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bstract
The electrospraying of water, with high surface tension, in the cone-jet mode in air was generally impeded by an electrical breakdown. In this work,
novel nozzle with a non-conductive fiber was used to electrospray deionized water in the cone-jet mode in air at atmospheric pressure. Results show

hat the fiber introduced a kinetic energy gain to the liquid before it was electrosprayed, which then successfully overcame the traditional impediment
hat only a tiny capillary could be used in electrospraying water in air. Our work paves an important way for the electrospraying of water in air.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Electrospraying, mainly in the cone-jet mode, has been
pplied in many fields, such as materials synthesis and coating
reparation [1–6]. Among these applications, the electrospray-
ng of water in the cone-jet mode is of special interest in chemical
urface treatments and generation of new biomaterials. Espe-
ially, the use of pure water solutions is highly desirable in mass
nalysis of biomolecules because water is the natural surround-
ng of most biomolecules [7–9]. Also water droplets produced
y electrospraying can be used for targeted drug delivery by
nhalation [10].

The generation of electrospraying of pure water in the cone-
et mode, however, is still rather difficult. Researchers argue that
he threshold value of the electric field required for pure water
o form a Taylor cone-jet is larger than the electrical breakdown
hreshold of air; as a result, corona discharges would appear
efore the formation of the cone-jet for pure water. As a solution
o this problem, a gas sheath of CO2 or SF6 was used to obtain
steady cone-jet of water without electrical discharge [9,10].
However, a recent paper by Lopez-Herrera et al. reported that
y using a tiny silica nozzle (20 �m and 50 �m inner and outer
iameters, respectively) the authors performed electrospraying
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f water in cone-jet mode in air [11]. They suggested that an
peration window for the cone-jet of water exists. But, the tiny
eedle used in their experiment seems likely to experience some
ifficulties, especially in materials preparation, because of the
vaporation of solvent in the spray process, which sometimes
ives rise to the blockages in the nozzle.

On the other hand, from the energy point of view, a jet forms
f a critical rate is reached, that is, the kinetic energy of the
iquid is greater than the surface energy required for creating
he surface of the jet [12,13]. In our previous work on sunflower
il, we found that using a non-conductive fiber inserted in a
onventional needle nozzle greatly reduced the onset voltage
or the cone-jet mode [14]. The liquid in above work receives
dditional kinetic energy before it reaches the fiber end, which
oes not take place in a conventional nozzle. We thus realized
hat this method could be used to electrospray water in the cone-
et mode without an electrical breakdown in air, because the
educed onset voltage for a cone-jet means that to some extent
ess intense electrical field is needed. In this communication, we
eport the effort to electrospray deionized water in the cone-jet
ode in air using our novel nozzle.
. Materials and methods

A typical ring-nozzle configuration was used. The nozzle
as positively electrified while the ring was earthed. The noz-

mailto:jlli@shu.edu.cn
dx.doi.org/10.1016/j.ijms.2008.01.005
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Fig. 1. Profiles (a) showing our novel nozzle and its schematic, (b) electroapraying of water in the cone-jet mode in air, its schematic showing the flow of water along
the fiber surface during the electrospraying process. In this work, the meniscus (A site) refers to the meniscus attached to the needle while the meniscus at the end
of the fiber (B site) is called the Taylor cone (C site) from which the cone-jet is emitted. (c) A close view of picture (b) and its schematic showing the spraying of
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ater from the end of the non-conductive fiber, (d) and (e) intermittent jets from
f) an intermittent jet from the needle without a fiber and its schematic. The app

le consisted of a stainless steel needle (with the inner and
uter diameters of 600 �m and 900 �m, respectively) and a non-
onductive glass fiber with a diameter of 90 �m inserted in the
eedle. The fiber was also water-proof. One end of the fiber was
xed to a metal frame with a flexible central, similar to that used

n our previous work [14] (Fig. 1a). When water flowed through
he needle, the fiber was aligned automatically to the axis of the
eedle. A copper ring with a diameter of 20 mm was used as
n extractor electrode, and placed 18 mm away from the needle
ip. Deionized water with a surface tension of 71 mN/m and a

onductivity of 8.1 × 10−4 S/m was contained in a glass syringe
nd continuously fed into the nozzle through a silicone rubber
ube with a perfusor syringe pump. The flow rate of the water
as kept at 5 × 10−11 m3/s throughout the experiment.

t
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nd of a copper wire and a bamboo fiber, and their schematics, respectively, and
oltage was 5.7 kV when the images were recorded.

