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Abstract 
Petri Ajo 
Hydroxyl radical behavior in water treatment with gas-phase pulsed corona 
discharge  
Lappeenranta 2018 
45 pages 
Acta Universitatis Lappeenrantaensis 793 
Diss. Lappeenranta University of Technology 
ISBN 978-952-335-212-4, ISBN 978-952-335-213-1 (PDF), ISSN-L 1456-4491, ISSN 
1456-4491 

In recent years, the problem of pharmaceutical residues in wastewaters accumulating in 
the environment has become of growing concern. Although some pharmaceutical 
compounds are easily biodegradable, many exhibit strong refractory character, 
rendering conventional biological wastewater treatment an incomplete enterprise. The 
application of gas-phase pulsed corona discharge (PCD) is one of the potential 
alternatives studied for the energy efficient oxidation of aqueous organic pollutants, and 
forms the subject of the present study. This thesis assesses the behavior of hydroxyl 
radicals (OH) in PCD water treatment. The process is also studied for application in 
removal of pharmaceutical residues from real wastewaters. It is seen that OH formation 
and utilization depends strongly on hydrodynamic conditions with the gas-liquid contact 
surface being a major variable for oxidation energy efficiency, which can be increased 
by increasing the contact surface area. Excessive volumetric flow rate, however, results 
in adverse effects due to disturbances in the plasma zone that unfavorably alter the net 
effect between radical oxidant formation and premature termination reactions. The 
optimum gas-liquid area increases with pulse frequency. Furthermore, it is shown that 
the OH radicals are only produced on the gas side of the gas-liquid interface, from 
where they dissolve through the phase boundary for reactive affinity with the aqueous 
pollutants; no plasma induced primary reactions take place in the liquid phase to form 
OH. The successful transfer through the phase boundary requires an atomic H scavenger 
in the gas phase to avoid undesirable recombination of the radicals, thus enabling the 
oxidant reactions with the dissolved species. In contrast with the liquid phase, the 
plasma-produced OH radicals remain effective in oxidation of gaseous species even in 
the absence of H scavenger, which is explained by the immediate phase affinity of the 
oxidant and the reactant. Harnessing the reactive oxygen species for the degradation of 
pharmaceutical compounds in municipally treated wastewater effluent, raw sewage of a 
hospital and biologically treated wastewater from a health institution showed high 
feasibility and energy efficiency of the process in non-selective destruction of a variety 
of pharmaceutical substances and their metabolites. The pharmaceutical content  of the 
wastewaters is substantially higher if transformation products are also considered, 
which leads to an inherent negative bias in the removal efficiency estimations due to the 
simultaneous reformation of the original parent substance during oxidation, for which 
the transformation products may act as precursors. On the other hand, this further 



 

 

emphasizes the importance of non-selective oxidation of products exhibiting biological 
activity. 
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1 Introduction 

1.1 Background 

Where high quality water is readily available in everyday life, water and water resources 
may, by some, if not many, intuitively be described with rather prosaic expressions; 
with limits to the devoted enthusiasm, perhaps to the extent of interest; or, more 
cynically, the colloquial water may simply be deemed with little or no special respect, 
in respect to the necessity of it, which conveniently follows the (modern?) human 
perception of taking for granted what is easily accessible, like the air that is inhaled, or 
the skin that covers the human body. Water, however, is a special substance, even 
exceptional (like many of the substances whose presence is taken for granted, following 
mere abundance). Water consumption is required by the human body, and it is used for 
hygienic purposes, food production, industrial raw material, coolant, hydrogen source; 
the list is infinitely long. Water has peculiar properties that enable life as we know it. It 
is at its highest density at around 4 °C, expands upon freezing and exhibits remarkable 
latent heat, and makes a universal solvent and mass transfer media, to name a few. For 
the unique properties, as well as its ubiquitous nature in our life, water will always be a 
topic for the works of scientific research. 

Treatment of water is one of the global key infrastructural elements. Initially, the 
consumption of water, for whatever purpose, may require purification. Treatment is also 
often required before returning the water to the environment (usually by legislative 
means). These are self-explanatory perceptions of the need for water treatment. 

Declining freshwater supplies are often perceived as potential triggers for future wars, 
which can be considered concerning primarily locations suffering from e.g. scarce water 
supplies, poor economy and hot climate. Research-wise, for the richer countries the 
growing concern has been more about the quality of the water supplies, instead of the 
quantity. This, however, is largely a matter of perspective, as quality and quantity of 
water are intrinsically connected by definition of how to measure the latter. 

