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Abstract
Charged liquid microdroplets have generated significant interest recently due to the observation
of chemical reaction rate enhancement by orders of magnitude. Droplet charging by plasma irra-
diation has been observed along with significantly enhanced reaction rates in liquid. In this paper,
we measure the charge on fixed size (47 µm) individual droplets, exposed for approximately 4 ms
to a low temperature RF-driven plasma operated at atmospheric pressure. The measured charge
values ranged from 2.5 to 3.5× 106 electrons, depending on the droplet trajectory. Results were
compared with finite element simulations of plasma charging, which provided estimates of sur-
face electric fields and charge fluxes at the droplet surface and helped advance the development of
a theoretical framework for plasma-charged microreactors.

1. Introduction

Interest in charged microdroplets has recently received considerable attention. Their unique chemical
reaction environment offers increasing significance in many scientific and technological fields, from
materials and drug synthesis to biological medicine [1–6]. Greatly enhanced chemical reaction rates, by
many orders of magnitude, which occur in droplets within a specific size range have generated wide-
spread interest in precision chemical synthesis [1, 7–9]. Reaction barriers that are extremely challen-
ging in bulk liquids have been overcome, possibly due to high surface electric fields, with important
climate-related consequences for high-energy industrial processes such as ammonia production and CO2

transformation [1, 3, 10–13]. Microdroplets have also been found to spontaneously induce redox reac-
tions, with implications for chemical processes including those in living systems, such as photosynthesis
and respiration [14–16].

The high surface-to-volume ratio and the effects of partial solvation on reaction rates are poten-
tially important, as well as the suspected presence of surface charge and electric fields, which can lead to
effects such as ultrathin electronic double layers; ion separation, confinement and alignment; enhanced
concentration gradients and diffusive flows; extreme pH conditions, charge transport, and spontan-
eous redox reactions [5, 9, 17]. Induced ionisation of gas and vapour molecules, droplet fission and
plasma formation have also been postulated as a consequence of surface fields. However, charge levels
and field intensities are unknown, with various alternative electrification and charge transfer mechanisms
suggested [4, 7, 8, 13, 15, 17–19].

Microdroplets are a complex physiochemical system with multiple transient parameters that are dif-
ficult to control or measure experimentally. Observed effects are critically dependent on size, with an
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upper limit of approximately 15 µm diameter and a lower limit of a few microns, determined by life-
time and technical limits. Acquired surface charge is subject to recombination with gas-phase ions dur-
ing flight. Droplet size and hence internal conditions evolve during flight, due to evaporation, fission
and collisions, limiting experimental exposure typically to the sub-millisecond range. Electric fields, con-
centration gradients, solvent alignment and charge transfer are sensitive to size through their dependence
on surface curvature and surface area to volume ratio. Thus, the development of a comprehensive theor-
etical framework is needed to fully exploit microdroplet capabilities.

Microdroplet charging by plasma offers an alternative or complementary approach that could allow
greater elucidation of fundamental characteristics as well as enhanced technological capability. Upon
entry into a low-temperature non-equilibrium plasma region, the high electron temperature ensures an
initial net flux of high mobility free electrons from the gas phase to the droplet surface, creating a layer
of surface charge and an associated electric field [20]. After the droplet floating potential is established,
over a few nanoseconds, the electron and positive ion flux are equalized. Thereafter, the electrical char-
acteristics remain reasonably constant over a known and controllable time period determined by plasma
length and droplet velocity, assuming a uniform plasma density and temperature. A suitable plasma is
required to operate at atmospheric pressure with low gas temperature to limit droplet evaporation and
hence a relatively high gas flow and restricted plasma size is inevitable, presenting a challenge for injec-
tion of microscale droplets and charge measurement [21, 22]. We recently reported charge measurements
on injected microdroplets into a similar RF-driven plasma as used here [23]. A stream of droplets of
varying size and velocity was used and the average charge determined. Also, an extremely high rate of
in-droplet H2O2 synthesis was observed, demonstrating the remarkable microreactor capabilities of such
droplets. In this paper, we measure the charge on single isolated droplets, of fixed size, in an enclosed
flow capillary, using an exterior coaxial ring electrode, for which an electrostatic model was developed.
Droplet trajectory, screening and neutralisation were also investigated and the resultant charge values
compared to finite element simulation of charging fluxes within the plasma, based on a fully hydro-
dynamic drift-diffusion model.

