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Abstract. This study deals with paracetamol degradation in water using a non-thermal plasma (NTP)
created by a dielectric barrier discharge (DBD). The effects of the NTP operating conditions on the
degradation were studied, showing that the treatment efficiency of the process was highly dependent on
the electrical parameters and working gas composition in the reactor containing the aqueous solution.
A conversion rate higher than 99% was reached with an energy yield of 12 g/kWh. High resolution mass
spectrometry (HRMS) measurements showed that the main species produced in water during the process
were nitrogen compounds, carboxylic acids and aromatic compounds.

1 Introduction

Pharmaceutical substances such as paracetamol are fre-
quently present in groundwater, and present a long-term
risk for the environment and health [1]. Advanced oxida-
tion processes (AOPs) generating many oxidizing species
such as O, O3, OH• and H2O2 have been tested for the
degradation of these drug residues [2–4]. AOPs involve
several techniques such as TiO2 catalysis, Fenton’s reac-
tion and non-thermal plasmas (NTP) [5,6]. AOPs with
NTP have already been applied to the treatment of phar-
maceutical compounds in aqueous media [6,7] and showed
a high potential. In this study, a NTP created by a dielec-
tric barrier discharge (DBD) was used as an AOP for
the degradation of paracetamol in liquid. To optimize this
process, paracetamol degradation was performed with
several values of the electrical parameters of the discharge
and several working gas compositions and the energy
yields were determined. The main by-products from parac-
etamol degradation were identified by high resolution mass
spectrometry (HRMS). In the next section, the experi-
mental setup and the measurement techniques including
the high-resolution mass spectrometer are presented.
The results are presented in Section 3 and the Section 4
concludes the paper.
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2 Experimental setup and methodology

The schematic diagram of the experimental setup is given
in Figure 1.

The plasma reactor was a multiple needle-to-plate con-
figuration and was described in a previous paper [8].
Briefly, the needle-to-plate device was placed inside a
vessel made of Polyvinyl chloride (PVC) where the work-
ing gas can be controlled (composition and total flow rate).
High voltage was applied to the 12 capillary needles
(0.4 mm in inner diameter), while the grounded electrode
was a copper film deposited on a dielectric epoxy plate
that was in contact with the liquid [8]. The distance
between the electrodes and the surface of the liquid can
be adjusted from 0 to 10 mm.

In this work, the electrode to liquid gap was 5 mm.
The volume of the treated solution was 40 mL of tap water
with an initial concentration of paracetamol of 25 mg/L.

The discharges were generated at the tip of the
needles above the liquid thanks to a high voltage square
waveform with a frequency of several hundred Hertz.
As expected, the discharge current was composed of multi-
ple fast pulses, especially during the rising and the falling
of the square voltage waveform. The current peaks were on
the order of a few tens of mA [8]. Electrical measurements
were performed using high-voltage (PE20 KV Lecroy�)
and current (CTC5 Magnelab�) probes and were recorded
with an oscilloscope (DPO 3054 Tektronic�). To deter-
mine the dissipated power, a capacitor was inserted into
the discharge circuit enabling the use of the Lissajous
method [9]. Figure 2 shows a plot of the Lissajous curve.
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Fig. 1. Sketch of the multiple needle-to-plate experimental
apparatus for the drug polluted water treatment.

Fig. 2. Lissajous curve (discharges in air with a mass-flow rate
of 100 sccm, with U = ±6.8 kV, f = 500 Hz, electrode-liquid
gap = 5 mm).

This method was used to measure the power consumption
for each operating condition.

To quantify the paracetamol concentration in the
solution, analyses were performed using a UV-Visible
absorption spectrophotometer (Cary 60 UV-Vis Agilent
Technologies�). To estimate the concentrations of H2O2,
NO−

2 , NO−
3 , semi-quantitative test strips QUANTOFIX�

were used, and measurements were made every 15 min
during the 1 h of treatment. The degradation products
were analyzed by HRMS with a Q-TOF maXis mass spec-
trometer (Bruker�) [10] provided by the French
“Fédération de Recherche” FR2708. For the HRMS mea-
surements, the solvent was a 35:65 mixture of water (with
or without 0.1% HCOOH) and acetonitrile, at a flow rate
of 200 μL/min. An electrospray ionization (ESI) source
was used with a suitable differential potential for the

capillary in the positive ionization mode (4.5 kV) and neg-
ative one (3.4 kV). For both modes, nebulizing and drying
gas were set at respectively 0.6 bar and 7 L/min and the
drying gas was heated to 200 ◦C. The injection volume
was set at 1 μL. Mass spectra were recorded at 1 Hz in the
range of 50–650 for mass to charge ratio (m/z). Chemical
formulae were generated using the SmartFormula algo-
rithm from DataAnalysis 4.0 software (Bruker�). In order
to reduce ion suppression in our mass spectrometry mea-
surement, FIA (flow injection analysis) was used instead
of liquid chromatography (LC), since with LC, small
carboxylic acids are eluted in the dead volume with rich
aqueous solvent, which is more difficult to desolvate.

