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Abstract
The paper reviews the state of the art in the field of interaction of low temperature plasmas 
generated during electrospraying with the liquid cone and jet. Many studies are focused at 
practical applications of electrospraying, for example to mass spectrometry, electrospinning 
of nanofibers, thin film deposition, nanoparticle production, ink-jet printing, etc, but the 
phenomenon of electrically generated plasma due to gas ionization accompanying the 
electrospraying is frequently ignored. The effect of electrical discharge on the electrospraying 
process depends on the type of the discharge. When glow corona or onset streamers 
are generated, the electrospray is stabilized in the classical cone-jet mode, however, for 
breakdown streamers, sparks, or arc discharges, the electrospraying process is disturbed and 
irregular modes (spindle, multispindle or ramified jet) occur. The electrospray-discharge 
interaction phenomena have been studied by photographic recording, electric current 
measurements, mass spectrometry and optical emission spectroscopy. Some studies show that 
the current carried by the ions generated in this plasma and flowing through the drift region to 
the opposite electrode can be higher than the current carried by the electrosprayed droplets. 
This effect has been proved by separation of both currents using a specially designed device. 
To prevent the distortion of the electrospray process, various strategies have been developed: 
modification of the electric field in the vicinity of capillary nozzle, stabilization of the glow 
corona, reduction of the surface tension of liquid. Recently, the physical processes and 
phenomena occurring in electrical discharge plasmas during electrospraying of liquids find 
new application in decontamination of liquids or in material processing. The advantage of the 
coupled electrospray-plasma process is that the liquid atomization is combined with plasma 
chemical processes within the same device, by using the same power supply applied to the 
capillary nozzle.

Keywords: electrostatic spraying, low temperature plasma, electrohydrodynamic spraying, 
EHDA, corona discharge, streamer discharge, glow corona, plasma activated water
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1.  Introduction

The electrohydrodynamic ejection of liquids, commonly 
known as electrospray phenomena, occurs when a strong elec-
tric field is applied to exposed liquid surface. The fundamental 
physical mechanism lays on the free charges present in the 
liquid when they are moved by an externally applied elec-
tric field and hit the free surface. The surface prevents them 
from reaching the counter electrode, and the charges accu-
mulate and eventually form a charged layer at the surface in 
characteristic times comparable to the electrical permittivity 
of the liquid εl divided by its conductivity κl (known as the 
charge relaxation time te = εl/κl, Melcher and Taylor (1969); 
we give more details in subsequent sections). Since a liquid 
cannot stand a continuously applied stress unless it is non-
Newtonian, the surface stresses provoked by the charge layer 
subjected to the applied electric field eventually induce the 
ejection of liquid towards the counter electrode.

Among the different forms of liquid ejection, the well-
known steady Taylor cone-jet mode is a stable, steady ejection 
regime where electric and fluid stresses acting on the liquid 
with scales spanning several orders of magnitude find a deli-
cate balance (that will be subsequently detailed) in the form 
of a liquid cone, and an extremely thin charged capillary jet is 
continuously ejected from the cone apex. In these steady con-
ditions, the charge layer on the liquid surface nearly shields 
the liquid bulk from the externally applied potential differ-
ence. However, the local equilibrium of the surface stresses 
demands a first-order balance between the surface tension and 
the electric forces in the normal direction to the surface, which 
in turn requires very large surface curvatures when the charge 
density on the surface is large as well. In the cone-jet mode, 
these large curvatures and strong local electric fields occur at 
the jet, usually close to the cone-jet transition.

In the electrospraying of liquids from capillary nozzles, 
strong local electric fields appear not only at the jet. Due to a 
high electric potential applied to the nozzle and low radii of 
the capillary nozzle, meniscus and jet at the nozzle outlet, the 
electric field at the surface of those objects is often sufficiently 
high to cause the ionization processes in the surrounding gas 
(Jaworek (2014) and references therein). These processes are 
well known for electrical discharges from solid (typically 
metal) surfaces and were observed by many authors. Usually, 
this phenomenon is known as the corona discharge, when it 
occurs by a low discharge power at sharp edges of the noz-
zle where the electric field is locally enhanced. The problem 
of corona discharge from the surface of conducting liquids, 
including the liquid jet from the electrospray nozzle, or from 
a charged droplet, has also been investigated using various 
experimental tools (Zeleny 1914, 1915, 1917, 1920, Macky 
1931, English 1948, Schultze 1961, Akazaki 1965, Dole et al 
1968, Giao and Jordan 1968, Burayev and Vereshchagin 1971, 
Phan-Cong et al 1974, Hoburg and Melcher 1975, Bailey and 
Borzabadi 1978, Ballinger et al 1978, Ogata et al 1978, Hara 
and Akazaki 1981, Barber and Swift 1982, Yamashita and 
Fenn 1984, Joffre and Cloupeau 1986, Smith 1986, Hayati 
et al 1987a, 1987b, Meesters et al 1992, Straub and Voyksner 
1993, Wampler et  al 1993, Cloupeau 1994, Cloupeau and 

Prunet-Foch 1994, Rosell-Llompart and Fernandez de la Mora 
1994, Tang and Gomez 1995, Borra et al 1996, 1999, 2004, 
Jaworek and Krupa 1997, Cole 2000, Cech and Enke 2001, 
Gemci et  al 2002, Ku and Kim 2002, Jaworek et  al 2005, 
2014, Stommel et  al 2006, Bruggeman et  al 2007, Korkut 
et al 2008, Jung et al 2009, Kim et al 2011, 2014, Pongrac 
and Machala 2011, Shirai et al 2011b, 2012, 2014, Elsawah 
et al 2012, 2013, Machala et al 2013, Pieterse 2013, Klee et al 
2014, Pongrac et al 2014a, 2014b, 2016, Pieterse et al 2015, 
Kovalova et al 2016, Higashiyama et al 2017, Xu et al 2017). 
The results of these investigations proved that under certain 
conditions, especially for polar liquids, the ionization pro-
cesses can occur close to the surface of the capillary nozzle—
where the edges and corners are typically present—and of the 
jet, or in the interelectrode space. Numerical simulations of 
electric field distribution close to the surface of the nozzle and 
the jet confirmed that the magnitude of the electric field can 
be higher than 106 V m−1 (Jaworek et al 2016), which is suf-
ficiently high for gas ionization.

In the case of electrospraying, the effect of corona dis-
charge on the stabilization or disturbance of the electro-
spraying process, particularly in the cone-jet mode, is still an 
unresolved problem. This is an important question because 
of practical reasons. In technological applications, such as 
surface coating, microparticle and microcapsules production 
or jet printing (Jaworek et al 2018), uncontrolled discharges 
could hamper a stable electrospray operation for the produc-
tion of monodisperse or controllably sized droplets. In that 
case, finding the effective means to control corona discharge 
are necessary to overcome these difficulties. Similarly, if the 
electrospray method is applied to the processing of biological 
or other fragile samples, for example in mass spectrometry, 
these samples could be damaged due to the bombardment by 
ions generated by electrical discharges, or due to chemical 
reactions with free radicals produced in the discharge.

Many publications reported that glow corona discharge 
is an intrinsic property of electrospraying, when the drip-
ping mode changes to another electrospraying mode with the 
voltage increasing (Jaworek et al 2014, Pongrac et al 2014a, 
2016, Borra 2018). It was also proved experimentally that the 
glow corona discharge does not destabilize the electrospray-
ing mode unless the streamer discharge regime occurs. It was 
proved by photographic method with long exposures and by 
spectroscopic measurements that the glow corona discharge is 
normally present during electrospraying for sufficiently con-
ducting liquids (Macky 1931, Schultze 1961, Giao and Jordan 
1968, Hoburg and Melcher 1975, Bailey and Borzabadi 1978, 
Ballinger et  al 1978, Ogata et  al 1978, Hara and Akazaki 
1981, Meesters et  al 1992, Cloupeau 1994, Jaworek and 
Krupa 1997, Jaworek et al 2005, 2014, Stommel et al 2006, 
Bruggeman et  al 2007, Pongrac and Machala 2011, Shirai 
et al 2011b, 2012, 2014, Elsawah et al 2012, 2013, Machala 
et al 2013, Kim et al 2014, Pongrac et al 2014a, 2014b, 2016, 
Kovalova et al 2016).

This paper reviews the state of knowledge regarding the 
physical processes and phenomena occurring in low temper
ature plasmas generated by electrical discharges during elec-
trospraying of liquids, and the effect of such plasmas on the 
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electrospraying process. The plasma in a glow corona dis-
charge mode can play a stabilizing role in the stable cone-jet 
mode of spraying generation, but streamer discharges disturb 
the electrospraying process. Although this phenomenon can 
be undesired for certain applications of electrospraying, it was 
also utilized for the decontamination and sterilization of elec-
trosprayed liquids by the generation of discharges of higher 
energy (streamer, spark) (Machala et al 2010, 2013, Kovalova 
2013, 2016).

2.  Electrospray principles and mechanisms

Basically, when a liquid carrying a volume charge density 
ρe (i.e. an electrolyte or low conductivity liquid) is subject 
to an electric field with intensity E , it causes an electrohy-
drodynamic reaction where an equivalent pressure gradient 
∇Pe comparable to ρeE  drives the charges along the applied 
field lines. However, unless the liquid is electrically non neu-
tral these gradients point in opposite directions (figure 1) for 
each ionic positive and negative species, moving the charges 
of corresponding polarity in their appropriate direction (the 
formal expression of these bulk forces is the divergence of the 
resulting Maxwell stress tensor, Saville (1997)).

Eventually, this simple picture entails the accumulation 
of charges of the same polarity at the exposed surface of the 
liquid, which form a dense charge layer with a high charge 
density σe and thickness—the Debye’s length—such that the 
thermal and electroosmotic diffusion become balanced due to 
the high normal electric field En built on the outer side of the 
liquid surface. That outer side is normally a dielectric environ
ment such as vacuum, air, or a dielectric liquid (e.g. oil). In 
these conditions, the surface charge shields the rest of inner 
bulk charges, and only a small potential gradient along the 
charged liquid surface may become noticeable in comparison 
with En, such that σe ∼ εoEn. This is the typical picture of 
leaky dielectric liquids under the action of large electric fields 
(Melcher and Taylor 1969). Eventually, the normal stress 
that accelerates the liquid from its surface, often known as 
the electrostatic suction, is of the order of τn ∼ σeEn ∼ εoE2

n  
(figure 2). Usually, modest tangential stresses τs ∼ εoEnEs 
may also appear because of small variations of the potential 
along the length L on the surface, with Es ∼ ∆sV/L, as a 
consequence of local limitations in the process described of 
charge relaxation on the surface (Gañán-Calvo et al 2016).

On the other hand, surface tension—always present in 
free liquid surfaces—entails an equivalent normal stress 
τn = σl∇s · n, where ∇s is the surface divergence, n is the 
unit normal to the surface, and σl is the surface tension of the 
liquid-environment interface. Moreover, the viscous stresses

τ v · n = µl
(
∇v +∇Tv

)
· n� (1)

Figure 1.  Basic mechanism of charge migration and charge layer 
formation in a liquid with free surfaces under an externally applied 
electric field E. λD would be the thickness of the layer of charges 
(Debye length) when a final equilibrium state is reached. v+ and 
v− are the relative velocities of positive and negative species, 
respectively, where n+ and n− are their number concentration per 
unit volume. Reprinted from Gañán-Calvo et al, Copyright (2018), 
with permission from Elsevier.

 

 

Figure 2.  Typical configuration of the apex of a steady Taylor cone-
jet electrospray, with the corresponding characteristic quantities 
discussed in the text. Reprinted from Pantano et al, Copyright 
(1994), with permission from Elsevier.
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are also present at the surface, where µl is the viscosity of the 
liquid. Under the action of all these surface stresses, the liq-
uid meniscus rapidly elongates in the direction of the applied 
potential difference, and eventually a liquid ejection takes 
place (Gañán-Calvo et  al 2016). In most electrospray con-
ditions, the electrostatic suction becomes comparable to the 
kinetic energy generated in the liquid ejection, i.e.

εoE2
n ∼ ρv2.� (2)

Depending on the combination of all geometrical and 
operating parameters, boundary conditions, and physical 
properties of the liquid and its surrounding environment, that 
ejection may take very different forms, among which the so-
called steady Taylor cone-jet (STCJ) is the preferable mode of 
operation of electrosprays.

2.1.  Spray current scaling laws

Two main properties of electrospray droplets are important 
from the practical point of view and for the theoretical analy-
sis: the size distribution of the droplets and the electric charge 
carried by these droplets. The size distribution of droplets 
for various spraying modes has been measured by various 
authors in many papers. However, the charge carried by indi-
vidual electrospray droplets is much more difficult to assess 
(Gamero-Castaño 2010), in contrast with the total spray cur
rent, measured and determined theoretically.

