ROYAL SOCIETY

OF CHEMISTRY

PCCP

PAPER

Combining experimental and modelling approaches
to study the sources of reactive species induced in
water by the COST RF plasma jetf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2018, 20, 2797

Y. Gorbanev, (2% C. C. W. Verlackt,® S. Tinck,® E. Tuenter,® K. Foubert,® P. Cos®
and A. Bogaerts (07 *@

The vast biomedical potential of cold atmospheric pressure plasmas (CAPs) is governed by the formation
of reactive species. These biologically active species are formed upon the interaction of CAPs with the
surroundings. In biological milieu, water plays an essential role. The development of biomedical CAPs thus
requires understanding of the sources of the reactive species in agueous media exposed to the plasma. This
is especially important in case of the COST RF plasma jet, which is developed as a reference microplasma
system. In this work, we investigated the formation of the OH radicals, H atoms and H,O, in aqueous
solutions exposed to the COST plasma jet. This was done by combining experimental and modelling
approaches. The liquid phase species were analysed using UV-Vis spectroscopy and spin trapping with
hydrogen isotopes and electron paramagnetic resonance (EPR) spectroscopy. The discrimination between
the species formed from the liquid phase and the gas phase molecules was performed by EPR and H-NMR
analyses of the liquid samples. The concentrations of the reactive species in the gas phase plasma were
obtained using a zero-dimensional (OD) chemical kinetics computational model. A three-dimensional (3D)
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substrates due to their main properties: ambient temperature,
feed gas flow for a targeted delivery of the biologically active species,
minimised electrical impact, etc. A plasma jet is operated with a

Introduction

Cold atmospheric pressure plasmas (CAPs) have attracted a lot of

attention due to their vast potential in biomedical applications.'™
CAPs have been used to modify or produce surfaces with high
bacterial resistance, used in medicinal applications.*® They have
also been applied in dentistry (including teeth whitening)*® and
in sterilisation processes.” In recent years, CAPs have been
demonstrated to efficiently deactivate bacteria,>® viruses,” and
cancer cells,>***? and facilitate healing of chronic wounds.>**
As a result of the extensive research work, a plethora of
plasma devices has been reported.”™*> Most common CAP
devices used in biomedical research are atmospheric pressure
plasma jets.”>'® They enable direct treatment of biological
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flow of gas between the electrodes. This feed gas is usually an inert
gas (Ar or He, with or without admixtures™®), although the use of N,
or air in plasma jets has also been reported.'”'® The reactive oxygen
and nitrogen species (RONS), which are responsible for the bio-
medical effects of CAPs, may be generated inside the jet (e.g., when
plasma contains air), or upon interaction of the plasma effluent
with the ambient atmosphere (when plasma contains inert gases
only)."*'® Other plasma parameters are the type of discharge
(pulsed or continuous sinusoidal), frequency (MHz, kHz), electrode
configuration, etc.>'*'® Based on the type of electrode configu-
ration, parallel field and cross field plasma jets are distinguished,
with the feed gas flowing parallel or perpendicular to the applied
electric field, respectively. When a cross field plasma jet is used,
most of the charged species (ions and electrons) are confined
within the area between the electrodes, and the effluent largely
consists of neutral species (radicals and metastable excited species).
The combination of the plasma parameters has a dramatic effect
on the processes leading to the formation of the reactive species.'”
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The COST radio frequency (RF) plasma jet was introduced
within an EU COST action as a reference microplasma jet to
establish a comparison standard between different research
groups, as shown by Golda et al.*® Its scalability and reproduci-
bility (including modifications) has led to various uses in both
industry-oriented>**' and biomedical research."* The COST RF
plasma jet is a cross field jet, usually operated with helium or
argon as a feed gas (neat or with introduced admixtures).
A computational model of the chemical kinetics has been
developed for the gas phase plasma of such jet by Murakami
et al.>>>* Experimentally, the COST jet has been studied using
optical methods (optical emission spectroscopy,® laser-induced
fluorescence,> UV*® and cavity ring-down laser®® absorption
spectroscopy, etc.) and mass spectrometry,>” thus benchmarking
the model and providing information on the concentrations of
RONS in the gas phase plasma.

We have previously reported a deactivation of melanoma
and glioblastoma cancer cells in solutions exposed to the COST
jet.' Liquid water is an essential part of the biological milieu,
making the study of the reactive species induced in water by
plasma crucial for the applied research.>® Recently, Hefny et al.
have identified several reactive species in aqueous solutions in
contact with the COST jet.>® The authors have specifically
demonstrated that the jet is capable of producing biologically
relevant reactive oxygen species (ROS), such as oxygen atoms,
and delivering them into the exposed liquid samples. However,
the origin of other reactive species is still not fully described.
Gaining insights into the origin of the ROS and the factors
governing their formation is required for a more complete
understanding of this jet.

The nature, amount and the source of the species detected
in the liquid depends largely on the type of the plasma jet. For
example, Takamatsu et al. suggested that in the plasma setup
used in their work the radical species were at least partially
formed inside the liquid water.*® On the other hand, Xu et al.
proposed that in their work ROS were initially formed in the gas
phase, followed by their delivery to the exposed liquid.*' Similarly,
using a kINPen plasma jet, Winter et al. correlated the liquid
phase concentration of H,0, with the feed gas humidity,*
although recent model calculations show that in certain cases
ROS can be produced directly in the liquid.'**?

Previously, we have demonstrated that a sinusoidal kHz-
frequency parallel field plasma jet generated reactive oxygen
species (ROS) in the gas phase.** These species are further
delivered to the liquid which is in contact with the plasma jet
effluent. This was determined via a method we have developed
to distinguish between the ROS produced in the gas and the
liquid phase.

In this work, we combined experimental and computational
studies to investigate the source of the reactive species in
aqueous solutions exposed to the COST jet. We investigated
the effects of varied amounts of water vapour introduced in the
feed gas and in the plasma effluent on the concentrations of the
formed reactive species (H, OH, H,0,). For the first time, a
combination of experimental techniques, including the use of
isotopically labelled water, zero-dimensional (0D) chemical kinetics
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modelling of the gas phase plasma and three-dimensional (3D)
fluid dynamics modelling of the gas inside the reactor was used.
The obtained results provide valuable insights in the sources of the
studied reactive species.