To identify the species produced by the plasma treat-
ment, a three-step analysis processing was performed for
each operating condition: firstly, the spectrum of water
without paracetamol submitted to plasma treatment was
analyzed in order to define a baseline composed of the
ions coming from the plasma processing and HRMS sys-
tem. Then a solution of paracetamol prior to plasma treat-
ment was analyzed to identify in-source fragmentation
ions coming from the paracetamol molecule. Finally, the
samples of paracetamol treated by plasma were analyzed
and the spectrum of water without paracetamol submitted
to plasma was subtracted as background. The obtained
spectra can then be exploited to identify the degradation
products.

3 Results and discussion

3.1 Effects of operating conditions

This section presents the experimental results con-
cerning the conversion rate, τ , and the energy yield, EY
(in g/kWh), of paracetamol degradation calculated with
equations (1) and (2), respectively. C0, Ct are concen-
trations (in g/L) of paracetamol in the solution at the
beginning and at the end of the time interval Δt (h),
V is the volume of the solution (L) and P , the power
consumed (kW).

τ =
C0 − Ct

C0
× 100, (1)

EY =
(C0 − Ct) × V

Δt × P
. (2)

In a previous paper [8], it was shown that depending on
the applied voltage, there were three different discharge
regimes, namely corona, streamer and spark regimes.
Spectroscopy measurements showed that the production
of OH was much higher in the spark regime. However, the
spark regime may disrupt the operation of the reactor,
causing water vapor on the reactor wall, and needle igni-
tion problems [8]. The streamer regime was therefore used
in the present study. It was also shown that, within the
streamer regime, a better conversion rate of paracetamol
was obtained when the applied voltage was high, for the
same treatment time.
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Fig. 3. Paracetamol conversion rates as a function of time
for three discharge frequencies (U = ±6.8 kV; electrode-liquid
gap = 5 mm; air flow rate = 100 sccm).

In this work, treatments were carried out with dis-
charges in air at several frequencies of the power supply of
a fixed voltage amplitude, namely ±6.8 kV. In our specific
conditions, when the frequency exceeded 900 Hz, the dis-
charge regime oscillated between streamer and spark; the
measurements for frequencies > 900 Hz are not reported
here. Figure 3 shows the conversion rate as a function
of the treatment time for three frequencies: 500, 700 and
900 Hz. The corresponding consumed power was 0.86, 0.98
and 1 W respectively. These values are not proportional
to the power supply frequency as is generally observed
in other DBD studies [11]. The nonlinear dependence
between power dissipation and frequency seemed to indi-
cate the continuous change of the discharge regime when
the frequency rose from 500 Hz to 900 Hz.

According to the three curves in Figure 3, a rise in
frequency from 500 Hz to 900 Hz led to a decrease in the
conversion rate with a rise in the consumed power and
consequently a decrease in EY. Thus, in air (flow rate
of 100 sccm), the optimal electrical parameters to obtain
high conversion rates and high EY were an applied voltage
of ±6.8 kV with a frequency of 500 Hz for an electrode-
liquid gap of 5 mm.

The effects of the composition of the inlet gas on parac-
etamol degradation were studied maintaining the
frequency at 500 Hz (Fig. 4). The working voltage was
±5 kV for the mixture 10% O2 + 90% Ar, ±3.6 kV for
the mixture 10% air + 90% Ar and ±6.8 kV for 100% air.
These working voltage values were the maximum values
to maintain the discharge in streamer regime for each cor-
responding composition. Figure 4a shows the conversion
rates for various inlet gas mixtures as a function of the
treatment time. These curves show that the composition
of the inlet gas plays an important role in paracetamol
degradation. The highest conversion rate was obtained
with the 10% O2 + 90% Ar mixture. The working gas
used in this study always contained O2 since the presence
of O2 enables the generation of oxidizing species such as

(a)

(b)

Fig. 4. (a) Paracetamol conversion rates and (b) energy yields
as a function of time.