. Results and discussion

As shown in Fig. 1b, a meniscus was formed between the
ber and the end of the needle when the water flowed down
long the fiber. At the end of the fiber, the Taylor cone was
ormed, from which a steady cone-jet emitted (Fig. 1c). Here, the
angential electric stress acting on the meniscus surface forced
he liquid to move down and flow along the fiber surface to
he tip of the fiber. Just as in a common electrospraying, before
he applied voltage reached the onset voltage for the cone-jet,

he water exhibited an intermittent spray. In order to further
nvestigate the effect of the fiber on the spray, a copper wire with
he same thickness and length of the non-conductive fiber was
mployed to perform the spray. The copper wire was electrically
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Fig. 2. (a) The dependence of operation voltage for cone-jet mode on fiber
length. The fiber length refers to the length of the fiber below the meniscus
close to the needle, and (b) thickness of the liquid layer on the fiber surface near
the end of the fiber. The applied voltage corresponds to that shown in Fig. 2a
(lower line). To make a comparison, the thickness of the jet is also included.
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his measurement was made where the jet was just extracted from the meniscus
nd exhibits the greatest curvature. It is estimated that the data here has an error
f about 10%.

onnected with the steel needle by the metal frame; as a result,
o potential difference along the wire existed, leading to the
isappearance of the tangential electric stress along the copper
ire. As expected, no operation window was found for the cone-

et mode in this case; only an intermittent jet was produced
Fig. 1d). This experimental study thus rooted out the possibility
hat the local electric field around the fiber tip was strong enough
or the water to spray in the cone-jet mode. When we replaced the
on-conductive fiber with a bamboo fiber of the same thickness
nd length, only intermittent jets were formed (Fig. 1e).

As a comparison, the electrospraying of water directly from
he needle was recorded (Fig. 1f). After a dripping mode, a typ-
cal intermittent jet emitted from the meniscus and no cone-jet
as produced by changing the applied voltage.
When the cone-jet was formed at the fiber end, with the

ncrease in fiber length, the onset voltage for the cone-jet mode
ecreased (lower line in Fig. 2a). If the applied voltage exceeded
he upper limits (upper line in Fig. 2a), the meniscus became
nstable and the cone-jet at the fiber end was thus deconstructed.
rom this figure one can see that the length of the non-conductive
ber affected the onset voltage for a cone-jet. It seems that a

onger fiber extruding to the counter electrode means a more
ntensive local electric field around the fiber end, indicating that
he increase in fiber length led to the decrease of onset voltage

or the cone-jet formation (Fig. 2a).

Shown in Fig. 2b is the thickness of the liquid layer on the
ber surface near the fiber end. To make a comparison, the thick-
ess of the newly born jet is also included in this figure. With the
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ncrease in fiber length, the thickness of the jet and of the water
ayer along the fiber was slightly decreased. Previous researches
ave demonstrated that the diameter of a cone-jet is signifi-
antly affected by flow rate, but not affected by applied voltages
15,16]. Therefore, the slight decrease in the jet thickness might
e caused by the evaporation of water. As shown in Fig. 2b, a
onger fiber was associated with slightly more evaporation of
ater.
As shown in Fig. 1b, while the water flows from the menis-

us onto the fiber surface driven by the electrical stress (A site
n Fig. 1b), the cross-sectional area reduces dramatically by 170
imes (Fig. 2b), indicating a 30,000 times increase in kinetic
nergy of the flowing water. This is not surprising; the aver-
ge speed of liquid in the meniscus is extremely low, around
0−4 m/s, with a given flow rate of 5 × 10−11 m3/s in this work.

The electrical stress seems to stabilize the water layer along
he fiber. Especially, the tangential electric stress along the fiber

eets the energy demand from the internal friction of the water
unning along the fiber, avoiding losses to its kinetic energy
btained from the upstream.

In previous works, using the Navier–Stokes equations for
ewtonian liquids, some researchers completed numerical mod-

ling of electrospraying in the cone-jet mode [17,18]. In the
urrent work, as shown in Fig. 1b, if a modeling is made, for
he Taylor cones (at B site) with and without a fiber inside, the
esults will have a constant difference, because only the bound-
ry condition was slightly changed. That is, around the Taylor
one impending on the fiber end, the boundary condition for the
xial velocity is not 0, but the speed acquired before the liquid
rriving at the fiber end. In the case without a fiber, the boundary
ondition for the axial velocity is assumed to be 0.

Shown in Fig. 3 are two figures cited from Yan et al.’s work
18], which are re-plotted. Other investigators reported the simi-
ar results. As shown in Fig. 3a, near the apex of the meniscus (F
oint), the dramatic jump in velocity from V0 to VF is associated
ith the formation of the cone-jet. In our work, when the veloc-

ty of the liquid obtained from upstream is taken into account,
he baseline of the velocity should be shifted upwards, from V0
o VM. This means that the velocity jump needed to produce a
one-jet is reduced. Especially, the required jump in velocity is
hanged to VF − VM.

