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b Department of Environmental Science, School of Science, GITAM (Deemed to be) University, Visakhapatnam, 530045, India 
c INOVALYS Vannes, 5 rue Denis Papin CS 20080, 56892 Saint-Avé, France 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Complete degradation of carbamazepine 
was obtained in pure water. 

• Degradation efficiency was lower in tap 
water in comparison to treatments in 
pure water. 

• Hydroxylated and nitro products were 
identified as a function of the plasma 
parameters. 

• Formation and decay of the intermedi-
ate products were observed.  
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A B S T R A C T   

Carbamazepine (CBZ) is a pharmaceutical compound detected in various water resources. With a view to 
removing this contaminant, the applicability of non-thermal plasma (NTP) oxidation process has been widely 
tested in recent years. This study utilized NTP from a dielectric barrier discharge reactor in the treatment of CBZ. 
NTP on the surface of a water sample containing 25 mg.L− 1 of CBZ resulted in a removal efficiency of over 90% 
with an energy yield of 0.19 g. (kWh)− 1. On the other hand, a rapid reduction in pH and an increase of con-
ductivity and nitrate/nitrite ions concentration were observed during the degradation. The applied voltage 
amplitude significantly affected the removal efficiency and the energy yield as the degradation efficiency was 
55%, 70%, and 72% respectively with an applied voltage of 8, 10, and 12 kV. The water matrices containing 
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inorganic anions such as chloride and carbonate ions reduced the removal efficiency by scavenging the reactive 
species. Accordingly, a reduction in the removal efficiency was observed in tap water. The high-resolution mass 
spectrometry (HRMS) results revealed that both reactive oxygen and nitrogen species take part in the reaction 
process which yields many intermediate products including aromatic nitro-products. This study concluded that 
NTP can effectively degrade CBZ in both pure and tap water, but special attention must be paid to changes in the 
water quality parameters (pH, conductivity, and nitrate/nitrite ions) and the fate of nitro products.   

1. Introduction 

Water pollution by different kinds of organic pollutants has increased 
the demand for proper treatment methods all over the world. Many 
kinds of pollutants exist in different environmental compartments, with 
special interest being paid to persistent organic chemicals such as pes-
ticides, dyes, and many halogenated chemicals, among others. A new 
class of chemicals that are being listed in the above category is phar-
maceuticals and personal care products (PPCPs) (Wee et al., 2020; Pir-
onti et al., 2021; Okoye et al., 2022; Zhang et al., 2022). However, exact 
toxicological data on these pollutants and their impact on human health, 
aquatic, and other environmental systems are not yet available. These 
kinds of chemicals are therefore called contaminants of emerging 
concern (CECs). 

Pharmaceutically active compounds (PhACs) are the biologically 
active compounds used to treat diseases (Caliman and Gavrilescu, 2009; 
Gadipelly et al., 2014). The increase in population and hence in 
healthcare demands is visible from the higher number of pharmaceutical 
industries. As per the reports, more than 4000 drugs are prescribed and 
administered worldwide (aus der Beek et al., 2016). The direct disposal 
of waste and the disposal of unused drugs by end users lead to their 
undesirable presence in our environment. Another source of PhAC 
contamination is excreta from human or animal bodies. The pandemic in 
recent years further increased pharmaceutical usage (Ayati et al., 2020). 
This continuous usage and disposal may increase their concentration in 
environmental matrices, especially in water. Some kinds of pharma-
ceuticals detected in water bodies are antibiotics, NSAIDs, Antiepilep-
tics, Quinolones, tetracyclines, β-blockers, etc. (Caliman and Gavrilescu, 
2009; Rivera-Utrilla et al., 2013; Patel et al., 2019; Quesada et al., 
2019). 

An important issue associated with pharmaceuticals in environ-
mental matrices is their biodegradation/transformation under natural 
environments to other metabolites, which may accumulate in the 
aquatic system and bioaccumulate through the food chain (Jones et al., 
2005; Farré et al., 2008; Trapp et al., 2010; Rendal et al., 2011). The 
problem that arises due to pharmaceutical pollution is antimicrobial 
resistance (AMR) (Hayes et al., 2022; Miettinen and Khan, 2022). AMR 
is the condition where microbes such as bacteria, viruses, parasites, and 
fungi attain immunity towards the drugs that are usually employed to 
combat them (Taylor et al., 2011; Moore et al., 2020). As a result, a 
limited dose of the drug will not be efficient to treat human diseases. 
AMR pathogens have been detected in many water resources due to lack 
of wastewater treatment facilities in hospitals or pharmaceutical com-
panies. This kind of infection has led to the death of millions of people all 
over the world (Guo et al., 2018; Muurinen et al., 2022; Thornber et al., 
2022), a number that may increase in the coming years if this situation 
persists. A proper treatment technique is therefore required for the 
stringent environmental regulation of such pollutants (Oberoi et al., 
2019; Papagiannaki et al., 2022). 