2. Experimental

Individual microdroplets were generated at a rate of 20 Hz via a MicroFab (MJ-ATP-01) dispenser,
which is a droplet-on-demand piezoelectric generator with an orifice diameter of 20 µm, leading to an
average microdroplet diameter of 47 µm. They were injected into an RF-driven (13.56 MHz) atmo-
spheric pressure plasma via a 2 mm (ID) quartz capillary tube, interfaced with a gas mixing manifold
to allow injection of the plasma gas with limited turbulence. The droplets exit the Microfab orifice, typ-
ically at a velocity of a few ms−1, into a 2 mm (ID) quartz capillary where they are carefully mixed with
a plasma gas flow. After travelling a distance that allows the droplet velocity to equilibrate with that of
the gas, the gas-droplet fluid system is expected to be laminar with a low Reynolds number. The droplet
then passes through the plasma region and onto the ring electrode region. The dispenser injection angle
is adjusted manually to position the droplet stream in the centre of the capillary, in one axis. However,
visual access to the other axis is not available and hence the droplet stream may be offset a distance x
from the radial centre of the second axis, and x may vary with distance along the capillary. Gas and
droplet velocities were measured separately, within the plasma region, and assuming that the gas flow
is laminar and therefore has a parabolic velocity profile, we can estimate the value of x offset with the
assumption that Stoke’s regime (low Reynolds number ∼0.8) pertains and that the two velocities are
equal. From Stoke’s law, the droplet distance travelled to reach terminal velocity was calculated to be
2.2 mm, while the distance between gas inlet and plasma is >10 mm, therefore the assumption of equal
velocities is reasonable.

The low temperature plasma was generated between two exterior concentric Cu electrodes, ∼2 mm
apart and operated in He gas with controlled input gas flows from 0.7 to 1.3 sLm, figure 1. The acquired
charge on the microdroplet, due to plasma exposure, was detected using a thin coaxial ring electrode,
located outside the capillary and downstream from the plasma, which was surrounded by a Faraday
shield to minimize RF induced noise. The current pulse signal was amplified via a low noise charge
amplifier (Amptek A250F, A250) and captured on an oscilloscope (Tektronix MDO34). Electron dens-
ity was estimated from in-situ RF impedance measurements (Impedans Octiv Suite 2.0) using an electron
mobility model, assuming a uniform coaxial plasma between electrodes [24].
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Figure 1. Experimental setup.

3. Theory

The induced current is determined using Ramo—Shockley theorem by assuming the ring electrode of
radius a and length w, with w ≪ a, as a series of slices [25–27]. For a charged droplet travelling, with
velocity v, through a ring electrode, at an offset x from the radial centre, then the distance, R, between
the droplet centre at coordinate (x, 0, zd(t)), where zd(t) = vt, and point z on the ring, at coordinate
(acosθ, asinθ, z), is given by

R(x,z,zd,θ) =
√
(z− vt)2 + x2 + a2 − 2ax cosθ. (1)

Ignoring the cosθ term would allow a simple derivation of closed form expressions for induced
charge, Qi(t), and current, I(t). However, for offset values x > 0.6a, this leads to significant errors. The
induced current on the ring electrode is given by

I(t) =−ε0
dφ (t)

dt
(2)

where

φ (t) =
w/2

∫
−w/2

2π
∫
0
En (θ,z, t)a dθ dz. (3)

