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Abstract

Plasmas in contact with liquids can degrade organic molecules in a solution, as reactive oxygen
and nitrogen species produced in the plasma solvate into the liquid. Immersing small droplets
(tens of microns in diameter) in the plasma can more rapidly activate the liquid compared to
treating a large volume of liquid with a smaller surface-to-volume ratio. The interactions
between a radio frequency glow discharge sustained in He/H,O and a water droplet containing
formate (HCOO7,q) immersed in and flowing through the plasma were modeled using a
zero-dimensional global plasma chemistry model to investigate these activation processes.
HCOO™ ,q interacts with OH,q, which is produced from the solvation of OH from the gas phase.
The resulting HCOO ™44 concentrations were benchmarked with previously reported
experimental measurements. The diameter of the droplet, initial HCOO ™, concentration, and
gas flow rate affect only the HCOO ™, concentration and OH,q density, leaving the OH density
in the gas phase unaffected. Power deposition and gas mixture (e.g. percentage of H,O) change
both the gas and liquid phase chemistry. A general trend was observed: during the first portion
of droplet exposure to the plasma, OH,q primarily consumes HCOO™ 4. However, O3 4, a
byproduct of HCOO™ 4 consumption, consumes OH,q once O3 44 reaches a critically large
density. Using HCOO™ q as a surrogate for OH,q-sensitive contaminants, combinations of
residence time, droplet diameter, water vapor density, and power will determine the optimum
remediation strategy.
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1. Introduction

Atmospheric pressure plasmas in contact with liquids are used
in a wide variety of applications, including water treatment,
plasma electrolysis, and plasma medicine [1-3]. These applic-
ations rely on plasma-produced reactive oxygen and nitrogen
species (RONS) solvating into the liquid and chemically activ-
ating the liquid.

In most reactor configurations, transport limits the activa-
tion of the liquid through both solvation of the RONS in the
gas into the liquid and transport of the RONS in the liquid.
RONS produced in the plasma need to transport to the surface
of the liquid to solvate. If the liquid is immersed in the plasma
in the form of droplets, the distance between where the RONS
are produced and the liquid can be shortened, and this trans-
port limit can be mitigated. Once the RONS reach the surface
of the liquid, these species need to transport from the surface
into the bulk of the liquid. One way to mitigate this limit is to
have a high surface-to-volume ratio (SVR) of the liquid, which
decreases the time it takes for the RONS to transport from the
surface into the bulk liquid. Using small water droplets (aer-
osols) in the plasma reduces both of the limits imposed by
transport [4].

Experiments have shown how SVR influences the concen-
trations of RONS in a liquid. Hassan et al compared the solva-
tion of HO, (high Henry’s law constant) and O3 (low Henry’s
law constant) into bulk liquid and electrosprayed droplets
[5]. They showed that increasing the surface area between
the gas and liquid increased the concentration of H,O5,4 and
O3aq. (The aq subscript denotes a solvated or aqueous spe-
cies.) However, their results showed that the H>O,,q concen-
tration was only four orders of magnitude larger than the O3,q
concentration, despite the difference in the Henry’s law con-
stants being seven orders of magnitude. This difference was
attributed to the depletion of H,O, in the gas phase before
the liquid reached Henry’s law saturation. Liu et al showed
that the concentrations of long-lived RONS (H;O2,q, NO2 ™ 4,
and NOj3 ) and short-lived RONS (ONOO™ ¢ and O;™ )
in water increase as the SVR increases [6]. Liu et al further
showed that cancer cell-containing media treated with plasma-
activated water with a higher SVR were more effective at pro-
ducing cell death due to the higher concentrations of RONS in
the solution.

Plasma has been proposed as an advanced oxidation pro-
cess to remove organic pollutants from water [1]. Singh et al
used plasma sustained in Ar to treat landfill leachate samples
containing per- and polyfluoroalkyl substances (PFAS) [7].
The perfluoroalkyl acids (PFAAs) and precursors were trans-
ported to the liquid surface by bubbling Ar through the liquid,
forming a foam at the surface. Singh et al showed that over
90% of perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS) and over 99.9% of long-chain PFAAs were
degraded within 10 min of treatment by plasma. Jose and
Philip used air plasma to degrade four toxic volatile organic
compounds commonly found in pharmaceutical wastewater
[8]. The water was sprayed into the plasma reactor and recir-
culated. For a hydraulic retention time of 33.3 min, over
90% of the four volatile organic compounds were removed.

Using samples of pharmaceutical wastewater, instead of pre-
pared solutions, over 90% of the volatile organic compounds
were removed by plasma treatment. Jaiswal and Aguirre com-
pared the effectiveness of He and Ar atmospheric pressure
plasma jets (APPJs) on degrading methylene blue dye [9].
They observed that the Ar APPJ was more effective at degrad-
ing methylene blue compared to the He jet, an outcome they
attributed to increased fluxes of oxygen radicals onto the solu-
tion produced by the Ar APPJ. Casado et al used an Ar plasma
jet to degrade benzene present on top of a water layer [10].
They showed that phenol, catechol, and nitrobenzene were the
main products formed from plasma interaction with benzene.
These molecules are formed by benzene reactions with OH,q
and NO»,,, likely formed by interactions between the ambient
air and Ar excited states.

Sremacki et al injected aerosol droplets (about 22 ;sm) into
an Ar plasma jet to observe changes to the RONS and ultra-
violet (UV) radiation from the plasma [11]. Aerosols in the
plasma decreased the UV radiation by absorbing the radiation
in the gas phase, and gas phase reactive oxygen species (ROS)
were also decreased. Products of the reactions between OH,q
and cysteine, used as a model biological molecule and dis-
solved in the aerosol, were detected. Cysteine conversion was
highest when the bulk liquid was exposed to the plasma, pre-
sumably due to the increase in UV photons. Plasmas have also
been shown to inactivate bacteria and viruses in a solution. Xia
et al used a packed-bed dielectric barrier discharge to inactiv-
ate viruses in aerosols in the plasma [12]. At least a 2.3 log
reduction in the infectious virus concentration was observed
in this reactor.

With the goal of investigating the transport of plasma-
produced ROS to droplets in a plasma, we have computa-
tionally investigated the degradation of formate (HCOO™ ,),
a model organic compound, by OH,q, a short-lived reactive
species produced by gas phase reactions and solvation into
the droplet. The effect of in-droplet reactions such as UV/-
vacuum UV (VUYV) photolysis are also discussed. HCOO™ 44
is dissolved in a water droplet (tens of microns in dia-
meter) immersed in an atmospheric pressure He/H,O radio
frequency (RF) glow discharge. Previous experimental work
in this reactor is described in Nayak et al and Oinuma
et al [13-16]. Nayak et al measured the electron temper-
ature and density in plasmas formed in this reactor sus-
tained in He and Ar, as well as He metastable densities [13,
14]. In Oinuma et al, droplets with 2 mM HCOO™,, pro-
duced by hydrolysis of formic acid HCOOH,, flowed through
the He/H,O plasma [15]. The droplets were exposed to OH
formed in the gas phase that then solvates into the droplet.
The HCOO™,q concentration after exposure to the plasma
was measured, and the change in HCOO™,q concentration
gave an estimate of OH transport into the droplet. Results
of a one-dimensional (1D) reaction-diffusion model showed
that the interaction between OH,q and HCOO™ ;4 happened
primarily at the surface of the droplet. Nayak et al investig-
ated the effects of other reactive species on the HCOO™ 4
concentration in the same reactor and found that, besides
OH,q, another reactive species that may consume HCOO™ , is
Oyq [16].
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Using a global plasma chemistry model, the interac-
tions between the plasma-produced ROS and a droplet were
modeled for a reactor based on the experimental work by
Nayak et al and Oinuma et al [13-16]. The global plasma
chemistry model incorporates a local diffusion length from the
plasma to the droplet and a reactive layer at the surface of the
droplet. The base case (1 atm, He/H,O = 99.8/0.2, 14.3 W) has
a water droplet 41 ym in diameter with an initial HCOO™ 4
concentration of 2 mM and has a transit time of 10 ms through
the plasma with an additional 10 ms flow time before collec-
tion. The consequences of plasma-produced OH on HCOO™ ¢
degradation is discussed, as is the influence of the photolysis
of H,O. In the liquid phase, the concentration of HCOO™ ¢
decreases due to reactions with OH,q that consume the OH,g.
As the HCOO™ 4 is decreased, the primary consumption of
OH,q changes to reactions with the products of HCOO™ 4
degradation. The consequences of gas mixture, droplet dia-
meter, initial HCOO™,4 concentration, flow rate (residence
time), and power are discussed.

In section 2, the model and conditions used in this study are
described, as well as a brief description of the experiments the
modeling is based on. The plasma properties and gas and liquid
phase species densities are discussed in section 3. These prop-
erties are discussed in section 4 while varying the droplet dia-
meter, initial HCOO™ 4 concentration, flow rate, power, gas
mixture, and water percentage in the inlet gas mixture. Con-
cluding remarks are shown in section 5.

2. Description of the model and experiments

This investigation was performed with the global plasma
chemistry model GlobalKin to simulate conditions based on
the experiments performed by Oinuma et al and Nayak et al
[15, 16]. The plasma reactor used by Nayak ef al and Oinuma
et al is an atmospheric pressure radio frequency glow dis-
charge formed between two parallel plate electrodes separ-
ated by 2 mm and which are 9.5 mm long. A schematic of
the reactor is shown in figure 1(a). Water droplets are released
from a dispenser and pass through the plasma entrained in the
gas flow, spending around 10 ms in the plasma depending on
the flow rate of the gas. After flowing through the plasma, the
droplets are frozen on an ultra-thin glass cover slip placed on
an aluminum insert at the bottom of the reactor, which was
kept at a temperature below freezing to preserve the exposed
liquid for later chemical analysis. For the base case, a 2 mM
solution of formic acid, HCOOH,q, was used. The formic acid
hydrolyzes to produce formate (HCOO™,q) and hydronium
(H3O+aq). HCOO™ 44 reacts with OH,q in the droplet, largely
resulting from the solvation of OH produced in the plasma.
Measuring the change in the HCOO™ 4 concentration gives a
measure of the OH transport to or formation of OH,q in the
droplet. Further details on the experiments, including details
of the measurements performed and the reactor, can be found
in Nayak et al and Oinuma et al [13-16].

GlobalKin has been described previously in Lietz and
Kushner [17] and so will only be briefly discussed here. As
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Figure 1. (a) Schematic of the experimental reactor [18].

