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Figure 4. Spatial distributions of short-lived ROS in the air gap (left column) and the water (right column)
at t=100s, for the air gap width variable from 0.1 to 2 cm.

transfer of NO is also from the liquid phase to the gas phase as it is the case for OH, so the aqueous NO is totally
generated by liquid chemistry. The main reactions are as follows:

OH ONOO OH O, NO (R4)

2HNO, NO NO, (R5)

NO; is chemical active in both gas and liquid phases'>?. Yet, it has not been reported to play an impor-
tant role in plasma applications. The gaseous NOj; density at the gas-liquid interface increases from 3.2 x 10'° to
8.3 x 10" cm~3 for L,=0.5-2cm (see Fig. 5(c)), but they are not diffused from the plasma even for the case of
L,=0.1cm due to its high reactivity in the air gap (see the sharp fall of NO; at the left side of each density curve
in Fig. 5(c)). Our numerical results suggest that heterogeneous mass transfer supplies more than 97% of the NO,
in the PAW, and in gas phase those NO; are almost generated by the following reactions:

N,Os M  NO; NO, M (R6,in the dr gap)
O NO, M NO; M (R7,in the ar gap)
NO, O; NO; O, (R8,in the dr gap)

R6 is important for all the gap widths, but R7 and R8 are important only for L, < 0.5cm.

The densities of gaseous N,O; decrease linearly towards the gas-water interface (see Fig. 5(e)), indicating
that this species is mainly consumed by the dissolution as it is the case for HNO; (see Fig. 2(e)). However, it
strongly reacts with water molecules and hence its density decreases by more than two orders of magnitude when
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Figure 5. Spatial distributions of short-lived RNS in the air gap (left column) and the water (right column)
at t=100s, for the air gap width variable from 0.1 to 2cm.

penetrating just 1 nm in the water (see Fig. 5(f)). Similar to the atomic oxygen, N,Oj; exists in the deeper region of
the PAW where the dissolved N,0O; cannot reach, mainly due to the liquid reaction as given by

NO, + NO, — N,0, (R9)

The calculated results suggest that free radicals such as OH exist in the deionized water. This may appear
counter intuitive because their lifetimes are very short while the plasma is atmost 2 cm away from the water. In
order to prove the existence of free radicals in the PAW, OH and NO were detected using electron spin resonance
(ESR). Spin trapping reagents were added into the water before the plasma treatment, reacting specifically with
short-lived radicals to form long-lived spin adducts, which then accumulate to a sufficiently high level to be
detected?!. So, the ESR results represent the relative values of the volume-averaged densities of free radicals in
the PAW. Since the densities of aqueous OH and NO are very low (Figs 4(d) and 5(b)), for this measurement
the water depth is reduced to 0.1 cm, and the treatment time is increased to 5 min. The reduction of water depth
leads to the increase of volume-averaged densities, because free radicals mainly exist in the surface layer of water
(see Figs 4(d) and 5(b)). Also, the increase of the plasma treatment time allows the spin adducts to accumulate
allowing for easy ESR measurement. In this case, the spin adduct of NO was detected for an air gap width of
0.3 cm and 1cm, as shown in Fig. 6(a). Its density increases as the decrease of the air gap width, in accordance
with the simulation results of NO (see Fig. 4(d)). This confirms that the surface air discharge can remotely induce
the generation of short-lived species in the downstream water sample, thus supporting our hypothesis and also
our numerical model. It should be noted that direct evidence for the existence of OH radicals in the water is still
lacking. Fig. 6b shows clear disruption to the ESR spectrum of OH radicals, mostly probably by other free radi-
cals, which results in a distorted spectrum of seven peaks instead of the classic four-peak ESR spectrum of OH
radicals. This is also observed in an O, rich solution similar to our case??.

Chemical pathways in the PAW.  From Figs 2-6, it can be concluded that the aqueous reactive species are
induced by both the heterogeneous mass transfer and the liquid chemistry and this dual influence is significantly
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Figure 6. ESR spectra of the PAW for the air gap widths of 0.3 cm and 1 cm (Water depth=0.1cm;
Treatment time =5 min).

influenced by the air gap width. Also, two distinct scenarios appear to exist, of which the density profiles are
considerably different: Scenario 1 (S1 for abbreviation) for L,< 0.5 cm and scenario 2 (S2) for L, > 0.5 cm. The
scenarios are also true for the chemical pathways in the PAW, as will be discussed below.