Is the outward normal flux through the cylindrical surface and En is the normal component of elec-
tric field at the wall, given by

En (θ,z, t) = E.er =
Q

4πε0

a− xcosθ[
a2 + x2 − 2axcosθ+(z− vt)2

]3/2 . (4)

By differentiating to get ∂En/∂t, the expression for current is

I(t) =−3Qva

4π

w/2

∫
−w/2

2π
∫
0

(a− xcosθ)(z− vt)[
a2 + x2 − 2axcosθ+(z− vt)2

]5/2 dθ dz. (5)

The double integral is numerically evaluated in MATLAB with a specified absolute error tolerance
and relative error tolerance of 10−10 and 10−6 respectively.
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Figure 2. Variation in pulse width and amplitude for various axial offset values, x, from 0 up to 0.8a, where a is the radius of the
capillary.

Figure 3. Variation in pulse width and amplitude for various droplet trajectories where dx/dz > 0, for various entry axial offset
values, x, from 0 up to 0.65a, where a is the radius of the capillary.

Ideally, the pulse amplitude is dependent on one unknown, Q, provided the droplet velocity is
known. However, the ring response becomes sensitive to the axial offset, x, once the droplet is suffi-
ciently close to the wall, figure 2. Furthermore, for droplet trajectories where dx/dz > 0, pulse asym-
metry is introduced, figure 3.

A comparison of the pulse height and peak—peak width between a fixed axial trajectory, normal
to the ring axis, and one that drifts off-normal, is given in figure 4, indicating a close similarity. As the
offset value increases, beyond x/a > 0.5, the peak height increases while the pulse also narrows.

The off-normal trajectory gives rise to an asymmetrical pulse where, for x/a > 0.5 and increasing
within the ring, figure 5, the negative peak amplitude is reduced compared to the positive, while the
integrated area under the pulse becomes increasingly positive.

The microdroplet velocity is determined from imaging in one plane (y-axis) before and after the
plasma region. It is also calculated from the time delay between pulses using a pair of ring electrodes.
Simultaneous imaging in the second plane (x-axis) is not possible. Therefore, any x-offset value is estim-
ated by comparing the observed velocity to that expected from the gas velocity, assuming laminar flow
conditions and that the droplet velocity has equilibrated to that of the gas. Gas velocity under laminar
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Figure 4. Comparison of pulse shape parameters, i.e. peak height and peak—peak width, between normal, dx/dz = 0, (green ‘+’
markers) and off-normal, dx/dz > 0, (blue circles) trajectories. Relative peak width is with reference to transit time within the
ring.

Figure 5. Comparison of pulse shape parameters, between normal, dx/dz = 0, (green circles) and off-normal, dx/dz > 0, (blue
circles) trajectories. The peak ratio represents the ratio of positive and negative peak heights while the net area is the integral of
the pulse.

flow conditions can generally be determined from the upstream set flow values. However, the mixing
manifold is designed to minimise back pressure and turbulence while also allowing manual adjustment
of the droplet trajectory. As a consequence, capillary gas flow downstream of the manifold is less than
the set flow and is therefore measured downstream via liquid displacement tests. In the experimental set
flow of 0.7 sLm, the capillary flow value was measured at 0.4 sLm.

The impact of the plasma environment on the ring electrical response also needs to be considered.
Beyond the plasma electrodes, a plasma afterglow region is expected where the plasma density decays
to zero over a distance Lpa. A ring electrode situated at a distance LR from the nearest plasma electrode,
where LR < Lpa, will detect a reduced charge in the droplet due to Debye shielding. The effective charge
measured is, to a first approximation, given by

Qeff = Qe−
s

λD (6)
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where s is the distance between droplet and ring and λD is the Debye length, given by

λD =

√
ε0kTe

ne2
. (7)

