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ABSTRACT

The degradation of methylene blue in aqueous solution as a model dye using a non thermal
microwave (2.45 GHz) plasma jet at atmospheric pressure has been investigated. Argon has
been used as feed gas and aqueous solutions with different concentrations of the dye were
treated using the effluent from plasma jet in a remote exposure. The removal efficiency
increased as the dye concentration decreased from 250 to 5 ppm. Methylene blue degrades
after different treatment times, depending on the experimental plasma conditions. Thus,
kinetic constants up to 0.177 min™ were obtained. The higher the Ar flow, the faster the
degradation rate. Optical emission spectroscopy (OES) was used to gather information about
the species present in the gas phase, specifically excited argon atoms. Argon excited species
and hydrogen peroxide play an important role in the degradation of the dye. In fact, the
conversion of methylene blue was directly related to the density of argon excited species in
the gas phase and the concentration of hydrogen peroxide in the aqueous liquid phase. Values
of energy yield at 50% dye conversion of 0.296 g/kWh were achieved. Also, the use of two

plasma applicators in parallel has been proven to improve energy efficiency.
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1. Introduction

In recent times there has been a dramatic increase in the amount of organic pollutants
(volatile organic compounds, pharmaceuticals, organic dyes...) detected in water resources,
thus representing a serious concern for the public health. Among these contaminants, dye
wastewaters from the textile industry are particularly widespread (approx. 1 million kg of
dyestuffs are emitted into the environment per year) (Foster et al., 2012) and pose numerous
problems (affectation of photosynthesis in water plants, carcinogenicity, etc.). Consequently,
the removal of colour from textile industry wastewaters represents a major environmental
goal as it enables water reuse for further textile mill processing. However, dyes are designed
to resist degradation and so this is not an easy task. Indeed, the new organic dyes coming to
market have very stable molecular structures so conventional wastewater treatment techniques
are usually ineffective for their degradation. As a consequence, new technologies for removal
of dyes from wastewater have been investigated.

Advanced Oxidation Techniques and Processes (AOPs) are approaches allowing in situ
decomposition of organic compounds in water through mineralization, i.e. conversion of the
compound to carbon dioxide, water and inorganic intermediates (Glaze et al., 1987). AOPs
have been developed to generate hydroxyl free radicals by different techniques (Al-Kdasi et
al., 2004), and use these radicals as strong oxidants. More generally, the term AOP also refers
to chemical processes and precursors that have high reduction potentials and either produce
OH or directly attack organic molecules (ozone, atomic oxygen, excited nitrogen, ultrasound,
UV light, and peroxide) (Foster et al., 2012). AOPs have been proven to be powerful and
efficient treatment methods for degrading recalcitrant materials and toxic contaminants

(Mohajerani et al., 2009).

In the last years, plasmas have begun to be employed to induce AOPs for water

treatment purposes (Anpilov et al., 2001; Lukes et al., 2005; Sato and Yasuoka, 2008; Stratton
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et al.,, 2015). More specifically, plasmas are sources of excited species, charged particles,
radicals and UV radiation, among others, each of which are themselves advanced oxidation
techniques (Foster et al., 2012). Different kinds of plasmas, using different configurations
have been employed for water (and other liquids) treatment (Malik, 2010), particularly for the
abatement of organic pollutants such as dyes (Clements et al., 1987; Yang et al., 2005;
Magureanu et al., 2007; Doj¢inovi¢ et al., 2011; Reddy et al., 2013), phenolic compounds
(Sun et al., 2000; Krugly et al., 2015) and antibiotics (Magureanu et al., 2011; Kim et al.,

2015).

Nowadays non-thermal plasmas, i.e. those whose electron temperature is different from
the corresponding to ions and neutrals (gas temperature), are considered as a very promising
technology. Their non-equilibrium properties including low power consumption and their
ability to achieve enhanced gas phase chemistry at relatively low gas temperature, are
responsible for the great attention that these plasmas have gained from an applied point of
view and their extensive use in applications that require low temperatures, including material
processing and synthesis, biomedical applications, and surface modification, among others

(Park et al., 2001; Selwyn et al., 2001; Zille et al., 2015).

