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ABSTRACT

The theoretical and experimental studies of the simultaneous degradation of phenol and m-cresol in
an aqueous solution only using a non-thermal plasma of dielectric barrier discharge (DBD) in a gas—
liquid interaction are presented. A thin-falling-water-film reactor in tube-cylinder configuration was
used; the mixture of phenol and m-cresol in an aqueous solution was driven to a DBD reactor by a sub-
mersible pump from a reservoir. The non-thermal plasma was generated in Ar/O, gas mixtures on the
liquid surface. The intermediates were analyzed by solid-phase extraction and gas chromatography—
mass spectrometry. The highest degradation efficiency of 99% for both components was obtained by
supplying only O,. It was observed that phenol degradation preceded the m-cresol oxidation during
the first minutes of the process. The results are discussed with the logarithmic acid dissociation con-
stant pK and the structure of the compound. A proposed chemical kinetics model allows us to verify
that the removal of contaminants began with phenol followed by m-cresol.
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1. Introduction

Phenol and m-cresol are organic compounds widely used
in chemical, petrochemical, pharmaceutical and cosmetic
industry [1,2] and the residual derived from their exploita-
tion may be present in wastewater. They are considered as
priority pollutants in some countries such as United States
[3], Canada, and the European Union [4] because of its high
toxicity and low biodegradability [5-7], affecting the health
of living beings. It is known that chlorination process can
generate even more toxic and difficult compounds to remove
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by its reaction with residual chemical compounds during the
tertiary treatment of wastewater [8,9]. Therefore, as an effort
to promote a healthy environment, it is crucial to implement
efficient alternative technologies friendly to the environment.

The non-thermal plasma, also called cold plasma, is a
collection of electrons, ionized and excited species, and free
radicals that can react with contaminants contained in air,
in water and even in the soil to form less toxic species. The
non-thermal plasma can be generated mainly by electric
discharges such as dielectric barrier discharge (DBD)
and pulsed corona discharge. The reactor configuration
influences several physical characteristics of the electric
discharge which in turn promotes the generation of chemical
species in the function of the supplied gases mixture.
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These properties have a great influence on the effectiveness
of the plasma process.

The non-thermal plasma for wastewater treatment may
be generated (a) on the water surface, (b) inside the water
when both electrodes are immersed in the liquid and (c) bub-
bling reactive gas in the liquid [10]. Gas mixtures containing
oxygen are mainly used with the aim of generating *OH rad-
icals. The *OH radical is considered as the main oxidation
chemical species of contaminants because it is lesser selective
concerning other active species such as ozone (O,).

In the case of pollutants in water, the oxidation
mechanism is promoted by various phenomena generated
by the electric discharge, such as UV radiation, high local
temperature, intense shock wave propagating in the liquid
(as in the submerged electrodes device) and all cases mainly
due to chemical interactions with oxidizing molecular species
(H,O, and O,) and free radicals (*OH, *O and °H) [11,12].
These species have higher oxidation potentials than that of
commonly used chemicals in the wastewater treatment and
can be generated in advanced oxidation processes (AOP) [13].
It is necessary in several cases that the combined action with
chemical reagents to increase the removal efficiency of AOP
(e.g., HO, Fe*, TiO,, etc.), sometimes including additional
stages of cleaning or filtration of the effluent [14,15], in
addition to the mandatory use of another source of energy,
usually in the form of UV radiation.

Non-thermal plasma can be considered in the category of
AOP, with the advantage that the process is carried out in a
single stage and the generation of UV radiation, active species
and free radicals previously mentioned are generated in situ
and practically without the need of any complementary stage.
Several works have been developed to validate the effective-
ness of non-thermal plasma which has focused mainly on:
organic compounds [16], herbicides [17,18], pesticides [19],
dyes [10,20,21], pharmaceuticals and personal care products
[22]. Furthermore, there are some other works in the litera-
ture describing the treatment of synthetic aqueous solutions
by non-thermal plasma for the removal of multiple organic
pollutants, but all of them individually treated [23-26]. Until
now, few number of studies have been reported on the simul-
taneous degradation of contaminants in water, one of them
is based on direct ozonolysis [27] using an ozone contactor,
other on biodegradation [28] and another on a photocatalytic
process [29]. Wastewater coming from chemical industry may
be formed by a complex mixture of organic contaminants,
and any treatment becomes a challenge due to the different
chemical interactions that can take place between a mixture
of contaminants and by-products. It is essential to pay atten-
tion to selectivity, reactivity and chemical structure of the
compounds to be decomposed by the implemented degrada-
tion process for two or more pollutant compounds.

