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in Fig. 5. Their dimensionless Henry's law constants are 0.25, 51,
942,1.7 10, 2.1 1F,and5.1 1, respectively, and they cover
the typical range of solubility of common species in plasmas. The
parameters for all species could be referred to the Henry's law con-
stants of set 2, given in Table Ill. The gaseous distributions of these
six species are shown in Figs. 5(a)-5(f) and those of the liquid phase
are shown in Figs. 5(g)-5(!), where the vertical axis represents den-
sity and the horizontal axis represents the distance to the gas—liquid
interface. It is worth noting that there might be relatively large cal-
culation error when the spatial scale is close to the collision mean
free path, which is around tens of nanometers. Generally, the dif-
ferences in distribution induced by different interfacial boundary
conditions is seen in species with relatively large Henry's law con-
stants, such as HY H>0,, and HNQO;, whose dimensionless con-
stants are10°-1C, and the discrepancy might cross several orders
of magnitude above the interface,@®s is the only exception, which

FIG. 4. Spatial-temporal distributions of electron density (a) and electron temper-
ature (b) and the time-averaged distribution of some ROS (c) and RNS (d) in the
gas gap between the jet ori ce and the deionized water.

of electron energy near the interface but much lower than that near
the nozzle side. When helium ows out of the tube, the surround-
ing ambient air would mix into the working gas, especially when
it comes near to the interface. The inelastic collisions are enhanced
and especially more electrons would collide with increasing water
evaporation to produce atomic H speciésyhich consumes much
energy’’

After a 10 ms discharge, the phase-averaged density of these
species changes no more than 0.02% between two adjacent voltage
cycles; therefore, they are regarded to be in steady states [Figs. 4(c)
and 4(d)]. As for the gas compositions, this result shows the same
tendency as that in the He + air parallel electrode discharge in a
global modei’ and uid model*® where O and G(a) are the dom-
inant ROS and NO, N@ and HNQO;, are the dominant RNS. As
for the spatial distributions, the peak value of H-contained species
appears near the gas—liquid interfaceyhile that of H-free species
appears near the nozzle outlet. This difference is reasonable con-
sidering the spatial character of water evaporation and electron
energy.

B. Effect of interfacial boundary conditions

Regarding the distributions of reactive species calculated by
three different interfacial boundary conditions (results of models I,
I, and lll, respectively), it is found that the major difference appears
nearby the interface and the magnitudes of the differences vary with
their Henry's law constants distinctly. For this reason, the spatial dis- FIG- 5. Spatial distribution of gaseous (a)-(f) and aqueoysNSOX()IB,
tributions of six reactive species, i.es,M20s, OH, HOz, H203, HQ, H0,, and HN@In the vicinity of the gas-liquid interface with respect to the

and HNGQ;s, 10 m above the interface and 3n beneath, are shown three different boundary conditions att=10 ms.
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would be discussed later. Regarding the spatial range, the distinc-
tion only appears within micrometers above the interface and the
aqueous distributions are hardly affected. The discrepancy in con-
centration induced by different interfacial boundary conditions is
evaluated using Eq. (6), where the subscripts i and j represent the
types of species and the model number, respectively. The relative
deviation (RD for abbreviation) of concentrations to the minimal
value in three results is calculated for each species,

% > (ej- min(c,'))2
j=Bnd

RD(i) = (6)

min(¢;)

Calculated using Eq. (6), species with larger Henry’s law con-
stants tend to have larger RD in the gas phase and the RD of species
with low solubility is negligible. However, the discrepancy would
quickly diminish with the increasing distance away from the inter-
face. Specifically, at the range of 1 yum above the interface, HOzgqs
is the most affected species with RD(HOzgs) = 98%, followed by
HNO3gs and HyOzg.5, whose RDs are 95% and 92%, respectively.
However, when the evaluated gap expanded to 20 ym above the
interface, the largest RD is only ~6.7% for all gaseous species, which
indicates that the difference in species concentrations caused by dif-
ferent interfacial boundary conditions quickly vanishes within sev-
eral micrometers. For aqueous species, their differences of concen-
tration between the three models are negligible. Even within 1 nm
depth under the interface, the RDs are generally no larger than 2%
regardless of their solubility.

The effect of Henry’s law constants could be explained with
the two-film theory in principle, which is widely applied to evaluate
the mass transfer between two phases. Specifically, the mass transfer
between two phases is jointly determined by both the gaseous and
aqueous thin films clinging to the interface. The mass transfer rate
could be described using the total gaseous uptake coefficient, Kg,
according to the following equation:

1 1 1

— 7
Ko HkL+kG @)

where H represents the Henry’s law constant and ki and kg are
the mass transfer coefficients in the liquid and gas phase, respec-
tively, which are proportional to their diffusion coefficients, D, in
the corresponding phase.