Fernández de la Mora and Loscertales (1994) carried out 
the dimensional analysis of the emitted current in STCJ,  
considering all the parameters involved in electrospray-
ing process, and analysed the best collapse of experimental 
results. The current emitted in the cone-jet mode of spraying 
was scaled as:

I

σl

Ä
εo
ρl

ä1/2 = fI

Ö

εr,
Å

Qρlκl

σlεoεr

ã1/2

,

(
σ2

l ρlεoεr

κl

)1/3

µl

è

� (3)

where Ql is the liquid flow rate, ε0 is the permittivity of the 
free space, σl is the surface tension, and κl, µl and ρl are the 
bulk conductivity, viscosity and mass density of the liquid, 
respectively. They concluded from the results of measure-
ments obtained for six polar liquids that the spray current is 
independent of the dimensionless liquid viscosity in the range 
of:

0.022 <

(
σ2

l ρlεoεr

κl

)1/3

µl
< 0.25� (4)

and the spray current, in this viscosity range, could be reduced 
to:

I = αI (εr)

Å
Qσlκl

εr

ã1/2
� (5)

where αI is a function of the liquid permittivity εl = ε0εr, and 
εr is the relative permittivity of the liquid. To reach to this 
scaling and the one of the emitted liquid jet radius, Fernández 
de la Mora and Loscertales assumed that the current was fixed 

by a limitation of charge relaxation at the cone-jet transition: 
they proposed that the charge relaxation halted at a region 
of the cone-jet transition with a size comparable to the jet 
diameter. Using their estimate of the normal electric field at 
that region from the balance of surface tension and normal 
electric stresses, one easily gets the scaling law (5) assuming 
that αI(εr) can be a constant. According to the authors, this 
law was satisfactorily compared to experiments in the cone-
jet mode by Tang and Gomez (1994) and by Chen and Pui 
(1997), who measured the spray current in electrospraying of 
eight liquids in CO2 atmosphere.

However, the function αI was not a constant: it ranged from 
about 7 to 18 depending on the values of εr (see figure 11 in 
Fernández de la Mora and Loscertales (1994)). The rela-
tively limited account of experimental results did not allow 
Fernández de la Mora and Loscertales (1994) to assess a more 
accurate functional form of αI(εr).

One year before the publication of Fernández de la Mora 
and Loscertales (1994) and based on the opposite hypothesis 
to that used by those authors, Gañán-Calvo et al (1993) pro-
posed that the surface charge was nearly relaxed everywhere, 
i.e. that the free charges reach a quasi-equilibrium state at the 
cone, cone-jet transition, and the jet. From this approach, they 
proposed a simpler scaling

I = 2.47(Qσlκl)
1/2.� (6)

This result suggested that the functional form of Fernández de 

la Mora and Loscertales (1994) was actually αI(εr) = 2.47ε1/2
r .

Owing to the publication of this result in a conference 
abstract (Gañán-Calvo et al 1993), it was somehow neglected, 
while the scaling proposed by Fernández de la Mora and 
Loscertales (1994) rapidly earned a high reputation due to its 
overall good fitting. The scaling law (6) had to wait until both 
Hartman et al (1999) and Gañán-Calvo (1999) simultaneously 
verified it experimentally, numerically and theoretically. A 
more rigorous account of the different scaling laws that can be 
found depending on the three parameters appearing in dimen-
sional analysis was proposed in Gañán-Calvo (2004); in par
ticular, scaling similar to (5) can be formally derived in the 
range of small liquid flow rates.

Here, we briefly outline the physical arguments leading to 
the scaling law (6). This scaling law assumes that there is a 
characteristic length L associated to the transition region of 
the jet with diameter d where the electric current I changes 
from a dominant electroosmotic (Ohmic conduction) to domi-
nant surface charge convection mechanisms (Gañán-Calvo 
1997). Thus, one should have

I ∼ κlEsd2 ∼ εoEnvd,� (7)

where v ∼ Qd−2 from mass continuity (assuming that the 
jet is so thin that viscous stresses rapidly impose a nearly flat 
velocity profile). The additional assumption of charge relax-
ation demands L � d, in order to have tangential fields smaller 
than the normal fields at the surface everywhere (otherwise, 
steady stable cone-jet solutions may not exist, as discussed in 
Gañán-Calvo et al (2018) and Ponce-Torres et al (2018)). The 
corresponding electrostatic equilibrium at the conical side 
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of the meniscus imposes the order of magnitude of the tan-

gential field at the thin jet, i.e. Es ∼
Ä

σl
εoL

ä1/2
 (from Taylor’s 

solution). The power W ∼ I∆V ∼ IEsL ∼ κlσld2/εo injected 
by the electric field should be of the order of the generation 
of kinetic energy per unit time ρQ3d−4, which immediately 
demands for the jet diameter:

d ∼
Å
εoρlQ3

σlκl

ã1/6

.� (8)

This scaling law has been amply verified by published 
literature (see a compilation of data from many authors in 
Gañán-Calvo and Montanero (2009)). Finally, from the bal-
ance of electrostatic suction and kinetic energy (2), jet diam-

eter (8) and equation (7), one obtains I ∼ (Qσlκl)
1/2. Again, 

this simple scaling law for the emitted current in STCJ has 
been extensively verified for the electrospray of most leaky 
dielectrics, as shown in the compilation of data in Gañán-
Calvo et al (2018). Interestingly, the scaling of the velocity of 
the liquid in the jet is a property of the liquid, independent of 
the liquid flow rate (Gañán-Calvo 1999):

v ∼
Å
σlεo

ρlκl

ã1/3

.� (9)

One may observe the conspicuous absence of the liquid polar-
ity in both scaling laws of the jet diameter and emitted cur
rent, which can make these scaling laws not fully applicable 
for high polarity liquids like water for the complete range of 
liquid flow rates where the STCJ is stable. These are cases 
more prone to exhibit electric discharges and low temperature 
plasma emissions.

The scaling laws presented above do not assume any 
polarity of the voltage at which the electrospray occurs and 
should be equally well applied to both positive and negative 
voltages. However, the stable Taylor cone-jet mode was not 
obtained for negative polarity in air environment when a high 
liquid conductivity is used, due to the large normal electric 
fields appearing in the cone-jet transition region and the jet 
(see for example, Kim et  al (2014)) and the different ejec-
tion potential of cations and anions presented in the liquid. 
In principle, electrons are significantly more prone to ejec-
tion than cations present in the liquid, which may favour or 
trigger the formation of unsteady streamers and prevent the 
formation of stable Taylor cones under negative polarity for 
liquids of sufficiently high conductivity and large surface ten-
sion. However, under the conditions where gas ionization and 
low temperature plasma is established and stabilized, they 
stabilize the cone-jet by decreasing the effective electric field 
on the liquid surface. In these cases, hydration decreases the 
mobility of anions present in water, preventing the formation 
of stable coronas. In general, the compilations of experimental 
results presented in the relevant references (see for example 
Gañán-Calvo et al (2018)) correspond to electrospray at posi-
tive polarity, although many of the low conductivity liquids in 
Gañán-Calvo et al (1997) were electrosprayed at both positive 
and negative polarities without any appreciable differences, 

consistently with the absence of ion emissions expected in 
those cases.

2.2.  Electro-flow focusing

The typical cone-jet structure is not a prerogative of the Taylor 
cone-jet. One may found similar tapering structures in many 
situations where any kind of concentrated suction effect may 
result in tip streaming (Basaran 2002, Eggers and Villermaux 
2008). One of such structures appears in the so-called flow 
focusing (FF) mechanism (figure 3; Gañán-Calvo (1998), 
Anna et al (2003) and Garstecki et al (2005)), where two or 
more streams of immiscible fluids are discharged coaxially 
through an orifice or converging outlet (Deponte et al 2008).

When the outermost fluid stream is a gas and the inner 
stream is a liquid, which is fed from a capillary tube aligned 
with the outlet, one can observe a steady cone-jet structure that 
resembles the STCJ. In FF, the suction effect (Eggers 1998) 
is caused by the pressure drop ∆PFF  through the outlet, such 
that ∆PFF ∼= ρv2/2. In STCJ, one may express the equivalent 
pressure drop ∆PE driving the liquid ejection as

∆PE ∼ ρlv2 ∼
Å
σ2

l κ
2
l ρl

ε2
o

ã1/3

.� (10)

This equivalent pressure, which is driven by the applied elec-
tric field, is naturally independent of the liquid flow rate. 
The physics behind this result is the conversion of potential 
energy into kinetic energy: in both cases (electrospray and 
Flow Focusing) the potential energy available per unit volume 
is independent of the flow rate. This explains the intriguing 
dependence of v and ∆PE on the properties of the liquid only. 
In a second-order analysis where both applied voltage and 
flow rate are considered, one may find a slight dependence on 
these parameters, but this is due to the finite ratio of feeding 
capillary to jet diameters. Indeed, the existence of the STCJ 
is linked to a relatively narrow range of applied potential dif-
ferences between the liquid feeding source (normally, a capil-
lary tube) and an electrode which may sustain a steady conical 
shape (Pantano et al 1994).

Figure 3.  Typical flow focusing configuration. Reprinted figure 
with permission from Gañán-Calvo and Montanero, Copyright 
(2009) by the American Physical Society.

J. Phys. D: Appl. Phys. 52 (2019) 233001



Topical Review

6

Thus, it is natural to think of a combination of both ∆PE 
and ∆PFF  to produce augmented effects of enhanced stability, 
increased speed of ejection, and thinner jets. This combination 
is known as electro-flow focusing (EFF) (Gañán-Calvo et al 
(2006) and Gañán-Calvo (2007), figure 4).

One may introduce a non-dimensional parameter measur-
ing the expected mechanical efficacy of the combination of 
mechanical and electrical forces as:

G =

Å
σ2

l κ
2
l ρl

ε2
o∆PFF

ã1/3

.� (11)

When G � 1 one should expect a negligible influence of 
the electric field, while for G � 1 (normally occurring for 
relatively large liquid conductivities), the mechanical effect 
of the coaxial gas is negligible in the ejection—although it 
may contribute to the global stability of the cone-jet. The 
cases where G is of the order of unity yield enhanced results 
over both FF and STCJ for a given liquid. Moreover, the 
coaxial gas stream may be used as a means to control the 
electric discharges from the regions with larger surface elec-
tric field. This has made EFF attractive in mass spectrom-
etry and surface desorption analytical techniques (Forbes and 
Sisco 2014, 2018).

3.  Electrospray-corona studies

The electrical discharges occurring during electrospray-
ing were initially studied by Zeleny (1920), Macky (1931), 
English (1948) and Schultze (1961). The research in this sub-
ject was intensified in 1970s because of the application of elec-
trospray to mass spectrometry (Dole et al 1968). Electrospray 
as an ionization method for mass spectrometry of biomole-
cules (Fenn et al 1989) was among the soft ionization methods 
awarded by Nobel prize in chemistry in 2002 (John B Fenn 
and Koichi Tanaka). The investigations were focused on the 
of current–voltage characteristics of the electrospray, current 

waveforms generated by the discharge and the spray droplets, 
the morphology of spray plumes and discharge types recov-
ered from the photographic recordings. Later, more advanced 
physical tools were applied for the detection of generated 
species by mass spectrometry, light intensity measurements, 
and the detection of emission spectra by optical emission 
spectroscopy.

One of the first papers, which tackled quantitatively the 
problem of electric discharges in the electrospray was pub-
lished by Burayev and Vereshchagin (1971). The authors 
considered the interaction of corona discharge with electro-
spraying for liquids with sufficiently high conductivity. The 
liquid drop at the capillary tip was approximated by semi-
ellipsoid of revolution, for which the electric field was deter-
mined. The theoretical approach resulted in that the surface 
tension was the main parameter determining whether a liquid 
can be electrosprayed. The authors included the corona onset 
voltage to their considerations, and found the following two 
conditions for the transition from the dripping (or microdrip-
ping) mode to the cone-jet mode:

	 1.	� The bulk force on the liquid meniscus at the capillary 
outlet necessary for the initiation of electrospray has to be 
larger than that resulting from the surface tension force:

Fez + Fg � Fσ .� (12)

	 2.	� The local pressure at the tip of liquid meniscus (cone 
apex), caused by the local electric field and gravity neces-
sary for the formation of a liquid jet has to be larger than 
the surface tension pressure at the same point:

pe + pg � pσ� (13)

where Fez, Fg, and Fσ are the electric, gravitational and surface 
tension forces in the z-axis (nozzle axis) direction, respec-
tively, and p e, p g, and p σ are the electrostatic, hydrostatic, and 
surface tension (i.e. capillary) pressures at the meniscus tip, 
respectively.

The authors have shown that the mode of electrospraying 
depends on which of these inequalities is fulfilled first, with 
the voltage increasing. If the force-balance condition (12) is 
fulfilled first, the dripping or microdripping mode occurs. If 
the pressure condition (13) is fulfilled, the instability at the 
tip point of the meniscus leads to a thin jet formation from the 
cone apex, and the cone-jet mode is generated. However, if 
the voltage necessary to fulfill the condition (13) is larger than 
the ionization potential of the air (or in other gas, in which 
electrospraying takes place), the space charge of gaseous ions 
provided by the corona discharge will reduce the electric field 
at the cone apex, and the generation of the cone-jet mode will 
be prevented. This phenomenon can occur for liquids of high 
surface tension (like water in air), for which the electrostatic 
pressure p e has to be higher than p σ. Further increase in the 
potential of the nozzle can generate streamer discharge, which 
distorts meniscus and disturbs the jet stability, without gen-
erating the cone-jet mode. However, because of language 
barriers, this paper has been overlooked by the electrospray 
community.

