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Abstract The degradation of methylparaben (MeP) in water
was investigated using a pulsed corona discharge generated in
oxygen, above the liquid. A comparison was made between
results obtained in semi-batch corona (SBC) configuration
(stationary solution, continuous gas flow) and results obtained
in a semi-batch corona with recirculation combined with
ozonation (SBCR+03), where the liquid is continuously cir-
culated between a solution reservoir and the plasma reactor
and the effluent gas containing ozone is bubbled through the
solution in the reservoir. It was found that MeP was complete-
ly degraded after 1015 min of treatment in both configura-
tions. Oxidation by ozone alone, in the absence of plasma, was
a slower process. The energy efficiency for MeP removal
(Ymep) and for mineralization (Ytoc) was significantly higher
in the SBCR+Oj3 configuration (Yyep=7.1 g/lkWh at 90 %
MeP removal and Y1oc=0.41 g/kWh at 50 % total organic
carbon (TOC) removal) than in the SBC configuration (Yyep=
0.6 g/kWh at 90 % MeP removal and Y1oc=0.11 g/kWh at
50 % TOC removal).
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Introduction

Parabens (R(CsH4(OH)COO), where R is an alkyl group) are
alkyl esters of p-hydroxybenzoic acid differing in the ester
group, which may be a methyl, ethyl, propyl, or butyl group.
They are very effective antimicrobial agents, with a broad
spectrum of activity (Soni et al. 2005), and are widely used
as preservatives in cosmetics and personal care products, food,
and pharmaceuticals (Soni et al. 2005; Boberg et al. 2010).
Although parabens have been considered safe and have been
employed for many decades, recent studies raise concern
about their use, since they indicate that parabens possess weak
estrogenic activity (Routledge et al. 1998; Soni et al. 2005).
Other studies report the presence of parabens in human breast
tumors (Darbre et al. 2004); therefore, an association was
suggested between cosmetics containing parabens and the
occurrence of breast cancer.

High amounts of parabens are continuously released into
wastewater (Gonzalez-Marino et al. 2011), and although
significant removal in sewage treatment plants is achieved,
the effluents still contain some parabens. Chlorinated
parabens have been detected as by-products formed in
reactions of parabens with chlorine in tap water (Canosa
et al. 2006; Terasaki et al. 2012), and it was found that they
are more stable and show higher acute toxicity than that of
the corresponding parent parabens (Terasaki et al. 2009).
The presence of parabens and their chlorinated derivatives
has been reported in influents and effluents of sewage
treatment plants and in river water (Kasprzyk-Hordern
et al. 2009; Terasaki et al. 2012).

Several advanced oxidation processes (AOPs) have been
recently investigated for the degradation of parabens, such as
photocatalysis (Lin et al. 2009, 2011; Lam et al. 2013; Fang
et al. 2013), ozonation (Tay et al. 2010; Hernandez-Leal et al.
2011), H,0,—UV oxidation (Bledzka et al. 2010), and electro-
chemical and photoelectrochemical oxidation (Steter et al.
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2014; Neumann-Spallart et al. 2013). AOPs rely on in situ
generation of highly reactive hydroxyl radicals by the addition
of other oxidizers (such as ozone or hydrogen peroxide) and/
or UV light and/or catalysts. Lin et al. (2009, 2011) investi-
gated TiO, photocatalytic degradation of methylparaben (ini-
tial concentration 10 mg/L) and benzylparaben and obtained
approximately 90 % degradation of the parabens after 120 min
of treatment under optimized experimental conditions (related
to pH, TiO, loading, light intensity, initial paraben concentra-
tion). However, mineralization was very slow, 80 % total
organic carbon (TOC) removal was achieved for
methylparaben (Lin et al. 2009) and 90 % for benzylparaben
(Lin et al. 2011) after 360 min of treatment. TiO, photocata-
lytic treatment of propylparaben (initial concentration,
~15 mg/L) was done by Fang et al. (2013), who obtained
complete degradation after 120 min and a significant reduc-
tion of TOC of ~75 % after 150 min of treatment. Lam et al.
(2013) studied the degradation of methylparaben (initial con-
centration, ~20 mg/L) with nanoscaled Bi,Oj3 particles coated
on ZnO nanorods. Under optimized conditions, a maximum
of 72.6 % degradation was achieved after 360 min (Lam et al.
2013). In ozonation experiments, complete removal of
methyl-, ethyl-, propyl-, and butylparaben (initial concentra-
tion, ~1 mg/L) was obtained after only 15 min of treatment
with an ozone dosing rate of 1.22 mgL ™' min' (Hernandez-
Leal et al. 2011). Bledzka et al. (2010) reported even faster
degradation of butylparaben (initial concentration, 14.5 mg/L)
in a H,O,/UV system: 90 % removal was obtained after
4.5 min of treatment. The authors found an initial linear
decrease of the TOC (almost 40 % TOC removal in the first
10 min), followed by a minor abatement, so that at the end of
the experiment (20 min) approximately 45 % of the initial
TOC was removed (Bledzka et al. 2010). The electrochemical
oxidation of methylparaben (initial concentration, 100 mg/L)
on a boron-doped diamond anode has been reported by Steter
et al. (2014) who achieved a mineralization degree of 92 %
after 300 min of treatment.

