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Abstract
A derivative absorption spectroscopic method is used in sifu to simultaneously trace and
quantify the aqueous peroxide (H,0,), nitrate (NO5') and nitrite (NO,) generated during
plasma-liquid interactions. The results indicate that the time evolutions of H,O,, NO5 and
NO; generated from the plasma-liquid interactions strongly depend on the solution’s pH
value, which varies with the plasma treatment. The concentrations of aqueous H,O,, NO;™ and
NO; increase independently from each other during the plasma treatment when the solution’s
pH value is higher than 3.0. However, when the solution’s pH value is less than 3.0, most of
the aqueous NO; (~71.5%) will exist in the form of molecular nitrous acid since the pK, of
nitrous acid is 3.4, the aqueous NO5 is mainly formed from the reaction between H,O, and
NO; as well as the decomposition of molecular HNO,, which leads to a continuous increase
of NOj concentration and an appearance of the maximum concentrations of H,O, and NO,
as the pH value of the solution reaches 3.0.

Keywords: derivative absorption spectrophotometry, plasma-liquid interactions, peroxide,
nitrate, nitrite

(Some figures may appear in colour only in the online journal)

1. Introduction phase from the gaseous plasma, they either directly become

aqueous species or produce new RONS by a series of reac-
When water or aqueous solution is in contact with an air tions in bulk liquid, as well as in the plasma-liquid interface
plasma, reactive oxygen and nitrogen species (RONS) are [1]. These dissolved aqueous RONS, as well as derivative
usually produced from gaseous plasma and the plasma—liquid  species in the plasma-liquid interface, can take part in the
interactions. When these RONS transport towards the liquid reactions in the liquid surface and in bulk liquid, which are
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responsible for the plasma-based applications, such as water
treatment [2—4] and plasma medicine [5, 6]. Therefore, the
tracing and quantification of the plasma-liquid generated
aqueous RONS attracts intensive attention in the study of the
plasma-liquid interactions. Most of the common long-lived
RONS are peroxide (H>O,), nitrate (NO;3') and nitrite (NO,)
in the plasma-liquid interactions, especially as the plasma is
operated in open air. H,O, is formed mainly by a combina-
tion of hydroxyl radicals, which are generated by plasma-
induced water reactions with electrons and ions [4, 7-14] in
the gaseous plasma [15] and/or in the liquid depending on
the type of the plasma source. Aqueous NO; and NO, are
produced by the dissolution of plasma-induced formation of
nitrogen oxides [2, 16, 17]. The quantity of aqueous H,O; is
usually estimated by a colorimetric method using the absorp-
tion of H,TiO4 at 410nm (Ti*" + H,0, + 2H,0 — H,TiO,
-+ 4H™) [18-22] or the absorption of VO;Jr cation at 450 nm
(VO3 +4H* + Hy0, — VO3 + 3H,0) [23-26]. Because
the colorimetric method needs to take part of the sample (con-
taining H,O,) to react with the regent of Ti** or VOj instrong
acid of H,SQOy, it is not suitable for an in situ measurement
of plasma-induced H,O,. For NO; and NO, measurement,
many techniques have been reported, such as spectrophoto-
metric [27], fluorescent, chemiluminescent and liquid chro-
matography [28, 29]. The colorimetric detection with Griess
reagents [30] is the mostly used spectrophotometric method.
All of these techniques require either a specific reactive
reagent or specialized apparatus, thus they are also not suit-
able for in situ measurement.