In particular, non-thermal atmospheric-pressure plasma jets/plumes play an increasingly
important role in various plasma-assisted applications for several reasons (Walsh et al., 2006;
Laroussi and Akan, 2007; Laroussi, 2009; Walsh et al., 2010; Lu et al., 2012). First of all, due
to their practical capability in providing plasmas which are not spatially confined by
electrodes and whose stability is not compromised by the presence of the sample to be
processed. Plasma jets are able to generate stable discharges in a gas and then flush it to a
separate region of reactive gas for processing applications (Walsh et al., 2006). This spatial
separation enables a considerable flexibility in jet designs in order to achieve a good control in

both plasma dynamics and reaction chemistry (Mora et al., 2010; Mora et al., 2011).
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Secondly, because plasma jet configuration offers a chamberless delivery of downstream
reaction chemistry if desired (Walsh et al., 2010). Finally, they are free from constraints
imposed by vacuum-compatibility, as they operate at atmospheric pressure, being this an

undeniable advantage in practical applications.

Atmospheric plasma jets can be generated in many different gases and using different
electrical excitations. Several cold plasma jet devices have been designed; most of them are
described in Laroussi and Akam review (Laroussi and Akan, 2007) although there are others
more recently developed such as the plasmas generated by using nanosecond dc voltage
pulses with kilohertz repetition frequencies as well as with sine-wave excitations in the

kilohertz-to-megahertz range in pulsed or continuous mode (Chandana et al., 2015).

In the present work, we report for the first time on the design of a plasma jet reactor
allowing liquid (water) treatment based on the use of a microwave (2.45 GHz) surface wave
sustained discharge at atmospheric pressure (Ferreira and Moisan, 1993). This type of
discharge generates non thermal plasmas with a high electron density (in the order of 10" em
%), and s0 a high reactivity (Henriques et al., 2011b). Microwave discharge reactors enable the
generation of very stable and reproducible plasmas, that can operate over a broad range of
experimental conditions (pressure, gas type, frequency, power, geometry), so being capable to
produce copious and controlled amounts of active species. As far as the authors know, this is
the first study where a microwave plasma jet of this type have been employed for water

treatment.

More specifically, the reactor consisted of a plasma-jet over liquid configuration that
was employed for degradation of methylene blue in aqueous solution. Remote exposure of the
sample was done (Laroussi, 2009). In contrast to direct exposure (in which the sample is

subject to all possible agents generated by the plasmas including heat, charged particles,
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reactive neutrals, and electromagnetic radiation), in remote exposure the effect of charged
particles on the water sample under treatment is weak as the sample is placed at some distance
from the plasma and most of these species recombine before reaching it. The heat flux is also
greatly reduced in this case, what leaves mainly the long-lived radicals to directly interact

with the sample (Laroussi, 2009).

2. Experimental part

2.1. Chemicals

Methylene blue (MB) was selected as the model organic contaminant dye because of its
stable molecular structure. Moreover, MB-laden waste water exhibit a high chroma and
toxicity and has become an unmanageable industrial wastewater (Wang et al., 2013) whose
treatment has being profusely studied in the last years. Methylene blue (Fig. S1) is a
heterocyclic aromatic compound belonging to the phenothiazine family (C;¢H;sN3SCl). It was

purchased from Sigma-Aldrich and used without further purification.

2.2. Plasma reactor

Fig. 1 shows the experimental set-up used for the generation of the plasma. A surfatron
device (Moisan and Pelletier, 1992) was used to couple the energy coming from a microwave
(2.45 GHz) generator (with a maximum stationary power of 200 W in continuous-wave
mode) to the support gas (argon with a purity > 99.995 %) within a quartz reactor tube of 1.5
and 4 mm of inner and outer diameter, respectively, opened to the air as shown in Fig. 1.
Surfatron was originally designed to generate cylindrical plasma columns inside straight
dielectric tubes (Moisan and Pelletier, 1992), sustained by an azimuthally symmetric TM

surface wave mode (Henriques et al., 2011a). Nevertheless, in our experiments a T-shaped



134

135

136

137

138
139

140

141

142

143

144

145

146

147

148

149

150

tube with a closed end was employed in order to allow the plasma column go down through

the vertical part of the tube and approach the water.

