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A B S T R A C T

A comprehensive study was conducted to investigate the effects of applied voltage, distance between needle tip
and counter electrode, liquid flow rate, pH and conductivity of water on the electrical current in a capillary
electro-spray. Atomic Force Microscopy (AFM) was employed to measure the size distribution of water droplets,
which presented a mean diameter of 299 � 76 nm. Statistical analysis using three-way ANOVA and nonlinear
multivariate regression model were employed to study the interactions of applied voltage, distance between
needle tip and counter electrode, and liquid feed rate with electrical current, and to develop regression equations
to predict the current. It was found that electrical current was significantly (p < 0.05) influenced by applied
voltage (0 to �10 KV) and the distance (2, 3 and 4 cm), but not by the liquid feed rate (1–10 μl/min) within the
range investigated in this work. A water contact indicator was employed for the first time in the electrospray
system to investigate the effect of parameters mentioned above on the liquid droplets deposition area. The
experimental data demonstrated that increasing the distance of the capillary needle, liquid feed rate, pH, and
conductivity, resulted in increased electrosprayed area.
1. Introduction

Atomization of liquids into fine droplets can be achieved by a high
voltage system (Kim et al., 2010). Electrospray has been studied for more
than two centuries and its current applications include drug delivery, air
purifying processes, ink-jet printing, and surface coating and ion sources
in mass spectrometers (Kim et al., 2010). In the literature, mechanisms of
several stages of the electrospray process has been summarized [1]. The
electrospray technique can be conveniently divided into a number of
stages; the two dominant stages are droplet formation and droplet
shrinkage [1]. In typical electrospray processes, a high voltage is applied
between a metal capillary and a grounded electrode. The strong electric
field between the two electrodes causes charges to accumulate on the
surface of the liquid and the resultant electrostatic force pulls the liquid
towards the grounded electrode. Surface tension often acts to keep
charges within the liquid, acting as counter forces to hold the liquid on
the capillary [2]. A Taylor cone, which is a cone observed in electro-
spraying process and is formed as the result of a balance between these
).
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two forces [3]. In brief, fine droplet formation in an electrospray process
is the result of hydrostatic balance between the electrostatic force and
surface tension [4]. Owing to the electrostatic repulsion and the Rayleigh
limit, droplets will start to split into smaller droplets. The size of the
liquid droplet varies from millimeters to nanometers and according to
published literature, the parameters investigated in the electrospray
process that affects the diameter of the formed droplet include the
applied potential, nozzle diameter, the liquid flow rate and its physical
properties [1,5–8]; Kim et al., 2010; [4,9,10]. More recently, nanosized
water droplets generated from electrospray systems have been found
effective for surface microbial deactivation [11,12], deodorization of
textile materials [13] and anti-pilling of knitted wool fabric [14]. Despite
a great number of publications on different types of spraying modes and
scaling laws, there have been relatively few studies related to the effects
of pH and liquid flow rate (with a range of 1–10 μl/min) for water based
liquids on electrical current and the electrosprayed area. In addition,
there is no literature data available for sprayed area, which is an
important parameter for scaling up and improving throughputs of
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electrospray techniques. Therefore, objectives of the current work were
to investigate the effect of applied voltage, pH, distance to the electrode,
and salinity on electrical current and to evaluate the effective spray area
under different operating conditions.

To this end, a newmethod of using a water contact indicator was
applied to evaluate and measure the electrosprayed area in this work. A
statistical analysis including three-way ANOVA and nonlinear regression
model was conducted to evaluate the effect of voltage, capillary to
electrode distance and liquid flow rate on electrical current.

