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Abstract. We have investigated the potentialities of dielectric barrier discharges (DBD) for
aerosol electro-processing with a special focus on ion production and aerosol charging for
deposition (filtration and materials) and aerosol measurement tools. The advantages and
drawbacks of aerosol injection downstream or upstream of the discharge are compared
according to the application. The main parameters that control ion production and transport
are investigated based on post-discharge ion current measurements. Post-DBD aerosol
chargers are compared for submicron particle size measurements based on aerosol bipolar
charging and electrical mobility analysis. Finally, the principle of counterflow extraction of
bipolar ion from an atmospheric pressure DBD is established from upstream measurements
of positive and negative ion fluxes in air, without neither ozone (< 0.1 ppmv) nor
nanoparticles.
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1. Introduction

For the last three decades, dielectric barrier discharges (DBD) have been tested for many
applications involving aerosol [ (suspension of solid or liquid particles in a gas): the
production of nanoparticles by nucleation of vapor produced by plasma surface-interaction [
3 the production of coatings, either homogeneous ™ or nanocomposite polymer thin film [
8 the in-flight coating of nanoparticles for thermal stabilization of catalyzer °!, the electro-

filtration 1%, advantageously used as a self-cleaning filter [11 or the treatment of airborne virus
(12, 13]

DBD consists of two metal electrodes with, at least, one dielectric barrier and one gas layer
in between 4. In air, at atmospheric pressure, the discharge mainly occurs as transient
microdischarge —MD- (duration ~15-20 ns, diameter ~ 20-100 um) distributed over the
electrode surface 11, These MD produce ions and electrons that undergo local electro-
collection, within ns to ps in DBD 16 7], Most charges are collected on the dielectric surfaces,
about only 10 % of the ions are measured downstream of the DBD '8, During the ms transit
time between dielectric materials, the electric drift of charges is due to Laplacian and surface
electric fields as well as to space charge electric field (1321,

Once injected in the DBD, aerosols are charged by the collection of gaseous ions or
electrons!??l. The mechanisms of aerosol charging and the related charging laws are already
defined versus particle diameter in unipolar clouds as well as in bipolar ion clouds [?3), Particles

smaller than 100 nm are charged by the diffusion of ions. Particles larger than 500 nm are
mainly charged by field charging when ions drift on the field lines intersecting the surface of
the particle. In a unipolar ion cloud, the particle charge level depends on the size of the
particle, the electric field, as well as the product of ion density (N;, m~3), and the transit time
in this density (t, s)X. In homogeneous bipolar ion clouds, aerosols of a given size reach a
steady state charge distribution with a mean charge per particle depending on the ratio of
positive to negative products of ion density by ion mobility (Nion-Zion ratio) 1241,

One promising application of DBD for aerosol charging relies on the bipolar charging
required for aerosol size measurements. Particle size distributions are measured in the
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submicron range by electrical mobility analysis that requires a bipolar ion source to control
the charge distribution of particles with a mean close to zero, before mobility selection and
particle counting [?°1. Radioactive materials are used as bipolar ion sources but due to
expensive safeguards and legal restrictions in some countries 26!, neutralizers based on soft
X-ray 271, UVI[?8] or based on electrical discharges 2°32 have been developed. More recently,
dielectric barrier discharges (DBD) have been tested as a source of bipolar ions to charge
aerosol injected in the discharge gap 2% 3% 34 With no legal restrictions, lower cost than
radioactive source and lifetime over 10 years, DBD neutralizers could be used for atmospheric
and indoor monitoring of aerosol concentration and size. Nevertheless, the oxidation of
measurement tools downstream of the discharge by chemical species produced in air still had
to be addressed. This has first led us to propose to charge aerosols injected downstream a
DBD fed with Nitrogen!®]. Going one step further, we present a more easy-to-use DBD
neutralizer fed with air, as a clean ion source without oxidizing species.

The present work first aims to depict the production, transport, and losses of ions based
on ion currents measurements downstream as well as upstream of the discharge. Starting
with aerosol injected in the DBD, we depict aerosol charging and electro-collection of charged
species in the gap as well as in post-discharge. Then, applications are presented in two parts
depending on whether one seeks to collect aerosols in the DBD or to extract them from the
DBD. Applications based on aerosol injection upstream or downstream of the DBD for aerosol
charging devoted to aerosol size measurements are presented with a special focus on a new
principle of counterflow extraction of bipolar ions from DBD. At last, the discussion focused
on geometry and operating conditions of DBD according to the application, to highlight the
respective interest and limits of upstream and downstream aerosol injections.

2. Experimental setup and methods

Figure 1 represents the experimental setup. Two main arrangements are used. To study
the discharge and the post-discharge ions, dry and filtered air is injected in the DBD. To study
aerosol properties after injection in or after the DBD, size, concentration, and charge level are
measured.
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Figure 1. Experimental setup (CPC: condensation particle counter, DMA: Differential mobility analyzer, ESP: electrostatic
precipitator)
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The flow rate of dry and filtered air is regulated from 0.3 to 8 L min! by a mass flow
controller. The pressure in the DBD reactor is kept constant at 1020 mbar +/- 2 mbar.



2.1. DBD arrangements

For the three arrangements, the metal electrodes are bars or rings with a diameter of 4 mm
and the dielectric material is alumina (Al,03, 96% purity).

For the plane-to-plane arrangement (cf. Figure 2a), two metal cylinders (length:
Lejectrode = 30 mm) are laid on 0.5 mm thick alumina plates and covered by a silicon paste to
prevent from electrical discharge around the metal electrodes. The distance between alumina
plates (dgap, referred as the discharge gap length) is controlled by metal spacers (0.5, 0.9, 1,
1.6, or 1.7 mm) and the gas injection section is 36 or 50 mm wide (Lwar).

(a) plane-to-plane (b) Concentric cylinders (c) cylinder-to-cylinder
— Lelectrod§ /,§ 1 : —
H 1 dgap .
GaS: T
flow
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— microdischarge
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Figure 2. Discharge arrangements: (a) plane-to-plane (b) concentric cylinders (c) cylinder-to-cylinder

The length of the alumina plate downstream of the discharge (Loutput) varies from 5 to
40 mm. The assembly is placed in an aluminum chamber (to enhance thermal exchanges with
ambient air) with gas inlet and outlet. All the measurements, presented here, have thus been
performed at least 30 minutes after any modification of the operating conditions to reach
thermal equilibrium. The plane-to-plane arrangement is tunable and has been used to study
the production of ions (cf. §3.2). The optimal discharge gap length in terms of maximal post-
discharge ion density with a maximum peak-to-peak applied voltage of 20 kV is 1.5 mm, used
for the two other arrangements.

For the arrangement with two concentric cylinders (Figure 2b), the central electrode is a
tube inserted in the inner alumina cylinder , and the outer electrode is a ring. The alumina
cylinders have external diameters of 12 and 16 mm. For the cylinder-to-cylinder arrangement
(Figure 2c), two cylinders with a diameter of 6 mm are separated by a gap of 1.5 mm. For the
three arrangements, the casings confining the gas flow are not represented for clarity reasons.

2.2. Electrical characterization of DBD

To compare discharge currents in different DBD, the measured current in the external

circuit is corrected by the factor a 354! defined as:

1
a=——"r D
__“pBD
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The capacitances of the DBD without plasma (ng) in F) and of the alumina (Cy1yming in F)
are estimated with the smallest slope of the Lissajou’s cycle (4243l uysing a capacitor instead of
the measurement resistor R in Figure 1.