In order to control the generation of aqueous RONS by
tuning the discharge conditions, we need to trace and quantify
the evolution of the plasma generated aqueous H,O,, NO3
and NO; . Herein, we present a simple, fast in situ measure-
ment technique, which is based on the derivative absorption
spectrophotometry [31-33]. In principle, if we assume that
the absorbance of a solution obeys Beer’s law, the absorbance
(A) of a multi-component solution with m components can be
expressed as equation (1)

Ax =) lenG;, (1)
i=1

where A, [, €;), and C; are the solution absorbance at wavelength
A, the sample optical path length, the extinction coefficient at
wavelength A\ and the concentration for the ith component,
respectively. Actually, Oh et al have estimated the concentra-
tions of H,O,, NO; and NO; in plasma treated water using an
automated curve-fitting routine for the UV absorption spectra
[34-36]. On the other hand, it is easy to obtain the standard ;)
by individually measuring the concentration-dependent absor-
bance of each pure component (A;) = le;\C;, A;) is the absor-
bance of the ith component at wavelength ). One can achieve
the C; information by solving a series of equations, and the
least number of equations is the total number of the solution’s
components, m. For example, if we have two components in a
solution and their concentrations are C; and C,. We can select
two different wavelengths of A and X, then the absorbances of
the solution at A and )\’ can be expressed as

B He et al
Ay = lenCy + le20Cy 2)
Ay = le|xCy + legn Cs. 3)

If €1y, €2, €1/, and &)/ are known from the above men-
tioned method, C; and C, can be obtained by solving equa-
tions (2) and (3). For the solution containing m components,
in principle, one can select m different wavelengths and m
equations to achieve C;. If the solution components have over-
lapping absorption bands or the absorption obeys a modified
Beer’s law, such as A;y = Ile;\C; + b (b is a constant indi-
cating a baseline shift of the absorbance), a considerable error
will be induced in the estimated C; when using the absorbance
[37]. This problem can be solved by using derivative spectra
to resolve the overlapping bands and/or to remove the baseline
shift effect in the quantitative analysis. That is to say, equa-
tion (1) becomes

dnA)\ “ dné‘i)\
=1 C;
o =12 o @)

i=1

where d"Ay/d5 and d"¢;5/d} are the nth order of the deriva-
tives for the solution absorbance and the extinction coefficient
of the ith component at wavelength A, respectively. Similar to
the above mentioned procedure, C; can be obtained by solving
a series of equations if we have the standard d"¢;y /d\" of each
component.

[d"e;»/d\" can be obtained by linearly fitting the curve of
d"A;\/d X' versus C;based on the formula of d"A;\/dN" = Id"¢;)\/
d\'C;. If there are isosbestic wavelengths for the derivative
absorbance of the solution components (d"¢;,/d\* = 0 at these
wavelengths), the solving process of equation (4) will be more
simplified when these isosbestic points are included in the m
different wavelengths. Suzuki et al have used the isosbestic
wavelengths to estimate concentrations of NO;, and NO,
by a second derivative spectrophotometry [38]. Most impor-
tantly, the influences of interference from scattering, matrix
or other absorbing compounds can also be reduced by using
derivative spectrophotometry [37]. In this study, we use the
first order derivative of the liquid absorbance to perform in
situ simultaneous quantification of aqueous H,O,, NO;™ and
NO; generated during the plasma-liquid interactions.

For practical applications, m equations for m components
are usually not very effective in extracting C; because it
involves relative errors in the final results. To reduce the error
in the estimation for a multi-component solution, usually the
number of equations (the number of the selected wavelengths)
is much larger than the least-required equation number. For the
over-required equations, the estimation error can be reduced
by a multivariable linear regression process [37, 39-41].

2. Experimental

The plasma is ignited on a flowing liquid surface as illus-
trated in figure 1, which is similar to the setup used by
Jamroz et al [2] in a study of plasma-induced generation
of active species and wastewater treatment. The cylinder-
like plasma reactor is made from polytetrafluoroethylene
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Figure 1. Schematic diagram of the experimental setup. Lengths of silicone tubes a, b, ¢ and d are 20cm, 20cm, 25cm and 25 cm,
respectively. The inner and outer diameters of the tubes are 3 and 5 mm, respectively. Insider the pump, there is a 10 cm-silicone tube

(4 and 6 mm in inner and outside diameters) to connect tubes a and b.