Experimental
Materials

Deuterium oxide D,0 (99.9 atom% D), hydrogen peroxide H,0,
(30%), 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (4-hydroxy-
TEMPO) (97%), potassium titanium oxide oxalate dihydrate
K,TiO(C,0,),-2H,0 (>98%), N-tert-butyl-a-phenylnitrone (PBN)
(=98%), sulphuric acid H,SO, (95-97%) and sodium p-toluene-
sulfonate (sodium tosylate) CH;C¢H,SOsNa (95%) were purchased
from Sigma-Aldrich. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO)
(=99%) was obtained from Dojindo Molecular Technologies,
Inc. Helium He (99.999%) was supplied by Praxair.

De-ionised water was used for the preparation of the solu-
tions. All chemicals were used as received.

Plasma setup

For the experiments, the COST RF plasma jet was used (Fig. 1).
A detailed description of the characteristics of the COST RF
jet can be found elsewhere.'® The plasma was ignited in a
rectangular cuboid cavity (30 mm x 1 mm x 1 mm) between
two electrodes. The electrodes and the cavity were covered with
quartz glass. A Pico Technology PicoScope PC Oscilloscope
voltage probe was used to measure the time-resolved root mean
square voltage (Vrys). In all experiments, the plasma was sus-
tained at 250 Vgys and at an operating frequency of 13.56 MHz.
The plasma jet and the exposed liquid sample were positioned
inside a glass reactor.

The plasma was operated with a feed gas of helium with
water admixtures controlled by mass flow controllers (MFCs)
equipped with a microcomputer controller (Brooks Instruments
0254). The highest water content (per cent of relative saturation)
of the feed gas was 35%. This was the largest water admixture at
which it was possible to reach the plasma ignition. All experi-

ments were carried out with a total feed gas flow rate of 1 L min™ .

power coupling circuit,

[requency Benerator Feed gas
1 L/min
13.56 MHz é COST RF 1
250 Vg J

Zor 10 mm ¢

Glass Side flow gas
reactor H,0/0,0) 2 Umin
Exhaust Glass
— stand

1or3L/min

Fig. 1 Schematic plasma setup of the COST RF jet with an in-house built
glass reactor to control the gaseous environment. The split He flow was
used either for the feed gas or the side flow He.
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In experiments involving a side flow of gas, the total side flow
rate of the gas was 2 L min~ ", being either dry He or with water
vapour admixtures (20-100% saturation). The concentration of
water vapour is quoted in per cent of the saturation at 21-22 °C
(ambient temperature during the experimental work). All tem-
perature measurements were performed with an Extech Instru-
ments TM100 thermometer.

Prior to the experiments, the system was flushed with dry He
for 60 min.

Analysis

Electron paramagnetic resonance (EPR) measurements were
carried out on a Magnettech MiniScope MS 200 spectrometer.
The EPR analysis parameters were as follows: frequency 9.4 GHz,
power 5 dBm (3.16 mW), modulation frequency 100 kHz,
modulation amplitude 0.1 mT, sweep time 40 s, time constant
0.1, sweep width 10 mT, number of scans 3. For the measure-
ments, the analysed samples were contained in 50 pL glass
capillaries (Hirschmann). The concentrations reported were
obtained via double integration of the respective simulated
spectra of the formed nitroxide radical adducts. The simula-
tions were performed using a NIEHS P.E.S.T. WinSIM ver. 0.96
using the hyperfine values obtained from literature.”®> EPR
calibration was performed using aqueous solutions of a stable
radical 4-hydroxy-TEMPO in a range of concentrations 5-500 uM
(Fig. S1 in ESIt). After each plasma exposure experiment, the
samples were immediately placed in a capillary tube. The
overall time between the exposure and spectrum recording
was 1 minute.

The concentration of H,0, in the liquid samples was deter-
mined by UV-Vis measurements performed on a ThermoFischer
Genesys 6 spectrophotometer. Quartz cuvettes were used with a
10 mm path length (internal width 2 mm) and a volume of 700 pL.
UV-Vis calibration was done using 100 pL of the titanium reagent
with added 200 pL of aqueous hydrogen peroxide solutions in a
range of concentrations 0.2-2 mM (ESLt Fig. S1). Titanium(wv)
reagent was prepared by dissolving 0.354 g of K,TiO(C,0,),-2H,0
in a mixture of 2.72 mL of sulphuric acid and 3 mL of H,0, and
diluting the resulting solution with H,O to a total volume of
10 mL. UV-Vis spectra of the samples were recorded as follows.
60 pL of plasma-exposed sample (immediately after exposure)
were mixed with 140 pL of H,O and 100 pL of the titanium
reagent, and then incubated for 2 min before the measurement.
The concentration of H,0, was determined from the intensity
of the peak at 400 nm.

The composition of the D,0O samples was analysed by
"H-NMR with added external standard. 50-60 uL of plasma-
exposed sample was added to 500-600 pL of 0.47 M CH;CsH,SO3;Na
solution in D,O in a Young NMR tube and kept under nitrogen.
Sodium tosylate was pre-dried before the dissolution in D,O.
The weight of the analyte and the sodium tosylate solution was
monitored using a high precision laboratory balance. The
NMR spectra were recorded on a Bruker DRX-400 instrument,
operating at 400 MHz for quantitative "H analysis with a 30° flip
angle and a delay D1 of 10 s. The spectra were analysed using
MestReNova ver. 11.0. The H,O content of the D,O samples is
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quoted after correction for the H,O present in the external
standard. The dissolution of spin traps or sodium tosylate in
D,O did not increase its water content. Handling the sample
under the experimental conditions resulted in an increase of
the H,O content of the liquid sample from 0.1 to 0.4 mol% (see
Table S1 in the ESIt).

The concentrations of all measured reactive species in the
liquid samples are quoted after correction for the evaporation
of the solvent during the experiment. The extent of the evapora-
tion (i.e., the volume of the evaporated sample) was assessed by
weighing the liquid sample before and after the plasma expo-
sure. The corrected concentration values were obtained as show
in eqn (1). C is the

Ccorrecled = Cexperimenlal 'M (1)

Vbefore exposure
concentration of a reactive species, and V is the volume of the
liquid sample. All data points shown in the figures are averaged
for three measurements. The error bars shown in the figures
are standard deviations of these measurements. The results
of the '"H-NMR analysis are an average of two experiments. The
standard deviation values did not exceed 14% (not shown).

