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ARTICLE INFO ABSTRACT
Handling Editor: E. Brillas Microwave-induced plasmas generated at atmospheric pressure are very attractive for a great variety of appli-
cations since they have a relatively high electron density and can generate large amounts of reactive species.
Keywords: Argon plasmas can be sustained inside dielectric tubes but are radially contracted and exhibit filamentation

Modified surfatron device
Plasma-water interaction

Reactive oxygen and nitrogen species
Advanced oxidation process
Methylene blue degradation

effects when the diameter of the tube is not narrow enough (over 1.5 mm). In this work, we describe a new
approach for creating microwave (2.45 GHz) plasmas under atmospheric pressure conditions by using a surfatron
device and power from 10 W. This modified design of the reactor enables the sustenance of non-filamented argon
plasmas. These new plasmas have a higher gas temperature and electron density than the plasma generated in the
original surfatron configuration. The new design also allows for the maintenance of plasmas with relatively high
proportions of water, resulting in the generation of larger quantities of excited hydroxyl radicals (-OH*). Thus,
this novel configuration extends the applicability of microwave-induced plasmas by enabling operation under
new conditions. Finally, the degradation of methylene blue (MB) in aqueous solutions has been assessed under
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different initial dye concentrations and argon flow conditions. The new plasma produces a substantial increase in
hydrogen peroxide and nitrate concentrations in water and leads to a noteworthy enhancement in MB degra-
dation efficiency. The introduction of water into the plasma produces a minor additional improvement.

1. Introduction

In the last fifty years, much theoretical and experimental work has
been carried out on the fundamentals and applications of microwave-
induced plasmas (MIPs), and their use has increased remarkably in
various scientific and technological fields. Thus, these plasmas are being
successfully employed in applications such as elemental analysis, sur-
face treatment, illumination, the destruction of polluting gases, and
sterilization (Calzada et al., 1992; Ferreira and Moisan, 1993; Hubert
et al., 1986, 1979; Ilias et al., 2000; Kabouzi et al., 2003; Lebedev, 2015;
Moisan et al., 1994; Moreau et al., 2000; Rezaaiyaan et al., 1987; Schelz
et al., 1998). Microwave-induced plasmas can be generated under a
wide range of experimental conditions: varying frequencies (200
MHz-20 GHz), different support gases (argon, helium, xenon, nitrogen,
air, etc.), pressure conditions ranging from a few millitorrs up to various
atmospheres, within dielectric tubes of various shapes and sizes or in an
open environment via torch-type microwave coupling devices. Addi-
tionally, systems designed for generating these types of plasmas often
incorporate additional energy coupling devices to maximize energy
transfer from the source to the plasma, thereby optimizing their effi-
ciency. These systems can also be equipped with reflected power meters
to enable better real-time control of the power delivered to the plasma.
Consequently, very stable, reproducible, and controllable
microwave-induced plasmas can be sustained, making them an excellent
choice for various applications, as these are qualities that not all types of
plasmas have.

Microwave-induced plasmas sustained at atmospheric pressure are
particularly attractive. They are non-thermal plasmas with a relatively
high electron density and can generate large amounts of reactive species,
thus exhibiting high reactivity. Furthermore, their generation under
these pressure conditions simplifies the handling of MIPs, eliminating
the need for complex vacuum systems.

Plasmas generated using argon as the feed gas have been widely
studied and utilized, as this gas is relatively inexpensive and easier to
ionize compared to other inert gases. Argon 2.45 GHz MIPs can be
readily produced and sustained at atmospheric pressure using relatively
low microwave powers (from ~30 W). Torch-type power coupling de-
vices, such as TIA (Torche a Injection Axiale (Moisan et al., 1994)) and
MPT (Microwave Plasma Torch (Jin et al., 1991)), generate argon
plasma flames that are open to the air. TIA is commonly utilized to
couple relatively high 2.45 GHz microwave power (up to approximately
2000 W), while MPT can only couple powers lower than 250 W.

Columnar argon plasmas can be maintained within dielectric tubes
using surfatron and surfaguide-type devices (Ferreira and Moisan, 1993;
Moisan and Pelletier, 1992; Moisan et al., 1987). At 2.45 GHz, these
high-pressure plasma columns are radially contracted and do not
entirely refill the tubes containing them (Castanos Martinez et al., 2004;
Kabouzi et al., 2002). This radial contraction phenomenon is a charac-
teristic of microwave discharges generated under specific experimental
conditions with sufficiently high pressures, resulting in what is known as
the filamentation effect, particularly notable at elevated feed-gas flow
rates (Castanos-Martinez et al., 2009). This effect causes the plasma
column to split into two or more smaller-diameter filaments, rendering it
highly unstable. In order to prevent it, argon columns at 2.45 GHz and
atmospheric pressure are usually produced in capillary tubes with a
diameter smaller than 2 mm.

In this study, we present a novel procedure for generating atmo-
spheric pressure 2.45 GHz non-filamented plasma columns within wide
dielectric tubes by means of a surfatron device and using powers as low
as 10 W. This new approach also facilitates the stable maintenance of

plasmas containing moderate fractions of water, thus enabling the
generation of larger quantities of -OH* radicals. The new configuration
proposed in this work broadens the scope of applications for microwave-
induced plasmas as new experimental conditions can be explored.