(see appendix for details of its geometric parameters). The
plasma treated liquid (100ml) is circulated by a peristaltic
pump with a flow rate of 100ml min~!. The silicone tube
is 3mm in inner diameter and Smm in outer diameter. A
direct current power source (BOHER HV, LAS-20 KV-50
mA, negative and positive polarity) is used to generate
the atmospheric pressure discharge plasma in open air
between a solid tungsten steel electrode (4 mm in diameter
and with a hemisphere tip) and the flowing liquid surface.
A graphite rod (Smm in diameter) is placed at the bottom
of the solution to act as an inert electrode. After plasma
operation, we did not find an obviously visible change of the
graphite electrode surface. The liquid acts as the cathode or
anode, i.e. a positive or negative voltage applied to the tung-
sten steel electrode. After the plasma treatment, the treated
liquid is mixed in a blending bottle by a magnetic stirrer.
The liquid absorbance is detected in a flow cell, which is
placed after the blending bottle (measured by Ocean Optics
USB2000 + with a light source of DH-2000). The light
source (DH-2000) continuously outputs from 200-2500 nm
by using a combination of deuterium and tungsten halogen
lamps. The flow cell (10mm in optical length and 0.48 ml
in volume) is made from JGS1 quartz with a suitable
wavelength range of 200 nm—2500nm. Because the liquid
temperature can affect the absorbance intensity and peaks,
we control it within a small deviation by a water cooling
system to keep the liquid temperature to be about 25 °C.
The discharge time is set to be 30min. A 50k resistor is
connected in series with the tungsten steel electrode to avoid
the plasma transfer from glow-like discharge to arc. The dis-
charge current is achieved from dividing the voltage across a
10 €2 resistor, which is, in series, connected with the graphite
electrode.

The pH value and the solution conductivity are meas-
ured, by a pH detector (Yesmylab SX620) and a conductivity
detector (Yesmylab SX650), respectively.

8@ ' =30 mA —=— d=3 mn
I —e— d=4 mm-
g 6L —a— d=5 mm|
§ _ +d=6mn_
3 4
2L
8 [(b) ' d=5mm —— =10 mA;
g 6
g L
T 4
Q -
2
10 [{c) ' [—a—Liquid as cathode |
8- —e— Liquid as anode |
g 7 d=5mm =30 mA
S 6 ]
5 4 -
2__I I I AAAAAAATAAAATAAAA%
0 10 20 30
Time (min)

Figure 2. Solution pH value changes during the plasma treatment
at (a) different discharge distances (I = 30 mA, liquid as cathode),
(b) different discharge currents (d = 5mm, liquid as cathode) and
(c) liquid as cathode and as anode (d = 5mm, / = 30 mA). The
solution is an aqueous solution of sodium chloride with an initial
conductivity of 3800 xS cm™".

The used reagents (analytical grade) of NaCl, NaNO, and
NaNO, were purchased from Sinopharm Chemical Reagent
Co., Ltd. Hydrogen peroxide (H,O,, 30%) was purchased
from Xilong Scientific Co., Ltd.
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Figure 3. Absorbances and the first order derivative absorbances of the prepared standard stock solutions at different concentrations.
(a), (d) for HyOy, (b), () for NO3™ (NaNO3), and (c), (f) for NO; (NaNO»).

Table 1. Real and measured concentrations of prepared standard stock solutions.