The discharge current is thus defined as:



Idischarge =2F-a ((qmax - Qmin) - ng) ' Vpp) (2)
where F is the applied voltage frequency, @;nax aNd @min the maximal and the minimal values
of g on the Lissajou cycle, and Vp, the peak-to-peak applied voltage. a evolves from 1.2 to 1.6
for discharge gaps of 1.7 and 0.5 mm respectively.

2.3. lon measurements

Since local positive and negative ion densities n;,,*/~define both the net space charge
affecting ion transport and the flux of ions of the surface of aerosol controlling aerosol
charging, mean ion densities Nion+/_ are estimated from ion currents. In post-DBD, bipolar
ions are separated by an electrostatic precipitator (ESP). lon current collected on the grounded
plate is measured by electrometers -Keithley 6010C or Keithley 6514 or Pegasor [“4l, Positive
and negative currents are measured one after the other. Significant efforts devoted to ensure
the representativeness of ion measurements are detailed in §2.2 of supplemental information
Sl). The mean post-DBD ion densities are derived from ions currents, gas flow rate, and ions

. +/- Iions+/_
unit charge: Nipn '~ = Teq 3)
with lions the positive or negative ion current (A); e = 1.6x101° C the elementary charge and Q
the gas flow rate (m3 s?). The measured ion currents lie between pA to nA leading to ion
densities between 10*! to 10 m3.

2.4. Aerosol production and measurements

Monodisperse aerosols are produced by two generators. A Sinclair Lamer generator
produces oil droplets between 400 nm to 900 nm. A nebulizer produces monodisperse
aerosols made of polystyrene nanoparticles (PSL), with modal diameters between 20 nm to
200 nm.

Aerosol concentration is measured by a condensation particle counter (CPC). Aerosol size and
charge distribution are measured by a differential mobility analyzer (DMA).

3. lon production and transport

This section is devoted to summarize the main parameters that control the production and
transport of ions. The ion current measured after the DBD (cf. §2.3) results from a competition
between electric and hydrodynamic forces coupled with diffusion processes and ion-ion
recombination. Most of the conclusions are based on the assumption that ion production
downstream the discharge (by photo-ionization or by de-excitation of species in the gas or on
the surface) can be neglected compared to the electro-hydrodynamic transport of charges
from the MD developing in the gap, even if we cannot rule it out. The fact that similar post-
DBD ion currents were measured with different post-discharge materials (18! supports the fact
that surface chemical reactions and photoemission play a minor role.

3.1. lon production

The electrical characterization of the DBD is the first step to identify the critical parameters
for ion production (see Figure 3). The production of ions per second is proportional to the
charge per microdischarge (MD) and the number of MDs per second. The charge per MD is
proportional to the gap length and inversely proportional to the relative dielectric permittivity
of the insulator 3% %31 |n plane-to-plane DBD with dry airflow, parametric influences of
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overpressure, frequency, gas flow rate, gas temperature, and post-DBD tube material on post-
discharge ion density and mobility have been reported for a given DBD geometry 181, We focus
here on the effects of the discharge gap length and the spatiotemporal distribution of the MDs
as well as the transit time on post-DBD positive and negative ion currents and densities.

(a) Microdicharge and ion production (b) Discharge characterization
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Figure 3. Electrical characterization of plane-to-plane DBD arrangement (a) microdischarge current with ion production for
dgap = 1.5 mm, Lejectrode = 3 cm, and (b) input power and discharge current as a function of the amplitude of the applied
voltage (Vmax) at F = 60kHz; the insert represents the distribution of charge per microdischarge

In Figure 3b, the different steps of a MD are presented. MD is initiated by the accumulation
of positive space charge in volume 1“1, and by surface polarization, as detailed in point-to-
planeB”l and planar DBDs?3 followed by a cathode-directed streamer that crosses the
millimeter gap within 1 ns (the propagation) and leads to the formation of a conducting
channel. From one half-period of the applied-voltage cycle (HP) to the other, MDs occur at the
same place due to spatial memory related to the volume plasma and to the deposited surface
charge that controls the MD shift in time 3% 37471 Each MD can be considered as a transient
and local source of electrons, ions, excited species, and UV and induces a current peak of
30 mA for a gap of 1 mm in the external circuit mostly due to electron flux in the gas. After the
propagation of a MD, the polarization of the dielectric surfaces lowers the electric field that
prevents from arcing and maintains some ions in suspension in the gas for ps 164748 The
electric field in the discharge gap separates positive and negative ions in space until the
inversion of the electric field due to surface polarization and applied voltage in the next half
period.

Positive ions are produced in the MD by electron-molecule collision and photoionization
whereas negative ions are produced by electron attachment on neutral gas molecule.
Moreover, subcritical electron avalanches (with electrons number lower than Meek’s criterion
102 and thus not followed by a streamer) % as well as, chemical reactions involving
metastable and excited species could also account for ions production 9. Gaseous ions
measured downstream electrical discharges in air, at atmospheric pressure, are water cluster
ions M(H20), with M such as Os~, OH~, CO~, 0,7, CO3~, NO27, NO3~, HCOs™ and H30*, NO* or
NO,* [42.51,52] '\with a distribution of electrical motilities, detailed in (28,

3.2. lon transport downstream the discharge

Bipolar ion transport and losses have been widely studied versus space charge, Laplace,
and surface electric fields: without Laplace electric field [53°° or with Laplace electric field [1®



60-621 Once produced, bipolar ions are collected to the walls by diffusion and electric drift, as
well as neutralized by ion-ion recombination in volume. In most cases, diffusion and electrical
drift parallel to the gas flow are assumed to be negligible compared to the gas velocity!®3],

3.3. Gap length, applied voltage and MDs organization

Apart from the frequency presented in section 4, the discharge gap is the most critical
parameter that controls post-DBD ion current as seen in Figure 4b. Only negative ion currents
are plotted as positive ion currents follow the same trends 8. The spatial distribution of MDs
in time and space evolves as depicted in inserts of Figure 4a for different voltage ranges with
related distributions of MDs (I, I, and Ill). The MDs distributions affect the efficiency of ion
extraction defined as the ratio of lion Over lyischarge When ions are measured as close as possible
to the discharge, as seen in Figure 4b.
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Figure 4. (a) Discharge currents as a function of applied voltage for dgqp of 0.5, 0.9, and 1.7 mm at 60 kHz for a gas flow rate
of 4 L.mint and 3 photographs of the DBD at 10 kV, 12.7 kV, and 16.7 kV for the 0.9 mm gap DBD. (b) Downstream-DBD
ions currents as a function of the discharge current lyischarge

Due to the cylindrical shape of metal electrodes, the Laplace electric field is not
homogeneous in the discharge gap and leads to self-organizations of MDs that differs from
those described in more homogeneous Laplace field in air for plane-to-plane electrodes rather
than cylinder-to-cylinder 6491, MDs tend to line up in different planes defined as curtains 21,

At low applied voltage, only one curtain of MDs is observed where the Laplace field is
maximum in the plane of symmetry. Then, at intermediate applied voltage, two curtains are
observed on both sides of the plane of symmetry. The distribution of MDs on two curtains
increases the number of MDs with the maximal distance between adjacent MDs. At last, for
larger applied-voltage, three curtains are observed. The transitions between the different
numbers of MD curtains extend over voltage ranges that depend on the discharge gap length.
It has to be underlined that the distribution of charge per MD is unimodal only with one MD
curtain. The increase in the number of MDs per period leads to higher post-discharge ion
currents but reduces the ion extraction efficiency.

