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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 species,54 which consumes much
energy.37

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 model37 and �uid model33 where O and O2(a) are the dom-
inant ROS and NO, NO2, and HNO2 are the dominant RNS. As
for the spatial distributions, the peak value of H-contained species
appears near the gas–liquid interface,55 while 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,
II, and III, 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-
tributions of six reactive species, i.e., O3, N2O5, OH, HO2, H2O2,
and HNO3, 10�m above the interface and 3�m beneath, are shown

in Fig. 5. Their dimensionless Henry's law constants are 0.25, 51,
942, 1.7� 105, 2.1� 106, and 5.1� 106, 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 III. 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(l), 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 HO2, H2O2, and HNO3, whose dimensionless con-
stants are�10 5–106, and the discrepancy might cross several orders
of magnitude above the interface. N2O5 is the only exception, which

FIG. 5. Spatial distribution of gaseous (a)-(f) and aqueous (h)-(l) O3, N2O5, OH,
HO2, H2O2, and HNO3 in the vicinity of the gas–liquid interface with respect to the
three different boundary conditions at t = 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,

RD(i) =

√
1
3 ∑
j=Bnd
(ci,j −min(ci))2

min(ci)
. (6)

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 μm above the interface, HO2gas
is the most affected species with RD(HO2gas) = 98%, followed by
HNO3gas and H2O2gas, whose RDs are 95% and 92%, respectively.
However, when the evaluated gap expanded to 20 μm 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
KG
=

1
HkL

+
1
kG

, (7)

where H represents the Henry’s law constant and kL 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 H2O2 as an example, its Henry’s law constant
is ∼106 and its kL 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/HkL ≪ 1/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 H2O2 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

models II 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 H2O2
above the interface in model I. This pattern also exists for HO2,
HNO2, HNO3, etc., whose Henry’s law constants (no less than 104)
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 competition56 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 N2O5 as shown in Figs. 5(b) and 5(h), whose transportation
across the interface is a typical reactive uptake process.57 It would
quickly hydrolyze or react with water to form HNO3aq/NO3aq

− 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:

EL ≤
√

Dg ⋅ cgas
Rp

, (8)

where Dg is the gaseous diffusion coefficient, cg is the concentration
in gaseous bulk, and Rp 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.58