A/D converter | 4==p [ PC controller

| Spectrometer |\’

—) _' Optical

Ar Flow

To UV-Visible Analysis
and Measurement

Plasma
reactor

Carrier

Fig. 1. Experimental set-up for the generation of plasma and OES measurements

2.3. Methods

In this work, the microwave power was set at 150 W and the argon flow rate (adjusted
using a calibrated mass flow controller) ranged from 350 to 1400 sccm. The movable plunger
and stubs permitted the impedance matching so that the best energy coupling could be
achieved, making the power reflected back to the generator (P,) negligible (< 5%).

Plasma effluent downstream was directed to a solution of methylene blue (MB) dye in
deionized water. The distance between the end of the plasma column and water was about 11
mm, so that the sample suffered a remote plasma exposure (did not come in direct contact
with the plasma at any time). Solutions with different MB concentrations (ranging from 5 to

250 mg/L) were treated.
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MB decomposition was monitored as a function of treatment time. In all cases, the water
temperature never exceeded 55 °C. As shown in additional experiments, thermal degradation

of the dye was negligible under these experimental conditions.

2.4. Analysis

Optical Emission Spectroscopy (OES) techniques (sentitive, not invasive and very easy
to implement tools) were employed to identify plasma active species reaching the water and
triggering AOPs leading to dye degradation. Emission from the afterglow region next water
was side-on collected using an optical fiber, and analyzed by using a Czerny-Turner type
spectrometer of 1 m focal length equipped with a 2400 grooves/mm holographic grating and a
photomultiplier (spectral output interval of 200-750 mm) as a detector. Spectra were recorded
with a spectral resolution of 0.08 nm, and allowed us to gather information about different
species that reach the water.

The degradation of the dye was followed by UV—visible absorption spectroscopy. Foster
et al. (Foster et al., 2013) have shown that for methylene blue solutions this technique is a
reasonable diagnostic to track actual dye concentrations. UV—visible absorption spectra of
MB solutions before and after plasma treatment were measured by a spectrophotometer in the
wavelength range 250-800 nm. The absorbance is proportional to the concentration of
absorbing molecules, according to the Beer-Lambert law. The concentration of the dye in
solution was determined from the absorption maximum at 668 nm, which was also employed
for the calibration curves.

Conversion was calculated as:

c,-C

conv (%) =

x100 (1)

0

where Cy and C are initial and final concentrations of the MB solution, respectively.
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The apparent kinetic constant (k) was determined by fitting to a pseudo first order

reaction:

In (%j =kt (2)

where t is the reaction time.
On the other hand, the energy yield, which measures the efficiency of the dye
degradation process, has been defined as the ratio between the amount of methylene blue

removed during plasma treatment and the consumed energy:

V(L)xC,(g/L)xconv(%)/100
P(kW)xt(h) 3

energy yield(g/kWh)=Y =

where V is the methylene blue solution volume and P is the microwave power supplied.
Peroxide-test strips (0.5-25 mg/L. Mquant, Merck) based on a colorimetric method were

used for H,O, determinations, and changes of pH and conductivity were measured with a

Orion Star A329 (Thermo Scientific) digital meter. Test strips for ammonia (0.5-6.0 mg/L),

nitrate (10-500 mg/L) and nitrite (1-80 mg/L) from Macherey-Nagel were also used.

3. Results and Discussion
3.1. OES spectra and plasma activated species

The optical emission spectrum (Fig. S2) was measured downstream, 1 mm below the
end of the plasma tube (position of the aqueous solution, see Fig. 1). Although this position
was 11 mm distant from the end of the luminous plasma column and there was no apparent
emission from this region, OES spectrum revealed the presence of some argon atomic (Ar I)
system lines (696.54, 706.72, 738.40, 750.38, 763.51, 772.42 nm) corresponding to radiative
de-excitations from 4p and 4p’ to 4s levels. Thus, the aqueous solution was placed at this
separate region where some plasma species were still active and provide chemical reactivity.