2. Methods and materials

2.1. Experiment setup

Fig. 1 illustrates the experimental setup used in this study. The liquid
flow rate was provided and varied by a syringe pump (NE-1000, New Era
Pump Systems Inc., Farmingdale, USA). A 30 gauge needle with an inner
diameter of 0.159 mm and an outer diameter of 0.3112 mm (Metal Hub,
Fisher Scientific, USA) coupled with a 2.5 ml syringe (1000 series Gas
Tight, Hamilton, United States) was used with the syringe pump to
supply the liquid at desired flow rates (1, 2 and 10 μl/min). Electrical
conductivity of deionized water and saline water at different concen-
trations of sodium chloride (0.06, 0.19 and 13.94 mS/cm) was measured
with a conductivity meter (Omega PHH-7200, ALPHAOMEGA Elec-
tronics, Spain). pH of deionized water and caustic solution was measured
with a pH meter (Omega PHH-7200, ALPHAOMEGA Electronics, Spain).
A caustic solution with pH ¼ 9.76 was prepared by adding sodium hy-
droxide into the deionized water. Saline water with K ¼ 13.94 mS/cm
Fig. 1. Experimen
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was prepared by adding 1.1 g of sodium chloride into 150ml of deionized
water.

A temperature and relative humidity sensor (HIH8120-021-001,
Humidlcon, Honeywell, USA) was installed in the chamber and remotely
connected to a laptop to continuously record data. A stainless-steel
coupon with a diameter of 5 cm was placed on the top of the counter
electrode, which was made of alumina (diameter of 5.85 cm and thick-
ness of 0.1 cm. The counter electrode and the coupon were placed on a
support platform made of PVC, which was used to adjust the distance
between the tip of the capillary needle to the coupon, and it was tested at
distances of 2, 3 and 4 cm, respectively. The electrometer (DM-45 Digital
Multimeter, GreenLee, USA) was connected to the counter electrode to
measure the total current passing through the coupon. A high voltage
power supply (APM-30KIPNX, Kasuga Denkie Inc., Japan) was employed
to provide a voltage in a range of �10 KV to þ10 KV. The positive/
negative port was connected to the needle and the counter electrode was
grounded in order to generate the electric field.

During experiments, the high voltage (in the range of kV) applied
between the two electrodes causes the formation of a conical meniscus at
the tip of the capillary, known as the Taylor cone [12]. From the tip of the
Taylor cone, highly charged water droplets continued to break into
smaller droplets, which was called Engineered Water Nano-Structures
(EWNS) as they were drawn by the electrical field towards the counter
electrode, and impacting on the coupon.
2.2. Size measurement of EWNS

The Atomic Force Microscope (AFM) (4500 AFM, Keysight
t schematic.
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Technologies, USA) and the probe (Aspire CT170 probe, Nanoscience
Instruments, Canada) were employed to measure the size of EWNS
droplets [11]. The AFM scanned area was 14 μm � 15 μm with 512 scan
lines. All images were processed by Gwyddion (an open software) and
tuned to 2nd order polynomial background. Height and diameter of the
deposited droplets were measured from these processed images and they
were used in Equation (1) below.

An electrospray setup mentioned above was used to generate EWNS
at an operating condition of �6.6 KV, 4 cm distance between the metal
capillary and counter electrode and 4 μl/min Mili-Q water (highly puri-
fied water 18 MΩ cm�1) flow rate. The produced EWNS droplets were
sprayed on a freshly cleaved mica surface (Great V-4 Mica, SPI Supplies,
USA) for a period of 10 s. According to Zhao et al., [15]; the mica surface
has a thin layer of water film, which makes the mica surface from
dielectric to conductive. A stainless steel tweeze was used to hold the
mica surface and expose it to the electrospray. During the spray, the mica
surface was grounded and there should be no charges accumulated on the
mica surface. Pyrgiotakis et al. (2014) reported that the surface charge on
the nano-droplets increase the surface tension and leading to a decrease
of droplet evaporation rate. After spraying, the mica was immediately
scanned by using the AFM. With a contact angle of nearly 0� for the fresh
mica, the EWNS that was deposited on the mica presented a dome shape.
Therefore, Equation (1) was used to determine the diameter of the dome
by measuring the height and the diameter of the EWNS directly from the
AFM 2D image [11].

d¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� h2 � ð3� a2 þ h2

2� h
� hÞ3

r
(1)

where, d is the diameter of the dome;
a is the diameter of the deposited droplets;
h is the height of the deposited droplets;
In total, 60 EWNS droplets were measured using AFM with an area of

14 μm � 15 μm and the average size and size distribution were then
established.