A comprehensive investigation into argon plasmas generated under
various experimental conditions was conducted, also focusing on their
capacity to produce reactive oxygen and nitrogen species (RONS) in
aqueous environments. The generation of hydroxyl radicals, reactive
species playing an outstanding role as promoters of Advanced Oxidation
Processes, essential for water treatment (Foster et al., 2012; Foster,
2017; Stratton et al., 2015), is particularly interesting. In addition, this
ability for RONS generation makes these non-thermal plasmas suitable
for biomedical applications (Nastuta et al., 2011). Finally, we assessed
the effectiveness of these plasmas in degrading methylene blue (MB) in
aqueous solutions, considering different initial dye concentrations and
plasma flow conditions, and conducted comparative analyses with other
plasma reactors.

The increasing presence of organic pollutants, such as organic dyes,
volatile organic compounds, and pharmaceuticals, in water resources
poses a significant threat to the environment, ecosystems, and human
health. Consequently, it is urgent to seek innovative remediation tech-
nologies tackling the removal of these toxic substances not addressed by
conventional water treatment. Over recent years, non-thermal plasmas
have emerged as a promising technology for water remediation (Agge-
lopoulos, 2022; Foster et al., 2012; Foster, 2017; Foster and Garcia,
2022; Magureanu et al., 2021). Indeed, in its interaction with water,
these plasmas initiate Advanced Oxidation Processes (AOPs) that ulti-
mately lead to the degradation and mineralization of pollutants.
Plasma-generated species including excited atoms and molecules,
charged particles, radicals, and UV radiation, among others, are
responsible for driving these AOPs.

Different types of plasmas have been used for this purpose, including
dielectric barrier discharges (DBD), corona discharges, gliding arcs, RF-
plasma jets, and AC-needle plasmas, to mention just a few, as docu-
mented in recent comprehensive reviews (Aggelopoulos, 2022; Foster,
2017; Foster and Garcia, 2022). In addition to the choice of plasma
source, an essential aspect to consider in this research is the nature of the
plasma-water interaction. Some reactors employ a plasma-over-liquid
configuration, involving an indirect interaction where the plasma does
not directly contact the water. This configuration often requires one of
the electrodes to be submerged in water, resulting in both electrical
current flow through the liquid and the eventual degradation of the
submerged electrode. Plasma jets, as an alternative, offer indirect water
treatment without generating electrical current in the liquid or requiring
a return electrode, thus minimizing water contamination.

Conversely, discharges can be created directly within the water,
fostering a direct plasma-liquid interaction, which may or may not be
mediated by the formation of bubbles. In a previous study (Garcia et al.,
2017), we reported for the first time on the use of a microwave (2.45
GHz) plasma jet for water remediation and designed a reactor with a
plasma-over-liquid configuration that involved remote exposure of
liquid samples. In our present work, we present a reactor with a similar
plasma-over-liquid configuration but using plasmas with different
characteristic parameters, in terms of electron density, gas temperature,
and densities of excited reactive species.
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2. Experimental section
2.1. Plasma reactor

Fig. 1 shows a schematic of the experimental setup used for plasma
generation. A surfatron device was used to couple energy coming from a
microwave (2.45 GHz) power supply (Microtron 200, with a maximum
stationary power of 200 W in continuous-wave mode) to a support gas
(argon) within a quartz tube of 6 and 8 mm of inner and outer diameter,
respectively. Notably, this setup utilized relatively low microwave
power levels, starting at 10 W. To achieve this, the usual electromag-
netic field configuration created by the surfatron was altered by intro-
ducing a small rectangular Si(100) wafer (4 mm x 30 mm x 300 pm)
into the discharge tube, as illustrated in Fig. la. In this way, a strong
electric field established at the front edge of the silicon strip, resulting in
the formation of an extended and stable plasma column, as illustrated in
Fig. 1b. It is noteworthy that in this reconfigured setup, the plasma only
formed in the region ahead of the silicon strip. In contrast to conven-
tional surfatron experiments (Calzada et al., 1996; Garcia et al., 2005),
no plasma was observed within the surfatron region itself. Interestingly,
in this newly conceived configuration, the phenomenon of plasma fila-
mentation, which is a characteristic of microwave plasmas when sus-
tained at atmospheric pressure in non-capillary tubes, did not occur, as
depicted in Fig. 1b. Additionally, this configuration allowed for a
reduction in the minimum power requirement for maintaining a stable
plasma, decreasing from 30 W to 10 W.

Additionally, the new surfatron configuration facilitated the stable
maintenance of the discharge, even when moderate quantities of water
were introduced into the main gas stream, thus promoting the genera-
tion of -OH reactive species in this type of plasma and enhancing its
oxidative capability (vide infra).

In all experiments, a set of movable stubs allowed for impedance
matching, thereby optimizing energy coupling to the extent that re-
flected power back to the generator became negligible (<5%).