In this work, a simultaneous degradation of a mixture of
phenol and m-cresol in aqueous solution using a thin-falling-
water-film DBD reactor to generate non-thermal plasma on the
surface of the aqueous solution was carried out. The simulta-
neous phenol and m-cresol degradation due to the Ar/O, gases
mixture effect, treatment time and electric power consumed
was assessed. Previously, the degradation of phenol and
m-cresol in aqueous solutions was analyzed separately [30,31].
The intermediates of reaction were analyzed by solid-phase
extraction (SPE) and gas chromatography-mass spectrometry.

The results were discussed relating the acidity of each com-
pound and the reactivity of the functional groups present in
the aromatic ring. A simplified kinetic model for the liquid
phase using only reaction rate constants and species concentra-
tion to explain the obtained experimental results is proposed.

2. Methods and materials
2.1. Experimental device

The experimental device used in this work is shown in Fig. 1.
It is constituted by (a) a gas supply system for the treatment
reactor; (b) a power supply system able to generate an AC
amplitude voltage up to 25 kV at 1.5 kHz of frequency; where
the electrical characteristics were measured using a TDS2014
digital oscilloscope coupled to a high-voltage probe P6015A
1,000:1, both from Tektronics, Inc. (ORUSA) and, a1.0 V A cur-
rent transformer from Pearson Electronics, Inc. (Palo Alto, CA.
USA); (c) a thin-falling-water-film reactor of cylindrical struc-
ture consisting of a @_, 12.00 mm hollow stainless steel tube
working as the high-voltage polarized electrode; a grounded
electrode made of a fine copper mesh covering a @, 22.0 mm
quartz tube used as a dielectric material and, a 3.5 mm gas gap;
and (d) a gas chromatograph GC 6890N coupled to mass detec-
tor MSD 5973N (GC/MS), with an HP-5MS capillary column
with the purpose to analyze the collected liquid samples.

2.2. Methodology

A 500 mL of aqueous solution containing a mixture of the
two abovementioned organic compounds was prepared from
purified water, being the initial concentrations of phenol and
m-cresol, respectively, of ~5 x 10° mol L and 1 x 10 mol L.
All chemicals used in this experiment were of analytical grade
(phenol Fermont 99.0%, m-cresol J.T. Baker 99.9%, methanol
J.T. Baker 99.93%, acetone J.T. Baker 99.93%). Conductivity
and pH of all aqueous solutions were measured before
non-thermal plasma treatment using a pH/conductivity
meter Horiba D-54, the obtained average magnitudes were,
respectively, ~0.0264 S m™ and ~7.2. H O, concentration after
treatment was measured with Insta-TEST hydrogen perox-
ide test strips. Each aqueous solution was treated for 1 h in
the thin-falling-water-film reactor wherein a DBD non-ther-
mal plasma was generated in Ar/O, gas mixture, and water
film becomes the second dielectric. The aqueous solution was
pumped inside the hollow high-voltage electrode until reach-
ing its top and falling through the outer wall of the electrode
forming a thin film of aqueous solution. In this work, the deg-
radation of a mixture of organic compounds in aqueous solu-
tion was analyzed, considering the effect of four different gas
mixture compositions of Ar/O,, that were: (a) 100% Ar—0% O,,
(b) 90% Ar-10% O,, (c) 80% Ar-20% O, and (d) 0% Ar-100%
O,. In all cases, the supplied gas mixture flow to the plasma
reactor was kept constant at 1 L min™. For a selected gas mix-
ture three experiments were done, each at a constant power
during 1 h of treatment. The supplied electric power was
controlled by adjusting the voltage magnitude applied at a
constant frequency of 1.5 kHz. Liquid samples were collected
for every 5 min until a half-hour and then every 10 min until
an hour of treatment time and analyzed by GC/MS during the
non-thermal plasma treatment.
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Fig. 1. Experimental device.

It must be noted that degradation efficiency in percent-
age (%) of each organic compound was obtained from:

A -A
n=0_

x100% 1)

0

where 7 indicates the obtained efficiency in (%), A, is the
initial abundance of the contaminant and A, is the abundance
of the contaminant obtained at time ¢ during and after non-
thermal plasma treatment.