2.3. Statistical analysis

In the electrospray experiment, there was only one measured
response: current, in relation to three factors, which were the five levels
of positive voltage (6, 7, 8, 9 and 10 KV)/negative voltage (�6, �7, �8,
�9 and �10 KV), three levels of the needle-to-counter electrode distance
(2, 3 and 4 cm) and three levels of water flow rate (1, 2 and 10 μl/min). A
three-way ANOVA was tested using SPSS to determine the effects of
voltage, needle to counter electrode distance and water flow rate on the
electrical current. A significance level of 0.05 was used for all statistical
analysis. The mean electrical current was calculated from triplicate
electrical current measurements per each factor. A non-linear multivar-
iate regression was performed to predict electrical current from voltage,
needle to coupon distance and water flow rate. The coefficient of
determination (R2) was used to describe and measure the strength of the
relationship between the model and the independent variable.

2.4. Electrosprayed area measurement

In this work, a water contact indicator (5557, 3 M, USA) was used to
measure the electrosprayed area. The color of the water contact indicator
changed when in contact with water. The principle behind this idea was
to electrospray the deionized water on a water contact indicator that
changed color from white to red when in contact with water. Then, the
sprayed area could be determined by measuring the color changed area
after the deionized water deposited on the indicator. In order to deter-
mine the amount of time that water contact indicator was exposed to
electrosprayed liquid for the color change, 45 s, 90 s and 180 s of
exposure time were chosen. A photo of the water contact indicator was
taken immediately after the sprayed time was reached in order to use
3

AutoCAD to measure the sprayed area. Due to water diffusion, the area
increased with the spraying time. However, it had been found that the
area under the spray time of 90 s was the same as that observed in our
separate study on microbial deactivation [16]. In that study, Lysogeny
broth (LB) agar was used as a medium to collect bacteria and after
electrospraying on the agar, the sprayed area was approximately equal to
the area obtained from 90 s experiment. Therefore, a spray time of 90 s
was selected to test the effect of different operating parameters on the
electrosprayed area. Fig. 2 presents water contact indicator color changes
after 45 s and 90 s of electrosprayed liquid exposure time, respectively.

3. Results and discussion

3.1. Scaling law

3.1.1. Minimum deionized water feed flow rate
The liquid flow rate is an important factor that determines whether

the injection process can take place steadily and continuously [17]. When
the liquid flow rate is not in the proper range, the Taylor cone jet will not
form and instead unstable jets, such as thin jets and thick jets, are
generated [18]. A number of scaling laws have been proposed for pre-
dicting the minimum flow rate required to generate the desired orien-
tation of Taylor cones. From the two well-accepted scaling laws proposed
by De LaMora et al. [19] and Ganan-Calvo et al. [20]; the latter is in good
agreement for liquids with high dielectric constant, whereas the former
law agrees for liquids with low dielectric constant. Both scaling laws
were summarized and compared in Chen’s thesis [21]. Deionized water
has a dielectric constant of 78.36 at 25 �C, which falls in the low
dielectric constant category (below 100 in this case). Therefore, in this
study, the minimum flow rate of deionized water through a single needle
electrospray was determined by using the equation by De La Mora [19].

Qmin ¼ k0γ
pK

(2)

where, Qmin is the minimum water flow rate required for steady cone-jet
formation; k is the dielectric constant and ¼ 78.36 for water;

ε0 is the vacuum permittivity and ¼ 8.85 � 10�12 F/m;
Y is the surface tension and ¼ 0.0728 N/m at 25 �C for water;
ρ is the density and ¼ 1000 kg/m3 for water;
K is the liquid electrical conductivity and ¼ 0.19 mS/cm for water.
Based on the above equation, the minimum flow rate through a single

needle was estimated to be 0.55 μl/min (equivalently, 0.033 ml/h).
Therefore, the liquid water flow rate chosen in this study (1–10 μl/min) is
generally above this value.