As observed in Fig. 5, the discrepancy between three interfacial
boundary conditions exists for species with a relatively large Henry’s
law constant. Taking H,O, as an example, its Henry’s law constant
is ~10° and its k. is thousands of times smaller than kg owing to the
proportionality to the diffusion coefficient in each phase. Hence, the
first item on the right hand of Eq. (7) is far larger than the second
item, i.e., 1/Hki, < 1l/kg, and it is supposed to work in the gas-
film control mode. In other words, the capacity of the solution is
large enough and the mass transfer of H,O; is rate limited by the
supplement from the bulk gas phase. Regarding the production effi-
ciency of reactive species by plasma, it may be not effective enough
to sustain an instant solvation equilibrium at the interface, not to
mention the whole liquid bulk. This results in different profiles of
species between three models with diverse boundary conditions. For
model I, the throughout solvation equilibrium is artificially installed
at the interface, i.e., caq = Hcgas. However, this is not the case for
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models I and III, where the solvation is progressively developed
and it is not required to reach the equilibrium state throughout
the discharge. When the Henry’s law constant is too large to sus-
tain the proportion between gaseous and aqueous concentration as
described in model I (or there is a fast process to reduce the aque-
ous species), a large negative concentration gradient is numerically
required. This explains the remarkable concentration drop of H,0O,
above the interface in model I. This pattern also exists for HO»,
HNO,, HNO3, etc., whose Henry’s law constants (no less than 10*)
are large enough to work in the gas-film control mode according to
Eq. (7). Moreover, no matter which interfacial boundary condition
is used, the aqueous profiles are identical because the production of
species in gas bulk is the same in three models. As for species with
a relatively small Henry’s law constant, the solvation equilibrium
is readily achieved in all three models, and thus, both gaseous and
aqueous profiles are the same regardless of the interfacial boundary
conditions.

It is worth noting that multiple reactive species present in
PAW (plasma-activated water) and the liquid phase chemistry also
largely contribute to the aqueous concentration. Fast destruction
reactions could further enlarge the demand for mass transfer from
the gas phase and enhance the concentration gradient above the
interface in model I. In other words, the reactions might dominate
in the reaction-diffusion competition™ and Henry’s law constant
should not be the only index used to evaluate the possible differ-
ence between different interfacial boundary conditions. This is the
case of N,Os as shown in Figs. 5(b) and 5(h), whose transportation
across the interface is a typical reactive uptake process.”” It would
quickly hydrolyze or react with water to form HNO3,q/NO3,q~ once
it enters the solution. This procedure makes the solvation saturation
very hard to achieve even though its Henry’s law constant is only
51. It results in a concentration discrepancy with several times of
magnitudes between the three models.

To estimate the spatial range of gaseous distribution of species
under the influence of interfacial boundary conditions, EL, the
following equation is proposed:

D, -c
ELs,/%, (8)
P

where Dy is the gaseous diffusion coefficient, c, is the concentration
in gaseous bulk, and R, is the production rate of the given species,
respectively. The maximum range of the gas gap being affected is
estimated to be tens of micrometers above the interface, which is
consistent with our observation in Fig. 5.

Spatially, the range of deviation caused by different interfa-
cial boundary conditions, i.e., tens of micrometers, is much smaller
than the realistic scale of a plasma jet interacting with a flat inter-
face. However, one should still be careful if the volume of the
interfacial gas layer is comparable to the bulk volume of gas phase
in the studied situation. Interaction through microbubbles is a
typical example. Some studies found out that the production of
PAW with microbubbles (~hundreds of micrometers in diame-
ter) could enhance the efficiency of activation owing to the large
surface-to-volume ratio, and the smaller size of bubbles is benefi-
cial to the accumulation of reactive species in the liquid phase.”
In this circumstance, as described by the thermodynamic interfa-
cial boundary condition in model I, the dramatic decrease in highly
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TABLE IV. (Continued.)