(b) Schematic of the primary processes in the HCOO™ 54 reaction
mechanism. Reprinted from [18], with the permission of AIP
Publishing.

a global model, GlobalKin is zero-dimensional (OD), with the
gas and liquid phases treated as separate, well-mixed volumes.
Each gas phase species has a matching liquid phase species,
interacting by solvation of the gas phase species into the
droplet or desolvation of the aqueous species into the gas
phase. Each species density is determined by their individual
rate equation, including sources and losses due to reactions
and diffusion to surfaces. Charged particles diffuse to surfaces
based on their ambipolar diffusion coefficient. The diffusion
coefficient of negative ions is scaled by a Boltzmann factor
to account for the negative ions having to climb the potential
barrier intended to confine electrons. The electron energy con-
servation equation determines the electron temperature in the
gas phase based on the specified power. In this global model,
power is specified and there is no explicit dependence on, for
example, RF frequency. Electron-impact rate coefficients are
calculated by solving Boltzmann’s equation for the electron
energy distribution in the steady state.
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Table 1. Species included in the reaction mechanism.

Charged species in the gas phase

e, He™, Hed, HeH™, Ar™, Ard, ArHT

H*,H ,H7,Hy, OH", OH , H,O0™, H;0"
0,%,07,0f,0%,07,05, N7, N§,Nf, N
NO*, NOF, NO3, NO3 ', NOT (H,0), NO* (H,0),, NO* (H,0)3, N (H,0),

NO™(02)

H,0" (H,0), 07 (H,0), H;0™ (H,0), H;0™ (H,0),, H;0 " (H,0)3, H;0™" (H,0)4,
H30" (H,0)s, H;0™ (H20)6, 03 (H20), O3 (H,0)2, O~ (H,0), OH ™ (H,0),

OH™ (H20),
CO™, cof

Neutral species in the gas phase He, Ar

H, H,, OH, H,0, HO;, H,0,

0;,0,03,N;, N

NO, NO,, NOs3, N,O, N,03, N,O4, N»,O5, NH, HNO, HNO,, HNO3, HNO4
CO, CO,, HCOOH, HCOO

Excited states in the gas phase

He(2%S), He(2'S), He(2°P), He(2'P), He(3P), He(3S), Hex, Ar(1sy), Ar(1sz),

Ar(1s3), Ar(1s4), Ar(4P), Ar(4D), Ars
H*, Ha(r), Ha(v), Hf, OH(A”Y), H,O(v)
0>(v), 02(1), 02(' A), 02(' ), O('D), 03, Na(1), Na(v), No(A’Zy), No(@'' D),

N(’D)
N>O(v)

CO(v), COz(v)

Charged species only present in the liquid phase

e(Hzo)aq, HOy aq» ONOO;q, NOs aq» Natq, HCOO;q, COy aq» NO§2aq, HNO3 aq

Neutral species only present in the liquid phase

ONOOH,q, NaOH,,

Transport of species from the gas phase into the liquid
occurs as a result of the liquid being treated as a surface in
contact with the plasma. The loss of gas phase species to the
liquid is then a function of the specified surface area of the
liquid. For neutral species, Henry’s law equilibrium determ-
ines the transport between the liquid and the gas. A diffusion
flux of neutral species from the gas phase to the liquid is calcu-
lated. If the liquid is not saturated with the aqueous analogue of
the gas phase species, a flux of gas phase species is allowed to
diffuse into the liquid where the gas phase species is converted
into its solvated analogue. If the liquid is super-saturated, there
is a desolvation flux of liquid phase species into the gas that
are then converted back into gas phase species. Charged spe-
cies directly solvate into the liquid. Evaporation of the liquid
into the gas phase occurs by specifying a vapor pressure of
the liquid at the surface of the droplet. Diffusion of the liquid
vapor then occurs from the droplet into the bulk until the gas
phase reaches the saturated vapor pressure.

GlobalKin allows for two diffusion lengths to account for
transport processes to surfaces: one to solid surfaces in contact
with the plasma, and one to liquid in contact with the plasma.
The diffusion length to surfaces in contact with the plasma
is dominated by the parallel electrodes bounding the plasma,
having a gap of 2 mm. Transport to these surfaces produces a
diffusion length of 0.637 mm. Transport from the bulk plasma
to the droplet is through a gas boundary layer surrounding the
droplet, producing a diffusion length to the droplet of 100 pm.

The residence time of the droplet in the plasma, about 10 ms
in the base case, is too short for solvating species to diffuse
throughout the volume of the droplet. To account for the finite

plasma exposure time, a reactive layer of finite thickness is
specified at the droplet surface. Doing so divides the liquid
volume into a surface layer in which plasma-initiated reac-
tions occur and a nonreactive core. This formulation accounts
for short-lived species in the droplet, in particular OH,gq, not
being uniformly distributed throughout the droplet. These
short-lived species are instead found near the droplet sur-
face. As shown by Oinuma et al, the density of HCOO™ 44
is degraded at the droplet surface while being only nominally
changed in the center of the droplet [15]. Specifying the react-
ive layer thickness in GlobalKin therefore limits the amount
of HCOO™ q that the OH,q can interact with during the finite
transit time of the droplet through the reactor. The species
densities produced by GlobalKin are only for this reactive
layer. In the experiments, the total average density of species
in the droplet is measured. The total average density n; in the
droplet in the model is then calculated from

xi(3.347 x 10%em=3) (V) +n,V,

v, ) ey

ng =

where x; is the initial mole fraction of the species,
3.347 x 10?> cm™3 is the density of liquid water, V. is the
volume of the nonreactive core, n; is the species density in
the reactive layer, V; is the total volume of the droplet, and
Vi = Vi — V. is the volume of the reactive layer. If the spe-
cies is not initially present in the solution (i.e. the initial mole
fraction is zero), the total density is simply n;V,/V,. There is
no interaction between the reactive layer and the nonreactive
core.
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The reaction mechanism includes 112 gas phase species
and 123 liquid phase species, listed in table 1. Note that each
gas phase species has a liquid phase counterpart, and some spe-
cies only exist in the liquid. There are 3027 gas phase reactions
and 331 liquid phase reactions including reactions involving
photons. The gas phase reaction mechanism is based on Van
Gaens and Bogaerts [19] with updates to include He made
by Norberg [20]. Updates were also made based on branch-
ing ratios to produce excited states in recombination of He™
and He3™ from Emmert et al [21]. Two gas mixtures examined
include both He and Ar, and their interactions are included and
based on [22]. The liquid phase reaction mechanism is based
on [23] and [17]. The rates for interaction of He excited states
and ions with H,O,q were estimated to be fast relative to other
reactions and based on branching ratios from [23] and [24].

Additional reactions to address HCOO™ 4 were included
based on the reaction mechanism in Oinuma et al [15]. In
this reaction mechanism, HCOO ™, is consumed by OH,4 and
H,q, producing HyO,q or Hy,q and CO, ™ ,q. Changes to the
liquid phase reaction mechanism relative to Lietz and Kushner
[17] are shown in table 2. Henry’s law constants are taken
from Sander [25] and are listed in table 3. A Henry’s law con-
stant greater than 1 indicates that, at equilibrium, the dens-
ity of the species in the liquid will be larger than that in the
gas. A Henry’s law constant less than 1 means the density of
the species in the gas will be larger than that in the liquid at
equilibrium.

Photodissociation and photoionization of H;O,, are
included in GlobalKin. UV/VUV photons are emitted from
resonant states (Ar(1sy), Ar(1ss), Ar(4D), He(2!'P), He(3P))
and dimer states (Arj and Hej) of noble gases. Photons are
emitted with the natural lifetime of the state and leave the
system based on transit time across the plasma. For the res-
onant states, photons are reabsorbed from the ground state
to produce the corresponding resonant state. Using this tech-
nique, radiation trapping factors are not explicitly used but
naturally result from the reabsorption and residence time of
photons in the plasma. Reabsorption does not occur for the
radiation emitted by dimers, as the dimers fragment into two
ground state atoms upon emitting the photon and so have no
absorbing ground state. To account for the small area of the
droplet, the gas phase radiation in the plasma is shadowed by
a flux that separately interacts with the H;O,q in the droplet.
Sander et al have shown that, in liquid H,O, the threshold for
photoionization and photodissociation is lower than in the gas
phase [26]. Therefore, all of the UV/VUYV photons, including
those emitted from Ar states, can interact with HyO,q. The
UV/VUYV photons photoionize HyOyq, producing H20+aq and
€aq»> and photodissociate H, Oy, producing H,q and OH,.

The water droplets were prepared by dissolving equimolar
amounts of formic acid HCOOH,q and NaOH, into distilled
water [15]. The initial conditions used in GlobalKin for the
liquid includes 2 mM H30" g, HCOO ™, Na',q, and OH ™ .
To account for solvation of atmospheric gases, 2 s of expos-
ure to air (N,/O,/H,O = 78/21/1) was simulated. The res-
ulting aqueous mole fractions are shown in table 4 for vari-
ous initial concentrations of HCOO ™ ,q (H30™,q, Nay, and
OH7,q were also adjusted to have the same initial concentration

as HCOO™ ). H30+aq and OH7q have identical mole frac-
tions that indicate a pH of 7. Neﬁ;lq and HCOO™ 44 also have
identical mole fractions. HCOOH,, is present at lower mole
fractions than HCOO™ 4. Nayq and O,y have concentrations
that indicate they are in Henry’s law equilibrium with their
gas phase counterparts. The mole fractions listed in table 4 are
used as initial conditions for the results discussed in sections 3
and 4.

Simulations using GlobalKin address the volume between
the electrodes in the reactor (19.1 mm x 9.5 mm X 2 mm).
The flow rate varies from 0.75 slm to 3 slm, and the result-
ing residence times are shown in table 5 [16]. The base case
has a flow rate of 1 slm, corresponding to a residence time
in the plasma of 10 ms. The power is specified as nearly a
square wave in time, with a 0.1 ms ramp up and ramp down,
and the power is kept constant for the residence time. The
power varies depending on the gas mixture used, as shown in
table 6. The simulation ends after the plasma residence time
plus 10 ms; the latter period accounts for the flow of the gas
and droplet to the collection surface. The electron temperat-
ure is set to 0.025 eV at 0.2 ms after the power has ramped
down. Since the vast majority of electrons have recombined or
attached by this time, this assignment of electron temperature
does not affect the results of the simulation but does eliminate
numerical problems. (Electron temperature in the simulation
is obtained from dividing electron energy density by electron
density. When both electron energy density and electron dens-
ity trend towards zero, the system becomes numerically stiff.)
Each gas mixture includes impurities as measured in Nayak
et al (2.3 ppm H,0, 1.5 ppm O,, and 6.0 ppm N») [14]. While
these impurities were measured in pure He, they were applied
to all gas mixtures in this study.

