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Details on the Computational Setup
General equations in the model

In the model, three physical modules are coupled: transport of momentum, as well as the convection-diffusion
equations for both heat and mass. For the transport of momentum, the incompressible Navier-Stokes equations

are used:

p@ V) = V [—pl + u(VE+ (VD)D) —gu(v DI

These two expressions represent the conservation of mass and momentum, respectively. p is the overall mass
density, U the fluid velocity, u the dynamic viscosity, p the static pressure, and / represents a unity matrix. Both

p and u are determined by the properties of the material (i.e. air and water in our case).

The equation for heat transport is based on the principle of conservation of energy and can be written as:

5T
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Cp is the heat capacity at constant pressure and k represents the thermal conductivity. Q stands for additional
heat sources introduced to the system, such as the heat of evaporation (see later). The left side of the equation
considers the changes in temperature as a function of time and due to convection. The first term on the right

side represents the conductive heat flux.

The equation for mass transport used in this model is:

6Ci —
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ci and D; represent the concentration and diffusion coefficient of each species i. R;is the sum of all production
and loss terms in the simulation, as described by chemical reactions. The left side of the equation represents
changes in concentration as a function of time and due to diffusion (governed by Di) and convection (cf. velocity

—

u).

Plasma species and chemistry

The gas phase species are introduced via the inlet at the very top of the plasma jet device (see Figure @ in the
main paper), with concentrations that will be specified below. The open boundaries of the model in the gas phase
mimic the ambient air (78.09 % N2, 20.95 % Oz and 0.96 % H20) with a pressure of 1 atm. In this way, fresh air is
introduced in the model when an inward flow is present, due to differences in pressure and concentration of the
ambient air species. The walls of the liquid (cf. Figure 1 in main text) are treated with the non-slip condition,

reducing the lateral velocity at the walls to 0 m.s™.

We don’t consider the discharge (and the plasma chemistry) inside the plasma jet device in our model, because
this would lead to excessive calculation times when using the model for actual plasma treatment times of several
minutes, as explained in the main text. Therefore, we need the concentrations of the important species flowing
out of the jet device as input in our model. They are adopted from Wende et al.! for the Ar plasma jet studied in
this work. However, in practice, the gas phase species are introduced in our model through the inlet of the plasma
jet device, as mentioned above. Therefore, we keep the concentrations of these species constant throughout the
device, until they reach the nozzle, where the species interact with the ambient air and start to react with the air

molecules. The inlet concentrations of the various species are listed in Table S.1.

The model considers 20 gas phase species and 22 liquid phase species (listed in the main paper), which react with
each other in 57 gas phase reactions and 42 liquid phase reactions. These reactions, along with their rate

coefficient and the references where these data are adopted from, are listed in Table S.2.

Boundary conditions at the interface

@he gas-liquid interface couples the three physical modules (see above) of both the gas and liquid phase
by various boundary conditions. For the transport of momentum, drag from the gas phase is implemented on
the interface, resulting in a shear stress in the liquid, which induces a flow in the liquid. In practice, this means
that a moving wall is introduced in the model for the liquid at the interface, which has the lateral velocity of the
gas at the other side of the interface, ug. Furthermore, the gas velocity at the interface is reduced compared to
the bulk gas flow, due to the presence of the interface, which is, again, treated as a moving wall with a lateral

velocity of the liquid, ui. In this way, the gas flow and liquid flow are coupled in the model through the interface.

Transport of heat over the interface is considered to be continuous and is controlled by the properties of the
respective phases, i.e. thermal conductivity, heat capacity and specific heat ratio. In addition, the heat of water
evaporation is introduced at the interface, which can affect the temperature of the liquid. This is included in the
following way?:

Q =]Z,H20 'Hvap
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Where JzHz20 is the molar flux of H20 at the interface as a result of evaporation, and Hvaep represents the latent

heat of evaporation for water (set to be 2260 kJ/kg3).

