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ABSTRACT: The electric charge acquired by aqueous droplets
when they contact an electrode is a crucial parameter in
experimental and industrial applications where electric fields are
used to manipulate droplet motion and coalescence. For unclear
reasons, many investigators have found that aqueous droplets
acquire significantly more positive than negative charge. Extant
techniques for determining the droplet charge typically rely on a
hydrodynamic force balance that depends on accurate character-
ization of the drag forces acting on the droplet. Here we present
an alternative methodology for measuring the droplet charge via
direct measurement of the electric current. As the droplet
approaches the electrode the current is observed to gradually
increase, followed by a large pulse when the droplet makes
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apparent contact. We interpret the transient current signals as the superposition of the natural response of an RLC circuit and an
induced current described by the Shockley—Ramo theory. Nonlinear regression of the observed current to the theoretical model
allows for the droplet charge to be extracted, independent of any assumptions about the force balance on the droplet. We
demonstrate that regression of the current signal yields charge values that are on average within 4% of charges measured via a
force balance. We use the chronocoulometric methodology to investigate how the charge varies with the applied potential, and
we demonstrate that deionized water droplets contacting planar electrodes acquire on average 69% more positive charge than

negative charge.

B INTRODUCTION

Many important applications involve charged water droplets in
oil. Industrially, electric fields have been used since the early
20th century to enhance the phase separation of water-in-oil
emulsions;' attractive Coulombic forces between oppositely
charged droplets induce them to coalesce and consequently
sediment more rapidly.” Electric fields are also effective for
controlling droplet motion and coalescence in microfluidic
applications.”™” For instance, application of an electric field
between two oppositely charged droplets can induce
coalescence between them where otherwise coalescence
would not occur, either at a T-junction® or in line with the
flow channel.”™"" A number of investigations have described
the charging and motion of droplets in electric fields in the
context of simulating liquid/liquid extractors,'” droplet
formation,”” emulsion electric properties," solute delivery for
biological applications,"* sorting and electroporation of
cells,'® and surface dewetting.'’

The measurement of the charge acquired by the droplet is of
fundamental interest for many applications. For example,
droplets may partially coalesce, completely coalesce, or not
coalesce depending on the net charge and conductivity of the
droplet.'"” Similarly, charged droplets may break apart
producing many much smaller droplets if the electric field or
droplet charge exceed critical values.”””"
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In addition, accurate measurements of the droplet charge are
required to understand some basic unexplained observations.
For example, a review of reports of droplets bouncing between
parallel plate electrodes over the last 15 years reveals that
droplets regularly acquire more positive than negative charge
(see Table 1)."#**7*" Despite this phenomenon being widely
reported, no attempts have been made to explain it or provide
insight into why it occurs. From an electrostatic approach, there
is no clear reason why droplets should acquire different
amounts of charge from different polarity electrodes; solid
metal particles are not observed to have this disparity in
charge.”***7** Similarly, droplets are also observed to acquire
varying amounts of the theoretical maximum amount of charge,
as calculated by Maxwell.”" Although the Maxwell prediction is
based on a perfectly conducting spherical particle contacting a
planar electrode, it is expected that water droplets would show
similar behavior. Solid particles have also been shown to receive
less than the theoretical amount of charge, although the reason
for this is unclear.”®**

The measurement of charge acquired by the droplet is also of
importance in understanding the fundamental charge transfer
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Table 1. Review of Published Reports of the Charge Acquired by Aqueous Droplets”

ref insulating fluid droplet fluid drop diameter electric field (kV/cm) Qpos/ Queg Qpos/ Quaxwell
14 silicone oil 0.15 M KCl 1.2 mm 5.1 125 0.46
22 silicone oil DI water 1.2 mm 5.0 1.16 142
23 silicone oil DI water 1.6 mm 2.0 1.24 0.88
24 silicone oil aqueous buffer 2.0 mm 4.1 1.82 1.33
25 calibration oil Tap water 1.0 mm 3.5 1.23 0.0017
26 transformer oil DI water 3.0 mm 2.0 1.55 0.83
27 silicone oil DI water 1.2 mm 2.5 2.63 0.66
this work silicone oil DI water 1.5 mm 4.5 1.69 0.75

