were immersed in de-ionized water (18.2 MΩ cm, Milli-Q, Millipore, Burlington,
VT, USA) to remove the remaining solvent. To produce PES electrospun nanofibrous membranes
(ENMs) with different fiber diameters, the LiCl concentrations were adjusted to 0, 0.01, and 0.10% (w/v)
in NMP. Then, 30% (w/v) PES solutions were prepared in each LiCl solution. The synthesized PES
ENMs were immersed in de-ionized water (18.2 MΩ cm, Milli-Q, Millipore, Burlington, VT, USA)
to remove the remaining solvent. The three resultant membranes were called ENM 30, ENM 30-0.01,
and ENM 30-0.10, respectively. The specific fabrication conditions of the PES ENMs are presented
in Table 1.

Table 1. Fabrication conditions of the three different polyethersulfone (PES) electrospun nanofibrous
membranes (ENMs).

ENM 30 ENM 30-0.01 ENM 30-0.10

PES concentration (% (w/v)) 30 30 30
LiCl concentration (% (w/v)) 0 0.01 0.10

Applied voltage (kV) 13.0 15.0 21.0
Feed rate (mL/h) 0.5 0.3 0.3

Tip-to-collector distance (cm) 20 20 20
Humidity (%) 40–50 40–50 40–50

2.3. Characterization of PES ENMs

The surface structures of the PES nanofibrous mats and ENMs were analyzed with a field emission
scanning electron microscope (FE-SEM) (S-4800, Hitachi, Tokyo, Japan). The average diameter of
the nanofibers was measured using FE-SEM images and Image J 1.48v software (National Institutes
of Health, Bethesda, MD, USA). To calculate the average diameter in each sample, 30 nanofibers
were randomly selected within three images. The thickness of PES ENMs was measured using a dial
thickness gauge (Mitutoyo 7301, Mitutoyo, Kanagawam Japan). Attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy (Varian 660-IR, Bruker, Billerica, USA) was utilized to
identify the chemical surface property of the PES ENMs according to the LiCl addition.

To compare the pore structures of the PES ENMs with the different fiber diameters, the pore size
distribution of the PES ENMs was evaluated using a capillary flow porometer (Porous Materials Inc.,
New York, NY, USA). The PES ENMs were soaked with the wetting liquid, GalwickTM (Welcron, Seoul,
Korea) and then put in the test sell with an effective diameter of 1.5 cm. Nitrogen gas was injected to
overcome the capillary force of the liquid in the pores and flowed through the pores, increasing the
differential pressure slowly. The relation between pore size and the corresponding gas pressure is
obtained by the Young-Laplace Equation (1):

r =
2γ
∆P

cosθ (1)

where r is the radius of the pore, ∆P is the differential gas pressure, γ is the surface tension of the
wetting liquid, GalwickTM (15.9 × 10−5 N/cm = 15.9 dyn/cm), and θ is the wetting angle. The bubble
point pore diameter represents the largest pore size in the membrane. The mean flow pore diameter
indicates that half of the gas flow passes through pores larger than the mean pore size and that the
remaining half of the gas flow passes through pores smaller than the mean pore size [13]. The porosity
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measurements of the PES ENMs were performed using a mercury porosimeter (AutoPore III 9420,
Micrometrics, Norcross, GA, USA).

2.4. Experimental Design and Statistical Analysis

A Box-Behnken design in response surface methodology (RSM) was employed to study the
influence of electrospinning parameters on the applied voltage and the average fiber diameter.
Applied voltage was selected as the dependent variable for the response surface analysis in this study,
compared to other studies. The reason was that the applied voltage responded to other parameters
sensitively, using the conductive polymer solutions due to the addition of LiCl. LiCl concentration,
PES concentration, feed rate, and tip-to-collector distance was selected as independent variables because
these mainly influence to fiber-diameter which determine the pore size of ENMs. The four independent
variables were LiCl concentration (X1), PES concentration (X2), feed rate (X3), and tip-to-collector
distance (X4). The experimental range and coded levels of the independent variables are listed in
Table 2. A total of 27 experimental points were needed to fit in the four variable Box-Behnken design
(Table 3). In this study, a second-order polynomial model was used to describe the correlation between
factors X and response Y. Applied voltage (Y1) and average fiber diameter (Y2) were set as the responses:

Y = b0 +
k∑

i=1

bixi +
k∑

i=1

biix2
i +

∑
i<

k∑
j=2

bi jxix j + ε (2)

where b0 is the constant coefficient and means the response when none of the factors work. bi, bii,
and bij are the linear, quadratic, and interaction coefficients, respectively. ε is the statistical error.

