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Abstract:

We revisit one of the most used techniques for quantifying the aqueous OH radicals (OH,,) in plasma-
liquid systems, the molecular probe method which obtains the [OH,,] through measuring a stable
material formed by a rapid reaction between the molecular probe and the OH,,. In this study, we used
NaTA as the molecular probe, the experimental results with a theoretical analysis suggest that to obtain

the correct OH,4 concentration, the concentration of molecular probe should be greater than a certain
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value which depends on the types of the plasma-liquid systems. However, this is not the case in most

of the existing reports in which the Na7A4 are often much less than the requisite value.
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1. Introduction

If a sufficient amount of electrical energy is input to a gas, the gas can be ionized to form a discharge
plasma which is composed of energertic electrons, ions, reactive and radical species. The dischage
plasma is highly reactive so that it can be used across several fields 2. A contact of a gaseous plasma
with a liquid creates a gas-liquid interface, through which charge and mass are transferred between
the plasma and the liquid 3. Consequently, the liquid is activated and the plasma reactivity turns into
the reactivity of the liquid. The reactivity transfer involves many phyical, chemical, and
electrochemical processes which can generate plentiful reative species. The reative species can be

categorized into long- and short-lived species depending on their reactivity "-!2

. Hydrogen peroxide
(H20;) and hydoxyl (OH) are two typical long-lived and short-lived reactive species, respectively,
commonly generated when dischage plasmas are in contact with augeous solutions. The OH radicals
are very important in applications of plasma-liquid systems such as water treatment '*-!> and plasma
medicine '%-2!, Therefore, measuring the concentrations and understanidng the mechanisms of the OH
radical formation in plasma-treated solutions is crucial.

The redox poential of the OH radical is as high as 2.85 eV vs standard hydrogen electrode 22,
which makes the OH radical highly reactive. A weak absportion band below 300 nm for the OH

radical was observed in an aqueous solution 2> 2*, However, a direct method using this absportion

band to quantify the OH radical is is challenging due to its short lifetime (~ us) ?° as well as the
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possible interference with other substances’ absorption within this band. Therefore, many existing
measurements rely on indirect methods. The molecular probe diagnostics is one of the commonly
used indirect methods. The molecular probe measurements are based on the following process. A
substance called molecular probe, can selectively react with OH radical to form a stable product at a
high reaction rate (Eq. 1). Since the product is relatively stable, one can quantify the product and then
deduce the concentration of the OH radical. In most plasma-liquid systems, researchers measured the
concentration of the product, and then directly deduced the OH concentration. However, this process
involves some ambiguity, hence some concepts and the measurement results should be clarified. In
this paper, we revisit the molecular probe method and clarifythe key concepts in the measurements,
such as the influence of the molecular probe concentration and clarify the meaning of the
conventionally measured values of OH concentration. Following the discussions in 26, we present the
details about the molecular probe diagnostics method as follows.

Assuming that a discharge plasma is in contact with an aqueous solution containing a substance
(S, a OH molecular probe) and some other unknown OH scavengers X (X represents a group of
unknown substances). To study the OH consumption, one must track the rapid reactions related with
the OH radicals. Besides S and X, the OH itself is also an important reactant able to rapidly react with

itself, and as a result, the OH radicals formed in the plasma-treated solution can be rapidly consumed

by Egs. 1-3,
OH+S—->0H +S* (D
OH + OH — H,0, (2)
OH+X - OH™ +X*, 3

where Egs. 1 and 3 are just one type of possibile reactions, because in some cases the reactions might

be the addition, hydrogen abstraction, and radical interaction processes rather than an electron transfer
3



reaction 7.
Based on these reactions, the variation of the OH concentration with respect to time (d[OH]/dt)

and the production rate of [S*] (G(s+]) in the solution can be expressed as

d
[gﬂ = Giom), — k1[OHI[S] — k,[OH]* — k3 [OH][X]  (4)
d[S™
Gis) = S k1 [OH][S]. (5)