The plasma jet flushed out active species are able to reach the water.

-9.-
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Long-lived excited neutrals (argon metastables) should be likely the main energy
carriers for generation of new reactive species in the remote region of this microwave plasma
jet (Yu and Yasuda, 1998; Laroussi, 2009; Garcia et al., 2010). At this region, pooling
Penning reactions of metastable argon atoms can generate argon atoms, argon ions Ar® and
argon dimmer ions Ar," by means of metastable-metastable Ar™ ionization collisions and
metastable-metastable associative ionization (Garcia et al., 2010).

Ar"+ Ar" - Ar'+ Ar+¢€ %)
Ar" + A" > Arf +e )
and recombination reactions of ions Ar" and Ar," produce argon excited atoms Ar, justifying

the emission observed:

Art +e +e > Ar +¢ (6)
Ar*+e + Ar > Ar + Ar (7)
At +e —> Ar +Ar (8)

Although before reaching the water, plasma jet effluent came into contact with air,
emission lines corresponding to species containing nitrogen or oxygen (such as Ny, NO, O...)
were not detected. Particularly, energetic argon metastables (E ~ 11.5-11.8 eV) are able to
cause excitation of nitrogen molecules through nearly-resonant excitation transfer reactions
leading to the emission of the Second Positive System (C’II, - B3Hg), typical of atmospheric
pressure argon plasma jets opened to the air (Jackson and King, 2003). The lack of these
emissions is probably a residence time issue due to the high speed of the plasma effluent in
this reactor (ranging between 3.3 and 13.2 m/s).

Optical emission spectroscopy techniques could not be used to measure plasma
characteristic parameters such as electron density, electron temperature or gas temperature in

this post-discharge region next to the water, because of the lack of emission of specific lines

-10 -
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related to these diagnoses (Hydrogen Balmer Series lines or ro-vibrational bands of some

molecular species such as OH, N,, CN...).

3.2. Influence of experimental conditions on the transformation of MB

The UV-visible spectra for an untreated MB solution and for plasma jet treated
solutions during different time intervals in the range 3—45 min are shown in Fig. 2. In these
experiments the initial dye concentration was 50 ppm, the solution volume was 40 mL and
argon (gas feeding the plasma) was ran at a flow rate of 1400 sccm in the discharge. The
absorption maxima intensity in the UV-visible spectra (at ca. 293, 609 and 668 nm) decreased
with increasing treatment time and the solution became colourless after 30 minutes exposure

to the plasma.

1,8

Absorbance

300 400 500 600 700 800

Wavelenght (nm)

Fig. 2. UV-visible spectra for an untreated and plasma jet treated MB solution (50 ppm)

during different time intervals

Argon flow rate also had an important effect on the degradation of the dye, as illustrated

in Fig. 3. The higher the argon flow rate, the faster the MB was decomposed. In order to

-11 -
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understand this fact, the intensity of Ar I line at 763.51 nm (proportional to the amount of
argon atomic excited species reaching the water) was monitored for different argon flow rates
(Fig.4). A linear increase was found as a result of the higher amount of plasma active species
reaching the aqueous solution per unit of time (vide infra). In the range of experimental
conditions studied, the energy efficiency of this reactor (measured from the energy yield at 50
% conversion) increased with the argon flow rate (Fig. S3).

Under the reaction conditions studied, methylene blue degradation followed a pseudo-
first-order kinetics. At an Ar flow rate of 1400 sccm, the apparent kinetic constant was 0.097
min” with a correlation coefficient (Rz) of 0.997. This value is in the range of those found in
the degradation of methylene blue in a pulsed tubular plasma reactor (Reddy et al., 2013) or
an atmospheric pressure non-thermal plasma jet (Chandana et al., 2015), ca. between 0.03 and
0.15 min™", and also in the degradation of reactive blue 19 in a needle-plate discharge system
in argon and air, 0.017 and 0.089 min‘l, respectively (Sun et al., 2016). Much lower values
(up to 0.014 min™") were reported in a pulsed discharge plasma combined with activated

carbon for the degradation of acid orange 7 (Guo et al., 2016).