O or O3 in the gas phase and also OH• in the liquid phase
to degrade the pollutant; in the absence of oxygen in the
injected gas, no paracetamol degradation was observed [8].

As shown in Figure 4b, the energy yield of the process
depended on the nature of the working gas, since the elec-
tric power consumed strongly depends on the injected gas.
With the mixture 10% O2 + 90% Ar, we obtained the
highest τ , but its EY was lower than that of the mixture
10% air + 90% Ar because of a higher power consump-
tion. The advantage of combining argon with O2 is that
the discharge can be generated more easily and a lower
applied voltage can be used, thanks to a lower breakdown
voltage [12].

Although the plasma process used in this work is not
yet fully optimized, our experimental conditions pro-
duced a high rate of paracetamol degradation with an
energy yield in the range of 1–12 g/kWh. Panorel et al. [7]
obtained an energy yield between 14 and 18 g/kWh, which
is a little higher than our results.
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Table 1. Concentration ranges of NO−
3 , NO−

2 , H2O2 in the liquid after 60 min of treatment.

[NO−
3 ] mg/L [NO−

2 ] mg/L H2O2 mg/L

90% Ar + 10% O2 0 0 10–25
90% Ar + 10% air 25–50 5–10 10–25
100% Air 50–100 0–1 10–25

(a) (b)

(c)

Fig. 5. Absorption spectra for three compositions of the working gas with a total flow rate of 100 sccm. (a) 100% air with
U = ±6.8 kV; (b) 90% Ar + 10% O2 with U = ±5 kV; (c) 90% Ar + 10% air with U = ±3.6 kV.

3.2 Generated products

The UV absorption spectra presented below show that
NO−

3 , and NO−
2 were present in the treated liquids. Their

concentrations were measured with QUANTOFIX� quan-
titative test strips every 15 min during the 1 h of treat-
ment. pH was also measured for each sample. The results
obtained after 60 min of treatment are displayed in
Table 1. H2O2 was also measured since it is a well-known
oxidizing species which can react non-selectively with
organic pollutants [13]. In our experiments, the increase
in treatment duration led to a rise in H2O2 concentration;
and at a given time, its concentration was in the same
range whatever the inlet gas, as indicated in Table 1.
In presence of O2 and N2, the concentrations of NO−

3

and NO−
2 increased with the treatment time, reaching

ranges of 50–100 and 5–10 mg/L, respectively, after 1 h of

Fig. 6. Chemical structure of paracetamol (acetyl-para-
aminophenol) C8H9NO2 (M = 151 g/mol).

treatment. The production of NO−
3 and NO−

2 did not seem
to be linked to the degradation of paracetamol since in the
Ar–O2 mixture, these species were not detected despite
the high conversion rate of paracetamol.

Figure 5 shows the absorption spectra of the treated
liquids for different treatment times, and for various
inlet gas compositions. The absorption band centered at
243.9 nm is due to paracetamol. The absorption coefficient
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Fig. 7. Paracetamol mass spectrum in ESI negative mode after 60 min of treatment: “�” products generated in paracetamol
treatment, “•” paracetamol and paracetamol fragments in the ionization source, “�” fragments detected in water with plasma
treatment (without paracetamol).

at 243.9 nm was used to determine the paracetamol con-
centration. With treatment, an absorption band around
210 nm appeared, indicating the presence of NO−

3 and
NO−

2 in the treated liquids [14]. As this absorption band
is not isolated, however, it could not be used to quantify
the concentrations of NO−

3 and NO−
2 When the para-

cetamol was treated with the Ar + O2 mixture (Fig. 5b),
the absorption band around 210 nm disappeared, indicat-
ing that this absorption band was linked to the presence
of N2 in the inlet gas.

Due to the perturbation of the nitrite and nitrate
molecules and also other cyclic by-products, the absorp-
tion at 243.9 nm is not due to paracetamol alone [15].
The paracetamol concentrations deduced from the
absorption at 243.9 nm were therefore overestimated.
Consequently, the energy yields given in this paper were
underestimated.

In order to determine the by-products in the liquid
phase, HRMS measurements were performed on the parac-
etamol solution after 60 min of treatment and pro-
vided mass spectra. When a spectrum was obtained in
ESI negative mode, the mass to charge ratio (m/z) peak
corresponded to a molecule from which a proton had been
removed. For instance, the molar mass of paracetamol
whose chemical structure is given in Figure 6, is 151 g/mol,
so the m/z peak at 150.0559 corresponded to the presence
of paracetamol, in negative mode.