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 coefficienta References

41 O−3gas + Hegas → Hegas + O2gas + Ogas + egas 3 × 10−16 74
42 H−gas + Hegas → Hegas + Hgas + egas 8 × 10−18

(Tg/300)0.5 75

43 NO−gas + Hegas → Hegas + NOgas + egas 2.4 × 10−19 76
Penning ionization

44 He∗gas + Ogas → Hegas + O+
gas + egas 3.96 × 10−16

(Tg/300)0.17 77
45 He∗gas + O2gas → Hegas + O+

2gas + egas 2.54 × 10−16
(Tg/300)0.5 78

46 He∗gas + Hgas → Hegas + H+
gas + egas 1.1 × 10−15 79

47 He∗gas + H2Ogas → Hegas + H2O+
gas + egas 6.6 × 10−16 80

48 He∗gas + H2Ogas → Hegas + Hgas + OH+
gas + egas 1.5 × 10−16 80 and 81

49 He∗gas + H2Ogas → Hegas + H+
gas + OHgas + egas 2.6 × 10−17 80 and 81

50 He∗gas + H2Ogas → HeH+
gas + OHgas + egas 8.5 × 10−18 80 and 81

51 He∗gas + H2O2gas → Hegas + OHgas + OH+
gas + egas 7.8 × 10−16 50

52 He∗gas + N2gas → Hegas + N+
2gas + egas 5 × 10−17 82

53 He∗gas + N2gas → Hegas + Ngas + N+
gas + egas 1 × 10−16 74

54 He∗2gas + O2gas → 2Hegas + O+
2gas + egas 3.6 × 10−16 83

55 He∗gas + H2gas → Hegas + H+
2gas + egas 2.9 × 10−17 84 and 85

56 He∗2gas + H2gas → 2Hegas + H+
2gas + egas 2.2 × 10−16 86

57 He∗2gas + H2Ogas → 2Hegas + H2O+
gas + egas 6 × 10−16 87

58 He∗2gas + N2gas → 2Hegas + N+
2gas + egas 3 × 10−17 88

Charge transfer

59 N+
gas + O2gas → O+

gas + NOgas 2.8 × 10−17 89
60 N+

gas + H2Ogas → H2O+
gas + Ngas 1.19 × 10−15 90

61 N+
gas + H2Ogas → NO+

gas + H2gas 2.1 × 10−16 90
62 N+

2gas + H2Ogas → H2O+
gas + N2gas 2.3 × 10−15 71

63 N+
3gas + O2gas → O+

2gas + Ngas + N2gas 2.3 × 10−17 71
64 N+

3gas + O2gas → NO+
gas + Ogas + N2gas 2 × 10−17 71

65 N+
3gas + O2gas → NO+

2gas + N2gas 4.4 × 10−17 71
66 N+

4gas + N2gas → N+
2gas + 2N2gas 2.1 × 10−16 exp(Tg/121) 71

67 N+
4gas + Ogas → O+

gas + 2N2gas 2.5 × 10−16 71
68 N+

4gas + O2gas → O+
2gas + 2N2gas 2.4 × 10−16 89

69 N+
4gas + H2Ogas → H2O+

gas + 2N2gas 3 × 10−15 71
70 O+

gas + H2Ogas → H2O+
gas + Ogas 3.2 × 10−15 71

71 O+
2gas + N2O5gas → NO+

2gas + NO3gas + O2gas 8.8 × 10−16 91
72 O+

2gas + NOgas → NO+
gas + O2gas 4.6 × 10−16 92

73 O+
2gas + NO2gas → NO+

2gas + O2gas 6.6 × 10−16 92
74 O+

4gas + Ogas → O+
2gas + O3gas 3 × 10−16 71

75 O+
4gas + O2gas → O+

2gas + 2O2gas 3.3 × 10−12
(300/Tg)

4 exp(−5030/Tg) 91
76 O+

4gas + NOgas → NO+
gas + 2O2gas 6.8 × 10−16 89

77 O+
4gas + NO2gas → NO+

2gas + 2O2gas 3 × 10−16 93
78 O−gas + O2(a)gas → O−2gas + Ogas 1 × 10−16 71
79 O−gas + O3gas → O−3gas + Ogas 8 × 10−16 71
80 O−gas + H2Ogas → OH−gas + OHgas 1.4 × 10−15 71
81 O−2gas + Ogas → O−gas + O2gas 3.3 × 10−16 71
82 O−2gas + O3gas → O−3gas + O2gas 3.5 × 10−16 71
83 O−2gas + NO2gas → NO−2gas + O2gas 7 × 10−16 71
84 O−2gas + HNO3gas → NO−3gas + HO2gas 2.8 × 10−16 71
85 O−4gas + NOgas → NO−3gas + O2gas 2.5 × 10−16 71
86 O−4gas + Ogas → O−gas + 2O2gas 3 × 10−16 71
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TABLE IV. (Continued.)

No. Reaction Rate coefficienta References

87 O−4gas + Ogas → O−3gas + O2gas 4 × 10−16 71
88 O−4gas + N2gas → O−2gas + O2gas + N2gas 1 × 10−16 exp(−1044/Tg) 71
89 NO+

gas + N2O5gas → NO+
2gas + 2NO2gas 5.9 × 10−16 91

90 NO−gas + O2gas → O−2gas + NOgas 5 × 10−16 71
91 NO+

2gas + NOgas → NO+
gas + NO2gas 2.75 × 10−16 92

92 NO−2gas + N2O5gas → NO−3gas + NO3gas + NOgas 7 × 10−16 71
93 NO−2gas + NOgas → NO−gas + NO2gas 2.75 × 10−16 92
94 NO−2gas + O3gas → NO−3gas + O2gas 1.8 × 10−17 71
95 NO−2gas + Hgas → OH−gas + NOgas 4 × 10−16 71
96 NO−2gas + HNO3gas → NO−3gas + HNO2gas 1.6 × 10−15 94
97 H+

gas + O2gas → O+
2gas + Hgas 1.17 × 10−15 92

98 H+
gas + H2Ogas → H2O+

gas + Hgas 8.2 × 10−15 92
99 H−gas + H2Ogas → OH−gas + H2gas 3.8 × 10−15 71
100 H+