= & = 350 sccm Ar = ll= 700 sccm Ar 900 sccm Ar = @ = 1400 sccm
1 .'ﬁh
\ -
\\‘t.,_ el
08 . - ~~..
=N < Rk YO
° \\ AR T~
S.,_J_ 0,6 7 b ‘-..‘. "'"-n____
o “o. i TS 4
04 PR R IR R u
.
.-"h
0,2 | ot SO
Tl o
0 T T T T T 1
0 5 10 15 20 25 30
Time (min)

Fig. 3. Degradation of the dye over time (MB concentration 50 ppm) for plasma treatments

using different argon flow rates
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Fig. 4. Intensity of the Ar I line 763.51 nm measured next to the water for different argon

flow rates

On the other hand, the possibility of improving plasma reactor efficiency in MB
decomposition by operating with multiple plasma applicators in parallel was also investigated.
For this purpose, a dual applicator using a sole surfatron was employed (Fig. S4). The source
consisted of two identical quartz reactor tubes, and the total MW power injected to the system
was kept at 150 W. The energy efficiency using dual-tube configuration (at 700 + 700 sccm)
was much higher (with an energy yield at 50 % conversion of Ysgq = 0.037 g/kWh) than
single-tube configuration (at 700 sccm) efficiency (Yso% = 0.012 g/kWh).

Similar MB transformation curves over time were obtained for single-tube configuration
reactor working at 1400 sccm and dual-tube configuration working at (700 + 700) sccm. A
similar result was found for 700 sccm and (350 + 350) sccm in single and dual-tube
configurations, respectively. From these results it can be inferred that, in the range of the
argon flow rate considered, the amount of species reaching water rather than their speed
played the most relevant role in the MB decomposition process. The slightly higher efficiency
of dual versus single configuration could be most likely ascribed to the larger volume of

humid air affected by the plasma in the former case. Thus, the apparent kinetic constant was

-13 -
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0.118 min™ for dual-tube configuration working at (700 + 700) sccm, whereas it was 0.097
min"' for single-tube configuration reactor working at 1400 sccm.

The initial concentration of the dye in solution was another parameter affecting the MB
degradation rate. The relative decomposition of methylene blue decreased with increasing the
initial dye concentration (Fig. 5). Table 1 also illustrates that MB degradation at low dye
concentration is much more effective in terms of the energy yield. Also, the apparent kinetic
constant increased with the decrease in dye concentration from 0.097 min™ at 50 ppm to 0.177
min” at 5 ppm. At higher concentrations, likely intermediates formed can interact with each
other and compete with dye decomposition (Zhu et al., 2014).

The degradation pathways of MB have been recently studied with hydroxyl radicals
being a key factor during the process. Several intermediate compounds have been detected by
demethylation, deamination and ring cleavage, among other reactions, and the resulting

mixture has been shown to be totally nontoxic (Huang et al., 2010; Bansode et al., 2017)

=-5ppm —4=50ppm 100 ppm  —@—250 ppm

1,0

—(O— —
0,8 -

0,6 -

c/C,

04

0,2 -

0,0

0 3 6 10 15 20 30
Time (min)

Fig. 5. Degradation of the dye over time for plasma treatments of MB aqueous solutions

of different initial concentrations (argon flow rate 1400 sccm).

-14 -



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

Table 1

Energy yield at 50 % conversion (Far = 1400 sccm).

Dye concentration (ppm) Y509 (g/kWh)
5 0.296
50 0.033
100 0.018
250 0.007*

*Maximum value registered (50% conversion was not reached)

3.3. Plasma jet influence on water properties

In order to gain further insight into the chemical activity of this plasma reactor, changes
in deionized water properties induced by the application of the plasma afterglow were
investigated. Thus, the ability of this plasma reactor to generate H,O,, and the changes of pH
and conductivity in pure water caused by the treatment were studied. Since the most important
pathway for H,O, formation is by combination of OH radicals, H,O, is considered as an
indicator for hydroxyl radical formation in plasma in contact with water (Locke and Shih,
2011; Magureanu et al., 2013). These radicals are very active species able to degrade organic
pollutants. Plasma jet treatment generated H,O, species in water in all the cases studied
(Table S1).