#Qpos is the average positive charge of the droplet. Q,,, is the average negative charge of the droplet. Quyyen is the theoretical amount of charge
acquired by a conducting sphere of the same diameter as the droplet in contact with a planar electrode in the same electric field as calculated by eq

12.

mechanism. The exact mechanism of charge transfer between
electrodes and water droplets is unknown, although authors
have speculated that charge transfer may be due to electro-
chemical reactions which presumably occur during droplet
contact with the electrode.” > It has also recently been shown
that dielectric breakdown, evidenced as a flash of light detected
as the droplet approached the electrode, can occur between
water droplets and electrodes during charge transfer events
although the droplet appears to make contact with the
electrode during each charge transfer event.”* The breakdown
event was observed to physically deform the electrodes, with
craters and other morphologies being formed on the electrode
surface. Accurate measurement of the charge acquired by the
droplet is crucial to elucidating the charge transfer mechanism.
A key challenge in understanding charge transfer into water
droplets is that extant techniques to measure droplet charge
rely on an indirect approach. Specifically, the most common
technique relies on a force balance between the electrophoretic
and drag force, ' #2277 gimilar to how Millikan first
measured the elementary charge.”® Typically, the flow is
assumed to be inertialess, and, assuming that the droplet is
moving horizontally, the force balance can be written as

Y F=FE+F=0 (1)

where Fy = QE is the electrophroetic force and F, = 4auaid is
the drag force. Here Q is the droplet charge, E is the applied
electric field, a is the droplet radius, y is the oil viscosity, u is
the droplet velocity, and 4 is a correction factor to account for
additional drag forces in the experimental cell. The final
expression for the droplet charge is then:

_ AmAuaii
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Typically the parameters in eq 2 other than the droplet velocity
are known a priori, so visual observation of the droplet velocity
yields everything necessary to calculate the droplet charge.
Modern applications of this technique typically record video of
the droplet motion, so as to obtain an accurate measure of the
droplet velocity.

A crucial caveat in this force balance approach, however, is
the assumption that one knows A precisely. In practice, 4 is
difficult to describe. A liquid sphere with a fluid interface in an
infinite, quiescent medium should follow the Hadamard—
Rybczynski solution,””*

_ 342
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where fi = % is the ratio of the droplet viscosity to the oil

viscosity.36 In the limit of an inviscid droplet (uq << u), then A
— 1 and the drag force is F4 = 4zpaii. Liquid droplets are often
observed experimentally to sediment as if they are solid spheres,
however, with a drag of F; = 6zuaii (A = 1.5).*°7*® This
reduction in velocity is often due to a “stagnant cap” of
surfactant molecules on the surface of the droplet which exert
Marangoni stresses that impede internal recirculation.’*”*’ In
other words, using the incorrect value of 1 can cause up to a
50% error in the charge calculated via eq 2.

Even if one precisely knows the surfactant concentration and
the corresponding drag due to the stagnant cap, several other
effects complicate matters. For example, the above expression
for A does not take into account the increased viscous
hindrance due to the container walls and electrodes.***' In
the limit of Stokes flow, A actually diverges as the separation
between the droplet and solid surface goes to zero (ie, 1 — oo
as h — 0). Similarly, droplets deform in electric fields and may
become nonspherical, which can cause significant deviation in
the drag coefficient.”"*® Finally, the droplet must reach a
constant velocity (zero acceleration) in order for eq 2 to be
accurate. This condition can be hard to obtain for droplets
which have similar diameters to the electrode spacing. Given
these complications, a more direct approach, which does not
rely on characterizing the drag force on the droplet, to
determine droplet charge is desirable.

One attractive technique for determining the charge obtained
by a particle contacting an electrode is the measurement of the
electric current and/or voltage in the circuit. Jones and
Makin,* and later Makin and Lees,*> measured the charging
of solid spheres by connecting an RC circuit to the discharging
electrode and recording the voltage with an oscilloscope.
Comparison of this measurement technique against Faraday
cup measurements revealed that this technique under-
represented the charge obtained by the spheres, although
later investigations** suggested that this discrepancy was caused
by the configuration of the sensing circuit. Tobazéon directly
integrated the current to obtain the charge on a metal sphere
moving between electrodes.” Similarly, Khayari and Peréz
recorded the current pulses caused by a solid sphere charging in
a leaky dielectric medium, where the sphere would charge, lift
off and then fall as the charge leaked away.” They observed
that the charge transferred during the pulse was much lower
than the charge acquired by the particle as determined through
a force balance approach. Knutson et al. also recorded the
current for microscopic metal spheres, measuring the time-
average current as a function of applied potential.”’ More
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recently, Drews et al. estimated the charge of metal coated
spheres based on the measured current and sphere velocity as
the sphere crossed the centerpoint between two electrode.”®
Extending the technique of direct current measurement to
liquid spheres, Im et al. used an electrometer to measure the
current on a droplet shuttling charge between two electrodes,
and directly integrated the current to estimate the charge on the
droplet.””