Figure 4.  Electro-flow focusing configuration.
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For a liquid jet, Shorey and Michelson (1970) have approx-
imated the tip of a jet by a hyperboloid of revolution and 
determined the electric field at the tip of the jet:

E =
2Uc

Rcln 4h
Rc

� (14)

where Uc is the voltage applied to the capillary, Rc is the capil-
lary radius, and h is the distance between the jet tip and the 
plate.

Smith (1986) has determined the electric field necessary 
for electrospraying in the cone-jet mode to be:

E0 =

Å
2σlcos49◦

ε0Rc

ã1/2
� (15)

where σl is the surface tension of the liquid, and ε0 is the 
permittivity of the free space.

Pantano et  al (1994) resolved numerically the complete 
problem of the electrostatic shape of electrified liquid menisci 
attached to a capillary tube in the limit of zero emissions (liq-
uid or charges), for a range of ratios of tube-electrode distance 
to tube diameter. To this end, they assumed that the asymp-
totic shape of the meniscus close to the tip of the meniscus 
was given by Taylor’s solution. Under these conditions, the 
applied voltage and the volume of the meniscus are linked by 
a law that captures what the experiments reflect: lower volt
ages imply larger volumes. However, those ideal solutions 
implied infinite values of the electric field at the conical apex 
of the meniscus.

Gañán-Calvo (1997, 1999) and Jaworek et al (2016) deter-
mined numerically the electric field distribution adjacent to 
the liquid cone and jet of geometry and dimensions recovered 
from the photographs of the electrospray in the cone-jet mode. 
Gañán-Calvo (1997) obtained a peak value of 2.2 × 107 V m−1 
at the cone-jet transition for an octanol jet of 25 μm, close to 

the conditions of ionization of surrounding air (positive polar-
ity, Hartmann (1984)). Jaworek et al (2016) concluded that the 
magnitude of electric field at the jet surface was of the order of 
108 V m−1 for a water jet with a diameter of 10 μm, an applied 
voltage of 10 kV (positive polarity), and the space charge of 
droplets neglected. Their result indicated that the electric field 
is sufficiently high for the generation of corona discharge in 
the surrounding gas (air). The electric field magnitude at the 
capillary nozzle tip increases for capillaries of smaller diam-
eter. Stommel et al (2006) have found that nozzles of smaller 
diameter produce a thinner liquid cone leading to higher elec-
tric field at the liquid-cone surface that generates a continu-
ous glow discharge at lower voltages. The current–voltage 
characteristics shifts towards lower voltages for capillaries of 
smaller diameter, for both negative and positive polarity, in 
consistency with Smith (1986) and subsequent studies, and 
what can be expected for the formation of stable Taylor cones 
from very small capillaries (an interesting extreme case with 
capillaries as small as a few tens of nanometers can be found 
in Yuill et al (2015)).

It was shown in various papers that different forms of 'corona 
discharge' can occur, depending on the voltage and electrodes 
distance, similarly to discharges generated from a metal point 
electrode. The discharges that disturb the electrospraying are 
prebreakdown streamers, intermittent streamers, sparks, arcs, 
or burst pulses. Glow corona discharge or onset streamers do 
not disturb the jet (figure 5). When the streamers are gener-
ated, before the cone-jet mode is formed, the cone meniscus 
is distorted, preventing the stable jet formation (Zeleny 1914, 
English 1948, Tang and Gomez 1995, Borra et al 2004, Kim 
et al 2011, 2014, Jaworek et al 2014, Pongrac et al 2014a). 
For conducting liquids, for example water, streamers are gen-
erated from the liquid jet, and a visible discharge occurs at the 
same or lower potential before the meniscus starts to break-up 

Figure 5.  Cone-jet mode of electrospraying of water with faint glow corona discharge (0.12 ml h−1, 12 kV, 5.7 μA). Reprinted from 
Jaworek et al, Copyright (2014), with permission from Elsevier.
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(English 1948, Wampler et al 1993, Jaworek and Krupa 1997, 
Jaworek et al 2014, Pongrac et al 2014a). The onset streamers 
did not appear in the CO2 atmosphere (Kim et al 2014).

For dripping and microdripping modes, the electric field 
at the liquid surface is usually lower than the threshold field 
for gas ionization. When the electric field increases to the 
magnitude higher than that required for gas ionization, the 
following discharge types and electrospray modes have been 
distinguished by Borra et al (2004):

	 1.	�For pre-onset streamers, when the electric field at the 
liquid meniscus is lower than the field required for the 
cone-jet mode generation, the unstable electric-dripping 
mode (spindle or ramified-jet mode) occurs due to elec-
tric field magnitude variations. The size distribution of 
droplets is not monodisperse due to transient variations 
of the electric field at the liquid surface.

	 2.	�For a stable glow corona discharge, when the electric 
field at the liquid surface is higher than the minimum field 
magnitude required for the cone-jet mode generation, a 
stable electrospray is generated (glow corona discharge-
stabilized cone-jet mode). The size distribution of droplets 
is nearly monodisperse (standard deviation  <0.3) due to 
stabilizing effect of the glow corona discharge (figure 5).

	 3.	�For pulsed discharge (pre-breakdown streamers), when 
the electric field at the liquid surface is higher than the 
maximum field required for the cone-jet mode generation, 
the unstable electric-dripping mode is established again. 
The size distribution of droplets is again not monodis-
perse.

Similar effects were reported in other papers. An electric 
discharge can destabilize the cone-jet mode that results in 
changes of the size distribution of generated droplets, from 
monodisperse to bimodal or polydisperse (Rosell-Llompart 
and Fernadez de la Mora 1994, Borra et  al 1996, 1999, 
Ku and Kim 2002). For example, Borra et  al (1996, 1999) 
observed for ethylene glycol that the cone-jet mode changed 
to the ramified jet or spindle mode when the streamer dis-
charge was established, and large droplets (50–200 μm) were 
generated then. The distortion of the jet was attributed to the 
variations of space charge density in the interelectrode space, 
which changed the distribution of electric charge on the liquid 
surface, and deformed the meniscus profile leading to kink 
instabilities of the jet (Hoburg and Melcher 1975, Bailey and 
Borzabadi 1978, Kuroda and Horiuchi 1984, Jaworek and 
Krupa 1996a, 1996b, Borra et al 1999, 2004, Cech and Enke 
2001). However, many authors observed that the spray mode 
can be stabilized by the electric field generated by the space 
charge of gaseous ions after the onset of electrical discharge 
near the liquid surface (Kuroda and Horiuchi 1984, Borra et al 
2004, Jaworek et al 2014, Pongrac et al 2014a).

The discrepancy in those interpretations results from the 
differences in the type of discharge for both of those cases. It 
can be supposed that in the case the liquid jet is stabilized, the 
authors observed only the glow corona discharge, while other 
forms of gaseous discharges could only destabilize the elec-
trospraying. When the glow corona is generated, an increase in 
supply voltage may not cause jet instabilities, but only causes 

an increase in discharge current and discharge brightness, 
until the voltage magnitude at which the breakdown occurs 
(Zeleny 1914, Phan-Cong et al 1974, Bailey and Borzabadi 
1978, Ogata et  al 1978, Barber and Swift 1982, Meesters 
et al 1992, Cloupeau and Prunet-Foch 1994, Tang and Gomez 
1995, Borra et al 1996, 1999, 2004, Jaworek and Krupa 1997, 
Ku and Kim 2002, Stommel et al 2006, Korkut et al 2008, 
Jung et al 2009, Kim et al 2011, Jaworek et al 2014, Pongrac 
et al 2014a). The stabilizing effect occurs because an increase 
in the electric field reduces the tip radius of the cone meniscus 
and the diameter of the jet. When the radius of a meniscus is 
of one micron or smaller, the electric field is higher than the 
critical electric field for gas ionisation that promotes the glow 
corona discharge (Smith 1986, Joffre and Cloupeau 1986). 
The stabilizing effect of the glow corona discharge has been 
confirmed by Ku and Kim (2003), which carried out experi-
ments in air at a reduced pressure (~1 Torr). At such gas pres
sure, the glow corona discharge was generated easier, and the 
stabilizing effect of the discharge on electrospraying in the 
cone-jet mode, was demonstrated successfully.

Streamer discharges during electrospraying were observed 
only at higher voltages. The current–voltage characteristics 
of the electrospraying system for both polarities coincided 
only at lower voltages, for which the mechanisms of drop-
let generation and ionisation processes are similar. For higher 
voltages, these characteristics became different because the 
current pulses of streamers started to predominate over the 
spray pulses, and the total current at positive polarity was 
lower than the for negative one, at the same voltage magni-
tudes (Jaworek and Krupa 1997).

It should be mentioned that in the case of electrospray-
ing, only glow and (probably) onset streamer discharges are 
dependent on the geometry of liquid meniscus and the jet. 
Other discharges, particularly breakdown streamers, can 
develop directly from the capillary nozzle, regardless of the 
existing jet (Jaworek and Krupa 1997). Hayati et al (1987a) 
observed that the location of the discharge depends on the con-
ductivity of the liquid. For highly conducting liquids (water, 
glycerol), the discharge occurs at the apex of meniscus, but for 
liquids of low conductivity the glowing zone is confined only 
to the capillary rim.

The differences in the current pulses were attributed to 
the water molecules in the ambient air. Water vapours cause 
hydration of negative ions, decreasing their mobility (English 
1948). Giao and Jordan (1968) observed Trichel pulses at 
negative polarity, appearing irregularly with the frequency of 
a few kHz. They concluded that the repetition rate of Trichel 
pulses is influenced by the secondary emission from the elec-
trode surface. The irregularity in the generation of pulses 
from water surface is probably because of water surface is a 
very poor secondary emitter. The frequency of Trichel current 
pulses measured by Pongrac et al (2016) for various electro-
lytes ranged from 70 kHz to 285 kHz with the voltage increas-
ing from  −5 kV to  −9 kV (by electrode distance 10 mm). The 
authors also found that the corona discharge and space charge 
of H+, Cl−, Li+ or OH− ions is more important in determining 
the different shapes and propagations of the water jets for pos-
itive and negative polarities than the differences in mobility 
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of cations and anions of the solutions (Pongrac et al 2016), 
which supports the importance of the potentials of ion emis-
sion in the establishment of stable coronas.

Pongrac et al (2014a) discovered that the dripping, spindle, 
and oscillating-spindle modes were generated synchronously 
with the streamer current pulses. Comparing the frequencies 
of current pulses recorded by an oscilloscope and frequency 
of droplets generation, retrieved from images obtained by 
high-speed camera, the authors concluded that the recorded 
current pulses correlate with the discharge pulses from the 
capillary nozzle (figure 6). From the recorded current pulses 
and emitted light pulses detected by a photomultiplier it was 
determined that each current pulse was delayed by about 4 ns 
after the emitted light pulse.

Bailey and Borzabadi (1978) observed that during electro-
spraying, the high-frequency current pulses generated by the 
discharge were superimposed on low-frequency pulses, which 
were probably generated by the droplets detaching from the 
capillary. When streamer pulses predominated over the spray 
pulses, the transition from dripping to microdripping or spin-
dle modes was observed (English 1948). More intense corona 
(probably prebreakdown streamers or burst pulses) occurring 
during the cone-jet mode disturbed the spraying mode, which 
changed to spindle or multispindle mode (Cloupeau and 
Prunet-Foch 1994).

The distortion of the liquid jet by electrical discharges 
diminishes for higher liquid flow rates, when the kinetic 
energy of the jet is very high. Then the jet is stable even at 
higher voltages. These phenomena were observed, for exam-
ple, by Jaworek and Krupa (1997) (at voltages of 20–30 kV, 
electrode distance of 50 mm, flow rate 100–200 ml h−1) and 
Borra et  al (1999, 2004) (voltage 20–30 kV, electrode dis-
tance 40 mm, flow rate 35–200 ml h−1). Due to a large intere-
lectrode distance only the glow corona discharge was visible 
at the meniscus and jet surfaces, without transition of this 
discharge to the streamers at those voltages. However, the 

classical Taylor cone had not been generated at these flow 
rates, and the droplets produced by these modes were larger 
(for example, 50 to 150 μm by Borra et al (2004), or 30–70 μm  
by Jaworek and Krupa (1997, 1999a, 1999b)). From those 
results Borra et  al (1999, 2004) concluded that the diame-
ter of droplets is independent of the nozzle diameter in this 
electrospray mode, but only on the electric field at the liq-
uid surface, which depends on the radius of curvature of the 
meniscus and jet. Hoburg and Melcher (1975) noticed that 
the critical magnitude of electric field for corona onset only 
slightly decreased with increasing liquid flow rate, which is 
consistent with the finding that the normal electric field on 
the jet is nearly independent of the liquid flow rate (Gañán-
Calvo 1999).