The generation of oxidizing species by non-thermal plasma
in liquids and at the gas—liquid interface has been demonstrat-
ed in numerous studies. Formation of hydroxyl radicals (OH)
by electrical discharges above liquid and their diffusion from
gas phase into the liquid have been evidenced (Kanazawa
et al. 2011; Marotta et al. 2011). Kanazawa et al. (2011) used
laser-induced fluorescence (LIF) to visualize OH radicals
formed by a pulsed corona discharge on the liquid surface
and found that the primary generation process of OH radicals
is closely related to the streamer propagation. Chemical probe
measurements provide evidence that a portion of OH radicals
diffuse from gas phase to the liquid surface and are dissolved
in the liquid (Kanazawa et al. 2011; Marotta et al. 2011). The
major reaction channels for the production and consumption
of OH in water containing plasmas are discussed in
Bruggeman and Schram (2010). The authors confirmed that

in almost all plasmas in the ionization phase with large elec-
tron temperature (7,>2 e¢V), OH is produced by electron
dissociation of water molecules. However, at lower electron
temperatures, dissociative electron—ion recombination and
even positive—negative ion recombination can have a major
contribution to the OH production, strongly depending on the
ionization degree. It was also mentioned that high densities of
radicals can have a positive impact on OH generation.

Ozone (Os) formation in non-thermal plasma in air or
oxygen is well-known, and ozone was also detected in elec-
trical discharges above liquid in concentrations of several
thousand parts per million (ppm) (Lukes et al. 2004, 2005).
Several authors compared the concentration of O3 in the gas
phase when the discharge was operated above pure water and
above the solution containing an organic compound, such as
phenol (Hoeben et al. 1999; Marotta et al. 2011) or the
pharmaceutical diclofenac (Dobrin et al. 2013). They found
that the O3 concentration was lower in the presence of the
organic pollutant, which clearly proves that a part of the ozone
transfers into the liquid and is directly involved in the degra-
dation of the organic compound.

Hydrogen peroxide (H,0,) is also formed in a wide range of
electrical discharges generated directly in liquids, over liquid
surfaces, in humid gas, water droplet sprays, and in aqueous
bubble systems. Experimental data on H,O, generation in such
plasma-liquid systems are summarized in a recent review
(Locke and Shih 2011). The energy efficiency for H,O, gener-
ation by plasma from water varies over a wide range, with the
highest yields found for water droplet spray, followed by water
vapor gas. The authors mentioned that plasma generation of
H,0, directly from water compares favorably with other
methods, such as electron beam, ultrasound, electrochemical
and photochemical methods, and other chemical processes.

All oxidizing species formed in the gas and liquid phase by
plasma contribute to the decomposition of organic contami-
nants in water in different proportions, depending on the
nature of organic compounds, experimental conditions, etc.
The degradation of various organic pollutants, such as phenols
(Hoeben et al. 2000; Lukes and Locke 2005; Marotta et al.
2011), organic dyes (Magureanu et al. 2008, 2013; Dojcinovic
et al. 2011), pharmaceutical compounds (Krause et al. 2009;
Gerrity et al. 2010; Magureanu et al. 2010, 2013), and pesti-
cides (Hijosa-Valsero et al. 2013; Manoj Kumar Reddy et al.
2014) using non-thermal plasma has been reported.