By-products identification was accomplished with tC18
cartridge SPE for GC-MS system. Hence, every treated aque-
ous solution was passed through a previous conditioned
cartridge with 6 mL of methanol ACS, a following two-step
elution phase was implemented beginning with 3 mL of
methanol and ending with 3 mL of acetone both ACS grade.
Then, the analysis was performed injecting a sample of 1 uL
of the obtained extract in the GC-MS system.

2.3. Theoretical model

The kinetic model is based on the equation of species con-
servation, in this work, it was only considered for the liquid
phase; this equation describes the concentration change of a
chemical species “i” at the time :

€ g
de

where C, is the molar density of species “i” and, S, represents
the molar balance for species “i” which is only function of

)

i
1

the species molar concentrations and the reaction rate coeffi-
cients k. These coefficients were consulted from the literature
[32-39]. The proposed model consisted of 67 chemical spe-
cies and 44 chemical reactions evolving in the liquid phase.
Rosenbrock’s method [40,41] was used for stiff ordinary dif-
ferential equations solver. It is important to note that Eq. (2)
is a zero-dimensional model and only represents a balance
of species in a time t, where the volume of the solution is
constant. Although this is a very simplified model, it allows
us, on the one hand, to have a knowledge of the interaction
of the parallel reactions, and, on the other hand, to anticipate
the reaction pathway of the target compounds as well as to
the intermediaries that are generated doing use of reaction
rate coefficients consulted from the literature.

3. Results and discussion
3.1. Experimental results

When an organic mixture of phenol and m-cresol is
simultaneously treated in the same aqueous solution by DBD
non-thermal plasma, normally a higher degradation effi-
ciency was obtained when greater the electric power and the
treatment time, as it is depicted in Fig. 2. For a gas mixture
composed only of argon (100% Ar-0% O,), the oxidation pro-
cess of the mixture of contaminants in aqueous solution was
carried out, although separately incorporated in aqueous
solution the compounds were oxidized as an organic mixture.
The removal efficiencies in the mixture for each compound
were up to 82% of phenol and 84% for m-cresol. Moreover, in
another series of experiments it was increased the percentage
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of oxygen, as a result, it can be observed from Fig. 3 that a
small amount of O, allowed increasing the oxidation appre-
ciably for each compound. In a first instance for 90% Ar-10%
O, gas mixture the additional electric power is consumed
for the dissociation and generation of other species from O,,
which results in an apparent decrease of elimination effi-
ciency (%). Also, the utilized power also generates heat that
can cause vaporization of the aqueous solution making the
plasma unstable in comparison with an argon plasma. That is
why a mixture under these conditions (Ar/O,) requires more
electric power to sustain a stable discharge, which exceeding
20 W begins to denote the beneficial effect of O,. Thus for the
case of a gas mixture of 90% Ar-10% O, and with a supplied
electric power of 23.3 W, the maximum attained degradation
efficiencies, respectively, for phenol and m-cresol were 86.5%
and 94.6%. As previously mentioned, a variety of oxidant
species such as ‘O, *OH, O, and H,O, are generated by the
plasma-liquid interaction and transferred to the aqueous
phase by diffusion.

Taking into account the obtained results from 100%
Ar-0% O, and 90% Ar-10% O,, it can be noticed that for 100%
Ar-0% O,, the argon allowed the generation of free radicals
and reactive species necessary for oxidation, presumably
*OH radical and H,O,, as it will be seen later (section 3.3),
mainly due to the formation of quinones in the residual solu-
tion. Also, for 100% Ar-0% O,, a generation of HO, up to
30 ppm was detected, as well as the increase in conductivity
of 0.0264 to 0.0463 S m™ and a decrease in pH, whereas ozone
(O,) was not detected in outlet gas. For gas mixture 90%
Ar-10% O, ozone (O,) was formed and detected in the gas
phase, and it can be diffused in the liquid phase to generate
*OH radical, the water molecules of the gas-liquid interface
also generate radicals *OH:

0,+H,0—-"OH+*OH +0O, 3)

0,+HO0—->H.0,+0O, 4)

‘0+H,0, — *OH +*OH )
100
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Fig. 2. Simultaneous degradation of (a) phenol and (b) m-cresol
by non-thermal plasma at 100% Ar-0% O, in the function of
treatment time and applied electric power.

Moreover, water molecules in the liquid phase move to
the gas-liquid interface, where some of them are transferred
to the gas phase by evaporation, later dissociated by electron
impact:

e+ HZO(E) —‘OH+° H+e (6)

The oxidation process of the mixture of pollutants is
thought to be carried out via the electrophilic addition of *OH
radicals to the aromatic ring. Some authors have observed
that when the gas mixture consists mostly of Ar, the respon-
sible species for the oxidation are *OH radicals which have a
high oxidizing potential and their reaction are non-selective
on organic compounds [42,43].