2.2. Methods

In this work, the microwave power was set at 105 W, which allowed
the generation of relatively long plasma columns ending near the open
end of the tube, as depicted in Fig. S1. Argon was employed as the feed
gas with its flow rate adjusted (using a calibrated mass flow controller)
to Far = 700 scem (standard cubic centimeters per minute) in a primary
gas line. To enhance the generation of -OH species of this microwave
plasma, a secondary argon feed line bubbling through water was also
set. Various argon flow rates, denoted as Faru20), were employed,
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specifically 750, 1050, and 1550 sccm corresponding to 52, 60, and 69%
of the total argon flow rate in each respective case. Assuming water
saturation in this argon line, the volume percentage of H,O in the feed
gas (combining both primary and secondary lines) was 1.55, 1.80, and
2.07%, respectively, for the three Far20) values. Fig. S1 shows what
this plasma looks like. Here the tube design includes a vertical outlet to
facilitate liquid treatment. As Far20) increased, the plasma length
experienced a slight and progressive shortening (from 2.8 to 2.5 cm).
Compared to the conventional surfatron configuration, the new one
enabled the stable maintenance of argon plasmas with significantly
higher water content. Indeed, in the original configuration, Far20) was
limited to no more than 10% of the total argon flow rate, in contrast to
the new configuration, which permits levels of up to 100%.

The plasma effluent downstream was directed into 8.3 mL of
deionized water. The distance between the end of the plasma column
and the water surface was about 4 mm at the beginning of the experi-
ment. Consequently, the sample never came into direct contact with the
plasma but instead underwent remote exposure to it. On the other hand,
8.3 mL solutions of methylene blue (MB) dye solutions, with varying
concentrations (5, 50, 100, and 250 mg LY, were also treated.

Due to the relatively high gas temperatures and flows in the plasma,
long exposure times enhanced the evaporation of the aqueous sample.
All changes in the volume of the samples were considered for the
quantification of the final concentration values.

2.3. Chemicals

Methylene blue dye (MB) was purchased from Sigma-Aldrich and
used without further purification. The abatement of this stable hetero-
cyclic aromatic compound belonging to the phenothiazine family
(C16H18N3SCl) has been extensively studied in recent decades due to the
high environmental toxicological impact generated in MB-laden waste-
water (Khan et al., 2022; Oladoye et al., 2022).

2.4. Analysis

In this study, Optical Emission Spectroscopy (OES) techniques (no
invasive tools), were employed to diagnose the plasmas generated in the
modified system. Fig. la also depicts the schematic of the optical
detection assembly and data acquisition system utilized for processing
OES measurements. A Czerny-Turner type spectrometer of 1 m focal
length (Jovin-Yvon THR1000), equipped with a 1200 grooves/mm ho-
lographic grating and a photomultiplier (R636 Hamamatsu) as a de-
tector, was employed to analyse the emissions from the plasma. This
emission was side-on collected using an achromatic lens and an optical

Fig. 1. a. Experimental set-up. Fig. 1b. Details of the argon plasma generated using both the new surfatron configuration (up) and the original surfatron config-

uration (down).
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fiber and recorded with a spectral resolution ranging from 0.028 to 0.11
nm. HORIBA SynerJY™ software was used for spectra recording (inte-
gration time of 0.5 s). Analysis of the emission spectra provided us with
valuable information about different excited species in the plasma that
may have come into contact with the water and allowed us to determine
the gas temperature and electron density in the plasma under the
different experimental conditions investigated in this work.

The gas temperature (T;) was measured from the collisional broad-
ening of Ar I 840.82 nm emission line following the method proposed by
Rodero and Garcia in reference (Rodero and Garcia, 2017). On the other
hand, the electron density (n.) was measured from the Stark broadenings
of Hy line (atomic hydrogen Balmer series line), following the procedure
described by Yubero et al. (2005). In this determination, the van der
Waals contribution to the line profile was considered. Details about this
method are included in the Supplementary section.

The formation of hydrogen peroxide, nitrate, and nitrites upon
plasma treatment of deionized water was also examined. Peroxide-test
strips (Quantofix, Peroxid 25, 0.5-25 mg L' Macherey-Nagel) and
test strips for nitrate (10-500 mg L™1) and nitrite (1-80 mg L™Y) from
Macherey-Nagel were used for this purpose.

The degradation of the Methylene Blue (MB) dye through plasma
exposure was assessed using UV-visible absorption spectroscopy in
accordance with the work previously reported by our group (Garcia
et al., 2017) based on the research of Foster et al. (2013). UV-visible
absorption spectra of the MB solutions were recorded at different time
intervals of plasma treatment, using a PerkinElmer Lambda 650 S
UV/Vis spectrophotometer in the wavelength range 250-800 nm. The
conversion, referred to the percentage of MB degraded over the course of
plasma treatment time, was calculated as (Eq. (1)):

G-G

conv (%) = x 100 (€D)

0
where Cy and Cg are initial and final concentrations of the MB solution,
respectively.
The apparent kinetic constant (k) was obtained by fitting to a pseudo
first order reaction (Eq. (2)):

In (%) =kxt 2

where t is the reaction time (min).

Moreover, the energy yield defined as the ratio between the amount
of MB removed during plasma treatment and the consumed energy was
calculated following Eq. (3):

V (L)% Co(g L™")*conv(%)

P(kW) % 1(h)*100 )

Energy yield (g kWh™') =Y=

where V is the MB solution volume and P is the microwave power
supplied.