Table 2. Experimental range and coded levels of the independent variables for fabricating
PES nanofibers.

Independent Variables Code
Real Values of the Coded Level

–1 0 1

LiCl concentration (% (w/v)) X1 0.01 0.03 0.05
PES concentration (% (w/v)) X2 28 30 32

Feed rate (mL/h) X3 0.3 0.4 0.5
Tip-to-collector distance (cm) X4 20 25 30

Determination coefficient (R2) evaluated the coincident extent between observed response values
and the model equation. R2 ranges from 0 to 1. The lower values of R2 indicate that the observed
response values do not fit the model equation well; however, a high value of R2 does not necessarily
ensure the adequacy of the regression model. When additional factors are included in the model
equation, R2 will always increase. Therefore, an adjusted R2 (Radj

2) is induced as follows:

R2
adj = 1−

n− 1
n− p− 1

(
1−R2

)
(3)

where n is the number of experiments and p is the number of coefficients in the regression model [14,15].
An analysis of variance (ANOVA) and a t-statistic of responses were conducted to judge the statistical
significance using Minitab 17.0 software (Minitab Inc., State College, PA, USA). The level of confidence
was set to 0.05.
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Table 3. Experimental responses of the dependent variables for the applied voltage (Y1) and the
average PES nanofiber diameter (Y2) in the Box-Behnken design. X1: LiCl concentration (% (w/v)),
X2: PES concentration (% (w/v)), X3: Feed rate (mL/h), X4: Tip-to-collector distance (cm). The real values
of the independent variables are listed in Table 2.

Exp. No.
Coded Levels

Y1 (kV) Y2 (nm)
X1 X2 X3 X4

1 0 −1 0 1 21.5 258
2 0 0 −1 1 20.0 264
3 0 1 0 1 20.5 357
4 −1 1 0 0 15.5 384
5 0 0 1 −1 17.5 302
6 0 −1 1 0 19.5 351
7 1 1 0 0 20.5 294
8 0 0 0 0 19.5 312
9 0 −1 −1 0 18.5 221

10 −1 0 −1 0 15.0 328
11 −1 0 1 0 18.0 424
12 1 0 −1 0 19.5 230
13 −1 0 0 −1 14.5 382
14 1 −1 0 0 21.0 258
15 0 1 1 0 20.0 336
16 −1 0 0 1 18.5 343
17 1 0 0 1 22.5 275
18 0 1 −1 0 18.0 312
19 0 0 0 0 19.5 287
20 0 0 0 0 19.5 305
21 1 0 0 −1 17.5 272
22 0 0 1 1 22.0 344
23 0 0 −1 −1 15.5 266
24 0 −1 0 −1 17.5 282
25 0 1 0 −1 17.0 302
26 −1 −1 0 0 17.0 364
27 1 0 1 0 21.5 276

2.5. Pure Water Flux and Retention Test

The initial pure water flux of PES ENMs was determined using a dead-end filtration cell
(AMICON 8200, Millipore, Burlington, VT, USA). The filtration cell was connected to a 5 L reservoir.
The wetted PES ENM with a diameter of 63.5 mm was put in the filtration cell, and de-ionized water
(18.2 MΩ cm, Milli-Q, Millipore, Burlington, VT, USA) in the reservoir was supplied to the membrane
under the feed pressure of 0.2 bar. The mass of water that permeated through the membrane during
5 s was recorded, and the pure water flux was obtained by Equation (4):

J =
Q

A∆t
(4)

where J is the pure water flux (L/(m2 h)), Q is the volume of the permeated water (L), A is the effective
membrane area (m2), and ∆t is the sampling time (h).

Retention tests of 0.6 µm PS particles were performed at 0.2 bar on the simple dead-end filtration
setup. The feed of 400 mL PS suspension (20 mg/L) in the reservoir was passed through the wetted PES
ENM. The PS concentration of the permeated solutions was determined by a UV-Vis spectrophotometer
(Optizen 2120UV, Mecasys, Daejeon, Korea) at the wavelength of 450 nm. The separation factor (S.F.)
was calculated as follows:

S.F. =
(
1−

Cp

C f

)
× 100% (5)
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where Cf and Cp are the PS concentration of the feed solution (mg/L) and permeated solution
(mg/L), respectively.