One complication to using the current signal to extract the
droplet or particle charge is the sharp increase and subsequent
decay of the current each time the droplet or particle contacts
the electrode. The origin of this pulse in the current is the rapid
charge transfer that occurs during a brief dielectric breakdown
event between the incoming droplet or particle and
electrode.””*>** The duration of the observed current pulse
is controlled through the measuring circuit elements (ie., the
actual charge transfer between electrode and droplet may occur
over a much shorter time period than the observed current
pulse).”*?**>* Previous efforts to extract the particle or
droplet charge from the current signal have ignored this pulse,
either through time averaging the signal,”” only using portions
of the signal far away from the pulse,” or integrating the entire
signal,”>*" all of which may inaccurately estimate the amount of
charge acquired by the droplet.

In this work, we develop and validate an amperometric
methodology for measuring the charge acquired by a droplet,
without relying on visual observations of the droplet velocity.
Specifically, we present a model for the observed current using
the superposition of the natural response of an RLC circuit and
an induced current caused by the droglet motion, as described
by the Shockley—Ramo theorem.’®*’ By performing a
nonlinear regression of the experimental data to the theoretical
model we are able to extract the charge on the droplet. We then
simplify the model to eliminate the need for visual observation
of the droplet and compare the charge obtained through this
method to the force balance charge estimates to find a strong
linear correlation between the techniques. Finally, we use our
direct measurement technique to probe charge transfer into
droplets as a function of applied potential and compare our
charge measurements to the limiting theoretical charge as
derived by Maxwell.”’

B EXPERIMENTAL APPARATUS

The experimental apparatus is sketched in Figure 1 top, and is
similar to that used in previous investigations.”* Thin film gold
electrodes 1 mm wide and 20 mm long were deposited on glass
substrates using standard photolithography techniques (see
Figure S1 for details of the electrodes). Two of these electrodes
were placed in a polystyrene cuvette with a nonconductive
spacer at the top and bottom, and the cuvette was filled with
100 cSt silicone oil, a transparent nonconductive oil. One
electrode was connected to a high-voltage power supply (Trek
model 610E), while the other was connected through an
electrometer (Keithley 6514) to ground. The analog signal
from the electrometer was recorded using a data acquisition
card (National Instruments USB-6251) at a sampling frequency
of 50 kHz; this high frequency is necessary to obtain adequate
time resolution of the current. Video was taken at a frame rate
of 500 frames per second using a Phantom v7.3 camera.
Simultaneous video and current measurements were taken and
postprocessed in Matlab to correct for slight differences in the
timing. It is important to note that the currents observed here
are small (on the order of nA), and as such proper care must be
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Figure 1. Top: Schematic of experimental setup. An electrometer
records the instantaneous current while a high speed camera captures
droplet motion. Bottom: Representative time lapse images of a 2 uL
water droplet bouncing between electrodes in 100 cSt silicone oil in
438 V/mm electric field. The charged droplet initially moves to the
right, where it contacts an electrode and acquires a charge of the
opposite sign. The droplet then moves left until it contacts the left
electrode and the process repeats. Scale bar is 1 mm. See also the
Supplementary Movie.
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taken to correctly shield the equipment from electrical noise.
Accordingly, the experimental cell was encased in an aluminum
Faraday cage with holes strategically placed to allow visual-
ization of the experimental cell with the camera. In the absence
of a droplet, the baseline current was approximately 77 + 10 pA
and invariant in time. This baseline current is possibly caused
by leakage current through the electrical connections or trace
impurities in the oil phase. To minimize the contribution
associated with the baseline current, we measured the baseline
current just prior to introducing a droplet to the cell, and
subtracted the average value from the final current trace.
Figure 1, bottom shows a representative time-lapse sequence
of images from a video of a 2 uL deionized water droplet
oscillating between two electrodes (see also the Supplementary
Movie). The droplet, initially negatively charged, moves right
and makes contact with the powered electrode and acquires a
net positive charge. The droplet then moves left to the ground
electrode, acquires net negative charge, and moves toward the
right electrode, where the process repeats indefinitely until the
electric field is turned off. Similar bouncing behavior has been
widely reported in previous work;>'#'%**7*’
is to elucidate the current signal in the context of the discrete