3. Results and discussion
3.1. OES plasma characterization and plasma excited species

The plasma emission was measured from a small spot located at the
bottom of the vertical plasma column, so close to the liquid. Fig. S3a
shows a typical optical emission spectrum for a pure argon discharge at
this (bottom) position. Tables S1 and S2 in Supplementary data sum-
marize the emission lines and bands identified and their spectroscopic
characteristics (NIST, 2023; Pearse and Gaydon, 1976). The dominant
species generated in this pure argon plasma were excited argon atoms.

Qualitatively different spectra were observed for plasmas generated
by adding some water (see Fig. S3b). In this case, the primary excited
species were hydroxyl radicals and hydrogen atoms, while the emission
from excited argon atoms experienced a significant reduction.
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Additionally, we also recorded the spectrum emitted by the filamented
plasma generated in the original surfatron configuration (i.e. without
the silicon piece, Fig. S3c) to gain insight into the different properties of
both types of discharges and infer the potential benefits of using the
silicon piece. Regarding the excited species generated, this spectrum
closely resembled the one emitted by the plasmas generated in the new
configuration (with the silicon piece, Fig. S3a). However, as we will
demonstrate later, there are notable differences between these plasmas
in terms of their gas temperature and electron density.

The presence of No*, NH*, and oxygen and excited nitrogen atoms in
the spectra accounts for the intake of air into the discharge through the
tube’s end. It’s worth noting that in the case of pure argon plasmas, -OH*
species stemming from ambient humidity (as a result of sample evapo-
ration) were also identified.

Fig. 2 shows details on plasma emission under the different experi-
mental conditions explored (flow rate variations while keeping the mi-
crowave power constant). As expected, the excitation of argon atoms
exhibited a linear increase with the argon flow rate, owing to the higher
argon content in the discharge. A similar trend was observed for the
excitation of hydrogen and oxygen atoms resulting from water decom-
position. Conversely, the population of nitrogen-containing excited
species (No* and NH*) decreased with increasing argon flow rates. This
decline was due to both the reduced presence of air in the tube at higher
flow rates and the shorter residence times of these species in the plasma.
The density of -OH* excited species also increased with Fari20),
although this change was relatively less pronounced.

The primary mechanism for generating -OH*(A%S™) is most likely
water dissociation via impact reactions (Ethreshold ~ 10 eV) involving
either electrons or argon species (excited or metastable), as follows (Lu
et al., 2016):

H0(X'A;) + e » H,0(B'A;)+e - OH* (A’S*) +H+e )

H,O(X'A;) +Ar" — 0 H(A’S") + H+ Ar 5)

On the other hand, the excitation of nitrogen molecules to C’1, state
is likely produced from electron/Ar* collisions with nitrogen molecules
at ground state XIZg+ (Ethreshold = 11.08 €V) through the following re-
actions (Britun et al., 2007; Garcia et al., 2010; Lu et al., 2016; Yu and
Yasuda, 1998):

e +N; (X'Z," )= e +N;(C'11,) (6)
Arc+ N (X'Z] )= A+ N3 (C°TL) @

Collisions of No* with molecular oxygen would be a source of oxygen
atoms:

—=—0OH (12)
30 — : : --@--NH (x10)
| F, =700 sccm '_'.'_:‘_'_j 2? .(XsL(Q -
25 (bottom) 8| .4-01844 nm (x6)
— —--H_(x10)
PR
20 .
3 154 i
< T |
= x
10 .
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F A (0] (sccm)

Fig. 2. Excited species in the plasma.



J. Amaro-Gahete et al.

N;(C°IL,) + 0, > N, +0+0 (8)
finally, the presence of species N* and NH* proved some N dissociation
in the discharge.

Fig. 3 (left) gathers the values of gas temperature (represented by
circles) for each experimental condition explored in this work and
measured from the collisional broadening of Ar I 840.82 nm emission
line (Rodero and Garcia, 2017). Notably, the gas temperature Ty
exhibited a consistent increase with the humidified argon flow rate.
Additionally, this figure includes the gas temperature of the plasma
generated in the original surfatron design (represented by a star), with a
total argon flow rate of 1450 sccm and no water fraction (as the plasma
couldn’t be sustained when introducing water). This temperature was
significantly lower, consistent with the observation that, in this case, the
plasma comprised two filaments, one horizontal and the other vertical,
each of lower intensity compared to the single filament generated with
the assistance of the Si piece. These filaments somehow shared the
electromagnetic energy delivered by the surfatron. It’s worth noting that
the values of the rotational temperature derived from the simulation of
the OH (A" — X?II) rotational band Tro,0m (represented by squares)
are notably higher than T, clearly overestimating this plasma
parameter.

On the other hand, Fig. 3 (right) depicts changes in the plasma
electron density with Far20). Increasing values of this parameter led to
progressively higher values of n,, ranging from 3.5 to 5.6-10%° m~3, We
tentatively attribute these consistent increases of n, and T; with the
humidified argon flow rate to better coupling of the energy to the plasma
for higher Far20). Notably, the electron density in the plasma gener-
ated with the original surfatron configuration (without Si piece), was
also lower (ranging from 1.6-102° m~3 - 2.0-10%° m 3, for a total argon
flow rate of 1450 sccm). In the new configuration, we produced mi-
crowave plasmas characterized by electron density and gas temperature
distinct from those obtained using the original surfatron configuration.
These results were not entirely unexpected, given that the original
configuration was primarily intended for generating microwave plasmas
sustained by surface waves, whereas plasmas created in the new design
align more closely with the classification described by Lebedev in
(Lebedev, 2015) as an ‘electrode microwave discharge’.

