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Abstract: Naproxen is a widely used non-steroidal anti-inflammatory drug poorly metabolized in
the human body, thus resulting in its presence in domestic wastewaters. It is resistant to conven-
tional wastewater treatment, making new methods necessary. Pulsed corona discharge, an ener-
gy-efficient advanced oxidation process, was experimentally studied for the oxidation of naproxen
in various operation conditions, showing high energy efficiencies in a wide span of pH levels,
concentrations, and pulse repetition frequencies. Surfactants present in treated solutions appeared
to enhance the degradation rate. The research results contribute to the knowledge of the method’s
chemistry and technology, supporting its full-scale implementation.
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1. Introduction

The rapid development and consumption of new medicines results in their ap-
pearance in the environment, affecting natural conditions. Non-steroidal an-
ti-inflammatory drugs (NSAIDs), known as painkillers alleviating fever and inflamma-
tory processes, represent a wide class of massively used medicines. An example of a
non-selective NSAID is naproxen (NPX), a drug used to relieve pain, tenderness, swell-
ing, and fever [1] (Figure 1).
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Figure 1. Molecular structure of naproxen.

Since its first application in 1976, it has been released into the environment due to its
wide use and poor metabolism in the human body [2]. Up to 72% of excreted NPX is
present in either original or conjugated form [3]. In the human body, NPX is metabolized
into two key products: into 6-O-desmethylnaproxen (DMN) by O-dealkylation and into
NPX acyl glucuronide by acyl glucuronidation. The latter metabolite has not been de-
tected neither in human nor rat urine-excreted NPX [4]. The concentrations of NPX in the
wastewater treatment plant effluent ranged from 25 ng L to 33.9 ug L-1[5]; the major
metabolite DMN was quantified at concentrations up to 0.56 pig L-1 [6]. Naproxen was
detected in the surface water, groundwater, and eventually in drinking water as well [7].
Concentration of NPX detected in fish bile can be up to 1000 times higher than the con-

Water 2022, 14, 3327. https://doi.org/10.3390/w14203327

www.mdpi.com/journal/water



Water 2022, 14, 3327

2 of 10

centration detected in the lake the fish live in [8]. In case of aquatic organisms, NPX can
affect mRNA expression [9]. In humans, NPX can cause gastrointestinal damage by its
non-selective inhibition of cyclooxygenase enzymes, resulting in inflammation and ul-
ceration, and renal system can be affected as well [9,10].

Conventional wastewater processing at treatment plants are able to reduce the NPX
content from its almost complete removal to only a 40% degradation level, with the rest
ending up in a water recipient [11]. A group of potentially applicable technologies might
be advanced oxidation processes (AOPs), the methods where organic compounds,
mostly non-biodegradable refractory ones, are being oxidized. The history of AOPs starts
in the 1980s when widely defined in 1987 by Glaze et al. [12]. First, they were proposed
for drinking water treatment; later, they started to be used for wastewater treatment as
well [13]. Hydridooxygen (trivial name “hydroxyl’) radicals [14] provide the advanced
character of AOPs and present the distinctive feature of AOPs: HOe radicals are the most
powerful non-selective oxidants in water treatment at ambient conditions. Short-living
hydridooxygen radicals react with organic compounds as electrophiles, adding to C=C
bonds or abstract H from C-H bonds [13].

A representative of AOPs that is potentially applicable for a broad scale of com-
pounds is pulsed corona discharge (PCD), with its high energy efficiency [15-17]. Pulsed
corona discharge reactors provide the contact between the gas-phase plasma and treated
water showering in droplets, films, and jets through the discharge zone between
high-voltage and grounded electrodes [17]. Among other factors, hydrophobicity deter-
mines the position of the pollutant molecules towards the gas-liquid interface [16]. The
gas-liquid contact surface area is crucial for PCD oxidation, resulting from the fact that
HOe radicals are formed at the interface [18,19]. Therefore, the oxidation rate may be
enhanced if a surfactant, e.g., sodium dodecyl sulphate (SDS), is present and transports
the target pollutant molecule to the interface, which depends on the molecular structure
of a pollutant [20].

In this study, aqueous NPX was oxidized using PCD in variable treatment condi-
tions: pH, initial concentration of the NPX solution, pulse repetition frequency, and ad-
dition of SDS. The comparison was based on energy efficiencies and the oxidation end
products were identified.

2. Materials and Methods

Naproxen > 98% was purchased from Sigma-Aldrich (USA) and SDS from Lach-Ner,
s.1.0. (Czech Republic). All chemicals were of analytical grade used without further pu-
rification. All solutions were prepared using bidistilled water with the resistance ex-
ceeding 18.2 MQ cm™.