dt

where Giome 1s the rate cahnge of the OH concentration in the plasma-treated solution, if all the
dissolved gaseous OH radicals are not consumed. k;, k2 and k; are the rate constants of Egs. 1-3,
respectively. In this paper, all the concentrations without a subscript represent pseudo steady states.
Because of its very strong reactivity, the OH radical in the solution should be in a pseudo steady
state (d[OH]/dt=0, here [OH] being a small constant due to its high reactivity), then
Giony, = ki [OH][S] + kz[OH]? + ks [OH][X]. (6)
Combining Eq. 5 with Eq. 6, we have

ky ks
1 1 |k [OH] + k, [X]
Gis+1 Gpom, [S]

+1%. (7

If {k:[OH]+ k3[X]}/k; is assumed to be a constant 4, we then obtain

L {A+1} )
Gis+) Grom, US] '

There should be a linear relationship between 1/Gis+) and 1/[S], and Gjome might be estimated
from the curve of 1/Gys+ vs 1/[S] (by calcualting its intercept, 1/Gjomg). Moreover, if [S] is much
greater than A4, 4/[S] will be close to zero, and consequently the value of 1/Gjome Will be close to
1/Gis+).

Based on the above description, the concentrations of the plasma-generated OH {{OH], and the

pseudo steady state OH {[OH]} species in the solution are



(0H1, = [ Giom, de ©

G+
[OH] = kj 5tk (10)

If the conversion ratio of OH to S* is a, the measured concentration of the OH radicals in the
plasma-treated solution, [OH], is usually expressed in most previous studies as Eq. 11
[0H],, = [5*]/a = f Groydt/a = f k[OHI[Sldtfa. (1)
It is worth noting that [OH]. is a function of [S] and it increases with increasing [S]. However,
this fact is not paid due attention in many cases. For convenience, in Table 1, we summarize the

typical notations and their meaings used in this paper.

Table 1. Notations used in this paper and their meanings.

Notation Meaning

[OH], [S], [X], [ST] Steady state concentrations of S, OH, X & S*
Change rate of the [OH] in the plasma-treated solution,

Giom if all dissolved gasoues OH are not consumed

Gis+] Production rate of [S'] in the solution

[OH], Plasma-generated OH in the solution

(O], Measured OH concentration in the plasma-treated

solution in most studies

In this paper, using disodium terephthalate (NaTA) as the molecular probe, we demonstrate that
the quantification of OH radicals in a plasma-treated aqueous solution is complex and due attention
should be paid to the exact meaning of the measured results.

2. Experimental setup

Figure 1(a) illustrates the experimental setup. Ar (40 sccm) is supplied through the hollow tungsten
steel electrode (slightly tapered at the nozzle, 1.02 mm in inner and 6.35 mm in out-side diameters).
Ar discharge is ignited by a DC power source (TESLAMAN TRC2025N20-1000) between a flowing
aqueous solution and the hollow tungsten steel electrode. Inset of Fig. 1(a) gives a photograph of the
discharge plasma. A graphite rod is submerged in the solution to conduct the circuit. The discharge

gap and current are 3 mm and 40 mA, respectively. To avoid a glow-arc transition, a ballast resistor
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(100 kQ) is connected in series in the circuit. The discharge current is measured by dividing the
voltage across a 10-Q ballast resistor. The solution (50 ml, 100 ml/min) is pushed through a
polytetrafluoroethylene cylindrical reactor by a peristaltic pump (Runze Fluid YZ1515X). After the
plasma treatment, the solution enters a cooling bottle (25 °C), and then passes through a quartz flow-
through cuvette with an optical path of 10 mm, and finally enters the cylindrical reactor.