Plasma exposure experiments

In a typical experiment, 100 pL of liquid sample was placed in a
well on top of a glass stand inside the glass reactor. The sample
surface was positioned at either 3 or 10 mm from the plasma jet
nozzle. The reactor was closed and flushed with the feed gas
(He with 0-35% water saturation) for 20 s and then exposed to
plasma for 60 s. In the experiments with the side flow of gas
into the reactor (He with 0-100% water saturation), the plasma
feed gas was dry He.

For the spin trapping experiments, a 100 mM solution of a
spin trap (DMPO or PBN) was prepared in H,O or D,0. To
elucidate the possibility of rapid radical adduct decay within
the experimental time scale®*® which may affect the observed
trends, 100 mM solution of the PBN spin trap was treated by
plasma under different experimental conditions. In all cases
the concentration of the formed radical adduct increased with
the treatment time (ESL, T Fig. S2).

The experiments involving different feed gas humidity were
performed by using a split helium flow (see Fig. 1). The dry He
gas was mixed with He saturated with H,O or D,0O in different
proportions. H,O/D,O saturation of helium was achieved by
passing dry helium through a Drechsel flask filled with H,O or
D,O at 21-22 °C, as described elsewhere.®*

Computational models
Three-dimensional (3D) fluid dynamics model

A 3D fluid dynamics model was developed to investigate the
flow of both the feed gas and side flow gas of the system. This
model combines two physical modules.

(1) Transport of momentum is governed by the compressible
and time-independent Navier-Stokes eqn (2) and (3). These
expressions represent the conservation of mass and momentum,
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respectively. p is the overall mass density, u is the fluid velocity,
u is the dynamic viscosity, p is the static pressure, and I represents
a unity matrix.

(2) Transport of mass, which is affected by diffusion and
convection (eqn (4)). ¢; and D; are the concentration and diffu-
sion coefficient of each species i. R; is the sum of all production
and loss terms in the simulation, which in our case are the inlet
and the exhaust of the reactor. The left side of the equation
represents changes in concentration due to diffusion (governed
by D;) and convection (see velocity u).

pV-u=0 (2)
plii- Vi) =V {fpl + u(vm (va)T) - %u(v : ﬁ)[} 3)

V-(—DiVCi) + Z?'VCi =R (4)

Two geometries were considered with different gaps between
the plasma jet and the liquid. In practice, this means that the
plasma jet was moved in the Z-direction (i.e. height) in such a
way that the distance between the nozzle of the jet and the
surface of the liquid was either 3 or 10 mm. The geometry is
described in more detail in Fig. S3 in the ESL ¥

Zero-dimensional (0D) chemical kinetics model

In the 0D chemical kinetics model (ZDPlaskin), the balance
equations for the different plasma species are solved, based on
production and loss terms.?” Such 0D model allows for the use of
a very detailed and extensive reaction set with about 2000 reac-
tions, within a reasonable calculation time. The chemistry set for
humid air was adopted from our previous work (Van Gaens et al.*®),
while He reactions with air (to include the N, and O, impurities in
commercial He}) were used as reported by Murakami et al.*** In
our simulations, we considered 134 species, which react with each
other in 1725 chemical reactions, including electron impact reac-
tions, ion and neutral reactions.

The ZDPlaskin code also contains a built-in Boltzmann
solver (BOLSIG+)* used to calculate the electron energy distri-
bution function and electron impact rate coefficients based on
a set of cross sections adopted from literature.?*>®

In the model, a constant axial flow speed in the jet is con-
sidered, which is realistic for the investigated conditions. This
allowed us to correlate the calculated time-dependence of the
species densities within ZDPlaskin with the transport of the gas
through the plasma jet. Thus, we obtained information on the
species densities as a function of position both inside and
outside (i.e., effluent) of the plasma jet (see detailed description
of this approach in Van Gaens et al.*®). In the effluent, the flow
speed was gradually decreased to 30% of the initial flow speed
at a distance of 10 mm away from the plasma jet, based on flow
data of the 3D fluid dynamics model. The initial gas tempera-
ture was defined in the model as 21.5 °C. The temperature then
gradually increased to 50 °C (near the end of the plasma jet),
after which it cools down to 35 °C at 10 mm into the effluent.

i The commercial He gas contained H,O (3 ppm), N, (5 ppm), O, (2 ppm) and H,
(1 ppm) impurities, as reported by the supplier.
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Although we have not measured the temperature of the plasma
jet, these values were reasonable for the COST RF jet.*® We have
also performed calculations for ‘envelope’ conditions (ie.,
different temperature), which showed little differences for the
species density.§ In any case, in this work we compare not the
absolute values, but the trends of the species concentrations.
Other operating conditions, such as power deposition, gas
composition and pressure, correspond to the experimental
conditions.

Results and discussion

Fluid dynamics and delivery of species from the gas phase into
the liquid

We used a reactive system which allowed to exclude ambient air
(containing uncontrollable amounts of H,O vapour) from being
in contact with the COST RF plasma jet.** This was achieved by
using a dedicated glass reactor that encapsulated the plasma jet,
the effluent, and the liquid sample (Fig. 1). The COST jet was in
direct contact with the liquid inside the reactor. The gaseous
mixture inside the reactor consisted of the feed gas components
and the evaporated sample. In some experiments, an additional
gas was introduced into the reactor with the side flow of gas.
This was aimed at studying the effect of the humidity specifically
in the effluent on the formation of reactive species.

As mentioned above, the experiments were performed for two
distances (gaps) between the plasma jet nozzle and the surface of
the liquid sample, i.e., 3 and 10 mm. This was done to demon-
strate the difference with respect to the species originating in the
gas phase plasma. The 10 mm distance was chosen as a larger
gap, but it was checked that the gas flow from the plasma jet to
the liquid sample was undisturbed by the side flow of 2 L min™",
as estimated by the 3D fluid dynamics model (Fig. 2). The average
velocity of the side flow (2 L min~ ') was 1.3 m s~ ', compared to
14.2 m s~' found in the effluent, and it had no impact on the
plasma effluent flow itself (see Fig. S4 in the ESIf). This is also
clear from the direction of the flow depicted in Fig. 2 (indicated
by black arrows). Thus, despite the presence of the side flow, the
gas flow from the plasma jet remained undisturbed.