Real Measured Ratio of measured to the

Prepared stock solutions concentration (mM) concentration (mM) real concentration (%)
Stock solution 1 (pH value = 6.21) H,0, 1.96 2.40 + 0.04 122.45

NOy 3.00 3.15 £ 0.05 105.00

NO, 5.00 4.98 + 0.02 99.60
Stock solution 2 (pH value = 6.18) Hy0, 2.94 3.26 + 0.03 110.88

NOy 5.00 4.97 + 0.04 99.40

NO, 2.00 1.94 + 0.02 97.00
Stock solution 3 (pH value = 6.23) H,0, 4.90 5.28 + 0.05 107.76

NOy 2.00 2.10 + 0.06 105.00

NO, 3.00 3.00 + 0.02 100.00
Stock solution 4 (pH value = 6.19) Hy0, 2.94 3.26 + 0.05 110.88

NOy 3.50 3.56 + 0.06 101.71

NO, 3.50 3.48 +0.02 99.43

3. Results and discussion

Because the discharge plasma is operated in open air, nitrogen
and oxygen gases are unavoidably involved in the discharge
processes. As aresult, nitrogen related oxides, N, Oy, are formed
in the gaseous plasma. When these N, O, transport towards the
liquid phase, HNO3 and HNO, are formed by a series of sec-
ondary processes, and that is the main reason for the solution
acidification during an air plasma exposure. Hydroxyl (OH)
radicals are produced mainly by the plasma-induced water
decomposition. The combination of OH radicals leads to the
formation of H,O; in gaseous plasma and bulk liquid.

The generation of reactive species by the plasma-liquid
interactions strongly depends on the voltage polarity applied
to the system. We have confirmed that when the liquid acts
as a cathode (a positive voltage is applied to the top tung-
sten steel electrode), the species generation rate is much faster
than that in a liquid anode (a negative voltage is applied to
the top tungsten steel electrode) because of the existence of
a cathode voltage fall on the liquid surface [22]. Because the
voltage fall is mainly varied with the solution conductivity,
in order to sustain a stable cathode voltage fall, we must
choose a solution with a suitable initial conductivity. Based
on the results in [22], unless described otherwise, an aqueous
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The solution is an aqueous solution of sodium chloride with an
initial conductivity of 3800 1S cm™!. The solution acts as the
cathode, the discharge distance is 5mm and the discharge current is
30 mA.

solution of sodium chloride with a conductivity of 3800 uS
cm™ ! is taken as the treated liquid in order to sustain relatively
stable plasma-liquid interactions, since the cathode voltage
fall keeps almost constant during the 30 min plasma treatment
at this condition.

The pH value is an important parameter for the liquid chem-
istry, and therefore, we investigate the pH changes of plasma
treated solutions at different conditions (figure 2). Obviously,
solution acidification takes place in all cases. However, for the
liquid anode case, there is a pH increase at first, and this can be
explained as follows. In the liquid anode case, electrons, rather
than ions, are driven to the liquid surface in the liquid cathode
case, and therefore, OH™ is produced by equation (5) [42-44].
There exist two factors for the solution pH change at the same
time, i.e. pH increases by the reaction of equation (5) and pH
decreases by the above mentioned processes. At the beginning,
the former is dominant, and after a certain time, the latter becomes
dominant, leading to the pH behavior in the case of liquid anode.

2¢~ +2H,O — 20H™ + H,. 5)

In our case, the first order derivative absorbance is used
to achieve C;. Figure 3 presents the absorbances and corre-
sponding first order derivative absorbances of the prepared
standard peroxide (H>O,), nitrate (NO3) and nitrite (NO;) at
different concentrations. 44 Ide;)/d\ for each solution comp-
onent are extracted from the data in figure 3(b) by linearly
fitting the curve of dA;)/d\ versus C; based on the formula of
dA;/d\ = Ide; /dAC;. The selected 44 different wavelengths
range from 260.86nm to 380.58nm (about each 2.8nm),
which covers the absorption contributions of H,O,, NO3™ and
NO; (table Al). Using these standard /de;/d\ and the meas-
ured first order derivative absorbance of solutions, C; can be
obtained by performing multivariable linear regression to 44
equation (4)-like equations figure 3. Absorbances and the first
order derivative absorbances of the prepared standard stock

0 5 10 15 20 25 30

Time (min)

Figure 5. Temporal concentrations of generated H,O,, NO3™ and
NOj for the liquid as (a) cathode and (b) anode during the plasma
treatment. The solution is an aqueous solution of sodium chloride
with initial conductivity of 3800 S cm~'. The discharge distance is
5Smm and the discharge current is 30 mA.

solutions at different concentrations. (a) and (d) for H,O,, (b)
and (e) for NO3 (NaNOs3) and (c) and (f) for NO, (NaNO,).