NaTA is awell-known OH scavenger and it can react with OH very quickly to form some products,
and one of the products is 2-hydroxyterephthalic acid (H74). HTA molecule can emit a fluorescent
light at 425 nm when it is irradiated by a UV-light with a wavelength at 310 nm. The intensity of the
fluorescent light for HTA is independent of pH value in the range of pH 6-11 28, Therefore, a
phosphate-buftered solution (PBS, pH 7.0, buffer strength 10 mM) containing disodium terephthalate
(NaTA) is used as the plasma-treated aqueous solution.

The discharge voltage between two electrodes (V) is measured by a high volage probe (Tektronix
P6015A) connected with the two electrodes, and the discharge power (Py) is estimated by multiplying
the discharge current with V. The measured power equals the addition of the powers consumed by
the plasma and by the solution zone between the plasma and the bottom electrode. Table 2 presents
the discharge information we used in the experiment. We can find that for a fixed discharge current
of 40 mA, the power ranges from 27.2 W to 47.6 W and decreases with increasing NaTA concentration.
This can roughly attributed to the decrease of power consumed by the solution between the plasma
and the bottom electrode, since the resistance of this solution zone decreases with increasing NaTA

concentration.

Table 2. The discharge voltage between two electrodes (V;) and the discharge powers (Py) for the plasma-liquid
system with different NaTA4 concentrations ([NaTA]). The discharge current is 40 mA.

[NaTA] (mM) Va (kV) Py (W)

2.00 1.19 47.6




5.0
12.5
25.0
50.0
75.0
100.0
150.0
200.0

1.08
0.97
0.88
0.81
0.73
0.73
0.71
0.68

43.2
38.8
352
324
29.2
29.2
28.4
27.2

Figure 1(b) presents the Y-type reflection optical fiber probe used to detect the fluorescent light.
A light with a wavelength of 310+5 nm (from a LED light source, JINGY])) is guided to the quartz
cuvette wall by the irradiation optical fibers (a bunddle of six optical fibers), and the HTA is excited
to irradiate fluorescent light at the quartz cuvette wall. The reflected fluorescent light on the quartz
cuvette wall is then guided to the spectrometer end through the recording optical fiber, and then
recorded by a USB6500-Pro spectrometer (JINGYT).

NaTA (>99.0%) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd, HTA (98.0%)
was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd, and monosodium
phosphate (99.0%) and sodium hydrogen phosphate (>>99.0%) were provided by Xilong Scientific

Co., Ltd. and Sinopharm Chemical Reagent Co., Ltd., respectively. All chemicals were used without

further treatment.
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Figure 1. Schematics of (a) the experimental setup, and (b) the reflection optical fiber probe. Inset

shows a photograph of the discharge plasma.

3. Results and discussion

Figure 2 shows the fluorescent light intensity of UV-light excited aqueous H74 solution as a function
of the HTA concentration. Using a linear fitting procedure to fit the first 6 points of Fig. 2, the slope
of the curve was estimated to be 15.81 uM!. It is worth noting that the point for 100-uM HTA in Fig.
2 is largely deviated from the linear curve, while it does not affect our results because the HTA

concentration we concern in this paper is all in the linear region. Using this value, one can estimate



the quantity of H7A4 generated by the plasma-liquid interactions in the solution.
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Figure 2. The fluorescent light intensity at the wavelength of 425 nm as a function of the
concentration for the UV-light (a LED light source emitted at 310+5 nm) excited aqueous H74
solution. A linear fitting gives a slope of the curve being 15.81 uM™!.

Phosphate-buffered aqueous solutions with different Na74 concentrations were irradiated by the
Ar plasma. By recording the fluorescent light intensity of the plasma-treated solutions, we obtained
the HTA concentration in the solutions. Using Eq. 11 and 35% for the conversion ratio a?® 2%, one can
obtain [OH]x in the plasma-treated solution. Figure 3 presents the time evolution of the [OH],, for the
plasma-treated solution. One can find that the value of [OH],, increases rapidly at first, and then its
growth rate slowly decreases, especially for solutions with a high Na74 concentration. The decrease
in the [OH],» growth rate can be mainly attributed to two factors. First, the consumption of NaTA
leads to a decrease in the production rate of HTA (Gur4) (see Eq. 5). Second, the plasma induced H7A4

decomposition may also cause a decrease in the value of Grru.
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Figure 3. Measured OH radical concentraions {{OH].} as a fucntion of the plasma treatment time in
the phosphate-buffered solutions containing different concentrations of NaTA.