3. Results and Discussion

3.1. Parameters Optimization in Fabricating PES Electrospun Nanofibers

To determine the effect of electrospinning parameters on applied voltage and average
polyethersulfone (PES) nanofiber diameter, the dependent variables were observed in a total of
27 experimental points, including three replications of the central point, by the Box-Behnken design.
The results are represented in Table 3.

3.1.1. Response Surface Model Analysis for Applied Voltage

The model adequacy checks indicated that the applied voltage was best described with the
quadratic polynomial model (Table S1). The quadratic polynomial model involves linear, quadratic,
and interaction terms. The significance probability (p-value) for the quadratic model (p = 0.000) was less
than 0.05, and the adjusted determination coefficient (Radj

2) for the quadratic model was the closest
to 1 (Radj

2 = 0.9627) of the considered models. The results suggest that the quadratic model fits the
responses for applied voltage well. The p-value for lack of fit was not calculated because the pure error
was 0. The analysis of the variance (ANOVA) in the quadratic model for applied voltage is shown in
Table S2. The regression model for applied voltage reacted to linear and quadratic terms significantly
at p < 0.05, whereas there were no interactive effects among the electrospinning parameters on the
response of applied voltage at p > 0.05.

The measured voltages from the experiments and the predicted voltages from the model are
distributed in Figure 1a. The good accordance between the measured values and the predicted values
demonstrated that the estimated model was suitable. The regression coefficients in the quadratic
model for the applied voltage are shown in Table 4. We found that all linear coefficients of the LiCl
concentration (X1), PES concentration (X2), feed rate (X3) and tip-to-collector distance (X4) affected the
applied voltage significantly at p < 0.05. One of the quadratic coefficients, X1

2, also affected the applied
voltage significantly.

The response surface function for the applied voltage was obtained as follows,
eliminating insignificant terms:

Y1 = 19.5 + 2X1 − 0.292X2 + X3 + 2.125X4 − 0.813X1
2 (6)

Equation (6) indicates the independent correlations between the applied voltage and each of the
considered electrospinning parameters. The LiCl concentration and the tip-to-collector distance in
particular have more noticeable effects on the applied voltage because their predicted coefficients
are relatively high. These results suggest that the applied voltage indirectly affects the average fiber
diameter included in the other electrospinning parameters [16,17]. Therefore, we propose that the
applied voltage may be excluded from the independent variables regarding the average nanofiber
diameter in this study.
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Figure 1. Parity plot of the measured applied voltage and predicted applied voltage (a), the measured
fiber diameter and predicted fiber diameter (b).

Table 4. The regression analysis in the fitted quadratic polynomial model for applied voltage based on
the t-statistic. R2 = 0.9828, Radj

2 = 0.9627.

Parameter Coefficient Standard Error T-Value p-Value

Constant 19.500 0.242 80.66 0.000 Significant
X1 (LiCl concentration) 2.000 0.121 16.55 0.000 Significant
X2 (PES concentration) −0.292 0.121 −2.41 0.033 Significant

X3 (Feed rate) 1.000 0.121 8.27 0.000 Significant
X4 (Tip-to-collector distance) 2.125 0.121 17.58 0.000 Significant

X1
2 −0.813 0.181 −4.48 0.001 Significant

X2
2 −0.125 0.181 −0.69 0.504

X3
2 −0.313 0.181 −1.72 0.110

X4
2 −0.375 0.181 −2.07 0.061

X1X2 0.250 0.209 1.19 0.256
X1X3 −0.250 0.209 −1.19 0.256
X1X4 0.250 0.209 1.19 0.256
X2X3 0.250 0.209 1.19 0.256
X2X4 −0.125 0.209 −0.60 0.562
X3X4 0.000 0.209 0.00 1.000
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3.1.2. Effects of Electrospinning Parameters on Applied Voltage

The effects of the electrospinning parameters on the applied voltage were considered
physicochemically based on the response surface function for applied voltage obtained. A droplet of
polymer solution in the tip is exposed to the capacitor-like electrical field during the electrospinning
process. When the tip-to-collector distance is much larger than the needle diameter, the electrical field
strength applied to the charges in the droplet can be estimated as follows [18]:

E ∼
V
d

(7)

where E is the electrical field strength, V is the applied voltage, and d is the tip-to-collector
distance. Equation (7) indicates that more applied voltage is needed for stable electrospinning as the
tip-to-collector distance increases. This supports our statistical finding that the linear coefficient of the
tip-to-collector distance (2.125) was positive in Equation (6) and had the highest value. Our previous
statistical analysis indicates that the LiCl concentration exerts the corresponding influence on the
applied voltage compared with the tip-to-collector distance. Since the linear coefficient of the LiCl
concentration (2) was positive in Equation (6), the applied voltage increases with an increasing LiCl
concentration. Many researchers have reported the interactions of LiCl and polar aprotic solvents,
such as N-methyl-2-pyrrolidone (NMP), dimethylformamide (DMF), and dimethylacetamide (DMAc),
with polymers [19–21]. When LiCl is dissolved first in NMP, Li+ cations form the positive charged
complexes with the amide groups in NMP under the solvation process. Li+ cations may also form
the positive charged complexes with the sulfone groups in PES following the addition of PES in the
LiCl-NMP system. In other words, the addition of LiCl changes the solution environment, inducing the
bulky solvated NMP molecules and the electrostatic interactions among the formed complexes and
Cl− anions. As a result, the two chemical reactions improve the viscosity of the mixed solvent [21].
This phenomenon means that the more LiCl that is added, the more applied voltage is needed to
overcome the electrostatic attractions.

3.1.3. Response Surface Model Analysis for Average Fiber Diameter

The model adequacy checks indicated that the average fiber diameter was also best described in
the quadratic polynomial model (Table S3). The p-value for the quadratic model (p = 0.000) was less than
0.05, and the Radj

2 for the quadratic model was the closest to 1 (Radj
2 = 0.9106) of the considered models.

In addition, the p-value for lack of fit (p = 0.496) was insignificant at p > 0.05. The results suggest that
the quadratic model fits the responses for the average fiber diameter appropriately. The analysis of
the variance (ANOVA) in the quadratic model for the average fiber diameter is shown in Table S4.
The regression model for the average fiber diameter reacted to linear, quadratic, and interaction terms
significantly at p < 0.05.

The measured fiber diameters from the experiments and predicted fiber diameters from the model
are distributed in Figure 1b. The good accordance between the measured values and the predicted
values demonstrated that the estimated model was suitable. The regression coefficients in the quadratic
model for the average fiber diameter are shown in Table 5. We found that three linear coefficients of the
LiCl concentration (X1), PES concentration (X2), and feed rate (X3) affected the average fiber diameter
significantly at p < 0.05. One quadratic coefficient of X1

2 and two interaction coefficients of X2X3 and
X2X4 also affected the average fiber diameter significantly.
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Table 5. The regression analysis in the fitted quadratic polynomial model for the average fiber diameter
based on the t-statistic. R2 = 0.9587, Radj

2 = 0.9106.

Parameter Coefficient Standard Error T-Value p-Value

Constant 301.33 8.50 35.46 0.000 Significant
X1 (LiCl concentration) −51.67 4.25 −12.16 0.000 Significant
X2 (PES concentration) 20.92 4.25 4.92 0.000 Significant

X3 (Feed rate) 34.33 4.25 8.08 0.000 Significant
X4 (Tip-to-collector

distance) 2.92 4.25 0.69 0.505

X1
2 18.71 6.37 2.94 0.012 Significant

X2
2 4.83 6.37 0.76 0.463

X3
2 −3.29 6.37 −0.52 0.615

X4
2 −4.17 6.37 −0.65 0.526

X1X2 4.00 7.36 0.54 0.597
X1X3 −12.5 7.36 −1.70 0.115
X1X4 10.5 7.36 1.43 0.179
X2X3 −26.5 7.36 −3.60 0.004 Significant
X2X4 19.75 7.36 2.68 0.020 Significant
X3X4 11.00 7.36 1.49 0.161

The response surface function for the average fiber diameter was obtained as follows,
eliminating insignificant terms:

Y2 = 301.33 − 51.67X1 + 20.92X2 + 34.33X3 − 18.71X1
2
− 26.5X2X3 − 19.75X2X4 (8)