No. Reaction Rate coefficient” References
41 O;gas + Hegas - Hegas + OZgas + Ogas + €gas 3 x 10716 74
42 Hgas + Hegas - Hegas + Hgas + €gas 8 x 10718(Tg/300)0‘5 75
43 Nogas + Hegas - Hegas + Nogas + €gas 24 x10 19 76
Penning ionization
44 He;as + Ogas - Hegas + Ogas + €gas 3.96 x 10716(Tg/300)0'17 77
45 Hegyo + Ongas = Hegas + Ojgaq + €gas 2.54 x 107'%(T,/300)"? 78
46 Hegas + Hgas - Hegas + Hgas + €gas 1.1 x 10_15 79
47 Hegys + HyOgas — Hegas + HaOgy + €gas 6.6 x 107 1¢ 80
48 Heg,, + HyOgas — Hegas + Heas + OHgy + €ga 1.5% 10 ¢ 80 and 81
49 Hegys + HaOgas — Hegas + Hias + OHgas + €gas 26x 10" 80 and 81
50 Hey,, + HyOga — HeHgy + OHga + egas 85x 108 80 and 81
51 Hegys + H2O2gas > Hegas + OHgas + OHgyq + €gas 7.8 x 10716 50
52 Hegys + Nogas — Hegas + N;'gas + €gas 5x10 V7 82
53 Hegys + Nogas = Hegas + Ngas + Nggq + €gas 1x10° 1 74
54 Hejgas + O2gas = 2Hegas + Olga + €gas 3.6x10°1° 83
55 Hegas + Hagas = Hegas + H;gas * €gas 29%x10°Y 84 and 85
56 He3y,s + Hagas = 2Hegas + Higqq + €gas 22x 1071 36
57 Hej gy, + HaOgas — 2Hegas + HaOps + €gas 6x10 ' 87
58 Hejgas + Nagas = 2Hegas + Nigys + €gas 3x10 Y 88
Charge transfer
59 Ngas + OZgas - Ogas + Nogas 2.8 x 10717 89
60 Ngas + H2Ogas g HZOgas + Ngas 1.19 x 10715 90
61 N;gras + H2Ogas g Nogas + H2gas 2.1 x 10_16 90
62 N;gas + HyOga5 —~ Hzogas + Nogas 23x10° 0 71
63 N;gas + OZgas - O;gas + Ngas + NZgas 2.3 x 10_17 71
64 N;gas + Ozgas — Nogas + Ogas + Nogas 2x107 Y 71
65 N;gas + O2gas — NO;gas + Nogas 44 %107 71
66 Nigas + Nogas = Nogag + 2Nagas 2.1 x 10 '€ exp(Tg/121) 71
67 NZgas + Ogas - Ogas + 2N2gas 2.5 % 10716 71
63 NZgas + OZgas - O;gas + 2N2gas 24x10°1° 89
69 NZgas + HyOgas — Hzogas + 2Nagas 3x 101 71
70 Ogas + HZOgas nd Hzogas + Ogas 3.2 x 10715 71
71 Ogas + N2Osgas = NOJgys + NOsga + Oagas 88 x10 !¢ 91
72 O3gas + NOgas = NOgy + Osgas 46x1071° 92
73 O;gas + NOZgas - NOEgas + OZgas 6.6 x 107 1° 92
74 OZgas + Ogas — O;gas + O3gas 3% 1016 71
75 Oigas + O2gas = 3o + 202ga 3.3 x 107%(300/ T, )* exp(~5030/T) 91
76 Olgas + NOgas — NOy + 203505 6.8 x 1076 89
77 OZgas + NOzgas - NO;gas + ZOZgaS 3 x 10716 93
78 Ogas + Oz(a)gas — OZ_gas + Ogas 1x10°16 71
79 Ogas + O3gas > O;gas + Ogas 8x 10 '° 71
80 Ogas + HyOgas — OHgyg + OHgas 14x10 Y 71
81 02_gas + Ogas - O;as + OZgaS 3.3 x 10716 71
82 Oz_gas + O3gas - O;gas + OZgas 3.5x 10 16 71
83 O2gas + NOogas = NOjgys + Oagas 7x10 ' 71
84 Ogas + HNOj3goq = NO3ys + HOogas 2.8 x 10 1° 71
85 Ojgas + NOgas = NOj3gy + Ongas 2.5x1071° 71
86 Olgas + Ogas - Ogas + 202gas 3x10°1° 71
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TABLE IV. (Continued.)
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No. Reaction Rate coefficient” References
87 Ojgas + Ogas = Oigq + Odgas 4x107'° 71
88 OZgas + N2gas g Oz_gas + OZgas + NZgas 1x 10716 exp(71044/Tg) 71
89 NOjz + N2Osgas = NO3gys + 2NOogas 59x10 ¢ 91
90 NOgys + Ozgas = Ozgs + NOgas 5% 107" 71
91 NO3ys + NOgys = NOgys + NOogas 2.75x 1016 92
92 NOga + N2Osgas = NO3gys + NOsgas + NOgyg 7x10 1€ 71
93 NOjgs + NOgag = NOgys + NOogas 2.75x 1016 92
94 NOgas + O3gas = NO3gs + Osgas 1.8x 10" 71
95 NOgy + Hegas = OHgyg + NOpgas 4x1016 71
96 NO3gys + HNOj3gaq = NO3s + HNOggas 1.6x10 % 94
97 Hyys + Oagas = Ol + Heas 117x10° " 92
98 Hyys + HyOgas — HyOgys + Hagas 82x10 1 92
99 Hgas + HZOgas - OHgas + HZgas 3.8 x 10715 71
100 Hj s + HyOgas = H3Opgs + Has 343x10 92
101 Hj s + HaOgas — HaOpgs + Hagas 3.86x 10 1° 92
102 Higs + Ogas = OHgyg + Hogas 8x 107" 92
103 Higys + H2Ogas — H3Ogq + Hogas 3x10°1 71
104 OHygy + Ongas = O3ges + OHgas 59 x 10 ' 89
105 OHgys + HyOgas — HyOpp + OHgas 1.59x 10~ 1° 89
106 OHgys + HyOgas = H3Opq + Ogas 13x10 % 89
107 OHgyq + Osgas > O35 + OHgas 9x1071¢ 73
108 OHgys + NOagas = NOggs + OHgas 19%x10 71
109 H,0gy + Ogas = O3gas + Hagas 55x 1017 95
110 H,0g, + Ozgas > O3gas + HaOgas 43 %1016 71
111 H)Ogas + Hagas — H3Ojs + Haas 7.6%x10°1° 92
112 H;Ogys + HaOgas = H3Ops + OHgas 17x10 71
113 H30gy + N2Osgas = NO3gys + HNO3go + HoOpgas 55x 10 ¢ 70
114 Hegq, + 2Hegas = Hejgy, + Hegag 1.4 x 107 (Tg/300) ¢ 96
115 Hegas + Opys + Oagas — Hegas + O 1.1 x 107*(T,/300) 7" 97
116 Hegas + Ojgas + Oagas = Hegas + Ol 3.5 x 107 (T,/300) " 97
117 Heg,s + Ogas + Nagas — Hegas + NOng + Ngas 6 x 10_41(Tg/300)_2 97
118 Hegas + Ojgas + Oagas — Hegas + Ol 3.9 x 107%(T,/300) > 97
119 Hegas + Nigas + Nagas > Hegas + Nig 5x 107" (T,/300) ™" 97
120 Hegas + Ny + Nogas = Hegas + Nigyg 46x10° 4 98
121 Hepys + Ogas — Hegag + Ogas + Ops 1.07 x 107"°(T,/300)°° 78
122 Hegas + HOgas = Hegas + OHgas + Hgas 2.04x 107" 99
123 Hegas + HZOgas — Hegas + Ogas + OHgas 2.86 x 107'¢ 99
124 Hegas + NZgas — Hegas + N;gas 6x 101 97
125 Hegas + NZgas g Hegas + Ngas + Ngas 6x 10 16 97
126 Hej gy + Ozgas — 2Hegas + Ogas + Ogag 1.05x 107" 78
127 Hejgas + Nogas = 2Hegas + N 12x10° " 97
128 Hejgas + Nogas = Hejge + Nigg l4x10 P 100
129 Hej gy + HoOgas — 2Hegas + Oga + Hogas 21x10°16 101
130 Hej gy, + HoOgas — 2Hegas + OHyys + Hyas 21x10°16 101
131 Hej gy + HoOgas — 2Hegas + Hyys + OHgag 2.1x10 16 101
132 Hej gy + HoOgas — 2Hegas + Ogas + Higyg 21x10 16 101
133 Hej gy + HoOgas — Hegas + HeHyyg + OHgas 13x10 16 101
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TABLE IV. (Continued.)

