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Abstract— Water dropped from a biased metal needle and stored within a Faraday cup 
contains net excess electric charge. Positive (negative) water is obtained from a positive (nega-
tive) needle and its charge largely exceeds the Rayleigh limit. Water drops become water 
threads at V<-9.5 kV, even under much lower field strengths than those used in electrospray, 
electrowetting or electrospinning experiments. Surface tension of electrified water decreases 
as the charge modulus increases. Water drops falling through a biased non-contacting metal 
ring also acquire charge but with opposite sign to the metal potential, in agreement with a 
recent model for the electrification of insulators or isolated metals, based on charge transfer 
coupled to water evaporation, adsorption and desorption. 

I. INTRODUCTION 

Even though electrostatic phenomena and their consequences are everywhere, knowl-
edge about this topic is still rather empirical [1,2]. Correlation of fundamental ideas of the 
atomic-molecular theory with the experimental observations of insulating materials elec-
trostatics still presents many gaps [3]. Important questions have not yet been answered, 
and the most important one is the identity of the charge carriers in dielectrics, as well as 
their detection. According to Schein, “Most researchers believe that insulator charging is 
a surface phenomenon. Creating a reproducible surface and obtaining experimental re-
producibility among laboratories has been a challenge.” [1]. Therefore, there is no wide-
spread consensus about electrostatic phenomena and reproducible experiments are not 
often reported, even in the simplest of cases of contact electrification and triboelectrifica-
tion. 

Lack of knowledge of electrostatic charging and dissipation mechanisms is not re-
stricted to materials science. Geophysical research has not yet produced an effective 
model for atmospheric electricity phenomena [4], which is certainly related to the fre-
quent casualties and property losses during electric storms. 

Our research in this area began with the discovery of electrostatic patterns on polymer 
latex surfaces due to excess ion concentration. These electrostatic patterns were first ob-
served using scanning electric potential microscopy (SEPM)/Kelvin force microscopy 
(KFM) [5,6], based on Kelvin method for non-contact potential measurement [7], and 
electric force microscopy (EFM) [8], which are operating modes of scanning probe mi-
croscopy (SPM) [7,9,10] derived from atomic force microscopy (AFM). Coupled with 
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transmission electron microscopy based on electron energy-loss spectroscopy (EELS-
TEM) and transmission electron microscopy based on electron spectroscopy images (ESI-
TEM), the results showed that excess static charges in colloidal polymers are associated 
to cation or anion concentration excess [11-13], such as K+, Na+ e R-SO4

- ions introduced 
in the emulsion polymerization process [14]. 

Braga et al. [15] and Herzog et al. [16] used TEM and KFM to study poly[styrene-(2-
hydroxyethyl methacrylate)] (PS-HEMA) latex. The dispersed particle morphology is 
approximately spherical, but capillary adhesion forces and dehydration deform the parti-
cles after drying. KFM images show core-shell structures, where the shell is more positive 
than the core. Identification of the charge carriers in PS-HEMA was done with KFM and 
ESI-TEM [13]: negative charges come from the initiator, which are persulfate residues 
incorporated to the ends of polymer chains, trapped inside the particles. On the other 
hand, the counter-ions (K+) are clustered on the outer part of the particles, forming a posi-
tively charged shell. The asymmetrical charge distribution imparts an electric multipole 
character to the latex particles [17]. 

Teixeira-Neto et al. also verified the formation of core-shell structures in poly(styrene-
co-acrylamide) (PS-AAM) latex [18], using KFM. Nevertheless, this latex presents a very 
complex behavior: the particles show pronounced positive electric potential on one side 
only, suggesting the formation of an electric dipole aligned with one mica crystallo-
graphic axis. This was explained considering that: (a) latex particles are plastic electric 
multipoles or dipoles and (b) the surface plane of mica is anisotropic. 

Electric potential distribution in thermoplastics was also observed in another KFM 
study. Polyethylene (PE) and polypropylene (PP) surfaces show irregular electrical poten-
tial patterns, with great contrast [12]. Topography and electric potential images were si-
multaneously acquired with variable degrees of correlation, indicating that the topography 
and electric pattern of the sample are independent. 

PE monoliths were also macroscopically studied. Burgo et al. [19] verified that the 
higher the humidity of the system, the faster the charge dissipation in low density polyeth-
ylene (LDPE), until an equilibrium value of ca. (-4,6±0,7) V is reached. Dissipation rates 
and the equilibrium potential were ascribed to water cluster formation with excess nega-
tive charge while water is adsorbed or absorbed on LDPE. 