For the transport of mass, two boundary conditions are applied. First, the transport of species over the interface
is governed by Henry’s law. This means that the concentrations of both the gas phase and liquid phase species
are set to be in equilibrium with each other at the interface, by means of ci,liquid = Ci, gas * Hi * RT, where Hi is the
Henry’s constant of species i, R the gas constant and T the temperature. The Henry’s constants used in this model
for the various species, as well as the diffusion constants of these species in the gas phase and liquid phase, are
listed in Table S.3. In our model, we assume that only neutral species are able to enter the gas phase from the

liquid, while ions will remain in the liquid phase.

The second boundary condition for transport of mass at the gas-liquid interface is given by water evaporation.

This is included via the water vapor pressure at the interface in the gas phase as follows*:

1730.63

logioPyap = 8.07131 — 233426+ T

Pvap represents the vapor pressure of water and T the temperature. The constants in the equation are known as
Antoine’s coefficients, which are material specific. The constants in this equation are the Antoine’s coefficients

for liquid water?.



Table @aseous species number densities in cm3 at the inlet of the plasma jet device. They serve as input data for the
calculation of the gas phase and have been adopted from! for an Ar plasma jet. Species that are not included in this table are
assumed to have a zero inlet concentration.

Species Inlet Species Inlet
concentration concentration

OH 2 x 1014 H 1x 101
H:0: 1x1013 N 6 x 1013
HO: 3x 1013 NO 7x 1013
O 1x 10t NO: 1x 1012
(01} 7x 1011 HNO: 2 x 1012
102 2 x 1014 HNOs 2 x 1010
H: 4 x 1011 Ar 2 x 1019
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Table S@\aaction list with all gas phase and liquid phase reactions included in the model, as well as the rate coefficients (or
the data to calculate the rate coefficients) and the references where these data were adopted from. The rate coefficients for
the gas phase reactions are given in the Arrhenius form: k = A x (Tg/300)® x exp(-C/Tg), with units of s, cm3st and cmés™ for
first, second and third order reactions. The unit of A is the same as for k, B is dimensionless, and the unit of C and Tg is K. The
unit for the liquid phase rate coefficients is st, m3mol-s? and mémol2s? for first, second and third order reactions,
respectively.

Nr Reaction Reaction rate coefficient Ref.
Gas phase reactions A B C
1 O+OH—->H+O0: 1.81x 101! -0.31 -177 5
2 0+0:2*+M—->03+M 6.40 x 1035 0 -663 5
3 O+NOz2— NO+Og 6.50 x 1012 0 -120 5
4 0+03—0:2+0:2 8.00 x 1012 0 2060 5
5 0+03—102+0:2 1.00 x 1011 0 2300 5
6 0+0+M—->10:+M 6.93 x 1035 0.63 0 6
7 O+HO:—- OH + O2 2.71 x 1011 0 -224 5
8 O+NO+M-—-NO:+M 1.00 x 1031 -1.6 0 5
9 O+ NOs— NOz2+ Oq 1.70 x 10-1 0 0 5
10 O+0O+M—-0:+M 5.21 x 103 0 -900 5
11 O+N+M->NO+M 1.02 x 1032 -0.5 0 5
12 O+ HNOs; —» OH + NOs 3.00 x 107 0 0 5
13 O+NO:2+M — NO3s+M 9.00 x 1032 -2 0 5
14 O+ H202— HO: + OH 1.79 x 1013 2.92 1394 5
15 O+ H202— H20 + O2 1.45x 1015 0 0 5
16 O+ HNOz — OH + NOq 2.00 x 1011 0 3000 5
17 Oz2+ NOs — NOz2+ O3 1.00 x 1017 0 0 5
18 02+10:2—>03+0 3.00 x 1021 0 0 6
19 0:+M—-0:+M 3.00 x 1018 0 200 5
20 02+ HO:—>OH+02+0 1.66 x 1011 0 0 5
21 '02+03—>02+02+0 1.00 x 1014 0 0 5
22 03+ NO — NOz2+ O¢ 4.30 x 1012 0 1560 5
23 O3+ NO2— NOs3 + O2 1.40x 1013 0 2470 5
24 O3+ OH — HO2 + O¢ 1.69x 1012 0 941 5
25 O3z + HNOz2 —» HNOs + Oq 5.00 x 101° 0 0 6
26 O3+ 03— 102+ 02+ O2 1.00 x 10- 0 2300 5
27 03+H—->OH+O0:2 2.71x 1011 0.75 0 5
28 OH+NO:+M — HNOs+ M 4.60 x 1029 -5.49 1180 5
29 OH+NO+M — HNO:+M 7.40 x 1031 -2.4 0 5
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30 OH + H202 —» H20 + HOq 4.53 x 1012 288.9