scitation.org/journal/adv

No. Reaction Rate coefficient” References
134 Hegas + H3gys — HeHyy + Hyas 13x 1016 99
135 HeHy,, + Hagae = Hegas + Higyg 1.5x 107" 99
136 HeHg, + HyOgas — Hegas + H3Opy 43 %1016 102
Ton-ion recombination

137 O3gas + NO3geg = NOsgas + Ongas 2x107%(300/T,)"° 71
138 Ojgas + NO3ges > NOsgos + Osgas 2x107%(300/T,)"° 71
139 tgas + NO3gos = NOggag + 205406 1x107" 71
140 Oligas + NO3ges > NOsges + 2005 1x10 71
141 Oljgas + OHgyg = OHga + 2024 1x107 " ¢
142 NOj + NOjgy = NOsgas + NOga 2x107%(300/T,)"° 70
143 NOgs + NOjgyg = NOjgag + Nagas + Ogas 1x10 " 91
144 NOg,s + NOjyy = NOsges + NOgys 2% 1077(300/T,)"? 91
145 NOgys + NO3gs = NOsgas + Neas + Ogas 1x10° " 91
146 NOgs + Ojgas = Ozgas + NOgas 2x107%(300/T,)"° 71
147 NOgys + OHgyy — OHgas + NOpgag 2% 1077(300/T,)"? ¢
148 NOgys + OHgyg — OHgas + Nias + Ogas 1x10° 1 ¢
149 NO3ges + Olgas = Oagas + NOsg 2% 1077(300/T,)"? 70
150 NO3gas + NOgges = NOsgas + NOsgas 2% 107%(300/T,)">° 70
151 NO3gs + NOjgs = NOogas + Nyas + Ongas 1x10° 1 91
152 NO3gs + NO3ys > NOsgas + NOoga 2% 1077(300/T,)"? 70
153 NO3gas + NO3ges = NOsgas + Neas + Osgas 1x10 " 91
154 NOjgs + OHgyy = OHgag + NOjgo 2x107%(300/T,)"° ¢
155 NO3gas + OHgy = OHgas + Nias + Ongas 1x10 "1 ‘
156 H30g4 + NOjge = NOsgas + HyOgas + Heas 1x10 " ¢
157 H3044 + NOjyp — NOsgas + HyOgas + Hgas 1x10 "7 ¢
158 H30g + Ojgas = Oagas + HaOgas + Hs 1x10 " ¢
159 H30345 + Olgas = 20agas + H2Ogas + Heas 1x10 " ¢
160 H304,s + OHg,s = OHgas + HyOgas + Hgas 1x10 " ¢
Radiation