Taken the results and their discussions together, we summarize the network of numerous mutually cou-
pled production mechanisms of aqueous plasma species in Fig. 7. Here, MT represents the heterogeneous mass
transfer, and each percentage number indicates the volume-averaged relative contribution of a specific physico-
chemical process to the production/loss of a species at t=100s. The relative contribution of heterogeneous mass
transfer is calculated by dividing the net density flux of a species at the gas-liquid interface by the water depth,
i.e. flux/L,,. It should be noted that the production rate might be much different to the loss rate even when their
relative contributions are the same. This is because the species themselves may not be in equilibrium. Taking
HNO, for example, the gas-liquid mass transfer contributes ~100% on its production, while it losses mainly by
hydrolysis which contributes ~57% when L,= 0.1 cm and ~98% when L,= 2 cm. The contribution of MT on
production of atomic oxygen is of particular interest, it is ~100% for L,= 0.1 cm, but decreases to about —2.4%
when L,=0.5cm,i.e. the direction of MT reverses, and then increases to 0.3% when Ly=2cmas the direction of
MT reverses again. The big change of MT contribution on the production of atomic oxygen results in a significant
change in its liquid reaction. When L,= 0.1 cm, the dissolved atomic oxygen is mainly consumed by reacting with
the dissolved molecular oxygen as given by

0+ 0, < 0O, (R10)

However when the dissolution of atomic oxygen is limited (Ly> 0.5 cm), this reaction becomes instead the
main production pathway of atomic oxygen in the PAW (see Fig. 7).

The heterogeneous mass transfer is dominated by gaseous species with high densities, including HNO,,
HNO;, H,0,, 03, N,0; and N,0. N,O is chemically stable and hence not shown in Fig. 7. The hydrolysis of HNO,
and HNO; is very strong, with a total reaction rate of ~10'*cm™%s™!, indicating that in a topmost water layer as
thin as ~1 um most of them transform to H*, NO,~ and NO;~. Also, N,O; is an important precursor for H*
and NO; ™. It reacts strongly with water molecules and hence its penetration depth is less than 1 nm as shown in
Fig. 5(f). So, a surface water layer exists with L,, < 1um, within which chemical reactions are mainly induced by
the dissolved HNO,, HNO; and N,O;, much different to the bulk water region. By comparison, the heterogeneous
mass transfer of other species, including NO;, HO,, NO, OH and N,O,, is much less significant, and for NO, OH,
NO, and N,0, the mass transfer direction reverses (see Fig. 7).

Liquid chemistry is the direct mechanism for production of most reactive species in the PAW as shown in
Fig. 7. This is why some short-lived species exist in the PAW regardless whether they can be supplied from the
gas phase. The chemical pathways among the aqueous species are complex. In Fig. 8(a,b), we present a network of
simplified chemical pathways for short-lived ROS and RNS. In order to distinguish between short-lived species
and long-lived species, short-lived ones are shown in the dashed boxes. Some short-lived species are not included
because their densities are very low, such as the atomic oxygen, or their biological effects are not known to be
important. For short-lived ROS, there are two main reaction cycles among them: (1) OH — HO, — HO; — OH,
and (2) is OH — HO, — O,” — O;~ — OH (see Fig. 8(a)). The first cycle has a reaction rate between 7.2 x 103
and 3.4 x 10" cm™3s™!, while the second is between 1.1 x 10" and 2.7 x 10" cm3s™!, both decreasing with
increasing gas gap width. It is interesting that O; acts as an intermediate for both reaction cycles, in which it loses
an O atom to become O,. So, the reaction cycles lead to no net production/reduction of the short-lived ROS as a
whole but to a reduction of O, with a high reaction rate.

Considering the short-lived ROS as a whole (in the dashed box of Fig. 8(a)), there are two main production
pathways: one is the dissolution of HO, from the gas phase, and the other is the generation of HO, by the reaction
between the dissolved NO; and H,0, as follows:

NO, + H,0, — HO, + H* + NO;~ (R11)

The first one dominates in S1, while the second dominates in S2. HO, is the original short-lived ROS in the
PAW, and its production rate by both pathways is between 7.0 x 10! and 2.1 x 10 cm™3s~!, smaller than that of
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Figure 7. Chemical profile of aqueous reactive species induced by the surface air plasmas for the air gap
width from 0.1 to 2 cm.
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the internal reaction cycles of short-lived ROS by more than one order of magnitude. This is why they contribute
less than 10% of the HO, production (see Fig. 7).

For the loss of short-lived ROS as a whole, there are also two main pathways: one is the reaction between
HO, and HO; to form H,0,, of which the rate decreases from 1.8 x 10'% to 1.2 x 10'°cm~3s~! with increas-
ing air gap. The other is the reduction of OH, O, and HO, by various RNS as shown in Fig. 8(b). The total
reduction rate increases from 6.4 x 10°cm™s~" to 1.8 x 10" cm~s~! with L,, indicating that the first pathway
(HO,+ HO; — H,0,+ 1.50,) dominates in S1, while the other dominates in S2.