Other macro- and microscopic evidence led to the hypothesis that the atmosphere is a 
charge reservoir for dielectrics due to the partition of OH- e H+ groups and adsorption of 
water at the solid-air interface. Local electric potential and specific water ion-dielectric 
surface interactions determine the relative amounts of OH- e H+ adsorption and, therefore, 
the extent of charging of the solid. 

A Kelvin probe was used to verify the excess of induced charges in macroscopic sam-
ples of cellulose under the influence of an external electric potential [20]. An excess of 
negative charge is accumulated when cellulose is under positive electric potential, and is 
dissipated when the electric potential is reduced to zero. Cellulose electric charge uptake 
and dissipation rates are strongly dependent on the atmospheric humidity and corroborate 
the dielectric charging model based on H+ e OH- adsorbed ions partition. 

KFM calibration experiments with a silica surface coated with microlithographed gold 
electrodes showed the great influence of relative humidity on the formation of charge 
patterns on silica thin films grown on silicon [21]. Under high humidity, formation as well 
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as dissipation of charge on silica surfaces is more pronounced. 
More recently, analysis of non-crystalline Stöber silica and aluminum phosphate sur-

faces [22] showed that humidity changes affect the electric potential, even when they are 
in an isolated and electrically grounded environment. Under high humidity, silica be-
comes negative and aluminum phosphate becomes positive, confirming the importance of 
specific interactions. Surfactants deposited on mica also showed an atmospheric humid-
ity-dependent charging [23]. 

While the complex charge distribution patterns shown by dielectrics are stable in some 
cases, in other cases they change under external forces. Most materials have a net charge 
different than zero, showing that the paradigm of electroneutrality of chemical substances 
should be reviewed, as proposed by Whitesides et al. [24]. 

Recently, charging of electrically insulated metals during adsorption and desorption of 
water vapor was demonstrated, as well as the existence of an electric double layer at 
solid-gas interfaces in the presence of humidity, and paving the way for atmospheric elec-
tricity harnessing - one of the most sought-after scientific objectives [25]. 

Partition of ions resulting from the dissociation of water in solid-liquid interfaces is 
well-known and is responsible for the charging of many solids, as shown by surface 
charge or zeta potential measurements. Curiously, solid-gas and liquid-gas interfaces have 
not been treated in the same way, considering the existence of ions in any natural atmos-
phere and in many laboratory conditions. The only case in which charge partition at the 
solid-gas interface was studied in sufficient detail was thermionic emission [26], where 
electrons form a cloud of space charge next to a heated metallic filament. Many of the 
above results can be well understood considering the existence of an electric double layer 
at the solid-gas and liquid-gas interfaces, where the diffuse layer extends throughout the 
gas phase. 

Recent reports show electrostatic patterns on some electret surfaces, obtained by charge 
accumulation due to surface ion transfer [27]. Whitesides et al. [24] explained that con-
tact charging between dielectric materials happens due to the asymmetrical partition of 
OH- in the adsorbed water layers at the interface of non-ionic insulating materials. OH--
specific adsorption at the water-air and water-oil interfaces is well-established in the lit-
erature [28]. 

On the other hand, Bard et al. recently described polymer tribocharging experiments 
with polytetrafluoroethylene (PTFE), poly(methyl methacrylate) (PMMA), nylon, and 
polyethylene (PE), and the results were attributed to tribochemical formation of positive 
and negative electron holes at the polymer surface [29,30]. 

Water adsorption effect on dielectric charging has been known since long and this was 
the subject of Schrödinger’s PhD Thesis [31]. However, a passive role is usually assigned 
to adsorbed water, helping to dissipate charges due to its intrinsic conductivity [32], 
which can be further increased by its ability to solvate surface ions. Another factor that is 
often mentioned is that water molecules under the influence of an external electric field 
are oriented, contributing to water polarization. 

Our work hypothesis is as follows: electrostatic phenomena under atmospheric condi-
tions have an important atmospheric ion contribution [33], as added to the contribution of 
ions derived from charged water adsorbed on surfaces. Atmospheric ions are charge car-
riers that migrate under influence of electric fields, and are distributed inside an electric 
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potential gradient, according to Poisson-Boltzmann equation [34]. They are adsorbed on 
liquid and solid surfaces and can be electrochemically discharged on metallic and semi-
conducting surfaces. 

Since the atmosphere between the surface of the Earth and the ionosphere is subject to 
great electric potential gradients, one can expect the water contained in electrically iso-
lated containers to be non-electroneutral. This idea is in apparent conflict with the princi-
ple of electroneutrality [35], but this is solved by considering that pure water is elec-
troneutral under zero potential and non-neutral under any non-zero potential, to satisfy the 
thermodynamic equilibrium condition as defined by the electrochemical potential (1). 