Regarding the voltage polarity, various observations of 
corona patterns and their luminosity conducted by differ-
ent authors lead to different results. Similar to electric dis-
charges from a metal electrode, the type of discharge during 
electrospraying depends on the polarity of sharp electrode 
(capillary in the case of electrospraying). It has been found 
by many authors (Straub and Voyksner 1993, Cloupeau and 
Prunet-Foch 1994) that electrospraying from a capillary noz-
zle at positive polarity is less disturbed by corona discharge 
than that at negative. English (1948) found that the magnitude 
of electrospray onset voltage was virtually the same for posi-
tive and negative polarity, and the differences were only in the 
corona onset voltage. Yamashita and Fenn (1984) found that 
the corona onset voltage for negative polarity of electrospray 
nozzle is lower than for positive one. These results were con-
firmed by the recent studies by Kim et al (2014). Additionally, 
those authors have shown that the corona onset voltage for 
negative polarity is the same in air and CO2, while for positive 
polarity the corona onset voltage is slightly lower in CO2 than 
in air. Some observations for water showed that the corona 
onset voltage is close to the cone-jet mode onset voltage 
(Wampler et al 1993, Jaworek et al 2014). The electrospraying 

Figure 6.  iCCD time sequence images of electrospraying of water in spindle mode (illuminated, columns 1–4 with exposure time 10 μs) 
with corona discharge (dark, columns 1–4 with exposure time 100 μs) for water conductivity 500 μS cm−1, +6 kV, gap 1 cm, nozzle 0.8 mm 
o.d. and 0.6 mm i.d. iCCD dark image in column 0 with exposure time 5 s represents an integrated emission over the long period with many 
droplet formation cycles. Reproduced from Pongrac et al (2014a). © IOP Publishing Ltd. All rights reserved.
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in the cone-jet mode for negative polarity is possible only in 
electronegative gases, for example, SF6 (Wampler et al 1993).

The length of jet from the apex of the Taylor cone to the 
point of its breakdown is shorter for negative polarity than 
for positive one, but this difference decreases with increas-
ing flow rate of the liquid (leading to larger jet diameters and 
smaller surface curvatures), and the lengths became nearly 
equal for the Weber number We  =  20 (Ogata et  al 1978). 
Schultze (1961), Hoburg and Melcher (1975), Jaworek and 
Krupa (1997), Ku and Kim (2002), Borra et  al (2004) and 
Kim et al (2011, 2014) recorded the visible corona (glow) at 
almost entire surface of the meniscus and jet, downstream to 
the jet break-up point, and also at the tip of capillary noz-
zle. From the photographs presented by those authors, it was 
unambiguously found that the excitation/ionisation processes 
take place in the vicinity of the tip of capillary and along 
the liquid jet. Because of this, the discharge pattern is quite 
different for positive and negative polarities. In the work by 
Jaworek and Krupa (1997), the glow corona discharge was 
equally well observed and of similar luminosity for positive 
and negative polarity, despite earlier results by Ogata et  al 
(1978), who have noticed that for positive polarity, the corona 
discharge was generated from the surface of liquid jet at the 
cone-jet transition region (i.e. where the largest normal elec-
tric field on the surface develops), while for negative polarity, 
the corona was concentrated in the break-up region, i.e. at the 
tip of the liquid jet (i.e. where larger surface curvature devel-
ops). This interesting fact reveals the importance of both the 
nature of the surface charge and the surface curvature in the 
generation of corona. For both polarities, the glowing zone 
developed upwards with the voltage increasing. The results 
of Ogata and co-workers were similar to those obtained by 
English (1948) who observed that the discharge for positive 
polarity is more luminous than that for negative one.

Photographs presented by Shirai et al (2012) for ethanol 
confirmed the results of Ogata et al (1978), i.e. it was shown 
that the glow covered only the narrowest part of the jet. The 
differences between the results presented by these authors and 
those in other publications can be explained by the differences 
in the magnitude of electric field. At lower voltages used in 
the experiments by Shirai and co-workers (5 kV of negative 
polarity, electrode distance 0.5–2 mm) and Ogata et al (12.5–
17.5 kV by 80 mm), the electric field assumed sufficiently high 
magnitude to gas ionisation only at surfaces of high curva-
ture. For polyvinyl alcohol (PVA) solution of higher viscosity  
(40 mPa  ×  s), used by Shirai et al, the meniscus was hemi-
spherical, and multijet mode was observed with the jets orig-
inating from the liquid surface nearly halfway between the 
capillary rim and meniscus apex (Shirai et  al 2011b). The 
glow was observed around the jet, at a distance of about 1 mm 
from the meniscus surface. With the increasing voltage the 
discharge also approached the surface of meniscus.

It was observed that, at the same voltage magnitude, the 
electrospray current from water meniscus at the capillary noz-
zle was lower than the discharge current from the same dry 
capillary without water feed, independently of the polarity of 
the nozzle (Jaworek and Krupa 1997, Kim et al 2011). This 
effect can be caused by the space charge of droplets, which 

have lower mobility than gaseous ions, and reduce the electric 
field at the outlet of the capillary nozzle.

General conclusion from this brief review is that the effect 
of electric discharge on electrospraying cannot be consid-
ered without regarding the type of discharge. Stable glow 
can stabilize the electric field at the capillary nozzle due to 
the space charge uniformly distributed around the nozzle tip 
that favors stable cone-jet mode generation. When the voltage 
is sufficiently high, the streamers produced in the interelec-
trode space distort the electric field and charge distribution 
on the liquid surface, and irregular modes of electrospraying 
(spindle, multispindle, ramified jet etc) occur, which produce 
droplets of polydisperse size distribution. Larger droplets of 
high electric charge produced in these modes additionally 
introduce an asymmetry in the electric field that results in off-
axis deformation of the liquid meniscus and generation of fur-
ther droplets in various directions (Jaworek and Krupa 1999a, 
1996a, 1996b).

4.  Effect of liquid properties on corona discharge

Various types of discharges can be observed in electrospray-
ing, similar to the discharge from a metal electrode: onset 
streamers, glow corona discharge, pre-breakdown streamers, 
breakdown streamers, spark discharge, and arc. Glow corona 
discharge and arc (if it occurs) are usually pulseless, while the 
current waveform of other discharges is built from a series 
of pulses. Macroscopically, a streamer from a metal electrode 
occurs as a bright filament bridging the interelectrode gap for 
a short time, usually shorter than 1 μs. Actually, each streamer 
is a highly ionised, small ‘plasma ball’, known as a streamer 
head, which propagates from the sharp electrode with high 
field with the initial velocity of about 5  ×  105 m s−1, which 
decreases to about 1  ×  105 m s−1 close to the plate electrode 
(Ohkubo et  al 2005, Kanazawa et  al 2009). The peak cur
rent of such a streamer can be higher than 1 A, but the time a  
veraged discharge current is usually lower than 1 mA. The fre-
quency of streamers and the time-averaged discharge current 
are increasing with the voltage increasing. Electrically gener-
ated plasma by the glow corona discharge is rather faint, with 
low energy of ions and electrons, and the discharge current is 
typically smaller than 1 mA.

Two parameters of electrosprayed liquid are of primary 
importance for the process of electrospraying and corona dis-
charge generation: surface tension and electrical conductivity. 
The effect of liquid conductivity results from the electro-
chemical processes within the liquid meniscus at the capillary 
nozzle outlet, which are similar to those during electrolysis. 
If the sprayed liquid molecules are dissociated (water, elec-
trolyte), the cations and anions flow in opposite directions, to 
the meniscus surface and to the metal nozzle walls, depending 
on the polarity of voltage applied to the capillary nozzle. After 
polarization, the only current flowing through the meniscus is 
that one due to the electric charge removed from the meniscus 
and/or jet surface by the detaching droplets. When a liquid 
with non-dissociated molecules is electrosprayed, the pro-
cess is more complex. For negative potential of the capillary 
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nozzle, the negative charge of droplets results from the attach-
ment of electrons to molecules of high electron affinity. These 
molecules are flowing to the surface of liquid, producing 
strong repulsion force on the meniscus and/or the jet. For the 
positive potential of the nozzle, the positive charge on drop-
lets is generated by the removal of negative charge from mol-
ecules via electrochemical processes forming negative ions, 
which flow to the metal walls of the nozzle. Positively charged 
droplets are therefore depleted of electrons (Bruins 1998) or 
are protonated (Skarja et al 1998, Sjöberg et al 2000, Cech 
and Enke 2001).

It has been noticed that not all negative ions are removed 
from the liquid to the metal walls at positive potential, but 
only about 25% or less. As a result, the charge-to-mass ratio 
of electrosprayed droplets for positive polarity is lower than 
for negative one. In general, with the liquid conductivity κl 
increasing, the jet diameter, its length, and the droplet size are 
smaller, which causes an increase in the specific charge (q/m 
ratio) of the spray (Smith 1986, Kebarle 2000).

The effect of voltage polarity on the critical voltage for 
microdroplets formation and on the size of droplets for con-
ducting liquids has been explained by Poncelet et al (1999), 
for the case of sodium alginate solution. For negative polar-
ity of the nozzle, the negative ions of alginate polyelectrolyte 
migrate from the solution to the meniscus and jet surface. The 
mobility of these ions is lower than the Na+ ions and their 
migration to the surface takes much longer times. For a given 
electric potential and liquid flow rate, the surface density of 
the electric charge will be lower for the negatively charged 
needle, and, consequently, the surface tension will be higher 
that results in larger droplet size and higher critical potential 
(Fernandez de la Mora 2007). On the other hand, for posi-
tive polarity, the Na+ ions of higher mobility build the surface 
charge on the meniscus surface faster, which decreases the 
surface tension and smaller droplets are generated at lower 
critical voltage.

Kim et al (2014) noticed that in air, the frequency of drop-
lets generation in microdripping mode was higher for posi-
tive polarity than for negative, but in CO2, this trend has been 
reversed, and the negative potential has generated droplets 
with higher frequency. The authors concluded that the volt
age of transition from the dripping to microdripping mode is 
caused by the corona discharge.

The corona current in electrospraying depends mainly on 
the ionisation processes in the gas surrounding the liquid sur-
face (Phan-Cong et al 1974, Jaworek and Krupa 1997, Gemci 
et al 2002). Hara et al (1979, 1980) reported that the ampl
itude of corona current pulses and their frequency decrease 
with increasing liquid conductivity. However, other studies 
did not find any correlation between liquid conductivity and 
intensity of specific emission lines generated during the dis-
charge (Jaworek et al 2005). Pongrac et al (2014b) determined 
the frequency of prebreakdown streamers in electrospray, and 
concluded that the frequency decreased with increasing water 
conductivity. For example, the frequency was 5.6 kHz for liq-
uid conductivity of 10 μS cm−1, and it decreased to 0.65 kHz 
for 10 000 μS cm−1. Current pulses for negative polarity, 
recorded by Hara et al (1979, 1980), consisted of successive 

Trichel pulses of small amplitude that indicated the existence 
of faint streamer discharge. For positive polarity, the discharge 
was more complex: the first single pulse was followed by a 
steady current of corona (probably glow) discharge.

Pongrac et al (2014b) observed that the breakdown volt
age for corona-to-spark transition decreased with increasing 
conductivity of the liquid. The authors also observed that the 
jet acceleration also depended on the liquid conductivity, and 
it was 4060 m s−2 for water of conductivity of 2 μS cm−1, 
and decreased to 520 m s−2 for highly conducting liquid of 
400 μS cm−1, as shown in figure 7. The corona onset voltage 
decreased with increasing liquid conductivity (from 0.49 to 
11.5 mS cm−1). Similar effect was obtained by Shirai et  al 
(2014).

It was shown that spray current and light intensity of 
corona discharge at the liquid surface in the cone-jet mode 
increase with liquid conductivity (Schultze 1961, Smith 
1986, Hara and Akazaki 1981, Hayati et  al 1987a, Straub 
and Voyksner 1993, Borra et al 1999, Sugimoto et al 2001, 
Dwivedi et al 2004, Shirai et al 2014, Pongrac et al 2014b), 
but at negative polarity, the liquid conductivity does not affect 
the current in the multijet mode for various liquids (water, 
methanol, ethanol, water-methanol mixture), until the voltage 
increases to the magnitude at which partial breakdown or the 
corona glow is generated (Yamashita and Fenn 1984). Borra 
et al (2004) reported that the operating range of stable cone-
jet mode had shifted towards higher flow rates and higher 
voltages when the conductivity of water solution increased 
from 0.11 mS m−1 to 5 mS m−1. This effect was caused by 
the stabilization of electrospraying mode by the glow corona 
discharge, whose onset voltage increased with liquid conduc-
tivity. However, for conductivity higher than 5 mS m−1, the 
impulse discharges (probably streamers) developed from the 
nozzle and disturb the cone-jet mode. For liquids of low con-
ductivity, the nozzle edges are more exposed to electric field 
that results in intense glow corona discharge mainly near the 
metal nozzle, but only faint glow was observed close the liq-
uid surface (Hayati et  al 1987a, Jaworek and Krupa 1997, 
Borra et al 1999).