The present work investigates the degradation of
methylparaben (MeP, CH3(C¢H4(OH)COO)) by non-thermal
plasma generated in a pulsed corona discharge above liquid.
The degradation efficiency, mineralization degree, and energy
consumption were evaluated. The results obtained in a semi-
batch corona (SBC) configuration (stationary solution, gas
flow) were compared with those obtained in a semi-batch
corona with solution recirculation combined with ozonation
(SBCR+03).
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Experimental arrangement

The synthesis of methylparaben was carried out by
suspending 1 g of p-hydroxybenzoic acid in 10 mL of meth-
anol. Then, 1 mL concentrated sulfuric acid (~95 %) was
added drop-wise and the mixture heated at 70 °C for 2 h.
The reaction mixture was poured into cold water and the
resulting solution kept at 4 °C for several hours, when the
paraben precipitated as a white solid. The compound was
filtered off, washed with cold water, and dried, yielding
chromatographically pure paraben.

Two experimental configurations were used. The plasma
reactor was the same in both cases and is described in detail in
Dobrin et al. (2013). Briefly, two electrodes are attached to the
vessel containing the paraben solution: the ground electrode
(Al 122x48 mm) placed on the bottom of the vessel and the
high voltage electrode, which consists in an array of 15 wires
(Cu, 100 umx 36 mm, 6 mm distance between adjacent wires)
placed at 4 mm above the liquid. The reactor is closed and
oxygen is flown continuously with a rate of 300 mL/min, so
the electrical discharge is generated in the gas between the
wires and the solution surface. High voltage pulses of 18 kV
amplitude are used. The discharge voltage and current were
measured using probes (Tektronix P6015—voltage, Tektronix
TCP0150—current) and were monitored by a digital oscillo-
scope (Tektronix DPO 2024).

In the SBC configuration, the solution (55 mL) is station-
ary. In the SBCR+0O; configuration (shown in Fig. 1), the
paraben solution (330 mL) contained in a solution reservoir is
recirculated through the plasma reactor with a flow rate of
160 mL/min. The gas leaving the discharge reactor, which
contains ozone formed in the plasma, is bubbled through a
porous ceramic into the solution reservoir. Ozone treatment in
the absence of plasma was also tested in this set-up, keeping
all other experimental parameters the same as in SBCR+0Os.

The solution was prepared by dissolving methylparaben in
tap water. The obtained solutions had a conductivity of
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Fig. 1 Experimental set-up, SBCR+Oj5 configuration. For the SBC
configuration, the same plasma reactor was used, without solution recir-
culation and ozone bubbling
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250 puS/cm and a pH of 7. The initial MeP concentration
was 50 mg/L. This concentration is several orders of magni-
tude higher than that typically found in wastewater samples
(up to 80 ng/L (Loraine and Pettigrove 2006)). However, the
use of such high initial concentration is convenient for the
detection of reaction products and allows the evaluation of
degradation efficiency within a measurable time scale.

The MeP concentration was measured by high perfor-
mance liquid chromatography (HPLC) method. For the chro-
matographic analysis, a Varian ProStar apparatus equipped
with an UV detector (at A=255 nm) was employed. An
ODS-3 (250 x4.6 mm) column at 40 °C was used. The mobile
phase was a mixture of phosphate buffer solution (20 mM)/
acetonitrile, with a ratio of 60/40, flowing with 1.0 mL/min.
The degree of mineralization of MeP was followed by TOC
analysis. TOC was calculated by subtracting from the value of
the total carbon (TC) the value of the total inorganic carbon
(TIC). TC and TIC measurements were performed using an
analyzer based on carbon dioxide infrared absorption
(HiPerTOC Thermo Electron).

The concentration of ozone in the gas phase was measured
by an ozone detector (Ozomat MP, Anseros).

Results and discussion
Electrical characteristics of the discharge

Typical waveforms of the discharge voltage and current are
shown in Fig. 2 for the SBC configuration. The amplitude of
the voltage pulses was 18 kV in these experiments, the rise
rate was ~1 kV/ns, and the pulse frequency was 23 Hz. The
width of the voltage and current pulses was gradually reduced
with increasing operation time. The amplitude of the current
pulses increased considerably in time, from 223 A in the
beginning of the treatment to 335 A after 30 min of operation.
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Fig. 2 Typical waveforms of the discharge voltage and current for the
SBC configuration and their evolution as a function of treatment time
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It was found that this behavior is partly due to the rise in
electrical conductivity of the solution (up to 350 puS/cm after
30 min of plasma exposure) and partly due to the accumula-
tion of water vapor in the gas phase.