3.4. Transit time

To identify the dominant mechanisms of ion losses, post-DBD ion currents (lion) are
measured for different transit times and compare to calculations as detailed in the §2.1 of SI.
To summarize, ion losses depend on the considered volume. Electro-collection is dominant in
the discharge volume (gas volume between the metal electrodes) and in the inter-alumina
volume after the discharge. In the post-alumina volume, the reduction of ion densities is due
to ion-ion recombination!3® (cf. §3.3 of Sl). The transit time is adjusted by the flow rate, the
length of the inter-alumina volume (Loutput Cf. Figure 3) as well as the length of the post-alumina
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volume. As expected, the most critical transit time is the inter-alumina one which should be
as short as possible to increase post-discharge ion densities (10 times higher at 9 mm from
the discharge than at 17 mm, cf. Figure 5).
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Figure 5. Post-DBD ion currents versus air flow rate for the 1.6 mm gap DBD, with Loutput =5 mm (a) for AUy, = 1 kV, with ESP
at 17 mm from DBD after a volume of 4 cm=3 and transit time from 30 ms to 0.9 s, I;= 1.6 mA and (b) negative ion currents
for AUpp = 1.3, 1.7, 2.7 and 4.6 kV with ESP at 9 mm from DBD after a volume of 1.4 cm and transit time from 10 to 300 ms.

Positive and negative ion currents follow the same trends with an excess of positive ions
that can be tuned by the gas flow rate (cf. lion*/lion” in Figure 5a) and applied voltage (Figure
5b).

Positive to negative ion currents ratio lion*/lion” is correlated to aerosol mean charge 3> 671
and gives the dominant mechanism of ion losses. Recombination or/and Brownian diffusion
control ion losses if lion*/lion” is higher than 1 and increases with the transit time. If the ratio
lion?/lion” tends to 1 electrostatic repulsion is dominant. In Figure 5(a), the non-monotonous
evolution of lion”/lion” shows that the dominant mechanism of ion losses depends on the gas
flow rate range and the related distribution of ion clouds.

At gas velocity higher than 1 ms™? (5 Lmin) in the DBD, ion-ion recombination controls the
decrease of ion densities a few tens ms after dielectric materials proving that bipolar ions are
homogenously distributed in space.

Below 0.2 ms™* (1 L min), post-DBD ion densities are up to 10 times higher than above
1 ms?!due to the laminar gas flow regime, with a higher temperature gradient and ion density
gradient. lon densities decrease less than expected by recombination proving that bipolarions
are partly separated in space (cf. §3.3 of Sl).

The length of the alumina plate in post-discharge is an efficient way to control post-DBD
ion currents. Depending on the targeted application, post-DBD ion currents up to a few nA can
be achieved using an alumina length of a few millimeter or three orders of magnitude smaller
with an alumina length of a few centimeters. The increase of the discharge gap length favors
ion extraction from the discharge and limits ion losses in the post-discharge inter-alumina
volume. To enhance post-DBD ion current, a discharge gap larger than 1.5 mm and applied-
voltage frequency larger than 30 kHz lead to ion density larger than 10> m3.

Despite reduced yield, as only 10® % of the charges are extracted from the discharge gap,
DBD can thus be designed to favor an efficient transport of bipolar ion clouds with reduced
losses compared to self-repulsion of unipolar ion cloud or ion recombination in homogeneous
bipolar ion cloud (cf. §3.5).



3.5. Counter flow ion extraction

A counter flow-DBD ion source has been tested to charge aerosol upstream of the DBD as
detailed in section 5.2 [®8, A flow of clean air in the opposite direction to the flux of ions to
separate them from the discharge effluents: ozone, nitrogen oxides, and nanoparticle (cf.
Figure 6). The arrangement with concentric cylinders is polarized by a 60 kHz sinusoidal
voltage and an ion trap is used as ESP to measure post-DBD ion current (cf. Figure 6a). Average
plasma power P and discharge current /4 follow the same trend as the voltage (not shown) and
depend on the number of MDs per period and on the charge per MD of about 0.5 nC. The I-V
characteristics of the ESP proves that all ions are collected above 1 kV (cf. Figure 6b). Due to
the faster collection of electrons more mobile than ions, positive ions are in excess in the gap
and downstream the DBD; the I-V characteristics of the ESP is thus shifted to positive values
of ion trap current.
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Figure 6.Counterflow-DBD ion characterization in cylinder-to-cylinder arrangement, (a) scheme of the DBD with a
photograph of the DBD with sub-second aperture durations (b) I-V characteristics of the ion trap for a DBD voltage of 6 kV,
Z*/Zi is estimated to 0.9 from the slopes, assuming the same positive and negative ion densities, and (c) upstream ion
currents and positive-to-negative ion currents ratio as a function of the discharge current ly. Assuming lion*/lion” €qual to
Ni*/N; at the entrance of the neutralizer, positive to negative ion currents ratio is about 1.2 for discharge current between
10 and 25 mA which leads to a Ny-Z; */~ ratio of 1.1.

Despite the gas flow injected in the discharge gap, ions are detected upstream (cf. Figure
6¢). Diffusion and/or electrostatic processes are thus efficient to transport ions in the opposite
direction to the gas flow. Thermal and ion density gradients as well as electrostatic repulsion
of unipolar ions from the polarized feet of MD with opposite polarities (positive ions at the
cathode side and negative ones at the anode) contribute to the ion transport.

Moreover, the production of separated unipolar ion clouds by plasma filaments in an AC
electrical field limits ion-ion recombination. This mechanism of consumption of bipolar ions in
volume, for densities larger than 10*2 m3 is thus less active than in homogenously mixed
bipolar ion cloud leading to an efficient electrostatic transport of bipolar ions in DBD (cf. §3.3
of SlI).
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4. Injection of aerosol in DBD

The injection of aerosol in DBD modifies the electrical characteristics of the MD depending on
aerosol size and concentration mainly due to aerosol space charge [1% 6% 701 Moreover, the
collection of aerosol on dielectric surfaces increases the surface conductivity that reduces
discharge current with time 1],

Once aerosols are charged in a DBD, electrical forces are dominant compared to gravity
and thermophoresis and thus control the trajectories of particles. The kinematics of aerosol
in DBD have been treated in different works 1% 20 711 The applied voltage and frequency
control the oscillation of the charged species (electron, ion, and aerosol) depending on their
electrical mobility and thus the collection efficiency in the DBD. For aerosol, the location of
the particle when the particle collects charges affects the trajectory. It has to be noticed that
MDs increase the collection by a few tens of percent due to surface polarization as well as
turbulences 29,

DBDs are operated at frequencies lower than 10 kHz to promote electro-deposition on
surfaces and at higher frequencies to limit collection.

4.1. Applications with electro-collection at low frequency

DBDs have been tested from air quality applications as electro-filters for aerosol filtration (1%
11,721 3nd more recently for airborne virus treatment 12, lonizing properties of plasma are used
to charge and collect aerosol at low frequency (a few kHz). Reactive properties are used to
destroy the collected combustion-like aerosol produced by DBD for VOC abatement or to
inactivate viruses at high frequency (a few tens of kHz).

Nanocomposites thin films consist of nanoparticles embedded in a matrix. Three main
methods are used to form the nanocomposite films.