To minimise the Debye shielding effect on the measured charge requires s/λD ≪ 1, i.e. the ring is
placed beyond the afterglow region, where λD is much larger. While the precise extent of the afterglow
is unclear, an approximation is obtained from the plasma luminance decay profile obtained under vari-
ous plasma conditions. Current measurements, obtained from a microscale probe in direct contact with
the plasma effluent, also provide an indication of the extent of the afterglow region where the current
direction changes from negative (towards plasma) to positive. Beyond the afterglow, therefore, a region
of low-density positive ion space charge is indicated, likely arising as a result of the net loss of more
mobile electrons once outside the plasma. This background space charge will also result in screening
of the droplet charge. The net charge visible on the ring is that of the droplet minus the total positive
charge between the droplet and the ring. To a first approximation this is given by the term

Q+ = n+As (8)

where A is the area of the capillary cross-section and n+ is the average ion density. This screening
effect is expected to decrease on approach and reach a minimum when the droplet is within the ring.
Another effect arises in that the presence of a background positive space charge will partially neutralise
the droplet charge through ion recombination. Charge reduction due to transit through a space charge
region has previously been considered as the swept charge, i.e. n+As [28]. However, this assumes that
the relative velocity between particle and space charge is significant, which is unlikely to be the case here.
Instead, the random ion flux to the droplet surface is the dominant factor, such that the reduction in
charge value per second is given by

eΓA= enion4πRd
2

√(
8kBTion

πmion

)
(9)

where Γ is the ion flux, A the surface area and Rd the droplet radius. The magnitude of the charge
reduction between plasma and ring is estimated using a value of n+ determined from the fit to the cur-
rent pulse, from (8). The pulse amplitude on a second ring electrode also provides an estimate.

4. Results

To establish the optimal position for the ring, as close as possible to the plasma but outside the afterglow
region, figure 6, the length of the afterglow was estimated electrically and from the luminance profile
for various plasma power and flow conditions. The luminous length, in the absence of droplets, was
observed to increase linearly with power, reaching 20 mm at 5 W but reduced to 10 mm at 5 W, on
introduction of droplets, figure 7. The electrical response indicates a positive ion current flow (from the
plasma) at low powers, with the appearance of electron current flow, i.e. a reduction in positive current,
occurring above a threshold power value, which varies with distance. Ultimately, at high enough powers,
the current is negative and indicates that the electrode is in full contact with the plasma afterglow. In
figure 8, the effluent current versus power is shown for various plasma to electrode distances for plas-
mas without droplets, which confirms the luminance image conclusions. The ring electrode was therefore
positioned at a distance of 10 mm from the nearest (ground) plasma electrode. A typical current pulse
for a single droplet is shown in figure 9, with a peak positive voltage of ∼150 mV, equivalent to 150 pA.
The time interval between the negative and positive pulse peaks is ∼1 ms.

Droplet size and velocity were determined from image measurements at the piezo tip and in the
plasma region (without plasma ignited) for various generating and plasma conditions, figure 10.
The observed droplet diameter was 47 µm ± 5% at release from the piezo tip and remained con-
stant beyond the ring, within the imaging resolution. For a plasma evaporation rate constant, cevap, of
3 × 10−8 m2 s−1, previously determined for a similar plasma system, and assuming Dfinal

2 = D0
2cevapt,

the expected reduction is < 2 µm [22]. For a 20 Hz droplet stream, the observed average velocity
was 0.45 ± 3% m s−1 in a measured gas flow of 0.4 sLm. In this flow scenario, the Reynolds number
is small (<1), the Stokes drag dominates and the droplet terminal velocity (∼vgas) is expected to be
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Figure 6. Plasma afterglow—luminous length extends beyond the plasma electrodes.

Figure 7. Plasma afterglow length (luminous) versus absorbed power for plasma with and without droplets.