Thus, water in the atmosphere or adsorbed on surfaces under non-zero electric poten-
tial, has always excess concentration of H+ e OH- ions to satisfy Eq. 1: 

FVzaRT iiii ++= ln0µµ     (1) 

where µi is the electrochemical potential of the ion i, µi
0 is the standard electrochemical 

potential of i, R is the gas constant, T is the temperature, ai is the activity of i, zi is the 
valency, F is Faraday’s constant and V is the electric potential affecting i. According to 
(1), water should have an excess of H+ under negative electric potential, and an excess of 
OH- under positive potential. 

Non-neutrality of water has been previously reported in the literature. An MIT group 
showed that water from different sources is always negatively charged [36]. Pollack and 
Ovchinnikova [37] recently demonstrated an electrolysis experiment where water stored 
charge and an electric current could be measured for 10 min after the electrodes were shut 
down. They concluded that macroscopic bodies of water can separately store electric 
charges, but their interpretation of the experimental results led to intense questioning by 
Corti and Colussi [38], initiating a strong discussion [39]. 

Formation and stability of electrified water drops and jets have also attracted a lot of at-
tention and many open questions remain, even focusing only on the fundamental qualita-
tive aspects. Lord Rayleigh already studied jets from levitated microdroplets and pre-
dicted that water drop jets should be observed when the ratio X given by Eq. (2) exceeds 
unity [40]. 

)64( 3
00

2

2

r

Q
X

γεπ
=       (2) 

where Q is the drop charge, εo is vacuum permittivity, γ is surface tension and ro is the 
drop radius. Charging of water droplets, either pendant or free, has been studied in detail 
previously by Saunders and many others [41 and the relationship between charge, droplet 
size, solvent surface tension, and the Rayleigh limit in electrospray has been extensively 
examined by, among others, Beauchamp [42], Taflin [43] and Gomez [44]. In a recent 
work the jets were observed at X = 1 and the authors concluded that renewed investigation 
would be necessary to explain the complex hydrodynamics of this century-old problem 
[45]. 

According to Ahadi and Konnermann, in electrospraying for mass spectrometry, “the 
final step that generates free analyte ions from highly charged nanodroplets remains en-
igmatic.” [46] These authors found in a molecular dynamics study that ions may be accu-
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mulated at the interior of an electrospray droplet, while orientation polarization of water 
molecules then acts to transfer the excess charge to the droplet periphery. 

These difficulties are at least partly due to the concurrent but not identical effects of 
electric field and electric potential. Electric fields produce forces causing shape distortion 
and motion of electrified bodies. Large electric fields are obtained even using low poten-
tial differences, provided distances within the experimental setup are sufficiently small 
[21]. On the other hand, it is possible to bring an isolated body to high positive or nega-
tive potential but under low field, within a large Faraday cage. 

This work describes the preparation, storage and characterization of electrified water 
by using two different procedures. Many results presented here should be published 
shortly [47]. 

II.  EXPERIMENTAL SECTION 

A. Setup 

A Cole Parmer 74900-00 syringe pump, calibrated to ±0.001 mL prior to use, was used 
to form drops of MilliQ deionized water (resistivity: 18 MΩcm). The water was pumped 
through a stainless steel needle (internal diameter φi=1.60 mm, outer diameter φo=2.00 
mm). 

The drops were collected in a Faraday cup connected to the input of a Keithley 6514 
electrometer. The Faraday cup is a pair of copper concentric cylinders (φi = 2.1 and 3.4 
cm, lengths L = 19.0 and 20.0 cm, respectively) containing a glass test tube or an alumi-
num pail (φtop = 27.0 cm, φbottom = 18.5 cm, height h = 23.0 cm) isolated within a large 
Faraday cage made by lining a 3 x 3 x 2.6 m3 room with aluminum foil or screen and gal-
vanized steel screen. The aluminum pail within the shielded room was used to obtain a 
minimum one-meter distance between the electrified needle tip and any grounded objects, 
to minimize the electric field. 

A ±1 kV (Keithley 2410) or a 0 to −10 kV (Instrum, São Paulo) power supply were 
used to bias the needle and also a metal ring (φi = 1.90 cm, L = 2.0 cm). The Instrum 
power supply was calibrated using the Keithley 6514 instrument as the standard and using 
a megaohm resistance bridge built using resistors measured to ±100 Ω using the Keithley 
electrometer. 

A Kruss Easydrop DSA20 instrument was used to measure water surface tension by the 
hanging drop shape technique [34]. In this case, grounded surfaces are at 5.5 cm from the 
hanging drop and the electric field strength for a drop biased to1 kV is in the 200 kV/m 
range. 