Only precursors can be injected in the DBD to form both nanoparticles and film. As the
charging by collection of ions is efficient only for particles larger than a few nanometers, the
transit time has to be larger in the DBD longer than the times of vapors formation, nucleation
and growth above the minimum size to get charged 73, Hence, the electro-collection of
particles on surfaces is used for thin film deposition in DBD with a frequency of a few kHz.

Nanoparticles and precursors can be injected in the DBD to produce the composite for
hydrophobic surface [®1, wood treatment 74, A compromise has to be found as the growth rate
of film formation increases with frequency whereas nanoparticle density decreases Pl
Amplitude and frequency modulations of the voltage applied onto the electrode overcome
this limit and lead to homogeneous film growth] 7% 731,

This method has been used to coat agglomerated metal nanoparticles with thermo-stable
SiOx limiting sintering at high temperature to keep high active surface of catalyst
agglomerates. Nevertheless, the injection of both particle and precursor downstream of the
discharge prevents from the collection of aerosol inducing discharge destabilization and the
destruction of precursor with loss of functionality .

4.2. lons sources without electro-collection at high frequency

DBDs have also been tested as a source of bipolar ions to charge aerosol injected in the
discharge for aerosol measurement tools [:20:33,34,76] Dye to the excess of positive ions in the
gap, the net charge of aerosol downstream the DBD is positive. Charge distribution after a
bipolar ion source such as radioactive one has a Gaussian shape (cf. Figure 7b for Krypton
source). The charge distribution of aerosol measured just after the DBD presents a positive
mode and a negative mode depending on particle size as shown, in Figure 7, for 102 nm
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particles 22771, These two modes are due to the separation of positive and negative ions clouds
in the discharge especially on both sides of MD.

50
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Figure 7. Schematic of aerosol charger with aerosol injection in the DBD and charge distribution of latex particle (PSL)
measured downstream the DBD

The choice of 20 kHz is the result of a compromise between better aerosol extraction at
higher frequency and higher power consumption inducing higher gas temperature that can
alter aerosol properties (size, shape crystalline structure, and functional properties) due to
evaporation, melting, or sintering.

It has to be noticed that the presence of ions downstream of the discharge, leads to the
evolution of the charge distribution that tends to reach a Boltzmann distribution with time.
Therefore, to obtain an ion source insensitive to aerosol properties, to prevent discharge from
destabilization related to electro-collection of the aerosol in the discharge gap as well as
modification of aerosol properties, aerosol can be charged after the DBD (cf. section 5). lons
can thus be blown from the discharge gap by a gas flow and mixed with aerosol downstream
the gap if a frequency higher than 20 kHz is imposed to extract ions from the discharge, as
detailed in the following section.

5. Post-DBD charging for aerosol measurements

In the submicron range, particle size distributions are measured using electrical mobility
analysis. Scanning mobility particle sizers (SMPS) classify particles according to their electric
mobility. Then, classified particles are counted with a condensation particle counter (CPC). To
determine the initial particle size distribution from the measured mobility distribution of
aerosols, data inversion requires to control the charge distribution of the aerosol upstream of
the mobility classifier. To do so, bipolar diffusion chargers, also known as neutralizers, are
used, where particles are introduced into an ionization chamber that contains ions of both
polarities!?®!. Radioactive material, soft X-ray [271, UV [28] or corona discharges 2°32], and DBD
20,33, 341 haye been developed to neutralize aerosol.

To ensure aerosol neutralization (i.e. to reach steady state bipolar charge distribution with
a net charge close to zero), two conditions must be fulfilled in homogeneously mixed positive
and negative ions. The N;-T product should be higher than 6x10'2 m=3 s with t the transit time
of aerosol in the ion density N; that should be 10 times higher than aerosol concentration for
aerosol larger than 20 nm ©3 781, The Njon*Zion*/Nion Zion™ ratio controls the mean charge per
particle 7! with Z; the mean ion electrical mobilities of ions. This ratio should be 0.87 8% to
use the current data treatment from mobility spectra to size distribution or the data treatment
has to be adapted. In post-DBD, positive and negative ions are homogenously distributed, the
ratio Zion”/Zion” can be calculated from ion mobility measurements and lies in the range of 0.6
to 1.05 depending on operating conditions [*8. In post-DBD, the electric field is negligible
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lion*/lion” is thus a good estimation of Njon"/Nion”. Zion® and Zion,w are measured by mobility
measurements to define the Nion-Zion ratio. It has to be underlined that in post-DBD, both
Zion'[Zion” (due to ion ageing) and Nion"/Nion” (due to losses related to ion mobility) evolve along
the post-discharge; nevertheless the Njon-Zion ratio at the entrance of the charging volume can
be used as an indicator of aerosol charging conditions.

5.1. Post-DBD neutralizers with a downstream injection of aerosols

An alternative to radioactive aerosol neutralizers for submicron particle size measurements
by mobility analysis has been evaluated by Mathon et al. 81, The initial ratio of positive and
negative ion currents controlled by the DBD voltage leads to a tunable mean charge of aerosol
in this post-DBD bipolar charger. As expected from Gunn’s law, the mean charge and the
variance are proportional to particle diameter above 50 nm and independent of the aerosol
concentration up to 6:10*2 m=3. The size distributions measured with a radioactive neutralizer
85Kr (74 MBq) and the post-DBD neutralizer present the same modal diameters and a maximal
overestimation of the total concentration of 10 %, for aerosol from 15 to 730 nm with
concentrations up to 6102 m-3,

To prevent from corrosion of aerosol tools downstream DBD due to oxidizing species such as
ozone or singlet oxygen, nitrogen injection in the DBD gap has also been tested. Despite
obvious modifications of post-DBD ion mobilities from air to nitrogen, this post-DBD aerosol
charger can be used, as currently available &Kr or X-rays neutralizers, for submicron-sized
distribution measurements with stable operating conditions.

5.2. Counterflow ion extraction for upstream-DBD neutralization

To overcome the main drawback of DBD neutralizer (oxidizing species downstream of the DBD
that alters the aerosol measuring tools), the principle of a post-DBD aerosol neutralizer with
counterflow extraction of bipolar ion is established from aerosol mobility measurements.
Bipolar ions are extracted from Dielectric Barrier Discharge (DBD) against the airflow injected
in the gap, to be mixed upstream of the DBD with the sampled aerosol flow. This counterflow
transport of bipolar ion first lies on electrostatic repulsion of unipolar ion clouds, and then
mixed by diffusion into a necessarily homogeneous bipolar ion cloud to achieve the measured
expected bipolar mobility distributions. Operating conditions for aerosol neutralization are
defined from positive and negative ion fluxes, with respect to charging conditions (N;-Z*
ratio). Similar aerosol size distributions are measured by mobility analysis with the DBD
neutralizer and the reference one (8°Kr), with the same modal diameter and a maximal 15 %
overestimation of the total concentration. The principle of this counterflow-DBD neutralizer
is suitable for aerosol size measurements without oxidation of mobilimeter and particle
counters nor artifact nanoparticles, as a reliable, long-life, and low-maintenance plasma ion
source even in air.