3.2. Hydrogen peroxide, nitrate, and nitrite generated in water

Fig. 4 gathers the hydrogen peroxide and the nitrate generated in
distilled water upon different plasma treatments. It is important to note
that nitrites were not detected under any of the experimental conditions
explored in this study. The results clearly indicate that the presence of

A\

_|_// T T T " T g T ¥ T
F, =700 sccm j
,,,,-—"""‘——».— Trot,OH
20004 - / -
W .
= new configuration o P
1500 \/ _
—_ ]
< /
> [ J
= 1200 4
Wo— i .
900 original configuration i
(FN= 1450 sccm, FAHHZD= 0 sccm)
_H/ T T T T T
0 800 1000 1200 1400 1600
F. +HO) (sccm)

Fig. 3.
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the silicon piece significantly enhanced the formation of both peroxides
and nitrates. Fig. 4 (left) shows the existence of HoO, species in water
under all the plasma treatments investigated in this study, even in cases
where no water was introduced through the secondary gas feed line (Fa,
20y = 0 scem). In such cases, the only source of water was the sample
being treated, and so -OH* precursors involved in hydrogen peroxide
formation must mainly come from water molecules evaporated from the
sample. This mechanism must also contribute to HoO5 formation when
some water was added into the discharge (Far20) # 0 sccm).
Interestingly, under the same total flow (1450 sccm), the production
of HyO3 proved to be more efficient in the pure argon plasma (Far =
1450 scem + Faru2o) = 0 scem) than in the argon/water plasma (Far =
700 scem + Far20) = 750 scem). As previously mentioned, and shown
in Fig. S3b, the excitation of argon species quenched upon introducing
water into the plasma. This observation suggests that Ar* most likely
plays a significant role in the HyO, formation process through reactions
(6) (Garcia et al., 2017). In fact, the concentration of hydrogen peroxide
exhibited the same increasing dependency on Farm20) (as well as the
total argon flow rate) as that of Ar*, which further supports this hy-
pothesis. Thus, taking into account the occurrence of sample evapora-
tion, we tentatively propose that water dissociation in hydroxyl radicals
and hydrogen atoms took place at the gas phase upon striking of argon
excited species (including metastables) on water molecules in the gas
phase through reactions (6), thus producing -OH radicals. Subsequently,
-OH species react to produce hydrogen peroxide in the presence of a
third molecule (Eq. (9)), and eventually, they solvate and diffuse into the
bulk liquid (Eq. (10)) (Locke and Shih, 2011; Machala et al., 2019):

‘'OH+OH +M - H,0, +M €)]

HyO, — H,05, (10)

Also, -OH species could have been solvated, and reactions (10) could
have occurred in the liquid bulk (Machala et al., 2019).

Fig. S4 gathers the percentages of sample evaporation upon the
different plasma treatments investigated in this study. Notably, when
using the original surfatron configuration, the sample evaporation per-
centage was the lowest, aligning with the lowest T, observed in this
plasma. This correlation between the formation of H,O5 and the extent
of water evaporation underlines, once again, the crucial role of evapo-
ration in the generation of -OH radicals.

On the other hand, Fig. 4 (right) shows that the formation of nitrates
was more efficient for the case Fo, = 700 sccm + Far20) = 1550 scem. It
is well known that long-lived NO and NO3 species generated at the gas
phase serve as the precursor radicals for the formation of nitrites and
nitrates in plasma-activated water (Lu et al., 2017). Indeed, after the

T /’f/ T T T T T
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o
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Gas temperature (left, circles) and electron density (right) evolutions measured in the plasma generated in the new configuration and in the original one

(stars). The squares in the graph represent the rotational temperature measured from the OH (A%s* — X?IT) rotational band.



J. Amaro-Gahete et al.

—&—F, =700 sccm FMH &= 1550 sccm
——F,=700scem F,,, , = 1050 sccm
- F, =700 sccm FMH e 750 sccm
—A—F, = 1450 sccm FMH " 0 sccm
30 —#x--F, = 1450 sccm FMHTO) = 0 sccm (original configuration)
Hzoz
254
204
115
o
E
o 101
5
0
T T T T T T T
0 5 10 15 20 25 30
t (min)

Chemosphere 349 (2024) 140820

—=—F, =700scemF, ., = 1550 sccm
—e—F,=700sccm F, ., = 1050 scem
- F, =700 scem F, . = 750 sccm
—4A—F, = 1450 sccm FM’H W 0 sccm
& F, = 1450 scem FMHZO) =0 scem (original configuration)
504 NO,
40 -
304
i
o
0 —
10
S A
04
T T T T T T T
0 5 10 15 20 25 30

Fig. 4. Changes in concentrations of hydrogen peroxide (left) and nitrate (right) in deionized water after plasma treatment as a function of argon flow rate.

production of NO through Zeldovich mechanism, these species easily
oxidize to NO,. Eventually, reactions involving NO5 and -OH species
generated in the gas phase would explain the presence of nitrates in
treated water (Lietz and Kushner, 2016; Machala et al., 2019):

NO; +'O H - HNO; — HNO;, (11)
in this case, because the solubility coefficient of NOj is relatively small
compared to that of hydrogen peroxide, reactions (11) are much less
probable to occur in the liquid bulk.