Figure 8. Effluent current versus power indicating the variation in power threshold for coupling to plasma afterglow for various
distances between plasma electrode and current measurement electrode. The shaded region, representing the safe power range, is
defined conservatively at the estimated point of peak positive current, to ensure the electrode is outside the afterglow region. At
20 mm, no peak is observed and the safe power is given by the maximum absorbed power.

reached within 3 mm of the He gas inlet, which is far upstream (∼20 mm) from the plasma and ring.
Assuming laminar flow conditions at the ring, i.e. a parabolic velocity profile, the peak velocity at zero
offset (x = 0) is 4.2 ms−1, while for an offset x = 0.67a, the velocity is 0.45 ms-1, equal to the meas-
ured droplet velocity. A droplet velocity of 0.44 m s−1 was also estimated from the time interval between
pulses on a second ring located a fixed distance (21 mm) away.
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Figure 9. Typical ring voltage pulse due to passage of an individual charged microdroplet through the ring. The signal mean has
been zeroed to remove a negative DC offset. The pulse width (peak—peak) is∼1 ms. Scaling factor: 1 V= 10-9 A. The micro-
droplet/pulse frequency was 20 Hz. For analysis, signal averaging is carried out using 200 pulse signal acquisitions.

Figure 10. Droplet size and velocity determination. (a) Droplets exiting piezo generator tip at a velocity of 2.1 m s−1 into still
air, (b) enlarged image at tip, droplet diameter of 47 µm. Dimensions are calibrated against vernier calliper measurements of the
tip enclosure (806 µm), (c) droplets (100 Hz) within plasma region, with He flow but without plasma ignited showing 388 µm
separation, for a set interval of 10 ms.

Simulated current pulses were generated for a droplet velocity of 0.45 m s−1 and an x-offset value
of 0.68a, as observed experimentally. Also, since the pulse is asymmetric, this indicates a variation in x-
offset during flight. In figure 11, a comparison between simulated and measured currents is shown. Peak
heights are matched using charge values from 2.5 × 106 electrons (fixed x-offset) to 3.5 × 106 electrons
(variable offset).

The rapid decay in pulse amplitude may be attributed to screening by the background positive ion
density, which was adjusted to 1 × 1015 m−3 to provide an optimal fit to the measured pulse shape. The
effect of positive ion density on droplet charge neutralisation was also investigated by comparing pulse
amplitudes in two rings, separated by a gap of 21 mm. Over this distance, the observed decay (72%)
indicates, from (9), an ion density of 1.8 × 1014 m−3 and the expected decay between plasma and ring
is ∼17%. A similar calculation was carried out for pulses obtained from a high-rate droplet stream
(50 kHz) with a single ring electrode positioned at various distances, up to 60 mm, from the capillary
output. In this case, the droplet diameters follow a lognormal distribution (mean 13 µm) with velocities
in the range of 3–14 m s−1. Figure 12 shows an example fit to the experimentally observed charge decay
for a droplet velocity of 6 m s−1 and an ion density of 2 × 1015 m−3.
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Figure 11. Comparison between measured current and simulation for fixed and variable x-offsets and for positive ion charge
screening with an ion density of 1× 1015 m−3. The full width of the figure is± 5 ms, with vertical markers indicating droplet
entry into and exit from ring electrode.

Figure 12. Relative current pulse amplitudes versus time of flight from plasma electrode. Droplet velocity 6 ms−1.