In Fig. 4, the results of the degradation efficiency of
phenol and m-cresol in the gas mixture 80% Ar-20% O, are
shown. It can be observed that the degradation efficiencies
rose up to 93.0% for phenol and 99.0% for m-cresol. These last
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Fig. 3. Simultaneous degradation of (a) phenol and (b) m-cresol
by non-thermal plasma at 90% Ar-10% O, in the function of
treatment time and applied electric power.
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Fig. 4. Simultaneous degradation of (a) phenol and (b) m-cresol
by non-thermal plasma at 80% Ar-20% O, in the function of
treatment time and applied electric power.
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values were higher than those previously obtained with the
others gas mixtures.

It should be pointed out that the initial concentration
of m-cresol was five times lower than that of phenol. This
difference may contribute to the fact that after 1 h of treatment
time the m-cresol degradation was higher than phenol
degradation, as it can be noticed comparing results from
Figs. 2-4. Moreover, it is observed in the same figures, that
phenol was degraded slightly faster during the first minutes
of treatment despite having a five times higher concentration
than m-cresol. Finally, after 1 h of treatment time, high
levels of phenol degradation comparable with those for
m-cresol were reached. Based on correlation reactivity-acid
dissociation constant pK and reactivity-chemical structure,
the results can be explained as follows:

® The reactivity of phenol and m-cresol can be estimated by
theacid dissociation constant pK . Ithasbeen observed that
compounds with low pK_ values are easily degraded by
oxidation. In this case, some pK values are given in Table
1 [44], others substituted phenols in Table 1 are taken only
as reference, wherein, the pK value of phenol is slightly
lower than that for m-cresol (pK, .. < PK,, o) For
the case studied in this work, tfus would mean that
phenol oxidation occurs before oxidation of m-cresol,
hence, the firsts generated by-products correspond to
those of phenol oxidation, which mainly are: catechol,
resorcinol and hydroquinone. Also, observing their pK,
values, these last compounds are more susceptible to be
degraded by oxidation than m-cresol. The effect of the
acid dissociation can be increased by the decrease of the
pH in the aqueous solution at the end of the experimental
procedure, besides the difference of concentration of
phenol and m-cresol used in this work. Other studies have
shown that it is necessary to take into account that the
other factors such as chemical structure and the constant
of reaction are important to clearly state the reactivity of

Table 1

Acid dissociation constant (pK,) of several compounds
Substituted phenol pK,
Catechol 9.34
Resorcinol 9.32
Hydroquinone 9.85
Phenol 9.99
o-cresol 10.29
m-cresol 10.09
p-cresol 10.26
2-Chlorophenol 8.56
3-Chlorophenol 9.12
4-Chlorophenol 9.41
2-Nitrophenol 7.23
3-Nitrophenol 8.36
4-Nitrophenol 7.15
2-Aminophenol 4.78
3-Aminophenol 4.37
4-Aminophenol 5.48

a substituted phenol especially the nature of substituent,
that is, nitrophenols are less reactive than phenol despite
the difference in their pK, [26,27].

e The chemical reactivity of the organic compound due to
the position of the substituent on the aromatic ring. For
substituted phenols these values are quantified by the
inductive and resonance effects given by the Hammett
constants (o), the 6, and o values are indicative of the
substituent behaves as an electron-donor or electron-ac-
ceptor substituent. Values o, and o, for non-substituted
phenol are considered as zero [26,45] (Table 2).

Due to the difference in electronegativities of oxygen (in
-OH substituent) and carbon (in -CH, substituent) on the aro-
matic ring, the stronger inductive effect is of the substituent
-OH. From Table 2, it can be noted that the absolute values
of o, and o, corresponding to the -OH group are greater
than those of the -CH, group. Particularly, the group -OH
is a weak deactivator in meta-position and electron-donor in
para-position, this last increases the electron density in the
aromatic ring and therefore its reactivity, contrary to the
-CH, group which is a weak activator in meta-position. From
other studies [46], it is known that ortho- and para-positions
are more reactive to oxidation attack, the first one, due to the
increase of the field effect and the second one, due to the res-
onance effect. In the meta-position the effects are balanced,
and m-cresol is less active than catechol and hydroquinone.