The energy per pulse (determined from the integration of
current—voltage product over the pulse duration) declined
slightly with treatment time due to the reduction of pulse
width, but remained in the range 1.1-1.2 J for the duration
of experiments. The average power dissipated in the discharge
(calculated by multiplying the energy per pulse by the fre-
quency) was 2627 W.

For the SBCR+05 set-up, the current and voltage pulses
are similar; however, the increasing trend of the current and
the decrease in pulse duration are less marked. Figure 3 illus-
trates the variation of the current amplitude and current pulse
width over the duration of experiments for both configurations
used in this work.

The current amplitude increased by less than 10 %
after 60 min of treatment in the SBCR+O; configura-
tion, while in the SBC set-up the current increased by
50 % after 30 min. The pulse width was reduced by
less than 10 %, from 345 to 315 ns, after 60 min of
treatment in the SBCR+Oj3 set-up.

Degradation of MeP

Figure 4 shows the concentration of MeP in solution as a
function of plasma treatment time for the SBC and SBCR+
O; configurations. Experiments were also performed in the
SBCR+0; set-up without plasma, using ozone from an ex-
ternal source. The ozone concentration and all other experi-
mental parameters (solution volume and flow rate, gas flow
rate, initial MeP concentration in solution) were the same as in
case of plasma treatment to ensure proper conditions for
comparison. MeP was rapidly degraded, after only 10—
15 min of plasma treatment the initial MeP was completely
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Fig. 3 Variation of the current amplitude and current pulse width as a
function of treatment time for the SBC and SBCR+0O5 configurations
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Fig. 4 Degradation of MeP in solution as a function of treatment time for
the SBC and SBCR+0j; configurations, and with ozone in the absence of
plasma

removed, while with ozone alone the time required for total
removal of MeP was 20 min.

MeP was decomposed slightly faster in the SBC configu-
ration than in the SBCR+O0j5 set-up, as seen in the insert in
Fig. 4. The degradation obeys first-order kinetics, and the rate
constant (determined from the line slope) was 0.559 min™' for
SBC and 0.425 min ! for SBCR+05. With ozone alone, in the
absence of plasma, the degradation was significantly slower;
the rate constant was in this case 0.280 min™'. The degradation
of MeP in SBCR+0; configuration can be regarded as the
combination of two processes: (i) the oxidation with ozone
alone and (ii) the degradation in plasma. The contribution of
both processes could be considered important in the MeP
degradation, since the rate constant for the ozonation process
is 0.280 min ', slightly more than half of the total rate constant
for degradation in SBCR+0O;. Since in this set-up, the solu-
tion is continuously recirculated between the reservoir and the
plasma reactor, the contact time between plasma and solution
is several times shorter than in the SBC configuration, which
leads to the somewhat slower degradation than in SBC.

In photocatalytic degradation of parabens, the pseudo first-
order kinetic constant varied in the range 0.0043-0.025 min ',
strongly depending on the oxygen concentration (Lin et al.
2011). A higher value was reported by Fang et al. (2013) for
low concentration of propylparaben in solution
(0.1962 min"). For the degradation of n-butylparaben in a
H,0,/UV system, a rate constant of 0.0984 min ' was found
(Bledzka et al. 2010). Steter et al. (2014) reported low values
of the pseudo first-order rate constant of the electrochemical
oxidation of methylparaben, varying in the range 1.86—3.59 %
10 min" as a function of applied current density. A com-
parison between these results and those obtained in the present
work suggest that plasma is a promising technique for the
degradation of parabens.

@ Springer
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Mineralization of MeP

The mineralization degree of MeP solution was determined by
TOC analysis. The evolution of TC, TIC, and TOC as a
function of treatment time is illustrated in Fig. 5.

The TC, TIC, and TOC decline with increasing treatment
time; however, the mineralization is much slower than MeP
degradation. A similar behavior was reported during 7n-
butylparaben degradation by H,0,—UV (Bledzka et al.
2010) and in case of benzylparaben and methylparaben TiO,
photocatalytic degradation (Lin et al. 2009, 2011). This result
was expected, since degradation is a gradual process, leading
first to the formation of organic intermediates and finally to
complete decomposition of the target compound to CO,.