3. Degradation of HCOO ™ ;4 by OH,q

The reaction mechanism in the liquid primarily involves
HCOO™ g, OHyg, CO2™ g, 027 4g, and HO, ™. A schem-
atic representation of the dominant reactions in the mech-
anism is shown in figure 1. The HCOO™ 4 dissolved in the
droplet undergoes a reaction with OH,q, forming CO, ™4 and
H,0,q. This reaction is the dominant consumption mechan-
ism of OH,q in the liquid during the first part of the resid-
ence time. While HCOO™ 4 also reacts with H,g, this reac-
tion is much less important than the reaction with OH,q due
to the order of magnitude lower rate coefficient and order of
magnitude lower density of H,q due to its smaller Henry’s law
constant. During the second part of the residence time, OH,q
reacts with the byproducts of HCOO™ 4 degradation. Once the
power turns off (or, equivalently, the droplet exits the plasma
region), and the source of OH,q from the solvation from the
gas phase decreases, the reactions with the byproducts of
HCOO™,q degradation will usually consume the remaining
OHgq. The CO, ™y that is formed from the reaction of OHyq
and HCOO™ 44 then reacts with Oy,q in a charge-exchange
reaction, forming COy,q and O™ 4q. As Oy,q is not a react-
ive species and is instead found in the liquid due to the initial
conditions (table 4) or due to solvation of the impurity, the
charge-exchange reaction occurs when CO; ™ ,q is available.
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Table 2. Aqueous reaction mechanism additions or changes from [17].

Rate coefficient
(cm® s™! unless

Reaction otherwise specified) Note
Hy04q + H20aq — H30 " 4q + OH g 1.83 x 10728 [151°
H30T4q + OH ™ 4q — H204q + H204g 4.98 x 107 [151°
Ion and excited state solvation

€aq + H2O0aq — e(H20)yq 5% 107° 20 fs solvation time®
H3taq + HyOuq — H30T o + Hayg 5x 1071
NT(H0)aq + H20aq — HoO T g + Nog + HyO4g 5x 1071
OH* 4 4+ Hy04g — H,0T 4 + OHyg 5% 1071 a6
ArTyq + Hy0aq — HoO Ty + Argg 5x 1071 e
ArToyq + HaO0aq — HoO T oq + Arag + Aryq 5x 107"
ArHT g + HyO04q — H30T5q + Aryg 5% 1071

H ™ aq + H2O0uq — Hayq + OH 4 5x 1071
Nz(r)aq + Hzoaq — Hzoaq + N2aq 5 % 10715 e
H*4q + H2O04q — Haq + OHyq + Hyg 5x 1071 ac
Hy0(V)ag + H20aq — H204q + H2O4g 5x 107"
N(D)aq + H204q — NHaq + OHyg 6.93 x 107 Based on Tliguia = 300 K®
OH(A?Y)aq + HyOuq — OHaq + Hag + OHyg 5x 1071 e
Ha(N)ag + HaOaq — Haaq + HaOug 5x 1070
Hy(V)ag + H204q — Haug + HaO4g 5x 107"
H"25q + H204q — Haaq + Hag + OHyg 5% 1071
OZ(r)aq + HZan — OZuq + Hzoaq 5x 1071 e
03" 4q + H204g — Osaq + H204q 5x 1071
02("' A)ag + HyOuq — O2aq + Ha04q 7.7 x 10718 [19], Based on Tiigua = 300 K"
OH(A?Y)aq + HyO4q — OHyq + H2Oyq 12 x 107"
N2O(V)aq + H20aq — N2Ouq + H2O4q 5x 1071 a.c
Ar excited state solvation

Maq + H204q — Hag + OHaq + Arag, M = Ar(151)ag, Ar(182)aq, AT(183)ags 5% 1071
Ar(184)aq, AT(4P)yq, Ar(4D)yq

Ary*4q + Hy04g — Haq + OHugq + Aryq + Aryq 5x 1071
Mag + O2aqg — O('D)ag + Ouq + Atag, M = Ar(15))ag, Ar(182)ag, Ar(183)ag, 5% 1078 .
Ar(184)aq, AT(4P)4q, Ar(4D)yq

Ar*2uq + O2ag — O('D)ag + Oaq + Arag + Aryq 5x 107"
Mag + O3aq — O('D)ag + O2aq + Arag, M = Ar(151)ag, Ar(182)ag, Ar(183)ag, 5% 1070
Ar(154)aq, A1(4P)ag, Ar(4D)aq

A "aq + O3ag = O('D)ag + Ong + Arag + Aryg 5x 1070
Mg + H2024g — OHyq + OHaq + Arag, M = Ar(151)ag, Ar(12)ag, Ar(183)ag, 5 x 1071 ae
Ar(184)aq, AT(4P)sq, Ar(4D)yq

Ary*aq + Hy024g — OHyq + OHyq + Araq + Argg 5x 1071
Reactive oxygen species

e(H20)aq + H2O4q — €aq + HaO04q + H204q 1x 107"
e(H20)aq + Alyq — €4q + HaOuq + Aryg 1x1078 8,6
e(H20)aq + Hy04q — Haq + OH ™ 4q + H2Oyq 3x107% a
e(H20)aq + HoOToq — Hag + OHyq + HyO4g 1x107° @
HyO0T o + Hy04q — H30" g + OHyq 1x 107" a
H30Taq + O ag — OHag + HoOyq 1.66 x 107! [15]*
H30"4q + 027 oq — HO2yq + HaO4g 9.46 x 10! [15]
OHaq + OHaq — H2024g 1.66 x 10712 [1s1°
OHyq + HO24q — Onaq + H204q 1.66 x 10" [15]°
OHaq + HyO24q — HO24q + H2O4q 5.84 x 1071 [15]°
OHyq + OH g — O™ 4q + H204g 1.99 x 107" [151°
OHyq + O™ 4q — HO 2y 448 x 1071 [151°
OHyq + HO» " 4q — HOnyq + OH ™y 125 x 107" [15]°

(Continued.)
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Table 2. (Continued.)

O 4q + Hy04q — OH ™ 5q + OHyq

Oiaq + O2aq — 037aq

O_aq + HZOZaq — 02_aq + HZan

O_aq + Hoz_aq — Oz_aq + OH_aq

037aq + Oiaq — 027aq + 02721q

03_aq — O2aq + O_aq

02_aq + HzOQaq — Ozaq + OHaq + OH_aq
HOZaq + HZan — H3O+aq + Oziaq

HZOZaq + HOZaq — OHaq + O2aq + HZan
Ho2aq + Ho2aq — HZOZaq + OZaq

HOZaq + 027aq — O2aq + HO27aq

e(HZO)aq + H3O+aq — Haq + H2an + HZan
Haq + 02721(4 — H027aq

HOZ_aq + OS_aq — OH_aq + O2aq + OZ_aq
HOZ_aq + H2an — HZOZaq + OH_aq

OHiaq + HOZaq — 027aq + HZan

H202aq + OH_aq — HOZ_aq + H2an

H202aq + 037aq — OZaq + 027aq + HZan
OHaq + HOZ_aq d H2an + 02_aq

O_aq + Oz_aq + Hzoaq — OH_aq + OH_aq + O2aq
O_aq + O_aq + HZan — OH_aq + HOZ_aq
HZOZaq + H2an — H3O+aq + Hoziaq
H3O+aq + HOZ_aq — H202aq + HZan
e(HZO)aq + 027aq — OHiaq + Hoziaq
e(HZO)aq + 037aq — OHiaq + OHiaq + OZaq
OHaq + 037aq + HZan — 027aq + 027aq + H30+aq

Reactive nitrogen species

HNOZaq + HZan — H3O+aq + NO27aq
HNO3aq + HZan — H3O+aq + NO3_aq
H3O+aq + Noziaq — Haq + NOZaq + Hzoaq
H3O+aq + NOS_aq — HNO3aq + H2an
OHyq + HNO34q — NO3yq + HO4q

Haq + HNO2aq — Noaq + H2an

NO3 ™ aq + Haq — HNO3 44

N037aq + e(HZO)aq — NO3723q + HZan
NOS_zaq + H30+aq — OH_aq + N02aq + HZan
N205aq + Hzoaq — NOZaq + No3aq + HZan
ONOOH,q + Hy0yq — H30™ 3 + ONOO ™ g
ONOO ™ 4 + H30T 3¢ — Hy04g + ONOOH,q
Nag + H204q — NHyq 4+ OHyg

Haq + HNO,q — OH,q + NHyq

HNO4yq 4 H204q — NOy ~4q + H30
No4iaq + H3O+aq — HNO4aq + Hzoaq
No4iaq — No2iaq + OZaq

HNOy,q + HNO2,q — HNOs,q + HNO3yq
HNOyaq — HNOgyq + O2yq

HNO4aq — HOzaq + NOzaq

Carbon monoxide and carbon dioxide
CO2(V)ag + H204q — CO24q + H204q
CO(V)aq + Hzoaq — Coaq + Hzoaq
CO24q + Hag — COuq + OHyq

COZaq + an d Coaq + OZaq

COZaq + HZan — Coaq + an + H20aq
02(' A)ag + CO2ag — O24g + COnyg

299 x 1071
5.81 x 10712
83 x 1071

6.64 x 1071
1.16 x 107!
43 x 103 1/s
2.66 x 1072
333 x 107"
8.8 x 107"

3.32x 10705
83 x 1071

3.82 x 1071
332 x 1071
1.48 x 10713
1.83 x 1071
1.66 x 107!
1.66 x 107"
2.66 x 1071
1.16 x 1071

6 —1

332x 107 ¥ em® s
553 x 107 ¥ cm® s~ !

1x 1072

498 x 107!
2.16 x 1071
2.66 x 107!

3x107* em®s7!

3x107%
3x10"'8
6.81 x 10710
3.32 x 1077
217 x 10715
75 x 10713
232 %x 1071
1.83 x 107!
3.32 x 1071
1.46 x 1077
5x 1071
1.75 x 1076
6.93 x 107%
2.18 x 1072
5x 1071
1.08 x 1077
1.0 1/s

1.99 x 10720
7 x107% 1/s
4.6 x 1073 1/s

5x 1071
5x 1075
139 x 107%
121 x 10~%
275 x 107
3x 10718

[15]*
[151°
[151°
[151°
[151°
[151°
[151°
[151°
(28]
[15]*
[15]®
(28]
(28]
[15]*
[15]*
[15]*
[15]*
[15]*
[15]*
[15]*
[15]*
[15]*
[15]*

a,c

a,.c

Based on pKa = 3.39*

(291
a,d

a,d
a
a
a
b,d

a,c

Based on pKa = 6.8%
Based on Tiiguia = 300 K°
Based on Tiiguia = 300 K¢
a,c

[301*

[30]21

a,d

a,d
a,d

a,c

a,c

Based on Tiiquia = 300 K®
Based on Tyiquia = 300 K°
Based on Tiiguia = 300 K°

a

(Continued.)
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Table 2. (Continued.)