We have previously shown that some reactive species (e.g.,
H,0,, O;) may be formed inside the plasma jet, and not in the
effluent.>® The effectiveness of introducing these species into
the liquid sample critically depends on the gas phase dynamics
and the diffusion of these species into the liquid. Thus, another
important factor analysed by the fluid dynamics modelling was
the concentration of species (on the example of water molecules)
brought towards the liquid surface by the gas flow. This was
done by modelling the conditions when He feed gas was with
5 or 35% H,O saturation in the absence of the side flow. The
results are presented in Table 1.

§ The ‘envelope’ conditions for the simulations were as follows: (i) 21.5 °C inlet,
raising to 150 °C in the reactor, decreasing to 100 °C in the effluent; (ii) constant
temperature 21.5 °C. The deviation of H,0,, OH and H densities from those
reported in our work was ca. 5% and 1%, for (i) and (ii), respectively, while the
trends remained the same (not shown).
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Fig. 2 Two-dimensional (2D) cross section of the fluid dynamics model results of the H,O density. The cross section is taken through the centre of the
glass reactor, parallel with the plasma jet and the inlet/exhaust of the reactor. Results are shown for 3 mm and 10 mm gap between the plasma jet nozzle
and the liquid sample. With each gap, the modelling results are shown for the following conditions: dry He feed gas with 100% H,O-saturated He side
flow. The H,O density is plotted in cm™ and indicated with a colour legend. The direction of the flow is shown with black arrows.

Table 1 Concentration of H,O above the liquid surface as predicted by
the 3D fluid dynamics model

H,0 vapour saturation

of the gas Concentration of H,O

above the liquid surface?

Gap“
(umol L™

(mm)

b

Entry % saturation” pmol L™'¢

5 or 35% H,O-saturated He feed gas with no side flow gas

1 10 5 52.4 52.3
2 10 35 367.1 367.0
3 3 5 52.4 52.4
4 3 35 367.1 367.1

Dry He feed gas with 20, 50 or 100% H,O-saturated side flow gas

5 10 20 209.8 11.7
6 10 50 524.4 29.3
7 10 100 1048.9 58.5
8 3 20 209.8 0.3
9 3 50 524.4 0.8
10 3 100 1048.9 1.6

“ Distance from the plasma jet nozzle to the liquid surface. ? Achieved
by splitting the He flow.  Values obtained from literature for H,O
vapour saturation at 21.5 °C. ¢ Values of H,O concentration brought
into the effluent by the feed gas and/or the side flow gas, as obtained
from the 3D fluid dynamics modelling.

The concentration of water was the same in the cases of
3 and 10 mm (Table 1, entries 1-4), indicating the equally
efficient delivery of species (i.e., H,O molecules) from inside
the jet to the surface of the liquid, with minimal dissipation
into the reactor.

The diffusion of the H,O vapour from the side flow gas into
the effluent was also assessed using the 3D fluid dynamics
model (as shown in Fig. 2). At the 10 mm gap, the H,O content
(coming in the effluent from the side flow gas) was substantially
higher than at 3 mm (Table 1, entries 5-10). Even with a 100%
H,O-saturated side flow gas, the H,O concentration above the
liquid was negligible: 1.6 umol L™ * (entry 10). For comparison,
with a gap of 10 mm this concentration was 58.5 pumol L ™!
(entry 7). This clearly indicated that practically no diffusion
from the side flow gas into the effluent occurred at 3 mm, while
its effect is clearly seen at 10 mm. At distances shorter

This journal is © the Owner Societies 2018

than 3 mm, the liquid sample was significantly perturbed by
the high velocity gas flow of the plasma jet, as observed in the
experiments, thus making the 3 mm distance pertaining to the
experiments.

Further, we experimentally investigated the delivery of spe-
cies from the plasma into the aqueous sample positioned at
these two different distances from the plasma jet nozzle (3 and
10 mm). The use of isotopically labelled water enabled distin-
guishing between the water present in the liquid state and
coming from the gas phase. In the experiments, a 100 pL
sample of D,0O was positioned inside the reactor and exposed
to the COST RF plasma jet. The 'H-NMR analysis with sodium
p-toluenesulfonate as an external standard allowed to estimate
the amounts of H,0 induced in the liquid sample by the gas
(Table 2). We note that the presented values correspond to
1 min of plasma exposure. At any moment during the exposure,
the molar fraction of H,O in D,O was lower.

As seen from the results, the amount of H,O delivered to the
D,O sample after exposure to the COST jet increased with
increasing H,O amount in the gas phase, as expected. It was
virtually the same at 3 and 10 mm (Table 2, entries 1-4 and
6-9), which agreed well with the fluid dynamics simulation
results (Table 1, entries 1-4). In the case of the side flow of He,
even at 100% H,O-vapour saturation a minor amount (ca. 3%)
of H,O was brought into the liquid at the 10 mm distance
(Table 2, entry 12), with only a negligible amount at 3 mm
(Table 2, entry 13). This was also in good agreement with the
fluid dynamics computational results discussed above (see
Table 1, entries 5-10). For comparison, a 100% H,0O-saturated
feed gas resulted in the increase of the H,O content in the liquid
up to 16% (Table 2, entry 5). Altogether, the comparison of the
obtained experimental and modelling results showed the feasi-
bility and applicability of the developed 3D fluid dynamics
model for plasma systems.

The results also demonstrated that the amount of the
delivered H,O remained practically the same with and without
plasma ignition.
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Table2 Amount of H,O induced in the liquid D,O sample after exposure to the COST RF jet operated with various H,O saturation values of the feed gas

and the side flow gas

H,O0 in the liquid sample after exposure’ (mol%)

Entry Feed gas” Side flow gas Gap” (mm) Ignited plasma Gas flow without plasma ignition
1 He — 10 0.7 0.6
2 He with 5% H,0 — 10 2.3 2.1
3 He with 10% H,O — 10 3.6 3.6
4 He with 35% H,0 — 10 8.9 8.1
5¢ He with 100% H,0 — 10 — 16.1
6 He — 3 0.7 0.7
7 He with 5% H,0 — 3 2.4 2.6
8 He with 10% H,O0 — 3 3.6 3.6
9 He with 35% H,O — 3 8.7 8.4
10 He He 10 0.8 —
11 He He with 20% H,0 10 1.5 —
12 He He with 100% H,0 10 2.9 3.2
13 He He with 100% H,0 3 0.9 0.8

“ The He feed gas contained residual humidity even without added water vapour. ? Distance from the plasma jet nozzle to the liquid surface.
¢ Determined by 'H-NMR analysis with an external standard (sodium p-toluenesulfonate). ¢ Plasma could not be ignited with the 100% H,O-

saturated He feed gas.