In the SBC configuration, the TOC was reduced by 50 %
after 30 min of plasma exposure. A similar value was obtained
for the TC, while the TIC decreased in the first 10—15 min and
remained constant for longer time. In the SBCR+Oj5 set-up,
the mineralization was slower. After 30 min of treatment, the
TOC decreased only by 37 %, and by extending the duration
of experiments to 60 min, a TOC removal of 62 % was
obtained. With ozone treatment, TOC decreased by 32.7 %
after 60 min, about half of the TOC removal obtained in the
presence of plasma. This proves that the ozone contribution to
MeP degradation in the SBCR+O; set-up is considerable;
however, the other oxidizers generated in the plasma also play
an important role.

Solution pH may influence the stability of ozone in water;
therefore, the pH was measured during the experiments. A
steep pH decrease from 7.6 to 7.0 was observed in the first
10 min of treatment, followed by a slower increase, so that
after 60 min the pH reached the initial value of 7.6. This
variation is likely to be correlated to the formation of organic
acids resulting from MeP degradation and their further de-
composition. Since the experiments were performed in oxy-
gen, the formation of nitric acid is not expected. In addition,
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Fig.5 TC, TIC, and TOC removal as a function of treatment time for the
SBC and SBCR+0j5 configurations, and with ozone alone
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the bicarbonate salts present in tap water prevent the solution
pH from becoming acidic, as shown in (Marotta et al. 2012).
The small variation of solution pH is not likely to influence
significantly the decomposition of ozone in the aqueous
solution.

A few of the published works on paraben degradation by
various AOPs include also information on mineralization.
These reported data are listed in Table 1 together with the
results obtained in this work, although an accurate comparison
is difficult due to different solution characteristics and energy
input of the processes.

A fast initial decrease in TOC was found in Bledzka et al.
(2010), amounting to ~38 % after only 10 min H,O,+UV
treatment; however, an inhibition trend was observed for
longer treatment durations. TOC removal was followed
only up to 20 min, when it amounted to 45 % (Bledzka
et al. 2010). The mineralization observed in TiO, photocat-
alytic experiments (Lin et al. 2009, 2011) was considerably
slower than in the present work: during the first 60 min of
treatment, only 30-40 % of the initial TOC was eliminated.
Only after a very long treatment time (360 min), the min-
eralization degree was substantial, reaching 80-90 % (Lin
et al. 2009, 2011). However, Fang et al. (2013) indicated
that the estrogenic activity of degraded paraben solution
decreased rapidly below detection limits within 90 min of
treatment, as the TOC removal efficiency increased, sug-
gesting that the estrogenic activity of by-products formed
during photocatalytic degradation can be ignored.
Ecotoxicity studies showed that intermediate products of
paraben degradation, especially highly hydroxylated phe-
nolic compounds, possess high toxicity; therefore, treat-
ment time is an essential parameter for safe water treatment
(Fang et al. 2013). In electrochemical oxidation of
methylparaben, it was found that TOC removal increased
as a function of the current density (Steter et al. 2014). At
low current density, the process is ruled by charge transfer
and the removal is inefficient, while above a limit current,
where mass transport becomes dominant, significant im-
provement of removal was observed. Thus, for long treat-
ment times (300 min), the mineralization degree reached
92 % (Steter et al. 2014).

Efficiency of MeP degradation and mineralization

The energy efficiency for MeP degradation (Yyep) Was de-
fined as the amount of MeP degraded per unit of energy
consumed in the process. The energy efficiency for mineral-
ization of the MeP solution (Y1oc) was defined as the amount
of TOC removed per unit of energy consumed. The consumed
energy was calculated considering only the power input in the
electrical discharge. Yyep and Yroc are plotted in Fig. 6 as a
function of MeP and TOC removal, respectively, for the SBC
and SBCR+O05 configurations.
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Table 1 TOC removal during paraben degradation by various AOPs

Compound Degradation technique Concentration Solution Treatment TOC Reference

(mg/L) volume (mL) time (min) removal (%)
Methylparaben Corona plasma 50 55 30 50 This work
Methylparaben Corona plasma+ozonation 50 330 60 62 This work
n-Butylparaben H,O0,+UV 15.5 10 10 38 Bledzka et al. (2010)