This plasma reactor was able to generate up to 5 mg/L of H,O, after 30 min treatment
on a 40 mL water sample. This amount increased to 25 mg/LL when the sample volume
reduced to 8 mL. These amounts are similar to those found in other discharge processes
(Yang et al., 2005). The energy yield for hydrogen peroxide formation for the most favourable
case studied (Far = 1400 sccm) was 2.7 mg/(kW-h), falling in the range of the values reported
for different electric discharges above liquids (Locke and Shih, 2011). The generation rate in

this case was 4.1-10™ g/h.
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Two experiments consisting of a pure chemical treatment, i.e., without plasma, were
conducted to check the influence of H,O; in the degradation of MB. They were carried out
with H>O, concentrations of 10 and 100 mg/L for the treatment of 50 mg/L of MB and

revealed that there was no dye degradation under stirring for 30 min at room temperature.

T T T 1,0 T T T 30
L4 o
0,01 o r=ee 0,8 ¢ 25
e — ’
20
0,5 200 > = 0861 S 0
I ® o o) o 155
e = £ (7%
Z [u] m - 014' * —_—
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1,0 F100 & L10 3
L] 3 E [{e]
~ (&) 0’2_ E
o 5
57 @ °n B 004 o o
* 0
0 500 1000 1500 0 500 1000 1500
F,, (sccm) F, (sccm)

Fig. 6. Changes of electrical conductivity and pH (left) and concentrations of nitrite and

nitrate (right) in water after plasma treatment as a function of argon flow rate

Conductivity of the water underwent an increase after plasma jet treatment as shown in
Fig. 6, having again a linear dependence with argon flow rate. This result can be explained by
the dissolution of species formed in the gas phase by the action of the plasma jet and
subsequent hydrolytic reactions in the liquid phase leading to the generation of different ions.
A small reduction of water pH was detected upon plasma jet exposure, also decreasing with
argon flow rate. Species NO,  and NO;3;™ were detected in water upon plasma treatment (see
Fig. 6) and their formation usually involves an increase of the water acidity due to the
concomitant formation of H3O" ions (vide infra). The measured concentration of both NO,
and NOs were in the range of those reported by other authors in different discharge plasmas

in contact with water (Lukes et al., 2014). Moreover, ammonia was not detected in the water.
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3.4. Formation of H,O; species and methylene blue degradation

Combinations of charged particles, ozone, hydrogen peroxide and UV radiation have
been shown as a way to produce hydroxyl radicals in water and to effectively degrade many
organic compounds (Lukes and Locke, 2005). Plasma is a source of all these species. Ozone
has been claimed to play an important role in the degradation of dyes (Yang et al., 2005).
However, ozone formation is practically suppressed in air due to the reaction of oxygen atoms
with nitrogen (Deng et al., 2013; Sun et al., 2016). In the present case, plasma jet mainly
delivers argon excited species, photons and heat at the remote region next to water. Argon
species (excited or metastables) striking on the water surface are likely leading to water
dissociation in hydroxyl and hydrogen radicals at the interface region (Magureanu et al.,

2008) (Fig. S5).
Ar"+H,O—>Ar+OH +H 9)

Also, as some water evaporation is expected, these reactions might also have taken
place at the gas phase consisting of humid air. In this region (gas phase), plasma jet species
should also be interacting with surrounding air molecules. Excitation transfer from argon
metastables to ground state of molecular nitrogen is the main mechanism provoking nitrogen

molecules excitation (Timmermans et al., 1998):
Ar" +N, > Ar+ N, (10)
These species might cause further dissociation of water molecules (Magureanu et al., 2008):

N,+H,O, —N, +OH_ +H (11)

(gas)
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OH species formed in the gas phase reach the water solvating, and so producing OHy,.
Finally, OH,q species in water react in the presence of a third molecule to give hydrogen

peroxide, eventually difusing to the bulk liquid (Locke and Shih, 2011) :

OH,6+OH +M— H,O, +M (12)

2aq

Since H,O; itself did not degrade MB, as discussed above, OH radicals will most likely
be the main reactive species responsible for the degradation of dye molecules. In the case of
the dual-tube configuration, a greater contact with the humid air and a bigger generation of
these species would explain the best efficiency for MB degradation of this approach.