3.1.2. Fine water droplet size
The scaling law of electrospray shows a functional relationship for

predicting the droplet size based on experimental parameters, such as
sprayed liquid properties, spray mode, applied voltage, electrodes dis-
tance and nozzle diameter. Different scaling laws have been developed
based on the difference of parameters shown above. Based on the analysis
rationale [22]), there were six fundamental asymptotic scales combined
with three conditions shown in the part of developing jet, and two con-
ditions shown in the part of cone-jet necking. These can be used to es-
timate the mean droplet size. Due to the sprayed liquid properties in this
study (non-viscous fluid), only one asymptotic scale out of the six can be
used. The droplet size scaling law with dominance of inertia and elec-
trostatic suction was originally proposed by Ganan-Calvo et al. [8] and
Hartman et al. [23] without any constraints. The droplet size can be
determined as follows [8]):

d¼ðρε0Q
3

Kγ
Þ16 (3)

where, d is droplet diameter;



Fig. 2. Water contact indicator color change: a) 45 s of exposure time; b) 90 s of exposure time.
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ε0 is the vacuum permittivity and ¼ 8.85*10�12 F/m;
Q is the deionized water flow rate.
Based on the above equation, the mean water droplet diameter was

estimated to be 210 nm if a water flow rate of 2 μl/min is used.
3.2. EWNS size distribution

The size of EWNS is an extremely important property as it relates to
Fig. 3. AFM measured size distribution. A) A 3D AFM image of the EWNS spreading
C) A 2D AFM image of the EWNS spreading on mica surface. D) Controlled mica su
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the electrical mobility and surface tension exerted on the water droplets.
In this study, AFM and that software was used to determine the size of
EWNS after it deposited on a mica surface. Fig. 3 shows the result of size
distribution from the AFM scan after exposing the mica surface to elec-
trospray for a period of 10 s. Fig. 3a represents the AFM 3D image of
EWNS depositing on a mica surface. Fig. 3b illustrates the EWNS size
distribution. Fig. 3c and d are the 2D image of EWNS deposited on a mica
surface and of a mica surface without exposing to electrospray,
on mica surface. B) EWNS size distribution with an average diameter of 299 nm.
rface without exposing to EWNS.
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respectively.
It was evident from Fig. 2d that there was no ambient particles or

contaminants deposited on the controlled mica surface, which demon-
strated that only EWNS droplets were presented on the mica with a
geometric mean diameter of 299 � 76 nm, a median of 296� 20 nm and
a mode of 316 � 14 nm in Fig. 2c. When re-plugging water flow rate (4
μl/min) into Equation (3), the calculated mean droplet diameter was
equal to 287 nm, which was consistent with the experimental value. As
shown in Fig. 2b, EWNS size distribution was rather polydisperse instead
of monodisperse and this phenomenon can be attributed to several rea-
sons, including the charge effect, Rayleigh effect and evaporation.
3.3. V–I characteristic