Regarding the effect of surface tension on electrospray-
ing, many authors claim that for liquids of low surface tension 
(acetone, ethanol), the Taylor cone is formed, and the cone-
jet mode is generated for voltages lower than corona onset 
voltage (Borra et al 1996, 1999, Cole 2000). With increasing 
surface tension, the voltage required for a stable operation of 
electrospraying in the cone-jet mode also increases because 
higher electric field is needed to balance the surface tension 
force (Cech and Enke 2001). For liquids of higher surface 
tension (water, ethylene glycol) the generation of the cone-jet 
mode in air is limited by corona discharge, which onsets for 
a voltage lower than that required for electrospraying (i.e. the 
electric field magnitude needed to overcome the surface ten-
sion is higher than that initiating the corona discharge, and the 
corona is generated first) (Burayev and Vereshchagin 1971, 
Smith 1986, Ikonomou et al 1991, Fernandez de la Mora and 
Gomez 1993, Cloupeau and Prunet-Foch 1994, Borra et  al 
1996, 1999, Kebarle 2000, Cech and Enke 2001, Fernandez 
de la Mora 2007).
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5.  Spray current versus discharge current

The electric current carried by monodisperse droplets charged 
to a half of the Rayleigh limit is:

I = 6Ql

 
2σlε0

D3
d

� (16)

where Ql is the liquid flow rate, ε0 is the permittivity of the 
free space, σl is the surface tension of the liquid, and Dd is the 
droplet diameter. Unfortunately, the scaling laws reviewed in 
section 2 do not take into consideration the current carried by 
the gaseous ions.

The problem of distinguishing between the charge carried 
by electrospray droplets (electrospray current) and that con-
ducted by gaseous ions due to corona discharge (discharge 
current) becomes important when the total current is used 
for the estimation of the mean size and charge of droplets. 
These estimates can be determined from the ratio of liquid 
flow rate and the total current measured at the spray collec-
tor assuming a droplet charge hypothesis like the one leading 
to equation (16). In fact, a measurement of a single variable 
(total current in this case, independently of whether corona is 
present or not) cannot resolve simultaneously two unknowns 
(size and charge) unless one makes a hypothesis linking those 

unknowns. This is why the assumption (16) is usually used 
while estimating the size. However, because of ionic current 
owing to the corona discharge, this method overestimates the 
droplets' charge and underestimates the mean droplet size 
(Jaworek and Krupa 1997, 1999a, Borra et al 2004, Korkut 
et  al 2008). For example, Ku and Kim (2002) studied the 
effect of electrical corona occurring during electrospraying 
on the electrospray droplets characteristics for highly viscous 
liquids (NaI doped glycerol, 560–1400 mPa  ×  s). The authors 
had shown that the mean diameter of droplets measured by 
Aerosizer can be two to six times greater than that predicted 
by the scaling laws published in the literature, based on the 
total current estimations. One explanation could be the over-
estimation of the droplet charge due to electric discharges. 
Another is the effect of liquid viscosity which may increase 
significantly both the jet diameter and the jet breakup wave-
length. Thus, one should use the scaling laws for high vis-
cosity liquids to correctly ascertain the contribution of corona 
discharges in those cases. The scaling laws for high viscos-
ity liquids have been discussed for example in Gañán-Calvo 
(2004) and Higuera (2010).

From the comparison of electrospray current with the dis-
charge current from the same dry capillary nozzle without 
feeding the liquid, it was concluded that the charge carried by 

Figure 7.  High-speed camera sequence of the spindle mode electrospray with water of (a) low conductivity 2 μS cm−1 and (b) 
high conductivity 400 μS cm−1 (10 000 fps, 1 μs gate time, time interval 700 μs, flow rate 0.4 ml min−1, voltage  +11 kV, 5 cm gap). 
(c) Comparison of water filament velocities during the cone formation and filament propagation for 2 different conductivities. Reprinted by 
permission from Springer: Nature Eur. Phys. Pongrac et al (2014b).
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gaseous ions can have a significant contribution to the total 
current measured at a collector (Jaworek and Krupa 1997). 
It was estimated from the measurement of the mean droplets' 
charge and the flow rate that the droplets carry only small 
amount of the total current.

In order to separate the spray current and the discharge 
current, Borra et  al (2004) developed a measuring system 
comprising two grounded flat ring electrodes placed coaxially 
with the electrospray nozzle, a few millimetres beneath the tip 
of the nozzle, as depicted in figure 8. The upper ring collected 
gaseous ions, the lower ring gaseous ions and fine droplets, 
while the plate electrode beneath only the spray current.

Due to differences in the mobility of ions and droplets, the 
gaseous ions generated by electric discharge were collected on 
the first ring (glow corona discharge current), and the droplets 
were deposited onto the second ring, placed beneath the first one, 
and on the grounded plate beneath (electrospray current). From 
those experimental results, the authors determined the relation 
between the spray current and glow-corona current for the glow-
stabilized cone-jet mode (Borra et al 2004, Borra 2018):

Ispray ∝ Q0.2
l I0.1

glowκ
0.2
l� (17)

Itotal = Ispray + Iglow� (18)

where κl is the liquid conductivity, Ql is the liquid flow rate 
and I symbols are the currents. From these experiments, Borra 
et al (2004) have determined also the mean droplet diameter 
for the glow-stabilized cone-jet mode, which is dependent on 
the corona glow current:

d ∝ Q0.5
l I−0.04

glow κ−0.2
l .� (19)

The authors noticed that the operating range of stable cone-
jet mode shifted towards higher flow rates and higher volt
ages when the conductivity of water solution increased from 
0.11 mS m−1 to 5 mS m−1. For conductivities higher than 5 mS 
m−1, the glow changed to streamer discharge, and the glow-
stabilized cone-jet mode disappeared. An important result of 
those investigations was that the spray current carried by the 
charged droplets can be much lower than the corona-discharge 
current. In the case of electrical discharges from a capillary 
nozzle, the ionic current can have a great contribution to the 
total current, and this result cannot be ignored in the research 
of electrospraying. Similar results for other spraying modes, 
not stabilized by glow corona discharge, particularly for the 
cone-jet mode, are not known yet.

Jaworek et al (2014) investigated current voltage character-
istics of the electrospray system for distilled water (conduc-
tivity 0.97  ×  10−3 S m−1), methanol (0.165  ×  10−3 S m−1), 
ethanol (2.5  ×  10−4 S m−1) and ethylene glycol (2.25  ×  10−5 
S m−1), and for dry capillary nozzle for comparison, for three 
values of the flow rate (0.12 ml h−1, 1 ml h−1, and 10 ml h−1). 
The current increased steadily with the voltage increasing 
from the corona onset voltage, similarly to the Townsend law 
(Townsend 1914), characterising corona discharge from sharp 
metal electrode:

I = αU (U − U0)� (20)

where U is the voltage between the electrodes and U0 is the 
corona onset voltage. However, the spray current and dis-
charge current have not been distinguished.

For all the liquids tested by Jaworek et al (2014), the total 
current only weakly depended on the liquid flow rate that can 
additionally suggest that the discharge current is the main 
component of total current, and confirmed the findings of 
Borra et al (2004) for water (see equation (17)). A significant 
departure of discharge current characteristics from the quad-
ratic Townsend law was exhibited by methanol and ethanol 
only, for higher flow rates (10 ml h−1). Regarding the close 
similarity between current–voltage characteristics of electro-
spray and for dry capillary presented in that paper (Jaworek 
et al 2014), two possible explanations can be suggested: (1) 
the main component of the total electrospray current is the 
gaseous ions current, (2) the contribution of droplets current 
and discharge current for those liquids changes with voltage. 
The first conclusion was suggested previously in the paper 
Jaworek and Krupa (1997) and was confirmed by the meas-
urements by Borra et al (2004) (equation (17)) who separated 
the ionic and droplet currents. The second explanation, which 
seems to be more probable, is that the glow corona discharge 
is generated for lower voltages, and the current is mainly con-
ducted by droplets in the dripping, microdripping and cone-jet 
modes (if present). For higher voltages, when burst pulses or 
streamer discharges are generated, the ionic current becomes 
dominant and the contribution of the charged droplets can be 
ignored. This explanation seems also to be consistent with 
the measurements carried out by Borra et al (2004) (figure 4  

Figure 8.  Schematic of the electrospray system comprising two 
grounded flat ring electrodes placed coaxially with the electrospray 
nozzle that separate the spray current and the discharge current. 
Reprinted from Borra et al, Copyright (2004), with permission 
from Elsevier.
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therein). It was also observed that the discharge from dry cap-
illary is more stable than that when a liquid jet is generated at 
the nozzle outlet.

Ballinger et  al (1978) observed the electrospraying of 
water, ethanol and formic acid at a constant hydrostatic pres
sure, and different gases: air, Ar, He, N2, O2. The dispersion 
of liquids into small droplets occurred only in N2, O2, and in 
air. In noble gases (He and Ar), the glow corona bridged the 
interelectrode gap at voltages much lower than in other gases, 
and the liquid was not electrosprayed (no measurable flow of 
liquid). The electrode distance was 10 mm and capillary pyrex 
glass tube with Pt wire ion injector was used. In air of lower 
humidity, the stability of electrical discharge was improved.

Lastochkin and Chang (2005) electrosprayed droplets by 
AC high voltage of frequency  >10 kHz. They observed visible 
corona close to the capillary and jet surfaces. With the addi-
tion of Ar or He to surrounding air, the corona became more 
intense and larger droplets were generated at lower voltages. 
By high frequency excitation, the drop ejection occurred at 
voltages an order of magnitudes lower (<2000 V) than those 
used for conventional electrospray supplied with DC voltage. 
The droplets were larger than by DC excitation and the cloud 
of produced aerosol was electrically neutral. The rate of drop-
lets production was at least two orders of magnitude lower 
than the AC frequency. This phenomenon was attributed to a 
normal Maxwell force acting on the jet surface due to an un-
dispersed plasma cloud in the close vicinity of the meniscus 
and to the volume charge polarization within the liquid. The 
high frequency AC excitation of meniscus was particularly 
suitable for the electrospraying of dielectric liquids, without 
a need of using an ion injector.

It can be concluded from this brief overview that the charge 
carried by gaseous ions can have a significant contribution to 
the total current of electrospray. The ion current can be com-
parable to or even higher than that of liquid droplets. The 
space charge formed by the droplets and ions reduces the elec-
tric field at the liquid jet, and stabilizes the corona discharge 
current.

6.  Mass spectrometry studies

In order to explain the role of electrical discharges in electro-
spraying used for the ionization of molecules in mass spec-
trometry, many authors have analysed the mass-spectrometry 
signals for identification of gaseous ions produced by the dis-
charge during electrospraying. The interest in this phenom
enon was motivated by the possible spurious signals, which 
could be generated in mass-spectrometer detector by the gas-
eous ions originating from the gas discharge (Sjöberg et  al 
2000). An additional possible detrimental effect of a discharge 
is a fast degradation of a nozzle used for the analyte disper-
sion, and generation of spurious signals due to ablation of the 
capillary nozzle by gaseous ions obtained in the discharge 
(Smith and Wood 2003).

Another reason for the interest in electrospray corona 
discharge is the potential risk of damaging of biological or 
other fragile samples analysed by mass spectrometry due to 

ion bombardment, UV radiation, or free radicals produced 
in the discharge plasma (Liu et al 2007). The degradation of 
electrosprayed material was studied first by Teer and Dole 
(1975), who deposited polystyrene latex microparticles on an 
aluminium foil by electrospraying. The electron microscope 
micrographs of these particles revealed that about 10% of the 
polystyrene beads was degraded, but only when higher volt
age of negative polarity (−24 kV) was applied to the nozzle. 
It was probably caused by the bombardment of these parti-
cles by electrons and gaseous ions produced by the onset-
streamer discharges in nitrogen. Electrospraying at positive 
voltage, up to  +20 kV, or in SF6 atmosphere eliminated this 
degradation, because the SF6 gas quenched the discharge. In 
order to prevent the destabilization of electrospraying pro-
cess and unwanted chemical reactions due to gas breakdown 
between the capillary nozzle and the ground electrode, Tang 
and Gomez (1994) used CO2 atmosphere. Other authors (see, 
for example, Thundat et al (1992), Tang and Gomez (1994), 
Chen and Pui (1997), Ijsebaert et al (1999, 2001), Uematsu 
et al (2004), Pareta et al (2005) and Xu et al (2006)) claimed 
that the high voltage used for electrospraying of a suspension 
of fragile materials did not degrade the molecules or the deg-
radation was negligible.

