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Este estudo investigou o efeito da temperatura da solugdo sobre a descolorag¢@o do azul de
metileno em um reator de plasma de descarga elétrica do tipo ponta-plano. Os resultados mostraram
um aumento da porcentagem inicial de descolorag@o do corante com o aumento da temperatura da
solugdo de 4 para 28 °C, mas de 28 para 37 °C ndo houve alteracdo. Entretanto, quando a temperatura
foi elevada para 47 °C a porcentagem de descoloragdo inicial do corante diminuiu. A formacio
de perdxido de hidrogénio em dgua durante o tratamento por plasma diminuiu com o aumento
da temperatura de 4 para 47 °C. A reacdo de descoloracdo ocorreu por um complexo mecanismo
onde processos de zero e primeira ordem ocorreram numa mesma temperatura, seguindo ordem
zero no inicio do processo e primeira ordem com o progresso da reacdo. A energia de ativagio
envolvida no processo de primeira ordem foi de 13,09 kJ mol™.

This study investigates the effect of bath solution temperature on methylene blue decolorization
in a point-to-plate electrical discharge plasma reactor. The results show an increase in the initial
percentage of dye decolorization with an increase in the bath solution temperature from 4 to 28 °C,
but from 28 to 37 °C there was no change. However, when the temperature was raised to 47 °C
the initial dye decolorization percentage decreased. The hydrogen peroxide (H,0,) formation in
water during the plasma treatment decreased as the bath temperature increased from 4 to 47 °C.
The dye decolorization reaction occurred via a complex mechanism where zero- and first-order
processes took place at the same temperature, following zero-order in the initial step and first-order
with the progress of the reaction. The activation energy involved in the first-order process was
13.09 kJ mol ™.
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Introduction

The increase in the need for clean water worldwide
has motivated the development of new technologies for
water cleaning. Non-thermal plasma (NTP) is one of these
emergent technologies and it can be efficiently applied to
a large variety of environmental and industrial processes,
in both the aqueous and gaseous phase, and it can be
considered as a green technology, that is, less harmful to
ecosystems than conventional technologies.!?

Electrical discharges above or below the water surface
have been shown to lead chemical activation of a system
through the production of various reactive chemical species
(e.g.,OH, H, O, H,0, H,, O,, O;) that can be used to break
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down and remove toxic organic contaminants (e.g., dyes,
phenols, aromatic amines) present in the aqueous phase.!
The amount and nature of these oxidant species produced in
water are dependent on the amount of energy added to the
system and the gaseous atmosphere inducing the discharge
(e.g., Ar, O,, N,, air), as well as the pH, conductivity and
temperature of the aqueous phase.

Several types of plasma reactors, such as gas, liquid,
or hybrid gas-liquid phase discharges, as well as different
reactor and electrode geometries, have been proposed in
the literature for organic compound degradation.! The
presence of water vapor, or a spray, in contact with the
discharge plasma has been shown to increase the efficiency
of the electrical discharge treatment.* Different species are
formed when the plasma source is placed in contact with
liquids, and particular interest has been focused on the
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analysis of hydroxyl radicals (OH) and hydrogen peroxide
(H,0,) generated in solution, since they have high oxidation
potential (2.85 and 1.78 V, respectively) thus being able to
degrade a large number of organic pollutants. Moreover, the
major processes which occur during the plasma treatment
of organic pollutants involve secondary species (e.g. H,0,,
HNO,, HNO,, HOONO, ions). These result from reactions
involving primary species (e.g., H, OH, N, O) generated
directly by the discharge or combined with molecules of
the feed gas,* and their experimental control is of particular
interest in terms of enhanced pollutant removal. The H,O,
generation in gas-liquid plasma reactors is dependent on
different parameters, such as the gas composition (O,, N,,
Ar etc),’ gas flow, electrical power applied and electrode
shape.” However, the rate and efficiency of H,O, formation
is not necessarily dependent on the electrode material.®

Another efficient strategy which can be applied to
enhance the generation of active species and the consequent
pollutant degradation is the combination of non-thermal
plasma reactors with different advanced oxidation processes,
such as ozonation,” TiO, photo-catalysis,*!® alumina and
silica gel (resulting in adsorption)'' and homogeneous (e.g.,
Fe?*, resulting in the Fenton reaction),'” and heterogeneous
(e.g., Fe,0, and activated carbon) catalysts.'*!* In addition,
hydrogen (H,) generation from water in hybrid gas-liquid
systems has also been reported as a clean energy source of
fuel™'7 as well as the inactivation of micro-organisms by
discharge plasma for water treatment,'® are among other
NTP applications.