The quality of water can be measured by many parameters, chosen accordingly to a 
given perspective from which it is assessed. For a few decades now [1], the state of 
aquatic environments has received wide concern from the point of view of pollution by 
the daily consumed chemicals conveying intentional biological activity, such as 
personal care products and pharmaceutical compounds. These substances may enter the 
environment for example via manufacturing industry discharges [2-4], careless 
individual discarding of medicines and their packaging [3], or simply by human (or 
animal) consumption and excretion [3-5]. Pharmaceutical compounds may transform 
into metabolites in human body, or exit unchanged, resulting in a complex composition 
of wastewaters conveying an undetermined number of biologically active chemicals into 
the environment [1,6,7]. Evidently, the pharmaceutical residues and their metabolites 
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are somewhat scattered and found in very low concentrations, which, unfortunately, 
may often still be enough to affect aquatic organisms [1]. 

Selective removal of low concentration target pollutants, especially in large scale 
applications treating large volumes, is a challenging engineering issue. A non-selective 
approach provides an intuitively better alternative, not only because small targets are 
difficult to aim at, but also because it is not feasible (or even possible) to detect and 
identify every single harmful constituent present. Since the degradation of organic 
compounds is generally an oxidation process, various advanced oxidation processes, 
AOPs, have been studied for the purpose of non-selective pollutant degradation [8,9]. 
After the definition by Glaze et al. in 1987 [10], water treatment processes utilizing 
hydroxyl radical (OH, a strong oxidant) are collectively referred to as AOPs. A brief 
overview and listing of AOP technologies is given in chapter 2 Advanced oxidation 
processes. 

The AOP under scrutiny in the present study is an application of gas-phase pulsed 
corona discharge (PCD), a non-thermal plasma (NTP) process operating at ambient 
pressure. Due to the substantial differences, low pressure and thermal plasmas will be 
left out of discussion for brevity and focused analysis. While some variations of the 
practical PCD configuration do exist (see e.g. [8,11,12]), this study is focused on a 
system where a wire-plate electrode setup is established vertically with the treated water 
falling freely through the discharge zone. The primary OH radicals in PCD water 
treatment are formed from the water molecules in contact with the plasma that also 
forms ozone (O3) from ambient oxygen [13]: these are the two main oxidants whose 
operation will be discussed in the following pages. (Note: henceforth, the present 
configuration is referred to as PCD and any other discussed configuration, even those 
producing pulsed corona, will be referred to with another name/abbreviation to make 
the distinction clear.) 

Degradation of pharmaceutical compounds (paracetamol, ibuprofen, salicylic acid, 
-estradiol) from water with PCD was previously studied by Panorel et 

al. in [14] using synthetic model solutions. The authors reported successful removal of 
the target pollutants at low energy consumption, yielding 20 to 150 g kWh-1 drug 
removal under acidic conditions. The studies proved a highly effective process, 
although the focus was more on kinetics of the treatment and the experiments were 
conducted at concentrations of ~102 mg L-1 which is at least four orders of magnitude 
higher than the typical concentrations detected in wastewaters and aquatic environments 
(~10-2 1 µg L-1 [5-7]). Several other methods, however, have been studied for real 
wastewaters, and examples with points of comparison will be discussed at the 
appropriate chapters. A comprehensive review on NTP induced degradation of aqueous 
pharmaceuticals was given by Magureanu et al. in [8]. 

For optimal operating conditions, knowing the effect of the process parameters on the 
behavior of the oxidants is crucial and enables the anticipation of the kind of reactions 
that are achievable in the given system. In PCD water treatment, the plasma induced 
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formation of the hydroxyl radicals reacting with the dissolved species has earlier been 
established to occur at the gas-liquid interface [15] from high energy electron collisions 
with water molecules (Eqs. 1 [13] and 2 [16]):  

    (1) 

     (2) 

It was also shown in [15] that increasing the gas-liquid (also plasma-liquid) contact 
surface area enhances the oxidation energy efficiency due to the increase in radical 
formation sites, a property with a certain maximum value beyond which the energy of a 
plasma pulse was considered to be the limiting factor, restraining further improvement. 
The authors also reported zero oxidation of aqueous phenol in PCD under N2, which 
was suggested to be the result of prevailing recombination of the products in Eqs. (1-2) 
due to the absence of H scavenging by O2. 

The complete absence of reaction without O2, however, promotes interest for this 
research, and its continuing mission to explore the OH radical formation at the interface. 
After all, the radical reactions have been reported effective even in natural waters 
without oxygen [17]. This phenomenon has not yet been attributed to other types of 
plasma water systems, most likely because there is no apparent practical need for 
substituting the air atmosphere with N2 for water treatment purposes. In wider scope, 
the effect of gas composition for water treatment with various discharges has been 
studied, and the oxidation of aqueous organic compounds reported successful even in 
the absence of O2 [18-22]. This suggests that these processes rely on various 
mechanisms with mutuality of limited extent; the discharge parameters that govern the 
scheme of available reactions may substantially vary even between different corona 
setups [13,23,24]. Studying the reactions under N2, however, provides a convenient 
route for analyzing certain reactions, as will be discussed in the following. 