In the early stage of investigations of electrospray-corona 
products by mass spectrometry, the gaseous ions originating 
from the discharge have not been detected in the mass spec-
tra. Such experiments have been carried out for the cone-jet 
mode by Yamashita and Fenn (1984) for water, methanol, 
ethanol and water-methanol mixture, and Rosell-Llompart 
and Fernández de la Mora (1994) for ethylene glycol, water 
and water-methanol mixtures in air and CO2. However, in 
later studies, the following ions resulting from electrical dis-
charge from capillary nozzle at negative polarity have been 
recorded: NO−

2  and NO−
3  ions for water-methanol mixture 

(water percentage higher than 10%—Asbury et  al (2000) 
and Dwivedi et  al (2004)), and O−

2 , HCO−
2 , CO−

3 and NO−
2  

(Wampler et al 1993, Kebarle 2000).
However, in the presence of electronegative SF6 gas, the 

relative intensity of O−, O−
2 , and NO−

2  ions (resulting from the 
solvent and/or analyte dissociation) in the mass spectra was 
reduced, whereas the ions resulting from SF6 decomposition, 
such as F− and HF−

2 , H3O+ ions in water, and CH3OH+
2  ions 

in water-methanol mixture appeared, because of the transfer 
of proton to methanol, which has the higher proton affinity 
(Ikonomou et al 1991). SF6 gas quenched the discharges caus-
ing a decrease in CH3OH+

2  ions concentration. The expected 
SF−

6  ions, formed due to the electron attachment to SF6 mol-
ecule, were not observed in the mass spectra (Wampler et al 
1993). Pongrac et al (2016) observed that the jet formation 
and evolution during electrospraying in electronegative gases 
was the same for the same voltage magnitude, regardless of 
the polarity of the voltage applied to the capillary nozzle.

From these investigations, it can be concluded that the 
electrospray corona discharge can cause ionisation of gase-
ous molecules, analytes and solvents in the gas phase, caus-
ing erratic signals in mass-spectrometry detectors (Yamashita 
and Fenn 1984, Ikonomou et al 1991, Wampler et al 1993, 
Steward 1999, Kebarle 2000, Cech and Enke 2001, Dwivedi 
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et al 2004). On the other hand, the discharge-induced ionis
ation can be responsible for the production of protonated mol-
ecules of high proton affinity (Ikonomou et al 1991, Zhou and 
Cook 2000).

Recently, ambient ionization at atmospheric pressure for 
mass spectrometry or ion mobility spectrometry attracted 
the interest of many researchers in the field. Various ioniz
ation techniques have been described that allow a quick and 
easy-to-handle analysis of samples under ambient conditions 
without or with only minor sample preparation. Among those, 
plasma-based techniques, including the low-temperature 
plasma probe using corona or dielectric barrier discharge, 
require very little resources thereby providing great potential 
for implementation in stationary or mobile analytical devices 
(Franzke 2009, Sabo and Matejcik 2012, Sabo et  al 2015, 
Kiontke et al 2018a, 2018b)

7.  Optical emission spectroscopy studies

Optical emission spectroscopy was applied as another method 
for the detection of corona discharge during electrospraying, 
but there are only a few papers on this subject (Meesters et al 
1991, Jaworek et al 2005, 2014, Shirai et al 2008, 2014, Kim 
et al 2014). Optical emission spectroscopy provides various 
plasma parameters, such as ionization and excitation states of 
gaseous molecules and volatilized elements. From these data 
the gas composition, electron number density and temper
ature, ion temperature, and atomic/molecular concentration 
of various species in the gas can be determined. The elec-
tron number density in plasma can be determined from the 
Stark broadening of the spectral lines of Hβ or Hα (at 486 or 
656 nm, respectively). Plasma temperatures (electron, vibra-
tional and rotational for molecular gases) can be determined 
from the Boltzmann diagram, which uses relative emission 
of the same atoms (or molecules) at different spectral lines 
(or vibrational bands/rotational lines) for different stages of 
electronic (or molecular) excitation, assuming that the excited 
states distributions of gaseous atoms or molecules is given by 
the Boltzmann statistics (Sember 2002, Laux et al 2003, Fantz 
2006, Machala 2007). With the knowledge of the value of elec-
tron number density and neutral number density, the degree of 
ionization can be determined (Xiao and Staack 2014).

Meesters et al (1991) was probably the first who applied 
optical emission spectroscopy for the detection of emis-
sion spectra of electrical discharge in electrospraying of 
di-octyl-phthalate and methanol. They found only an excita-
tion and vibrational bands of N2 molecules, identifying the 
N2 second positive system, and the N2 first negative system in 
the measured spectral range. The excited O–H or C–H bonds 
have not been found. From these measurements, the authors 
concluded that the liquid cone does not participate in the dis-
charge process.

From spectroscopic studies of electrical discharges, which 
occurred during electrospraying of conducting liquids in air 
at atmospheric pressures, presented by Jaworek et al (2005), 
the authors concluded that all electrospraying modes, except 
the dripping, are accompanied by gas ionization. Glow corona 

or onset-streamers discharges, which were localized near 
the entire liquid surface, did not disturb the spraying pro-
cess. The stability of spraying mode was disturbed when the 
pre-breakdown streamers occurred. The spectroscopic analy-
sis indicated that nitrogen lines are the most intense in the 
emission spectra, however, also weak spectral lines charac-
teristic of the elements and compounds dissolved in electro-
sprayed liquid, which were ionized or excited in the discharge, 
were identified at other wavelengths of the emission spectrum.

Shirai et al (2008) have investigated the emission spectra 
from electrified meniscus of ethanol. For a short-pulse micro-
discharge of current pulse amplitude of 1000 A and pulse 
duration of about 0.5 μs, the atomic hydrogen line of Hα at 
656.28 nm, and an ionic nitrogen line of NII at 500 nm, were 
observed. From spectroscopic measurements of discharges at 
low discharge currents, generated between a plate electrode 
above the liquid and the liquid Taylor cones occurring at the 
liquid surface, the authors concluded that mainly surround-
ing gas molecules and atoms emit the light. With increas-
ing discharge current, the liquid vaporizes, and the emission 
of metal ions from salts dissolved in the electrolyte can be 
observed (Shirai et al 2012). The liquid could evaporate due 
to an increased temperature in the discharge region of high 
current density at the tip of Taylor cone. In another experi-
ment, Shirai et al (2007) investigated an explosion of a single 
ethanol drop falling between two horizontal sharp electrodes, 
spaced at 0.1–0.9 mm. The authors have found hydrogen spec-
tral line Hα at 656.28 nm as the effect of ethanol vaporisa-
tion and dissociation. Shirai et al (2014) also investigated the 
emission spectra of a discharge from a Taylor cone formed at 
a capillary nozzle facing upwards, maintained at high negative 
potential. Only the N2 second positive system was found in 
the emission spectra in air. Other spectral lines (like Na due 
to the addition of NaCl in order to change water conductivity) 
were not recorded.

Jaworek et  al (2014) have studied the emission spectra 
for four liquids electrosprayed in the cone-jet mode: dis-
tilled water (conductivity 0.97  ×  10−3 S m−1), methanol 
(0.165  ×  10−3 S m−1), ethanol (2.5  ×  10−4 S m−1) and eth-
ylene glycol (2.25  ×  10−5 S m−1). The electrospraying pro-
cess was investigated only for positive polarity of the voltage 
applied to the capillary nozzle, in air at atmospheric pressure 
and at ambient temperature, by relative humidity of about 
40%. The measurements were carried out for three values 
of the flow rate: 0.12, 1.0 or 10 ml h−1. The emission spectra 
were measured in the spectral range from 200 to 1100 nm. The 
difference between the discharge in electrospraying and other 
types of electrical discharges is that the former is very faint, 
not visible and can be only photographically recorded by long 
exposure times of at least a few seconds. Another difference 
results from that one of the ‘electrodes’ in electrospraying is 
a liquid (jet), not a metal, and secondary electron emission 
from liquids is much weaker and occurs only at higher poten-
tials than from the metals (Gaisin and Son 2005, Machala et al 
2008, Bruggeman and Leys 2009).

In the electrospray system used by the authors, the corona 
onset voltage was between 9 and 10 kV, and the emission spec-
tra could be recorded in the same voltage range, independently 
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of electrosprayed liquid. Below 9–10 kV, the emission spectra 
have not been recorded. The emission spectra of the discharge 
near the jet were similar to those for dry capillary in air, for 
all the liquids tested, and were dominated by the second posi-
tive system (SPS) of nitrogen N2 with the characteristic emis-
sion bands: 337.13, 357.69, 380.49, 375.54, 380.49, 394.30, 
399.84 nm (Pearse and Gaydon 1963, Bruggeman et al 2010a, 
2010b); figure 9.

Bands of the second negative system of N+
2 , which were 

observed in discharges in air from metal electrode at high dis-
charge currents (see Czech et al (2011)), were not recorded 
in the case of electrospraying. Also, the band of OH-radicals 
(A2Σ → X2Π, (0 − 0)) at 306.36 nm has not been recorded in 
those discharges. Possible products of decomposition or dis-
sociation of molecules of other liquids in a discharge during 
the spraying of ethanol, methanol or ethylene glycol were also 
not recorded. The emission bands of NOγ, usually observed 
at 237, 247 and 259 nm in corona discharge in air, were not 
recorded during electrospraying of liquids, probably because 
the energy of the discharge was too low. It can be concluded 
that the lack of OH radical spectral lines during electrospray-
ing at lower voltages, before streamer discharge occurs, 
indicates that this discharge is not dangerous for fragile, in 
particular biological, samples. The authors noticed that the 
emission spectra are almost insensitive to the liquid flow rate 
(another evidence supporting that the potential energy driv-
ing the jet is independent of the flow rate), but the amplitude 
of specific peaks increases with increasing voltage within the 
range of stability of emission. The intensity of each peak var-
ies in a large extent with the changes in the discharge type, but 
it is almost independent on the spraying mode.

The lines characteristic of O2 (oxygen atomic line—
777 nm), N2 (nitrogen atomic line, 869.4 nm), and OH radi-
cals (309 nm) appeared only for the streamer discharge. This 
result indicates that OH radicals can be produced only by the 
streamer discharge, as suggested by earlier results (see Sun et al 
(1997), Šunka et al (1999), Sugimoto et al (2001), Shmelev 
(2008), Shmelev et al (2009), Kanazawa et al (2009, 2011), 
Dilecce and De Benedictis (2011) and Elsawah et al (2012)), 
but are negligible for glow corona discharge. Kanazawa et al 
(2009) have generated positive streamer discharges over the 

water surface. Besides the second positive system of molecu-
lar nitrogen, the authors recorded the emission of hydrogen 
atoms (Hα, 656.3 nm), OH radicals (A2Σ+  −  X2Π, 309 nm) 
and the atomic line of oxygen (O I, 777 nm). They discovered 
that the production of OH radicals takes place at the air dis-
charge/water interface.

Jaworek et al (2014) have determined theoretically that the 
emission intensity of the spectral lines of corona discharge 
(glow, onset streamers) during electrospraying follows the 
third-degree polynomial function of the voltage at capillary 
nozzle:

Φ = BU (U − U0) (U − UT)� (21)

where U0 is the corona onset voltage, and UT is the thresh-
old voltage for the emission of a specific spectral line. The 
experimental results indicated that the threshold voltage UT 
for the emission of most of the recorded spectral lines was in 
the same voltage interval of 9–10 kV as the corona onset volt
age U0. This relation was confirmed by spectroscopic mea-
surements, and it holds until prebreakdown streamers occur 
(Jaworek et al 2014). This equation is valid for:

U > max (UT , U0) .� (22)

Kim et al (2014) also have used the optical emission spectr
oscopy to identify the spectral lines emitted by the corona 
discharge in air during electrospraying of water. The authors 
detected only the nitrogen second positive system and first 
negative band in the optical spectrum. The emission intensity 
of the discharge was higher for negative polarity of the dis-
charge electrode than for positive. The emission by hydrogen 
(Hα line at 656.6 nm) was not detected, which indicates a neg-
ligible role of the discharge in water dissociation, due to low 
energy of this discharge. Also OH emission at ~306 nm was 
not detected, in agreement with Jaworek et al (2014). The lack 
of OH and H spectra confirmed by several authors, despite 
the interaction of the corona discharge with the sprayed water 
droplets, indicates that the H2O molecule dissociation is too 
weak by the corona discharge and the emission spectra are 
dominated by N2 SPS.

A similar result was reported by Machala et al (2007) who 
compared the emission spectra of streamer corona, transient 

Figure 9.  The emission spectra during electrospraying of water in air at atmospheric pressure for positive polarity of capillary nozzle, in 
the spectral range of 300–400 nm. Reprinted from Jaworek et al, Copyright (2014), with permission from Elsevier.
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spark and (DC) glow discharge (cathode fall-driven glow 
discharge, not glow corona) with water cathode and found 
detectable OH emission only for the hot glow discharge with 
a high gas temperature (1900 K) inside the plasma channel, 
leading to strong water evaporation. In the streamer corona 
with the low gas temperature (350 K, measured from the N2 
SPS), the water evaporation and dissociation were too low to 
detect any OH spectra distinguishable from the overwhelming 
N2 SPS spectra.