It was different from the previously studied parallel field jet,
where the delivery of species was significantly enhanced by the
ignited plasma.>* This agrees with the report by Xu et al., where
for a cross field and a parallel field plasma jet the authors
detect similar production of plasma-produced ROS in the gas
phase, but lower ROS concentrations in the liquid for a cross-
field jet.’ This suggests that the enhanced delivery can be
ascribed to the presence of an electric field, due to the charged
species in the effluent. In their absence (e.g., with the COST RF
plasma jet), such effect is not observed. This is an important
phenomenon, emphasising the fundamental differences between
the cross field and the parallel field plasma jets.

H,0, and OH in the plasma-exposed aqueous samples

In our dedicated reactor with the controlled environment, the
only component added to the He gas was H,O vapour, although
the commercial He also contained H,, O, and N, impurities, as
mentioned in the Modelling section.f Under these conditions,
the main reactive species to be formed are H, OH and H,O0,.
H and OH radicals are produced by the plasma from the H,O
molecules added to the feed gas, and H,O, is formed through
e.g. recombination of two OH radicals, as shown in (R.1) and
(R.2). We note that these are only representative reactions of the
large set of reactions used in the 0D model (see the Computa-
tional modelling section). It is thus clear that the amount of
H,O0, is directly related to the amount of H,O in the gas phase.

e +H,0 > e +OH+H (R.1)

OH + OH + He —» H,0 + He (R.2)

We performed measurements of the H,O, concentrations in
the liquid phase by UV-Vis spectrophotometry with potassium
titanium oxide oxalate dihydrate in a mixture of H,O and H,S0,."°
In the absence of reactive nitrogen species, H,0, is a persistent
molecular compound in aqueous solutions,"”** so the reagents
were added to the exposed liquid after the plasma exposure.
The concentration values are quoted after the correction for the
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evaporated solvent. The temperature measurements showed
that the temperature of the aqueous samples did not increase
after the plasma exposure. In fact, the temperature of water
has decreased from ca. 22 °C to 20-21 °C, likely due to the
evaporation. Thus, the evaporation of H,0, was disregarded as
its vapour pressure is approximately an order of magnitude
lower than that of H,O under experimental conditions.*® The
measured H,O, concentrations in the liquid sample as a func-
tion of the H,O content in the feed gas and in the side flow gas
are shown in Fig. 3.

The amount of H,0, was strongly dependent on the feed gas
humidity (Fig. 3a). However, the H,0, concentration increased
non-linearly with increasing H,O content of the feed gas. This
was likely the result of several factors, such as the lower electron
density at high values of molecular admixtures,***” or reactions
leading to the loss of H,0,.*® This indicated that H,O, was not
formed from the liquid H,O by electron impact dissociation and
subsequent recombination of the OH radicals (see (R.1) and (R.2)
above): a lower electron density would result in a lower amount
of electrons that reach the liquid, and thus a lower amount
of H,0, they could form, while Fig. 3a shows a rising trend.
Interestingly, the amounts of H,O, induced in the liquid at
10 and 3 mm were the same. The experimental and modelling
data (Tables 2 and 1, respectively) demonstrated that the
delivery of species from inside the COST jet into the liquid
was also equally efficient at 10 and 3 mm. These data taken
together let us hypothesise that H,O, was formed inside the gas
phase plasma, and subsequently delivered into the liquid sample
by the gas flow.

We compared the experimental results with the computa-
tional modelling of the gas phase plasma. The 0D model was
used for kinetics simulations of the He plasma with impurities
and H,0 admixtures in the feed gas (see Modelling section for
details). In this computational model, we looked at the con-
centrations of H,O,, OH and H in the gas phase at different
distances from the plasma jet nozzle (3 and 10 mm). The simula-
tions were performed for the gas phase plasma, thus allowing
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us to compare the trends, but not the absolute values, of the
species formation. A good agreement with the experimental
data was observed (dashed lines in Fig. 3a; see also Table S2 in
the ESIf). This supported the hypothesis that H,O, is formed
in the gas phase and further delivered into the liquid with the
gas flow.

Some discrepancy with the model results was, however, that
a higher amount of H,0, was detected experimentally in case of
the He feed gas with no added water vapour. Here, the amount
of H,0, detected in this case in 100 pL of liquid was ca. 5 X
10~° mol, while the computationally predicted value for the gas
phase H,0, was in the range of 5 x 10"> L ™" (see ESI, Table S2),
corresponding to 8 x 10> mol of H,0, formed during 1 min of
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exposure at 1 L min~". Furthermore, the amount of H,O avail-
able (during the experiment) was 2 x 10~° mol, as calculated
from the impurities reported in commercial He.: The detected
amount of H,0, exceeded even the amount of H,O from the
reported impurities. This discrepancy was possibly due to the
following reasons. First, the residual humidity in the He feed gas
might be higher than the values of the commercial impurities,
which are considered in the model, even after an hour of
flushing. This is consistent with the elevated amount of H,O
in D,O after exposure to the ‘dry’ feed gas (0.6-0.8 mol% as seen
in Table 2, entries 1, 6 and 10) compared to that with no gas
flow (0.4 mol%; see Experimental, and Table S1 in the ESIT).
Second, the model did not include the formation of new
reactive species in the effluent from additional water molecules
from the evaporated liquid sample. The main pathways leading
to the formation of OH (precursor of H,0,) are electron impact
reactions with H,O molecules. In a cross field jet such as the
COST jet, the amount of electrons in the effluent is minimal
and was therefore not included in the model: the charged
species were considered to be mostly confined within the jet
electrodes. In reality, however, both electrons and other high-
energy species may potentially escape the jet (to some extent)
and interact with H,O in the effluent. Nevertheless, except for
this discrepancy at dry He feed gas conditions, where the H,0,
concentration is anyway low (also in the experiments), the
general agreement between experimental and modelling trends
is very good.