Rate coefficient
(cm® s™! unless

Reaction otherwise specified) Note
COx " ag + HoOuq — HaOT 5 + CO2yg 5% 1071 ae
COqq + Hy044 — CO2yq + Hayg 151 x 107 Based on Tliguia = 300 K®
OHaq + COuq — CO2yq + Hag 124 x 1071 Based on Tiiquia = 300 K®
COuq + O24g — CO2yq + Oug 7.58 x 10°Y Based on Tiiguia = 300 K°
COqq + HO2q — OHyq + COnyq 1.48 x 107% Based on Tiiguia = 300 K"
COuq + NOsyq — CO2qq + NOyq 3.63 x 1075 Based on Tliguia = 300 K®
Co+a\q + HyOuq — H20+aq + COy 5% 1013 a,c
Formate and sodium hydroxide
HCOOH,q + OHuq — HCOO,q + H204q 2.16 x 107" [28]*
HCOOH,q + Haq — HCOO,q + Hayg 1.01 x 107" [28]°
HCOO ™ 4q + OHaq — COs» " aq + HaO04g 531 x 1072 [28]*
HCOO ™ 4q + Hag — CO2 " aq + Hayg 349 x 1071 [28]°
HCOO,q + 024 — CO24q + HO2yq 4.98 x 10712 [28]*
CO27ag + O2aq = CO2g + 027 g 3.98 x 10712 [28]2
HCOOH,q + H;0,4 — HCOO™ 4 + H30% 1.66 x 1072 [15]*
HCOO™ 4 + H30T g — HCOOH,q + H2044 9.38 x 1077 [15]*
Nat,q + OH™ 4q — NaOH,q 5%x107% 2,
NaOHyq + Hy0pq — NaTyq + OH™ 3q + HyOyq 5% 1071 a.c
Helium excited state solvation
Maq + H20uq + H20uq — Heag + H20T4q + e(H20)ag, M = He(2'S)ug, 3.31 x 107% cm® 57!
He(2%S)aq, He(2*P)ag, He(2' P)ag, He(3S)ag, He(3P)ug
Mag + H204q + H204q — Heaq + HT oq + OHag + e(H20)ag, M = He(2'S)ug, 1.29 x 10736 cm® 57! a.c
He(2°S)ag, He(2*P)ag, He(2' P)ag, He(3S)ag, He(3P)yq
Maq + H20uq + Hy0uq — Heag + H' ag + OH(A’E)ag + e(H20)ug, 1.29 x 10730 ¢cm® 5! a,c
M = He(2'S)aq, He(2*S)ag, He(2'P)ag, He(2' P)ag, He(3S)aq, He(3P)ug
Maq + H2O4q + H20aq — Heaq + Hag + OH o + e(H20)ag, M = He(2'S)ag, 7.51 x 107 cm® s~ ac
He(2%S)aq, He(2*P)ag, He(2'P)ag, He(3S)aq, He(3P)yg
Maq + H204q — Heaq + Hag + OHag, M = He(2'S)ag, He(2%S)ag, He(2 P)ag, 125 x 107"
He(2!P)aq, He(3S)ag, He(3P)yq
Hey"aq + H204q + H2O04q — HyOT 4q + Heaq + Heaq + e(H20)4q 1.98 x 107** cm® 5! ac
He>*aq + H204q + H2O0uq — HT oq + OHyq + Heaq + Heag + e(H20)qq 3.91 x 10736 cm® !
Hey"aq + H204q + HaOuq — HToq + OH(AE)sq + Heaq + Heag + e(H20)4q 391 x 107% cm® 57!
Hey"aq + H20uq + HyO4q — Haq + OH T 4q 4 Heyq + Heyg + e(H20)4q 451 x 1073 cmS 57! ae
Hes*2q + H204q — Haq + OHyq + Heaq + Heyg 3x 10712
He T sq + Hy04g — HyOT g + Heyg 6.05 x 10713 ae
HeT4q + H204q — Hag + OHT 5q + Heyg 2.86 x 1072
He™aq + Hy0aq — HVaq + OHyq + Heyg 2.04 x 1072 ae
He T oq + H204q — HT 4q + OH(A?Y),q + Heyg 5% 107" a.c
Hey " aq + HoOuq — Heag + Heaq + HaOT g 6.05 x 107"
Heytaq + HyOuq — Haq + OH™ g + Heyq + Heyg 2.86 x 10712 ac
Hey " aq + HoOuq — H'aq + OHaq + Heq + Heag 2.1 x 10712
Hestaq + HoOuq — Haug + O oq + Heaq + Heag 2.1 x 107" ae
Hey"aq + HoOuq — HaTag + Ouq + Heuq + Heug 2.1 x 10712
Argon excited state solvation
Mg + H204q + H2O0aq — Arag + HoO "o + e(H20)ag, M = Ar(151)ag, 3.31 x 10733 em® s~
Ar(182)aq, Ar(183)aq, Ar(184)aq
Mg + H204q + Hy04q — Aryq + HJF,‘\q + OHyq + e(H20)aq, M = Ar(I5) )ag. 1.29 x 10~3* cm® s~! ac
Ar(182)aq, Ar(153)aq, Ar(184)aq
Mag + H204q 4+ H204q — Aryq + H o + OH(A?E)yq + e(H20)ag, 129 x 107* cm®s™!
M = Ar(181)ag, Ar(152)aq, Ar(183)aq, Ar(184)aq

a,c

Maq + H204q + HyOaq — Aryq + Hag + OH ' 4q + e(H20)q, M = Ar(1s))yg,
Ar(152)aq, Ar(183)aq, Ar(154)aq

751 x 107* cm® 57!

(Continued.)
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Table 2. (Continued.)

Maq + H204q — Araq + Hag + OHag, M = Ar(151)ag, Ar(152)aq, Ar(183)aq,

Ar( Isy )aq

Arz*aq + HZan + H2an — H20+aq + Araq + Araq + e(H2O)aq
ArZ*aq + HZan + HZan — H+aq + OHaq + Araq + Araq + e(HZO)aq

An*4q + Hy0ug + HyOuq — Hoq + OH(A?E)sq + Araq + Arag + e(H20)aq
Ar2*aq + H2an + H2an — H+aq + OH+aq + Araq + Araq + e(H2O)aq

ArZ*aq + HZan — Haq + OHaq + Araq + Araq
Artag + HyOpq — HaOF g + Aryg

Art g + HyOuq — Haq + OHT 4q + Aryg

Artaq + HyOuq — HT 4q 4+ OHyq + Aryg

ArTyq + H204q — HT4q + OH(AY)4q + Aryg
Ar2+aq + H2an — Araq + Araq + H20+aq
Ar2+aq + HZan — Haq + OH+aq + Araq + Araq
Ar2+aq + H2an — H+aq + OHaq + Araq + Araq
Ar2+aq + HZan — H2+aq + an + Araq + Araq
Ar2+aq + H2an — H2aq + O+aq + Araq + Araq

1.25 x 10710

1.98 x 1072 cm® !
3.91 x 1073 cm® 5!
3.91 x 1073 cm® 7!
451 x 1073 cm® !
3x 10710

6.05 x 1071

2.86 x 10710

2.04 x 10710

5x 1071

6.05 x 1071

2.86 x 10710

2.1 x 10710

2.1 x 10710

2.1 x 10710

a,c

a,c
a,c
a,c

a,c

a,c
a,c
a,c
a,c

a,c

4 Added from the mechanism listed in [17].
b Rate coefficient changed from that in [17].
¢ Rate coefficient is estimated.

4 From NIST Solution Kinetics Database: https://kinetics.nist.gov/solution/.

Table 3. Henry’s law constants [25].

Species Dimensionless Henry’s law constant Note
Ar, Ar(1sy), Ar(1sy), Ar(1s3), Ar(1ss), Ar(4P), Ar(4D), Ar} 3.47 x 1072 ab
H, H* 6.48 x 1073 ab
Hy, Hy(r), Ha(v), H} 1.80 x 1072 a
OH, OH(A’Y) 6.20 x 10? a
HO, 1.32 x 10°

H>0, 1.92 x 10°

H,O(v) 1.00 b
02, 02(v), 02(1), 02(' A), 02(' %) 324 x 1072 a
0, O(‘D) 1.00 a
03, 0% 3.00 x 107! a
Na, Na(r), Na(v), N2(A3SL), Na(a’'T), N, N(D) 1.60 x 1072 ab
NO 440 x 1072

NO, 2.80 x 107!

NO; 4.15 x 10

N0, N,O(®v) 5.99 x 107! a
N,O3 6.00 x 10?

N>O4 3.69 x 10!

N,Os 4.85 x 10

NH 1.47 x 103 ¢
HNO,, HNO 1.15 x 10° a
HNO; 4.80 x 10°

HNO; 3.47 x 10°

CO, CO(v) 242 x 1072 b
CO,, COx (V) 8.23 x 107! ab
He, He(2°S), He(2'S), He(2°P), He(2'P), He(3P), He(3S), Hei 9.42 x 1073 b
HCOOH, HCOO 1.25 x 10° a

2 Value corresponds to the first species in the list, and other species listed were assumed to have the same Henry’s law constant.
b Excited states rapidly quench to the ground state in reactions with water. As a result, the in-liquid density of the excited states is small, and

there is rarely a limit to their transport into the liquid due to Henry’s law consideration.

¢ Approximated by analogy to NH3.

Once the density of CO, ™, increases and the corres-
ponding increase in O, 7,4 occurs, O™, reacts directly
with OHgq. The reaction of O, ,q and OH,q becomes the
dominant consumption mechanism of OH,q when the density

of O, ,q increases. Since the rate coefficient of OH,q react-
ing with O, 7,4 is approximately three times larger than the
rate coefficient of OH,q reacting with HCOO™ g, the reaction
with O, ,q becomes the dominant consumption mechanism
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Table 4. Mole fractions for varying HCOO7q concentrations.