For pulse discharges, by an average current of 1–6 mA, 
Shmelev et al (2008, 2009) observed a glow discharge along 
a liquid jet of the length of 18 mm, the transition of this dis-
charge to sliding surface discharge, and finally to low-current 
arc discharge by the current increasing to about 20 mA. The 
electron temperature in this discharge was estimated to be 
1–2 eV, and neutral gas temperature, based on Planck distribu-
tion, to T  ≈  5000 K. The light emitted by the discharge was 
generated by the excited/ionised gaseous molecules, water 
molecules, and products of water photolysis. The lines of 
excited atomic H*, N*, O*, ions of N+ and O+, and lines of 
OH radical and other impurities have also been identified in 
the discharge.

In addition to the optical emission spectroscopy of the elec-
trosprays interacting with corona discharge, electrospray in Ar 
atmosphere was used for generation of samples to the induc-
tively coupled plasma spectroscopy (ICP-OES) (Brennan et al 
2009).

Additional information on the role of electrical discharges 
in dissociation, ionization and excitation of water molecules 
was obtained from the investigations of various types of 
medium power discharges in water or at water surface. The 
‘medium power discharge’ in this paper refers to the dis-
charges of 10–1000 W. In such discharges the time-averaged 
discharge current is of the order of magnitude of tens or hun-
dreds of milliamps by a typical voltage of 10–20 kV. The dis-
charges typically occurring in electrospraying, and studied in 
this paper, belong to the low-power discharges (<10 W), with 
a mean discharge current below 100 μA. Species like OH*, 
H*, O*, 1O2, O−

2 , O3, H2O2, and HO2 have been detected by 
optical emission spectroscopy in those discharges (Sun et al 
1997, 1998, Šunka et  al 1999, Kanazawa et  al 2007, 2011, 
Bruggeman et al 2008b, 2009, 2010a, Bruggeman and Lyes 
2009, Machala et al 2009, Dilecce and De Benedictis 2011, 
Elsawah et al 2012, Machala et al 2013, Kovalova et al 2016, 
Pyrgiotakis et al 2016, Hong et al 2018). The results show that 
hydroxyl radical (OH) is formed mainly within the discharge 
channel, and that the peak intensity of OH radicals is higher 
in spark discharge than in streamer discharge. The main trans
itions of OH radicals generated in a discharge are (Sun et al 
1997):

A2Σ− (ν′ = 1) → X2Π(ν′′ = 0) (282 nm)

A2Σ− (ν′ = 0) → X2Π(ν′′ = 0) (309 nm) .
� (23)

It was noticed that in streamer discharge only narrow 
peaks owing to OH radical are recorded while the spark 
discharge generates a continuous ‘white’ spectrum with the 
same characteristic peaks superimposed (Sun et al 1998). The 

light intensity of OH radicals depends on the polarity of the 
streamer discharge and is stronger for positive discharge than 
for negative one (Sun et al 1997, 1998). For all time-averaged 
energies of the discharge, the concentration of hydrogen per-
oxide (H2O2) produced in the spark discharge was a few times 
higher than that produced by the streamer discharge due to 
a higher peak voltage and larger current density of the dis-
charge, which promoted more intense excitation and ioniz
ation processes.

The conclusions from spectroscopic investigations pre-
sented by various authors can be summarized as follows:

	(1)	�All electrospraying modes generated for conducting 
liquids in air or other gases at atmospheric pressures are 
accompanied by gas discharges. The glow corona or onset 
streamer discharges are localized near the liquid surface.

	(2)	�The spectroscopic analysis indicated that nitrogen molec-
ular bands are the most intense in the emission spectra 
(in air or nitrogen-containing gases) and can mask the 
emission of other compounds forming the electrosprayed 
liquid, especially OH radicals.

	(3)	�Nevertheless, the spectral lines characteristic of the ele-
ments and molecules dissolved in electrospray liquids 
can also be detected at other wavelengths of the emission 
spectra.

8.  Electrospray corona discharge prevention

In order to prevent the unwanted streamer or spark discharges, 
which destabilize the electrospraying process; several solu-
tions have been proposed and tested in the literature (Borra 
2018). These solutions can be divided into two groups. The 
first group comprises the methods that modify or stabilize the 
electric field in the vicinity of capillary nozzle, and the sec-
ond, those that affect the surface tension of the liquid. To these 
methods belong:

	 1.	�Modification of the electric field in the interelectrode 
space by a ring or flat-plate electrode placed in the 
vicinity of the electrospray nozzle tip, co-axial with the 
nozzle, which is maintained at the same potential as that 
of the nozzle. The electrode allows controlling the diver-
gence of electric field close to the liquid cone and jet to 
make it more uniform in order to sustain the glow corona 
discharge in wider voltage range (Meesters 1992, Borra 
et al 1996, 1999, 2004, Jaworek and Krupa 1996a, 1999b, 
Park et al 2004, Stommel et al 2006, Yurteri et al 2010). 
By this modification of electric field, the onset voltage of 
stable cone-jet mode shifts to lower magnitudes.

	 2.	�Reduction of electrospray nozzle diameter or sharpening 
its tip in order to increase the magnitude of local electric 
field and to reduce the length of ionisation zone around 
the liquid cone, which prevents the transition of glow 
corona discharge to streamer discharge of higher energy 
in the pulse (Lopez-Herrera et al 2004, Borra et al 2004, 
Stommel et  al 2006). The nozzle of smaller diameter 
produces a finer liquid cone, leading to a higher electric 
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field at the liquid surface that generates a continuous 
glow corona discharge stabilizing the electric field also 
for lower voltages. A similar effect can be obtained by 
decreasing the liquid flow rate, by which the jet diameter 
is reduced, and the electric field at the liquid interface 
increases, generating a stable glow corona discharge 
(Borra et al 1999).

	 3.	�Reduction of the conducting surface area of the nozzle 
exposed to the electric field by covering the tip of metal 
capillary with an insulating film (Stommel et  al 2006), 
using an insulating capillary nozzle with an ion injector 
inside (Lopez-Herrera et al 2004, Kawamoto et al 2005, 
Park et al 2017), or using metal-coated insulating capil-
lary (silica) with only the capillary tip uncovered (Kim 
and Lee 2004). By this way, the discharge current density 
is reduced that reduces the probability of streamer dis-
charge development.

	 4.	�Self-controlling the potential at the capillary nozzle by 
applying a large resistance, of the order of magnitude of 
10 MΩ to 10 GΩ, in series, which stabilize the discharge 
current (Jackson and Enke 1999, Amad et al 2000, Cech 
and Enke 2001, Jaworek et al 2005, 2014). When the cur
rent from the capillary nozzle increases due to unwanted 
pre-breakdown streamer development, the voltage drop 
over this resistance reduces the potential at the capillary 
tip and the discharge is quenched, preventing its trans
ition to streamer, spark or arc discharge.

	 5.	�Increasing the dielectric strength of the surrounding gas, 
either by increasing the gas pressure or by using electron-
egative gases like O2, SF6, CO2, or freon, which control 
the concentration of free electrons and prevent avalanche 
ionisation (Zeleny 1915, Burayev and Vereshchagin 
1971, Yamashita and Fenn 1984, Hayati et  al 1986, 
1987a, Smith 1986, Cloupeau and Prunet-Foch 1990, 
1994, Ikonomou et al 1991, Straub and Voyksner 1993, 
Wampler et al 1993, Rosell-Llompart and Fernandez de 
la Mora 1994, Tang and Gomez 1994, 1995, Chen and Pui 
1997, Steward 1999, Sjöberg et al 2000, Lenggoro et al 
2002, Yurteri et al 2010, Kim et al 2014, Pongrac et al 
2016). A sheath gas (N2), which removes ions from the 
nozzle surface was also used (Lenggoro and Okuyama 
1997, Lenggoro et al 2000).

	 6.	�Reduction of the gas pressure (~1 Torr) that facilitates 
the generation of glow corona discharge in wider voltage 
range, without transition to the streamer discharge, and 
makes the electrospraying more stable than at atmos-
pheric pressure (Ku and Kim 2003). In vacuum, the 
electric field is not modified by corona discharge, due to 
low ionic space charge, and liquids of very high surface 
tension, like for example, liquid metals, can also be 
electrosprayed in a stable cone-jet mode (liquid metal ion 
sources).

	 7.	�Reduction of the liquid surface tension via, for example, 
the addition of halogenated solvents or surfactants to the 
liquid, in order to promote generation of the cone-jet 
mode for lower voltages, before the streamer discharge 
can occur (Smith 1986, Borra et al 1999, Cech and Enke 
2001).

	 8.	�Co-axial electrospraying (from two co-axial electrospray 
nozzles) by which a liquid sheath of lower surface tension 
(so-called driving liquid) is provided from the annular 
nozzle. The sheath liquid covers the core liquid of high 
surface tension (Loscertales et  al 2002, Lopez-Herrera 
et al 2003, Barrero and Loscertales 2007). If the sheath 
liquid is unwanted for further processes, a liquid with 
high vapour pressure (easily evaporating) can be used for 
this purpose (Huber and Krajete 2000, Matz et al 2001).

9.  Electrospray plasma applications

Recently, great attention has been paid to the investigation of 
plasma-liquid interactions, especially in atmospheric pressure 
plasma discharges over water or aqueous solution surfaces, 
as summarized by the latest large review and roadmap paper 
(Bruggeman et  al 2016). This research is mainly motivated 
by new emerging applications of plasma discharges in bio-
medicine: starting from bio-decontamination and sterilization, 
through various medical therapies in dentistry, dermatology 
and cancer treatments, to applications in water cleaning, food 
production and agriculture (Laroussi et al 2012, Machala et al 
2012, Fridman and Friedman 2013, Bruggeman et  al 2016, 
Motyka et  al 2017, Metelmann et  al 2018). Since biologi-
cal cells and tissues naturally live or are covered with aque-
ous solutions, the plasma interaction with cells and tissues 
is typically mediated through thin layers of water solutions. 
Furthermore, it was recently shown by many studies that so 
called ‘plasma activated water’ (PAW), i.e. water or aqueous 
solutions or cell culture media that were treated (activated) by 
interacting with plasmas, can have many interesting applica-
tions in disinfection, wound healing, cancer therapies, as well 
as in seed germination and plant growth promotion without 
causing undesired side-effects or environmental burden (e.g. 
Lukes et al (2012), Puač et al (2017), Metelmann et al (2018) 
and Thirumdas et al (2018)). One of the most efficient ways 
of preparing the PAW is enhancing the transfer of plasma gen-
erated active species into water by increasing the surface to 
volume ratio, i.e. by reducing the water droplet sizes by aero-
solation. Mechanical and ultrasonic ways of water atomization 
are typically applied, e.g. by Vaze et al (2017) in dielectric 
barrier discharge plasma aerosol charging and inactivation of 
aerosol-contained airborne bacteria, or Kordova et al (2018) 
who atomized the hydrogen peroxide/water solution through 
corona discharge and sprayed it onto plastic cups for microbial 
decontamination. Maguire et al (2015) combined mechanical 
aerosol nebulisation to control microdroplet transport through 
non-thermal radio-frequency discharge plasma with possible 
application to gas-phase microreactors and remote delivery 
of active species for plasma medicine. In a similar exper
imental concept, the same group introduced a new method of 
nanoparticle chemical synthesis based on liquid microdroplet 
irradiation with ultralow (<0.1 eV) energy of electrons from 
the non-thermal plasma (Maguire et al 2017).

Fundamental investigations of electro- and plasma-chemical 
processes due to electrical discharges used for organic con-
taminants neutralization, spores destruction or bacteria killing 
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at the air–water or other gas–liquid interfaces have been car-
ried out by many authors (Sun et al 1997, 1998, Šunka et al 
1999, Andre et al 2001, Mezei et al 2005, Sugama et al 2006, 
Baerdemaeker et  al 2007, Liu et  al 2007, 2008, Shmelev 
2008, Shmelev et  al 2009, Kanazawa et  al 2009, Machala 
et al 2009, Locke and Shih 2011, Pongrac and Machala 2011, 
Shirai et al 2011a, 2011b, Pyrgiotakis et al 2012, Elsawah et al 
2013, Kovalova et al 2013, 2016, Machala et al 2013, Kim 
et al 2014, Di Natale et al 2018, Hong et al 2018, Lamarche 
et  al 2018). These processes were typically studied in low 
or medium power glow-corona, spark, streamer or arc dis-
charges discharges. The electro-/plasma- chemical processes 
are based on the production of radicals in water or at its sur-
face, ozone generation on the water–air interface, photochem-
ical reactions due to ultraviolet radiation of the discharge, or 
shock waves produced by a pulsed discharge operating in the 
streamer or spark modes (Sun et al 1997, Šunka et al 1999, 
Sugimoto et al 2001, Shmelev 2008, Bruggeman et al 2008a, 
Machala et  al 2009, Shmelev et  al 2009, Kanazawa et  al 
2009, 2011, Bruggeman and Schram 2010, Dilecce and De 
Benedictis 2011, Elsawah et  al 2012). Electrical discharges 
were also applied for trace contaminants detection in water 
by the spectroscopic measurement (Cserfalvi et al 1993, Kim 
et al 2000, Mezei et al 2001, Shirai et al 2011a).