Advanced Oxidation Processes (AOPs) are considered one of the most 
effective methods for the unselective treatment of wastewater contain-
ing pharmaceuticals (Rosenfeldt and Linden, 2004; Oturan and Aaron, 
2014; Rayaroth et al., 2016; Miklos et al., 2018; Wang and Wang, 2020). 
In AOPs, highly reactive oxygen species (ROS) are generated in situ and 
react with the pollutants in a non-selective manner. However, the use of 
chemicals in most AOPs (techniques that use oxidants and toxic mate-
rials) may have some negative impacts on the environment. 

Non-thermal plasma (NTP) oxidation is considered an emerging clean 
AOP technique that has the advantages of energy efficiency, perfor-
mance at room temperature and atmospheric pressure, negligible use of 
chemicals, and ease of operation (Magureanu et al., 2015, 2021; Baloul 
et al., 2017; Korichi et al., 2020; Murugesan et al., 2020). NTP involves 
the generation of highly reactive species, ions, electrons, UV photons, 
etc. with the application of an electric field across the gas. The electrical 
discharge produces free electrons, which can react with N2, O2 or H2O to 
form their excited or ionized species or their dissociation; they can also 
excite or even ionize the dissociated species. These excited species lose 
energy with the emission of photons. The ionization, dissociation, and 
electron detachment associated with these processes result in the for-
mation of reactive species in the discharge zone. The NTP generates a 
variety of reactive species such as •OH, NO2

•, O2
•-, etc. •OH is nonselective 

and has a strong oxidizing ability (Brisset and Hnatiuc, 2012; Park et al., 
2013; Lukes et al., 2014; Bradu et al., 2020), whereas NO2

• and O2
•- are 

selective towards some pollutants. In addition, other neutral species 
such as O3, H2O2, and other nitrogen species are also formed in the 
aqueous phase during this process. All these species contribute to the 
rapid oxidation of organic contaminants in environmental application 
(Eqn (1)) (Scholtz et al., 2015). Mineralization is the conversion of the 
initial compound to carbon dioxide, water, and inorganic ions. How-
ever, none of the oxidation processes offer direct mineralization. At the 
same time, the organic compound undergoes several steps such as 
addition, ring cleavage, bond breaking, etc. to form intermediate 
products. These intermediate products can be detected and analyzed at 
trace level by techniques such as mass spectrometry. 

CBZ+ROs /RNs → intermediate compounds → mineralization (1) 

In the present study, the application of NTP to the removal of 
pharmaceutical compounds was investigated by taking carbamazepine 
(CBZ) as the model pollutant. CBZ is an anticonvulsant drug widely 
detected in various water sources (Kosjek et al., 2009; Almeida et al., 
2021; Wicht et al., 2022) and has shown an AMR effect even though it is 
not an antibiotic (Bírošová et al., 2020). Some studies have reported the 
degradation of CBZ using NTP processes. Liu et al. compared the 
degradation efficiencies and the intermediate product formation in ex 
situ and in situ electric discharge on the water surface (Liu et al., 2012) 
and reported 100% and 91% degradation of CBZ in ex situ and in situ 
electric discharge respectively. Even though a color change was 
observed during the oxidation process (as an indication of 
nitro-products), no such products were identified. Singh et al. reported 
99% degradation within 10 min and studied the effect of operating 
parameters and relevant environmental factors on the degradation of 
CBZ using a pulsed corona discharge (Singh et al., 2017). The proposed 
mechanism and the identified products were mainly correlated to the 
●OH. Krause et al. used DBD treatment in a rotating drum for the 
degradation with special emphasis on the effect of reactor air flow rate, 
electrode air gap, and rotational speed. However, no data were reported 
on the intermediate products (Krause et al., 2011). Yu et al. made a step 
forward in enhancing the degradation efficiencies and combined the 
NTP with Fenton reagent (Fe2+ and H2O2). The combined system re-
ported a 99% degradation in 48 min attributed to the involvement of 
●OH, which was further supported by the intermediate product analysis 
(Yu et al., 2022). Even though all the above studies reported an evolu-
tion of significant amounts of nitrate/nitrite ions, the interference 
caused by them on the degradation/transformation of CBZ has not yet 
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been reported. Therefore, this study tried to analyse all the intermediate 
products formed during the NTP oxidation of CBZ using a 
high-resolution mass spectrometry technique. In short, this study was 
carried out with the following objectives: i) to study the degradation of 
CBZ under NTP conditions in pure water and tap water; ii) to identify the 
intermediate products formed during the oxidation; iii) to study the 
interference caused by the in situ generated nitrogen species on the 
transformation of CBZ; and iv) to study the formation and decay of the 
intermediate products. 