Several papers have reported studies on the H,O,
formation and organic dye degradation in electrical
discharge plasma systems under different conditions.
However, there is a lack of information concerning the
effect of solution temperature on reactions involving
electrical discharges. This is especially important, since
to efficiently apply in situ electrical discharge reactors to
wastewater treatment the influence of the bath solution
temperature must be considered because wastewater
temperatures may vary given the wide range of climates
around the world, that is, the cold conditions of winter or
near icy waters and the hotter ones found in summer or in
tropical zones. The well known effect of temperature on
the classical liquid-phase chemical reactions also applies
to the analysis of electrical discharge processes inducing
the degradation of organic molecules in the aqueous phase.

The main goal of this study is to investigate the effect
of bath solution temperature on methylene blue (MB)
(20.0 mg L") decolorization and H,O, formation in a
point-to-plate electrical discharge plasma reactor. Also,
the activation energy involved in the dye decolorization
is estimated in order to better understand the chemical
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processes occurring in the liquid phase triggered by the
electrical discharge.

Experimental
Reagents

All reagents were of analytical grade. MB
(C,H3)N,SCI:3H,0), hydrogen peroxide (H,0,), and
ammonium vanadate (NH,VO,) were purchased from
Nuclear (Brazil), Vetec (Brazil), and Merck (Germany),
respectively, and were used as received. Nitrogen gas (N,)
was purchased from White Martins Gases Industriais Ltda
(Brazil) and deionized water was used in all solutions
prepared.

Apparatus

The experimental apparatus shown in Figure 1 was used
in this study at atmospheric pressure.

Figure 1. The experimental setup: (1) oscilloscope; (2) high voltage probe;
(3) current probe; (4) AC high voltage neon transformer; (5) primary
slide voltage; (6) electrical discharge plasma reactor; (7) water jacket;
(8) input water cooler; (9) output water cooler; (10) thermostatized water/
ethylene glycol bath; (11) solution surface; (12) high voltage electrode;
(13) electrical contact point; (14) input gas; (15) output gas; (16) gas-
washing bottle; (17) screw cap with Teflon septum; (18) sampling syringe;
(19) gas cylinder; (20) flow meter.

An AC high voltage neon transformer (60 Hz;
220 V/17 kV; Neonena, Brazil) was used to generate the
plasma channels between the single upper electrode and
the water surface. The electrode had a diameter of 2.4 mm
and was constructed in 2% thoriated tungsten with a conical
end, and it was concentrically positioned in the reactor.
Tungsten was chosen as the material due to its high erosion
resistance. The discharge gap between the water surface
and the upper electrode was fixed at 10 mm. The electrical
contact point protruded 10 mm from the bottom.

Nitrogen (0.1 L min") was used as the plasma gas and
it was injected into the reactor through the input gas zone
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at the reactor bottom and the bubbles formed maintained
the dye solution homogenized. In this way, the N, feed
gas produces a humid gas atmosphere where the discharge
plasma is generated. The cylindrical glass reactor was made
of borosilicate glass with an outer water jacket used to control
the bath temperature during the experiments. The total
reactor chamber volume was 200 mL and the experiments
were performed using 100 mL of water/MB solution.

The current and voltage measurements were taken using
a high voltage probe (Tektronix P6015A) and a current
probe (Agilent N2781A) connected to an oscilloscope
(Tektronix TDS5034B). Figure 2 shows the typical AC
waveforms of the voltage and current cycles of the electrical
discharge plasma reactor.
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Figure 2. Typical AC waveforms of voltage and current of the electrical
discharge plasma system used (N, gas flow = 0.1 L min"'; discharge
gap = 10 mm).

This reactor is also known as the dielectric barrier
discharge (DBD) plasma reactor, where the deionized water
used behaves as a dielectric barrier between the high voltage
electrode and the electrical contact point. The electrical
parameters applied to the reactor in all experiments were:
2.57kV, 27.7 mA and 59.2 W (RMS values). Although the
amount of energy used in the DBD reactor is very low, it
must be determined in order to predict the total cost of the
process for future industrial applications.