Although the data of Fig. 3a strongly indicates that H,0, was
formed inside the gas phase plasma, and subsequently delivered
into the liquid sample by the gas flow, we performed additional
experiments to further check the possibility of H,O, formation in
the effluent. For this, H,O vapour was added into the reactor with
the side flow of He, while the feed gas He did not contain added
water vapour (Fig. 3b). In this case, the humidity in the effluent
consisted of the H,O brought by the side flow gas, and the
evaporated liquid sample. While the exact humidity of the gas in
the effluent was not calculated due to the unknown mixing rates,
we used the fluid dynamics model to estimate the amounts of
H,O0 diffused into the effluent from the side flow of He, as shown
above (Table 1).

The experiments with the side flow gas were only performed
with the 10 mm gap between the jet and the liquid, because
with the 3 mm gap the diffusion of the H,O vapour from the
side flow into the effluent was very low, as seen from the fluid
dynamics model (Table 1), "H-NMR data (Table 2) and the
results of the H atom detection with PBN spin trap in D,O
(vide infra). Fig. 3b shows that the concentration of H,O, did not
exhibit any significant increase when extra humidity was added
to the effluent area. We thus hypothesise that the humidity of
the feed gas has a much stronger effect on the amount of H,0,
formed.

We assessed the relative contribution of these two plasma
compartments (i.e., plasma jet and effluent) as follows. The
concentration of H,O in the effluent with 5% H,O saturation of
the feed gas was predicted by the fluid dynamics model to be
ca. 50 pmol L™ " (Table 1, entry 1). This value is close to the value
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predicted for the dry He feed gas and 100% H,O-saturated side
flow (ca. 60 pmol L™; Table 1, entry 7). The "H-NMR data also
showed that the percentage of H,O brought from the gas into
the liquid D,O sample was similar with 5-10% H,O-saturation
of the feed gas, and with 100% H,O-saturation of the side flow
gas and dry He feed gas (Table 2, entries 2, 3 and 12). However,
in spite of the similar H,O concentrations in the effluent,
dramatically less H,O, was produced in case of 100% H,O
saturation of the side flow gas, compared to 5% H,O saturation
of the feed gas: ca. 80 uM (Fig. 3b) vs. 1000 puM (Fig. 3a). This
unambiguously confirms that the humidity of the feed gas
affects the formation of H,0, to a much higher extent than
the humidity in the effluent. These effects must be considered
when tailoring the parameters of the COST RF jet for the
production of specific species (e.g., H,O,). Furthermore, they
also suggest that H,0, is mainly formed inside the COST jet
device, rather than in the effluent.

We also investigated the effect of H,O vapour in the two
compartments (i.e., inside the jet and in the effluent) of our
plasma system on the formation of the OH radicals. The
radicals were detected using the DMPO spin trap, which reacts
with the very short-lived radical species to form more persistent
radical adducts.*® In our experiments, the solution of the spin
trap was exposed to plasma, and the resulting solution contain-
ing the radical adduct was analysed by EPR. We acknowledge that
the measured concentration of e.g¢ DMPO-OH radical adduct
does not correspond to the absolute amount of the OH radical,
because the OH radical can also be lost via other reactions (e.g.,
recombination in the liquid phase). However, as with spin
trapping of all plasma-induced species, the trends observed for
the DMPO-OH adduct correspond to those of the OH radical.***”
We also note that in all cases, DMPO formed adducts with both
OH and H radicals (ESL Fig. S5). Here, we focus on the DMPO-
OH radical adduct, as the spin trapping of the plasma-induced
species with DMPO results predominantly in its formation.** The
effect of the H,O vapour on the formation of the DMPO-H radical
adduct under different experimental conditions can be found in
the ESIt (Fig. S6). The effect of the H,O vapour on the amount of
H atoms in the liquid will be discussed further below, with PBN
spin trap.

The results of the OH radical spin trapping with DMPO are
shown in Fig. 3b and c. The concentration of the DMPO-OH
radical adduct in the liquid also increased with increasing
humidity of the feed gas, but it flattens out already at 5-10%
H,O saturation of the feed gas (Fig. 3c). In general, the concen-
tration of DMPO-OH formed with the 3 mm gap was higher
than with the 10 mm gap. One possible explanation is that the
OH radical is formed from the H,O molecules in the feed gas
inside the COST jet. Then, its concentration would decrease at
longer gaps due to loss of the radical (e.g., by quenching
reaction with H, recombination to form H,0,,%*>® etc.). Note
that the concentration of H,0, in the liquid could still remain
the same, because the OH radical that reached the liquid
(at 3 mm) would recombine in the liquid, forming H,0,. An
alternative explanation includes the formation of OH from
additional water molecules in the effluent. This would also
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lead to a higher concentration of DMPO-OH at 3 mm gap,
because more high-energy species are available to form the
radicals, which are trapped before they are quenched. However,
the introduction of H,O vapour into the effluent from the side
gas flow resulted in only a minor increase in the DMPO-OH
concentration (Fig. 3b), indicating that most of the OH radicals
were not formed in the effluent.

The trends observed experimentally compared rather well
with those predicted by the model for the OH radical in the gas
phase (Fig. 3c). Although the difference between the 3 and 10 mm
gaps is larger in the computational model, and the calculation
results at 10 mm gap exhibit a somewhat different trend, the
predicted trends were in general agreement with the experimental
data. Like for H,0,, a discrepancy with the model was observed
when increasing the H,O content of the feed gas from 0 to 5%.
With the ‘dry’ He feed gas, the high concentration (compared to
the feed gas with 5% H,0) of DMPO-OH was possibly due to the
high residual humidity (see above).

Altogether, our results are in good agreement with pre-
viously obtained results for a parallel field kHz plasma jet.>*
The H,0, was shown to be largely formed in the gas phase
inside the jet. However, in the present study with the COST RF
plasma jet, we propose that the OH radicals were also mostly
formed inside the plasma jet, with minor amounts formed in the
effluent. We attribute this difference to the absence of electrons
in the effluent, in contrast to a parallel field kHz plasma jet.

H radical induced in the plasma-exposed aqueous samples

The use of the isotopically labelled water enables discrimina-
tion between the H radicals (atoms) formed from the gas phase
water and water from the liquid sample. The trapping of the H
radicals was performed by exposing solutions of the PBN spin
trap in H,O to the plasma jet. Unlike DMPO, PBN reacted
predominantly with H radicals, forming PBN-H radical adducts
(see Fig. S7 in the ESIf). Our initial results showed that the
presence of oxygen in the effluent has a detrimental effect on
the amount of the trapped H radicals (ESL Fig. S8). This was
likely due to the quenching of H via reactions®**® with O, or 0,>>*’
and confirmed the requirement for the use of the glass reactor in
our experiments.