As previously mentioned, nitrites were not detected under any cir-
cumstances. The high gas temperature in the discharge may have
favored the formation of NOy (over NO formation) in the gas phase,
resulting in a higher concentration of NO3. On the other hand, the
generation of peroxynitrous acid (O—=NOOH) from the mixture of NO3
with HyO, under acid conditions and the readiness of this acid to

decompose into NO3 would also account for the absence of nitrite in the
treated samples (Lu et al., 2017). Fig. S5 depicts the evolution of pH and
temperature of the water sample over time during the plasma treatment
(Far20) = 750 scem and Fy, = 700 scem), confirming its acidification.
Indeed, the pH experienced a progressive reduction from its initial value
7.02 to 2.92 after 20 min of plasma exposure.

3.3. Degradation of MB

The UV-visible spectra for plasma-treated MB solutions at different
time intervals (ranging from 3 to 30 min) are represented in Fig. S6.
These measurements were compared to an untreated MB solution at t =
0 min, with an initial dye concentration of 50 mg L™!. The plasma used
for the treatment was generated using a mixture of F, = 700 sccm and
Farz20) = 750 sccm. The spectra revealed a progressive reduction in the

a 104 —=—5 ppm b 104 —=—F, =700 sccm +F, ., = 750 sccm
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Fig. 5. a. Degradation of the dye over time for plasma treatments of MB aqueous solutions at different initial concentrations by using Fa, = 700 sccm and Farmz0) =
750 scem. Fig. 5b and c. Degradation of the dye over time with MB concentrations of 50 and 250 mg L7, respectively, for plasma treatments using Fa, = 700 sccm
and different Fori20). Fig. 5d. Evaluation of dye degradation over time with different plasma configurations for MB concentrations of 5 and 250 mg L1,
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absorption intensity at the maxima wavelengths of 291 nm, 616 nm, and
665 nm with increasing treatment duration. Notably, after 15 min of
exposure to the plasma, the solution became completely colourless.

The influence of the initial MB concentration in the aqueous solu-
tions on its degradation, operating at Fa, = 700 sccm and Faru20) = 750
scem, is summarized in Table S3, which includes data on kinetic con-
stants, conversion rates, and energy yields. Indeed, Fig. 5a shows that
plasma treatment, under these experimental flow rate conditions, pro-
vided an extraordinary efficiency in the MB degradation process even at
high initial dye concentrations. Conversion rates of 100, 99, 97, and
73% for initial MB concentrations of 5, 50, 100, and 250 mg L7,
respectively, were achieved after 30 min.

Under the conditions tested, the degradation of MB followed a
pseudo-first-order kinetics. The apparent kinetic constant, determined
from the slope, revealed an increase in the degradation rate as the initial
MB concentration decreased. Specifically, the rate improved from
0.0455 min! at an initial concentration of 250 mg L-! to 0.332 min™! at
5 mg L}, accompanied by correlation coefficients (R?) of 0.988 and
0.997, respectively (Table S3). These values far exceed those reported in
our previous research (Garcia et al., 2017). Thus, the apparent kinetic
constants obtained in the degradation of MB in an aqueous solution with
Cop = 50 mg L! using conventional microwave atmospheric pressure
plasma jets in single-tube reactor at an Ar flow rate of 1400 sccm and
dual-tube configuration at an Ar flow rate of (700 + 700) sccm were
0.097 and 0.118 min~}, respectively. In the novel surfatron configura-
tion, a value of 0.189 min-! was obtained at the same concentration.
Similarly, the MB degradation kinetics exhibited by this new microwave
plasma outperformed those of other non-thermal plasma sources
(Table 1), including a dielectric barrier discharge plasma reactor (0.119
min’l, Cop = 50 mg L (Manoj Kumar Reddy et al., 2013), an atmo-
spheric pressure non-thermal plasma jet (0.085 min~!, Co = 50 mg LY
(Chandana et al., 2015), a high-voltage pulsed Ar gas-liquid discharge
plasma (0.043 min’l, Co=40mg L*I) (Yang et al., 2021), a cold-plasma
with iron-impregnated spent coffee ground biochar (0.065 min~?!, Co =
10 mg L’l) (Lee et al., 2021) and a multi-needle-to-plane dielectric
barrier discharge plasma system (0.060 min~?, Go = 20 mg L™!) (Zhang

Table 1

Chemosphere 349 (2024) 140820

et al., 2022).

Compared to other previous investigations reported on dye degra-
dation by plasma treatment (Table 1), this work also demonstrated a
notable improvement in degradation kinetics. Specifically, it surpassed
the degradation rates achieved by a needle-plate non-thermal plasma
reactor operating in argon (0.017 min‘l) and air (0.089 min‘l) for the
degradation of reactive blue 19 (Sun et al., 2016), a pulsed discharge
plasma in conjunction with activated carbon for acid orange 7 degra-
dation (0.014 min‘l) (Guo et al., 2016), a dielectric barrier discharge
plasma used for the degradation of acid orange 7 (Shang et al., 2017)
and orange G (Lu et al., 2022) (0.056 and 0.119 min‘l, respectively), and
a non-thermal plasma generated via corona discharge for acid orange
142 degradation (0.029 min-1) (Fahmy et al., 2020).