The LiCl concentration, PES concentration, and feed rate have a direct relevance to the average fiber
diameter, as shown in Equation (8). The LiCl concentration in particular is the most decisive parameter
in controlling the average fiber diameter because the absolute value of the predicted coefficient is the
highest. This observation is consistent with the previous studies which found that the addition of
ionic salt has a stronger influence on the fiber diameter than other electrospinning parameters [22,23].
In addition, the feed rate makes a larger contribution to the average fiber diameter than the PES
concentration because the coefficient of the feed rate is higher than that of the PES concentration.
This result is not consistent with other studies in which the polymer concentration affected the average
fiber diameter significantly compared with the feed rate [1,24].

The interactive effect of the PES concentration and the feed rate on the average fiber diameter is
presented in Figure 2a. To minimize their influences on the average fiber diameter, the LiCl concentration
and tip-to-collector distance were fixed at low levels of 0.01% (w/v) and 20 cm, respectively. This contour
plot suggests that the responses in the average fiber diameter rely on the feed rate at a lower PES
concentration. When the feed rate increased at a low PES concentration of 28–30% (w/v), the average
fiber diameter increased in a wide range of <330 to >430 nm; however, the feed rate exerted little
influence on the average fiber diameter at a higher PES concentration. This is because the increased
viscoelastic effect of the PES concentration counteracted the mass flow effect of the feed rate.

The interactive effect of the PES concentration and the tip-to-collector distance on the average fiber
diameter is presented in Figure 2b. To minimize their influences on the average fiber diameter, the LiCl
concentration and feed rate were fixed at low levels of 0.01% (w/v) and 0.3 mL/h, respectively. We found
that the increase of the tip-to-collector distance caused the decrease of the average fiber diameter at
a low PES concentration of 28–29% (w/v) in this contour plot; however, the tip-to-collector distance
exerted little influence on the average fiber diameter at a high PES concentration of 30–32% (w/v).
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Figure 2. Contour plot for the average fiber diameter (Y2, nm) as a function of feed rate and PES
concentration at an LiCl concentration of 0.01% (w/v) and a tip-to-collector distance of 20 cm (a); as a
function of the tip-to-collector distance and the PES concentration at an LiCl concentration of 0.01%
(w/v) and a feed rate of 0.3 mL/h (b).

3.1.4. Effects of the Electrospinning Parameters on the Average Fiber Diameter

The effects of the electrospinning parameters on the average fiber diameter were considered
physicochemically based on the response surface function for the average fiber diameter obtained.
Figures 3 and 4 show the morphology and the average diameters of the nanofibers electrospun in
30% (w/v) PES solutions with different LiCl concentrations. The PES nanofibers were fabricated at
each optimal voltage, the feed rate of 0.5 mL/h, and the tip-to-collector distance of 20 cm. The average
fiber diameter decreased considerably with an increasing LiCl concentration in a range of 0–0.10%
(w/v). The observations coincide with our statistical result that the linear coefficient of the LiCl
concentration (−51.67) was negative in Equation (8) and had the highest absolute value. The addition
of LiCl increases the electrical conductivity of the solution, bringing about a higher surface charge
density of the polymer jet. When more charges move in the polymer jet, a greater elongation of the jet
occurs due to the electrostatic repulsion among charges [11,22]. This elongation effect increases the
period or the nanofibers to exist in the instability region, causing a reduction in the diameter of the
resultant nanofibers.



Appl. Sci. 2020, 10, 7295 11 of 16

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 15 

3.1.4. Effects of the Electrospinning Parameters on the Average Fiber Diameter 

The effects of the electrospinning parameters on the average fiber diameter were considered 
physicochemically based on the response surface function for the average fiber diameter obtained. 
Figures 3 and 4 show the morphology and the average diameters of the nanofibers electrospun in 
30% (w/v) PES solutions with different LiCl concentrations. The PES nanofibers were fabricated at 
each optimal voltage, the feed rate of 0.5 mL/h, and the tip-to-collector distance of 20 cm. The average 
fiber diameter decreased considerably with an increasing LiCl concentration in a range of 0%–0.10% 
(w/v). The observations coincide with our statistical result that the linear coefficient of the LiCl 
concentration (−51.67) was negative in Equation (8) and had the highest absolute value. The addition 
of LiCl increases the electrical conductivity of the solution, bringing about a higher surface charge 
density of the polymer jet. When more charges move in the polymer jet, a greater elongation of the 
jet occurs due to the electrostatic repulsion among charges [11,22]. This elongation effect increases 
the period or the nanofibers to exist in the instability region, causing a reduction in the diameter of 
the resultant nanofibers. 