Procedure

All experiments were performed at the initial pH
(5.45) and conductivity (1.4 puS cm™) of the deionized
water (Figure 3). A volume of 95 mL of deionized water
was added to the plasma reactor and left to reach the
thermal equilibrium required for the experiments. The
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electrical discharge was then turned on for 15 min and
5 mL of 400.0 mg L' MB (C,;; =20.0 mg L") was added
to the 95 mL of water remaining in the reactor chamber.
The initial treatment time, t,, was considered to be the
time of the addition of 5 mL of MB; 1 mL aliquots were
collected periodically from the plasma reactor during the
treatment period (Figure 3). The amount of hydrogen
peroxide (H,O,) produced in the water by the plasma
reactor was determined using 100 mL of deionized water
and aliquots were collected periodically. All samples (MB
and H,0,) were kept in a water bath at room temperature
for a few minutes prior to the analysis to avoid undesired
temperature effects (e.g., variations of € with temperature).
The experimental values shown are the averages of three
separate experiments at each temperature, except for the
conductivity and pH measurements.
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Figure 3. pH and conductivity profiles for the electrical discharge plasma
treatment at 4 °C (squares) and 28 °C (triangles). MB was added after
15 min of discharge application in deionized water.

UV-Vis analysis

The MB concentration was determined according
to the Beer-Lambert law at the maximum absorbance
(A, = 664 nm) using a UV-Vis spectrophotometer (HP,
model 8452A) with a spectral range of 190 to 820 nm.

The decolorization percentage, D%, was determined
using equation 1:

_ Ay =AY

D% x 100 (D

0

where A and A, stand for the absorbance at treatment time
0 and t, respectively.

The MB decolorization rate constants were obtained
according to the zero- and first-order rate laws, which can
be expressed by equations 2 and 3, respectively, as follows:
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C =C, -kt )

In(C,/ C,) = kit 3)

where C, C;, k, and k,, are the concentration of MB for a
given reaction time, initial concentration, zero- (mol L' min™")
and first-order rate constant (min™), respectively.

In order to investigate the effect of solution temperature
on MB (20 mg L") decolorization in the absence of
discharge plasma, two control experiments were carried
out at4 and 47 °C, under the same experimental conditions
applied in the experiments with the discharge plasma on.
No changes in absorbance values were observed in 60 min
experiments at both temperatures, indicating that the MB
did not thermally decompose under the experimental
conditions used in this study in the absence of discharge.

The H,0, concentration was determined using the vanadate
method (equation 4) through comparison with appropriate
calibration curves."” The proposed method is based in the
reaction between the vanadate ion and the hydrogen peroxide
in acid medium leading to a red solution (A = 456 nm)

‘max

due the formation of the peroxovanadium (V) cation.
VO, +4H*+ H,0,— VO,* + 3H,0 4)
Bath solution temperature control

All experiments were carried out with a controlled
bath temperature regime in a thermostatized bath (20
to 100 = 0.1 °C, Microquimica, MQBTC 99-20, Brazil),
connected to the reactor by the outer water jacket. The
solution was added to the reactor vessel and the bath
temperature was adjusted. After the thermal equilibrium
was reached the discharge was turned on.

Activation energy determination

The dependence of the MB decolorization rate on the
temperature was studied at six different temperatures: 4,
11, 20, 28, 37, and 47 °C. The first-order rate constants
were estimated for every value and the Arrhenius equation
in the linearized form, equation 5, was used to estimate the
activation energy of the MB decolorization reaction in the
electrical discharge plasma reactor:

E
Ink,=InA - —* )
RT

where E, A, R and T stand for the activation energy (J mol™),
frequency factor (s!), gas constant (8.314 J K''mol!) and
absolute temperature (K), respectively.
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Statistical analysis

The ANOVA and Student-Newman-Keuls (SNK)
tests were used to compare the mean values at the 0.05
significance level. Greek letters in superscript were used

to indicate that two or more means were not statistically
different (SNK > 0.05).