In order to confirm the feasibility of our method, a series
of standard stock solutions were prepared. Based on the
de;/d ) in table Al, we calculated the concentrations of the
mixed standard stock solutions, the measured concentrations
for NO; and NO; are in good agreement with the real ones,
while the calculated H,O» concentrations show a relative dif-
ference from the real ones (table 1). These differences are con-
sidered to be the limited range of selected wavelengths which
only includes a small part of the H,O, absorption band, which
has a peak band smaller than 260 nm. Actually, we have tried
several wavelength ranges for determining the concentrations
of three species in prepared standard stock solutions, and the
best range is 260nm to 380nm. This might attribute to the
considerable overlapping of absorbances among H,O,, NO3
and NO, less than 260 nm. In spite of this problem, the change
trend of the real H,O, concentration can be represented by
the estimated results if one checks table 1. That is to say, the
NO; and NO, concentrations with a good accuracy, while
the change trend of the H,O, concentration can be estimated
by this derivative absorption spectrophotometry in our exper-
imental conditions.

Figure 4 presents the typical absorbance and the first order
derivative absorbance of a plasma-treated NaCl solution.
The absorbance shows a shoulder less than 280 nm, which is
attributed to the H,O,, and the absorption bands at 300 nm and
350nm are attributed to the species of NO; and NO;, respec-
tively (see figure 3).

Each measurement is performed three times at the same
condition. The measured values are averaged from these
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Figure 6. Temporal concentrations of generated H>O», NO3 and NO, for the aqueous solution of sodium chloride with an initial
conductivity of 3800 ;S cm™! (liquid as cathode) at the discharge currents of (a) 10 mA, (b) 20 mA, (c) 30 mA and (d) 40 mA.

The discharge time is 30 min and the discharge distance is 5 mm.
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Figure 7. Temporal concentrations of generated HO,, NO; and NO, for the aqueous solution of sodium chloride with an initial
conductivity of 3800 xS cm™! (liquid as cathode) at the discharge distances of (a) 3mm, (b) 4mm, (c) Smm and (d) 6mm. The discharge

time is 30 min and the discharge current is 30 mA.

results, and the error bars are the standard deviation of the
measurements. Figure 5(a) presents the time evolutions of
concentrations for H,O,, NO3 and NO, which are calcu-
lated from the data in figure 4(b). The treated sodium chlo-
ride solution acts as the cathode. The discharge current and
distance are 30 mA and 5 mm, respectively. The results are
also shown in figure 5(b) for the experiment performed at
the same condition except using a liquid anode.

For the case of liquid as the cathode, the concentrations of
H>0, and NO; show a maximum point at about 8-9min,
while the concentration of NOj is almost zero at the beginning
of 7min, and then increases until the end of the plasma treat-
ment. It has been reported that peroxynitrous acid (ONOOH),
an unstable isomer of HNOs3, can be formed through equa-
tion (6) when NO; and H,O, are present in a solution with a
pH value of 3.3 [12],
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Figure 8. Temporal concentrations of generated H,O,, NO3 and
NOj; for an aqueous solution of NaOH with initial conductivity

of 3800 ;S cm™! during the plasma treatment (liquid as cathode).
The discharge current and discharge distance are 30 mA and 5 mm,
respectively.