2gas + H2Ogas → H3O+
gas + Hgas 3.43 × 10−15 92

101 H+
2gas + H2Ogas → H2O+

gas + H2gas 3.86 × 10−15 92
102 H+

3gas + Ogas → OH+
gas + H2gas 8 × 10−16 92

103 H+
3gas + H2Ogas → H3O+

gas + H2gas 3 × 10−15 71
104 OH+

gas + O2gas → O+
2gas + OHgas 5.9 × 10−16 89

105 OH+
gas + H2Ogas → H2O+

gas + OHgas 1.59 × 10−15 89
106 OH+

gas + H2Ogas → H3O+
gas + Ogas 1.3 × 10−15 89

107 OH−gas + O3gas → O−3gas + OHgas 9 × 10−16 73
108 OH−gas + NO2gas → NO−2gas + OHgas 1.9 × 10−15 71
109 H2O+

gas + Ogas → O+
2gas + H2gas 5.5 × 10−17 95

110 H2O+
gas + O2gas → O+

2gas + H2Ogas 4.3 × 10−16 71
111 H2O+

gas + H2gas → H3O+
gas + Hgas 7.6 × 10−16 92

112 H2O+
gas + H2Ogas → H3O+

gas + OHgas 1.7 × 10−15 71
113 H3O+

gas + N2O5gas → NO+
2gas + HNO3gas + H2Ogas 5.5 × 10−16 70

114 He+
gas + 2Hegas → He+

2gas + Hegas 1.4 × 10−43
(Tg/300)−0.6 96

115 Hegas + O−gas + O2gas → Hegas + O−3gas 1.1 × 10−42
(Tg/300)−1 97

116 Hegas + O−2gas + O2gas → Hegas + O−4gas 3.5 × 10−43
(Tg/300)−1 97

117 Hegas + O+
gas + N2gas → Hegas + NO+

gas + Ngas 6 × 10−41
(Tg/300)−2 97

118 Hegas + O+
2gas + O2gas → Hegas + O+

4gas 3.9 × 10−42
(Tg/300)−3.2 97

119 Hegas + N+
2gas + N2gas → Hegas + N+

4gas 5 × 10−41
(Tg/300)−1 97

120 Hegas + N+
gas + N2gas → Hegas + N+

3gas 4.6 × 10−41 98
121 He+

gas + O2gas → Hegas + Ogas + O+
gas 1.07 × 10−15

(Tg/300)0.5 78
122 He+

gas + H2Ogas → Hegas + OHgas + H+
gas 2.04 × 10−16 99

123 He+
gas + H2Ogas → Hegas + Ogas + OH+

gas 2.86 × 10−16 99
124 He+

gas + N2gas → Hegas + N+
2gas 6 × 10−16 97

125 He+
gas + N2gas → Hegas + Ngas + N+

gas 6 × 10−16 97
126 He+

2gas + O2gas → 2Hegas + Ogas + O+
gas 1.05 × 10−15 78

127 He+
2gas + N2gas → 2Hegas + N+

2gas 1.2 × 10−15 97
128 He+

2gas + N2gas → He∗2gas + N+
2gas 1.4 × 10−15 100

129 He+
2gas + H2Ogas → 2Hegas + O+

gas + H2gas 2.1 × 10−16 101
130 He+

2gas + H2Ogas → 2Hegas + OH+
gas + Hgas 2.1 × 10−16 101

131 He+
2gas + H2Ogas → 2Hegas + H+

gas + OHgas 2.1 × 10−16 101
132 He+

2gas + H2Ogas → 2Hegas + Ogas + H+
2gas 2.1 × 10−16 101

133 He+
2gas + H2Ogas → Hegas + HeH+

gas + OHgas 1.3 × 10−16 101
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TABLE IV. (Continued.)