Results and Discussion
Effect of temperature on the MB decolorization rate

Figure 4 shows the effect of the solution temperature on
the MB decolorization percentage against time.
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Figure 4. MB decolorization percentage at various temperatures, from 4
to 47 °C, in the electrical discharge plasma reactor (three replicates are
shown for each experiment).

As shown in Figure 4, the initial decolorization
percentage is enhanced on increasing the reactor solution
temperature from 4 to 28 °C and from 28 to 37 °C the
decolorization percentage remains almost constant.
However, when the temperature was increased up to 47 °C
the initial decolorization percentage decreased, showing a
negative effect of temperature.

Figure 5 exemplifies the zero- and the first-order
kinetics regions used to calculate the MB decolorization
rate constants according to equations 2 and 3. The MB
decolorization reaction occurs via a complex mechanism
where zero- and first-order processes takes place. At
the same temperature, in concentrated MB solution, a
zero-order rate law is observed and the decolorization
process is a function of the plasma treatment time. When
the dye solution becomes more diluted as a consequence
of the discharge plasma, a first-order mechanism is
observed and the process is governed by diffusion
phenomena.*
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Figure 5. Zero- and first-order kinetics regions in direct scale (A) and
logarithmic scale (B) according to the 790 nm UV-Vis band rising period
for each temperature. To exemplify, only one of the three replicates is
shown for each experiment.

As shown in Table 1, the zero-order rate constant (k)
increased with the increase in the solution temperature
from 4 to 37 °C. The same trend was observed for the
first-order decolorization rate constant (k,). However, on
further increasing the solution temperature from 37 to
47 °C, k, decreased to a value similar to that obtained at
28 °C (Table 1, SNK > 0.05).
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The UV-Vis spectra (Figure 6) showed that MB
absorption bands at A =292 and A = 664 nm were attenuated
during the plasma treatment. However, a new absorption
band was formed at A = 790 nm and the time required for
this band to reach the maximum absorbance was dependent
on the solution temperature (Figure 6).
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Figure 6. Temporal UV-Vis absorption spectra showing changes in MB
concentration in aqueous solution during the plasma treatment at 11 °C.

The reaction order of the MB decolorization kinetics
changed after this new band reached its maximum
absorbance, as shown by the fits in Figure 5. The time
required to reach the maximum absorbance value at
A =790 nm (Figure 6) will be referred to herein as the
‘rising period’ and is shown in Table 2. The rising period
may be related to the time required for an intermediate
compound absorbing at A = 790 nm to reach its maximum
concentration (zero-order mechanism) and after that
the MB decolorization mechanism changes (first-order
mechanism). After the maximum absorbance had been
reached, this band was also attenuated, which indicates
that the intermediate compounds absorbing at 790 nm
were degraded. The rate constants shown in Table 1 were
calculated considering the rising period in which a zero-
order rate constant was adjusted within this time interval

Table 1. MB decolorization rate constants at different solution temperatures

T/°C k,/(10° mol L' min™) 2 k, / min’! 2

4 1.512 +0.238 0.9889 + 0.00367 0.1166 + 0.0093 0.9948 + 0.00361
11 2.176 £ 0.097 0.9901 + 0.00157 0.1495 + 0.0050 0.9744 £ 0.01968
20 3.204 £ 0.251 0.9865 + 0.00489 0.1613“ + 0.0045 0.9918 £ 0.01112
28 4.961 £0.171 0.9925 + 0.00843 0.2047% £ 0.0117 0.9935 + 0.00553
37 7.693 +0.228 0.9850 + 0.02291 0.2295 + 0.0096 0.9958 + 0.0026
47 6.540 +0.223 0.9597 + 0.05832 0.2100P £ 0.0061 0.9916 + 0.00752

The results are presented as mean + standard deviation of three replicate experiments at each temperature. *Correlation coefficient of straight lines. ANOVA
test for k: (F=421.071; p = 0.000000). ANOVA test for k;: (F = 83.512; p = 0.00000). Tests o/ct and /B: the mean values are not significantly different

according to the SNK test (p > 0.05).
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(Figure 5A) and first-order rate constants were calculated
thereafter (Figure 5B). It should be noted that only 4, 3, and
4 points were used to estimate the zero-order rate constant
fits at 28, 37, and 47 °C, respectively (Figure 5, Table 2),
and thus, these constants provide only a rough indication
and may merely express some trend.