The aqueous NPX solution was prepared using NPX powder, bidistilled water, and
ten drops of 1-M NaOH per 1.0 L for a better solubility of the compound. Analogously,
an SDS solution of various concentrations (100 and 200 mg L-') was prepared.

The pulsed corona discharge device used for the experiments consisted of four main
parts—a PCD reactor with an electrode system and perforated plate for water distribu-
tion, a storage tank of 40 L, a pulse generator, and a water circulation pump (Figure 2).
The reactor contains two vertical parallel plates with horizontally placed string electrodes
of 20 m of total length and 0.55 mm in diameter in between. The wire electrodes and
grounded plates are distanced 18 mm from each other, so that the horizontal size of the
plasma zone measured 36 x 500 mm. The flow rate of the treated solution was 15.8 L
min~ when pumped from the storage tank to the PCD reactor. The experimental solution
was dispersed using a perforated plate with 51 perforations of the diameter 1.0 mm. The
pulse generator provides high-voltage pulses at frequencies from 50 to 880 pps with re-
spective output power of 9.0 to 123.3 W. The pH of the experimental solution was ad-
justed at the starting point of the treatment using 5 M aqueous solutions of NaOH or
H2S0s.
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The pulse generator was switched on for a required time interval, providing a pre-
determined energy dose delivered to the reactor. The pulse generator was switched off
and the NPX solution was mixed in the reactor for three minutes before sampling. The
total treatment time varied according to the experiment parameters comprising either 60
or 90 min. All experiments were duplicated with the result deviations fitting into a 5%
confidence interval.

Water circulation

v 1

Perforated plate
R, | Air outlet
I —
Pulsed corona reactor
Grounded electrode
High voltage electrode
Air
Pulse compressor

generator ﬁ:’l_l_ /
{ Air inlet
Pump (: )

Figure 2. PCD experimental device outline.

Storage tank

The energy efficiency of aqueous NPX oxidation E, g kW-h!, was calculated for 90%
degradation using Equation (1):
Ac-V
E= )
At - P
where Ac is the decrease in NPX concentration, g L™; V is volume of the treated solution,
L; At is time for 90% degradation of NPX, h; P is output power of pulse generator, kW.
Samples were analyzed for NPX content by means of high performance liquid
chromatography (HPLC), Shimadzu (Japan), equipped with a Phenomenex Gemini
column (150%2.0 mm, 1.7 mm) filled with a stationary phase NX-C18 (110 A5 pum). An
isocratic method was used. A mobile phase was composed of 60% of eluate A (water
containing 0.3% of formic acid, flow rate 0.1200 mL min) and 40% of eluate B (acetoni-
trile containing 0.3% of formic acid, flow rate 0.0800 mL min™). Total flow rate was 0.2
mL min, injection volume was 100 pL, and oven temperature was 40 °C. The
UV-detector GENESYS™ 10S UV-Vis Spectrophotometer by Thermo Scientific™ (USA)
was used at the wavelength of 232 nm. The limits of quantification and detection com-
prised 0.5 and 0.05 mg L, respectively. pH was measured using a SevenCompact pH
meter 5220 by Mettler-Toledo Vietham LLC (Vietnam). Total organic carbon was meas-
ured using a multi N/C 3100 TOC analyzer by Analytik Jena GmbH (Germany). Ion
chromatography was performed in quantification of end-product anions with chemical
suppression of the eluent conductivity, using 761 Compact IC by Metrohm (Switzerland).
The device was equipped with METROSEP A Supp 5 column (150 mm x 4.0 mm). The
sample injection volume was 20 pL. Separation of ions was attained using an eluent
mixture of 3.2 mM Na2COs + 1.0 mM NaHCOs with a flow rate of 0.7 mL min'.
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3. Results and Discussion
3.1. Impact of Initial pH and Concentration of NPX

Experiments were conducted with three initial pH values—acidic pH ~ 3, neutral pH
~ 7, and alkaline pH ~ 11. Later, the pH was not maintained and generally decreased due
to the nitric acid formation in the air PCD [21]. The decreased pH is also supported by the
formation of carboxylic acids. As a result, the final pH decreased by about two units in
alkaline and neutral solutions but remained intact in the acidic range.