For the short-lived RNS in the PAW, NO, is the precursor for the other species except for NO;. NO, is mainly
produced by the advanced oxidation of nitrite in S1 as given by:

OH + HNO, — NO, + H,0 (R12)

OH + NO,” — NO, + OH~ (R13)

Since the densities of nitrite (HNO,/NO,™) and OH decrease with increasing air gap width (see Fig. 4(h)
and 5(d)), the production rate of this pathway decreases accordingly. However, the dissolved NO; has its density
increases by more than one order of magnitude with the air gap width from 0.1 cm to 2 cm (see Fig. 5(d)), and
hence a new pathway dominates the production of NO, in S2, as given by
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NO, + NO,” — NO, + NO;~ (R14)

As shown in Fig. 7, R14 contributes ~90% of the production of NO, when L,= 2 cm.

It is interesting that short-lived ROS such as OH play as an essential intermediate for the transformation
among the RNS (see Fig. 8(b)), which leads to the production of various kinds of short-lived RNS, such as
ONOOH known to have strong biological effects®*. In turn, it enables a main pathway for the reduction of ROS
as discussed above.

Regarding the loss of short-lived RNS as a whole, there are two main pathways: one is the transformation to
nitrite and to nitrate, mostly by:

NO, + HO, — NO; + H" + O, (R15)
2NO, + H,0 — NO,” + NO, + 2H" (R16)
0,NOO™ — NO,” + O, (R17)
ONOOH — H' + NO,~ (R18)

NO, + OH — H' + NO;~ (R19)

The total reaction rate of R15~R19 is from 2.6 x 102cm™3s™! to 1.5 x 10! cm s}, decreasing as the increase
of the air gap width, and R17 dominates in S2 since it has a rate more than half of the total.

The other pathway is the mass transfer of NO and NO, from the liquid phase to the gas phase, which has a
total flux diving the liquid depth (Flux/L,) from 1.3 x 10" cm3s~! to 1.1 x 10?cm s ™! at the gas-liquid inter-
face, increasing with the air gap width. As a result, the liquid chemistry dominates the reduction of short-lived
RNS in S1, while the heterogeneous mass transfer dominates in S2. In biological solutions where the organic
species have intensive reactions with the RNS, it is likely that short-lived RNS are consumed by liquid chemistry,
and the heterogeneous mass transfer is compromised.

From the discussions above, the main pathways of heterogenous mass transfer and liquid chemistry are
described and analyzed. Although the discharge power density is fixed at 0.05 W/cm?, the pathways should
remain valid for a large range of input power since the density ratios of reactive species change little. However, it
should be noted that the surface discharge may transfer to the ozone-poisoning mode when the discharge power
density is larger than ~0.2 W/cm? for our experimental setup, in which the ozone density may be reduced by sev-
eral orders of magnitude®*?. In such a situation, the gas composition of reactive species is dramatically changed
and consequently it affects the heterogenous mass transfer and liquid-phase chemistry'?. The influence of the
discharge power on the interaction between the surface air discharge and deionized water will be reported in
future.

Conclusion

In conclusion, the interaction between a surface air discharge and deionized water has been studied with a
system-level model and selected experimental measurements. Long-lived aqueous plasma species are HY, nitrate,
nitrite, H,0, and O;. In addition, various short-lived ROS and RNS are also induced in water, regardless whether
these species are supplied from the gas phase. Our results show that the aqueous reactive species are controlled
by heterogeneous mass transfer and/or liquid chemistry. Short-lived ROS and RNS in water are strongly coupled
by liquid chemistry: NO; is an important precursor for HO, and successively for the other short-lived ROS. On
the other hand, OH, O, and HO, play a crucial role for the production of various kinds of RNS. Moreover, sev-
eral internal chemical chains exist among the short-lived ROS or RNS with high reaction rates. For example, the
chain of OH — HO, — HO; — OH has a reaction rate between 7.2 x 10'* and 3.4 x 10" cm~3s~1, but leads to no
net production/reduction of the short-lived ROS as a whole. On the other hand, Oj; is reduced since it acts as an
intermediate of this chain. The heterogeneous mass transfer is strongly dependent on the air gap width, mainly
because the diffusion distances of the short-lived species are typically between 0.1 and 1 cm. This further influ-
ences the liquid chemistry since the dissolved amount of the short-lived species changes in accordingly.

The influence of heterogeneous mass transfer and aqueous plasma chemistry appears to vary significantly in
two distinct scenarios. In the first scenario with L, < 0.5 cm, the concentrations of the long-lived aqueous ROS,
i.e. H,0, and O;, increase with L,, and the short-lived ROS, such as O and HO,, can diffuse across the air gap
and then dissolve into water. The dissolved HO, is the main precursor for the other short-lived ROS, and as a
whole the short-lived ROS is mainly reduced by the reaction between HO, and HO; to form H,0,. Regarding
the aqueous short-lived RNS as a whole, it is mainly produced by the advanced oxidation of nitrite to form NO,
and successively the other species (except for NO; which is from the heterogeneous mass transfer), and reduced
mainly by transforming to nitrite and nitrate.