Table 2. The observed period in which the UV-Vis band at 790 nm achieves
its maximum value (‘rising period’) at different solution temperatures

Solution Temperature / °C Rising period (A =790 nm) / min

4 0-20
11 0-15
20 0-7
28 0-5
37 0-3
47 0-5

The MB decolorization via OH radical addition in
the MB rings has been previously reported by Oliveira
et al.* to occur in H,0,-Nb/Fe oxidation catalysis via a
heterogeneous Fenton mechanism in aqueous medium.
Using positive ion mode electron spray ionization mass
spectrometry (ESI-MS), the authors observed m/z signals
that are likely related to intermediates of MB oxidation,
suggesting that the structural ring was broken down as
a consequence of successive hydroxylation reactions.
Interestingly, a temporal evolution of the 790 nm band
can also be observed in the study by Oliveira et al.,” but
no assignment or comments were provided. An induction
period was reported suggesting that some degradation
intermediates play an important role in promoting the
Fenton reaction. Thus, the likely presence of similar
hydroxylated MB intermediates may account for the rising
period of the UV-Vis band at 790 nm in our study, during
the electrical discharge plasma treatment.

It should be noted that zero-order reactions were also
observed as a first kinetic step for concentrated solutions in
gliding discharge reactors.* In such systems, the electrodes
are positioned in the gas phase above the liquid surface and
the active species produced in the discharge plasma are
carried by the flux gas and bombard the target molecules
at the gas-liquid interface so that the organic molecule
concentration is a linear function of the exposure time to
the discharge. On the other hand, when the target solution
becomes more diluted a first-order reaction is observed and
the process is governed by diffusion phenomena.

In our study, when MB molecules are added in the
reactor chamber (15 min of discharge), the liquid medium
has already been modified by the presence of active species
previously generated by the discharge plasma. Thus, these
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species react with the added MB molecules resulting in a
wider time range in which the zero-order kinetics fit at low
solution temperatures compared with in higher solution
temperatures where the dye decolorization essentially
follows a first-order mechanism. The hypotheses is that
the reaction which leads to the formation of intermediates
is dependent on the bath solution temperature and thus
at low temperatures and more concentrated dye solution
the decolorization reaction is catalyzed by the discharge
plasma (e.g., UV radiation bombardment) at the gas-liquid
interface, and follows zero-order kinetics, being a function
of the time of exposure to the discharge. However, when
the temperature increases, the decolorization reaction
is governed by diffusion phenomena in the whole
concentration range. Thus, the role of the interfacial
reactions in the dye decolorization process are as important
as the bulk reactions, and all of the active species previously
generated by the discharge plasma may be able to react
resulting in a first-order mechanism. The decrease in the
790 nm band rising period when the solution temperature
increased is indicative that the formation and destruction
of hydroxylated intermediate compounds originating from
MB molecules takes place faster at higher temperatures.

Effect of temperature on the H,0, formation
Figure 7 shows the dependence of the H,0O, formation

on temperature in the electrical discharge plasma reactor
using deionized water.
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Figure 7. H,0, formation according to solution temperature during
electrical discharge plasma treatment (three replicates are shown for
each experiment).

It can be seen that the maximum H,O, formation
during the plasma treatment decreased when the bath
temperature was increased from 4 to 47 °C. Moreover, the
time required to reach the maximum H,O, concentration at
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each temperature decreased as the temperature increased.
The maximum concentration, 2.2 = 0.013 mmol L', was
observed at 4 °C after 40 min, and for 47 °C this value was
0.56 +£0.048 mmol L', after 7 min of discharge (Figure 7).

The general trend observed in Figure 7 is related
to formation-destruction processes of H,O, in the NTP
system. The product formation process has a temperature
independent rate which may be an indicative of plasma
controlled reaction. On the other hand, the destruction
process has a temperature dependent rate being dependent
on the solution temperature adjusted.

It should be noted that at all temperatures studied, the
H,O, concentration decreased with the treatment time after
its maximum value had been achieved. If the equilibrium
reaction between formation and decomposition of H,O,
had been attained, an asymptotic-like behavior would be
expected. However, the H,0, concentration decreased,
which may be related to side reactions involving H,0,
molecules and other species formed by means of the
discharge plasma.