Species
HCOO™ yq (mM) 0.5 1.0 2.0 35 5.0 7.5 10
OH™ 4 (107%) 2.0 2.0 2.0 2.0 2.0 2.0 2.0
H;0™" (107%) 2.0 2.0 2.0 2.0 2.0 2.0 2.0
HCOO™ 4 (107%) 0.903 1.81 3.61 6.32 9.02 13.5 18.0
Na'tyq (107%) 0.903 1.81 3.61 6.32 9.02 13.5 18.0
HCOOH,q (107'7) 0.954 1.86 3.56 5.88 7.96 11.0 13.8
O24q (107%) 4.98 4.98 4.98 4.98 4.98 4.98 4.98
Noag (107%) 9.13 9.13 9.13 9.13 9.13 9.13 9.13
Table 5. Flow rates and corresponding residence times and reactive 2. ————r——T— S y
layer thicknesses. il l ! -
Residence Reactive layer g )
Flow rate (slm) time (ms) thickness (m) Note g [ )
0.75 13.5 7.0 ne;] £ 1.5F .
1.0 10.0 6.0 [16] o I* 7
1.25 9.2 5.8 a 2 i 1
15 8.3 55 e] S B 1
1.75 7.4 5.2 4 5 ¥ )
2.0 6.4 438 nel o 1.0r =
2.5 5.7 4.5 ¢ o i 1
3.0 4.9 42 (16] Uv [ T
* Residence time estimated by average. 'C)m 2 .
@) - -
o 0.5 i ]
Table 6. Powers for different gas mixtures. + i i
Gas mixture Power (W) 2 ]
He/HZO — 99.8/02 14.3 0.0 PR S S S N TR N TR A N TS SR TN TN NN NN NN SN N N
He/O, = 99.8/0.2 14.2 0 S 1.0 15 20
He/Ar/H,0 = 82.8/17.0/0.2 13.4 Layer Thickness (um)
He 13.6
He/Ar = 83/17 5.3 Figure 2. HCOO™ 44 concentration at the time of collecting the
He/H, = 99.8/0.2 3.6 droplet for varying droplet reactive layer thicknesses at 1 slm flow

when the density of O, ™54 is more than 33% of the HCOO ™ .
0,7 4q can also react with Hyq to produce HO, ™ 5q; however,
the dominant formation mechanism of HO, ™4 is a reaction
of HyO2yq with HyO,q. HO, ™4 can further react with OH,q in
two reactions: a charge-exchange to form HO,q and OH™
or a reaction to form HyOyq and O, ™ 4.

The base case examines the degradation of HCOO™ 44 in
a 41 pm diameter droplet exposed to a plasma sustained
in He/H,O = 99.8/0.2 (with impurities). The flow rate is
1 slm, corresponding to a residence time of 10 ms. The power
deposition is 14.3 W. The droplet initially contains 2 mM
HCOO™ 4.

3.1. Reactive layer thickness

Before investigation of the HCOO ™, degradation and react-
ive species densities, the thickness of the reactive layer was
determined. The droplet is divided into two zones: the reactive

rate. The concentration is averaged over the droplet.

layer and the nonreactive core. The reactive layer and non-
reactive core do not interact throughout the simulation. The
thickness of the reactive layer limits the amount of HCOO™ 4
that can be consumed by OH,q during the transit of the droplet
through the reactor. The thickness of the reactive layer was
determined by performing simulations varying the thickness
from 1 pm to 20.5 pm, where for the maximum thickness
the entire droplet is considered reactive. The reactive layer
thickness was then chosen to best match the experimental
measurements of droplet averaged concentration of 0.76 mM
HCOO™ ,q remaining after plasma treatment.

The remaining HCOO™,, concentrations after plasma
activation and post-plasma flow for varying reactive layer
thicknesses are shown in figure 2. As the reactive layer thick-
ness increases, the volume of the reactive layer increases
compared to the nonreactive core, and the total inventory of
HCOO™ 4 in the reactive layer increases. As the amount of
HCOO™ 4 in the reactive layer increases, more HCOO™ 44
can be consumed by the OH,q during the residence time
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of the droplet in the plasma. The reactive layer thickness
that best matches the experimental measurements is 6 pm,
with a remaining droplet averaged HCOO™ .4 concentration
of 0.75 mM. 6 um was used as the reactive layer thickness at
1 slm, which agrees well with the 1D simulations of Oinuma
et al [15]. This reactive layer thickness is similar to the diffu-
sion length in the 10 ms residence time. The diffusion length
is proportional to \/zD, where ¢ is the time and D is the diffu-
sion coefficient. The diffusion length in the liquid is 3.8 pym
for this system, similar to the 6 um reactive layer thickness
determined to best match experimental measurements.

3.2. Plasma properties and reactive species densities

The plasma properties for the base case are shown in
figure 3(a). The electron density is initialized at 103 cm™3. As
the power ramps up, the electron temperature increases and is
maximum at 0.15 us at 3.7 eV, avalanching the plasma. As the
power continues ramping up over 0.1 ms, the electron dens-
ity increases, and the electron temperature slightly decreases.
After about 3.5 ms, a steady state is reached in both the elec-
tron temperature and density, 1.8 x 10'"' cm™3 and 2.6 eV.
After the power ramps down, the electrons are quickly con-
sumed primarily by dissociative recombination as the electron
temperature decreases.

The densities of OH and H,O; in the gas phase are shown
in figure 3(b). When the power first turns on, the density of
OH rapidly increases to 1.9 x 10" cm™3 due to electron-
impact dissociation of H,O. At the location of the maximum
in the density of OH, the electron temperature is higher than
its steady state value, and the electron density is increasing
to its steady state value, leading to an increase in OH produc-
tion. As the electron density and temperature reach their steady
state values, the density of OH slightly decreases to its steady
state value of 1.5 x 10" cm™3, balancing losses due to gas
phase reactions and solvation into the droplet, and the source
of OH due to the electron-impact dissociation of H,O. Once
the power turns off, and the electron temperature and density
rapidly decrease, the production of OH by electron-impact dis-
sociation ceases. The remaining OH is rapidly consumed due
to reactions that form H,O,, H,O, or O,.

When the power first turns on, the density of H,O, rap-
idly increases, formed primarily by OH reacting with OH.
The density of HyO, then reaches a steady state value near
4.1 x 10" cm~3. While OH continues to produce H,O,
throughout the power-on period, H;O, has a high Henry’s
law constant (1.92 x 10%), meaning H,O, will readily solv-
ate into the liquid. Immediately after the power turns off, the
H,0, density increases slightly. After 12 ms, H,O, begins
to decrease as solvation into the droplet continues depleting
H,0; in the gas phase while the source of H,O, by reactions
of OH decreases.

The densities of OH,q, HCOO™, H2O34q, CO27 4,
017 aq, and HO, ™5 are shown in figure 3(c). These densit-
ies are shown in the reactive layer only and are not scaled to
a droplet average as described by equation (1). The density
of OH,q increases rapidly during the first 0.2 ms, due to the
solvation of gas phase OH. The density of OH,q increases
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Figure 3. Droplet and plasma properties for the base case.
(a) Plasma properties, (b) gas phase species densities, and (c) liquid
phase species densities in the reactive layer of the droplet.

throughout the first 6.4 ms. The gas phase plasma supplies
a nearly constant source of OH, and since OH has a moder-
ately high Henry’s law constant of 620, OH readily solvates
into the droplet. Photodissociation is not an important source
of OH,q due to the low densities of emitting He states, which
are quenched by reactions with H;O and impurities. In the



J. Phys. D: Appl. Phys. 56 (2023) 285202

M Meyer et al

first 5.5 ms, the main consumption mechanism of OH, in the
dropletis its reaction with HCOO ™ 4. As the HCOO™ ¢ dens-
ity decreases in the reactive layer due to reactions with OH,g,
the OH,, density increases because its rate of consumption
decreases while having a nearly constant source due to solva-
tion of gas phase OH. The density of OH,q reaches a max-
imum at 6.4 ms, or 3.7 ms before the power begins ramping
down, at a value of 9.3 x 10" cm™3. At this point, much
of the HCOO™ ,q in the reactive layer has been consumed.
The density of CO,™,q increases as it is a reaction product
of OH,q with HCOO™ .. Due to the increase in CO;™ 4,
0,74 increases through a charge-exchange reaction with
O249. HO, ™ ¢ increases through reactions between HyOzyg
and H,O,q, as well as Hyq and O, 4. The dominant con-
sumption mechanisms of OH, are then through reactions with
0274 and, to a lesser extent, HO, ™ ¢, not HCOO™ 4. The
density of HCOO ™, is three times that of O, ™, at 6.4 ms;
therefore, the rates of OH,q consumption by HCOO™ 4 and
0,7 4 are comparable. When the power turns off, there is no
longer a source of OH in the gas phase plasma that replen-
ishes the consumed OH,q, and the density of OH,q rapidly
decreases.

The density of HCOO™ 4 decreases through most of the
power-on period due to the consumption of HCOO™ 4 by
OH,y. At 6.4 ms, the HCOO™,, density in the reactive
layer is 2.0 x 107 ¢cm™3, only 20% of its initial value
of 1.2 x 10" cm™3. However, when the HCOO™,q in
the nonreactive core is included, the total droplet averaged
HCOO~,q density in the droplet is 6.0 x 10" cm™ at
6.4 ms. Depletion of HCOO™ 4 continues to occur even after
OH,q begins decreasing. HCOO™ 4 reaches a concentration
of 4.9 x 10'® cm™3 in the reactive layer at 10.1 ms, when
the power begins to decrease. Overall, the HCOO ™, concen-
tration averaged over the droplet decreases from 2 mM when
the droplet enters the reactor to 0.75 mM when the droplet is
collected.

H,0,,q density increases throughout the power-on period
because there is a source of H,O, in the gas phase plasma and
H>0;,,q has a high Henry’s law constant. After the power turns
off, the HyO,,q density again increases, due to the formation
of H,O; and H>O;,q by OH and OH,q. The H,O5,q density
increases throughout the flow as gas phase H,O, solvates into
the liquid.

CO;7yq is one of the products from the reaction of
HCOO™,q and OH,q (the other product is H,O,q). There-
fore, while the HCOO ™, density decreases, the CO, ™ ,q dens-
ity increases. CO, ™y reaches a maximum density at 6.4 ms
of 7.8 x 10" cm™3 in the reactive layer, coinciding with
when the HCOO ™4 density decrease slows and the maximum
in OH,q occurs. Once the consumption of HCOO™ 4 slows,
the source of CO, ™44 also slows, and the CO,™,q density
decreases through the charge-exchange reaction with O, that
produces Oy ™ 4.

O, ™ yq is primarily produced through the charge-exchange
reaction with CO,7,q and Og,q. Therefore, O™, dens-
ity increases throughout the flow. The main consumption
mechanism of O, ™, is reacting with OH,q to produce Og,q
and OH™ .