In the particular case of study in this work, it seems to
favor in a first instance the effect of pK . After 15 min of
non-thermal plasma treatment, the pollutants concentrations
have a certain influence over the global oxidation process.
Thus, as a result, the obtained final degradation efficiency for
m-cresol is higher in all cases than phenol removal, as it can
be seen in Figs. 2—4.

Fig. 5 shows the results when the gas mixture was only
constituted by O, (that was 0% Ar-100% O,), where efficien-
cies of up to 99.2% for phenol and 99.6% for m-cresol were
obtained. From the characteristic curve of these results, it can
be observed a similar removal behavior respect to preceding
experiments, the increase of the treatment time and supplied
electric power has a favorable effect on the efficiency of deg-
radation. It is also observed that in the first 10 min of treat-
ment, phenol degradation was higher than m-cresol removal.
Some authors have observed that catechol and hydroquinone
(secondary by-products of phenol oxidation) are highly reac-
tive with ozone by several orders of magnitude compared
with other chemical compounds (3.1 x 10° M s for cate-
chol and 1.5 x 10° M s for hydroquinone) [47], once these

Table 2
Hammett constants values for phenol and substituted phenol

Substituent G, o,

Phenol 0 0

—CH, -0.07 -0.17
-OH 0.12 -0.37
-Cl 0.37 0.23
-NO, 0.71 0.78
-NH -0.16 -0.66
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non-thermal plasma at 0% Ar-100% O, in the function of treatment
time and applied electric power. (c) and (d) Effect of O, in the gas
mixture Ar/O, on degradation efficiency for phenol and m-cresol.

compounds are generated in the solution affect the oxidation
of m-cresol. For the particular case of 0% Ar-100% O, val-
ues of 60 ppm H,0,, pH up to 3.0 and conductivities up to
~0.112 S m™ were measured. In Figs. 5(c) and (d), the effect
of increasing the O, ratio is observed, in the figure shown for
both phenol (c) and m-cresol (d), the tendency in gas mixture
efficiency is as follows: O, > Ar/O, > Ar. Considering that in
Ar/O, mixture, when the proportion of O, increased, the effi-
ciency of degradation of the considered organic mixture also
increased.

Unlike a typical ozonation process, the emission of UV
radiation from non-thermal also allows to accelerate the
decomposition of O, to generate [48]:

0, +hv - *O(1D) + O (a'Ag) @)
0, +hv - *OCP) + 0,(X°Zg) ®)

The species *O('D) is highly reactive and has a high
impact on the chemistry of the process in the presence of H,O:

*O('D) + H,0 — *OH + *OH )

The above process can provide free radicals ("OH) even at
low pH, contributing to the overall oxidation process.

When the composition of the gas mixture was only con-
stituted by oxygen, the degradation is mainly attributed to
ozone, which is generated in abundance during the electric
discharge in the gas phase (Fig. 6) and, then diffused in the
liquid phase. Ozone has two oxidation pathways: on the
one hand directly with the pollutant and, on the other hand
indirectly through its decomposition into the water form-
ing "OH radicals [42,49]. Ozone, being a particular species
attacks organic compounds with high electronic densities
and activated aromatic systems such as phenol. The degrada-
tion mechanism of organic compounds by a direct attack by
ozone is based on the rupture of the aromatic ring.
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As mentioned above, the oxygen present in the gas
phase promotes the generation of active species such as ‘O
and O,, which are directly related to the formation of radi-
cals *OH, therefore, to the degradation of pollutants. Fig. 6
shows the generation of ozone as a function of the gas mix-
ture and the applied electric power, for two different cases,
when there was only a gas phase and when there was an
aqueous solution circulating on the surface of the electrode.
From the outcomes, it was observed the higher the oxygen
concentration, the higher the ozone generation. The decrease
of O, at the gas output when there is flowing aqueous solu-
tion in comparison when there is not an aqueous solution is
shown in Figs. 6(a)—(c). This dissimilarity can be explained
as follows: (a) the diffused O, into the water promotes the
generation of reactive species (H,0,) and free radicals (*OH)
and (b) O, was consumed from direct oxidation process and
cleavage of the aromatic ring. It was also observed that when
Ar relation was increased in the gas mixture, the produc-
tion of O, decreased. This could be mainly due to the energy
distribution between Ar and O,, which causes that some O,
excitation—dissociation processes are not carried out at the
same efficiency as when only O, is present in the gas mix-
ture. When the gas mixture was composed only of Ar gas,
O, was not detected.