In order to assess the effect of conductivity, acidity,
NO,~, and NO,™ species on the H,O, concentration
determined according to the vanadate method, six
control experiments were carried out with no exposure
to the discharge plasma at 47 °C: five were performed by
adjusting 100 mL of H,O, aqueous solution (7 mmol L) to
1.4 uS cm! (deionized water); 1060 uS cm™ (KCl addition);
2450 pS cm (K Cl addition); pH 2 (HCl addition); and pH 2
(HNO, addition); and one in the presence of 0.01 mol L
NaNO,. The H,0, concentration was then monitored for
60 min. No changes in H,O, concentration were observed
in these experiments, except in the case where NaNO,
solution was added, where no H,0O, could be detected,
even at zero minutes of experiment. This suggests that the
reaction between NO,™ and H,0, took place immediately
after NO, addition to form peroxonitrous acid (ONOOH),
also reported by Moussa et al.,>' who suggested that nitrous
and peroxonitrous acids are the main oxidizing species
involved in the temporal post discharge oxidation of methyl
orange dye by gliding arc discharge. The proposed ONOOH
formation reaction can be described by equation 6.

H* + NO, + H,0,—> ONOOH + H,0 (6)

This reaction is immediately followed by a fast ONOOH
isomerization reaction to produce NO,™ in solution.?!
Therefore, the NO,™ anion formation in the plasma reactor
and the reaction with H,0O, molecules to form peroxonitrous
acid in the system may explain the observed decrease
in H,O, concentration with the treatment time after the
maximum concentration had been achieved (Figure 7).
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However, the effect of the bath solution temperature on
the NO, produced by the discharge is not clear, and further
experiments need to be carried out to better understand
this issue.

General comments

The first step in the MB decolorization is the formation
of the chemically active species by means of the electrical
discharge plasma. The discharge promotes a local heating
in the water surface in contact with the plasma, promoting
the transfer of water molecules from the liquid to the vapour
phase.'>?> High energy electrons present in the discharge
plasma are able to break down the water vapour molecules
producing OH radicals in the gas phase® and also at the
plasma-water interface.' In addition, UV light generated
by the discharge plasma also enhances the water and H,O,
dissociation reaction in the gas phase and at the gas-liquid
interface and increase the formation of OH radicals.!>!¢
Besides no control experiments were perform in this
work in order to estimate the effects of UV radiation, it
is well established that discharges in and in contact with
liquids generate intense UV radiation.'>'¢ The effect of UV
radiation contribute to the decomposition of water vapor at
gas phase leading to OH radicals production and promoting
hydrogen generation in plasma chemical reactions. It was
also observed that UV light generated in the gas phase
above the water surface can penetrate into the water,
leading to OH radicals production directly at the gas/liquid
interface.”® Equations 8 and 11 presents some examples of
photo-chemical reactions which may be taking place in the
process, since N, feeding gas produces strong light emission
in the visible and UV spectral regions.

The species formed in the gas phase can subsequently
be transferred from the gas to the liquid phase via complex
mechanisms such as the electrohydrodynamic flow
phenomena (the so called “corona wind”’) which enhance
the transport at the gas-liquid interface, and thus different
reactions take place in the liquid medium.?® Equations
7 to 13 summarize the active species production and
the MB decolorization in the plasma reactor described
above. Equations 12 and 13 are based on results obtained
for the catalytic oxidation of MB dye.?® The successive
hydroxylation in the MB molecules results in the ring
opening, producing amines and organic acids in solution,
which can ultimately lead to complete mineralization.

HO+e—-H+OH+e @)
H,O + hv— H + OH (8)
OH + OH - H,0, ®)

H+H->H, (10)
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H,O, + hv — OH + OH (11
OH + MB — MB-OH + OH — MB-(OH), + OH

— MB-(OH), (12)
MB-(OH), — amines, organic acids, etc — ...

— CO,+H,0 (13)

Here, we have assumed that OH radicals (2.85V)
and H,0, (1.68 V) oxidants play major roles in the MB
decolorization process. However, it should be noted that
given the variety of oxidant species that may be formed
directly or indirectly by the discharge plasma, other species
may also contribute to the process. These include the
previously mentioned peroxonitrous acid (2.05 V), NO,
(1.05 V), HO, (1.70 V) and possibly, to a small extent,
different chlorine species formed from the CI~ anion present
as the counter ion of the MB molecules in the analytical
reagent which occurrence is only consider to a significant
extent at about pH 2 or below.