At 6.5 kV (ls=10mA), upstream ion densities at the entrance of the neutralizer and N;t
product are estimated to be 5x10'2m3 and 3x10%m3 s respectively. In this condition,
selected for neutralization, comparative tests of aerosol sizing with &Kr and counterflow-DBD
neutralizers show similar size distributions with the same diameter modes (cf. Figure 8).
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Figure 8. Comparison of neutralizers (8°Kr as a reference and counterflow-DBD): (a) electrical mobility
spectra of positive particle and (b) size distribution after the correction of the charged fraction, both
measured with a differential mobility analyzer (SMPS 3071 TSI Inc with Qspearn =3 L mintand
Querosol =0.3 Lmin?) for a counterflow-DBD neutralization time of 1 s at 0.8 Lmin™, Ve =6.5 kV,
I;= 10 mA, aerosol concentration of 4x10° cm

As expected, the higher N;-Zi*/- ratio measured upstream of the DBD than the reference &Kr
source, induces higher fractions of positively charged particles. This excess leads to an
overestimation of total aerosol concentration of 15% that can be corrected by adapting the
charged fraction in the data inversion algorithm.

This low-cost counterflow-DBD neutralizer can be used for submicron-sized aerosol
neutralization, as currently available ®Kr or X-rays neutralizers, without ozone nor
nanoparticle from the DBD. Charge distributions of particles in the submicron range were
reproducible with the standard deviation expected from theory. Aerosol losses in the
neutralizer are lower than 95% for particles larger than 100 nm. This counterflow-DBD
neutralizer is stable on large ranges of applied voltage and discharge current. Current studies
aim to achieve steady state charge distribution for smaller particles and higher aerosol
concentration as confirmed by preliminary results with different operating conditions of the
plasma.
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6. Discussion on DBD arrangement and operating conditions

Each of the three DBD arrangements has advantages. The plane-to-plane arrangement is
simple and tunable. The arrangement with concentric cylinders is compact and suppresses the
edge effects, whereas the cylinder-to-cylinder arrangement is optimal for aerosol injection in
the DBD with a limited collection of aerosol.

As far as possible, aerosol injection in the DBD should be avoided to prevent the discharge
evolution and destabilization with aerosol deposition in the DBD. Post-DBD reactivity or
charging is to be favored as chemical species and charged species can be extracted from the
discharge. Nevertheless, electro-filtration or thin film deposition requires to inject aerosol in
the DBD that involves to characterize the influence of aerosol on the electrical discharge
characteristics depending on the size, the concentration, the dielectric permittivity and the
chemical nature of aerosol as well as to characterize the time evolution of the discharge with
the aerosol deposition.

Post-DBD charging prevent from aerosol losses and aerosol modification with temperature
and chemical reactions, in that respect counterflow is optimal even if the ion concentration is
at least one order of magnitude lower than downstream the DBD.

To extract ions from the discharge, a frequency of the applied voltage above 30 kHz and a
minimal length of dielectric material downstream of the discharge are the two main
parameters to take into account.

All these considerations are essential to develop devices based on DBD for aerosol
measurement of concentration, size, or nature. Moreover, these considerations can be useful
for ongoing development on (i) plasma-surface interaction such as DBD treatment of seeds,
biofilm, or surface decontamination, or (ii) plasma-liquid spray interaction such as water
depollution of antibiotics and drugs and for the production of “activated water” to clean and
decontaminate food and any surface.

7. Conclusions

The plasma filaments in Dielectric Barrier Discharges can be considered as local and brief
sources of bipolar ions that can be transferred to post-discharge within the gas flow
downstream the DBD as well as upstream the DBD. DBDs are thus a user-friendly, low cost
and tunable bipolar ion source that can be used to neutralize charged surfaces, powders, or
aerosols. The presence of charged species in the DBD exhaust gas flow, for frequencies above
30 kHz) has to be addressed, for instance by simple post-discharge arrangements with chosen
materials to control heat exchanges and post-discharge electric fields by surface potentials,
when DBDs are used for surface treatment or aerosol processes.

To optimize such a bipolar ion source at atmospheric pressure for aerosol neutralization,
ion measurement protocols have been developed. The production of ions per second depends
on the charge per MD and the number of MDs per second. The transport and losses of ions
are controlled by an electro-hydrodynamics competition, as well as ion-ion recombination and
diffusion. At low gas velocity (vges < 0.2 m s1), more laminar gas flow and enhanced heat and
mass transfers lead to higher post-discharge ion densities than at gas velocity higher than
1 ms™?. The spatio-temporal distribution of MDs plays a major role in ion transport due to
electrostatics repulsions at the feet of the MD and diffusion related to density and
temperature gradients as proven by the evolution of post-DBD ion current with the number
of MD curtains controlled by the shape of the metal electrode and the applied-voltage.

In the discharge and the post-discharge inter-alumina volumes, ion densities are controlled,
at first order, by electro-precipitation. In the post-alumina volume, positive and negative ion
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densities are controlled by ion recombination and, to a lesser extent, by self-repulsion for
positive ions in excess.

DBD can be used as a charger of aerosols in the discharge or in post-discharge. Charged
aerosols (droplets, nanoparticles, or micronized particles) can then be deposited on the
surface for filtration, composite nanomaterial, or focused deposition for coatings. Bipolar
coagulation can also be used for nanoparticle assembly or micro-reactivity using droplets. One
promising application is the counterflow ion extraction as a clean source of bipolar ions
without oxidative specie nor nanoparticle from the DBD, suitable for aerosol size
measurements.

Funding: All experimental studies have been performed at LPGP of CNRS-Université Paris
Saclay and were supported by Palas GmbH [UMR8578/139172] and RAMEM
[UMR8578/043271.
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Supplementary information

1. Introduction
This supplementary information deals first with thgerimental setup concerning post-DBD ion
measurements then the mechanisms of ion lossggemented. Finally, post-DBD ion transport is
examined through experimental results.

2. Experimental setup

2.1. Operating conditions
The flow rate of dry and filtered air is regulafeaim 0.3 to 8 L mirt by a mass flow controller. The
pressure in the DBD reactor is kept constant aDX0Bar +/- 2 mbar. The gas velocity in the 1.7 mm
gap DBD withLwai =50 mm (cf. Figure S1) lies between 0.06 to 1.6'niThe transit times in the
discharge volume (the gas volume between metairetizs) are between 68 to 2.6 ms and 85 to 3.2 ms
in the post-discharge inter-alumina volume Wighe: = 5 mm. Without discharge, the gas flow regime
is laminar as the Reynolds number lies betweem804&0 far below the transition value of 2000.

’ == 1 mm
Filamentary discharge ,:ff d .
~~_ : 2 "9% lon measurements locations
Fa o

Sresng > i > 25,5 s, RN P ENC SRS e S A D S SR >
0.3t0 8 L min' g ; ' Positive and tis)
g

J:— Electromagnetic shields

Figure S1. Scheme of DBD arrangement for post-discharge ion investigation

of dry air

A sinusoidal high voltage is applied between mekattrodes. The choice of 60 kHz is the result of
a compromise between better ion extraction at hdnifrequency and higher power consumption and
related surface and gas temperature that careaitesol in post-DBD (evaporation, melting, sintgyin
Using an oscilloscope with a bandwidth of 1 GHztamtaneous applied voltagét)) is measured with
a high voltage probe (Tektronix P6015A), and disgbaurrent in the external circuit}) is measured
through a 232 resistor. Input power? in Watt) is calculated by the integration of Lisgaf cycle
(q(v) obtained by replacing the Zbresistor with a 1 nF capacitor cf. Figure 1). Thpacitances of the

DBD without plasma((gg) in F) and of the alumina plateS,{,minq IN F) can be determined with the

smallest slope of the cycle.