Fig. 7 summarized degradation efficiency obtained by
the simultaneous oxidation of phenol and m-cresol at 20,
40 and 60 min of non-thermal plasma treatment. For each
gas mixture and in all cases, it was tried to apply an elec-
tric power magnitude within a difference range about 1 W,
except for the case of 100% O, where the minimal consumed
power to generate plasma was 22.8 W. Even though, this case
was also compared with the other three cases, maintaining in
mind that the different consumed power values were slightly
lower but very close to each other.

To validate the use of the applied energy, the factor G,
commonly used to evaluate the removal efficiency concern-
ing energy, was estimated, which is a good parameter to eval-
uate the results of this work. The factor G (mol J), defined in
Hoeben et al. [50], is the amount of matter removed per unit
of supplied input energy and is represented by:

G:x-Cu-Vol (10)
E-f-tm
Table 3

G factor evaluation of removal efficiency for phenol
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where x is considered equal to 0.5 for a 50% removal, tm
is the time required for a 50% removal in s, C, is the initial
concentration in mol L™, Vol is the volume of the aqueous
solution in L, E is the supplied input energy in J and f is the
frequency of the supplied voltage waveform in Hz.

Table 3 shows the results of some other techniques com-
pared with the one proposed in this work on the elimination
efficiency for phenol; likewise, Table 4 shows the results on
the obtained elimination efficiencies for m-cresol.

3.2. Theoretical degradation

Fig. 8 shows the obtained results using Eq. (2), for the ini-
tial concentrations: 5 x 10~ mol L™ phenol and 1 x 10~ mol L
m-cresol, where the theoretical degradation and the inter-
mediates generated during the oxidation of both pollutants
are observed. There are shown just as phenolic species. It is
important to note that the theoretical model was performed
only in liquid phase.

The mechanism begins in the gas phase where the first
free radicals (*O, *OH and "H) and reactive species such as
O, are formed by the effect of the non-thermal plasma in the
gas mixture Ar/O, and in the H,O diffused in the gas phase.

80 |- J sk |

=

S
T
1

60 - -

'S

)
T
1

40 | 4

Degradation efficiency [%]

%)
S
1

20 —

60 min

20 min 40 min 20 min 40 min

[ 100 ar-0% 0, 50w [ 80% Ar-20% 0, 182 W
[ 00% Ar-10% 0, 193w [ 0% Ar- 100% 0, 228 W

60 min

Fig. 7. Comparison of the efficiency obtained from the simultane-
ous oxidation of (a) phenol and (b) m-cresol.

Technique Pulsed Pulsed Pulsed Hybrid AC DBD in DBD in DBD in DBD in
corona coronain  coronain  gas/liquid discharge gasAr/O, gasAr/O, gasAr/O, gasAr/O,
in air on argonon  oxygenon discharge ingason  (100-0)on (90-10)on (80-20) on  (0-100) on
water water water water water water water water

C, (mol L) 1.0E-3 1.0E-3 1.0E-3 1.0E-3 5E+4 5.0E-3 5.0E-3 5.0E-3 5.0E-3

Vol (L) 0.100 0.100 0.454 0.550 0.070 0.500 0.500 0.500 0.500

E()) 5.8E-3 0.0106 1.07 1.06 0.038 0.012 0.012 0.012 0.015

f(Hz) 100 100 60 60 50 1,500 1,500 1,500 1,500

t,, (min) 82 45 9 14 41 24 19 14 4

G, (mol J™) 1.75E-8 1.72E-8 6.55E-9 5.15E-9 3.7E-9 4.8E-8 5.68E-8 8.1E-8 2.2E-7

Reference [50] [50] [51] [52] [53] This work  This work This work This work
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Table 4
G factor evaluation of removal efficiency for m-cresol in this work
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Technique DBD in gas DBD in gas DBD in gas DBD in gas
Ar/O, (100-0) Ar/O, (90-10) Ar/O, (80-20) Ar/O, (0-100)
C, (mol L™) 1.0E-3 1.0E-3 1.0E-3 1.0E-3
Vol (L) 0.500 0.500 0.500 0.500
E()) 0.012 0.012 0.012 0.015
f(Hz) 1,500 1,500 1,500 1,500
t,, (min) 29 19 16 9
G, (mol/]) 7.9E-9 1.2E-8 1.4E-8 2.0E-8
10” grery The free radicals formed in the aqueous solution and
the reactive species will react with the organic compounds
[47,54,55]:
10°
pheOH + *OH — products k=18 x10"M"s™ (20)
=
ER pheOH + O, - products k=10x1°M's'  (21)
§ 55 L m-cresol + *OH — products k=14x10"M"s! (22)
5 m-cresol + O, — products k=6.1x10*M"s? (23)
10°
Taking into consideration Fig. 8, it is seen that phenol (1)
began to oxidize before (t ~ 10 s) that m-cresol (10), thereby
107 basud