 
Figure 3. FE-SEM images (5000×) of 30% (w/v) PES nanofibers with different LiCl concentrations at 
each optimal voltage, the feed rate of 0.5 mL/h, and the tip-to-collector distance of 20 cm. (a) 0% 
(w/v)/13.0 kV, (b) 0.01% (w/v)/15.5 kV, (c) 0.03% (w/v)/17.5 kV, (d) 0.05% (w/v)/19.5 kV, (e) 0.10% 
(w/v)/22.0 kV. 

Our previous statistical analysis indicates that the PES concentration and the feed rate have 
secondary impacts on the average fiber diameter compared with the LiCl concentration. Since the 
linear coefficients of the PES concentration (20.92) and the feed rate (34.33) were positive in Equation 
(8), the average fiber diameter increases with increasing PES concentration and feed rate. The 
increased PES concentration is closely associated with the increased viscosity of the solution [1,5]. 
This is because of the higher entanglement among the increased polymer chains in the solution [25]. 
The viscoelastic effect increases the diameter of the resultant fibers. The feed rate is related to the 
mass flow of the polymer. When the feed rate increases, more polymers transfer from the needle tip 
to the collector in a faster stream of the polymer jet [12,26]. This results in an increment of resultant 
fibers. 

Figure 3. FE-SEM images (5000×) of 30% (w/v) PES nanofibers with different LiCl concentrations at each
optimal voltage, the feed rate of 0.5 mL/h, and the tip-to-collector distance of 20 cm. (a) 0% (w/v)/13.0 kV,
(b) 0.01% (w/v)/15.5 kV, (c) 0.03% (w/v)/17.5 kV, (d) 0.05% (w/v)/19.5 kV, (e) 0.10% (w/v)/22.0 kV.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 15 

 
Figure 4. The LiCl concentration effects on the average diameter of 30% (w/v) PES nanofibers at each 
optimal voltage, the feed rate of 0.5 mL/h, and the tip-to-collector distance of 20 cm. 

3.2. Particulate Removal of PES Electrospun Nanofibrous Membranes in Liquid Filtration 

Wang et. al. report the effects of electrospun nanofibrous structures on the filtration 
performance, a series of nanofibrous membranes with different fiber diameters. They observed that 
smaller fiber diameters led to smaller pores with more uniform distribution, and the membrane pore 
size has a direct relation with the permeability and particle rejection efficiency of membrane [27]. 

3.2.1. Characterization of the PES ENMs 

The surface structures of the PES electrospun nanofibrous membranes (ENMs) are shown in 
Figure 3. According to the previous results, the LiCl concentration and the feed rate have more direct 
impacts on the fiber diameter. Therefore, the PES solutions with different LiCl concentrations of 0, 
0.01, and 0.10% (w/v) were electrospun to produce PES ENMs with different fiber diameters and the 
feed rate was optimized accordingly. ENM 30-0.10 had the smallest fiber diameter and was prepared 
from the PES solution with the highest LiCl concentration of 0.10% (w/v). All membranes possessed 
relatively uniform nanofibers without beads or spindles. The basic characteristics of the PES ENMs 
are tabulated in Table S5. To minimize the effect of membrane thickness on liquid filtration 
performance, the thicknesses of the PES ENMs were similarly set. 

The PES ENMs with different LiCl concentrations were characterized by ATR-FTIR 
spectroscopy (Figure S1). There was no particular distinction among the spectra of PES ENMs, 
regardless of whether or not LiCl was added in the membranes. We observed that the PES ENMs 
only had the chemical properties of PES compared with the reported band assignments of the PES 
membrane by Belfer et al. [28]. Although the peak at 1671 cm−1 is related to the carbonyl vibrations of 
the N–C=O group in NMP, this peak was not observed. Therefore, the results propose that the 
chemical properties of the PES ENMs do not change with the addition of LiCl because the solvent 
NMP that mainly forms the complex with a Li+ cation is completely removed during the 
electrospinning process and the immersion process in water. 