The results showed rather effective PCD oxidation of NPX. For example, the pollu-
tant vanished entirely from the solution after less than 16.5 min of treatment at the lowest
pulse repetition frequency. pH appeared to moderately influence the oxidation rate in a
wide range of the parameter, showing slightly faster oxidation in acidic and circumneu-
tral media. In 5 min of treatment, providing 0.15 kWh m- of delivered energy, the NPX
residual concentration was about 7% and 17.6% of the initial concentration of 10 mg L' in
acidic and alkaline media, respectively (Figure 3a). A somewhat decreased oxidation rate
in alkaline solutions may be explained by decreased hydrophobicity of the dissociated
NPX molecule, as earlier established for other medical substances [16]. One can see the
high efficiency of oxidation, expectedly growing with the target pollutant concentration:
a doubled-starting NPX concentration resulted in the oxidation efficiency improved for
about 30% (Figure 3b). The energy efficiency of NPX oxidation exceeded 50 g kW~ h at
the initial concentration of 10 mg L1, which is close to what was observed in rapid phenol
oxidation experiments, reaching 55 to 88 g kW~ h™! in air at the initial concentration of
phenol at 100 mg L [22].

0 0.03 0.06 0.09 0.12 0.15

Delivered energy, kWh m—3
—~~pH3 =O—pH7 =—/r—pH 11l

(a)
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Figure 3. Naproxen PCD oxidation: (a) residual relative concentration of NPX dependent on de-
livered pulsed energy at pHo variations (Co=10 mg L™); (b) energy efficiency of NPX oxidation,
NPX initial concentration 10 or 20 mg L™ at treatment times 60 and 90 min with maximum deliv-
ered energy 1.8 and 2.7 kWh m™, respectively; pulse repetition frequency 50 pps (9 W), treated
sample volume 5.0 L; oxidation efficiency calculated at 90% of NPX removal.

3.2. Impact of Pulse Repetition Frequency

Degradation of NPX at the frequency of 200 pps was more than three times faster
than that at 50 pps but when the delivered energy was compared, a similar course of the
oxidation was observed. An amount of 93% of NPX was oxidized in both experiments
with the delivered energy of 0.167 kWh m™=. Only a small difference between the two
experimental settings was observed when it comes to energy efficiency; the difference
was only 2.5 g kW~ h in favor of the lower pulse repetition frequency (Figure 4).

60 54.12 51.72
- 50
£
. 40
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-
w30
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(=]
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o 0
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Figure 4. Energy efficiency of naproxen oxidation in PCD-treated solutions at pulse repetition
frequency variations: NPX initial concentration 10 mg L'; delivered energy 1.8 kWh m™3; pHo ~ 7;
treated sample volume 5.0 L; oxidation efficiency calculated at 90% of NPX removal.

The treatment time is longer at lower frequencies, which results from the power
being nearly proportional to the pulse repetition frequency. Lower frequencies provide
ozone with more time to react between pulses contributing to the degradation. Naproxen
is a rapidly reacting compound that might benefit from a higher pulse repetition fre-
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quency at shorter treatment times by utilizing all oxidants provided by PCD. The rapidly
reacting substances tend to be moderately affected by pulse repetition frequency as pre-
viously observed [23] and as observed in this study.

3.3. Impact of Sodium Dodecyl Sulphate Addition

The NPX degradation rate noticeably increased with the addition of SDS, showing a
minor improvement with a further increase in the concentration of the surfactant. The
NPX oxidation efficiency increased from 54.12 to 69.85 g kW-h, i.e., for about 29%,
when 100 mg L1 of SDS was added, whereas a twofold increase in SDS concentration
resulted in a negligible change in oxidation efficiency of NPX (Figure 5). The latter is ex-
plained by the excess presence of SDS. As established earlier [20], the role of a surfactant
promoting PCD oxidation is determined by the interaction of radicalized SDS molecules
with the aromatic structure of the target pollutant molecule, thus delivering the NPX
molecule to the gas-liquid interface for more effective surface oxidation, with HOe® rad-
icals formed at the gas-liquid interface.

69.85 70.91

54.12

SDS0Omg L SDS 100 mg L™ SDS 200 mg L™

Figure 5. Energy efficiency of NPX PCD oxidation dependent on SDS additions: NPX initial con-
centration 10 mg L™'; pulse repetition frequency 50 pps (9 W); maximum delivered energy 1.8 kWh
m3; pHo ~ 7; treated sample volume 5.0 L; oxidation efficiency calculated at 90% of NPX removal.

3.4. End Products of Oxidation

Previous studies with NPX oxidation, with Fenton reagent in combination with
persulfate, reported transformation products, including 2-methoxy-6-vinylnaphthalene,
2-acetyl-6-methoxynaphthalene, 1-(6-methoxynaphthalen-2-yl)ethyl hydroperoxide, and
2-(6-hydroxy-2-naphthyl)propanoic acid associated with the hydridooxygen radical at-
tack on the side chain of NPX [24]. Further oxidation of intermediates usually results in
aromatic ring cleavage and the formation of simple carboxylic acids sought in this study.