Concerning the energy yield, the values obtained at a 50% conver-
sion rate clearly demonstrate the effectiveness of the microwave-
induced plasma treatment, even at high dye concentrations. This is a
remarkable achievement compared to the results obtained with the
microwave-assisted plasma system using the conventional surfatron
configuration previously reported by our research group (Garcia et al.,
2017). Indeed, at an MB concentration of 250 mg L™?, the energy yield
achieved was fourfold, accompanied by a conversion rate that was seven
times higher, all while maintaining a comparable total flow rate (ca.
1400 sccm). This suggests that the microwave plasma created in the new
surfatron configuration produced reactive species capable of inhibiting
interactions among intermediates formed during the plasma treatment
(Zhu et al., 2014), which had a direct impact on the MB degradation
process.

Conducting a direct comparison between the energy yield reported
in this study and those achieved by other non-thermal plasma sources in
dye degradation processes is challenging due to the diverse factors that
affect its calculation (Eq. (3)), including dye concentration and type,
solution volume, power consumption, and gas carrier type and flow rate,
among others. The energy yield of the different plasma reactors gathered
in Table 1 varies significantly across several orders of magnitude.
Restricting our analysis to the degradation of MB solutions, the micro-
wave source proposed in this work generally exhibits a lower

Comparison of the kinetic constants and energy yield for dye degradation of different types of plasmas.

Plasma reactor Dye Co (mg Flow rate (sscm) Kinetic constant Energy yield (g Ref.
LY (min~?) kwh™h)
Conventional microwave atmospheric pressure MB 50 Far = 1440 0.097 1.2.1072 Garcia et al. (2017)
surfatron plasma in single-tube reactor
Conventional microwave atmospheric pressure MB 50 Far =700 + Far = 0.118 3.7-1072 Garcia et al. (2017)
surfatron plasma in dual-tube reactor 700
Dielectric barrier discharge non-thermal plasma MB 50 Fair = 100 0.119 13.1 Manoj Kumar Reddy
reactor et al. (2013)
Atmospheric pressure non-thermal plasma jet MB 50 Far = 300 0.085 40-107! Chandana et al. (2015)
Double cylindrical dielectric barrier discharge plasma  MB 20 Fair = 3000 - 42.107! Massima Mouele et al.
(2020)
High-voltage pulsed Ar gas-liquid discharge plasma MB 40 Far = 20 0.043 45.107! Yang et al. (2021)
Cold-plasma with iron-impregnated spent coffee MB 10 Fair =5 0.065 - Lee et al. (2021)
ground biochar
Multineedle-to-plane dielectric barrier discharge MB 20 - 0.060 5.4-.107! Zhang et al. (2022)
plasma system 40 0.025 5.2-1072
Needle-plate non-thermal plasma reactor Reactive blue 100 Far = 150 0.017 2.5 Sun et al. (2016)
19 Fair = 150 0.089 8.0
Pulsed discharge plasma combined with activated Acid orange 50 Fair = 4000 0.014 - Guo et al. (2016)
carbon 7
Dielectric barrier discharge plasma (assisted by Acid orange 5 - 0.056 2.6-107* Shang et al. (2017)
persulfate) 7
Non-thermal plasma generated by corona discharge Acid Orange 20 - 0.029 1.0-1072 Fahmy et al. (2020)
142
Dielectric barrier discharge plasma Orange G 100 - 0.119 8.2-1072 Lu et al. (2022)
Glow discharge electrolysis plasma Brilliant 30 - 0.351 59-107* Gao et al. (2006)
green
Modified Surfatron MW (2.45 GHz) MB 5 Far = 700 + Far 0.332 6.3-10°2 This work
50 (w20) = 750 0.189 42.1072
100 0.125 51-102
250 0.046 4.0-1072
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performance in terms of energy yield. However, it should be noted that
rather than the actual power absorbed in the plasma (commonly utilized
in this determination), the power used in our calculations (105 W) was
that delivered by the microwave generator, which is higher due to
various losses that cannot be precisely quantified (such as those asso-
ciated with the heating of coaxial cables and surfatron, as well as
radiation).

The impact of the humidified Ar flow rate on the degradation of the
MB was also evaluated. Fig. 5b and c depict the degradation of the dye
over time, focusing on high MB concentrations (50 and 250 mg L),
during plasma treatments with varying Faru20) settings (750, 1050, and
1550 scem), while keeping Fa, constant at 700 sccm. The kinetic curves
demonstrated a faster degradation of the dye at higher Fa,120), owing to
the increased number of active plasma species reaching the aqueous
solution per unit of time. Moreover, the increase in Fay20) resulted in
higher apparent kinetic constants and conversion rates, as outlined in
Table S4. Notably, complete conversion was achieved at Faru20) = 1550
scem when the initial MB concentration was 50 mg L™}, giving the
highest kinetic rate recorded in this study at 0.401 min~! with an
exceptionally high R? value of 0.999.