5. Discussion

The estimated value of charge on fixed size individual droplets varied from 2.5 to 3.5 × 106 electrons,
depending on the x-offset conditions chosen to match the observed droplet velocity to that of the gas.
Due to charge neutralisation by the weak background positive space charge between the end of the
plasma and the ring electrode, the measured values are estimated to be ∼17% lower that when droplets
are in the plasma region. This is a higher level of charge, by a factor of 2–3, compared to our measure-
ments made previously with smaller droplets using a solid plate electrode downstream of the capillary,
and extrapolated to a larger diameter, 47 µm, reported here [23]. The two sets of measurements are
not expected to be directly comparable due to variations in plasma conditions for different gas flows,
the wider distributions of charge and velocity values in the latter along with possible higher neutral-
isation and flow effects around a solid measurement electrode situated in air. Previously, finite element
simulations were carried out to estimate the acquired charge, assuming a fully collisional plasma and
using electron and positive ion drift—diffusion equations to the droplet surface. These were coupled via
Poisson’s equation to the floating potential of the charged droplet, which was iterated until the elec-
tron and ion flux were equal. The main parameters were ne, Te, ion mobility, µion and Rd. For both
ring and plate measurement sets, simulations predicted lower levels of charge than observed. In the lat-
ter case, reduction of the ion mobility to account for large slow positive cluster ions offers a possible
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solution. Such ions are expected due to the layer of saturated water vapour surrounding an evaporating
droplet travelling at the same speed as the gas and hence are also likely to be present in the ring meas-
urements. Multiple collisions between He2+ ions and the evaporated water molecules surrounding the
droplet lead to the growth of large positive, H+(H2O)n, and negative OH−(H2O)n, water cluster ions,
with the cluster size increasing with vapour content [29–31]. Large positive cluster ions with n up to
55 (∼1000 amu) have been reported for a He plasma jet into air [32]. For the estimated average val-
ues of ne = 1020 m−3 and Te = 2 eV, the predicted charge from the simulation for Rd = 24 µm, was
7 × 105 electrons and 1.2 × 106 electrons for ion mobility values of 2.5 × 10−3 V m−2 s−1 (He2+) and
1.0 × 10−5 V m−2 s−1 (H2O)

+
n respectively. Therefore, for ion mobilities dominated by large water

cluster ions, the measured charge is 2–3 times that obtained from simulations. However, a further reduc-
tion in ion mobility is not realistic.

From a technological perspective, charged droplets may have important applications in, for example,
downstream spatial printing of advanced materials. In the case of a higher velocity droplet stream, the
neutralisation rate flattens beyond a time-of-flight post plasma of ∼8 ms, leaving the droplet charge
value at ∼105–106 electrons, considerably higher than can be achieved by other techniques, e.g. corona
or triboelectric charging. In corona discharge systems at atmospheric pressure, ions are primarily
responsible for particle charging because high mobility electrons are quickly lost through attachment
and recombination in dense gases. Reported values for corona charging range from approximately 100
electrons for 1 µm particles to about 2000 electrons for 7 µm particles [33]. In dusty plasmas, charging
measurements are largely limited to nanoparticles at high pressure and microparticles at low pressure.
Simulations suggest nanoparticle charges of around 200 electrons for 125 nm diameter particles [24],
while low-pressure plasma experiments show values ranging from 10 to 10⁴ electrons for particles up to
∼10 µm diameter [33–36].

However, the more significant technological potential may be in the exploitation of plasma charged
droplets as chemical microreactors. We have previously shown an enhancement of reaction rates in
droplets by many orders of magnitude compared to bulk techniques for Au nanoparticle formation from
metal salt reduction and for H2O2 synthesis [23, 37]. Solvated electron reactions drive the former and
are likely an important element of the latter. Therefore, important parameters for microreactors are the
electron charge magnitude, charge flux to the surface and plasma time-of-flight. The observed values of
charge can be matched in simulations by increasing ne and Te, typically charge increases by factors of x3
to x5 per decade increase in electron density and similarly for increases in Te up to 13 eV. In the sim-
ulations we have used time and spatially averaged values of ne obtained from impedance measurements
which assume a uniform density cylindrical plasma. Without droplets, the calculated electron density
was approximately constant with power, up to 3.5 W, at 3 × 1018 m-3. In a similar plasma device, using
argon, ne and Te were determined from Stark broadening to be >1020 m−3 and ∼1 eV respectively [38].
With the introduction of droplets, ne increased linearly with power up to 1020 m−3 at 5 W [23]. While
the reason for this is unclear, we observed that since the afterglow regions were reduced with droplets,
the estimated input volumetric power density had increased.