As shown in Figure 3, the ionic production in the
electrical discharge plasma reactor is dependent on the
temperature. It can be observed that both the pH and
conductivity changed considerably during the treatment
time at 4°C and 28 °C. In the first 15 min of discharge only
deionized water (pH,, = 5.45; ¥, = 1.4 uS cm™') was present
in the reactor, resulting in an accentuated decrease in the
pH value accompanied by an increase in the conductivity.
Changes in the pH and conductivity are due to the formation
of H,O" ions from the direct electron impact ionization of
water as shown by equations 14 and 15.5%

H,O+e — H,0"+ 2e" (14)
H,O + H,0* — OH + H,0* (15)

In addition, using N, as the feed gas in the electrical
discharge plasma reactor, another effective acid source
is attributed to the dissociation of nitrogen and oxygen
(dissolved O, and/or O radicals formed by direct electron
impact with water) into N and O radicals. This is followed
by recombination into nitrogen dioxide (NO,) which
dissolves in water and is transformed into HNO, and HNO,
species which alter the pH and conductivity of the solution
as shown by the following equations.>**%

N,+e —2N+e (16)
O,+e —>20+e¢e (17)
N +0 — NO (18)
NO + 0 - NO, (19)
3NO, + H,0 — 2H* + 2NO; + NO (20)
NO,, - N,0,., @1
N,0,, + H,0, — HNO,, + HNO,;, (22)
NO,, + NOy, = N,Os,, (23)
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N,0;,,+ H,0y, — 2HNO,,, 24)
3HNO,, — HNO,, +2NO,, + H,0,, (25)

Equations 16 to 18 relate to the primary species
generated by the discharge plasma. In the case of N, as the
feed gas, the source of oxygen for the production of nitrogen
oxides (equations 18 and 19) must come from the electron
impact of water molecules.>'* The combination of NO and
O species leads to nitrite formation (equation 19) which
subsequently gives rise to the production of nitrogen oxides
in the liquid phase. The NO,™ and NO;™ species appear as
the ions matching the protons generated by the chemical
reactions in the liquid phase during the plasma treatment.

After 15 min of discharge, MB was added to the
reactor chamber and similar pH and conductivity changes
were observed (Figure 3). Thus, the H,O* ion seems to
be the dominant conductivity source even in the presence
of MB molecules. An additional but lesser ion source
may be the breakdown of MB molecules after successive
hydroxylations? which produces organic acids in solution
and may contribute to the conductivity observed at higher
temperatures where MB decolorization is enhanced.

Hydrogen peroxide plays an important role in
advanced oxidation processes and many papers have
shown that H,O, originating from OH radicals produced
by electrical discharges could be involved in organic
molecule breakdown in the aqueous phase, since H,0, is
a strong oxidant.*"?® Du et al.,” using a gas-liquid gliding
arc reactor, reported that the higher H,O, concentration
was partly responsible for the higher degradation rate and
degradation kinetics constant observed for the dye acid
orange 7 when the feed gas was oxygen in comparison with
air, nitrogen or argon at the same temperature.

In our study, the highest H,O, concentration produced
at 4 °C using N, as the feed gas (Figure 7) did not result
in the highest dye decolorization rates (Table 1). This
may be explained by the diffusion effect of dye and H,0,
molecules in the liquid phase due to the viscosity of
water, since both parameters are temperature-dependent,
assuming that the H,O, formation in the presence of MB
molecules follows the same behavior observed using pure
deionized water only. The viscosity of water decreases
from 1.567x10° N m™ s at 4 °C to 0.6915x10* N m™ s
at 37 °C,*® resulting in an increase in the diffusion of the
reactant molecules. As the solution temperature increases,
the probability of effective collision between the H,O,
and dye molecules is favored, resulting in the highest
rate constants being observed at 37 °C. When the solution
temperature is over 37 °C, less H,O, molecules are formed
and also more species may be transferred from the liquid
to the gas phase by vaporization and/or may be thermally
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decomposed to H,O and O,, resulting in the lower rate
constant observed at 47 °C in comparison to 37 °C (Table 1,
SNK < 0.05). Thus, the temperature of 37 °C presented the
optimum temperature in terms of the parameters related to
the MB decolorization by the electrical discharge plasma
reactor in this study.