Time [s]

Fig. 8. Main formed species: (1) phenol (5 x 107 mol L7), (2)
0-C.H,(OH),, (3) m-CH,(OH),, (4) p-C,H,(OH),, (5) catechol,
(6) resorcinol, (7) hydroquinone, (8) p-benzoquinone, (9) o-ben-
zoquinone, (10) m-cresol (1 x 10° mol L7), (11) (3Z)-3-meth-
yl-2,5-dioxohex-3-enedioic acid, (12) 2-methylbenzene-1,4-diol
and (13) 2-methylcyclohexa-2,5-diene-1,4-dione.

These chemical species are dissolved in the liquid phase by
mass transfer processes, where they can generate other reac-
tive species such as H,O, and other free radicals such as *OH
and HO,". In addition to a direct effect of O, on the organic
pollutants under consideration and the effect of UV emission
generated by the plasma.

0,+H,0—"OH+ "OH +0O, (11)
0,+H,0—-H0,+0, (12)
‘H+0+°0 - HO, (13)
*‘0O+HO, - O, +*OH (14)
H,O+H,0—->H0,+H, (15)
HO,+H,0, - *OH+0O,+H,0 (16)
H,O0—*OH +H (17)
H,0, - *OH + *OH (18)
H+O,—» "OH+0O, 19)

the first by-products generated were from phenol oxida-
tion (6), (7) and (8). They presented generation rates slightly
higher in relation to m-cresol (1.4 x 10" M s7!), mainly due to
the reactivity of phenol with *OH radicals (1.8 x 10 M s).
These generated intermediates (6), (7) and (8) are also
highly reactive toward "OH radicals (1.1 x 10, 1.2 x 10,
9.80 x 10° M s, respectively) [54]. It is observed in Fig. 8
that 2-methylbenzene-1,4-diol (12) was the first generated
by-product from m-cresol. Finally, m-cresol was completely
oxidized after a time t ~ 3.5 x 10* s while phenol needed a
larger period of time t ~ 7 x 10° s. In Fig. 8, m-cresol has a
higher degradation with regard to phenol, even when this
had been the first compound to begin oxidation process.
These theoretical results are in agreement largely with that
observed experimentally from the perspective of the behav-
ior of degradation, as shown in Figs. 2-5, phenol begin to oxi-
dize faster than m-cresol. Nevertheless, this last had higher
elimination efficiency.

3.3. Studies of species generated from oxidation

Fig. 9 shows the chromatograms obtained by GC-MS of
phenol and m-cresol oxidation in a mixture considering the
four different gas mixture compositions studied in this work.
The results are presented separated in two different retention
time segments, where (a) and (b) correspond to the analysis
just after treatment while (c) and (d) were obtained from the
analysis performed a few hours later. Figs. 9(a) and (b) show
the generation of intermediate by-products such as catechol
and hydroquinone, produced by the hydroxylation of phe-
nol and 2-methylbenzene-1,4-diol, 3-methylbenzene-1,2-diol,
4-methylbenzene-1,2-diol and 5-methylbenzene-1,3-diol by
the oxidation of m-cresol. All these mentioned species can
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Fig. 9. GC/MS chromatograms by-products of phenol and m-cresol organic mixture oxidation (a) and (b) after treatment; (c) and

(d) 5 h after treatment.

subsequently be oxidized to carboxylic acids to terminate
with the mineralization of the contaminants as depicted on
the mechanism of Fig. 10. The corresponding numbers for
each peak in the chromatogram are indicated in Table 5.
Other double-ringed chemical species type biphenyls or phe-
noxy group as substituent were also identified, which gener-
ation become possible due to the composition of the aqueous
solution. Some of these species have been reported by other
authors when using advanced oxidation methods and UV
radiation [56]. Moreover, low molecular weight carboxylic
acids were also detected in the aqueous phase, but their sep-
aration by GC-MS is more complex due to their high polarity
and solubility in water.