In the second scenario of L, > 0.5 cm, on the other hand, the concentrations of aqueous H,0, and O; decrease
with increasing L,. HO, is mainly produced the liquid reaction between NO, and H,0,, and as a whole the
short-lived ROS is reduced by reacting with RNS. Regarding the aqueous short-lived RNS as a whole, it is mainly
produced by the heterogeneous mass transfer of NO;, and reduced mainly by the mass transfer of NO, from the
liquid phase to the gas phase.
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Cations N*, Nj, Nj, Nj, NO*, N,0 NOj, H', HJ, Hy, O, 0;, Of, OH', H,0%, H;0"

Plasma region Anions e, O, O;, O;, O;, NO, NO;, H,0H", N,0, NO;

N(D), N,(A*S), N2(B*II), H, N, H,, N,, H,0, O('D), O, O,(a'A), O3, OH, HO,, H,0,, O,, NO, NO,,
NO;, N,0, N,0,, N,05, HNO,, HNO;, N,0, HNO

Air gap region NO, N,0, NO,, NO;, N,0s, N,0,, N,05, HNO, HNO,, HNO, N, N, O,, O, O,(a'A), O, OH, H,0,, HO,, H,, H,0

0, 0;, OH, HO,, HO;, H,0,, N,, 0,, H,0, H, H,, N,0,, NO, NO,, NO,, N,0,, N,O5, HNO,, H *,
HO;, OH", 07, 0y, 05, NO;,NOj;, 0,NOOH, 0,NOO~, ONOO™,ONOOH, HNO,, N,O

Neutrals

Liquid region

Table 1. Species considered in the model.

Methods

The system-level model consists of three modules for the plasma generation region, the air gap region, and
the deionized water region, respectively, and all three modules are calculated together simultaneously. A
zero-dimensional module is used for the surface plasma in humid air, of which 53 species and 624 chemical
reactions are incorporated. The densities of gaseous plasma species are obtained by calculating the production/
loss rates of the corresponding chemical reactions, the particle fluxes between the plasma region and the air gap
region, and the dissipated power density for accelerating the charged species which equals to 0.05W/cm?. Only
neutral species are considered in the air gap region, so the amount of the species and the corresponding reac-
tions are reduced to 21 and 63, respectively. The diffusion and chemical reactions of the neutral species in the air
gap, as well as their particle fluxes onto the plasma-gas interface and the gas-liquid interface, are calculated by
the one-dimensional module of the air gap region. Henry’s law was used to describe the density relationship of
species on both sides of the gas-liquid interface. Although only neutral species can dissolve into the water from
the air gap region, some of them (mainly HNO, and HNO;) strongly hydrolyze to form numerous ionic species
(mainly H*, NO,™ and NO; ") in the water, and hence a drift-diffusion equation and Possion’s equation are used
to describe the behavior of species in the PAW. The module for the deionized water is also one-dimensional,
which incorporates 33 species and 109 chemical reactions, including 21 reversible reactions. All the species con-
sidered in the system-level model are listed in Table 1. It is noted that several assumptions in the model were
made by carefully consideration. For example, the diffusion of charged species from the plasma into the air gap
is neglected, because their diffusion distances in lifetimes are less than 100 um'® and therefore such diffusion has
little effect on the remote liquid region which is focused in this paper. The temperature is fixed to be 300K for
both the gas and liquid phases, which is very close to the measured values even for the plasma region.

For experiments used in this study, a pH probe (Sartorius, PB-10) was used, and the concentrations of aque-
ous H,0, and nitrate/nitrite were measured by using a microplate reader (Thermo Scientific Varioskan® Flash
Reader). The Amplex® Red reagent was added into the water right after the SMD treatment, and it reacted with
H,0, in a 1:1 stoichiometry to produce the red-fluorescent oxidation product, which was excited at A = 550 nm
and emitted at X = 595 nm. Similarly, the Griess reagent was added into the water to detect the nitrate/nitrite,
and the absorbance was measured at X\ = 550 nm. For the measurement of OH and NO, the spin trapping rea-
gents were added into the water before the plasma treatments, and their spin adducts were measured by an
X-band ESR (BrukerBioSpin GmbH, EMX) immediately after the plasma treatments. A spin trapping reagent,
5,5-dimethyl-1-pyrrolineN-oxide (DMPO) was used to trap OH, and the spin adduct of DMPO-/OH has a special
ESR spectra with a peak intensity ratio of 1:2:2:1. Also, the DETC-Fe*" complex was used to trap NO, and the spin
adduct, (DETC),-Fe?"™ —NO, has a special ESR spectra with a peak intensity ratio of 1:1:1. All the measurements
above were repeated three times.
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