B. Procedure 

Charge was accumulated within the Faraday cup during experiments performed within 
the large Faraday cage (Figure 1), according to the following steps: 

a) the charge baseline is recorded, while water is not flowing and the needle is neither 
biased nor grounded (1 min); 

b) water flows through the unbiased and ungrounded (floating) needle (1 min); 
c) water flows while the needle is biased to 0 V using the power supply (1 min); 
d) water continues to flow but the needle is biased to the desired V within the +1000 to 
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-9000 V range of the two used power supplies (4 min, except for -9000 V: 2 min); 
e) the same as c); 
f) the same as b); 
g) the same as a). 
 
Drop volume, obtained by measuring the pumped water volume and the number of 

drops, can be used to calculate the drop radius, drop weight and water surface tension 
(Figure 2), using the drop-weight method [34] with the usual corrections [48]. 

Charged water drops are also obtained when they are released from a grounded needle 
and pass through the center of a biased, non-contacting, metal ring. In this case, there is 
no interface between water and the biased metal, since they are always separated by air. 

III.  RESULTS AND DISCUSSION 

Figure 1 shows that water dropped from an electrified needle at 33.3 mL/h and col-
lected in a Faraday cup carries excess charge with the same sign as the needle voltage. 

 
Fig. 1. Charge accumulated within the Faraday cup by collecting water dropping from a needle under different 
needle voltages. 

 
Plots of charge of electrified water per unit surface area of the drops and per unit vol-

ume of water are shown in Figure 2. Water drop charge increases as the needle bias volt-
age increases, while drop radius and surface tension decrease. When the voltage exceeds -
9 kV, water drops emerging from the needle are deformed into Taylor [49] cones, form-
ing elongated jets, as observed in electrospinning and electrospray experiments. More-
over, small water droplets are sprayed out of the main jet, as in electrospray experiments 
used in mass spectrometry, even though the electric fields at drop surfaces are always less 
than 10 kV/m, much lower than the 500 kV/m or higher fields used in mass spectrometry 
and electrospinning. 
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Fig. 2. Water drop charge per unit area and per unit volume, drop radius and calculated surface tension as a 
function of needle electric potential. Error bars are always plotted but in some points they are smaller than the 
symbol. Minimum distance between needle tip and surrounding grounded surfaces was 1.1 m, to minimize 
electric field strength. 

 
Water drop charging can also take place by exposing water to the electrostatic potential 

created through air by a non-contacting biased electrode. Figure 3 shows that charge ac-
quired by water pumped at 64.1 mL/h passing though a positive ring is negative, and vice-
versa, and is highly reproducible, linear and symmetrical. This is evidenced by the cancel-
lation or titration of positive and negative charges during this experiment. 

 
Fig. 3. (Black) Accumulated charge within the Faraday cup by collecting water dropping from a grounded 
needle and passing through the center of a non-contacting biased ring. (Blue) Electric current of individual 
drops, calculated dividing charge increments by the corresponding time interval. 

 
A grounded metal plate was positioned next to the water drop hanging from a needle to 

verify the effect of surrounding objects and electric fields on the surface tension meas-
urements. A scheme of the geometrical arrangements used together with the measurement 
results are shown in Figure 4. The electric field between the grounded plate and the elec-
trified drop distorts the surface tension results if the grounded plate is within a few centi-
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meters from the water drop. Therefore, reliable surface tension measurements are neces-
sarily obtained under low electric fields, meaning that the electrified water drops should 
be held as far as possible from any grounded surface. 

 
Fig. 4. Top: Schematic description of the geometrical arrangement of a grounded metal plate near the water 
drop hanging from a needle. Bottom:  Plots of γ of a hanging water drop vs. V obtained by changing the posi-
tion of the grounded metal plate. 

 
These experiments reveal the importance of the electric field strength. The distance be-

tween grounded metal surfaces and the hanging drop in the drop weight apparatus is al-
most fixed and it amounts to 5.5 centimeters only. This causes a deformation in the drop 
shape and thus an apparently lower surface tension than measured under much lower 
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fields. 
Electrostatic effects on the surface tension of liquids have already been considered in 

the literature [50] but considering dipolar liquids without net excess charge. These au-
thors found that increasing the applied field tends to reduce the thermodynamic surface 
tension, but at the rather strong field of E≅108 V/m, when dielectric breakdown already 
takes place for many systems. 