31 OH+OH —->H:0+0 5.49 x 1014 -970

32 OH + HO2— H20 + O2 4.80 x 1011 -250

33 OH + HNO:z — H20 + NO2 2.70 x 1012 -260

34 OH+OH+M — H:0:+M 8.00 x 1031 0

35 OH + HNOs — H20 + NOs 1.50x 1013 0

36 HO:+NO+M — HNO;+M 5.60 x 1033 0

37 HO:+ NO — NO:+ OH 3.60 x 1012 -270

38 HO:+ HO2+M — H202 + Oz + M 1.70 x 1033 -999.5

39 HO:+ N — NO + OH 2.20x 1011 0

40 H+O:+M— HO:2+M 6.09 x 1032 0

41 H+OH+M - H:0+M 8.00 x 1031 0

42 H+ HO2— Hz+ O¢ 2.06 x 1011 277

43 H + H202 — H20 + OH 4.00 x 1011 2000

44 H + HNOz — Hz + NOg¢ 2.00 x 1011 3700

45 H+ NOs — NO:+ OH 5.80x 1010 750

46 H+ HO:— OH+ OH 1.66 x 1010 413

47 H+ NO:z— OH + NO 4.00 x 1010 340

48 H:+OH — H:0+H 9.54 x 1013 1490

49 N+0O:—>NO+O0O 3.30 x 1012 3150

50 N+NO-—->N:+0 8.20 x 1011 -410

51 N+ NOs — NO:2+ NO 3.00 x 1012 0

52 N+OH - H+NO 4.70 x 1011 0

53 N+N+M->N+M 1.38 x 1034 0

54 N+ NO2— NO + NO 1.33x 1012 -220

55 NOs3+ NO — NO2 + NO2 1.80 x 101 -110

56 NOs+ NOz+ M — N205+ M 2.80 x 1030 0

57 N205+M — NO2+ NOs+M 1.33x 103 11000
Liquid phase reactions k

58 H+ H2:0 — Hz:+ OH 1.00 x 102 7

59 H+H - H: 7.50 x 106 7

60 H+ OH — H:20 7.00 x 106 7

61 H+ H:0:— OH + H20 9.00 x 104 7

62 H+ Oz — HO: 2.10 x 107 7

63 H+ HO2— H20: 1.00 x 107 7



64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

84

85

86
87
88
89
90
91
92

93

94
95
96
97

H + NOs2 — OH-+ NO

H + NOz2 — HNOzq

O + H:0 —» OH + OH

O+ 02— O3

O2 + NO — 0.7(NOs) + 0.3(ONOO")
O3+ 03+ OH — 02+ 02+ HO + Oy
O3 + NO2 — Oz + NOs-

OH + OH — H:02

OH + Hz —» H + H20

OH + HO2 — H20 + O¢

OH + O2 —» OH  + O2

OH + H202 — H20 + HOq

OH + NOz2 — OH- + NO2

HO:z + H20 + Oz — Oz + H202 + OH-
H:02 + NO2 + H* — ONOOH + H:0
NO + NO + Oz — NOgz + NOq

NO + NO:z + H20 — HNO2 + HNO2
NO + OH — HNO:

NO + Oz — NOs

NO + Oz — ONOO-

NO:+ OH — 0.7(NOs + H*) +
0.3(ONOOH)