3.2.2. Pore Characterization of the PES ENMs 

The average pore sizes (Table S6) of the PES ENMs were obtained by the capillary flow 
porometer. It was observed that the pore size ranges of the PES ENMs belonged to microfiltration 
(MF) scale [29]. After linking these results with the fiber diameters of the PES ENMs shown in Table 
S5, it was found that the fiber diameter plays an important role in determining the pore structure of 

Figure 4. The LiCl concentration effects on the average diameter of 30% (w/v) PES nanofibers at each
optimal voltage, the feed rate of 0.5 mL/h, and the tip-to-collector distance of 20 cm.

Our previous statistical analysis indicates that the PES concentration and the feed rate have
secondary impacts on the average fiber diameter compared with the LiCl concentration. Since the
linear coefficients of the PES concentration (20.92) and the feed rate (34.33) were positive in Equation (8),
the average fiber diameter increases with increasing PES concentration and feed rate. The increased
PES concentration is closely associated with the increased viscosity of the solution [1,5]. This is because
of the higher entanglement among the increased polymer chains in the solution [25]. The viscoelastic
effect increases the diameter of the resultant fibers. The feed rate is related to the mass flow of the
polymer. When the feed rate increases, more polymers transfer from the needle tip to the collector in a
faster stream of the polymer jet [12,26]. This results in an increment of resultant fibers.
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3.2. Particulate Removal of PES Electrospun Nanofibrous Membranes in Liquid Filtration

Wang et al. report the effects of electrospun nanofibrous structures on the filtration performance,
a series of nanofibrous membranes with different fiber diameters. They observed that smaller fiber
diameters led to smaller pores with more uniform distribution, and the membrane pore size has a
direct relation with the permeability and particle rejection efficiency of membrane [27].

3.2.1. Characterization of the PES ENMs

The surface structures of the PES electrospun nanofibrous membranes (ENMs) are shown in
Figure 3. According to the previous results, the LiCl concentration and the feed rate have more direct
impacts on the fiber diameter. Therefore, the PES solutions with different LiCl concentrations of 0,
0.01, and 0.10% (w/v) were electrospun to produce PES ENMs with different fiber diameters and the
feed rate was optimized accordingly. ENM 30-0.10 had the smallest fiber diameter and was prepared
from the PES solution with the highest LiCl concentration of 0.10% (w/v). All membranes possessed
relatively uniform nanofibers without beads or spindles. The basic characteristics of the PES ENMs are
tabulated in Table S5. To minimize the effect of membrane thickness on liquid filtration performance,
the thicknesses of the PES ENMs were similarly set.

The PES ENMs with different LiCl concentrations were characterized by ATR-FTIR spectroscopy
(Figure S1). There was no particular distinction among the spectra of PES ENMs, regardless of
whether or not LiCl was added in the membranes. We observed that the PES ENMs only had the
chemical properties of PES compared with the reported band assignments of the PES membrane by
Belfer et al. [28]. Although the peak at 1671 cm−1 is related to the carbonyl vibrations of the N–C=O
group in NMP, this peak was not observed. Therefore, the results propose that the chemical properties
of the PES ENMs do not change with the addition of LiCl because the solvent NMP that mainly forms
the complex with a Li+ cation is completely removed during the electrospinning process and the
immersion process in water.

3.2.2. Pore Characterization of the PES ENMs

The average pore sizes (Table S6) of the PES ENMs were obtained by the capillary flow porometer.
It was observed that the pore size ranges of the PES ENMs belonged to microfiltration (MF) scale [29].
After linking these results with the fiber diameters of the PES ENMs shown in Table S5, it was found
that the fiber diameter plays an important role in determining the pore structure of the PES ENMs.
When the fiber diameter decreases, the pore sizes and the pore size distribution also decrease.

The porosities of the PES ENMs were obtained by the mercury porosimeter. It was found that
the porosity of the PES ENMs increased slightly with a decrease in the fiber diameter. In conclusion,
the porosity was insignificantly affected by the fiber diameter in our study.