161 N2(B)gas = Na(A)gas 1.25 x 10° 93
Collisional relaxation

162 NZ(B)gas + Nagas — NZ(A)gas + Nagas 5x 107" 91
163 02(@)gas + Nagas = Oagas + Nogas 1.5x10 103
164 Hegas + 02(a)gas = Hegas + Ongas 8 x 107%7(T,/300)°* 78
165 O(ID)gas + ngas - Ogas + NZgas 1.8 x 10~ 7 exp(107/Tg) 104
166 Hegas + O(' D)gas — Hegas + Ogas 1x10 " 78
Other neutral reaction

167 Ngas + NOgag = Nagas + Ogas 2.1 x 107 exp(100/T) 104
168 Ngas + NOogas = N2Ogag + Ogas 5.8 x 10 ' exp(220/Ty) 104
169 Ngas + OHgas — Hgas + NOgas 7.5%10 " 71
170 N(D)gas + NOgas — N2 Ogas 6x10 "7 91
171 N(*D)gas + NOgas = Ogas + Nogas 45%x 10" 104
172 N(*D)gas + O2gas = NOgas + Ogas 1.5 x 107"%(T,/300)*° 104
173 N(D)gas + Ozgas = NOgas + O(* D) gas 6 x 107%(T,/300)"° 91
174 N2 (A)gas + Na(A)gas = Na(B)gas + Nagas 4%x10°1° 104
175 N2(A)gas + N2Ogas = Ogas + 2Nagas 8x10 " 70
176 NZ(A)gas + Nzogas - Nogas + Ngas + N2gas 8x10" 70
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TABLE IV. (Continued.)

scitation.org/journal/adv

No. Reaction Rate coefficient” References
177 N2(A)gas + Ogas = Nagas + 204 5% 10" exp(—210/T,) 104
178 NZ(A)gaS + OZgas - OZ(a)gas + ngas 1x 10718 70
179 N2(A)gas = NOgas + N(*D)gas 7x10 '8 71
180 N2(A)gas = O(' D)gas + Nogas 23%x10°Y 70
181 N2(A)gas + H2Ogas > Hgas + OHgas + Nagas 5x10 % 71
182 NZ(B)gas + OZgas — Nogas + 20gas 3x10 1 71
183 Opgas + O3gas = 20242 8 x 10 '® exp(—2060/Ty) 104
184 Opgas + NO2gas = NOgas + Ongas 6.5 x 107" exp(120/T,) 104
185 Ogas + NOj3gas = Ogas + NOogas 1.7 %10 " 104
186 Opgas + OHgas = Hgas + O2gas 2.2x 10" exp(—350) 71
187 Opgas + HaO2gas > OHgas + HO2gs 3.3x 10" exp(—2950/Ty) 71
188 Ogas + HO2gas = OHgas + O2gas 8.3 x 107 exp(—500/T) 71
189 O(' D)gas + 02(a)gas = Ogas + O2gas 1x10Y 105
190 O(' D)gas + O3gas = 20gas + Oagas 1.2x10 ' 71
191 O(' D)gas + O3gas = 202gas 12x10 ' 71
192 O(' D)gas + H3gas = OHgas + Haas L1x10 ' 103
193 O(' D) gas + H2Ogas = OHgas + OHgas 22x 107" 106
194 02(a)gas + O3gas = Ogas + 202as 5.2 % 107 exp(—2840/T,) 104
195 Osgas + OHgas = HOngas + Ogas 1.6 x 10~ '® exp(—1000/Tg) 71
196 O3gas + Hgas = OHgas + Oagas 2.8 x 107"7(T,/300)*7 71
197 Osgas + NOgas = NOpgas + O2gas 1.8 x 10 '® exp(—1370/T,) 104
198 NOgas + NOj3gas —~ 2NO2gas 1.8 x 1077 exp(110/T,) 104
199 NOgas + HO2gas = OHgas + NO2gas 3.4 x 10" exp(270/T,) 94
200 NO2gas + Hgas = OHgas + NOgas 147 x 101 71
201 NOsges + Hgas = OHgas + NOsgas 5.8 x 10~ '® exp(—750/T) 71
202 NOsgas + OHgas = HOxgas + NOagas 2x10 Y 103
203 Hgas + O2gas + Mgas = HO2gas + Mgas 5.4 x 107*(T,/300)~"* 103
204 Hgas + HO2gas — Hagas + O2gas 56x10"° 103
205 Hgas + HO2gas = Ogas + H2Ogas 24x10 "8 103
206 Hgas + HO2gas — 20Hgqs 4.2 x 10" "% exp(—950/Ty) 103
207 Hagas + OHgas — Hgas + H2Ogas 3.2 x 107" exp(-2600/Ty) 71
208 OHgas + OHgas = Ogas + HaOgas 8.8 x 107"® exp(~503/Ty) 71
209 OHgas + HO2gas — O2gas + H2Ogas 4.8 x 107" exp(250/Ty) 103
210 OHgas + HyO2gas = HO2gas + H2Ogas 2.9 x 107" exp(~160/Ty) 103
211 OHgas + HNO2gas = NOgag + HyOgas 1.8 x 10~ exp(-390/T,) 94
212 OHgas + HNO3gas > NO3gas + HaOgag 1.5 x 107 exp(650/ Ty) 104
213 Hegas + 20gas — Hegas + O2gas 1.3 x 107*(T,/300) " exp(~170/Ty) 78
214 Hegas + Oagas + Ogas = Hegas + O3gas 3.4 x 107*(T,/300) "2 78
215 Hegas + NOgas + Ogas = Hegas + NOogas 1x10 % 107
216 Hegas + Hgas + OHgas — Hegas + HyOgas 1.56 x 107 (Ty/300) >¢ 50 and 108
217 Hegas + Haas + O2gas — Hegas + HO2ga 2 x 107*(T,/300)""® 109
218 Hegas + 20Hgas — Hegas + H2Ongas 3.96 x 107 (T,/300) >* 109
219 Hegas + Ogas + NOogas — Hegas + NOsgag 9 x 107*(T,/300) 104
220 Hegas + NOgas + OHgas — Hegas + HNO2gas 7.4 x 107 (T,/300)~** 104
221 Hegas + NOsgas + NO3gas = Hegas + N2Osgas 2.8 x 107 (T,/300) > 105
222 Hegas + NOsgas + OHgas — Hegas + HNO3ga 2.2 x 107 (T,/300)>° 104
223 Heg,s + 2Hegas — Heyy, + Hegag 1.5%x10°* 83