3.3.1. Effect of voltage polarity
Fig. 4a) and b) present the voltage-current characteristic curve of the

capillary electrospray in this work. The operating range for the power
supply voltage was determined to range from�10 KV toþ10 KV because
higher voltage created aggressive shaking of the needle and/or arching.
Fig. 4. a). Voltage-current characteristic of the electrospray with positive po-
larity (the nozzle inner diameter ¼ 0.159 mm, 24 �C, 30 RH%).
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The gap between the needle tip and the counter electrode was set at 3 cm.
An interval of 0.2 KV was applied for both negative and positive voltage
starting from 0 KV. A multimeter was connected in series with the
counter electrode in order to measure the total current deposited on the
stainless-steel coupon. Both figures present the V–I relations when the
water flow rate was 1 μl/min, it also presented the results from the lit-
eratures with the same flow rate and test conditions in order to compare
the current results with the published literature results. From both
Fig. 4a) and b), it is shown that at a given voltage, the current generated
by the negative voltage always lie above the positive one because of the
greater mobility of the negative space charge [24]. It can be seen that
corona onset voltage, which is the corona starting voltage, for positive
polarity occurred at about 5 KV, whereas the onset voltage was measured
at about�4.4 KV for negative polarity. The difference between these two
values can be ascribed to new electron-ion pairs not produced effectively
for positive polarity [25]. At roughly �7 KV, the slope of the V–I curve
was increased and this occurrence can be described as electrical or
dielectric breakdown of air, where the electric field exceeded the
dielectric strength of air and resulted in a decrease of the resistance and
an increase of the current [4,26–29]. The current in both figures shows a
well-known exponential growth with respect to the supply voltage and
this is consistent with previous works (Kim et al., 2010 and [4].

3.3.2. Effect of distance between the needle tip and the counter electrode
As shown in Fig. 5 a), for positive voltage, the current increased

almost linearly with the voltage at 2, 3 and 4 cm distance between the
needle tip and counter electrode. In Fig. 5 b), for negative voltage, the
current did not appear to increase as smooth as the positive ones and a
turning point was observed on all three curves, and this could be caused
by corona discharge. Sjoholm et al. [25], stated that a negative corona
always accompanies with a steep growth of the electrical current with an
increase in the supply voltage applied. It has been shown in Fig. 5 b) that
the electrical breakdown occurred at a higher voltage when the distance
between the needle tip and counter electrode increased from 2 to 4 cm. In
the literature, Hogg et al. [30], and Zheng et al. [31], reported the similar
findings. The same result can also be found from Paschen’s law, where
the breakdown voltage depends on the composition of gas, pressure and
distance between the electrodes. In summary, when the distance between
the needle tip and counter electrode increased, the electric field strength
decreased, resulted in decrease of electrical current [31].

3.3.3. Effect of deionized water feed flow rate
The relationships of current against voltage at different flow rates are

shown in Fig. 6a) and b). For comparison purpose, a dry capillary case
where no liquid was supplied to the needle is presented as the control. As
can be seen in the two figures, three curves for the three flow rates fol-
lowed the same trend and overlapped with each other regardless of
negative or positive voltage applied. This implies that the resistance is
only a function of the liquids’ and surrounding airs’ conductivity prop-
erties, and the flow rate passing through the capillary does not show an
impact on the current. Jaworek et al. [32], also demonstrated that the
liquid flow rate had negligible effect on the voltage – current charac-
teristic curve. As a comparison, the current measured for the dry capillary
condition showed a slightly higher value, which was also observed by
Kim et al., 2010.

3.3.4. Effect of water pH and conductivity
Fig. 7 a) and 7 b) show the voltage-current characteristic curves of

electrospray for positive and negative polarity at pH ¼ 7 and 9.76,
respectively. Fig. 8 a) and 8 b) present the voltage-current characteristic
curve of the electrospray for positive and negative polarity at K ¼ 0.19
and 13.94 mS/cm, respectively. According to the scaling law proposed by
Ganan-Calvo et al. [8]; electrical current measured in the electrospray
system was a function of liquid-gas surface tension (Y) and electrical
conductivity (K). Both by adding sodium hydroxide or sodium chloride to
the water would alter the surface tension and electrical conductivity,