Finally, as pointed out by Locke et al.,' the reliability of
the analysis of the electrical discharge process considered
as a two-step process: the formation of reactive species
by fast physical-chemical processes and the subsequent
relatively slower chemical degradation reactions, remains
uncertain. However, the effect of solution temperature on
MB decolorization may be explained on the basis that the
plasma induces the formation of reactive species above the
water surface followed by classical chemical reactions in
the aqueous phase.

Activation energy results

The MB decolorization follows a first-order rate law in
more diluted dye solutions, equation 2, at all temperatures
studied. The correlation between the rate constant k
and temperature T (Table 1), the activation energy of a
reaction, can be determined using the Arrhenius equation
(equation 5).%

Figure 8 shows the plot of Ink, (s) against 1/T (K™)
in the temperature range of 4 to 37 °C. As increases in
temperature above 37 °C resulted in a negative effect of
temperature on the MB decolorization, the In k, value at
47 °C was not used in the Arrhenius plot.

T T T T T
5.50 4
5.75 4
=
A2 -6.004 J
£
r’=0.91991
-6.25 J
T T T T T T T T T
0.0032 0.0033 0.0034 0.0035 0.0036

T /K

Figure 8. Arrhenius plot of rate constant against temperature for MB
decolorization in the electrical discharge plasma reactor at temperatures
ranging from 4 °C to 37 °C.

From the slope in Figure 8, the activation energy,
E,, obtained in the electrical discharge plasma reactor
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was 13.09 kJ mol"'. Higher (60.7 kJ mol') and similar
(14.45 kJ mol™!) activation energy values can be found in
the literature for the photocatalytic/TiO, MB decolorization
within different temperature ranges.**3!

As stated by Ling et al.,** the photocatalytic oxidation
process does not require heating because it is initiated by
photonic activation, and thus the activation energy may
be close to zero. The authors concluded that the reported
values ranging from 5 to 20 kJ mol ! are very close to those
of a hydroxyl radical reaction and suggested that organic
compound decomposition through a photocatalytic reaction
might be controlled by the hydroxyl radical reaction.

Since the activation energy of a physical process is
lower than that of a chemical process such as a chemical
reaction,® the activation energy obtained in this study
reflects the effect of temperature on the radical/MB
decolorization reaction in solution, and might not compute
physical processes (e.g., shock waves, light emission)
derived from the high electric field.

We also performed the activation energy estimative
for H,O, destruction in the NTP reactor according to the
experimental data shown in Figure 7. By fitting with birth-
and-death kinetics for an intermediate,** the activation
energy for H,O, destruction in the NTP reactor according to
the Arrhenius equation was determined to be 9.30 kJ mol™!
in the temperature range from 4 to 47 °C.

Finally, it should be noted that the activation energy
obtained here may be reduced if the experimental
conditions applied are changed, e.g. gas atmosphere and
addition of homogeneous or heterogeneous catalyst.

Conclusions

To efficiently apply in situ non thermal plasma reactors
to wastewater treatment, the bath solution temperature
effects must be considered since wastewater temperatures
may vary given the wide range of climates around the world.

To demonstrate this, MB decolorization in an electrical
discharge plasma reactor was experimentally studied
varying the bath solution temperature within the range of 4
to 47 °C. The initial dye decolorization percentage increased
as the bath temperature increased except at 47 °C, for which
a decrease in the MB decolorization was observed. The
H,0, formation increased as the bath temperature decreased
and the maximum H,O, concentration was observed at 4 °C.

The effect of solution temperature on the MB
decolorization in the electrical discharge plasma reactor
may be controlled by the viscosity and diffusion coefficients
of the water and dye/H,0, molecules. It was found that
37 °C presented the optimum parameters related to the dye
decolorization in this study.
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The activation energy involved in the MB decolorization
reaction in the electrical discharge plasma reactor,
determined according to the Arrhenius equation, was
13.09 kJ mol™! within the temperature range of 4 to 37 °C.
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