To obtain a reasonable Grry without the inference of the H74 consumption by plasma-induced
decomposition, one should take the derivatives with respect to time for curves of the [HTA] versus
the plasma treatment time at the very beginning of the plasma treatment. Because we recorded the
fluorescent light each 5 seconds and the curves are not easy to separate from the very beginning, we
choose to calculate the derivatives with respect to time from 0 to 40 sec. Figure 4 shows the reciprocal
of the HTA production rate as a function of the reciprocal of the Na7A4 concentration in the plasma-
treated phosphate-buffered Na74 solutions. We found that the value of 1/Grrs does not change when
the NaTA concentration is higher than 100 mM which means almost all generated OH radicals are
consumed by the NaTA molecules. This result is consistent with the original paper for quantifying
OH radicals using the fluorescence of HTA in Cobalt-60 y-irradiated aqueous NaTA solutions 2%, In
addition, our previous work also showed that almost all the OH radicals generated from the plasma-
liquid interactions were scavenged when the concentration of a OH scavenger, dimethylsulfoxide,
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was higher than 100 mM 30 (dimethylsulfoxide and NaT4 have close values of rate constants for
interactions with OH radicals). All these results imply that 4/[S] in Eq. 8 is close to zero as [NaTA4] is
greater than 100 mM. As discussed in the introduction part, Gjom)e should approximate to aGirr4)

when [NaTA] is greater than 100 mM (if the OH-HTA conversion ratio o is concerned).
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Figure 4. The reciprocal of the H7A production rate (1/Gur4) as a function of the reciprocal of the
NaTA concentration (1/[NaTA])in the plasma-treated phosphate-buffered NaTA solutions. Inset shows
the enlarged part of the same figure at the small 1/[NaTA] zone.

Using Eq. 9 and Gjonje= aGiara) {[HTA]=100.0 mM}, one can obtain the concentrations of the
plasma-generated OH {[OH],} radicals. Figure 5 presents the time evolutions of the [H7A], [OH]m,
and [OH], in the plasma-treated NaTA solution ([NaTA]=100.0 mM). Obviously, the [OH]. is less

than the [OH],, and the difference between them increases as the plasma treatment becomes longer.
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Figure 5. Time evolutions of [HTA], [OH]x, and [OH]¢ in the plasma-treated phosphate-buffered
NaTA solution ([NaTA]=100.0 mM).

The discrepancies in Fig. 5 may put the validity of the application of the molecular probe method
in the plasma-liquid systems into question. One may ask: what is exactly the [OH]» and how can we
obtain a reasonable plasma-generated OH concentration in the plasma-liquid systems? Here we
should stress again the concepts dissused in the introduction part. The OH radicals generated from
the plasma-liquid interactions are consumed through three main channels: the molecular probe, the
OH species themselves, and the unknown OH scavengers, according to Eqs. 1-3. The value of [OH]»
is estimated directly from the process including the molecular probe, and it strongly depends on the
factors such as the rate constant between the molecular probe and OH species, and the ratio of
concentrations of the molecular probe, OH species, and the unknown OH scavengers. To measure all
the aqueous OH (OH,,) radicals generated from the plasma-liquid inteactions, one way is to increase
the concentration ratio of molecular probe to other OH consumers so that almost all OH species are
consumed by the molecular probe. The other way is to choose a molecular probe which can react with
the OH radicals with a high rate compared with the OH species themselves and the unknown OH

12



scavengers. It is well known that the recombination process of OH radicals (Eq. 2) has a very large
rate constant (5.5x10° M! s'1) 31, and then it is difficult to find a suitable molecular probe with a rate
constant several orders greater than this value. Consequently, one should choose the high
concentration of molecular probe when using the molecular probe method. We have searched the
literatures which used NaTA or terephthalic acid (74) as the molecular probe to quantify the OH,4 in
the plasma-liquid systems, some typical used concentrations of the molecular probe are summarized
in Table 3. Besides two recent studies >3, the concentrations of the molecular probe did not exceed
10 mM, and most of them were about 2 mM. Therefore, the previous studies did not use the optimum

conentrations for the molecular probe.