No. Reaction Rate coefficienta References

134 Hegas + H+
2gas → HeH+

gas + Hgas 1.3 × 10−16 99
135 HeH+

gas + H2gas → Hegas + H+
3gas 1.5 × 10−15 99

136 HeH+
gas + H2Ogas → Hegas + H3O+

gas 4.3 × 10−16 102
Ion–ion recombination

137 O+
2gas + NO−2gas → NO2gas + O2gas 2 × 10−13

(300/Tg)
0.5 71

138 O+
2gas + NO−3gas → NO3gas + O2gas 2 × 10−13

(300/Tg)
0.5 71

139 O+
4gas + NO−2gas → NO2gas + 2O2gas 1 × 10−13 71

140 O+
4gas + NO−3gas → NO3gas + 2O2gas 1 × 10−13 71

141 O+
4gas + OH−gas → OHgas + 2O2gas 1 × 10−13 c

142 NO+
gas + NO−2gas → NO2gas + NOgas 2 × 10−13

(300/Tg)
0.5 70

143 NO+
gas + NO−2gas → NO2gas + Ngas + Ogas 1 × 10−13 91

144 NO+
gas + NO−3gas → NO3gas + NOgas 2 × 10−13

(300/Tg)
0.5 91

145 NO+
gas + NO−3gas → NO3gas + Ngas + Ogas 1 × 10−13 91

146 NO+
gas + O−2gas → O2gas + NOgas 2 × 10−13

(300/Tg)
0.5 71

147 NO+
gas + OH−gas → OHgas + NOgas 2 × 10−13

(300/Tg)
0.5 c

148 NO+
gas + OH−gas → OHgas + Ngas + Ogas 1 × 10−13 c

149 NO+
2gas + O−2gas → O2gas + NO2gas 2 × 10−13

(300/Tg)
0.5 70

150 NO+
2gas + NO−2gas → NO2gas + NO2gas 2 × 10−13

(300/Tg)
0.5 70

151 NO+
2gas + NO−2gas → NO2gas + Ngas + O2gas 1 × 10−13 91

152 NO+
2gas + NO−3gas → NO3gas + NO2gas 2 × 10−13

(300/Tg)
0.5 70

153 NO+
2gas + NO−3gas → NO3gas + Ngas + O2gas 1 × 10−13 91

154 NO+
2gas + OH−gas → OHgas + NO2gas 2 × 10−13

(300/Tg)
0.5 c

155 NO+
2gas + OH−gas → OHgas + Ngas + O2gas 1 × 10−13 c

156 H3O+
gas + NO−2gas → NO2gas + H2Ogas + Hgas 1 × 10−13 c

157 H3O+
gas + NO−3gas → NO3gas + H2Ogas + Hgas 1 × 10−13 c

158 H3O+
gas + O−2gas → O2gas + H2Ogas + Hgas 1 × 10−13 c

159 H3O+
gas + O−4gas → 2O2gas + H2Ogas + Hgas 1 × 10−13 c

160 H3O+
gas + OH−gas → OHgas + H2Ogas + Hgas 1 × 10−13 c

Radiation

161 N2(B)gas → N2(A)gas 1.25 × 105 93
Collisional relaxation

162 N2(B)gas + N2gas → N2(A)gas + N2gas 5 × 10−17 91
163 O2(a)gas + N2gas → O2gas + N2gas 1.5 × 10−24 103
164 Hegas + O2(a)gas →Hegas + O2gas 8 × 10−27

(Tg/300)0.5 78
165 O(1D)gas + N2gas → Ogas + N2gas 1.8 × 10−17 exp(107/Tg) 104
166 Hegas + O(1D)gas →Hegas + Ogas 1 × 10−19 78
Other neutral reaction

167 Ngas + NOgas → N2gas + Ogas 2.1 × 10−17 exp(100/Tg) 104
168 Ngas + NO2gas → N2Ogas + Ogas 5.8 × 10−18 exp(220/Tg) 104
169 Ngas + OHgas →Hgas + NOgas 7.5 × 10−17 71
170 N(2D)gas + NOgas → N2Ogas 6 × 10−17 91
171 N(2D)gas + NOgas → Ogas + N2gas 4.5 × 10−17 104
172 N(2D)gas + O2gas → NOgas + Ogas 1.5 × 10−18

(Tg/300)0.5 104
173 N(2D)gas + O2gas → NOgas + O(1D)gas 6 × 10−18

(Tg/300)0.5 91
174 N2(A)gas + N2(A)gas → N2(B)gas + N2gas 4 × 10−16 104
175 N2(A)gas + N2Ogas → Ogas + 2N2gas 8 × 10−17 70
176 N2(A)gas + N2Ogas → NOgas + Ngas + N2gas 8 × 10−17 70
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TABLE IV. (Continued.)

No. Reaction Rate coefficienta References

177 N2(A)gas + O2gas → N2gas + 2Ogas 5 × 10−18 exp(−210/Tg) 104
178 N2(A)gas + O2gas → O2(a)gas + N2gas 1 × 10−18 70
179 N2(A)gas → NOgas + N(2D)gas 7 × 10−18 71
180 N2(A)gas → O(1D)gas + N2gas 2.3 × 10−17 70
181 N2(A)gas + H2Ogas →Hgas + OHgas + N2gas 5 × 10−20 71
182 N2(B)gas + O2gas → N2gas + 2Ogas 3 × 10−16 71
183 Ogas + O3gas → 2O2gas 8 × 10−18 exp(−2060/Tg) 104
184 Ogas + NO2gas → NOgas + O2gas 6.5 × 10−18 exp(120/Tg) 104
185 Ogas + NO3gas → O2gas + NO2gas 1.7 × 10−17 104
186 Ogas + OHgas →Hgas + O2gas 2.2 × 10−17 exp(−350) 71
187 Ogas + H2O2gas → OHgas + HO2gas 3.3 × 10−17 exp(−2950/Tg) 71
188 Ogas + HO2gas → OHgas + O2gas 8.3 × 10−17 exp(−500/Tg) 71
189 O(1D)gas + O2(a)gas → Ogas + O2gas 1 × 10−17 105
190 O(1D)gas + O3gas → 2Ogas + O2gas 1.2 × 10−16 71
191 O(1D)gas + O3gas → 2O2gas 1.2 × 10−16 71
192 O(1D)gas + H3gas → OHgas + Hgas 1.1 × 10−16 103
193 O(1D)gas + H2Ogas → OHgas + OHgas 2.2 × 10−16 106
194 O2(a)gas + O3gas → Ogas + 2O2gas 5.2 × 10−17 exp(−2840/Tg) 104
195 O3gas + OHgas →HO2gas + O2gas 1.6 × 10−18 exp(−1000/Tg) 71
196 O3gas + Hgas → OHgas + O2gas 2.8 × 10−17