Similarly, when operating at constant Fa20) with the highest initial
MB concentration of 250 mg L™1, a conversion of 96% was achieved,
obtaining a remarkable kinetic constant of 0.160 min~! in the dye
degradation process, supported by a high R? value of 0.996. These
findings strongly confirm the effectiveness of the plasma setup for
treating wastewater with high MB concentrations.

Additionally, an assessment of the plasma efficiency when intro-
ducing water into the argon stream (Far = 700 + Far20) = 750) was
conducted. This evaluation encompassed MB concentrations of both 5
and 250 mg L™}, as depicted in Fig. 5d. In this way, dye degradation tests
were performed using a total argon flow of 1450 sccm, using both the
new and the original surfatron configuration, in order to investigate the
parameters mentioned earlier. As shown in Table 2, all plasma config-
urations achieved a complete conversion within 30 min of treatment
when the initial dye concentration was 5 mg L1,

Nonetheless, the most remarkable results in terms of MB degradation
kinetics and energy efficiency were obtained when utilizing the novel
surfatron configuration in combination with Fa, = 700 scecm + Farr20)
= 750 scem (k = 0.3316 min!, Y = 0.0063 g kWh™!). There were no
significant differences in some parameters when comparing setups with
and without the Si piece for a MB initial concentration of 5 mg L L. In
contrast, significant discrepancies were found when a concentration of
250 mg L' of MB was employed, as presented in Table 2. In the new
configuration, for Fp; = 1450 sccm, the use of the silicon piece had a
favourable impact, resulting in an enhanced conversion (65%), a faster
MB degradation kinetics (0.0408 min™'), and an increased energy yield
(0.0405 g kWh’l). These improvements marked a substantial increase
when compared to the conventional surfatron configuration without the
silicon piece. Furthermore, the incorporation of water in the argon
stream (For = 700 + Farmz0) = 750) resulted in a more efficient dye
degradation, reaching the highest conversion (73%) and kinetic
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constant (k = 0.455 min~'), all while preserving an optimal energy
performance. Improving the efficiency of the new plasma design by
using humidified argon is particularly interesting as its potential impact
is expected to be even more influential in future applications where the
plasma jet does not come into direct contact with an aqueous solution.

4. Conclusions

In this work, a modified design of a surfatron-based reactor was used
to sustain non-filamented microwave (2.45 GHz) argon plasmas under
atmospheric pressure conditions and using powers from 10 W. This new
design also allowed stable maintenance of plasmas with moderate con-
tents of water, enabling the generation of greater quantities of -OH*
species compared to the original surfatron configuration. In terms of
electron density and temperature, these plasmas are different from the
surface wave-maintained discharges generated in the original configu-
ration, which confirm they do not belong to the same category of MIPs
and are most likely better categorized as ‘electrode microwave
discharges’.

Under the experimental conditions explored in this work (corre-
sponding to relatively high gas flow rates and turbulent regime), it has
been demonstrated that both the gas temperature and electron density
rise as the fraction of water increases (ranging from 1255 to 1570 K, and
from 3.5 t0 5.6-102° m 3, respectively). These values are higher than the
ones measured using the original surfatron design (960 K and 2-10%°
m™3). Furthermore, optical emission spectra have unveiled that plasmas
containing water can generate relatively high amounts of -OH* species
and H*, which contrasts with pure argon plasmas where the emission is
primarily dominated by excited atomic atoms.

Compared to the conventional surfatron setup, the new plasma
configuration demonstrated a significant enhancement in the produc-
tion of peroxides and nitrates when deionized water was treated.
Nevertheless, it has been proven that -OH* precursors involved in
hydrogen peroxide formation in the treated liquid mainly come from the
dissociation of water molecules evaporated from the sample itself. These
discharges were also able to generate nitrates in water, which is likely
due to their capability to form NO, and -OH precursors at the gas phase.

Finally, the capability of these plasmas to degrade methylene blue
(MB) in aqueous solutions was also evaluated. The apparent kinetic
constants measured in this study were significantly higher than those
reported in our previous work using the conventional surfatron design.
Likewise, the MB degradation kinetics presented by this plasma system
improved those achieved by other plasma configurations. Concerning
the energy yield, the results also evidenced the effectiveness of the
plasma treatment even at high dye concentrations. It is worth
mentioning that the energy yield obtained at 250 mg L™! MB concen-
tration was fourfold the one in our previous work and also a conversion
seven times higher was achieved, while maintaining analogous experi-
mental conditions (total flow rate 1400 sccm, microwave power 105 W).

Table 2
First order kinetic parameters and energy yield at 50% conversion calculated for MB degradation under plasma treatment with different gas flows at 5 and 250 mg L™!
of MB.
Concentration of MB (mg LY Plasma flow (sscm) Kinetic constant Correlation coefficient Conversion (%) Energy yield (g
(min™1) ®Y kwh™h)
5 Far = 700 + Farn20) = 750 0.3316 0.997 100 0.0063
5 Far = 1450 0.2204 0.996 100 0.0044
5 Far = 1450 original surfatron 0.2066 0.994 100 0.0043
configuration
250 Far = 700 + Farr20) = 750 0.0455 0.988 73 0.0401
250 Far = 1450 0.0408 0.970 65 0.0405
250 Far = 1450 original surfatron 0.0245 0.970 46 0.0182°
configuration

# Maximum value registered (50% conversion was not reached).
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