The analysis of the end products was conducted for experiments performed at pH ~
3 and 7 with an NPX starting concentration of about 12.3 mg L-1. The results show acetate
as the main identified product at its highest concentration of 24.1 mg L™ at the delivered
energy dose of 1.8 kWh m3with a further gradual decrease (Figure 6a). Nitrate expect-
edly showed a rising tendency in its concentration during the whole experiment as a
product of nitric oxide formation in PCD [21]. Formate was identified at low concentra-
tions not exceeding 1.4 mg L™ at 1.8 kWh m™. Oxalate was not quantified due to its peak
overlapping sulphate used as sulphuric acid for the pH adjustment in experiments in
acidic media [25]. The experiment at the neutral pHo with no sulphate added was un-
dertaken to avoid the interference in oxalate identification.
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At pHo=7, the concentrations of identified anions approximately reached the same
levels as in acidic conditions (Figure 6b). Since sulphuric acid was not used in the neutral
media, oxalate was observed at its maximum concentration of 2.27 mg L™ at the deliv-
ered energy of 2.25 kWh m™=. This also makes oxalate expectedly formed in acidic
PCD-treated NPX solutions, although its concentrations may be compromised by faster
oxidation of oxalate in acidic solutions [25]. In contrast, accumulation of acetate appears
due to its low oxidation rate. The latter circumstance also explains the fact that the TOC
analysis showed minor changes within the experimental conditions. Table 1 presents the
carbon balance for the samples treated with energy doses of 0.9, 1.8, and 2.7 kWh m-3. The
refractory character of NPX oxidation products was also reported by Rosal et al. [26].

Table 1. Total organic carbon balance of NPX oxidation in PCD.

pH 3.0 7.0
Delivered energy dose, kWh m= 0 0.9 1.8 2.7 0 0.9 1.8 2.7
Concentration, mg L1
12.3 1.80 12.3 3.15
PX . . . .
N (8.98) (1.30) 0.0 00 (8.98) (2.30) 00 0.0
19.1 219 18.2 13.5 214
Acetat 0.0 0.0 19.9 (7.96
cerate (7.64)  (876)  (7.28) (5.40)  (8.56) (7.96)
1.15
1 . - - - . . 2.01 (0.54
Oxalate 0.0 0.0 0.0 (031) 01 (0.54)
Formate 0.0 00 14037y 0.0 0.0 0.0 0.5(0.13) 2.04 (0.53)
Sum TOC, mg C L™ 8.98 8.94 9.13 7.28 8.98 7.70 9.00 9.03
Measured TOC, mg C L 9.00 8.99 9.04 7.31 9.00 8.93 9.01 8.99

Note(s): TOC values are given in parentheses.

30
T, 25
[-T:]
€ 20
g..
= 15
-
o C
€ 10
Q
e
5§ 5
o
0
0 0.5 1 1.5 2 2.5 3
Delivered energy, kWh m—3
—{}—acetate ——formate
—C—nitrate —O—naproxen
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Figure 6. Concentrations of end products of PCD oxidation of NPX (a) at pHo ~ 3.0 and (b) pHo ~
7.0: pulse repetition frequency 50 pps (9 W), volume of treated sample 5.0 L.

Regarding the molar concentration of NPX in treated solutions, the amount of car-
bon-containing oxidation products, mostly acetate, may be estimated in their theoreti-
cally expected and real amounts. The molar concentration of NPX with a molar mass of
230 g mol™ in the solution containing 12.3 mg L' comprises 0.053 mmol L-!. The maxi-
mum concentration of acetate observed in the experiments comprised 24.1 mg L', which
corresponds to a molar concentration of 0.4 mmol L. This latter amount is close to the
theoretically possible formation of acetate in the stoichiometric amount of 7:1 with NPX,
containing fourteen carbon atoms, which exhibits the difference in mass concentrations
of NPX and acetate due to an increased oxygen-to-carbon ratio compared to what is ex-
pected for oxidation.

4. Conclusions

This study showed a rapid oxidation of NPX by PCD with high efficiency increasing
with the increased concentration.

The study showed that pulse repetition frequency has only a small impact on the
NPX degradation rate explained by the entirely consumed reactive oxidant species , ir-
respective of the time between the discharge pulses. Therefore, time can be saved by the
use of high repetition frequencies for a higher intensity process at the same efficiency
numbers.

The initial pH does not seem to be a crucial factor affecting the oxidation; however,
acidic conditions happen to be somewhat beneficial for NPX degradation.

The presence of SDS surfactant enhances the NPX degradation rate to a noticeable
extent, which is explained by the interaction of NPX molecules with the SDS radicals,
providing the target molecules with oxidation in closer proximity to the plasma-liquid
interface.

Identification of oxidation products performed using ionic chromatography showed
carboxylic anions, with acetate mainly being the non-harmful ultimate oxidation product
in amounts close to what is stoichiometrically expected.
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