Fig. 5. a). V–I characteristic curve for positive polarity at different distances
between needle tip and counter electrode (the nozzle inner diameter ¼ 0.159
mm, 24 �C, 30 RH%). Fig. 6. a). V–I characteristic curve for positive polarity at different deionized

water flow rates (the nozzle inner diameter ¼ 0.159 mm, 24 �C, 30 RH%).
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which would result in changes on electrical current. It has been shown in
Wen et al. [33], work that the surface tension changed from 75 mN/m in
pure water to 71 mN/m in 0.5 mol/L sodium hydroxide solution at a
constant temperature. Hence, with an increase in the sodium hydroxide
concentration, the surface tension decreased. In this work, the sodium
hydroxide concentration is 0.0001 M and the effect of adding NaOH on
surface tension can be neglected. As for electrical conductivity, sodium
hydroxide gave out ions (Naþ and OH�) when dissolved in water, which
increased the electrical conductivity to about 6 mS/cm in the solution
and resulted in an increasedelectrical current. Kim et al. [34], also
observed that saline solution achieved a higher electrical current
compared to tap water and distilled water at constant flow rate. In
summary, for positive polarity at different pH and conductivity, as the
applied voltage increased, due to the addition of sodium hydroxide or
sodium chloride, caustic solution and higher conductivity solution
experienced more electrical current. The same principle applied to
negative polarity. In both Figs. 7 b) and 8 b), from �4 KV to �8 KV, the
electrical current at a higher pH or conductivity was greater than the one
with lower pH and conductivity, however, the difference is much smaller
than that with positive polarity. From �8 KV to �10 KV, the electrical
current at a higher pH or conductivity was about the same as that of at a
6

lower pH or conductivity.
3.4. Statistical analysis

3.4.1. Three-way ANOVA analysis
The results of three-way ANOVA statistical tests are presented in

Tables 1 and 2 for positive and negative voltage, respectively. For both
positive and negative voltage, it can be observed from both tables that
there was no statistically significant (p-value ¼ 1.000 and 0.689) three-
way interaction between both positive and negative voltage, needle to
coupon distance and water flow rate, indicating that either of these pa-
rameters did not contribute on altering the electrical current. However,
there were a statistically significant (p < 0.05) two-way interactions
between positive voltage and needle to coupon distance, and negative
voltage and needle to coupon distance, which stated that the relationship
between voltage and electrical current depends on the needle to coupon
distance. The simple main effects due to both polarities and needle to
coupon distance were statistically significant (p < 0.05). Water flow rate
illustrates no statistically significant effect (p > 0.05) on the measured
response in either model.



Fig. 7. a). V–I characteristic curve for positive polarity at different pH (the
nozzle inner diameter ¼ 0.159 mm, 24 �C, 30 RH%).

Fig. 8. a). V–I characteristic curve for positive polarity at different conductivity
(the nozzle inner diameter ¼ 0.159 mm, 24 �C, 30 RH%).
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3.4.2. Nonlinear multivariate regression model
A nonlinear multivariate regression model was established based on

the result of three-way ANOVA analysis and included distance, voltage,
and the interaction term. Due to insignificant contribution of water flow
rate to the measured response (p > 0.05), this factor was not included in
the model. Nonparametric nonlinear multivariate regression model is
shown below.

For positive polarity, model is presented as:

I ¼ 0:117 � edistance þ 3:398� voltage� 0:639� distance� voltage� 11:02

(4)

with a R2 of 0.983.
For negative polarity, the model is presented as:

I ¼ � 0:173� edistance þ 5:006� voltage� 0:974� distance� voltage

þ 15:643 (5)

with a R2 of 0.977.
7

Regression coefficient and standard error of the coefficient for both
models are presented in Tables 3 and 4.

Fig. 9 shows a comparison between the experimental values and the
values predicted using nonlinear regression models. As can be obeserved
from both figures, the current predicted by the regression models were
accurately matched with the experimental values for both positive and
negative polarities with a R2 of 0.983 and 0.977, respectively.
3.5. Electrosprayed area

Although much effort has been devoted to developing the numerical
model of the electrospray cone jet angle and jet length, very little
research attention has been paid to electrosprayed area, which is
important for operating and scaling up the electrospray. In this work, a
novel method using a water-contact indicator was employed to measure
the electrosprayed area. As shown in Fig. 10, the electrosprayed area
increased with increasing exposure time. This is likely due to liquid
diffusion. However, at 90 s exposure time, the electrosprayed area
equaled 22 mm2, which is similar to the 21 mm2 sprayed area obtained



Table 1
Three-way ANOVA results for positive voltage.