the main goal here

charge transfer events at each bounce.
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Figure 2. Representative droplet trajectory and simultaneous current. (a) Representative trajectory of a 2 yL water droplet “bouncing” between
electrodes in a 500 V/mm electric field. The droplet centroid position, x, is normalized by the electrode separation distance. The positive electrode is
at x/H = 1; the negative electrode at x/H = 0. (b) Simultaneous current measurements. Note that the current is low except when pulses occur when
the droplet contacts the electrode. (c) Magnified view of the first peak in (b).

B INTERPRETATION OF THE CURRENT

Representative plots of the droplet position (Figure 2a) and
instantaneous current (Figure 2b) versus time reveal that large
spikes in current occur each time the droplet reverses direction.
In other words, charge transfer during each “bounce” causes a
distinct pulse in the current. Note that the current in the system
appears relatively steady and low, except when the droplet
makes contact with the electrodes. Also note the magnitude of
the droplet velocity is much greater after contact with the
positive electrode (when the droplet is moving left, or down on
the plot). The baseline current is also greater during this time,
as can be seen in Figure 2b.

Zooming in on one such pulse (Figure 2c), we see that even
before the droplet makes contact with the electrode the current
gradually increases. The droplet then makes contact at t = £,
and the current rapidly increases. The time of contact, j, is
found by numerically differentiating the current data to find the
time at which the change in the current increases most sharply,
ie, when d%/df is maximum. Following contact, we see a
sharp increase (over approximately 2 ms) in the magnitude of
the current to roughly 13 nA followed by a gradual decay over
1S ms to a steady value. High speed video at the point of
contact (not shown) indicates that the droplet remains in
contact with the electrode for approximately 250 ps, a much
shorter time scale than the decay time of the pulse. This
observation, combined with previous observations of short
duration flashes of light,”* strongly indicates that the circuitry,
rather than the physical charge transfer dynamics at the water-
electrode interface, is what governs the dynamics of the current
response.

To test this idea, and to gain insight into the shape of the
current pulse, we applied a step change to the applied potential
in an experimental cell without any droplet present. Figure 3
shows the resulting “natural” response of the experimental
circuit to a step change of 2800 V. Note that a current pulse
occurs simultaneously with the step change in the voltage; this
pulse has the same qualitative shape as the pulse which occurs
when a droplet makes contact with an electrode, except that in
Figure 3 there is no increase in the current prior to the voltage
change. The time scale over which the pulse decays (20 ms) is
qualitatively similar to the case when a droplet charges, and was
observed in other trials to be independent of the magnitude of
the potential step change. These observations strongly
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Figure 3. Current response to voltage step. The natural current
response to a step change in the applied voltage in the experimental
cell, without an droplet. At t = 0, the applied voltage (bottom) is
stepped from O to 2.8 kV. The current (top, in black) is seen to
increase initially and decrease in response to the step change. The red
dashed line (top) is eq 4 fit via nonlinear regression.

corroborate the notion that the shape of the current pulse is
controlled by the circuit elements.

The experimental circuit can be thought of as having a
resistor (connections and the electrometer) in series with a
capacitor (experimental cell, with the two metal electrodes
holding charge and the nonconductive oil acting as the
dielectric). The observed current response to the voltage step
change is not simply an RC response, however, since the
natural response of an RC circuit has a discontinuity at the peak
maximum.*® Instead, here we see a rapid increase then a more
gradual decay; in other words, the current pulse in Figure 3 has
the shape of the natural response of a series resistor-inductor-
capacitor (RLC) circuit."® The high-voltage power supply
presumably provides the inductance in the circuit, as inductive
filters are commonly used to reduce the ripple current in
rectifiers.”” The current response of a series RLC circuit to a
step change in the voltage is"®