H,0, + NO; + H" — ONOOH + H,0. (6)

The peroxynitrous acid (with a pK, of 6.8) dissociates
slightly below neutrality, and it isomerises unimolecularly
to HNO; with a rate constant of k= 1.3s~" at 25 °C, thus
producing a final product of NO3 [45, 46]. If the pH value
is much less than 7, the dissociation of peroxynitrous acid
will be much faster. It is worth noting that in the dissocia-
tion of peroxynitrous acid, probably up to 5% of hydroxyl and
nitrogen dioxide radicals are formed [47]. Figure 2 indicates
that the critical pH value corresponding to the maximum con-
centration of NO, and H>O5 is 3.0. On the other hand, most
of NO;, (~71.5%) will exist in the form of molecular nitrous
acid (HNO,) at a pH value of 3.0, since the pK, of nitrous
acid is 3.4 [48]. It is known that the molecular nitrous acid
is unstable and decomposes easily by disproportionation to
nitrogen oxides via equation (7)

3HNO, — H™ + NO; + 2NO + H,0. 7

The above-mentioned first process consumes both H,O, and
NO;, and the second one consumes NO,. Consequently, the
concentrations of HyO, and NO; decrease and that of NO3
increases during the plasma treatment. From figure 5(a), we can
find that the production rate (the curve’s slope) of NO, is faster
than that of H,O, at the beginning, while the production rate of
NOy is almost zero. These results imply that in the case of liquid
cathode, the primary aqueous species generated by plasma—
liquid interactions are NO, and H,O, (the very first form being
OH radicals and/or superoxide anion radicals or hydroperoxyl
radicals depending on the pH value), and most of NO5 is a
derivative species produced by reactions of NO, and H,O,.

We also performed the experiments by varying the dis-
charge current and discharge distance (figures 6 and 7). All of
the data demonstrate similar results, which show support of
our above explanation. The maximum concentrations of gener-
ated H,O,, and NO, appears at a pH value of 3.0 (see figure 2).

In the case of liquid as anode, due to the lack of cathode
voltage fall on the liquid surface, there is just low energy elec-
tron irradiation on the liquid surface [49], and the plasma—
liquid interactions are much less intense than those in the
liquid cathode case [22], causing considerably slow yields of
species generated from the plasma-liquid interactions. The
pH value of the liquid increases at first and then decreases
(see figure 2(c)). The final pH value approaches 3.05, which
is higher than the critical pH value (3.0 in our experimental
conditions) for equation (6) to proceed. As a result, the con-
centrations of H,O,, NO; and NO; slowly increase during
the whole plasma treatment.

In addition, although the NO, in the form of molecular
HNO; is easy to decompose, the ionic form of NO; is con-
siderably stable. Therefore, we treated an aqueous solution of
NaOH by the air discharge plasma, and the pH value changes
from 11.95 to 11.56 after the treatment (liquid as cathode). In
this pH range, we consider that most of NO, are in the ionic
form, and they will not decompose or react with H,O, (pH
higher than the critical value) to form NO;". This deduction is
verified by the continuous increase of NO, concentration as
shown in figure 8.

4. Conclusions

We have presented a simple, fast derivative absorption spec-
troscopic method to in sifu trace and quantify the aqueous
H>0,, NO5, and NO; during the plasma-liquid interactions.
Although there exist short-lived species during the plasma—
liquid interactions, they either quench or react to form stable
species, such as aqueous H;O,, NOj, and NO, finally.
Therefore, in our experiment, we demonstrated that in the
case of liquid cathode, the aqueous species in the plasma—
liquid interactions are dominated by H,O, and NO,, and NO5’
is produced by the reaction between H,O, and NO;, as well
as by the dissociation of molecular HNO, at acidic condition.
In the case of liquid anode, the concentrations of the aqueous
H>0,, NO3 and NO; increase slowly with the plasma treat-
ment. This work realizes an in situ, direct, simultaneous
probing of the evolution for H,O,, NO;™ and NO; during the
plasma-liquid interactions. The applications of plasma—liquid
interactions in water treatment and plasma medicine might
benefit from the revelation of the pH value dependent pro-
cesses during the plasma treatment.