The electrode and gas temperatures are measutedheitmocouples. The time constant of DBD
thermal equilibrium has been measured between 20 toinutes depending on thermal conditions (i.e.
gas flow rate in the DBD and around the DBD chantbat both control heat exchanded)). All the
measurements, presented here, have thus beenmpedfat least 30 minutes after any modification of
the operating conditions.
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2.2. Post-DBD ion current measurements

In post-DBD, bipolar ions are separated by an edetdtic precipitator (ESP), made of two metal
plates (70 x 70 mm) separated by 17.5 mm and gelhet 200 V. lons current collected on the grodnde
plate is measured by an electrometer -Keithley 60a0Keithley 6514 or Pegask. Positive and
negative currents are measured one after the @fgificant effort has been performed to ensuee th
representativeness of ion measurements. The EStelgled to limit electromagnetic disturbances of
the power supply and the discharge. The mean tramsi of the gas in the ESP (from 17 and 0.6 s for
gas flow rates from 0.3 to 8 L mihis much longer than the typical drift time of ®oto the electrode
(about 15 ms for ions with electrical mobility a4 m? V- s?) to compensate space charge effects in
the ESP and collect all ions. To reduce the infbgeof the electric field of the ESP on ions tramspo
upstream of the ESP, a metal screen with a windovemnnected to the measurement electrode of ESP
at the entrance of the ESP (cf. appendix 1).

As soon as the velocities of electric drift, diffus, and thermophoresis can be neglected compared
to the gas velocity, post-alumina ion densitigg,, can be estimated from ion current measurements.
As a first approximation, these conditions areilfelf for a given set of operating conditions whbe
post-discharge ion current is negligible in the saiperating conditions without gas flow. The mean
post-DBD ion densities are derived from ions cusegas flow rate, and ions unit charge:

Lions
Nion = eQ (S3)

with lions the positive or negative ion current (/é):—- 1.6x10* C the elementary charge aQdhe gas
flow rate (n? st). The measurements of positive and negative iorents have been confirmed by
aerosol size distribution measurement comparedwéihestablished aerosol charging la#is

To investigate ion transport and losses, the medsion densities along post-DBD have been
compared to theoretical ion losses. lons currenig tbeen measured at five locations in the post-
discharge (referred to as A, B, C, D, and E with BEP located at 9, 12.5, 17, 50, and 100 mm from
the center of the discharge respectively, cf. Fg81). The volumes crossed by the gas before ion
measurement are 1.4, 2.5, 4, 8.5, and 90flom A to E. Measurements at E are carried outrcktr@am
of the ESP using a second ESP that allows us trgothe collection efficiency of the first ESP.

Theoretical ion losses are estimated for each palyprocess separately (diffusion, recombination,
and electrostatic repulsions) using empirical @otietical laws (cf. section 3). The three volumes o
interest are the “discharge volume” defined as/thieme of the gas layer between metal electroties, t
post-discharge inter-alumina, and the post-alumolames. The ion penetration is defined as the rati
of the ion densities at the outlet of a given voduim the ion density at the inlet.

3. Calculation of ion losses
Empirical or theoretical laws for ion penetratietated to diffusion, ion recombination, and elestatic
losses by self-repulsion to the wall as describedv.

a) Diffusion losses are estimated from the empirical law . This law has been validated for
aerosol particle diameter as small as that of typical air ions, in tubes within 1% valid for "],

2
Paiss =1 —5.50u3 +3.77u for u<0.007 (S4)
= 0.819exp(—11.5u) + 0.0975 exp(—70.1p) + 0.0325 exp(—179u) for u > 0.007
with u = DLW. D, the diffusion coefficientt. the tube lengthyV the width of the plates the distance

Qh'’
between the plates aQthe gas flow rate.
The diffusion coefficients are calculated from Hais's relation from ion mobility
(Z'=1.4x100m?V1st and Z = 1.7x10" m? V! s? B)) leading toD* = 3.5x1¢° n? s! and
D =4.3x10° n? st) for positive and negative ions respectively.

18



b) lon-ion recombination: lon penetration due to ion-ion recombination (Precoms) is calculated
with the smallest value between nion* and nion’, assuming the same profiles for positive and
negative ion density, using:

1
Precomp (t) = T+a-Ngt (SS)
with Precomn the ion penetratioms initial ion density (%), « recombination coefficient (1.6x2@m?’.s?

at 18°Cl® 10 andt the time (s).

c) Electrostatics losses: there are two electrostatics cases, the ion losses on the wall by self-
electrostatics repulsion and by the decreasing oscillating external field due to the polarization

of the DBD electrodes neglecting the surface electric field.

- lon density decay by self-repulsion has beenistuy Whitby™*:
1

1+N, e'i%t
This law is valid only for unipolar ions with anni@ensity profile only controlled by self-repulsidn
post-DBD, bipolar ion profiles are probably not @& the oscillating electric field at 60 kHz séiffects

ion trajectories. Nevertheless, this law can belwsea first approximation to estimate the decay of
positive ion densities that are in excess.

Pself—repulsion () = (S6)

- The oscillating electric field, in the post-discharge inter-alumina volume, Lagland surface electric
fields partly collect ions on the alumina platesldDlations for aerosol deposition have been report
(12,131 Nevertheless, due to many approximations on kietree field, no ion penetration equation is
used in this paper.

4. lon transport controlled by EHD equilibrium (AUpp, Q)

Post-DBD ion currentslifns) are measured for different applied voltages aasl fipw rates to
confirm that ions transport is controlled by a cetipon between electrostatic and hydrodynamic
forces.

4.1. Applied voltage

Positive and negative post-DBD ion currents meabsafter a transit time of 42 ms are plotted as a
function of the overvoltagdU,,, with an alumina length downstream the dischatgg,: of 10 mm in
Figure S2(a) and of 25 mm in Figure S2(b) (forrarh discharge gap, at 4 L migas flow rate). The
vertical lines define the voltage ranges (I, ligddh) with 1, 2, or 3 curtains of DF and the tramns
between these voltage range2 (I and I1I=>111) (cf. section 3.1).
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Figure S2. Post-DBD jon currents measured at D versus overvoltage for a 1 mm DBD gap, air flow rate of 4 L min™,
Lwai= 36 mm and alumina length downstream the DBD, Loutput Of (a) 10 mm with a 42 ms transit time between
discharge and ion measurements and (b) 25 mm with a transit time of 49 ms.

In Figure S2, positive and negative post-DBD ion currenissf follow the same trends. Positive
post-DBD ion currents exceed by 10-20% negativesohghter and more mobile negative ions are
more easily lost on the walls than positive onesrddver, positive and negative ions are produced at
different times and/or locations: by ionizationhigh electric field for positive ions and by attawmt
of electrons in low electric field for negative artbat could account for the discrepancies.

In Figure S2 (a), post-DBD positive and negative ion currergs with increasing applied voltage.
Higher applied voltage leads to more numerous R dievelop in the DBD per time unit (i.e. more
numerous sources of ion). Once produced, mosteo€iarges are collected on the dielectric surfaces
in the discharge volume. About 16 of the charges are extracted from the disch@ligeharge current
between 0.4 and 7.2 mA for ion current betweenD390 pA). The ion production efficiency (defined
as the ratio of post-discharge ion current to disgé current, not presented) declines with incregsi
applied voltage, due to the electro-collection arfis in the post-discharge inter-alumina volume as
confirmed in section 4.4.