. Vo[ exp(sit) — exp(syt)
lpulse(t) = IO( P P )

S, 75

4)

where V) is the initial capacitor voltage, L the inductance of the
system, and s, , are characteristic frequencies determined by the
resistance R and the capacitance C as follows:
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Figure 4. (a) Representative current race (black) showing two bouncing pulses for a 2.0 yL deionized water droplet (E = 438 kV/mm). The red
dashed line is eq 9, using parameters fit via nonlinear regression. The shaded region (yellow) indicates the region over which eq 9 pertains. (b)
Magnified view of the first pulse in (a), illustrating the integrated “natural” (RLC) contribution to the total current as the (blue) shaded region. The

best fit parameters for eq 9 (red dashed line) were substituted into eq 4 to obtain the blue shaded region.

R ( R )2 1
S = o 2N T A
' 2L 2L LC Q)
As shown in Figure 3, the current predicted by eq 4 fits the
observed current pulse extremely well for appropriate values of
R, L, and C. For the current data shown in Figure 3, the best fit
values of s5; and s, were —289 Hz and —290 Hz, respectively.
Both frequencies were real, consistent with an “over damped”
response that is desirable for high voltage power supplies.
Because of the similarity in shape between the current pulse
due to droplet charging and the natural response of the RLC
circuit, it is tempting to assume that the pulse in Figure 2c is
entirely due to a step change in potential during the droplet
charge transfer. Note, however, that there is a crucial qualitative
difference between the shapes of the pulses in Figures 2c and 3.
Specifically, there is a significant rise in the current magnitude
just prior to the droplet making contact with an electrode, as
well as an overall increase in the baseline current when the
droplet moves from the positive to negative electrode (see
Figure 2b). It is well-known that a charge moving toward an
electrode induces an “image” charge that also moves, generating
an “induced current.” We hypothesize that the motion of the
charged droplet between the electrodes induces a current
through the system. The classic Shockley—Ramo theory***”*°
describes the current produced by a particle with charge Q
moving with velocity % toward a perfectly conducting electrode
as

=i =
induced Q av (6)

Here dE/dV describes the change in the electric field E, in
the absence of the charged particle, as the voltage V of the
electrode is changed. In our experimental geometry, the electric
field between the two planar electrodes can be approximated as
E = V/H, where H is the distance separating the electrodes.
Thus, for this system, eq 6 can be written as

Qi
H (7)

Linduced =

Taking into account the current pulse as well as the induced
current, the total observed current is

iobs = ipulse + iinduced (8)

yielding

_% (exp(slt) - exp(sm) L Q@
L H (9)

Lobs
Sy — 5
Note that this expression pertains to the time period following
contact at one electrode until contact with the oPposite
electrode, indicated by the shaded region of Figure 4a.’
There are some limitations to the Shockley—Ramo theory
utilized here. First, the theory describes the current induced in
electrodes by a point charge, and thus will not capture higher
moments of charge present in larger (polarizable) objects. The
theory will become less valid as the droplet size increases, since
the theory only considers contributions from the first moment.
In our experiments, the droplet radius is approximately 0.75
mm, much smaller than the 8 mm electrode separation distance
(ie, a < H). Second, we emphasize that eq 7 is specific for
charges moving between parallel plate electrodes, although the
use of Shockley—Ramo theory is appropriate for any electrode
geometry. More complicated geometries will require knowledge

of% for use in eq 6.

The primary goal of this work is to determine the charge
transferred to the droplet. We emphasize that simply
integrating the observed current would yield an erroneous
overestimate of the charge because of the contributions of the
pulse current (ipulse), whose magnitude and duration is largely
determined through circuit elements. The droplet velocity %
and electrode separation H are known experimentally, so a
nonlinear regression is used to fit the experimentally observed
current trace to eq 9 and find V/L, s, 55, and Q.

A representative example fit is shown in Figure 4a as the red
dashed line, where we see good agreement between the model
and the observed current. Importantly, we find that the average
best fit values of s; were —296.3 + 16 and —285.3 + 31 Hz for
pulses on the positive and negative electrode, respectively,
while the best fit values of s, were —296.1 + 14 Hz for positive
electrode pulses and —279.8 + 23 Hz for negative electrode
pulses. Note that these values for s, and s, are similar in
magnitude to those calculated for the natural RLC response (cf.
Figure 3). No dependence of s; and s, on the applied voltage
was observed.