(Tg/300)0.75 71
197 O3gas + NOgas → NO2gas + O2gas 1.8 × 10−18 exp(−1370/Tg) 104
198 NOgas + NO3gas → 2NO2gas 1.8 × 10−17 exp(110/Tg) 104
199 NOgas + HO2gas → OHgas + NO2gas 3.4 × 10−18 exp(270/Tg) 94
200 NO2gas + Hgas → OHgas + NOgas 1.47 × 10−16 71
201 NO3gas + Hgas → OHgas + NO2gas 5.8 × 10−16 exp(−750/Tg) 71
202 NO3gas + OHgas →HO2gas + NO2gas 2 × 10−17 103
203 Hgas + O2gas + Mgas →HO2gas + Mgas 5.4 × 10−44

(Tg/300)−1.8 103
204 Hgas + HO2gas →H2gas + O2gas 5.6 × 10−18 103
205 Hgas + HO2gas → Ogas + H2Ogas 2.4 × 10−18 103
206 Hgas + HO2gas → 2OHgas 4.2 × 10−16 exp(−950/Tg) 103
207 H2gas + OHgas →Hgas + H2Ogas 3.2 × 10−17 exp(−2600/Tg) 71
208 OHgas + OHgas → Ogas + H2Ogas 8.8 × 10−18 exp(−503/Tg) 71
209 OHgas + HO2gas → O2gas + H2Ogas 4.8 × 10−17 exp(250/Tg) 103
210 OHgas + H2O2gas →HO2gas + H2Ogas 2.9 × 10−18 exp(−160/Tg) 103
211 OHgas + HNO2gas → NO2gas + H2Ogas 1.8 × 10−17 exp(−390/Tg) 94
212 OHgas + HNO3gas → NO3gas + H2Ogas 1.5 × 10−20 exp(650/Tg) 104
213 Hegas + 2Ogas →Hegas + O2gas 1.3 × 10−44

(Tg/300)−1 exp(−170/Tg) 78
214 Hegas + O2gas + Ogas →Hegas + O3gas 3.4 × 10−46

(Tg/300)−1.2 78
215 Hegas + NOgas + Ogas →Hegas + NO2gas 1 × 10−43 107
216 Hegas + Hgas + OHgas →Hegas + H2Ogas 1.56 × 10−43

(Tg/300)−2.6 50 and 108
217 Hegas + Hgas + O2gas →Hegas + HO2gas 2 × 10−44

(Tg/300)−0.8 109
218 Hegas + 2OHgas →Hegas + H2O2gas 3.96 × 10−43

(Tg/300)−3.2 109
219 Hegas + Ogas + NO2gas →Hegas + NO3gas 9 × 10−44

(Tg/300)−2 104
220 Hegas + NOgas + OHgas →Hegas + HNO2gas 7.4 × 10−43

(Tg/300)−2.4 104
221 Hegas + NO2gas + NO3gas →Hegas + N2O5gas 2.8 × 10−42

(Tg/300)−3.5 105
222 Hegas + NO2gas + OHgas →Hegas + HNO3gas 2.2 × 10−42

(Tg/300)−2.9 104
223 He∗gas + 2Hegas → He∗2gas + Hegas 1.5 × 10−46 83

aRate coefficient is in s−1 for the single-body reactions, m3 s−1 for two-body reactions, and m6 s−1 for three-body reactions.
bThe rate coefficient is obtained from EEDF (electron energy distribution function) using the cross section from the indicated reference.
cEstimated value.
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TABLE V. Aqueous reaction list. Note that Tw is 300 K.

No. Reaction Rate coefficienta (pKa/K) References

Hydrolysis reaction pKa/K
1 H2Oaq ↔ H3O+

aq + OH−aq 13.999 110
2 H2O2aq ↔ H3O+

aq + HO−2aq 11.65 110
3 OHaq ↔ H3O+

aq + O−aq 11.9 110
4 HO2aq ↔ H3O+

aq + O−2aq 4.8 111
5 ONOOHaq ↔ H3O+

aq + ONOO−aq 6.6 111
6 O2NOOHaq ↔ H3O+

aq + O2NOO−aq 5.9 59
7 HNO3aq ↔ H3O+

aq + NO−3aq −1.34 112
8 HNO2aq ↔ H3O+

aq + NO−2aq 3.4 113
Other reversible reaction Forward coefficient Backward coefficient