2. Experimental section 

2.1. Materials 

The chemicals carbamazepine and formic acid were obtained from 
Merck Sigma Aldrich, France. HPLC-grade acetonitrile was purchased 
from Fisher Scientific, France. Chemical solutions were prepared with 
ultrapure water (referred to as pure water from here onwards) collected 
from a Barnstead Smart2pure (Thermo scientific) except for the tap 
water studies. All the chemicals used were high-purity grade and were 
used as received. 

2.2. Degradation studies and analyses 

The degradation studies were carried out in a Dielectric Barrier 
Discharge (DBD) plasma reactor with a multi-needle to plate configu-
ration (Fig S1). The description of the reactor is already reported else-
where (Baloul et al., 2017; Korichi et al., 2020). The reactor is composed 
of a cylindrical enclosure made of Polyvinyl Chloride (PVC) with an 
internal diameter of 110 mm. The high voltage electrodes are stainless 
steel needles (12 in number) connected to the high voltage (HV) through 
which the working gas is injected. They are 3 cm long and have an in-
ternal diameter of 0.4 mm and an external diameter of 0.7 mm. The 
plasma discharge is generated at atmospheric pressure between the tip 
of the needles and the surface of the liquid to be treated. The treatment 
of the liquid within this reactor is carried out in static mode, that is to say 
without liquid flow during the treatment. The distance between the HV 
electrodes and the liquid surface can be adjusted from 0 to 10 mm with 
an adjustment screw, fixed at 3.5 mm for this work. The copper ground 
electrode with a thickness of 0.5 mm is covered by an epoxy plate 
(dielectric) with a thickness of 2 mm; the assembly is set at the bottom of 
the enclosure and is covered by the liquid. During this work, the total 
flow rate of the injected gases was maintained at 100 sccm using 
Bronkhorst® EL-Flow flow meters. Volumes of 40 mL of carbamazepine 
solutions (corresponding to a liquid height of 4 mm in the reactor) were 
prepared in various water matrices (pure water or tap water). 

The plasma was generated thanks to the smart HV pulse generator 
Nanogen3 from RLC Electronic®. This power supply produces a high 
voltage positive square pulse having a rise ramp in the range of tens of 
nanoseconds. The adjustable electrical parameters are the voltage (from 
0 to 20 kV), the frequency (from 1 Hz to 100 kHz) and a pulse width of 1 
μs. An oscilloscope was used for the electrical measurement (LeCroy® 
WaveJet 354A). The dissipated power was determined from the Lissa-
jous curve using a suitable capacitor (2 nF) placed in series in the circuit 
after the discharge and two HV probes (Testec® TT-HVP-2739 and 
Tektronix® P6015A) (Tian et al., 2021). Typical recorded HV wave-
forms and Lissajous curve at the selected conditions are given in Fig. 1. 

The samples were drawn from the reactor using the peristaltic pump 
and analyzed. The concentration of pollutants during the degradation 
was determined using high-performance liquid chromatography (Shi-
madzu®; LC, 2040C 3D plus) coupled with a photodiode array detector 
(PDA). The detection wavelength was fixed at 283 nm. The solvent used 
for the separation of components from the treated CBZ was 0.1% formic 
acid (A) and Acetonitrile (B). A gradient elution against a C18 column 
(Shim-pack, 3 μm, 150 × 3.0 mm) obtained from Shimadzu® was per-
formed to get a better separation of each component. Initially, the eluent 
was run with 5% B for 10 min, the concentration was then increased to 
70% and held at the same concentration for 3 min. It was then decreased 
to the initial composition and allowed to stabilize for another 6 min. 

The intermediates were identified by high-resolution mass spec-
trometry (HRMS). For HRMS acquisition data, an Ultra High Perfor-
mance Liquid Chromatography (UHPLC) system (Bruker ELUTE®) 
coupled to a Quadrupole Time Of Flight mass spectrometer (Bruker®, 
Impact II Q-TOF) and interfaced by a heated electrospray ion source was 
used. 