In Figs. 9(a) and (b), it is observed that the effect of
the composition of the gas mixture on the generation of the
by-products of the organic mixture oxidation, as seen in the
figure the abundance of certain molecules decreased (reten-
tion time interval around 7-10 min) when the proportion of
O, in gas mixture was increased around the same power sup-
plied. It is also observed that some species were not detected
when only O, gas was applied in comparison when Ar/O,
gas mixtures were used, indicating that they were not gen-
erated or promptly oxidized to smaller species as shown in
Fig. 10 mechanism. 5 h later the treated samples were ana-
lyzed (Figs. 9(c) and (d)), which showed that the by-products
were practically removed, as can be seen when only O, was

supplied. Also, gas samples were continuously collected at
the gas outlet (Fig. 1) where CO, was detected qualitatively
by GC/MS. Moreover, considering the acidity of the sample
(low pH), degradation after plasma treatment was attributed
to residual ozone in the aqueous solution. For the cases with
a high content of Ar in the gas mixture, intermediates 1, 2, 4
and 6, see Table 5, were very recalcitrant by-product to oxi-
dation by H,O, residual. Other studies [23] have shown that
even until 24 h after treatment, residual ozone can stay dis-
solved in aqueous solution contributing to the degradation of
remaining low molecular weight organic compounds.

4. Conclusions

The thin-falling-water-film reactor using non-thermal
plasma was successfully able to oxidize and remove the mix-
ture of organic pollutants such as phenol and m-cresol in a
same aqueous solution. It can be considered that the four
types of gas mixture used in this study were highly efficient
for the simultaneous removal of both organic compounds;
highlighting that when supplying only O, the best elimi-
nation efficiencies of up to 99.2% for phenol and 99.6% for
m-cresol were achieved. Also, when only O, was supplied
a minor formation of intermediates was detected. In the
first minutes of treatment, initially phenol was started to be
degraded, generating by-products of its oxidation, all of them
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Fig. 10. Mechanism of oxidation of phenol and m-cresol.

have a lower acid dissociation constant (pK ) than m-cresol  by-products instead m-cresol. After 1 h of treatment, it was
hence they are oxidized faster. In addition to the difference  obtained a greater efficiency of degradation of m-cresol than
in the reactivity of ortho-, meta- and para-substituents gen-  that of phenol; this could be attributed to the concentration
erated in relation to the groups -OH (on phenol) and -CH,  difference effect of phenol and m-cresol, which in certain
(on m-cresol), which promote the oxidation of phenol and its  time, when their magnitudes are comparables, the m-cresol
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Table 5
Oxidation by-products of phenol and m-cresol organic mixture

No  Compound Structure No Compound Structure
1 Benzene-1,2-diol OH 2 3-Methylben- OH

(catechol) zene-1,2-diol ‘

OH oH
[
//

3 Benzene-1,4-diol OH 4 4-Methylben- OH

(hydroquinone) zene-1,2-diol

HO
CHj
OH

5 3-Hydroxybenzalde- [ 6 2-Methylben- OH

hyde //// zene-1,4-diol

s
| o
-_f_,-f‘
OH OH

7 5-Methylben- OH 8  2-Phenoxyphenol OH

zene-1,3-diol

O
HO CH, i
9 Biphenyl-2,2'-diol 10 4-Phenoxyphenol B
OH ~ o
OH O

11 Biphenyl-4,4'-diol

HO

oxidation is more efficient than phenol oxidation. The experi-
mental results were qualitatively validated from the simulat-
ing outcomes from the proposed simplified chemical kinetics
model. This model fully allowed to validate in a descriptive
way that phenol oxidation begins earlier than that of m-cresol,

nevertheless, after a certain period of time is evident that
m-cresol oxidation becomes more efficient than phenol oxida-
tion, this can be attributed to concentration effect and slightly
larger reaction rate coefficient with regard to phenol, which is
in agreement with the realized experimentation.
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Symbols

A, —  Initial abundance of the contaminant

A, —  Abundance of the contaminant obtained at time ¢

C, —  Initial concentration of the contaminant

E —  Supplied energy to DBD reactor

f —  Frequency of the supplied AC voltage waveform

G —  Amount of matter removed per unit of supplied
input energy

i —  Chemical species

k —  Reaction rate coefficient

n, —  The density of “i” species

pK, —  Acid dissociation constant

S, —  The mass balance of “i” species

t — Time

tm —  Time required to get 50% of contaminant removal

Vol —  Volume of the aqueous solution

x — A constant representing 50% of contaminant
removal

n —  Degradation efficiency

G, —  Hammett meta-substituent constant

o, —  Hammett para-substituent constant

g, —  External diameter

Superscript

‘i —  Denotes a radical of the “i” species
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