The model has four fitting parameters, V,/L, s, s,, and Q,
two of which, s; and s,, are primarily responsible for the shape
of the current pulse. The duration of the current pulse (~15
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ms) is much shorter than the droplet transit time (~150 ms) so
these parameters have little effect on extracted charge; that is,
the droplet charge is found through regression of the entire
droplet transit not just the short duration of the current pulse.
Accordingly, we have simplified the regression model by
substituting the average value for s, and s, determined from
experiments where a large step change in the applied voltage of
the system was applied (cf. Figure 3) instead of regressing to
find s; and s, for each droplet bounce.

Furthermore, we have eliminated the required visual
observation of the droplet to determine its velocity by
substituting the observed droplet velocity # with an average

droplet velocity i,,, obtained from

-~ _ H-2a
e At (10)

where H is the distance between the electrodes, a is the droplet
radius, and At is the time between subsequent current pulses.
Equation 10 is the distance traveled by the droplet between
electrodes divided by the travel time, or the average velocity of
the droplet. The final simplified model is given as

iobs = —
L Slwg - slavg H (11)

v, exp(slavgt) - exp(szwgt) Qilyyg
+

wheres; ands, are the average value of 5, and s, determined

from experiments where a large step change in the applied
voltage of the system was applied. The droplet radius is the
only required visual observation necessary to perform the
nonlinear regression of eq 11 to find the droplet charge.
Figure S compares the droplet charge extracted from full
nonlinear regression model (eq 9) to the charge extracted from

-~ 200

AA
o [o))

(=] o

1 1
‘gﬁ

o
T
\\

Droplet Charge, Simplified Model (pC
2 g
T T
\\

N
o
S

o
//
1 1 1 1 1 1

-100 -50 0 50 100 150 200
Droplet Charge, Full Model (pC)

Figure 5. Comparison between droplet charge as determined using the
full model (eq 9) and the simplified model (eq 11). The dashed line
has a slope of one. Red markers are positive charge, and blue markers
are negative charge. Each marker is the average of one experimental
trial, approximately 50—200 bounces. Error bars represent one
standard deviation.

a simplified regression model (eq 11). There is close agreement
between the charges extracted from the simplified model and
the charges extracted using the full model regression; on
average the extracted charges are within 4% of each other. The
method outlined here thus provides a way to extract the droplet
charge without visual observation of the droplet velocity.

As a final consistency check, we examined whether the
charges determined via nonlinear regression to the current

signal were correlated with charges calculated via the force
balance approach. Figure 6 compares the droplet charge as
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Figure 6. Comparison of the droplet charge as estimated via the force
balance (eq 2) and current regression (eq 11). The dashed line has a
slope of one. Red markers are positive charge, and blue markers are
negative charge. Each marker is the average of one experimental trial,
approximately 50—200 bounces. Error bars represent one standard
deviation.

estimated by the standard force balance (eq 2) to the charge
measured via nonlinear regression. We assumed Hadamard-
Rybczynski drag for the droplet (i.e.,, A = 1). As shown in Figure
6, there is a strong linear correlation between the two
measurement techniques; in other words, when the nonlinear
regression technique yielded a smaller (larger) charge, the
droplet was also observed to move more slowly (quickly). The
ratio in charge measured between the two approaches was on
average 0.957, i.e., on average a 4.3% difference, although some
positive charges had disparities as large as 30% (cf. red points in
Figure 6).