The number of DF curtains affects the evolutiopadt-DBD ion currents as a function of the applied
voltage DF (see Figure S2a). After the propagatibm DF, positive and negative ions are slowly
separated by the electric field until the field eeses™ and radially expands around the B¥ 1€l
Moreover, ions undergo surface and volume elefiglids related to DFs that develop around them. The
intensity of these interactions depends on thda@atd temporal distributions of the surrounding. D
For AUy, below 2 kV, the ion currents increase with the mapVoltage i.e. with the number of DF that
develops on a single curtain of DF. With 2 DF cimgathe post-discharge current is nearly constant
despite an increasing number of DF. DF. The dowastrcurtain of DF probably acts as an electrostatic
wall for ions produced by the upstream curtain tiing the ion extraction from the discharge volume.
Moreover, the increase in the amplitude of the &eplelectric field enhances the electro-colleatibn
ions on alumina plates. The electric field is retomtrolled by the surface electric field which mos
probably limits electro-collection enhancementhe tlischarge volume. Nevertheless, the Laplaae fiel
increases beyond the discharge volume that fawvarelectro-collection on alumina plates in the post
discharge inter-alumina volume. With 3 DF curtapest-discharge ion currents increase as a quadrati
function of the applied voltage most probably dughtermal effects as discussed in section 4.5.

In Figure S2 (b), the drastic reduction of postHarge ion currents compared to Figure S2 (a)
exhibits the critical role of the length of the mima plate downstream of the discharge in termisrof
losses. The increase in 8k length of a factor of 2.5 leads to a reductiopast-DBD ion current by a
factor of 1.3 to 5 depending on the applied voltdde most surprising fact is that the evolutiopos$t-
DBD ion currents with the applied voltage presentsaximum for the 25 mitnoupe. The lower post-
discharge ion currents at higher applied voltagelseto support that electro-collection controls ion
density in the post-discharge inter-alumina volyofesection 4.4).
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4.2. Gas flow rate

The post-DBD ion currents and the ratio of positiv@egative ion currents are plotted as a function
of the gas flow rate between 0.5 and 8 L ‘#ifior AU, = 1 kV with the ESP at location C in Figure 4
(a). The evolutions of negative ion currents vergas flow rate fordUy, of 1.3, 1.7, 2.7, and 4.6 kV
with ESP at A are represented in Figure 4 (b).

Figure S2 and Figure 4 confirm the results alreagprted by Bourgeois et al. downstream a plane-
to-plane DBD after a 4 mm diameter tube with a teraj 50 mm (leading to 6 - 100 ms transit time) at
a constant gas temperature of 318 KPositive and negative ion currents follow the earends with
an excess of positive ions that can be tuned bygakdlow rate (cflion'/lion in Figure 4 (a)) and applied
voltage.

Positive to negative ion currents rati@'/lion can be correlated to aerosol mean charge and gives
useful data on ion losses. Assuming that/lion is an estimation dflion'/Nion, One can define the critical
parameter that controls the mean charge of aeisobipolar ion environmemion* Zion"/Nion Zion 171,

The ratioZion'/Zion can be calculated from ion mobility measurementklis in the range of 0.6 to 1.05
6. Moreover, recombination or/and Brownian diffusimntrols ion losses Ifon'/lion” is higher than 1
and increases with the transit time. If the ratid/lion tends to 1 electrostatic repulsion are dominant.
In Figure 4 (a), the non-monotonous evolutionigf/lion” proves that the dominant mechanism of ion
losses depends on the gas flow rate and the redatibution of ion clouds.

In Figure 4 (b), each curve presents a minimumevalith a transition gas flow rate that depends on
the applied voltage. Above the transition gas ftate (e.g. 2.5 L mifat AUy, = 4.5 kV), ion currents
increase with the gas flow rate due to the rednadiothe transit time and the subsequent reducion
ion losses. Moreover, a larger gas flow rate leadsgher ion dilution reducing ion losses by i@mi
recombination. Below the transition gas flow rate currents increase with the reduction of the gas
flow rate, much more than previously reported. ifeasurements are carried out closer to the diseharg
than in previous results: only 9 mm downstreanhef@BD instead of 50 mm for Bourgeoisakt The
50 mm length tube probably enhances ion-ion recombination which lessens the discrepancies.
Moreover, previous data were obtained at constamt@mperature whereas the data presented here are
at quasi-steady thermal equilibrium. The increasmi currents with increasing applied voltage and
decreasing gas flow rate is most probably due teerefficient diffusion mechanisms at low gas flow
rates and limited ion-ion recombination. As thensition gas flow rate depends on the applied veltag
it is most probably related to a transition in tees flow regime (from laminar to turbulent gas fjlow
induced by DF despite the laminar flow regime ire tbBD without discharge (Reynolds
number < 2000). Each DF generates ion wind andeeatpre gradients. The collective effect increases
with the number of DF tuned by the applied voltagereover, a higher number of DF leads to higher
surface temperature and potential turbulences bwemion. The turbulent mixing favors the
homogeneous distribution of positive and negatwes iand thus ions losses by ion-ion recombination.

To summarize, those data confirm that the transgdons in post-DBD is the result of a competition
between electro-collection and hydrodynamics fo(eesection) with active ion-ion recombination.

4.3. lon-ion recombination in post-alumina volume

To show that ion-ion recombination mainly contrials density decay along post-alumina volume,
post-DBD ion currents have been measured at tbeegibns for three operating conditions (cf. Figure
S3(a)) and compared with ion-ion recombination thebhe measured ion currents decrease along post-
discharge with a stronger decay of positive curtbah negative one, due to space charge repulsion
related to the excess of positive ion. Therefondy negative ion densities are thus plotted ashatfan
of the gas transit time from the dischargedkk, = 1.5 kV and compared with ion-ion recombination
law in Figure S3 (b) for 0.3 and 4 L miin
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Figure S3. (a) Evolution of positive and negative post-DBD ion currents for AUpp = 1.5 and 2 kV, at 0.3 and 4 L min
1 for the 1.6 mm gap DBD with Loutput =5 mm, Lwai = 50 mm (b) negative ion density (same data for Upp = 1.5 kV)
compared with theoretical ion decay by ion-ion recombination from Eq.5.

In Figure S3 (b), the decay of negative ion density at 4 L ffig.s = 0.83 m S between alumina
plates) agrees with the theoretical decay by ionrecombination. It proves that, in these condgjon
negative and positive ion density profiles areshme within a few percent, and both electric fieldd
ionization in the post-alumina volume can be neglécAt a high flow rate above 4 L mifthe negative
ion density decay is thus controlled by ion-ionombination and losses by self-repulsion and diffasi
are negligible.

At 0.3 L min?(vgas = 0.063 m 8 between alumina plates), the post-DBD ion derdgiyreases less
than expected by recombination. Neglecting post-D&ization, the discrepancies can arise from: (i)
an overestimation of the measured ion density tgelto ion velocity higher than gas velocity), @)
reduction of the recombination coefficient with tiige of the gas temperature, and (iii) a separaifo
positive and negative ions in space that reduaesoigses by recombination. The two first combined
effects only explain about 10 % of the discrepasmci 0.3 L mirt. Thermal diffusion of ions
(thermophoresis) is negligible at a thermal stestdie in the post-alumina volume. Electric driftgikel
to the gas flow can lead to a reduction of ion @grsy a factor of 2 in the worst case as the elect
drift velocity has to be negligible compared to3xB s' (gas velocity at £ mint). The gas temperature
can reach 320 K leading to a reduction of 25% efrdftombination coefficient. Thus, these resultid te
to show that the separation of positive and negatins in space leads to an efficient transpdotslar
ions with reduced ion recombination at low gas ##jo Even if recombination is less effective than
expected, it remains the dominant mechanism oftivegi@n decay.