Table 7. Comparison between experimental measurements and
model results for the base case.

Measurements [16] Model results

Electron density® 8.0+ 1.4) x 10" cm™3 1.8 x 10" em™3

Electron 3.8+ 04eV 2.6eV
temperature®

OH df:nsityb 3% 10% em™3 1.5 x 10% em™
HCOO™ o 0.76 (£0.15) mM 0.75 mM
concentration®

? Value for model at 5 ms.
b Value for model at 10.1 ms (as the power begins to ramp down).
¢ Value for model at end of simulation.

HO;™,q is primarily produced by reactions between
H,03,¢ and H,O,q and by reactions between Hyq and Oy ™ 4.
During the first 10 ms, HO, ™ ¢ increases rapidly, as HyO2,q
is plentiful and the source of H,q from the gas phase is high.
However, after the power turns off, the source of H,q stops
due to depletion of H in the gas phase, and the H,q density
decreases, limiting the amount of HO, ™ 4 formed. Therefore,
the increase in HO, ™ 4 after the power turns off is due dom-
inantly to HyO2,q and HyO,q.

The results from the model are compared to the exper-
imental measurements in table 7. The electron density and
temperature are reactor averaged values, while the exper-
imental values result from optical emission measurements
emphasizing properties where the He atoms are excited [13].
Given these differences, agreement is good. The OH dens-
ity and HCOO™ 4 concentration are also shown in table 7.
The HCOO™ 4 concentration predicted by the model is aver-
aged over the reactive layer and nonreactive core, as described
by equation (1). The model underpredicts the measured OH
density by a factor of 2. In the global model, any OH in the
gas phase can solvate into the droplet. Since OH does not
reach Henry’s law equilibrium in the droplet, OH in the gas
phase constantly solvates into the liquid phase in the model.
However, in the experiments, OH must be near the droplet
to solvate into the droplet, resulting in local depletion of the
OH. This limits the amount of OH that can solvate into the
droplet and increases the OH in the gas phase relative to the
model. The HCOO™ 4 concentration predicted by the model
matches the experimental measurements well, as the reactive
layer thickness was chosen to match the measured HCOO™ 4
concentration.

4. OH, OH,q4, and HCOO™ 4 variation with liquid and
plasma properties

The decomposition of HCOO™ 4 in the droplet depends on
the properties of the droplet and the plasma. In this section,
the properties of the droplet (diameter and initial HCOO™ 54
concentration) and of the plasma (gas flow rate, power depos-
ition, gas mixture) are varied, and the effects on the densit-
ies of OH, OH,q, and HCOO™ , are discussed. The reactive
layer thickness was kept constant at 6 ym at all flow rates of
1 slm.
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4.1 Droplet diameter

Varying the droplet diameter varies the total inventory of
HCOO™ , in the droplet and therefore also varies the time
required to consume HCOO™ q. The reactive layer thickness
was kept constant at 6 um regardless of the diameter.

The variation of the density of OH with droplet diameter
and SVR is shown in figure 4. OH density was recorded at
10.1 ms, the time that the power begins to ramp down, cor-
responding to the time the droplet exits the plasma. The OH
density does not significantly vary with droplet diameter or
SVR and is nearly constant at 1.5 x 10'* cm~3. Therefore,
increasing the droplet diameter does not significantly affect
the gas phase plasma. In particular, the droplet diameter does
not affect the H, O density in the gas phase. This is because the
majority of H,O in the gas phase does not come from evapor-
ation of the droplet; rather, it comes from the 0.2% H,O in the
gas mixture.

While the gas phase OH does not vary with droplet dia-
meter or SVR, OH,q and HCOO™ 44 do vary with droplet dia-
meter and SVR, as shown in figure 4. Both the OH,q density
and HCOO™ 4 concentration are averaged over the reactive
layer and nonreactive core, as described by equation (1). OHyq
density was recorded at 10.1 ms, and HCOO ™, concentra-
tion in the droplet was calculated after an additional 10 ms
corresponding to flow to the collector. For all droplet diamet-
ers, HCOO™ 4 density in the reactive layer was low, decreas-
ing to 6.3 x 10'® cm~3 for an 81 um diameter droplet and
1.7 x 10'® cm~3 for a 21 um diameter droplet at the time of
collection. The HCOO™ 4 density in the nonreactive core of
the droplet remains constant at 1.2 x 10'® cm™3. With small
droplet diameters, the reactive layer constitutes most of the
volume of the droplet (i.e. at 21 pm, the reactive layer is 92%
of the total droplet volume). However, as the droplet diameter
increases, the reactive layer is progressively a smaller fraction
of the volume of the droplet, decreasing to 38% of the total
droplet volume at a diameter of 81 pm. Therefore, as the dia-
meter increases (SVR decreases), the HCOO™ 4 concentra-
tion remaining in the droplet becomes more dependent on the
concentration in the core and therefore increases. This vari-
ation is in fact linear with SVR.

OH,q is only present in the reactive layer and not in the
nonreactive core of the droplet. Therefore, its density is scaled
by the volume of the reactive layer over the total volume. As
the diameter increases, OH,q in the reactive layer peaks later
and at smaller densities during the power-on period. How-
ever, as the power begins to turn off at 10.1 ms, OHq in
the reactive layer increases as the diameter increases. This
increase occurs because O, ™44 in the reactive layer decreases
as the diameter increases, consuming less OH,q. However,
when averaged over the reactive layer and nonreactive core, as
shown in figure 3, OH,q decreases as the diameter increases.
As the diameter increases, the relative volume of the nonre-
active core compared to the reactive layer increases, decreas-
ing the droplet-averaged density. This variation is again linear
with SVR.

The HCOO™ 4 concentrations in the droplet are compared
to the experimental measurements in table 8 for three different
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Figure 4. OH, OH,q, and HCOO™ 4 densities as a function of

(a) diameter and (b) surface-to-volume ratio of the droplet. The
densities of OH and OH,q are when the power begins to ramp down
(10.1 ms), corresponding to the droplet exiting the plasma.
HCOO™ 44 concentration is after an additional 10 ms, for flow to the
collector. Aqueous quantities are averaged over the droplet.

droplet diameters. At 36 um and 41 pm, the HCOO™ 44 con-
centrations predicted by the model match the measurements
within uncertainty. However, at 56 pym, the model predicts
1.02 mM of HCOO™ 44 remaining, while the measurements
show 1.61 mM of HCOO™,q remaining. This discrepancy
may be a consequence of the effective reactive layer thick-
ness being smaller for a diameter of 56 pm, as can be
deduced from HCOO™ , diffusion profiles calculated by a
1D model [15].
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Table 8. Comparison between experimental measurements and
model results for different droplet diameters.

Measured HCOO g

Droplet diameter concentration Model HCOO g
(pm) (mM) [15, 16] concentration (mM)
36 0.77 (£0.29) 0.64

41 0.76 (£0.15) 0.75

56 1.61 (£0.11) 1.02

4.2. Initial HCOO™ aq concentration

Varying the initial concentration of HCOO™ 4 in the droplet
varies the total inventory of HCOO™ q in the droplet and the
time required to consume HCOO™ 44 for otherwise constant
plasma conditions. The initial concentration of HCOO ™ 4 also
changes the initial mole fractions of HCOO ™, Natq, and
HCOOHy,, as shown in table 4.

The variation of the density of OH with initial HCOO™
concentration is shown in figure 5 as the power begins to ramp
down (10.1 ms) when the droplet leaves the plasma. The OH
density does not significantly vary with initial HCOO ™4 con-
centration, demonstrating that gas phase plasma is not strongly
affected by the initial composition of the droplet. In order for
the composition of the droplet (of a fixed diameter) to affect
the gas properties, the rate of solvation of a gas phase species
(or desolvation of an aqueous species) would need to signi-
ficantly change with initial concentration. This would require
that the aqueous analogue of a gas species becomes saturated
(or supersaturated) in the droplet in a manner that is sensit-
ive to the initial concentration. This would likely occur only
for species with small Henry’s law constants. Since the gas
phase species of interest (i.e. OH, H,O,) have moderate to
large Henry’s law constants and do not saturate in the droplet,
gas phase properties are not sensitive to the initial HCOO™
concentration.

While the gas phase density of OH does not vary with initial
HCOO™ 4 concentration, OH,q at the time the power begins to
ramp down (10.1 ms) or exit from the plasma and HCOO™
after an additional 10 ms of flow time do vary, as shown in
figure 5. The densities of OH,q and HCOO ™4 were averaged
over the droplet, as described in equation (1). At low initial
HCOO™ 4 concentrations (0.5 mM and 1 mM), HCOO™ 44 in
the reactive layer is decreased below 10'> cm ™2 by the time of
collection. The total HCOO ™4 concentration is then domin-
ated by the concentration in the nonreactive core. The density
of HCOO™ 4 in the reactive layer is also decreased earlier at
low initial HCOO™ 44 concentrations, and the maximum in the
density of OH,q occurs earlier. Following the maximum, OH,q
is consumed by reactions with O, ™ 4, depleting O, ~ 4 before
the power turns off. The OH,q then increases after O, ™ ,q is
depleted by solvation of gaseous OH.

For initial HCOO™ 44 concentrations of 2 mM and 3.5 mM,
the density of HCOO™,q decreases in the reactive layer
by at least 75%, but O, ,q has a density at least 33% of
the HCOO™ 4 concentration before the power turns off and
begins consuming OH,q. As the initial HCOO™ .4 concentra-
tion increases, more HCOO ™, remains in the reactive layer
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Figure 5. Reactive species densities as a function of initial
HCOO™ 4 concentrations. OH and OH,q densities are shown as the
power begins to ramp down (10.1 ms) corresponding to the droplet
leaving the plasma. HCOO™ 4 concentration is shown after an
additional 10 ms for flow to the collector. Aqueous quantities are
averaged over the droplet.

after plasma treatment. In fact, at 10 mM initial HCOO™
concentration, the remaining density in the reactive layer is
4 x 10'® cm™ (initial density is 6 x 10'® cm™3). Therefore,
the total HCOO ™44 concentration is not only due to the non-
reactive core; the reactive layer still has a significant amount
of HCOO™ 4 remaining. Above an initial HCOO ™4 concen-
tration of 5 mM, at least 2 mM of HCOO ™4 is degraded by
OH,q. Since HCOO™ 4 is not depleted in the reactive layer
at high initial HCOO™ 4 concentrations, the density of OH,q
density is low, as it is still actively being consumed in the reac-
tion with HCOO™ 4. The density of O, ™44 is over a factor of 3
lower than HCOO ™ 4, implying that the consumption of OH,q
by O3 ™ 4q is not dominant.