On the other hand, the presence of nitrites and nitrates in treated water can be explained
by reactions implying long-lived species NxOy generated in the gas phase (where plasma came
in contact with air) solvating into the liquid (Lietz and Kushner, 2016). Reactions of NxOy,q
(solvated) gave rise to formation of acids HNO,,, and explain the observed decrease in pH

upon the treatment with plasma (Lukes et al., 2014).

NO,,,+NO,,,+ H,0,, - HNO,,, + HNO, (13)
NO,,, +NO,,, +H,0,, — HNO,,, + HNO,,, (14)
NO,,, +H,, » HNO,,, (15)

NO,,, + OH,, » HNO, (16)

Finally, in order to gain an insight into the importance of these mechanisms, argon,
nitrogen and synthetic air were added in the gas region in contact to the liquid surface. The
external injection of argon gas into the region where the discharge makes contact with the
liquid improves slightly the MB conversion, unlike air or nitrogen, thus suggesting the role of

argon species in these processes (Fig. S6).
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A linear dependence of the MB transformation on the density of Ar I (4p) species as
inferred from argon emission was observed (Fig. S7). This supports the outstanding role of
the abovementioned mechanism mediated by argon excited species. Thus, the larger the

concentration of excited argon species, the higher the transformation of MB.

4. Conclusions

In this work, the use of a microwave (2.45 GHz) plasma jet for treatment of MB-laden
water was investigated. Dye degradation was followed by UV-visible spectroscopy, and
Optical Emission Spectroscopy (OES) techniques (sentitive, no invasive and very easily
implementable tools) were employed to identify plasma active species triggering AOPs
leading to dye degradation. The degradation of the dye methylene blue was more efficient at
low dye concentration. Also, an increase in the argon flow rate produced a higher degradation
rate and, in fact, the possibility of using two plasma applicators in parallel have been
demonstrated. Indeed, multiple applicators were found to be slightly more efficient than a
single applicator even with equal total flow and total input power. For sample volumes lower
or equal to 50 mL, values of energy yield at 50 % of dye conversion ranged between 0.033
and 0.296 g/kWh, among the best values reported in the literature (Sato and Yasuoka, 2008).
The plasma reactor was able to generate hydrogen peroxide species in pure water, whose
concentration increased with the plasma argon flow rate. For the most favourable case
studied, the energy yield for H,O, formation was 2.7 mg/(kW-h), falling in the range of
values reported in the literature for different electric discharges above liquids (Locke and
Shih, 2011). Also, several experiments proved that argon excited species plays an important

role in the formation of the active species that at last degrade the organic pollutant.
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Table 1

Energy yield at 50 % conversion (Fa, = 1400 sccm).

Dye concentration (ppm) Y509 (g/kWh)
5 0.296
50 0.033
100 0.018
250 0.007*

*Maximum value registered (50% conversion was not reached)
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Figure captions

FIGURE CAPTIONS

Fig. 1. Experimental set-up for the generation of plasma and OES measurements

Fig. 2. UV-visible spectra for an untreated and plasma jet treated MB solution (50 ppm)

during different time intervals

Fig. 3. Degradation of the dye over time (MB concentration 50 ppm) for plasma

treatments using different argon flow rates

Fig. 4. Intensity of the Ar I line 763.51 nm measured next to the water for different

argon flow rates

Fig. 5. Degradation of the dye over time for plasma treatments of MB aqueous solutions

of different initial concentrations (argon flow rate 1400 sccm).

Fig. 6. Changes of electrical conductivity and pH (left) and concentrations of nitrite and

nitrate (right) in water after plasma treatment as a function of argon flow rate
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