We investigated the effect of the water vapour saturation of
the feed gas on the formation of the PBN radical adducts in the
liquid under two conditions: PBN was dissolved in H,O and
D,0, and the feed gas was saturated with H,O or D,O vapour
(Fig. 4). Using two different water molecules, H,O and D,0, we
were able to distinguish between the radicals formed from the
gas phase and the liquid phase water.

First, solutions of PBN in H,0 and D,0O were exposed to
plasma (Fig. 4). At the 3 mm gap between the jet and the liquid
sample, the concentration of PBN-H was higher than at 10 mm
(Fig. 4a and b), as was also the case with the DMPO-OH spin
trapping (Fig. 3). However, the concentration of PBN-H formed
in H,O when exposed to plasma with different H,O contents in the
feed gas did not change significantly. Indeed, they remained at
ca. 14 and 20 pmol L™ for the gaps of 10 and 3 mm, respectively,
for all values of the feed gas humidity (Fig. 4a). The trends of
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Fig. 4 Measured concentration of the PBN radical adducts in the liquid, as
a function of the feed gas humidity, for the two different gaps. Plasma
exposure conditions: H,O liquid, H,O in the feed gas (a); D,O liquid, H,O
in the feed gas (b); H,O liquid, D,O in the feed gas (c). In (a) the calculated
concentration (density) of H in the gas phase, obtained with a 0D chemical
kinetics computational model is plotted as well. The concentrations of
PBN-H and PBN-D were measured by EPR.

H density in the gas phase predicted by the 0D model (dashed
lines in Fig. 4a) only agree to some extent with the experimental
results, regarding the existing difference between the 10 mm
and 3 mm gap. However, the calculated values clearly rose with
higher H,O content in the feed gas while the measured values
were nearly constant. In other words, the experimental results
showed unexpectedly high concentrations of PBN-H for the
conditions with lower percentage of water (0-10% H,O satura-
tion of the feed gas). The reason for this might be the residual
humidity in the feed gas, as was shown for DMPO-OH and
H,O0,. Alternatively, it is possible that these unexpectedly large
amounts of H radicals were formed from the H, impurities
in the feed gas,** which could be higher than the supplier’s
specification.

Further, PBN in liquid D,O was exposed to plasma with the
H,0-containing He feed gas (Fig. 4b). Only the H radical was
trapped with 5% H,O saturation of He and above, as is clearly
seen from the figure. With no added H,O vapour, both PBN-H
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and PBN-D radical adducts were formed. This means that both
H,O (from the residual humidity in the feed gas) and D,O (from
the liquid sample) are involved in the formation of the radicals.
Moreover, with this ‘dry’ He, more PBN-H was formed with the
3 mm gap than with 10 mm (ca. 10 and 6 puM, respectively). This
suggests that some H radicals must indeed originate in the gas
phase plasma inside the COST jet, and with the larger gap they
undergo quenching before they reach the liquid sample. As a
control experiment to confirm that H was not formed from the
possible residual H,O in the reactor, we flushed the closed
reactor with He for approximately 3 h. The D,O sample with
PBN was then injected into the reactor using a syringe. This
extensive flushing did not increase the D/H ratio of the trapped
radicals (ESI,T Table S3), confirming that the H radicals origin-
ated from the residual, yet high, humidity in the feed gas.

As mentioned above, only for dry He feed gas, some PBN-D
adduct was detected (not exceeding 30% of the total amount of
both PBN adducts; Fig. 4b). It can be formed either from the
evaporated D,O sample, or from the liquid D,O. When no H,O
vapour was added to the He feed gas, the liquid D,O sample
contained less than 1 mol% H,O (as can be deduced from
Table 2). Still, more PBN-H adduct than PBN-D adduct was
formed in the liquid (Fig. 4b), suggesting that the radicals were
not formed in the liquid. The same can be concluded from the
fact that the concentration of PBN-H does not decrease with the
increased humidity of the feed gas (i.e., decreased electron
density). However, another factor also influenced the distribu-
tion of the radicals detected: the primary kinetic isotope effect
(KIE) in the formation of H and D radicals from H,O and D,O
molecules. We assessed the value of the KIE in our experiments
as follows. The feed gas saturation with water was 35% to
minimise the effect of the residual humidity. This 35% satura-
tion in turn consisted of various ratios of H,0/D,0 (achieved by
mixing various amounts of H,O/D,O in a Drechsel flask with
passing He). The liquid sample consisted of the same H,0/D,0
ratio as the feed gas humidity. This way, the empirical KIE value
did not depend on whether the radicals are formed in the liquid
or in the gas phase. Table 3 shows the effect of the KIE. For
example, with the 1:9 ratio of H,O/D,O in the plasma system

Table 3 Experimental values of the KIE obtained from the distribution of
PBN-H and PBN-D radical adducts formed in a liquid sample

Radical adduct
detected in the
liquid® (%)

Isotopic distribution
in the gas and the
liquid® (mol%)

Entry H,0 D,0 PBN-H PBN-D KIE®
1 5 95 13 87 2.8
2 10 90 26 74 3.1
3 20 80 43 57 3.0
4 30 70 59 41 3.3
5 40 60 65 35 2.8
Avg. 3.0

¢ Achieved by mixing H,0/D,0 in the Drechsel flask with passing He in
the same proportion as the liquid sample. Total water saturation of He
was 35%. ” Determined by EPR analysis. The presented values are
averaged over three experiments. ¢ Calculated as shown in eqn (5).
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(both gas and liquid), the ratio of formed H and D radical
adducts detected in the liquid was 26:74 (Table 3, entry 2).
Similar trends are seen for the other H,O/D,O ratios in the
plasma system (see other conditions of Table 3). Averaged over
the various conditions, the found value of KIE (calculated as
shown in eqn (4)) was 3.0, as seen in the last column in Table 3.
This value was in complete agreement with our previous work
with the parallel-field plasma jet.>* These results suggest that
the radicals detected in the liquid were not formed from the
liquid water molecules. Indeed, if they were, PBN-D would be
the major product, even with the KIE taken into account. For
example, consider an experiment with a solution of PBN in D,0O
exposed to the plasma with 35% H,O-saturated feed gas. After
the exposure, the H,O content in the liquid D,O was ca. 8-9%
(as shown in Table 2; entry 4). Let us assume that the radicals
were formed in the liquid sample. Then, using eqn (5) and the
found KIE value of 3.0, we get a ratio of PBN-D/PBN-H of 3.37.
This would correspond to ca. 77% of PBN-D and 23% of PBN-H,
which was clearly not the case (Fig. 4b), again indicating that
these radicals were not formed in the liquid.