4.3. Gas flow rate

Varying the gas flow rate changes the residence time of the
droplet in the plasma. At low gas flow rates, the residence
time of the droplet in the plasma is long; at high gas flow
rates, the residence time of the droplet in the plasma is short.
The flow rates and corresponding residence times are listed in
table 5 and are primarily taken from the experimental work in
Nayak et al [16]. The residence time also affects the diffusion
of reactants in the droplet and therefore changes the reactive
layer thickness. Since the diffusion length is proportional to
\/1, the reactive layer thickness was scaled by the square root
of the residence time relative to that for 1 slm. The values for
the reactive layer thickness are also listed in table 5.

The OH density as the power begins to ramp down (droplet
exiting the plasma) is shown in figure 6(a). Note that this time
varies depending on the flow rate. The gas phase OH density
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Figure 6. Plasma properties as a function of gas flow rates. (a) OH
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exiting the plasma) and (b) HCOO™ 44 concentration at the time of
collection compared to experimental measurements from Nayak

et al [16]. Aqueous quantities are averaged over the droplet.

does not depend on the flow rate. As shown in figure 3(b),
the density of OH reaches a near steady state after 2 ms. This
steady state value will not depend on flow rate or residence
time unless the water density is depleted.

The OH,q density averaged over the droplet as the power
begins to ramp down is shown in figure 6(a), and the
HCOO™,q concentration at the residence time plus 10 ms
averaged over the droplet is shown in figure 6(b). These

aqueous densities are averaged over the droplet, as described
by equation (1). The OH,q density increases from 0.75 slm to
2.5 slm. At 0.75 slm (13.5 ms residence time), the OH,, dens-
ity reaches a maximum near 6.8 ms. However, at 0.75 slm,
the maximum occurs 6.8 ms before the power begins to ramp
down (end of the plasma channel), and the density of OH,q
decreases due to consumption by O, 4q. At 1 slm, the max-
imum in OH,, density occurs 3.7 ms before the power ramps
down, and so the decrease in the density OH,q due to compet-
ing reactions is less in the remaining 3.7 ms. As the flow rate
continues increasing to 2 slm, the maximum in OH,q occurs
closer to when the power ramps down. At 2.5 slm, the max-
imum in OH,q density occurs just as the power begins to ramp
down, and so the density of OH,q does not decrease.

The droplet averaged HCOO ™4 concentration increases
from 0.75 slm to 2.5 slm. This increase in HCOO™ 4 concen-
tration is due to the decrease in the reactive layer thickness
and decrease in residence time. The OH,q has less HCOO™
to interact with as the reactive layer thickness decreases, which
increases the remaining inventory when averaged over the
entire droplet. The OH,q also has less time to interact with the
HCOO™ 4 in the reactive layer, leading to a small increase in
HCOO™ ,q density. As the flow rate increases beyond 2.5 slm
(residence time decreases below 5.7 ms), the OH,q density
decreases and HCOO™ 4 density increases. As the residence
time decreases, the HCOO™ 4 density in the reactive layer
increases both as a result of there being less time for the OH,q
to react with HCOO ™, as well as the decrease in reactive
layer thickness. Therefore, the OH,q density decreases, as it
is consumed in the reaction with HCOO™ 4, and, to a lesser
extent, O2 ™ 4.

The measured HCOO7, concentrations are also shown
in figure 6(b), increasing as the flow rate increases. The
HCOO™ 4 concentrations predicted by the model follow the
same trend. At low flow rates (<1.5 slm), the HCOO™ 4 in
the reactive layer is depleted to less than 5% of its initial
value. However, the decrease in the reactive layer thickness
with increasing flow rate (smaller residence time) means less
HCOO™ ,q in the droplet is in the reactive layer and available
to react with the OH,q. In the experiments, HCOO™ , at the
surface of the droplet is depleted but may be replenished by
diffusion from the interior of the droplet. At lower flow rates
(longer residence times), HCOO™ ,q has more time to diffuse
from the center of the droplet to the surface, resulting in more
HCOO™ 4 being consumed. While this process is not directly
included in the model, the change in reactive layer thickness
with flow rate approximates this process.

4.4. Power deposition

Power deposition in the He/H,O plasma was increased and
decreased from the base case of 14.3 W. As the power depos-
ition increases, the electron density increases, leading to more
electron-impact collisions and more reactive chemistry. The
OH and H,O densities in the gas phase are shown in figure 7
as the power begins to ramp down (10.1 ms). At low power
(<14.3 W), the OH density increases as the power increases
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down (10.1 ms exiting the plasma channel) and HCOO7q
concentration at the time of collection as a function of power.
Aqueous quantities are averaged over the droplet.

as the steady-state electron density increases while the dens-
ity of H,O is not significantly depleted. Therefore, the rate of
electron-impact dissociation of H,O, the dominant source of
OH, increases. However, as power increases beyond 14.3 W,
the OH density decreases in spite of the steady-state electron
density increasing. This decrease in OH density is due to the
depletion of H,O in the gas phase by electron-impact reac-
tions, as shown in figure 7. With H,O being the primary pre-
cursor to OH, the depletion of H,O leads to a reduction in OH
density.

The OH,q density as the power begins to ramp down
(10.1 ms) and the HCOO™,q concentration after an addi-
tional 10 ms (time of collection) are also shown in figure 7,
both averaged over the droplet, as described in equation (1).
Below 10 W, the HCOO™,4 concentration decreases as
power increases, as expected. As the HCOO™ .4 concentration
decreases, the OH,q concentration increases because the con-
sumption of OH,q by reaction with HCOO™,q decreases. As
the power increases above 10 W, the decrease in HCOO™
slows because a substantial amount of O, ,q has been pro-
duced to consume OH,q at rates larger than the reaction
with HCOO™ . As the power increases above 25 W, the
HCOO™,q concentration remains constant. This is because
the HCOO™ q in the reactive layer is almost completely con-
sumed, and the droplet-averaged density of HCOO™ 44 is
determined by the initial concentration in the core. When
including diffusion from the core to the reactive layer, we
expect that there will be some increasing consumption of
the droplet-averaged HCOO™ 4. At 25 W, the OH,q density
increases significantly. While OH,q is consumed by reactions
with O™ 44 after the density of HCOO™,q decreases, OHyq
increases once Oy ™ 54 is consumed due to solvation of OH.
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Figure 8. OH and OH,q densities as the power begins to ramp down
(10.1 ms, when the droplet exits the plasma) and HCOO g
concentration at the time of collection for different gas mixtures at

1 slm. Aqueous quantities are averaged over the droplet.

Experimentally, increasing the power at the same gas flow
rate will likely increase the droplet evaporation rate and reduce
the droplet diameter. The smaller size of the droplet will lead
to rapid diffusion of HCOO 74 from the nonreactive core to the
reactive layer, leading to increased consumption of HCOO 7
by OHy.

4.5. Gas mixtures

When the plasma is sustained in different gas mixtures, differ-
ent reaction pathways and possible radical species are formed
in the plasma. For example, in plasmas with high concentra-
tions of O,, O and O are the dominant reactive species, while
in plasmas with high concentrations of H,O, OH is the domin-
ant radical reactive species. The degradation of HCOO 74 has
been investigated for different gas mixtures [13—16], including
He with admixtures of H,O, O,, Ar, and Ar/H,0O. The gas mix-
tures examined in this section have the same level of impurit-
ies as measured for pure He (2.3 ppm H,0, 1.5 ppm O,, and
6.0 ppm N,) [14]. The power deposition varies for each gas
mixture examined and is shown in table 6.

The OH density as the power begins to ramp down
(10.1 ms) for different gas mixtures is shown in figure 8. The
He/H,O = 99.8/0.2 and He/Ar/H,O = 82.8/17.0/0.2 mixtures
have the highest density of OH in the gas phase since the main
formation mechanism of OH is electron-impact dissociation of
H,0. While H,O can be found in the gas phase due to impur-
ities and evaporation of the droplet, the main source of H,O
is in the initial gas mixture and flow. The He/O, = 99.8/0.2
mixture has the next highest density of OH in the gas phase
due to reactions of HO;, and O. The other three gas mixtures
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Table 9. Comparison between experiments and model for different gas mixtures.

Measured OH

Gas mixture density (cm™3) [16]

Model OH density (cm™)

Measured HCOO g
concentration (mM) [16]

Model HCOO g
concentration (mM)

He/H,0 = 99.8/0.2 3 x 10 1.5 x 10" 0.76 (+0.16) 0.75
He/O, = 99.8/0.2 — 2.4 x 102 0.80 (£0.15) 0.71
He/Ar/H,0 = 82.8/17.0/0.2 5% 10" 40 x 10" 0.74 (+0.10) 0.72

(He, He/Ar = 83/17, and He/H, = 99.8/0.2) have OH densities
nearly two orders of magnitude lower than the OH densities in
the He/H,O and He/Ar/H,O mixtures.

The OH,q density as the power begins to ramp down
(10.1 ms) and HCOO7q concentration at the time of collec-
tion are also shown in figure 8, both averaged over the droplet.
Where OH density was high in the gas phase, OH,q density
is also relatively high, since solvation of OH from the gas is
its dominant source. However, since OH,q is consumed by
O3 4y, the density of OH,q is lower than the density of OH.
In the He/O, mixture, the OH density is relatively low, and
the OH,q density is the highest of all gas mixtures examined.
In this case, OH,q is formed not in the gas phase but in the
liquid phase by Oyq + H20,q — OHyq + OHyq [17]. Since
the He/O, mixture has an abundance of O to solvate into the
droplet, OH,q is readily formed within the droplet. Therefore,
the decomposition of HCOO 7 is due to the OH,q formed by
Oy instead of by solvation of gas phase OH. However, this
value for OH,q may be sensitive to the Henry’s law constant
of O. With the He/O, mixture, the rate of OH,q production
by O, is higher than the consumption of OH,q by O3 44, and
OH,q does not significantly decrease over the power-on period.
For the He/H,0, He/O,, and He/Ar/H,O mixtures, the dens-
ity of HCOO7q in the reactive layer is depleted to below 4%
of the initial HCOO7q concentration, leading to a relatively
constant HCOO 74 concentration (averaged over the droplet).