“Rate coefficient is in s ' for the single-body reactions, m* s ! for two-body reactions, and m® s ! for three-body reactions.
YThe rate coefficient is obtained from EEDF (electron energy distribution function) using the cross section from the indicated reference.
“Estimated value.
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TABLE V. Aqueous reaction list. Note that Ty, is 300 K.

scitation.org/journal/adv

No. Reaction Rate coefficient” (pKa/K) References
Hydrolysis reaction pKa/K

1 H,04q <> H305q + OHyg 13.999 110
2 H;024q <> H3O04 + HOp,g 11.65 110
3 OHyq <> H305; + Oy 11.9 110
4 HOzq <> H305q + Onyq 4.8 111
5 ONOOH,q <> H30,q + ONOQ, 6.6 111
6 02NOOH,q +> H305, + 0;:NOO 5.9 59

7 HNO3.q < H303; + NOj,, —1.34 112
8 HNO2,q <> H305q + NO3,q 3.4 113
Other reversible reaction Forward coefficient Backward coefficient

9 HO34q <> O3 + H305g 1.4 x 10° 5% 10" 114
10 Ozq + Oz < O3 3.6 x 10° 3.3 x 10° 110
11 2NO2aq <*N2Ouqq 4.5 x 10° 6.9 x 10° 111
12 NOjzqq + NOqyq «<>N2O34q 1.1 x 10° 8.4 x 10 111
13 2HNO24q <> NOyq + NO2aq(+H204q) 13.4 1.1x10° 113
14 ONOO;; <> NOug + Ojq 0.020 5% 10° 59
15 ONOOH,q <>NOzqq + OHyq 0.35 4.5 % 10° 59
16 ONOO;, <> NOgyq + Oy 107¢ 3.5 x 10° 59
17 NOzaq + Ojq <> 02NOO 4.5 % 10° 1.05 59
18 NOaq + HO2q <> 0:NOOH,q 1.8 x 10° 0.026 59
19 2NO2yq(+H;04q) <> NO3,, + NO3,, + 2H;07 1x10° 4.1 x 10" 115
20 Ouq + O2aq <> O3aq 1.0 x 10° 1L0x 10’ 116
21 OHaq + OHyy <> HyOuq + Ogy 1.3 x 10" 1.7 x 10° 113and 117
22 €aq <> Hag + OHgg 8.3 x 10° 2.2 %10 118and 119
23 Haq + HyOaq <> Hayq + OHyq 8.6x10 2 4.2 % 107 119and 120
Irreversible reaction Coefficient

24 Ouq(+H204q) — 20H,q 50 116
25 204q = Onag 2.8 x 10" 121
26 Ouq + H2024q = OHyq + HO2qg 1.6 x 10° 122
27 Oaq + OHyg —» HOj,q 42 x 10 122
28 Oaq + HO3,q = OHyq + Ojyg 5.3 x 10° 122
29 O('D)ag + H20aq = Oaq + H204q 7.2 % 10° 123
30 O('D)aq + H204q > H2024g 1.8 x 10" 121
31 O('D)aq + H20aq > 20Haq 23x 10" 124
32 02(a'A)ag = Onag 4.9 x 10° 125
33 02(a'A)ag + OHaq = Onaq + OHyq 2.2 % 10° 121
34 O3aq + OHagq = HO24q + O2ag 3 x 10° 114
35 Osaq + HO2aq = O2aq + HO3ag 5.0 x 10 110
36 Osaq + HO2q = OHaq + 20249 1.0 x 10* 116
37 Osaq + H2024q = OHaq + HO2aq + O2ag 6.5%10 " 116
38 Osaq + Hag = HO3yq 3.8x 10" 110
39 Ozaq + Oz = Ogq + O2aq 5.0 x 10° 110
40 Ozaq + Onyq = O3yq + O2aq 1.6 x 10° 114
41 Osaq + OHyq — Onaq + HO3g 40 114
42 O3aq + OH;‘:1 — Oz_aq + HOZaq 70 126
43 Oszaq + HOR,q = Og,q + O2aq + OHyq 5.5 % 10° 114
44 O3aq + NO3yq = Ozaq + NO3q 5 x 10° x exp(—6950/Ty) 116
45 20H,q — Hy004q 5.0 x 10° 116
46 OHaq + HOsq — Onaq + H204g 7.0 x 10 exp(—1500/Ty) 105
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TABLE V. (Continued.)