4.4. Electro-precipitation in post-discharge inter-alumina volume

To investigate ion losses in the post-dischargeriatlumina volume, positive ion currents are
measured for 3 lengths of alumina plates downstreftine dischargeloupuw= 10, 25, and 40 mm) for
a given operating conditiod € 1 mm,AUpp= 5.4 kV,lg= 5.3 mA,Q =4 L min?, Lwai = 36 mm) location
D). The aim is to estimate the ion current decathepost-discharge inter-alumina volume. To do so,
we assume that the post-DBD ion currents measoratifferent lengths of alumina plates can be used.

Positive ion currents are plotted versus post-diggd transit time from 42 to 56.5 ms controlled by
Louput at 4 L mint in FigureS4(a). The gas flow rate has been chosen becausedombination controls
ion densities in the post-alumina volume (cf. 84R)st-DBD ion current at the exit of the alumina
plates can thus be estimated from the measureeDRi3tion currents using Eq. 5. These calculated
currents are plotted versus the transit time inRB® with the largest alumina plate downstream the
discharge and compared to theoretical laws for paotess of ion losses in Figure S4 (b). Theorktica
post-DBD ion currents are calculated for each mesoef ion losses using equations (S4) to (S6).
Homogeneous mixing of positive and negative ioressumed for recombination calculations. The net
space charge density (20% of the positive ion dgnisi taken into account for positive ion lossgs b
self-repulsion. The theoretical evolution of ionrremt including all processes, neglecting the cogpl
between these processes, is plotted in the bldidinke in Figure S4 (b).

22



R (b) 800 1 P
\ J i —— Recombination
' J ' = Diff + Recomb + self-ra;
4 600 + 3 -3 Estimated from measurements
100 + o |
g 2 1
K % ;0
=~ 50 ¢ T, = ]
P 200 +
0 L 1 1‘ t(n:IS) \‘X‘_“_ t(ms)
--------------- ! 0 e —
40 45 50 55 60 0 10 20 30

Figure S4. Positive post-DBD ion currents (a) measured for 3 alumina plate lengths versus transit time from the
discharge up to ion measurement, Lwall = 36 mm, ESP at D (b) estimated from ion currents measurements and
calculated theoretical ion currents evolutions from Eq. (5, 6 and 7) versus transit time in the post-discharge inter-
alumina volume.

In Figure S4 (a)lion decreases by 2 orders of magnitude with transi fiom 42 to 56.5 ms. The
length of the alumina plate is the most criticatgmaeter that affects post-alumina ion current m th
post-discharge inter-alumina volume. In Figure $dfbne of the considered ion losses mechanism
alone can explain such a fast decay. Diffusioreigligible and recombination only accounts for ludilf
the ion current decrease after 30 ms transit titdeprocesses together, neglecting the couplings
between these processes, represent two-thirdseofoth current decay. Whatever the ion mixing
dynamics is, another mechanism is thus involveattmunt for the results. Electro-collection relaizd
Laplace and surface electric field is most probabédominant mechanism of ion losses in the post-
discharge inter-alumina volume. Rough calculatiohson losses by electro-collection assuming a
sinusoidal electric field with an amplitude offA0m™ as defined ift®!, with homogeneous ion density
and neglecting surface polarisation leads to iomet decay faster than the measured ones. These
calculations and the influence of alumina lengthlign(see 84.1) both tend to support that electro-
collection on dielectric surfaces mainly contrd¢is tlecrease of ion densities in the post-dischatge
alumina volume.

4.5. lon extraction from the discharge volume

To investigate the extraction of ions from the Hege volume, post-DBD positive ion currents are
measured downstream three DBD with discharge gags5p 0.9, and 1.7 mm, at 4 L miirand
Louwpt = 10 mm (cf. Figure S5). The vertical lines defthe voltage ranges with 1, 2, or 3 curtains of
DF, as defined in the section. A larger dischamelgads to a higher charge per DF with less nunsero
DF per unit time and area, at constant dischargeicu Moreover, a constant discharge current for a
larger discharge gap implies higher input power higther electrode temperature. For example, at
l¢ = 6 mA, the input power is 10 W, and the electreperature is 75°C for the 0.5 mm gap DBD and
for the 1.7 mm gap DBD, 12 W and 95 °C. So thatliersame production of charge per second in the
DBD, both the spatiotemporal distribution of ionsdathe temperature profile are affected by the
modification of the discharge gap length.
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Figure S5. Post-DBD ions currents for three discharge gap lengths (0.5, 0.9, and 1.7 mm) as a function of laischarge
at Q =4 L min™ for Loutput = 10 mm and ESP at D transit times between 40 and 46 ms.

The results of section 4.1, concerning the inflesnaf the number of DF per unit time and area and
the number of DF curtains on post-DBD ion currgihts), are confirmed for each discharge gap in
FigureS5.

At constant discharge curretd)(@and gas flow rate, highg, are measured at increasing gap length.
A factor of 3.4 on the gap length (from 0.5 to fnih) leads to an increaselig by a factor between 3
and 10 depending da This effect is due to reduced losses in the disghand the post-discharge inter-
alumina volumes despite longer transit time from discharge up to the ion current measurements. In
the DBD, coupled heat and mass transfers are eatiabg electro-hydrodynamics effects. After
showing that a modification of the gap length atstantlq has a negligible effect on ion recombination,
we will prove that both electric drift and thermapésis are involved in the reduction of ion losaes
increasing discharge gap length.

As a first approximation, neglecting the modificatiof ion distribution in space and time, the
variation of the discharge gap length has a ndaégeffect on ion losses by recombination. The
variation of the transit time (from 40 to 46 ms b and 1.7 mm gap lengths respectively) is partly
compensated by the reduction of the recombina@&fficient with the gas temperature (from 75°C to
95 °C). For example, dly = 6 mA, the theoretical discrepancies of ion couiserelated to ion
recombination are only of 2% for gap lengths of&né 1.7 mm.

lon losses are mainly controlled by electro-collmtbetween alumina plates. A larger discharge gap
length favors ion extraction and limits electroteotion just after ion production and during thestpo
production transit in the DBD gap. The increasthngap length, at constdatandQ, increases (i) the
mean drift length for the ions to be collected), tfiie local surface charge deposition on the fééte
DF, (iii) the temperature in the DBD and (iv) thendity and temperature gradients around DF that
enhance heat and mass transfers from the DF wutheunding gas. After the junction of the DF with
the surface, the higher surface electric field &rger gap length repels more strongly in the tipep
ions approaching the dielectric surface. Moreother higher surface temperature at a higher gagiHeng
reduces alumina surface conductivity and thusdbet spreading of surface charges from each D tha
reinforces the reduced electric field on the DFsab&fore the change in polarify). Finally, the
temperature gradient in the gas close to alumirfases limits ion collection by thermophoresis.

The effects of the surface electric field, as vealldiffusion and temperature gradients around DF,
have been confirmed by ion current measurement witpas counter-flow (from the ESP to the
discharge). From these results, a bipolar ion sowith limited effluents produced by the DR(@OX,
and nanoparticle) has been paterit@d
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