9 HO3aq ↔ O−3aq + H3O+
aq 1.4 × 105 5 × 1010 114

10 O−aq + O2aq ↔ O−3aq 3.6 × 109 3.3 × 103 110
11 2NO2aq↔N2O4aq 4.5 × 108 6.9 × 103 111
12 NO2aq + NOaq↔N2O3aq 1.1 × 109 8.4 × 104 111
13 2HNO2aq↔NOaq + NO2aq(+H2Oaq) 13.4 1.1 × 109 113
14 ONOO−aq ↔ NOaq + O−2aq 0.020 5 × 109 59
15 ONOOHaq↔NO2aq + OHaq 0.35 4.5 × 109 59
16 ONOO−aq ↔ NO2aq + O−aq 10–6 3.5 × 109 59
17 NO2aq + O−2aq ↔ O2NOO−aq 4.5 × 109 1.05 59
18 NO2aq + HO2aq↔ O2NOOHaq 1.8 × 109 0.026 59
19 2NO2aq(+H2Oaq) ↔ NO−2aq + NO−3aq + 2H3O+

aq 1 × 108 4.1 × 101 115
20 Oaq + O2aq↔ O3aq 1.0 × 106 1.0 × 10−5 116
21 OHaq + OH−aq ↔ H2Oaq + O−aq 1.3 × 1010 1.7 × 106 113 and 117
22 eaq ↔ Haq + OH−aq 8.3 × 102 2.2 × 107 118 and 119
23 Haq + H2Oaq ↔ H2aq + OHaq 8.6 × 10−2 4.2 × 107 119 and 120
Irreversible reaction Coefficient

24 Oaq(+H2Oaq)→ 2OHaq 50 116
25 2Oaq → O2aq 2.8 × 1010 121
26 Oaq + H2O2aq → OHaq + HO2aq 1.6 × 109 122
27 Oaq + OH−aq → HO−2aq 4.2 × 108 122
28 Oaq + HO−2aq → OHaq + O−2aq 5.3 × 109 122
29 O(1D)aq + H2Oaq → Oaq + H2Oaq 7.2 × 109 123b

30 O(1D)aq + H2Oaq →H2O2aq 1.8 × 1010 121
31 O(1D)aq + H2Oaq → 2OHaq 2.3 × 10−10 124
32 O2(a1Δ)aq → O2aq 4.9 × 103 125
33 O2(a1Δ)aq + OHaq → O2aq + OHaq 2.2 × 103 121
34 O3aq + OHaq →HO2aq + O2aq 3 × 109 114
35 O3aq + HO2aq → O2aq + HO3aq 5.0 × 108 110
36 O3aq + HO2aq → OHaq + 2O2aq 1.0 × 104 116
37 O3aq + H2O2aq → OHaq + HO2aq + O2aq 6.5 × 10−3 116
38 O3aq + Haq →HO3aq 3.8 × 1010 110
39 O3aq + O−aq → O−2aq + O2aq 5.0 × 109 110
40 O3aq + O−2aq → O−3aq + O2aq 1.6 × 109 114
41 O3aq + OH−aq → O2aq + HO−2aq 40 114
42 O3aq + OH−aq → O−2aq + HO2aq 70 126
43 O3aq + HO−2aq → O−2aq + O2aq + OHaq 5.5 × 106 114
44 O3aq + NO−2aq → O2aq + NO−3aq 5 × 105

× exp(−6950/Tw) 116
45 2OHaq →H2O2aq 5.0 × 109 116
46 OHaq + HO2aq → O2aq + H2Oaq 7.0 × 109exp(−1500/Tw) 105
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TABLE V. (Continued.)

No. Reaction Rate coefficienta (pKa/K) References

47 OHaq + HO3aq →H2O2aq + O2aq 5 × 109 116
48 OHaq + H2O2aq →HO2aq + H2Oaq 2.7 × 107exp(−1700/Tw) 105
49 OHaq + Haq →H2Oaq 7.0 × 109 110
50 OHaq + HO−2aq → HO2aq + OH−aq 7.5 × 109 110
51 OHaq + O−2aq → O2aq + OH−aq 1.0 × 1010exp(−1500/Tw) 105
52 OHaq + O−aq → HO−2aq 2.6 × 1010 116
53 2HO2aq →H2O2aq + O2aq 8.6 × 105exp(−2365/Tw) 105
54 HO2aq + HO3aq →H2O2aq + O2aq 5 × 109 116
55 HO2aq + H2O2aq → OHaq + O2aq + H2Oaq 0.5 105
56 HO2aq + Haq →H2O2aq 1.8 × 1010 110
57 HO2aq + O−aq → O2aq + OH−aq 6.0 × 109 110
58 HO2aq + O−2aq → HO−2aq + O2aq 8.0 × 107 110
59 HO2aq + O−3aq → OH−aq + 2O2aq 6.0 × 109 110
60 HO2aq + HO−2aq → OH−aq + OHaq + O2aq 0.5 110
61 HO3aq → O2aq + OHaq 1.1 × 105 116
62 2HO3aq →H2O2aq + 2O2aq 5 × 109 116
63 HO3aq + O−2aq → OH−aq + 2O2aq 1 × 1010 116
64 H2O2aq + Haq → OHaq + H2Oaq 9.0 × 107 110
65 H2O2aq + O−2aq → OHaq + O2aq + OH−aq 0.13 105
66 H2O+