In these publications, it was proved that OH radical was 
the most abounded product of medium-power electrical dis-
charges with water. These radicals are produced by free 
electrons accelerated to energies sufficiently high to break 
chemical bonds of water molecule after collision (Sun et al 
1998, Baerdemaeker 2007), for example, in the following 
reaction:

H2O + e− → H∗ + OH∗ + e−.� (24)

The reactive hydrogen peroxide can be synthesized in a dis-
charge due to, for example, the following reactions (Sun et al 
1998, Baerdemaeker 2007, Bruggeman and Schram 2010, 
Kanazawa et al 2011):

OH∗ + OH∗ → H2O2

H∗ + HO∗
2 → H2O2

H+ + HO-
2 → H2O2.

� (25)

H2O2 diffuse outside the discharge channel, but strong UV 
radiation generated by spark discharge facilitates the photo-
lytic decomposition of the molecule producing additional OH 
radicals (Sun et al 1998):

H2O2 + hν → OH∗ + OH∗.� (26)

Because of this decomposition, a high concentration of 
OH radicals could be found in the discharge chamber. The 
electrohydrodynamic flow induced by the discharge causes 
that the concentration of OH radicals in a plasma reactor out-
side the discharge channel increases and becomes uniform 
(Kanazawa et al 2009, 2011). Besides free radicals produc-
tion, hydrated protons (H+(H2O)1–7) were also observed in 
the discharges at reduced pressures (Wróblewski et al 2001, 
2003). Electrospraying was frequently used for the generation 

of such protonated water clusters (Hulthe et al 1997, McQuinn 
et al 2007, 2009).

Water electrospraying seems very promising in combina-
tion with plasmas, since it allows integrating liquid atomiza-
tion with electrical discharge into the same setup, using the 
same nozzle electrode, typically a hollow needle. So, on the 
contrary to preventing electrical discharges in electrospray 
due to their disruptive effects in some applications, here the 
electrospray combined with the streamer corona discharge are 
crucial to induce the desired decontamination of surfaces or 
water activation effects (Kovalova 2013, 2016). Hong et  al 
(2018) also combined the underwater capillary discharge with 
electrospray for bacterial inactivation. With such discharge-
electrospray setup, not only glow or streamer discharges can 
be combined with the electrospray, but also higher power 
spark discharges, as shown in figure 10. Strong hydrodynamic 
instabilities and pressure gradients in the spark discharge 
extremely perturb the stability of the electrospray modes; nev-
ertheless, the PAW prepared by this way possesses very strong 
antibacterial effects (Machala et al 2010, 2013, 2018).

Electrospraying or aerosol charging in electrical discharges 
was also combined with plasma generated by dielectric bar-
rier discharge (DBD) or other atmospheric pressure dis-
charges (Borra 2006, Tatoulian et al 2006, Borra et al 2012). 
The technology called ‘plasma-enhanced deposition process’ 
allows the production of highly stable polymer coating on 
other polymer substrate from an electrosprayed monomer. For 
example, this technology was used for the deposition of thin 
polymer film from electrosprayed di-ethyl-glycol monovinyl 
ether monomer as a liquid polymer precursor onto polyethyl-
ene substrate, which has been pre-treated with DBD at atmos-
pheric pressure (Tatoulian et al 2006, Borra et al 2012). The 
DBD was used for the initiation of the reactive groups, which 
promoted the grafting polymerization of vinyl monomers and 
the interlocking between the deposited coating and the acti-
vated substrate. Non-thermal plasma discharges charge aero-
sol particles for electro-collection and trigger heterogeneous 
chemical reactions for organic and inorganic films deposition. 
Heat exchanges in thermal plasmas enable powder purifica-
tion, shaping, melting for hard coatings and fine powders pro-
duction by reactive evaporation (Borra 2006).

In summary, it should be noted that the electrospraying 
technology in combination with electrically generated plasma 
discharges seems very promising in applications to decontam-
ination processes or to material processing. In this case, the 
liquid atomization can be integrated with electrically gener-
ated plasma within the same device by using the same power 
supply to the same capillary nozzle. Although some of the 
experiments discussed in this section were carried out for dif-
ferent electrode configurations and for discharges of higher 
energy than those typically met in electrospraying, and those 
results cannot be directly transferred to the discharges occur-
ring in electrospray, the investigations can be very instructive 
for better understanding the chemical and physical processes, 
which could be expected during the electrospraying applica-
tion to water decontamination.
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10.  Future trends for electrospray plasmas

In typical electrospray applications to mass spectroscopy soft 
ionization, electrospinning, spraying of thin films, nanopar-
ticle production, ink-jet printing, etc, unwanted plasma dis-
charges are prevented by various strategies described in the 
previous section 8. For example, micro space thrusters trust 
their robustness and precision on the ability to strictly con-
trol the formation of streamers, in particular when large arrays 
of emitters are at stake (Guerra-García et  al 2016). On the 
contrary, in novel areas of applications in water activation 
for decontamination, plasma medicine and agriculture, or 
nanoparticle chemical synthesis based on liquid microdroplet 
irradiation with plasmas, electrosprays are purposely com-
bined with plasma discharges (section 9).

Lietz and Kushner (2016) in numerical modeling showed 
the importance of the synergy between the plasma and 
the liquid, including evaporation and the solvation of ions 
and neutral particles for understanding the outcome of the 
plasma treatment, and studied the plasma water activation 
chemical and transport processes on a large dynamic range 
of timescales. Kruszelnicki et  al (2017) in their following 
computational study pointed to the importance of the water 
microdroplet size (or thin water film thickness) on the trans-
port processes of plasma reactive species into the microdro-
plets (or thin film). For example, highly soluble species such 
as H2O2 dissolve in water microdroplets readily and deplete 
their surrounding plasma-gaseous concentration practi-
cally independently of the droplet size. On the other hand, 
the transport of less soluble species such as O3 or NO2 into 
water is strongly limited by the water droplet size (i.e. surface 
area-limited). These modeling results and very limited cur
rent understanding of plasma-liquid interaction processes in 
this emerging field with its strong application potential will  
presumably initiate experimental studies of advanced diag
nostics of plasma-liquid interactions, including those with 
electrosprays. However, the complex diagnostic of the pro-
cesses occurring in the plasma-liquid interface is a great 
challenge due to the small thickness of this interface and the 
huge range of timescales involved (Bruggeman et al 2016). 
The strong motivation of these ongoing studies lies in find-
ing the controlling knobs of the water activation in various 
non-thermal plasma discharges and thus tailoring their appli-
cation effects by the plasma regime, geometry and the size 
of the interacting (e.g. electrosprayed) water aerosol droplets. 

Consequently, we envision that part of the future trends in 
this field will go along the exponentially increasing power 
of numerical simulation, and the necessary physicochemical 
modelling efforts required to bridge the natural gap and the 
possible complex landscapes between the molecular and the 
macroscopic scales numerically resolved. This has already 
been an increasingly crucial research motivation, applicable in 
the field of electrospray-assisted processing of materials as it 
has been the case in the wider research field of surface chem-
istry in relation to ionic and electric effects. In this endeavor, 
for example Jusufi et  al (2009) explored mechanisms like 
self-assembly assisted by surfactants activated by electric 
fields using Monte Carlo simulations, while Chu et al (2013) 
reviewed the fundamental role of mesoscopic structures like 
complex non-spherical micelles (that can be strongly affected 
by surface electric fields), where the power of numerical sim-
ulation was early indicated by Boek et al (2002).

Future studies in the field of electrospraying and elec-
trospinning should be focused onto application of various 
polymers, biomaterials or living cells to biotechnology and 
to the building of nano- and microstructures for regenerative 
medicine (Boda et al 2018, Bodnár et al 2018, Kavadiya and 
Biswas 2018). However, the effect of electrically generated 
plasma on the stability of those materials and viability of the 
cells has not been sufficiently recognized. Mass spectrometry 
should also be involved to these studies in order to learn about 
the effect of glow corona or streamer discharges on molecular 
reactions in electrosprayed or electrospun materials. To those 
goals, further mass and emission spectroscopy, and micro-
scopic and molecular studies are needed.

11.  Conclusions

This review describes the physical processes and phenomena 
occurring in electrical discharge plasmas combined with elec-
trospraying of liquids, and outlines their potential applications. 
The phenomenon of electrospraying of liquids by imposing 
high voltage on the nozzle with the liquid flow has been a sub-
ject of many studies for about one century. There are nume-
rous practical applications of this effect, especially in spraying, 
coating, polymer fiber and textile production by electrospin-
ning, nanoparticle production, and soft ionization of samples 
for mass spectrometry, besides many others. In most of them, 
the electrical discharge occurrence, due to high voltage gas 
ionization, is undesired, since its presence perturbs the stability 

Figure 10.  Photographs of the electrospraying of water in 8 mm gap, water flow rate 0.5 ml min−1: (a) droplet without a high voltage, 
(b) electrospray with a high voltage applied, 5.5 kV, (c) electrospray combined with streamer corona, 6.5 kV, (d) electrospray with transition 
streamer corona-transient spark, 7.8 kV, (e) electrospray with transient spark, 9 kV. Reproduced from Machala et al (2010). © IOP 
Publishing Ltd. All rights reserved.

J. Phys. D: Appl. Phys. 52 (2019) 233001



Topical Review

21

of the electrospray. The distorting effect of electrical discharges 
diminishes for higher liquid flow rates, when the kinetic energy 
of the jet is very high. Various methods of discharge prevention 
have been developed, e.g. modification of the electric field in 
the interelectrode space, increasing the local electric field by 
reduction of the electrospray nozzle diameter or sharpening 
its tip, reduction of the conducting surface area of the nozzle, 
self-controlling the potential at the capillary nozzle, increas-
ing the dielectric strength of the surrounding gas, reduction of 
the gas pressure or liquid surface tension, or co-axial electro-
spraying with sheath liquid. In the many papers reviewed, the 
authors concluded that only the glow corona regime and onset 
streamers, dependent on the geometry of the liquid meniscus 
and the jet, do not distort some of the electrospray regimes but, 
on the contrary, may stabilize the electrospray in the cone-jet 
mode due to the space charge uniformly distributed around the 
nozzle tip and the liquid jet.

When, however, the voltage applied to the capillary nozzle 
is sufficiently high, the streamers produced in the interelec-
trode space distort the electric field and charge distribution 
on the liquid surface, and irregular modes of electrospray-
ing occur, which produce larger droplets of polydisperse size 
distribution. Larger droplets of high electric charge produced 
in these modes introduce additionally an asymmetry in the 
electric field that results in off-axis deformation of the liq-
uid meniscus and generation of new droplets in various direc-
tions. Although this effect was for a long time considered 
as unwanted, recently, low temperature plasma produced in 
electrical discharges of energies higher than in glow corona 
discharge was employed for water decontamination.

The most typically observed and studied electrical dis-
charges occurring with the electrospray are various modes of 
corona discharges, especially its glow regime, with significant 
differences between the polarities. Electrical conductivity 
and surface tension of the electrosprayed liquid are two key 
parameters of the electrospraying combined with corona dis-
charge. With increasing surface tension, the voltage required 
for a stable operation of electrospraying in the cone-jet mode 
also increases because higher electric field is needed to bal-
ance the surface tension force. For liquids of high surface ten-
sion (e.g. water) the generation of the cone-jet mode in air is 
limited by corona discharge, which onsets at the voltage lower 
than that required for electrospraying. In these combined 
electrospray-discharge setups, it is non-trivial to distinguish 
the electrospray current carried by the electrosprayed drop-
lets from the discharge current carried by gaseous ions that is 
typically much larger. One approach to separate the spray and 
discharge currents is using grounded coaxial ring electrodes.

One of the key interests in studying the corona discharge in 
electrosprays is a potential risk of damaging fragile biologi-
cal samples analysed by mass spectrometry with electrospray 
ionization. On the other hand, the discharge-induced ionis
ation can allow for the production of protonated molecules 
of high proton affinity. Novel plasma-based techniques in 
ambient air ionization for mass or ion mobility spectrometry, 
including the low-temperature plasma probe using corona dis-
charge, provide great potential for implementation in station-
ary or mobile analytical devices.

Optical emission spectroscopy has been widely applied to 
diagnose electrospray plasmas, especially corona discharges. 
This method enables characterizing the gas composition, in 
some cases electron number density from the Stark broaden-
ing of H spectral lines and various temperatures, such as elec-
tron temperature or gas temperature. All these gas (plasma) 
parameters, including atomic/molecular concentrations of 
various species can be determined. In most of the presented 
studies, liquid electrospray did not significantly influence 
the emission spectra from the gaseous plasma, unless a high 
energy discharge would strongly enhance liquid evaporation.

Electrospraying of water combined with various plasma 
discharges, such as coronas, sparks or dielectric barrier dis-
charges is in focus of numerous recent investigations of 
atmospheric pressure plasma-liquid interactions and water 
activation by non-thermal plasma. It brings forth a broad spec-
trum of potential environmental/biomedical/food/agriculture 
applications. We also envision that part of the future trends 
in this field will go along the increasing power of numerical 
simulations and physicochemical modelling efforts. They will 
be applicable in the fields of electrospray-assisted processing 
of materials, surface chemistry, and plasma-liquid interactions 
in relation to ionic and electric effects.
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