Positive Polarity Tests of Between-Subjects Effects

Dependent
Variable:
Current

Source Type III Sum
of Squares

Df Mean
Square

F Sig.

Corrected Model 1261.933a 44 28.680 1599.933 p <

0.001
Intercept 2224.474 1 2224.474 124092.562 p <

0.001
Distance 540.989 2 270.495 15089.570 p <

0.001
Flowrate 0.000 2 7.407 �

10�5
0.004 0.966

Voltage 602.724 4 150.681 8405.754 p <

0.001
Distance x
Flowrate

0.141 4 0.035 1.963 0.107

Distance x
Voltage

117.898 8 14.737 822.117 p <

0.001
Flowrate x
Voltage

0.135 8 0.017 0.944 0.485

Distance x
Flowrate x
Voltage

0.046 16 0.003 0.160 1.000

Error 1.613 90 0.018
Total 3488.020 135
Corrected Model 1263.546 134

a: R2 ¼ 0.999 (Adjusted R2 ¼ 0.998).
df: degree of freedom.
F: F-value.

Table 2
Three-way ANOVA results for negative voltage.

Negative Polarity Tests of Between-Subjects Effects

Dependent
Variable:
Current

Source Type III Sum
of Squares

df Mean
Square

F Sig.

Corrected Model 2754.824a 44 62.610 3213.803 p <

0.001
Intercept 4465.163 1 4465.163 229200.365 p <

0.001
Distance 1242.427 2 621.214 31887.388 p <

0.001
Flowrate 0.012 2 0.006 0.319 0.727
Voltage 1183.832 4 295.958 15191.762 p <

0.001
Distance x
Flowrate

0.090 4 0.022 1.152 0.337

Distance x
Voltage

327.951 8 40.994 2104.251 p <

0.001
Flowrate x
Voltage

0.264 8 0.033 1.693 0.111

Distance x
Flowrate x
Voltage

0.247 16 0.015 0.793 0.689

Error 1.753 90 0.019
Total 7221.740 135
Corrected Model 2756.577 134

a: R2 ¼ 0.999 (Adjusted R2 ¼ 0.999).
df: degree of freedom.
F: F-value.

Table 3
Positive voltage regression coefficient and standard error of the coefficient.

Summary of Nonlinear Multivariate Regression Analysis

Variable B SEB

Constant �11.02 0.257
Distance 0.117 0.006
Voltage 3.398 0.058
Distance x Voltage �0.639 0.017

Note: *p < 0.05; B ¼ unstandardized regression coefficient; SEB¼Standard error
of coefficient.

Table 4
Negative voltage regression coefficient and standard error of the coefficient.

Summary of Nonlinear Multivariate Regression Analysis

Variable B SEB

Constant 15.643 0.436
Distance �0.173 0.011
Voltage 5.006 0.098
Distance x Voltage �0.974 0.029

Note: *p < 0.05; B ¼ unstandardized regression coefficient; SEB¼Standard error
of coefficient.
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from bacterial deactivation trials [16]. Therefore, exposure time was
fixed at 90 s for investitaing effects of different operating parameters on
the eletrosprayed area. The opearting parameters included polarity,
needle tip to counter electrode distance, deionized water flow rate, pH,
8

and conductivity.

3.5.1. Effect of voltage polarity on the electrospayed area
Fig. 11 illustrates the effect of polarity change on electrosprayed area.

As shown in this figure, both �7.6 KV and �6.6 KV have a similar
sprayed area, which was 23.8 mm2 and 23.1 mm2, respectively. How-
ever,þ6.6 KV had a sprayed area of 16.7 mm2, which was approximately
7 mm2 smaller than those of �7.6 KV and �6.6 KV. This result is in
agreement with Ganan-Calvo et al. [20] who reported that a greater
polarity could lead to more charges per droplet, which could cause a
greater electrostatic force and in turn result in a larger electrosprayed
area.