aq + H2Oaq → H3O+
aq + OHaq 6 × 103 127

67 Haq + O2aq →HO2aq 2.1 × 1010 110
68 Haq + Haq →H2aq 7.8 × 109 110
69 Haq + H2Oaq →H2aq + OHaq 11 110
70 Haq + HO−2aq → OH−aq + OHaq 9.0 × 107 110
71 2O−2aq(+ 2H2Oaq) → H2O2aq + O2aq + 2OH−aq 0.3 105
72 O−2aq + Haq → HO−2aq 1.8 × 1010 110
73 O−2aq + HO−2aq → O−aq + O2aq + OH−aq 0.13 110
74 O−3aq(+H2Oaq) → OHaq + O2aq + OH−aq 25 114
75 O−3aq + OHaq → O−2aq + HO2aq 6 × 109 114
76 O−3aq + OHaq → O3aq + OH−aq 2.5 × 109 114
77 O−3aq + Haq → O2aq + OH−aq 1.0 × 1010 110
78 O−3aq + O−aq → 2O−2aq 7.0 × 108 110
79 O−3aq + H3O+

aq → O2aq + OHaq 9.0 × 1010 110
80 Naq + O2aq → NOaq + Oaq 9.0 × 109exp(−3600/Tw) 104c

81 Naq + OHaq →Haq + NOaq 4.5 × 1010 71c

82 Naq + H2Oaq → OHaq + NHaq 4.2 × 10−18 105c

83 Naq + HO2aq → NOaq + OHaq 1 × 1010exp(−1000/Tw) 71c

84 Naq + Naq → N2aq 3.0 × 107 105c

85 N(2D)aq + O2aq → NOaq + Oaq 3.6 × 109(Tw/300)0.5 91c

86 N(2D)aq + H2Oaq → Naq + H2Oaq 1.4 × 107 128c

87 N(2D)aq + H2Oaq → OHaq + NHaq 4.2 × 10−18 105c

88 N2(A)aq + H2Oaq → N2aq + H2Oaq 6 × 1010 d

89 N2(A)aq + H2Oaq → N2aq + OHaq + Haq 3.6 × 107 105
90 N2(B)aq + H2Oaq → N2aq + H2Oaq 6 × 1010 b

91 2NOaq + O2aq → 2NO2aq 2.3 × 106 113
92 NOaq + OHaq → NO−2aq + H3O+

aq 2 × 1010exp(−1500/Tw) 105
93 NOaq + HO2aq → ONOOHaq 3.2 × 109 59
94 NOaq + HO2aq → HNO3aq 3.2 × 1010 127
95 NOaq + NO2aq + H2Oaq → HNO2aq + HNO2aq 3.3 × 10−19 127
96 NO2aq + Haq →HNO2aq 1.0 × 1010 129
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TABLE V. (Continued.)

No. Reaction Rate coefficienta (pKa/K) References

97 NO2aq + OHaq → NO−3aq + H3O+
aq 1.3 × 109exp(−1500/Tw) 105

98 NO2aq + NO3aq → N2O5aq 1.7 × 109 123
99 NO2aq + O−2aq → NO−2aq + O2aq 1 × 109 111
100 NO−2aq + Haq → OH−aq + NOaq 7.1 × 108 129
101 NO3aq + HO2aq → NO−3aq + H3O+

aq + O2aq 4.5 × 109exp(−1500/Tw) 105
102 NO3aq + H2O2aq → NO−3aq + HO2aq + H3O+

aq 1 × 106exp(−2800/Tw) 105
103 NO3aq + O−2aq → NO−3aq + O2aq 1 × 109exp(−1500/Tw) 105
104 NO3aq + OH−aq → NO−3aq + OHaq 9.4 × 107exp(−2700/Tw) 112
105 NO3aq + NO−2aq → NO−3aq + NO2aq 1.2 × 109exp(−1500/Tw) 105
106 NO−2aq + OHaq → OH−aq + NO2aq 1 × 109 113
107 N2Oaq + Haq → OHaq + N2aq 2.1 × 106 129
108 N2Oaq + OHaq →HNOaq + NOaq 2.3 × 104 128
109 N2Oaq + NO−2aq → NO−3aq + N2aq 3.0 × 108 128
110 N2O3aq(+ OH−aq) → 2NO−2aq + H3O+