B EFFECT OF APPLIED POTENTIAL

We next used the current regression technique to investigate
the effect of the applied electric potential on the charge
acquired by deionized water droplets. Each point in Figure 7a
represents the average and standard deviation of an
experimental trial, approximately S0—200 bounces (with a
lower number of bounces at lower field strengths). The square
points represent the charge as estimated by eq 2 using a force
balance, while the circles represent the charge for the same
experiments as determined from the nonlinear regression of eq
11. Red and blue refer to charging at the positive and negative
electrode, respectively. Note that the magnitude of both the
positive and negative charge, as measured by either the force
balance or chronocoulometric fitting technique, increase
linearly with the applied electric field from approximately 50
to 160 pC and from —40 to —90 pC for positive and negative
charges, respectively. For the droplets considered, the
distribution of charge acquired is similar for both methods.
At any particular applied potential, there is little variation in
positive charge acquired; the standard deviation is on average
4.6% of the mean value when determined through the force
balance approach or 3.7% when determined via nonlinear
regression. In contrast, the negative charge acquired at any
particular potential varies significantly more, with the average
standard deviation of approximately 20% and 23% of the mean
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Figure 7. Effect of applied voltage on droplet charge. (a) Absolute charge acquired by the droplet vs the applied electric field. Solid markers indicate
charges acquired by the droplet as calculated via the force balance method (eq 2). Open markers indicate charges obtained via nonlinear regression
of the observed current (eq 11). The red and blue markers represent positive and negative charges, respectively, for DI water droplets. Green and
magenta markers indicate positive and negative charges, respectively, obtained for 0.1 M KCl droplets. The dashed line represents the theoretical
maximum charge as calculated by Maxwell (eq 12). (b) Absolute droplet charge normalized by the theoretical maximum charge (eq 12) vs applied
electric field. For both plots, each marker is the average of one experimental trial, approximately S0—200 bounces. Error bars represent one standard

deviation.

value for the force balance and nonlinear regression approaches,
respectively.

To put these measurements in to context, it is useful to
compare the charges to the asymptotically limiting case of
charge transferred to a perfectly conducting sphere from a
perfectly conducting plane,”" namely,

Q = E7r3€€ a’E
Maxwell — 3 0

(12)
Water droplets have finite conductivity and deform as they
approach electrodes so direct comparison of the droplet charge
to eq 12 should not be done. Nonetheless, eq 12 provides a
useful limiting case for comparison of droplet charge across
many different applied electric field strengths. The dashed line
in Figure 7a indicates the value of Qypyen as calculated above.
The same trends observed in Figure 7a are presented in a
different fashion in Figure 7b, which shows the ratio of the
observed charge normalized on the limiting Maxwell charge. It
is clear from both methods that the water droplet systematically
acquires less charge than the Maxwell prediction. This result is
consistent with other regorts of water droplets'***™*" and
other charged particles”®*” receiving less charge than predicted.
While it is unclear why this occurs, one possibility is that the
deformation of the poorly conducting water droplet near the
electrode to form a Taylor cone may limit the charge transfer,
as the Maxwell prediction is based on a perfectly conducting
rigid sphere.

A final key observation is that, regardless of the measurement
technique, it is clear the droplet systematically acquires more
charge from the positive electrode than the negative electrode.
The overall disparity between the positive and negative charge
is larger when estimated by nonlinear regression, although both
techniques show on average a 69% increase in the positive
charge compared to the negative charge. These results suggest
that the charge difference is real and not the result of an
incomplete force balance being used to determine the charge
on the droplet.

One possible explanation for the charge disparity is the large
difference in the ionic mobility between H* and OH™ ions.
Greater insight into this hypothesis is gained by examining the

four separate time scales involved in droplet charging and
transit: the droplet transit time, the droplet charging time, the
charge relaxation time, and ionic transport time. The droplet
transit time f,,,; is defined as the time required for the droplet
to transit between the electrodes; it is experimentally observed
to be on the order of 100 ms at the highest applied voltages
used in these experiments (cf. Figure 3a). The droplet charging
time fiaging i defined as the time during which charge is
exchanged between the electrode and the droplet. To obtain a
conservative overestimate, we approximate f.y,,rging a$ the time in
which the droplet is in apparent contact with the electrode as
determined through high speed video, or at most 250 us. The
charge relaxation time is the characteristic time over which
charge relaxes from the droplet surface into the droplet, defined
as t,,. = €€y/0, where €€, is the droplet permittivity and o is
the droplet conductivity. For deionized water droplets £, is 7
ps. Finally, the ionic transport time £, is the time required for
ions to electrophoretically move across the charge polarization

layer (the Debye layer), defined as t,

2 .
= 2 where A is the
HEq

Debye length, 4, is the electrophoretic mobility of the charge
carrier, and E, is the electric field inside the droplet The

electric field in the drop is estimated by E; = b where € is

the dielectric constant of the droplet and E is the applied
electric field.”® Note that this is an underestimate of the actual
field acting on the ions in the drop since it neglects electric field
effects created from the droplet surface charge. The Debye
length (Ap ~ 100 nm) is the characteristic length over which
ions must move from the droplet surface to the droplet bulk.
The electrophoretic mobility of the H* is nearly double that of
the OH™ ion (i, = 0.37 and 0.21 mm?/(V s) respectively);>*
thus, t,, is 25 ps for negatively charged drops and 15 pus for
positively charged drops.