The LC separation was performed using an Intensity Solo C18-2 
column (1.8 μm, 100 mm × 2.1 mm) from Bruker. The mobile phase 
used in ESI positive mode was 0.01 % formic acid and 5 mM ammonium 
formate in water (A) and 0.01 % formic acid and 5 mM ammonium 
formate in methanol (B). For ESI negative mode 5 mM ammonium ac-
etate in water (A) and 5 mM ammonium acetate in methanol (B) were 
used. For both modes, the gradient ramp was as follows: 0–0.1 min, 96% 
A; 0.1–1 min to 81.7% A; 1–2.5 min to 50% A; 2.5–14 min to 0.1% A, 
held for 2 min, then return in 4 min to the initial conditions; and the flow 
ramp was: 0–1 min 0.2 ml/min; 1–2.5 min 0.223 ml/min; 2.5–14 min 
0.400 ml/min; 14–19 min 0.480 ml/min; 19–20 min 0.2 ml/min. The 
column oven temperature and injection volume were set respectively at 
40 ◦C and 10 μL. 

HRMS data were acquired firstly in data dependent acquisition 
(DDA) mode combining both full scan spectra and targeted MS/MS 
spectra. This first step allowed to identify and to create a data base with 
carbamazepine by-products. Once set up, analyses were performed in 

Fig. 1. HV waveforms (A) and the typical Lissajous-like curve (B) under the selected operating conditions of 10 kV, 500 Hz, and 3.5 mm needle-to-surface distance. 
The red line indicates the applied voltage and the blue dashed line indicates the voltage measured from the capacitor in the Lissajous method. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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data independent analysis (DIA) combining both full scan spectra and 
untargeted MS/MS spectra. The resolution of the TOF spectrometer was 
above 60 000 at full width half maximum (FWHM) at m/z 1222. 
Capillary voltage was 4.5 kV in positive mode and 2.5 kV in negative 
mode. The probe gas temperature was set at 400 ◦C. The collision was 
performed by a flow of nitrogen at two collision energies, 24 eV and 36 
eV. MS data were acquired for an m/z scan range of 30–1100 amu. The 
spectra rate was 3 Hz. At the beginning of each LC-HRMS run, 20 μL of a 
known cluster was injected directly in the mass spectrometer with the 
aim to obtain an internal calibration with sub-2 ppm mass accuracy. 

The time dependent evolution of some selected intermediates was 
monitored by an HPLC system coupled with a single quadrupole mass 
spectrometer (LC-MS, 2020). Single ion monitoring (SIM) was used in 
this case. The nitrite and nitrate ion concentrations during the NTP 
oxidation were measured using a MultiDirect Lovibond® photometer. 
An Accumet AB200 (Fisher Scientific®) system was used to measure the 
pH and conductivity of the solution. 

The degradation percentage was calculated by Eqn (2) given below, 

%Degradation=
(

1 −
Ct

C0

)

× 100 (2)  

where C0 is the initial concentration and Ct is the concentration of the 
pollutants in g. L− 1 after ‘t’ hr of the treatment. The degradation kinetics 
was obtained by plotting ln (Ct/C0) against time and the rate constant 
was calculated from the slope of the graph. The energy yield (EY in g. 
(kWh)− 1) was calculated as 

EY =
(C0 − Ct) × V

Δt × P
(3)  

where V is the volume of the treated solution in L, Δt is the time interval 
in hours, and P is the mean applied power in kW (Baloul et al., 2017). 

3. Results and discussion 

3.1. Degradation studies of CBZ under NTP 

The degradation of CBZ under NTP conditions was performed 
initially. The conditions used for the plasma generation were HV 10 kV, 
frequency 500 Hz, and pulse duration time 1000 ns. The degradation 
pattern obtained is given in Fig. 2. As can be seen from the figure, 90% of 
the degradation was observed after 40 min of treatment with a rate 
constant of 0.054 min− 1 (Fig. 2). 

The EY was estimated to evaluate the treatment efficiency in terms of 
energy costs. It is also noted that the power during the treatment (HV-10 
kV and frequency 500 Hz) was calculated in the range of 7.5–8.0 W. The 
EY calculated during the treatment is also given in Fig. 2. It can be seen 
from the figure that the EY increased from 0.19 g. (kWh)− 1 to 0.45 g. 