As discussed above, at A site in Fig. 1b, the huge veloc-
ty increase, 170 times, which survives the traveling along the
ber, is caused by the tangential electric stress acting on the lat-
ral surface of the meniscus. Therefore, when the velocity jump
Fig. 3a) needed for the cone-jet formation is decreased (at C
ite in Fig. 1b), the applied electric stress and thus the electric
eld strength could be lowered, as shown in Fig. 3b. But the
nal velocity of the liquid at the apex of the Taylor cone was
till large enough for the cone-jet formation. This suggests that
he necessary voltage for the operation of the cone-jet could be
educed. Especially, the electrospraying of water in the cone-jet
ode in air can be realized without an electrical breakdown, as
emonstrated in our work. The set-up used here is absolutely
ifferent from that of Lopez-Herrera et al. [11], a much huge
eedle nozzle, about 20 times bigger their needle, being used in
he present work.
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ig. 3. Curves showing the formation of the cone-jet with the rapid increase in
he applied electric tangential stress (b). In both figures the thick lines indicate

Now the key point here is whether the liquid obtained con-
iderable kinetic energy when reaching the fiber end. As shown
n Figs. 1b and 2b, when the flow rate Q is unchanged, for the
iquid layer we have

= [π(d + R)2 − πR2]V (1)

here d is the thickness and V the average velocity of the water
ayer on the fiber surface, and R is the radius of the fiber.

Here we let the liquid flow out of a needle with a size of d + R,
hus

= π(d + R)2Vneedle (2)

here Vneedle is the average velocity of the liquid from such a
eedle.

Thus

V

Vneedle
= (d + R)2

d(d + 2R)
≈ 6 (3)

Therefore, the addition of the non-conductive fiber dramati-
ally speeds up the liquid being provided to the fiber end, which
eans that the kinetic energy of the liquid increased by 36 times.
ut it seems that the speed of the liquid layer is still insufficient

o produce a hollow meniscus.
Since the liquid running along the fiber is significantly thin,

he current along the fiber surface mainly comprises convection
urrent, as in the case of the jet. But, it is difficult to estimate
he potential decay at each part of the electric circuit, though
he voltage difference over the meniscus attached to the needle
an be omitted. According to previous researches, a jet forms
f the speed of liquid reaches a critical rate, that is, the kinetic
nergy of the liquid is greater than the surface energy required
or creating the surface of the jet [17,18]. Hence, it is helpful to
ompare the kinetic energy of the liquid layer EL and the kinetic

nergy of the jet, EJ.

The kinetic energy of the moving liquid is proportional to
he square of its velocity, which is reversely proportional to the
ection area. Let r be the radius of the just formed jet, then

t
e
s
v

ity near the apex of the Taylor cone (a), and the change in liquid velocity with
fect of a non-conductive fiber on the spray.

rom Fig. 2b

EL

EJ
=

{
r2

d(d + 2R)

}2

≈ 2.5% (4)

This assessment is rough and this contribution seems not so
uge, but it really works in some cases. For example, if the
nset voltage of the cone-jet is 6 kV, possibly in fact only 5.8 kV
s needed if a non-conductive fiber is used in the operation. As

result, the decrease in the onset voltage offers us a window
o ensure the happening of the cone-jet without an electrical
reakdown.

When a copper wire is used, in the absence of the tangential
lectric stress along the fiber, the water running over the fiber
ill lose some of its kinetic energy to overcome its internal

riction. As a result, the loss to its kinetic energy leads to the
ailure in a cone-jet formation at the copper wire end (Fig. 1d).
herefore, during the formation of the cone-jet using a non-
onductive fiber, the tangential electric stress along the fiber
urface plays an important role.

As shown in Fig. 1e, when a bamboo fiber is used, the
ater diffuses into the fiber and actually does not have any
inetic energy when it appears at the bamboo fiber end. As
result, without the assistance of the kinetic energy gain, the

ocal electric field near the fiber tip was unable to force the
ater to spray in the cone-jet mode. Therefore, the change in
elocity of the liquid really makes a difference in the cone-jet
ormation.

In reality, only a very small part, less than 20–30%
f the total input energy from the power is used to
perate the cone-jet; the rest is spent on further speed-
ng up the jet downstream [19]. In the present work, the
hysics is that some input energy used to speed up the
et downstream is transferred to the process of the cone-jet
ormation.

Among the different scaling laws of the jet diameter in elec-

rospray, one is based on the inertia of liquid, that is, the kinetic
nergy of the jet at the inception point equals to the surface ten-
ion, 1/(2ρV2) ≈ (γ/r), where ρ is the liquid density, V is the
elocity of liquid, γ is the surface tension coefficient of liquid,
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nd r is the radii of jet. Since the ratio of the kinetic energy to
he surface tension pressure is 1 at the jet inception point (C site
n Fig. 1b), from Fig. 2b, the ratio is about 1/4 at the fiber end (B
ite in Fig. 1b). That is, the local electrical field contributes 3/4
o the final kinetic energy of the newly born jet, and the rest 1/4 is
rom the kinetic energy of the water. This is a rough estimate of
caling laws, but clearly tells us in this case the kinetic energy of
ater obtained upstream plays an important role in the cone-jet

ormation.

. Conclusions

By using a novel huge nozzle we have successfully elec-
rosprayed water in the cone-jet mode in air at atmospheric
ressure. During the spray, the electric field provides the water
dditional kinetic energy before it reaches the fiber end. The
lectric field strength needed for the formation of a cone-jet is

hus reduced, indicating that the onset voltage for the cone-jet

ode is also decreased. This opens a window for the cone-jet
ormation of water in air, which is a very important achievement
n electrospray study.
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