Acknowledgments

The work was partially supported by National Natural Science
Foundation of China (Grant Nos.: 11405144, 11304132, and
61376068), and the Fundamental Research Funds for the Cen-
tral Universities (Grant Nos: 20720150022 and 20720150083).
One of the authors XQ thanks the financial support from the
Graduate Scientific Research and Innovation Foundation of
Chongqing (No. CYS17007), and National ‘111" Project of
China (Grant No: B08036).



J. Phys. D: Appl. Phys. 50 (2017) 445207

B He et al

Table A1. [de;/d X data for peroxide (H,O,), nitrate (NO3') and
nitrite (NO5).

Ide/dX (mM™h)

Wavelength

(nm) HzOz NO; NOZ_

260.86 —529%x10* —163x10* —4.83x10™*
263.67 —474 x107* —1.99 x 107> —2.13 x 107*
266.47 —421 x 107* 6.81 x 1073 1.69 x 1073
269.27 —3.72 x 107* 1.17 x 107* 898 x 107>
272.07 —3.26 x 107* 146 x 107*  1.23 x 1074
274.87 —2.83 x 107* 1.66 x 107 1.16 x 107*
277.66 —2.44 x 107* 1.82 x 107*  9.50 x 107°
280.46 —2.10 x 107* 192 x 107*  7.69 x 1073
283.26 —1.81 x 107* 1.95x 107 6.24 x 1077
286.05 —1.55 x 10°* 191 x 107* 495 x 1073
288.85 —132x 107* 178 x 107*  3.94 x 107°
291.64 —1.12x 10°* 152 x 10* 339 x 107
294.43 —9.49 x 1073 1.14 x 107* 337 x 107>
297.23 —8.04 x 107 627 x 107> 3.87 x 107
300.02 —6.74 x 1073 227 x 107  4.89 x 107
302.81 —558 x 1070 —630x 107  6.51 x 107°
305.60 —4.69 x 1070 —128x 107 846 x 1073
308.38 —387x 1070 —184x10"*  1.08x 107*
311.17 —3.17x107° —230x 107 1.37 x 10°*
313.96 —256x 1070 —259x107*  1.71 x 107*
316.74 —205%x107° —270x10* 207 x10°*
319.53 178 x 1070 264 x10* 247 x10°*
322.31 —158 x 1075 —242x10*  2.88x 10~*
325.10 —145x 107 —212x10™* 329 x 107
327.88 —133x 1075  —174x10*  3.65x 10~*
330.66 —127x 107  —137x10™* 393 x 107
333.44 —1.15%x 1075 —1.03x 10™*  4.10 x 10~*
336.22 —940 x 10°° —747x10° 413 x10°*
339.00 —647x 107  —518x 107 398 x 107*
341.78 —558x10° —334x10° 3.64 x10°*
344.56 —445 %107  —1.80x 107>  3.08 x 107
347.33 —396x10° —871x10% 229x10°*
350.11 —436x10°° —278 x 10°° 1.31 x 107
352.88 —583%x107° —1.03x10° 1.52x107°
355.66 —623x107°  —955x 1077 —1.11 x 107*
358.43 —541 x 107 —346x10° —241x10~*
361.20 —233x10° —485x10°% —3.67x10°*
363.97 —944 x 1077 —248x107° —4.82x107*
366.74 6.70 x 1077 295 %1077 —579 x 1074
369.51 1.63 x 107° 948 x 1077 —6.49 x 1074
372.28 2.03 x 107° 529 x 1077 —6.90 x 10~*
375.05 1.68 x 107 —6.00 x 1078 —7.00 x 10~*
377.82 133 x107° —592x 1077 —6.83 x 10~*
380.58 154 x 100 —1.92x10° —6.41x 107
Appendix

Figure A1 shows the schematic diagram of the plasma-liquid

H.V. probe

Figure A1. Schematic diagram of the plasma reactor.

interaction reactor. The cylinder-like cell is made from
polytetrafluoroethylene and its geometric parameters are indi-
cated in figure Al.
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