(kWh)− 1 with treatment time. A conversion rate in the range of 30–90% 
was observed. The EY for the degradation of 90% of the initial CBZ was 
compared with other oxidation methods for CBZ degradation. Liu et al. 
studied the degradation of CBZ by an in situ and ex situ DBD electric 
discharge. The EY calculated for the ex situ and in situ electric discharges 
were 2.88 and 0.16 g. (kWh)− 1 (Liu et al., 2012). On the other hand, NTP 
coupled with the Fenton process was performed at high power of 35.7 W 
for the degradation of CBZ and the EY calculated in this process was 
0.025 g. (kWh)− 1 (Yu et al., 2022). In addition, EY in other AOPs was 
also considered. The EY for UV/oxidants (H2O2 or persulfate) was re-
ported to be 1.78 g. (kWh)− 1 and those for hydro and sono cavitation 
processes 0.069 and 0.026 g. (kWh)− 1 respectively (Deng et al., 2013; 
Rao et al., 2016; Roy and Moholkar, 2021). This study showed that NTP 
offered a similar removal efficiency with comparable EY to that of other 
AOPs for CBZ degradation. In addition, compared to the 
above-mentioned processes, no chemicals were added in the solution in 
the present study. Hence NTP is a chemical-free and energetically 
favorable process for the degradation of pollutants, which is further 
supported by an earlier report (Palma et al., 2022). 

3.2. Effect of applied voltage amplitude on the degradation 

The plasma generation and the subsequent production of reactive 
species in the reactor depend on applied voltage. In general, this 
parameter affects the intensity of the plasma discharge and thereby the 
formation of reactive species. In order to study this, the degradation of 
CBZ was carried out by varying the applied voltage amplitude. The 
needle-to-surface-distance was fixed at 3.5 mm, and the voltage was 
varied from 8 to 12 kV. The degradation efficiency and the corre-
sponding EY by varying this parameter are given in Fig. 3. As can be seen 
from this figure, the highest degradation of 73% was observed at 12 kV, 
whereas 10 kV and 8 kV resulted in 70% and 54% degradation respec-
tively after 20 min. The powers calculated were 4.3 W, 8 W, and 11 W 
for the applied voltages, 8 kV, 10 kV, and 12 kV respectively and the 
corresponding EY were 0.40, 0.27, and 0.20 g. (kWh)− 1 for the selected 
duration and the observed degradation. With an applied voltage change, 
the energy yield was higher at a lower applied voltage. 

3.3. Identification of intermediates and the mechanism 

The analysis of intermediate products in the degradation is a major 
challenge, particularly in the oxidation process. As can be seen from the 
HPLC chromatogram (Fig. 4), oxidation resulted in the generation of 
many intermediates, and their concentration evolved with time. The 
oxidation of the pollutants leads to the formation of many intermediates 
including those with carboxylic acids, and many inorganic ions such as 
nitrate and nitrite ions. The NTP itself generates nitrate and nitrite ions 

Fig. 2. (A) The degradation percentage and the corresponding EY and (B) the first order kinetics of CBZ degradation by NTP process. Experimental conditions: 
Needle to liquid surface distance 3.5 mm, HV – 10 kV Frequency 500 Hz, [CBZ]0 = 25 mg.L− 1 in pure water. 
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because of the formation of soluble nitrogen oxides (Palma et al., 2021). 
The reactions for the formation of nitrite and nitrate ions are given in 
section 3.4. NTP also changes the pH and conductivity of the solution 
(Supporting information Fig S2). The initial pH of the CBZ solution was 
6, and it decreased suddenly to 2 during oxidation. On the other hand, 
the conductivity of the solution increased from 0.017 mS/cm to 2.17 
mS/cm after 40 min of treatment. This shows the stepwise breakdown of 
bonds and the subsequent release of inorganic ions that occurred during 
the treatment. 

To determine the intermediate products, the degraded samples of 
CBZ were subjected to HRMS analysis, which gave the exact mass, iso-
topic pattern and fragmentation pattern of the intermediates. The 
elemental composition was defined by accurate mass of the intermediate 
product, measured using internal mass calibration and enhanced by the 
isotopic pattern fidelity represented by the "mSigma" value (Table S1). If 
the mSigma value is less than 50, there is less than 5 % error between the 
experimental and theoretical isotopic patterns. The MS/MS data for the 
HR-MS/MS product ions observed are listed in Table S2. Some of 
resulting fragments (167.0729, 180.0808, 195.0679, 210.0913) were 
common to several intermediates and specific to CBZ fragmentation, 
showed predictable losses (CONH for example). These data could be 
further reprocessed with different databases to give other structural 

propositions (by using in silico MS/MS fragmentation). The elemental 
composition obtained from the HRMS also enabled the structure to be 
found in ChemSpider (an online database) (Hisaindee et al., 2013; Sasi 
et al., 2015; Rayaroth et al., 2018b). The acquired MS/MS data were 
compared with different databanks, and thus the structures are given 
with a probability score and concordance with MS data. 