KIE — %pBN-H - M0l%p,0

%pBN-D - M0l%H,0 5)

Similar effects were observed when PBN in H,O was exposed
to the plasma with feed gas containing D,O vapour. With as
little as 5% D,O vapour in the feed gas, predominantly PBN-D
was detected in the liquid sample (Fig. 4c), in agreement with
the results of D,0O liquid and H,O vapour. These data combined
unambiguously show that the H and D radicals detected in the
liquid were not formed from the liquid water molecules, but
originated from the gas phase water. Finally, the fourth combi-
nation, ie., the D,O liquid and D,O vapour system, was also
investigated. The results show that at 10 mm, only D radicals
were detected, while at 3 mm some H was still seen (see ESI,
Fig. S9), again attributed to the residual humidity in the feed
gas. This was possibly due to quenching of the H radicals in the
effluent at the longer gap.

The effect of the effluent composition was studied by
exposing PBN in D,O to the dry He feed gas plasma with added
side flow H,O vapour. The results are plotted in Fig. 5. With the
3 mm gap, virtually no changes in the concentrations of the
trapped H and D radicals were observed (Fig. 5a). This was due to
the minimal diffusion of the side flow gas components into the
effluent, as also seen from the results of the "H-NMR analysis of
the composition of the liquid D,0 samples, as well as the 3D fluid
dynamics model results (see above). However, the 10 mm gap
showed an increase of the trapped H radicals (from ca. 6 to 8 uM)
and a decrease in the D radicals (from 3 to 1 uM).

A similar effect is seen for the inversed conditions, when
PBN was in liquid H,0O, and D,O vapour was introduced into
the effluent from the side gas flow (Fig. 5b). There are two
possible explanations. First, the H and D radicals could be
formed in the effluent by e.g. electron impact reactions from
the H,O (evaporated sample) and D,O (side flow gas) mole-
cules. At the same time, the D,O/H,O composition changes
towards higher amounts of D,O as added vapour is coming into
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the effluent from the side flow gas. This, however, assumes that
radicals are formed in the effluent, which is not supported by
our other observations (see DMPO-OH). The second explana-
tion involves the formation of H radicals inside the plasma
jet from e.g. residual humidity (the high amount of H radicals
was shown to be inherent to the feed gas, see Fig. 4). These
H radicals can further interact with the D,O molecules in the
effluent, creating D radicals (R.3). This can explain why the
PBN-D adduct concentration rises and the PBN-H adduct
concentration drops upon higher D,O content in the side flow
(Fig. 5b).

D,0+H —» HOD + D (R.3)

In the opposite case (Fig. 5a), the liquid D,O sample evapo-
rates, adding D,O vapour to the effluent. In the absence of the
side flow gas, the H radicals are formed inside the plasma jet,
and then interact with D,O (R.3). This explains the 30% of the
PBN-D adduct detected with the ‘dry’ He feed gas (Fig. 4b
and 5a). As the side flow gas brings more H,O vapour, the
D,0/H,0 vapour ratio in the effluent decreases. Thus, fewer of
the H radicals formed in the jet react with D,O in the effluent
because of its lower relative amount. This decreases the number
of the D radicals. Vice versa, the amount of H radicals is higher
because (R.3) occurs to a lower extent.

We believe that this second explanation is more feasible.
Indeed, when PBN was in liquid H,O and H,O vapour was intro-
duced in the side flow gas, the amount of the trapped PBN-H
did not increase upon higher H,O content in the effluent (ESL ¥
Fig. S10). This supports the hypothesis that the reaction (R.3)
takes place, and that H radicals, like OH and H,0,, mostly
originate in the plasma inside the jet.

This journal is © the Owner Societies 2018



PCCP

Conclusions

The COST RF plasma jet is a standard reference jet, developed
within an EU COST action with the purpose to be used in low
temperature atmospheric plasma research. Its biomedical activity,
such as the deactivation of cancer cells, sterilisation and wound
healing, is governed by the formation of reactive species. In this
work we investigated the origin of the reactive species induced in
aqueous solutions exposed to the COST jet. For the first time,
experimental analytical techniques (EPR, UV-Vis, "H-NMR) were
combined with a 0D chemical kinetics model and a 3D fluid
dynamics model to elucidate in which reactive compartment (i.e.,
inside plasma jet, plasma effluent or liquid) the reactive species
detected in the liquid are formed. The study was performed in a
dedicated reactor which encapsulated the jet to control the atmo-
sphere in the plasma effluent. This allowed a controlled humidity
in the effluent by adding water vapour with the side flow gas
inside the reactor. We studied the effect of the feed gas humidity
and the humidity in the effluent on the concentrations of the
radical adducts DMPO-OH and PBN-H, as well as the H,0,
concentration, in the liquid solution. We compared the experi-
mental trends of the concentrations of the detected species
with the trends of H,O,, OH and H densities predicted by the
computational model for the gas phase plasma for different
plasma conditions. The use of isotopically labelled water and
EPR analysis in conjunction with "H-NMR allowed distinguish-
ing between the radicals formed from the feed gas (or side flow
gas) water and from the evaporated sample.

The presented results demonstrate that all studied species
originated from the gas phase. Moreover, we propose that they
were formed mostly inside the plasma jet from the feed gas
admixtures, while minor amounts are formed from the effluent
humidity. In the plasma effluent, further reactions take place,
without significant amounts of new species formed. This makes
the COST RF plasma jet fundamentally different from a parallel
field plasma jet system, in which, as we reported previously,
radical species were formed exclusively in the plasma effluent.
This study provides important insights into the reactive com-
partments of the COST jet in contact with aqueous solutions. It
adds to the overall understanding of the chemistry induced in
liquids by the COST RF plasma jet, and can aid in further
research on its applications.
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