3.2.3. Pure Water Flux and PS Retention Test

The pure water flux test was carried out to investigate the relationship between the fiber diameter
and the water permeability of the PES ENMs. The initial pure water fluxes of ENM 30, ENM 30-0.01,
and ENM 30-0.10 were obtained as 15,900, 11,400, and 10,800, respectively (Figure 5a). This decline
tendency is similar to the results of other research groups [30,31]. We found that three PES ENMs
exhibited higher pure water fluxes compared with the commercial GSWP 0.22 µm membrane and had
a pure water flux of 9155 L/(m2 h bar) at 0.17 bar [32].

On the basis of Darcy’s law [33,34], the pure water flux through a MF membrane can be estimated
as follows:

J =
εr2

8µτ
∆P
∆x

(9)
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where J is the water flux (m3/s), ε is the porosity (–), r is the pore radius (m), ∆P is the pressure
difference across the membrane (Pa), µ is the dynamic viscosity (Pa s), τ is the tortuosity (–) and ∆x is
the membrane thickness (m).
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Figure 5. Water permeation (a) and 0.6 µm PS suspension filtration (b) performance of the PES ENMs.

Equation (9) implies that the pore size is a very effective factor in determining the initial pure
water flux because the porosities and the thicknesses of the PES ENMs have little difference in our
study. It should be noted from Figure 3 that the number of nanofibers per unit area is arranged in the
order of ENM 30-0.10 > ENM 30-0.01 > ENM 30. Thus, smaller pore size and more nanofibers can
make the transfer route of water molecules complicated in the membrane. This results in the reduction
of pure water flux.

The retention test was carried out to investigate the relationship between the fiber diameter and
the liquid filtration properties of the PES ENMs. On the basis of the pore size characteristics of the PES
ENMs, 0.6 µm polystyrene (PS) suspensions were selected as target particles. The separation factors in
ENM 30, ENM 30-0.01, and ENM 30-0.10 were obtained as 10%, 53%, and 97%, respectively (Figure 5b).
The membranes composed of thinner nanofibers had smaller pore sizes and a narrower pore size
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distribution. They can also have a high specific surface area for particle adsorption and a large
interconnection among nanofibers [13]. This results in the improvement of liquid filtration performance.

4. Conclusions

The influence of the electrospinning parameters on the diameter of the polyethersulfone (PES)
nanofibers was demonstrated using response surface methodology (RSM). The preliminary factors
consisted of a lithium chloride (LiCl) concentration, PES concentration, applied voltage, feed rate,
and tip-to-collector distance. The applied voltage was left out because it was found that the applied
voltage responded to other parameters sensitively in the conductive polymer solution. A quadratic
model on the average fiber diameter was fitted through the analysis of the variance (ANOVA).
The responses in the model indicated that the LiCl concentration was the most important factor
in determining the average fiber diameter and that the tip-to-collector distance had no connection
with the average fiber diameter. This work shows the possibility of predicting the fiber diameter in
specific conditions and producing PES nanofibers with the desired diameter. The properties of the PES
solutions with LiCl loadings also need to be observed for proving the effects of the LiCl concentration
in a chemical aspect.

Based on the parametrization, three PES electrospun nanofibrous membranes (ENMs) with
different fiber diameters were fabricated. The synthesized membranes were used for the liquid
filtration application. It was observed that the pore sizes and the pore size distribution also decreased
as the fiber diameter decreased. The pure water flux test and the retention test were performed to
identify the relationship between fiber diameter and filtration performance. When the fiber diameter
decreased, the initial pure water flux decreased, and the removal rate of the micro-particles increased
due to a denser membrane structure. This study demonstrates the possibility of producing various
size selective membranes through the adjustment of the fiber diameter; however, further research is
required to thoroughly understand the liquid filtration mechanism and to identify the structural and
mechanical integrity of PES ENMs in membrane processes for water treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/20/7295/s1,
Figure S1: ATR-FTIR spectra of (a) ENM 30, (b) ENM 30-0.01, and (c) ENM 30-0.10, Table S1: Analysis of variance
(ANOVA) in various mathematical models for the applied voltage, Table S2: Analysis of the variance (ANOVA)
in the fitted quadratic polynomial model for applied voltage, Table S3: Analysis of variance (ANOVA) in various
mathematical models for the average fiber diameter. Table S4: Analysis of the variance (ANOVA) in the fitted
quadratic polynomial model for the average fiber diameter, Table S5: Fiber diameter and membrane thickness of
the PES ENMs, Table S6: Pore properties of the PES ENMs.
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