Water with excess charge shows spontaneous increase in surface area below −9.5 kV, 
stretching into threads and dividing spontaneously in smaller droplets. Droplet spontane-
ous deformation or subdivision is aided by surrounding electric fields and its dependence 
with the field may be assessed by plotting the apparent surface tension measured under a 
given voltage but decreasing distance to a grounded object, as shown in Figure 4. 

Spontaneous water surface area increase is opposed to the usual minimum area ex-
pected under gravity for a water drop but it is consistent with the idea of a negative sur-
face tension, according to Eq. (3), 

γ
∂
∂ =









nTpA

G

,,

      (3) 

where G is Gibbs energy and A is the surface area. 
Important authors like Tolman and Harkins [51,52] raised the idea of “negative surface 

tension” which is not frequently found, but it was it is found in current literature [53-55] 
and it can help to solve some hitherto pending questions. 

A central question is the significance of the Rayleigh ratio as a predictor of drop stabil-
ity. Results (Figure 5) calculated from data shown in Figure 2, evidence that the Rayleigh 
limit is largely overcome in experiments done under low Weber number, this means, un-
der slow liquid flow and low electric field strength. This is quite different from the find-
ings from various authors summed up by Kebarle and Verkerk in their review on elec-
trospray mass spectrometry [56]. Thus, it is essential to have large electrode distance and 
thus low electric field strength together with slow liquid flow, to obtain water with large 
excess charge. Under the 1-3 cm electrode distances used in electrospray, liquid drop 
distortion and breakdown is mainly due to the large resulting electric fields. This was pre-
viously hinted at by Taflin and co-authors [43]. 

There is an analogy between water charging in the air with charge accumulation at the 
water/mercury interface in electrocapillarity. The usual Gibbs isotherm treatment for sur-
face tension in an electrified interface leads to Eq. 4: 

q
T

−=








µ∂φ
∂γ

,

    (4) 

where q is the excess charge per surface area. Surface tension and surface charge are both 
known but ∆φ, the potential difference between the liquid and the atmosphere is not ac-
cessible due to the difficulty in measuring electric potential in a bare gas phase. This was 
calculated [47] using q(γ) data described above, yielding ∆φ(V) results shown in Fig. 5. 
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Fig. 5. Top: Square root of the Rayleigh ratio (X in Eq. 2) for water drops formed slowly (33.3 mL/h) and under 
low fields at various needle voltages. Bottom: Potential difference across the water-air interface (calculated 
using Eq. 4) and water drop charge per unit area, as a function of the surface tension. 

 
The potential difference between the electrified drop and the surrounding atmosphere is 

thus much smaller than the voltage applied to the water drop.  
Water charging mechanisms are distinct in the two cases (Figure 6): 
1) When it is in direct contact with a positive needle, water acquires positive charge 

because negative ions (OH−, HCO3
− and others) are attracted to the metal surface, where 

they are discharged [Eq. (5)]. 

−− ++→ eOOHOH 22 22
1

2     (5) 

Consequently, excess H+ ions are left behind and are transported by dropping to the in-
terior of the Faraday cup. If the metal needle is negative, H+ ions are discharged and the 
water drops leaving the metal needle have excess negative charge (Figure 6a). 
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Fig. 6. Schematic descriptions of charge build-up on water. a) Water dropping from a biased needle. b) Water 
dropping from a grounded needle but passing through a non-contacting biased ring. 

 
2) Conversely, when a neutral water drop formed in a grounded needle passes through 

the center of a positively biased metal ring, the electrochemical potential of H+ ions in-
creases and these ions leave the drop, associated to water molecule clusters. The falling 
drop therefore becomes negatively charged (Figure 6b). This is direct proof of ion evapo-
ration which is one of the competing models for charged droplet formation in electrospray 
[57,58]. 

The mechanism described in Figure 6a is also applicable to the first step in the produc-
tion of gas-phase ions from electrolyte ions in solution, within the model presented by 
Kebarle and Verkerk for electrospray mass spectrometry [41], but it does not require the 
presence of any ions beyond H+ or OH-, when highly purified water is used as the solvent. 

IV.  CONCLUSION 

Simple and well-defined experimental setups were used to obtain non-electroneutral 
water. Charge acquired by static water drops and bulk water is well in excess of the 
Rayleigh limit under low electric fields and slow water flow. Electrified water surface 
tension is lowered, evidencing a decrease in surface water cohesion due to electrostatic 
repulsion. Recognition of these facts should contribute to further understanding and ap-
plications of various electrostatic phenomena taking place in the presence of liquid or 
adsorbed water. The phenomena described in this work should have a strong effect on 
water dispersion colloidal properties, on water solvency and phase transitions, including 
atmospheric phenomena [59], since surface tension is strongly connected to cohesion of 
solids and liquids. 
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