To recapitulate, the droplet transit time is 4 orders of
magnitude larger than any of the other characteristic time scales
(Bansic > trelaw fion) indicating that both OH™ and H* ions have
sufficient time to equilibrate during each droplet transit.
Similarly, fgarging is up to 2 orders of magnitude larger than
the ionic transport and charge relaxation times, suggesting that
ions have sufficient time to move into the droplet while the
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droplet remains in apparent contact with the electrode. Given
these scaling estimates, it is difficult to explain the observed
charge asymmetry in terms of differences in charge distributions
due to differences in ionic mobility.

To further investigate the effect of charge carrier mobility on
droplet charge, we performed additional experiments with
aqueous 0.1 M KClI droplets moving between electrodes in a
range of applied electric fields. Droplets of both conductivities
received comparable amounts of charge across a variety of
applied electric field strength (see Figure 7), despite the fact
that the 0.1 M KCl drops have a conductivity 4 orders of
magnitude larger than deionized water droplets (11 mS/cm and
0.001 mS/cm respectively). Increasing the droplet conductivity
decreases both t,,, and t,,,, meaning that charge transport into
the droplet during charge transfer and droplet transit is faster.
Taken together with the scaling results above, the experimental
results strongly suggest that some mechanism other than
difference in ionic mobility is responsible for the droplet
charging behavior.

An alternative explanation for the charge asymmetry might
involve physical deformations to the electrode during the
charge transfer event. We previously reported that high
conductivity droplets create small pit-like craters at the point
of near contact on the electrode.”® Here in contrast we
primarily focused on lower conductivity deionized water
droplets, similar to droglets used in many other previous
studies (cf. Table 1).>******” We examined our electrodes after
deionized water droplets were bounced on them and found no
evidence of changes to the electrode. Optical and scanning
electron microscopy examination of the electrodes (using the
same techniques as discussed by Elton et al.”*) revealed no
discernible changes. The lack of morphological changes to the
electrode for deionized water droplets suggests that the charge
transfer mechanism is more complex than previously thought; it
is unclear how droplets that are 4 orders of magnitude different
in conductivity can acquire very similar charges, yet induce
markedly different physical changes to the electrode. Further
studies are needed to elucidate the charge transfer mechanism
at each electrode and provide more insight into the observed
charge difference.

B SUMMARY AND CONCLUSIONS

In this work, we presented a method by which one can measure
the charge transferred to a droplet by performing a nonlinear
regression to the observed current. Provided the voltage
dependence of the electric field is known one can separate the
contributions of the natural RLC response current and the
induced current to the total current and extract the desired
charge. We used the current-regression technique to probe the
effect of the applied electric potential on charging of water
droplets, and found that the positive charge was on average
69% greater than the negative charge. This indicates that the
difference in charge acquired in not due to an incomplete force
balance being used to determine droplet charge. Further work
is necessary to elucidate the underlying mechanisms giving rise
to this large difference in positive and negative charge transfer.

Regardless of the underlying mechanism for the observed
charge disparity, the techniques demonstrated here are easily
generalized to estimating the charge on any charged object
moving between two electrodes. Thus, the work described here
has practical implications for any application where precise
control or estimation of droplet or solid particle charges are
desired. In particular, this work demonstrates a method for

determining the charge acquired by a droplet without visual
observation of droplet motion, which may be useful for lab-on-
a-chip applications that currently use large microscopes to
optically track droplets moving in devices.”'**® A purely
electrical technique for determining charge, as provided here,
allows for easier miniaturization of the devices while still
permitting the measurement of droplet charge. In addition, it is
difficult to observe droplets and other particles in many opaque
oils and other fluids,'* a difficulty overcome by the technique
presented here. Finally, it may be possible to use the single
object approach described here to consider more con}glicated
multidrop systems such as oil—water dehydrators”'**° where
the observed current will be the superposition of many charge
transfer events. The theory presented here for a single droplet
will serve as a useful limiting case for more complicated
systems.
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