For the He, He/Ar, and He/H; mixtures, the HCOO 7
is decreased by less than 0.5 mM from its initial concen-
tration of 2 mM. In the He and He/Ar mixtures, OH,q is
formed both by the solvation of gas phase OH as well as
Oy + H20,q — OH,q + OH,q. The rate of OH,, formation by
UV/VUV radiation is at least four orders of magnitude lower
than the rate of formation by O, + Hy0,q in the He mix-
ture and nearly three orders of magnitude lower in the He/Ar
mixture. The total density of the radiating states is below
2 x 10° cm™ in the He mixture and below 5 x 10'' cm™3
in the He/Ar mixture due to their being quenched by H,O
and impurities. Without the UV/VUYV radiation, HCOO 74
increases by less than 0.02 mM across all gas mixtures, with
the largest difference in the He/Ar mixture. Therefore, in
this system, UV/VUYV radiation does not play a large role
in OH,q production and HCOO7q degradation. In the He/H,
mixture, the H density is three orders of magnitude larger than
the OH density. However, H has a low Henry’s law coeffi-
cient (6.48 x 1073) compared to OH (620), leading to Hyq
only being a factor of 1.7 larger than OH,q. While H,q has
a higher density than OH,g, the rate coefficient of H,q react-
ing with HCOO7q is an order of magnitude lower than that

of OH,q reacting with HCOO 7. Therefore, HCOO 7 is still
consumed primarily through OH,q. Since OH, is not abund-
ant, HCOO7 is not depleted.

The results from the model are compared to the experi-
mental measurements in table 9. As discussed in section 3.2,
in the He/H,O plasma, the model underpredicts the OH dens-
ity by a factor of 2 while matching the HCOO7, density.
For the He/O, plasma, the OH density was not measured,
but the model predicts a density of 2.4 x 10'> cm™3, almost
two orders of magnitude lower than the He/H,O plasma.
The HCOO7q concentration matches within uncertainty, as
the measurements show 0.80 mM and the model predicts
0.71 mM. For the He/Ar/H,O plasma, the model underpredicts
the OH density by 20%. The HCOO7q concentration again
matches within uncertainty, as the model predicts 0.72 mM
and the experiments show (.74 mM.

Species in addition to OH,q and Hyq could also play a role
in HCOO7q depletion. In Nayak et al, it was argued, based
on the work of Jirasek and Lukes [27], that O,q could directly
interact with HCOO7q [16]. UV/VUYV photodissociation and
photoionization of H,O,q was shown to not play a large role in
OH,q production and subsequent HCOO 74 degradation due to
the low density of radiating states. However, in other systems
with larger densities of radiating states, UV/VUYV photodisso-
ciation could play an important role, particularly when large
amounts of OH are not produced in the gas phase. Addition-
ally, photodetachment of electrons from negative ions (OH %,
HCOOQO74) may be important. As electron affinities of typical
negative ions are in the order of 1 eV, most radiation is energet-
ically able to produce photodetachment. In this system, pho-
todetachment could increase OH,q through detachment from
OH7q or could degrade HCOO 7 directly.

4.6. Water percentage

While different gas mixtures produce varying levels of OH and
OH,q, varying the H,O percentage in the He/H,O mixture can
also change the OH and OH,q levels, allowing the OH density
to be tuned to the desired amount. Note that, to compare with
experiments, the results in this section are with a flow rate of
1.5 slm, compared to 1 slm in previous sections. As discussed
in section 4.3, the flow rate changes the reactive layer thickness
due to the shorter (or longer) time for transport of solvating
species into the droplet. Therefore, the reactive layer thickness
is decreased to 5.5 pum to match that at 1.5 slm.

The OH density as the power begins to ramp down (8.4 ms,
exit of the plasma channel) is shown in figure 9(a) at a flow rate
of 1.5 slm. As the H,O percentage in the initial gas mixture



J. Phys. D: Appl. Phys. 56 (2023) 285202

M Meyer et al

-
s
|

N w £ (9)]

rrrrrrrr|rrrr|rrrr[rrrrprrrr

—_—

OH and OH,_ Density (10" cm™)

PO S T T TN T TN T N T T T N Y T N SN N AN T TN T T N U N N

a) 0 PR SR T N Y TN SO NS TN TR SR N TN TR TN N T T S |
0.2 0.4 0.6 0.8 1
Water Percentage

L B S S RN R R EL B R B B |
1.6 =
E I
§ 14 —
"@ T -
§ T /m, N a
s 1.2 Exp._ -
Ocr N\ < \“'\. il
D(B ‘f s % -
: I
+ 1.0 L —-
0.8 [ | TN TN W TN TN TN U SN TN NN [N SN TN TN [N T S S | |

o
—

0.4 0.6 1

Water Percentage

0.8

Figure 9. Droplet properties as a function of percentage of water in
the inlet flow (He + X% H>0). (a) OH and OH,q densities as the
power begins to ramp down (8.4 ms, at exit of the droplet from the
plasma) at 1.5 slm compared to experimental measurements of OH
from Oinuma et al [15]. (b) HCOO 7 concentration at the time of
collection compared to experimental measurements from Oinuma
et al [15]. Aqueous quantities are averaged over the droplet.

increases, the OH density increases because the electron-
impact dissociation of H,O is the main production mechan-
ism of OH. The predicted densities of OH density are lower
than experimental measurements by about 25%, but the trends
in OH density are the same between the measurements and
model results.

The OH,q density as the power begins to ramp down
(8.4 ms, exit of the plasma channel) is shown in figure 9(a), and
the HCOO 74 concentration at the time of collection is shown
in figure 9(b). Both the OH,4 density and HCOO 7 density are
averaged over the droplet, as described in equation (1). At low
H,O percentages (<0.1%), the HCOO7q concentration con-
tinually decreases as the HCOO7q density in the reactive layer
is decreasing. As the HCOO7q density decreases, the OH,q
density increases as the consumption of OH,q by HCOO7q
decreases. The O; ,q density is low, and O3 ,q does not con-
sume a large proportion of OH,, compared to reactions with
HCOO7. At 0.2% H,0, the density of OH,q reaches a max-
imum at 6.3 ms, as O3 ,q begins consuming more OH,, than
HCOOQO7q later in the power-on period. Beyond 0.2% H,O,
the HCOO7q concentration increases slightly as the O3 4
begins consuming more OH,q earlier in the power-on period,
lessening the ability of OH,q to consume more HCOO 7.
However, the increase in HCOO7q concentration is less than
0.05 mM from 0.2% H,O to 1% H,O. This is consistent with
a transition from a HCOO7,q decomposition limited by gas
phase OH flux towards the droplet to a decomposition lim-
ited by liquid phase transport of HCOO7q, as discussed in
Nayak et al [16].

The OH,, density increases up to 0.1% H>O. How-
ever, at larger H,O percentages, OH,, at the exit of the
plasma channel begins to decrease. As the H,O percent-
age increases, HCOO7, decreases earlier in the power-on
period. Therefore, O3 44, a byproduct of HCOO 7, degrada-
tion, also increases earlier in the power-on period and becomes
the dominant consumption mechanism of OH,q earlier in
the power-on period when the O; ¢ density is around 33%
of the HCOO7 density. Due to the abundance of O3 ,q at
earlier times with increasing H,O percentage, O3 ,q has more
time to consume OH,q, decreasing its density at larger H,O
percentages.

The measured HCOO7q concentrations are also shown in
figure 9(b). At 0% H,O (pure He), the experiments show a
high level of HCOO 74 degradation, while the model does not
predict this. This mismatch could indicate that there are other
reactive species besides OH,q and H,q that consume HCOO 7.
These other reactive species could be excited states of He
that are quenched entering the droplet. However, the major-
ity of those states will be quenched by reactions with HyO,q
(included in the model) and not directly with HCOO7q. From
0.05% H,0 to 0.3% H,O, the measured HCOO 74 concen-
tration decreases. This trend is predicted by the model up to
0.2% H,0. After 0.3% H,O, the measured HCOO 74 concen-
tration remains relatively constant, matching the predictions
by the model. However, the model predicts a concentration of
0.84-0.88 mM, while the measurements show a concentration
near 1.1 mM. This discrepancy is likely due to the thickness
of the reactive layer at 5.5 um. The reactive layer thickness
was initially chosen to match the experimental measurements
at 1 slm (residence time of 10 ms) and scaled for the flow rate
of 1.5 slm. While this scaling reproduces the trends as seen in
section 4.3, this mode of scaling may not be applicable to all
flow rates.
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5. Concluding remarks

The degradation of HCOO7y, a model organic compound,
by OH,q from plasma-produced OH was computationally
investigated in an atmospheric pressure RF discharge sus-
tained in He/H,O mixtures using a OD plasma chemistry
model GlobalKin. To best match the experimental results,
the droplet was modeled as two zones: a reactive layer and
a nonreactive core. The thickness of the reactive layer was
determined to be 6 um for the base case so that the model
predictions of the HCOO7,4 concentration would match the
experimentally measured HCOO7, concentration at a single
operating point at 1 slm. Over the 10 ms the droplet is
exposed to the plasma, the OH density reaches a steady state
value of 1.5 x 10'* cm™3, in agreement with experiments
[16]. In the droplet, HCOO7,, decreases due to reactions
with OH,q that solvates from the gas phase into the liquid
phase due to its high Henry’s law constant. Initially, as the
HCOO7q in the reactive layer is consumed, the density of
OH,q in the reactive layer increases. While the main con-
sumption mechanism of OH,q is the reaction with HCOO 7
during the first portion of plasma exposure, reactions with
O3 4¢> a byproduct of HCOO7q degradation, become dom-
inant once O ,q reaches 33% of HCOO7, density. The
role of photodissociation by UV/VUV radiation in produ-
cing OH,q in the droplet was investigated. Including pho-
tolysis by UV/VUV radiation did not significantly change
HCOO74 depletion due to low densities of radiating states,
which are quenched by reactions with H,O. For plasma con-
ditions where the OH flux is less dominating in producing
OH,q and where excited states that emit UV/VUYV photons are
abundant, we expect the role of UV/VUYV radiation to be more
important.

The variation of droplet and plasma properties affects the
amount of HCOO 7 consumed in the reactive layer. While all
variations examined change the species densities in the liquid,
only the power deposition, gas mixture, and percentage of H,O
in the inlet changed the gas phase OH density. The droplet
diameter, initial HCOO 7 concentration, and gas flow rate do
not significantly affect the OH density. In general, early in
plasma exposure, OH,q reacts primarily with HCOO 7. How-
ever, later in plasma exposure, the formation of CO3 54 by the
reaction between OH,q and HCOO7 leads to the formation
of O3 5. The increase in O3 ,q due to HCOO 74 consumption
leads to areaction between OH,q and O3 ,q becoming the dom-
inant consumption mechanism of OH,q. Then, the reactions of
O3 4q and OH,q lead to decreases in OH,,.
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