scitation.org/journal/adv

No. Reaction Rate coefficient” (pKa/K) References
47 OHaq + HO34q = H2O04q + O2ag 5% 10° 116
48 OHaq + H202qg = HO24q + H2O0ag 2.7 x 107 exp(—1700/T\,) 105
49 OHaq + Hag > H204g 7.0 x 10° 110
50 OHaq + HOj,q > HOgzq + OHyg 7.5 % 10° 110
51 OHaq + Ojyq = Onag + OHyg 1.0 x 10" exp(—1500/Ty,) 105
52 OHyq + Oy — HOjg 2.6 x 10" 116
53 2HO24q = H2024q + O2ag 8.6 x 10°exp(—2365/T\) 105
54 HO24q + HO3aq = H2024q + O2g 5% 10° 116
55 HOZaq + HzOzaq - OHaq + OZaq + Hzoaq 0.5 105
56 HO24q + Hag = H2024g 1.8 x 10" 110
57 HO2q + Ogg = Oaq + OHyy 6.0 x 10° 110
58 HO2q + O%,q = HOjq + O2aq 8.0 x 107 110
59 HO2q + O3,q = OHgq + 2024 6.0 x 10° 110
60 HOgq + HOp,q = OHgg + OHaq + O24q 0.5 110
61 HO34q — O2aq + OHyq 1.1 x 10° 116
62 2HO35q = H2024q + 2024q 5% 10° 116
63 HO34q + Ojq = OHgg + 20249 1x 10" 116
64 H;02aq + Haqg > OHaq + H2O4q 9.0 x 10 110
65 Hy024q + Ojyq = OHaq + O2aq + OHyg 0.13 105
66 H,03; + HyOaq — H304q + OHag 6 x 10° 127
67 Haq + OZaq g HOZaq 2.1 x 1010 110
68 Hag + Haq = Haag 7.8 x 10° 110
69 Haq + H20aq = Hagq + OHyq 11 110
70 Haq + HOZ,q » OHyq + OHyq 9.0 x 107 110
71 205, (+ 2H204q) — HyO2aq + O2aq + 20H 0.3 105
72 OZq + Hag > HO3g 1.8 x 10" 110
73 Oz,q + HO%q = Oy + Ozaq + OHyg 0.13 110
74 03,4 (+H204q) — OHaq + Ozaq + OHyq 25 114
75 O3 + OHaq = O3, + HOnyq 6 x 10° 114
76 O3,q + OHaq = Oz + OHyg 2.5 x 10° 114
77 O3,q + Haq = Onaq + OHyg 1.0 x 10" 110
78 O3q + Ozq = 202, 7.0 x 10% 110
79 O3 + H30%g = Oaq + OHyq 9.0 x 10" 110
80 Nag + O24q = NOyq + Oag 9.0 x 10°exp(—3600/T.) 104°
81 Nag + OHagq — Haq + NOyq 4.5 x 10" 71¢
82 Nag + H2O4q — OHaq + NHyq 42 %1078 105°
83 Nag + HO2,q = NOaq + OHyq 1 x 10"exp(—1000/Ty) 71°
84 Nag + Nag = Naog 3.0 x 107 105¢
85 N(D)ag + O2aq = NOuq + Oaq 3.6 x 10°(Tw/300)"° 91¢
86 N(D)aq + H20aq = Nag + H204q 1.4 x 107 128°
87 N(D)aq + H20aq = OHaq + NHyq 42x10 '8 105¢
88 N2(A)aq + H204q = Naog + H204g 6 x 10" ¢

89 N2(A)ag + H2O4q = Naag + OHaq + Hag 3.6 x 107 105
90 N3(B)ag + H204aq = Naag + H2Ong 6 x 10" ’

91 2NOgyq + O2aq = 2NO2qq 2.3 % 10° 113
92 NOgq + OHaq = NOZ,, + H3O5g 2 x 10"exp(—1500/Ty) 105
93 NOyq + HO2:q = ONOOH,q 3.2 x 10° 59
94 NOyq + HOz,q ~ HNOsg 32x10" 127
95 NO.q + NOzyq + Hy0aq > HNO2,q + HNO2,q 33x10 " 127
96 NOsaq + Hag = HNO2qq 1.0 x 10" 129
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TABLE V. (Continued.)