The identified products are listed in Table 1 along with the parent 
CBZ molecule. For instance, the actual m/z value of 253 obtained from 
HRMS was very close to 253.0972 Da, with less than 1.6 ppm maximum 
error for the five isomers found, and less than 2.3% error for the 
experimental isotopic pattern, thus the respective elemental composi-
tion with the best score was C15H12N2O2. The m/z value is 16 units 
higher than that of CBZ. Comparison with the elemental composition of 
the parent CBZ (C15H12N2O) shows that these intermediate products 
have an additional O atom. Hence the intermediate with m/z 253 rep-
resented the hydroxylated product, as given in Table 1. Similarly, it is 
likely that multiple attacks by •OH on CBZ form di- and tri-hydroxylated 
products. On the other hand, the elemental composition of the product 
with an m/z value of 251 was C15H10N2O2 (1 ppm error and very good 
experimental isotopic pattern), which is two H atoms less than the hy-
droxylated product. A probable structure is proposed in Table 1. In the 
same way, the elemental compositions of the products with m/z values 
282 (C15H11N3O3), 296 (C15H13N3O3) and 300 (C15H13N3O4) contain an 
extra nitrogen atom. The attack of ROS and RNS in different positions 
also results in the formation of positional isomeric products. We iden-
tified five isomer products with the m/z values 253 and 296, three iso-
mer products with m/z 241 and 282, and two isomer products with m/z 
271 that were detected in the HRMS analysis. It is difficult to assign the 
exact position where the OH or NO2 is attached to the ring. The proposed 
structure is therefore tentative (or one possible isomer). However, for 
product P2, the mSigma value was more than 50 due to observed in-
terferences for M+1 ion (m/z 240) and M+2 ion (m/z 241), as shown in 
the Supporting information (Figure S3). 

3.4. Degradation mechanism 

The NTP process generates reactive oxygen species (ROS) such as 
•OH, 1O2, and O2

•- in the medium (Gorbanev et al., 2016). Reactive ni-
trogen species (RNS) were also reported to be formed during the NTP 
process. Nitric oxides are the key species formed in the generation of 
RNSs. •NO is formed by the reaction of N2 in the medium with primary 
oxygen species. In addition to atomic oxygen, the electron generated by 
the plasma process can also dissociate N2 to form •N. The oxygen fixa-
tion reaction on NO can occur by their reaction with reactive species, 
resulting in the formation of nitrite radicals (•NO2) (Brisset and Hnatiuc, 
2012; Park et al., 2013; Lukes et al., 2014; Bradu et al., 2020). NOx is 
formed by the further oxidation of •NO2 with reactive species and •N. All 
these species can also be formed in the liquid phase. Many neutral 
species such as HNO2 and HNO3 can also be formed due to the presence 
of humidity in the air or water molecule in the liquid phase. These 
species were also detected in our process (Fig. 5). The formation of RNS 
during the NTP process is evidenced by the NO2 and NO3 ions generated. 
Therefore, both ROS and RNS are involved in the degradation of organic 
pollutants.  

e− + O2 → 2O• + e− (3)                                                                       

N2(g) + O• → •NO + •N                                                                  (4)  

N2(g) + e− → 2 •N                                                                          (5)  

•N + O• + M → •NO + M                                                              (6)  

•N + HO• → •NO + •H                                                                   (7)  

•N + O3 → •NO + O2                                                                     (8)  

•NO + ROS → •NO2                                                                       (9) 

Fig. 3. Effect of applied voltage amplitude on the degradation and Energy yield 
with a fixed distance of 3.5 mm: Frequency 500 Hz, [CBZ]0 = 25 mg.L− 1 in pure 
water, treatment time 20 min. 

Fig. 4. Changes in the HPLC chromatogram during the NTP oxidation of CBZ. 
Needle to liquid surface distance 3.5 mm, HV – 10 kV Frequency 500 Hz, 
[CBZ]0 = 25 mgL− 1; retention time (Rt) for CBZ is 8.7 min (T0, T10, T20, T30, 
and T40 indicate the treatment time). 
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Table 1 
List of products obtained using the HRMS techniques.  