3.5.2. Effect of the needle tip to the counter electrode distance on the
electrosprayed area

Fig. 12 demonstrates the effect of change in the needle to counter
electrode distance on the electrosprayed area. The fixed parameters in
this experiment were �6.6 KV for applied voltage, 90 s for the exposure
time, 0.2 mS/cm for conductivity, 2 μl/min for deionized water flow rate
and pH ¼ 7. As shown in Fig. 12, the electrosprayed droplets spread into
a larger area when the distance from needle tip to the counter electrode
increased from 2 to 3 cm. However, electrospraying resulted in a similar
sprayed area at 3 cm and 4 cm tip distance and this could be due to higher
evaporation of water droplets at a longer distance.

3.5.3. Effect of deionized water flow rate on the electrospayed area
Fig. 13 shows the effect of deionized water flow rate on electro-

sprayed area. It could be seen that the water droplets deposition area
increased with increasing flow rate. This result is in agreement with the
result reported by Ganan-Calvo et al. [8] that a higher liquid flow rate
could lead to a bigger first-ejected droplet and larger droplets could carry
more charges, which induced a greater electrostatic force and resulted in
a larger electrosprayed area.

3.5.4. Effect of pH and conductivity on the electrosprayed area
Figs. 14 and 15 present the effect of change in pH and conductivity on

the electrosprayed area, respectively. The effect of pH was clearly illus-
trated in Fig. 14 where a higher pH corresponded to a higher conductivity
that generated a larger spray area as compared to neutral pH. In terms of
conductivity, Mili-Q water (K ¼ 0.06 mS/cm) and deionized water (K ¼
0.19 mS/cm) had a similar sprayed area due to a small conductivity
difference, but the medical grade saline water (K ¼ 14.72 mS/cm) had a



Fig. 9. Measured and predicted current comparison: a) Negative polarity; b) Positive polarity.

Fig. 10. Electrosprayed area at different exposure time (Fixed O⋅C. ¼ “Fixed
Operating Condition”).

Fig. 11. Effect of polarities on electrosprayed area (spray time is 90 s).

Fig. 12. Effect of needle tip to counter electrode distance on the electrosprayed
area (spray time is 90 s).

Fig. 13. Effect of deionized water flow rate on electrosprayed area (spray time
is 90 s).
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Fig. 14. Effect of pH on the electrosprayed area (spray time is 90 s).

Fig. 15. Effect of conductivity on the electrosprayed area (spray time is 90 s).
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sprayed area of 35 mm2, which was 46% higher than the deionized water
sprayed area.

4. Conclusions

In this work, a comprehensive study was conducted to investigate the
effect of applied voltage, distance between needle tip and counter elec-
trode, water flow rate, pH and conductivity on electrical current and
electrosprayed area. A three-way ANOVA and nonlinear multivariate
regression model were also constructed to evaluate different parameters’
interaction with electrical current. The main findings in this study can be
summarized as follows.

(1) . Applied voltage and distance from needle tip to counter elec-
trode, were the main contributing factors that affected the elec-
trical current. Deionized water feed flow rate, pH and conductivity
were not significant factors.

(2) . EWNS droplets illustrated a polydisperse droplet distribution.
The geometric mean diameter of the EWNS droplets was 299� 76
nm, a median of 296 � 20 nm and a mode of 316 � 14 nm, which
was in the same order as compared to the other value that was
calculated based on the scaling law.
10
(3) . The diameter of the electrosprayed area increased with
increasing the water flow rate, needle tip to coupon distance, pH
and conductivity. The deposition area from a negative polarity
showed a larger diameter of the electrosprayed area compared to
that from a positive polarity. These fundamental understanding of
electrosprayed area should contribute to selecting the optimum
operating parameters and to enhance the efficiency of utilizing
electrosprayed droplets.
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