NO:z + NO2 + H2O — HNO2 + H* +
NOs

NOs + OH- — OH + NOs

N205 + H2O — NOs + NOs + H* + H*
HNO: + HNO2 — NO + NO:2 + H20
ONOOH — NOs + H*

ONOOH — OH + NO¢

ONOO- — NO + O

HO:z + HO2 — Oz + H202

H202+ O3+ OH- — OH + HO2 + Oz +
OH-

OH + ONOO- — OH- + Oz2 + NO

NOs + H202 — NOs + HO2 + H*

NOs3 + O2n — NOs + Oq

NOs + NO2 — NOs + NO2

1.20 x 108
1.00 x 107
1.30 x 10!
3.00 x 106
1.20 x 107
2.10 x 101
3.30 x 102
1.00 x 107
4.20 x 104
6.00 x 106
8.00 x 108
2.70 x 104
1.00 x 107
9.68 x 10!
1.1x 103
2.30
2.00 x 102
2.00 x 107
8.00 x 108
3.20 x 10¢

5.30 x 10¢

1.50 x 102

8.00 x 104
1.20 x 103
1.34 x 10!
1.20
3x 101!
2x 102

8.3 x 102
5.5 x 1032

7=11.6-pH

4.8 x 106
1.00 x 103
1.00 x 108
1.2 x 108

N 9 9 9 9 © 00 99 9 9 99 9 0009 9 9 9 9

J

10
11
11
11

12

13
13
13
13



98
98
99
100
101
102

O3 + OH — Oz + HO2
H20 — H*+ OH-
H*+ OH- — H:20
HNO: & H* + NO2

ONOOH < H* + ONOO-

HO2 & H* + O«

1.00 x 10° 8
7x 102 10
7x 108 10

pKa=3.4

pKa =6.8

pKa = 4.88




Table S@ffusion constants used in the gas phase (Digas) and liquid phase (Djjiquia) and Henry constants (H;) used in the
model for the various species i, as well as the references where these data are adopted from. Species that do not have a value
for Djgas or Djjiquia are not considered in the gas or liquid phase, respectively.

Species Di,gas Ref. Di tiquia Ref. Hi Ref.
10-5 m2.s! 109 m2.s1! mol.L-l.atm!
Ar 12.2 14
0 2.1 14 2.3 10 1.3x 103 15
N 2.1 14 2.6 16 6.5 x 104 15
H: 12.2 14 1 10 7.8x 104
H:0 2.3 14 2.299 17
OH 4 14 2.8 10 3.03 x 10! 15
H:0: 2 14 1.7 10 7.9 x 104 15
HO: 2 14 1.7 same as 5.56 x 103 15
H202
(0] 3.2 14 2.8 same as 1.3x 103 same as
OH 02
O3 1.5 14 1.76 18 1.22 x 102 15
102 2.1 14
H 12.2 14 1 10 7.8x 104 same as
H>
N 2.9 14
NO 2 14 2.2 10 1.9x 103 15
NO: 1.7 14 1.85 10 1.93 x 102 15
NOs 0.9 14 2.5 same as 3.28 15
HNOs
HNO: 2.1 14 2.5 10 4.9x 101 15
HNOs; 2.1 14 2.5 10 1.7 x 108 15
N:20s5 1 14 1 19 2.1 15
ONOOH 1.78 14 2.5 10 4.8 x 106 10
H+ 7 10
OH- 5.29 10
O 2.3 estimated
NO2- 1.7 10
NOs- 1.7 10
ONOO- 1.7 same as
NOs
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Results and discussion
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Figure S@J plot of the velocity magnitude (depicted in rainbow color scale) in both gas and liquid phase, at an inlet gas
flow rate of 0.1 sim. The direction of the flow is indicated by yellow and white arrows for the gas and liquid phase, respectively.
The arrows are logarithmically scaled based on the velocity magnitude, for the sake of clarity. The symmetry axis is located
at radius = 0 cm. The values above the color scale indicate the highest velocity in both gas and liquid phase (in m/s).
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Figure S@ plot of the temperature in both the gas and liquid phase presented in rainbow scale when heat of evaporation
is disabled.
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