In order for the droplet to ‘see’ higher electron densities or temperatures that could account for
the measured charge in the simulation, we might speculate that spatiotemporal variations in ne and Te

could be significant, especially near the driven electrode and at the sheath edge where the droplet may
come close, given the x-offset is ∼0.7a. Spatial and/or temporal models of RF-driven plasmas at atmo-
spheric pressure are limited and none match the geometrical configuration used here. Various groups
have estimated ne(x,t) and Te(x, t) from measurements and/or simulations for parallel-plate geometries
[39–42]. These indicate various possibilities from limited temporal variation in ne over a cycle, except
near the sheaths [40, 43], to increased ne by factors up to x10, twice per cycle [44] while an increasing
ratio of peak ne to average was predicted as electrode gap reduced [39]. Similarly, for Te, with instantan-
eous values a factor of ∼3–5 above the average near sheaths [43, 45]. In such an eventuality, the ques-
tion is whether the elevated charge acquired in elevated density or temperature regions remains until the
droplet exits the plasma or rapidly equilibrates to the local density and temperature. To evaluate this,
we consider a droplet charged near the upper electrode (RF-driven) with local excess ne and Te which
then passes through the remainder of the plasma region (2 mm, 4 ms) of uniform ne and Te, as used
in simulations. The charge flux density at the droplet surface is constant at a value of 1020 m−2 s−1–
3 × 1022 m−2 s−1 for low and high mobility values. Assuming, for simplicity, that the electron flux
∼0 until the charge is equilibrated, then sufficient ion neutralisation would occur within only 15 µm of
travel. Therefore, spatial variation in ne or Te leading to elevated charging would effectively be tempor-
ary. However, if ne and Te are spatially uniform but vary with RF amplitude, the required neutralisation
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time is >100 times the RF period and hence enhanced plasma charging as a result of temporal spikes in
plasma parameters is plausible.

Finally, chemical reaction rate enhancement in charged droplets, via techniques other than plasma
exposure, has indicated a strong size and surface area effect, with surface species concentration and elec-
tric fields thought to be implicated. We observe from simulations an increase in charge with diameter
which follows a second order polynomial fit. However, the flux density decreases with diameter and
hence we can expect that chemical reaction rate enhancement, which likely depends on species concen-
trations in a shallow surface layer, will also be favoured as the diameter is reduced. Furthermore, the
surface electric field obtained from droplet charge simulations (COMSOL) also shows a rapid increase
for smaller droplets. From a technological perspective, the minimum droplet size will depend on the
evaporation rate, which will determine the lifetime of the reactor [20]. With the RF-driven plasma sys-
tem, we have previously measured evaporation rates approximately ten times higher than those in flow-
ing gas at room temperature. Under these conditions, droplets with initial diameters under 5 µm are
totally evaporated after 100 µs plasma exposure time. Using the high-rate droplet source, where large
reaction rate enhancements were observed, the mean droplet diameter was 13 µm, and while the current
single droplet system can produce droplets as small as 15 µm, it was found that most droplets smaller
than ∼40 µm were lost to the walls at the gas mixer inlet. Future developments will address this issue.

6. Conclusions

We have demonstrated single droplets with net negative acquired charges after short exposure to a
low temperature RF-driven atmospheric pressure plasma. The measured acquired charge was between
2.5 × 106 electrons and 3.5 × 106 electrons which is ∼20% of the Rayleigh limit for a 47 µm diameter
water droplet. These values are much higher than those obtained from simulations with helium ions and
possible reasons include reduced positive ion mobility due to the creation of large heavy water cluster
ions in the evaporation halo around the droplet and temporal enhancement of electron density and tem-
perature with RF amplitude. Overall, the droplet in plasma system is a complex multiphase environment
but one that offers exciting opportunities for technological exploitation such as chemical microreactors
and advanced materials manufacture.
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