Product Theoretical m/z Molecular weight (g.mol− 1) Elemental composition by HRMS Proposed Structure ESI mode 

CBZ 237.1024 236 C15H12N2O +

P1 253.0972 252 C15H12N2O2 +

P2 239.1179 238 C15H14N2O +

P3 271.1077 270 C15H14N2O3 +

P4 251.0815 250 C15H10N2O2 +

P5 282.0873 281 C15H11N3O3 +

P6 300.0979 299 C15H13N3O4 +

P7 296.0677 297 C15H11N3O4 – 

(continued on next page) 
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•NO2+ ROS/•N → •NO3 / N2O5/ N2O                                              (10)  

RNs + H2O → neutral species (HNO2, HNO3, etc)                             (11) 

The attack of •OH on one of the C atoms in the aromatic ring of CBZ 
leads to the formation of hydroxy cyclohexadienyl radicals which are 
stabilized via resonance (Anderson et al., 1990). The hydroxyl in-
termediates are formed by the addition of O2 and the elimination of HO2

•

from the hydroxy cyclohexadienyl radical. For CBZ, there are three rings 
and many sites have access to •OH, leading to the formation of different 
isomeric species of mono-hydroxylated products. A similar reaction on 
the hydroxylated CBZ forms tri-hydroxylated products (m/z 271, P3). 
The rearrangement reaction of one of the hydroxylated products leads to 
the formation of a product with m/z 251 (P4). The continuous attack by 
•OH results in bond breaking and further rearrangement to form prod-
ucts such as P8 and P10. 

The RNSs especially NO2
•, caused nitration of the CBZ or its inter-

mediate products to form nitro products. The NO2
• caused the one- 

electron oxidation of CBZ to form a nitrated cyclohexadienyl radical, 

which can be further stabilized and finally forms the nitro products (Wei 
et al., 2018; Rayaroth et al., 2022). Such nitration of the parent CBZ 
generates a product with m/z 282 (P5). The products with m/z300 (P6), 
296 (P7), 225 (P9), and 241 (P10) are formed by the nitration reactions 
of either of the intermediate products of CBZ (Fig. 6). 

The nitrate ion concentration increased with time in both pure water 
and CBZ spiked solution (Fig. 5), reaching 150 mg.L− 1 in pure water and 
130 mg.L− 1 after 10 min of treatment, and 340 and 360 mg.L− 1 

respectively after 40 min of treatment. On the other hand, a clear dif-
ference was observed in the evolution of nitrite ions. The concentration 
was 6 and 17 mg.L− 1 in the case of pure water and CBZ solution 
respectively after 10 min. However, it decreased to 4 and 8 after 40 min 
of treatment. In short, the nitrite ion concentration is high in the CBZ 
solution compared to pure water and decreases with time, indicating 
that the N in the CBZ and its intermediate products are oxidized to 
release nitrite ions. On the other hand, NO3

− is not involved in the 
product formation. These ions either form nitrite radicals and likely 
undergo intercrossing reactions with the intermediate products for other 
nitro-products or convert to NO3

− . This is the likely reason for the 

Table 1 (continued ) 

Product Theoretical m/z Molecular weight (g.mol− 1) Elemental composition by HRMS Proposed Structure ESI mode 

P8 180.0808 179 C13H9N +

P9 225.0659 224 C13H8N2O2 +

P10 241.0608 240 C13H8N2O3 +

P11 196.0757 195 C13H9NO +

Fig. 5. Nitrate (A) and Nitrite ion (B) formation during the NTP of pure water and CBZ solution. Needle to liquid surface distance 3.5 mm, HV – 10 kV Frequency 500 
Hz, [CBZ]0 = 25 mg.L− 1.. 
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increased nitrate concentration and the decrease in nitrite ion concen-
tration with time. 

3.5. Degradation of CBZ in tap water 

To gain insight into the practicability of the method, a further 
experiment was conducted in tap water and compared with pure water 
(Fig. 7). It was found that the degradation efficiency was reduced when 
the matrix was changed to tap water. More than 90% of degradation was 
observed in pure water whereas in tap water it was 83% after 40 min. 
The slow pH and conductivity changes indicate that CBZ degradation is 
slow in tap water (Fig. S4). Therefore, the decrease in the degradation is 
likely due to the matrix effect. The inorganic carbon concentration of the 
tap water was nearly 40 mg.L− 1, which comes mostly from carbonate 
ion. 