Table 3. Typical terephthalic acid (74) or disodium terephthalate (NaT4) concentrations used in the fluorescence

quantification of OH radicals in the plasma-liquid systems.

Molecule probe Concentration (mM)  References
TA in basic solution 0.2 29
TA in basic solution 2 34-41
TA (pH=7) 5 2
TA in a carbonate buffer or in PBS 10 43,44
TA in basic solution 50 32
NaTA 1 45.46
NaTA 2 4
NaTA 3 #
NaTA 4 4930
NaTA 20-120 3

From the previous analysis and Figs. 3 and 5, we can find that the value of [OH]» depends on the
molecualr probe concentration and the growth rate of [OH], gradually decreases with time, while the
value [OH], linearly increases with the plasma treatment time. Therefore, even when a suitable high
conentration is used for the molecular probe, the commonly measured OH concetrantion, [OH ], is
still lower than the actual plasma generated OH concentration [OH], (Fig. 5).

4. Conclusions

The molecular probe diagnostic method is a very useful technique for measuring OH,, radicals
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generated through the plasma-liquid interactions. We emphasize that appropriate concentration of the
molecular probe is crucial for the OH species quantification. Using NaTA4 as the molecular probe, we
measured the OH,, concentration in phosphate-buffered solution solutions during Ar plasma
treatment. The results indicated that in our case the NaTA4 concentration needs to be higher than 100
mM to obtain a reliable value for the OH concentration. If the NaTA concentration is less than 100
mM, the measured OH concentration is less than the actual one. The presented theoretical analysis is
generic and suggests that the results obtained for Na74 molecular probe can be extended to other
molecular probes. It is crucial to use sufficiently high concentrations of molecular probes for the OH,,
quantification in the plasma-liquid systems, which ensure that at least most of the plasma-generated
OH,, species will be captured by the used molecular probe. This crucial concentration of the
molecular probe is dependent on the types of plasma-liquid systems. By gradually increasing the
molecular probe concentration in a plasma-treated liquid system, one can achieve a series of curves
of the OH concentrations in the system vs. the plasma treatment time. The sufficient concentration of
the used molecular probe for this plasma-liquid system can be determined to be the value above which
the curve does not change with the molecular probe concentration. This refined approach allows one
to accurately measure the actual concentration of the plasma generated OH,, species, which is
required in diverse applications of plasma activated solutions in biomedicine, agriculture, energy and

environment, and other fields.
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Table 1. Notations used in this paper and their meanings.

Notation Meaning

[OH], [S], [X], [ST] Steady state concentrations of S, OH, X & S*
Change rate of the [OH] in the plasma-treated solution,

G . .
[0 if all dissolved gasoues OH are not consumed
Gis+] Production rate of [S'] in the solution
[OH], Plasma-generated OH in the solution
[0H] Measured OH concentration in the plasma-treated

solution in most studies

Table 3. Typical terephthalic acid (74) or disodium terephthalate (NaT4) concentrations used in the fluorescence

quantification of OH radicals in the plasma-liquid systems.

Molecule probe Concentration (mM)  References
TA in basic solution 0.2 2
TA in basic solution 2 34-41
TA (pH=7) 5 42
TA in a carbonate buffer or in PBS 10 43,44
TA in basic solution 50 32
NaTA 1 45.46
NaTA 2 4
NaTA 3 #
NaTA 4 4930
NaTA 20-120 3
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