Figure 7 shows an experimental mass spectrum of
paracetamol after plasma treatment. There are a large
number of peaks in the spectrum, and the identification of

these peaks required the analysis of several spectra such as
the spectrum of the paracetamol solution without plasma
treatment and those of water as indicated in Section 2.
Careful analysis of these spectra enabled the identifica-
tion of the majority of the peaks. Firstly, there is a peak at
m/z 61.9883 which corresponds to the nitrate ion (NO−

3 ).
Secondly, there is a small peak at m/z 150.0559 corre-
sponding to the residual paracetamol. Thirdly, the peak
at m/z 198.0409 corresponds to the ion C8H8NO−

5 . This
ion was fragmented in the mass spectrometer into smaller
fragments at m/z 154.0505 and 110.0608 by losing one and
two CO2 molecules; these fragmentations were verified by
tandem Mass Spectrometry (MS/MS) experiments, indi-
cating that this compound corresponds to a dicarboxylic
acid molecule. Fourthly, we detected nine other peaks,
among which eight carboxylic acids; the m/z values and
inferred compounds are listed in Table 2. These prod-
ucts have already been observed during paracetamol treat-
ment performed by other AOPs [12,15–19] and also in a
process using NTP [3]. Moreover Marotta et al. [20] al-
ready demonstrated the formation of carboxylic acids in
their experiments concerning the treatment of phenol by
a non-thermal plasma.

Concerning the identification of the other small peaks,
the analysis of several spectra from different samples made
it possible to identify the other degradation products due
to the treatment; these peaks are indicated by “�” in
the spectrum. A list of 35 compounds was established in
the negative and positive modes and the study of the
chemical pathways leading to these compounds is ongoing.
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Table 2. Main degradation products identified by HRMS.

Experimental Ion formula Hypothetical molecule

m/z Structural formulas Name

59.0138 C2H3O
−
2

OH

O
Acetic acid

85.0273 C4H5O2

OH

O
Crotonic acid

103.0036 C3H3O4

OHHO

OO
Malonic acid [15,16]

115.0038 C4H3O
−
4

OH

O
OH

O

Maleic acid

141.0198 C6H5O
−
4

OH

O
OH

O

Muconic acid

145.0143 C5H5O
−
5 O

OH O

O

OH

Acetonedicarboxylic acid

166.0514 C8H8NO−
3

O

NH

OH

OH
Hydroxy-4-(N-acetyl)-aminophenol [12]

198.0409 C8H8NO−
5

O

NH

COOH
COOH

[15,17]

214.0353 C8H8NO−
6

O

NH

COOH
COOH

OH
[15]
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The peaks marked by “�” were found in the analysis of the
pure water solution after plasma treatment, those marked
by “•” were already observed in the paracetamol solution
without treatment and no further investigation was per-
formed on these ions. Finally, the other peaks not marked
by a symbol have not yet been identified.

4 Conclusion

In this study on the treatment of paracetamol in aque-
ous solution by non-thermal plasma, the highest conver-
sion rate close to 99% was obtained for a gas mixture of
O2–Ar with an energy yield of about 5 g/kWh. The best
energy yield of 12 g/kWh was obtained for a gas mix-
ture of air-Ar. This study showed that the energy yield
of the process is highly dependent on the experimental
conditions, in particular the power consumption and the
composition of the working gas. Regarding the role of gas
composition, we note that the presence of O2 is necessary
in the process to remove paracetamol in aqueous phase [8].

It also showed that, as expected, carboxylic acids and
aromatic compounds are the main degradation products
of paracetamol in the liquid, which also contains nitrites,
nitrates produced also in liquid phase. The perspectives
of this work are the study of the influence of the con-
centration and the volume of the solution, a comparison
of this process with other ones, for instance with the use
of a post-discharge, as an ozone generator and the study of
the main pathways leading to the generation of the
by-products detected.

The authors thank the Région Centre-Val de Loire for their
financial support of the TREMEMAP project.
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Technol. 36, 970 (2015)

19. E. Moctezuma, E. Leyva, C.A. Aguilar, R.A. Luna,
C. Montalvo, J. Hazard. Mater. 243, 130 (2012)

20. E. Marotta, M. Schiorlin, X. Ren, M. Rea, C. Paradisi,
Plasma Processes Polym. 8, 867 (2011)

30802-p7


	1 Introduction
	2 Experimental setup and methodology
	3 Results and discussion
	4 Conclusion
	References