Further understanding of the matrix effect was obtained from an 

experiment in the presence of the most common inorganic ions. Inor-
ganic ions, especially chloride (Cl− ) and carbonate ions (CO3

2− ), are the 
major constituents in most water matrices. They are therefore present in 
water contaminated with other chemicals and affect the performance of 
AOPs (Rayaroth et al., 2018a, 2023; Lado Ribeiro et al., 2019; Wang and 
Wang, 2021). 

In this study, the ratio of CBZ to inorganic ion concentration was 
varied from 1:0 to 1:500. The degradation efficiency under varying 
additions of CO3

2− and Cl− are given in Fig. 8A and B. From these figures, 
it is clear that both ions reduced the degradation efficiency, with the 
effect of carbonate being more significant (Fig. 8A). This is due to the 
fact that the bimolecular rate constants for the reaction of Cl− and CO3

2−

with ●OH are 2 × 107 M− 1s− 1 and 3.9 × 108 M− 1s− 1, respectively, 
showing that CO3

2− can scavenge the reactive species more than Cl−

(Buxton et al., 1988). 
In addition, the intermediates formed in the tap water were 

analyzed. The products formed in both cases are the same. The products 
formation were monitored promptly and their intensities were plotted. A 
single ion monitoring (SIM) technique was used to monitor their for-
mation at different time intervals. The main results are presented in 

Fig. 6. The possible mechanism in the NTP process for the transformation 
of CBZ. 

Fig. 7. Degradation of CBZ in pure and Tap water: Needle to liquid surface distance 3.5 mm, HT = 10 kV, Frequency = 500 Hz, [CBZ] 0 = 25 mg.L− 1..  

Fig. 8. Effect of CO3
2− (A) and Cl− (B) on the removal of CBZ; Needle to liquid 

surface distance 3.5 mm, HV 10 kV, Freq 500 Hz, [CBZ]0 = 25 mg.L− 1, Time of 
treatment 20 min. 
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Figs. 9 and 10. As can be seen from the figures, there are significant 
changes in the formation of intermediates. As an example, the intensity 
of the hydroxylated intermediate (m/z 253) was maximum at 25 min in 
pure water, but its formation was very slow in the case of tap water. A 
similar pattern was observed in the case of intermediates such as 251, 
271, and 296. Moreover, the intensity of nitro-products such as P5, P6 
and P9 is high in tap water. This is due to the fact that the RNS are less 
reactive towards the co-existing matrices and react more effectively with 
the CBZ. On the other hand, formation of the nitro-product P7 is slow in 
tap water. As given in the degradation pathway (Fig. 6), P7 is formed 
either by the hydroxylation of the nitro-product (P5) or by nitration of 
the hydroxylated product (P1). In this case, it is expected that the 
scavenging of the ROS by the co-exiting matrix suppressed the hydrox-
ylation of P5 and the RNS generated was not sufficient for nitration. 
With the increase in time, the concentration of RNS and P1 increases and 
subsequently the nitration reaction. It shows that one needs to be careful 
about the intermediates in the treatment of complex matrices. 

4. Conclusions 

This study explored the possibility of using a non-thermal plasma 
oxidation process in the treatment of water contaminated with the 
pharmaceutical compoundcarbamazepine (CBZ) with a special focus on 
the intermediate products. The degradation efficiency in both pure and 
real water matrices, operational parameters, and evolution of interme-
diate product formation was investigated in this study. Nearly complete 

removal of the CBZ was attained in the NTP process with a dissipated 
power of 8 W. The scavenging effect by the co-existing ions (chloride 
and carbonate ions) reduced the removal efficiency in the real water 
matrix. The evolution of the reactive nitrogen species during the process 
was confirmed by the identification of corresponding nitro-products by 
high resolution mass spectrometry (HRMS) techniques. The product 
profiling revealed that intermediate products are formed and that their 
intensity initially increased and then decreased with an increase in the 
treatment time. However, prolonged irradiation is required to achieve 
the complete removal of all the intermediates. This study concluded that 
even though complete degradation of the CBZ is achieved within a short 
period, the process was not effective for the intermediate products. In 
addition, a reduction in pH, an increase in conductivity and the release 
of high concentrations of nitrite/nitrate ions into the treated water 
remain identified drawbacks of this process. Therefore, longer irradia-
tion or a possible combination with nanomaterials, or other processes 
should be considered in real applications. 

CRediT authorship contribution statement 

Manoj P Rayaroth: Methodology, Investigation, Formal analysis, 
Writing – original draft, Writing – review & editing. Olivier Aubry: 
Conceptualization, Writing – review & editing, Supervision. Hervé 
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