scitation.org/journal/adv

No. Reaction Rate coefficient” (pKa/K) References
97 NOpaq + OHaq — NO3,q + H303 1.3 x 10°exp(—1500/Ty) 105
98 NOzaq + NOzaq = N2 Osaq 1.7 x 10° 123
99 NOzaq + O2q = NOgq + O2aq 1x10° 111
100 NO3,q + Hag = OHgg + NOyq 7.1 x 10° 129
101 NO3zaq + HOzq > NO3,q + H30%g + Onag 4.5 x 10°exp(—1500/Ty,) 105
102 NO3aq + H2O2q = NO3,q + HO2q + H3054 1 x 10%exp(—2800/T) 105
103 NO3zaq + Ojq = NO3,q + Onag 1 x 10°exp(—1500/Ty,) 105
104 NO3zaq + OHyq — NO3, + OHyq 9.4 x 10”exp(—2700/T\;) 112
105 NO3zaq + NO3,q = NO3,q + NO2yq 1.2 x 10 exp(—1500/Ty,) 105
106 NO,q + OHaq — OHyg + NOaqyq 1% 10° 113
107 N;04q + Hag = OHaq + Nagg 2.1 % 10° 129
108 N;Oaq + OHaq = HNO,q + NOyq 2.3 x 10" 128
109 N;Oaq + NO3yq — NO3,q + Nayq 3.0 x 10° 128
110 N2Osaq(+ OHgg) — 2NO3,, + H305g 2x10°+1 x 103[OH ] 111
111 N2Ouaq(+H204q) = NOz,q + NO3,, + 2H305 1x10° 111
112 N3Os2q(+H204q) = 2H304; + 2NO3,q 5 x 10° 112
113 NOyq + NOy = N, 03, 3.0 x 10° 130
114 N;03,q + NOyq = N3O3, 5.4 x 10° 130
115 N205,q = N2Oag + Ogg 350 131
116 N303,q > N2Oaq + NO3,, 300 131
117 NHaq + O2ag = HNOqq + Oag 1.4 x 10° 128°¢
118 HNOqq + Oaq = HO24q + NOyq 4.8 105°
119 HNO,q + OHaq — H2Oaq + NOyq 4.8 x 10" 105°
120 HNO2,q + OHaq = H204aq + NO2yq 1 x 10%exp(—1500/Ty,) 116
121 HNO24q + HyO2aq = ONOOH,q + H204q 1.4 x 10°[H" M] 129
122 HNO34q + OHag = H2O0aq + NOsqq 5.3 x 107 132
123 ONOOH,q + H30; — 2H;05; + NOj,, 43 59
124 ONOOH,q — H30;; + NO3, 0.9 59
125 ONOOH,q + ONOOZ; — NO3,, + 0;NOOH,q 1.3 x10° 133
126 ONOO;, — NO3,, 8x10°° 59
127 ONOO;; + OHaq — H30}q + Ojq + NOzyq 4x10° 111
128 ONOOg + OHaq = Ozq + OHgg + NOyq 4.8 x 10° 111
129 ONOO; + N2Os3sq = 2NO2oq + NO3,q 3x10° 111
130 02NOOH,q + HNO2yq — 2H3053 + 2NO3,, 12 134
131 02NOO;; = NO3,q + Onag 1.35 59
132 2eaq > Hayq + 20H,, 5.1 x 10° 135
133 eaq + Oaq = Ogq 1.9 x 10" 127¢
134 eaq + Ogg = 20H 2.3 x 10" 136
135 €aq + 0209 = O 1.9 x 10" 118
136 € + Opq = HOZ,q + OHZ 3.3 x 10" (pK,(HO, ) > 14) 118
137 €aq + 0349 = O3 3.6 x 10" 119
138 €aq + O3,q = Oz4q + 20H 1.6 x 10" 137
139 €aq + Haq = Haoq + OHgg 2.5 x 10" 118
140 eaq + OHaq ~ OHy 3.0x 10" 118
141 eaq + HO2,q > HOSq 2.0 x 10" 118
142 €aq + Hy02,q — OHaq + OHyg 1.3 x 10" 118
143 eaq + HOZ,q — OHaq + 20H 3.5x 10° 118
144 eaq + HOZ, = Oyq + OHyg 35x 10" 137
145 €aq + H20% = Haq + OHag 6 x 10" 127
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TABLE V. (Continued.)

ARTICLE scitation.org/journall/adv

No. Reaction Rate coefficient” (pKa/K) References
146 eaq + H30}q > Haq + HaO4q 2.3 x 10" 127
147 €aq + NO2,q = NO3,q 4.6 x 10° 138
148 €aq + N2Oag = Nogg + Ogg 9.1 x 10° 139

The reaction rate coefficient has the unit of s~ for the singe body reactions, M~ s ! for the two-body reactions, and M™% s ' for the three-body reactions; Tw represents the

temperature of liquid.
bAnalogy to that of N, (A).
€ Approximated by analogy to gas phase reactions.

4The solvation rate coefficient was estimated to be faster than that of other liquid reactions in order to not be rate limiting.

€ Approximated by analogy.

it is interesting that the stepwise oxidation of HNOz.q by OH,q into
NOa4q and then into ONOOH,q plays an important role in the shal-
low layer of the water, and ONOOH,q could diffuse into a deeper
region and decompose there, making the short-lived species NOzaq
exist at a depth of more than 1 mm underwater.
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Tables IV and V are given in Appendix.
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