aq 2 × 103 + 1 × 108[OH−] 111
111 N2O4aq(+H2Oaq) → NO−2aq + NO−3aq + 2H3O+

aq 1 × 103 111
112 N2O5aq(+H2Oaq) → 2H3O+

aq + 2NO−3aq 5 × 109 112
113 NOaq + NO−aq → N2O−2aq 3.0 × 109 130
114 N2O−2aq + NOaq → N3O−3aq 5.4 × 109 130
115 N2O−2aq → N2Oaq + O−aq 350 131
116 N3O−3aq → N2Oaq + NO−2aq 300 131
117 NHaq + O2aq →HNOaq + Oaq 1.4 × 108 128c

118 HNOaq + O2aq →HO2aq + NOaq 4.8 105c

119 HNOaq + OHaq →H2Oaq + NOaq 4.8 × 1010 105c

120 HNO2aq + OHaq →H2Oaq + NO2aq 1 × 109exp(−1500/Tw) 116
121 HNO2aq + H2O2aq → ONOOHaq + H2Oaq 1.4 × 102[H+ M] 129
122 HNO3aq + OHaq →H2Oaq + NO3aq 5.3 × 107 132
123 ONOOHaq + H3O+

aq → 2H3O+
aq + NO−3aq 4.3 59

124 ONOOHaq → H3O+
aq + NO−3aq 0.9 59

125 ONOOHaq + ONOO−aq → NO−2aq + O2NOOHaq 1.3 × 103 133
126 ONOO−aq → NO−3aq 8 × 10−6 59
127 ONOO−aq + OHaq → H3O+

aq + O−2aq + NO2aq 4 × 109 111
128 ONOO−aq + OHaq → O2aq + OH−aq + NOaq 4.8 × 109 111
129 ONOO−aq + N2O3aq → 2NO2aq + NO−2aq 3 × 108 111
130 O2NOOHaq + HNO2aq → 2H3O+

aq + 2NO−3aq 12 134
131 O2NOO−aq → NO−2aq + O2aq 1.35 59
132 2eaq → H2aq + 2OH−aq 5.1 × 109 135
133 eaq + Oaq → O−aq 1.9 × 1010 127e

134 eaq + O−aq → 2OH−aq 2.3 × 1010 136
135 eaq + O2aq → O−2aq 1.9 × 1010 118
136 eaq + O−2aq → HO−2aq + OH−aq 3.3 × 1010 (pKa(HO2

−) > 14) 118
137 eaq + O3aq → O−3aq 3.6 × 1010 119
138 eaq + O−3aq → O2aq + 2OH−aq 1.6 × 1010 137
139 eaq + Haq → H2aq + OH−aq 2.5 × 1010 118
140 eaq + OHaq → OH−aq 3.0 × 1010 118
141 eaq + HO2aq → HO−2aq 2.0 × 1010 118
142 eaq + H2O2aq → OHaq + OH−aq 1.3 × 1010 118
143 eaq + HO−2aq → OHaq + 2OH−aq 3.5 × 109 118
144 eaq + HO−2aq → O−aq + OH−aq 3.5 × 1010 137
145 eaq + H2O+

aq → Haq + OHaq 6 × 1011 127
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TABLE V. (Continued.)

No. Reaction Rate coefficienta (pKa/K) References

146 eaq + H3O+
aq → Haq + H2Oaq 2.3 × 1010 127

147 eaq + NO2aq → NO−2aq 4.6 × 109 138
148 eaq + N2Oaq → N2aq + O−aq 9.1 × 109 139

aThe reaction rate coefficient has the unit of s−1 for the singe body reactions, M−1 s−1 for the two-body reactions, and M−2 s−1 for the three-body reactions; Tw represents the
temperature of liquid.
bAnalogy to that of N2(A).
cApproximated by analogy to gas phase reactions.
dThe solvation rate coefficient was estimated to be faster than that of other liquid reactions in order to not be rate limiting.
eApproximated by analogy.

it is interesting that the stepwise oxidation of HNO2aq by OHaq into
NO2aq and then into ONOOHaq plays an important role in the shal-
low layer of the water, and ONOOHaq could diffuse into a deeper
region and decompose there, making the short-lived species NO2aq
exist at a depth of more than 1 mm underwater.
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APPENDIX: THE GASEOUS AND AQUEOUS REACTION
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Tables IV and V are given in Appendix.
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