20 45

Methylparaben TiO, photocatalysis 10 25 60 30 Lin et al. (2009)
Benzylparaben TiO, photocatalysis 10 25 60 40 Lin et al. (2011)
Propylparaben TiO, photocatalysis 15 150 150 75 Fang et al. (2013)
Methylparaben Electrochemical 100 400 120 47.08 Steter et al. (2014)

The energy efficiency for MeP degradation decreased with
increasing removal in both configurations. In the SBC set-up,
Ymep was 1.4 g/kWh (2.56 % 10°° mol/J) for 44 % MeP deg-
radation and declined to 0.6 g/kWh (1.1% 102 mol/J) for 90 %
removal. The efficiency obtained in the SBCR+Oj3 configu-
ration was more than one order of magnitude higher: 7.1 g/
kWh (12.96x10°° mol/J) for 90 % MeP removal. These
results clearly show that ozone bubbling and solution recircu-
lation had a beneficial effect, leading to a considerable rise in
efficiency.

The energy efficiency for TOC removal was also higher in
the SBCR+O; as compared to the SBC configuration. How-
ever, the increase in efficiency is not so marked as for Yyep. At
50 % TOC removal, Y1oc was 0.41 g/kWh in the SBCR+0;
and 0.11 g/lkWh in the SBC set-up.

These results suggest that ozonation is effective for MeP
degradation, which was also suggested by the experiments
performed with ozone alone, in the absence of plasma, but the
contribution to TOC removal is not as important. In order to
further verify this assumption, the ozone consumption was
investigated. The concentration of ozone in gas phase was
measured during the experiment, when the discharge was
operated above water and above the MeP solution. The
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Fig. 6 Energy efficiency for the degradation of MeP (Yyep) and for

mineralization (Ytoc) as a function of removal for the SBC and
SBCR+0j5 configurations

difference between these two values represents the ozone
consumed in reactions with MeP and its degradation products.
The concentration of O; formed in the plasma above water
was 3 g/m’. It was found that in the SBC configuration, very
little O3 was consumed due to inefficient diffusion in the
liquid. Ozone consumption was observed only in the first
minutes, amounting to 0.4 mg Os, while after 7 min of
treatment time, the concentration of O; was the same as for
the discharge above water. In the SBCR+05, a much larger
amount of 0zone was consumed than in the SBC experiments.
O; consumption was substantial in the first minutes of MeP
treatment, reaching 5.6 mg O; during 15 min of treatment. For
longer treatment, the ozone consumption declined, so that
after 20 min the decrease in concentration was only 0.2 g/m’
O; and this value remained constant up to 60 min. This
behavior can be correlated with the degradation of MeP, which
occurred fast and was completed after 10—15 min of treatment.
The degradation by-products appear to be molecules which
react with ozone to a smaller extent than the parent compound.
This evolution might be explained by the affinity of ozone to
nucleophilic substrates. Thus, the MeP molecule, which has
high electronic density, is more susceptible to the attack of
molecular ozone than the non-aromatic by-products formed
during the oxidation reaction (e.g. carboxylic acids). There-
fore, the temporal evolution of ozone consumption also sug-
gests that ozone bubbling through the solution significantly
enhances the degradation of MeP; however, its effect on TOC
removal is less significant. Other oxidizers formed in the
electrical discharge (most likely OH radicals) contribute to
mineralization to a greater extent than ozone.

Conclusions

Methylparaben in water was readily degraded using non-
thermal plasma in contact with liquid. Plasma treatment was
combined with ozonation with no additional costs, since
ozone is formed in plasma in high amounts. The SBCR+0;
configuration allowed the treatment of larger solution volumes
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with only little increase in treatment duration as compared to
the SBC set-up, most likely a consequence of shorter contact
time between the solution and the plasma due to solution
recirculation. The energy efficiency for MeP removal was
more than one order of magnitude higher in SBCR+0O; than
in SBC, reaching 7.1 g/kWh (12.96x 10~ mol/J) at 90 %
removal. Although ozone was effective for MeP degradation,
as proved by ozonation experiments in the absence of plasma,
it was found that its contribution to mineralization was less
important. Still, the energy efficiency for TOC removal was
also improved in the combined plasma—ozonation system.
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