1.2 Research motivation and objectives 

The present study aimed to explain the conditions and parameters determining the 
efficiency of OH radical utilization for the oxidation of dissolved aqueous pollutants. It 
was considered that the key characteristics for the description of OH dynamics would be 
the hydrodynamic conditions and the gas-liquid interface, due to the previously 
recognized surface character of the radical activity. Therefore, in this thesis, the 
complex interrelation of the hydrodynamic conditions and the OH radical utilization 
will be given consideration by mapping and justifying optimal process conditions. The 
general suggestion that the radicals are formed at the gas-liquid interface will be further 
elaborated to produce a more specific description of the radical formation regime and 
explain premature radical termination conditions. These studies aim to provide better 
understanding to the heterogeneous PCD water treatment process, aiding process 
optimization and intensification design as well as the conceptualization of future studies 
and possible (and the recognition of the impossible) reaction schemes. 
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Furthermore, the research on PCD degradation of aqueous pharmaceuticals is extended 
to cover actual wastewaters with realistic concentrations, in order to study the feasibility 
of the process not relying on laboratory model solutions. The issue is initially 
approached by employing PCD as tertiary treatment for wastewater effluent from a local 
municipal wastewater treatment plant (WWTP). Next, considering that the low 
concentrations provide difficult conditions for high efficiency pollutant removal, the 
studies are extended to include wastewaters with characteristically more extensive 
pharmaceutical content, i.e. wastewaters from source points of higher pharmaceutical 
consumption. For these studies, PCD treatment was applied directly to institutional 
wastewaters from two locations, raw sewage from the first and biologically treated 
wastewater effluent from the other. 
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2 Advanced oxidation processes 
The performance of different AOPs is largely determined by the formation and delivery 
of the desired oxidants, although by definition the OH-radical is considered the primary 
one, as mentioned above; operation at ambient temperature and pressure is a major 
characteristic asset for most AOPs. Several other oxidants, other reactive oxygen 
species (ROS) and reactive chlorine species (RCS), make essential characteristics for 
some of these processes as well. In essence, OH-radicals may even play a rather minor 
role in comparison to other oxidants in a given AOP, also often dependent on specific 
process conditions such as pH or the presence of certain radical scavenger species like 
carbonate (CO3

2-) and bicarbonate (HCO3
-) ions. In the case of ozonation, for example, 

the reaction routes promote OH-radical formation from ozone decomposition only at 
elevated pH range [25]. Still, conventional ozonation is quite often excluded from the 
list of AOPs, but sometimes included when coupled with some other technology 
(ultrasound, ultraviolet light, peroxides, catalysts etc.). Water treatment processes 
applying electrolysis may also result in OH radical having a role in the oxidation 
kinetics, although RCS are often regarded as the primary oxidants. For this reason, 
electrolysis is generally not discussed within the AOP context. Table 1 briefly lists 
some common oxidation technologies in water treatment research, including some, but 
not limiting to, commercially applied solutions (for comprehensive listing of various 
NTP based AOPs, see e.g. [8,26]). 

 

Table 1: Common oxidation processes operating at ambient conditions . PCD refers to  the 

configuration described in this thesis, another,  perhaps more famous corona based  

method, is the corona above water ( CAW); DBD refers to dielectr ic barrier discharge.  

The classification of some processes * as AOPs is not unambiguous; these processes are 

listed due to re levant similarity and high popularity in water research . Further 

combinations of the listed a pplications make popular topics and can be  abundant ly found 

in li terature. Reference examples are  reviews or early -work publications, except  for [27] 

that is given particularly for the ROS discussion in electrolysis.  

AOP Primary 
oxidants 

Description Ref. 

Ozonation* O3, (OH) Ozone gas sparging through the liquid solution, catalysts 
often used for promoting OH radical formation 

[28] 

Sonozone OH, O3 Ozonation coupled with ultrasonic excitation [29] 

UV/H2O2 H2O2, OH Hydrogen peroxide dissociated into OH-radicals by UV 
irradiation 

[30] 



2 Advanced oxidation processes 

 

20 

UV/TiO2 OH, TiO2+ Photocatalysis [31] 

Fenton H2O2, HOO , 
OH 

ROS production from H2O2 via catalytic reactions with 
ferrous/ferric ions 

[32] 

Photo-Fenton H2O2, HOO
OH 

Fenton coupled with UV irradiation [30] 

PCD OH, O3 Treated solution showered through NTP volume [15] 

CAW OH, O3 Treated solution flowing as a film below NTP volume [33] 

DBD OH, O3 Pulsed or AC plasma distributed over insulator surface [34] 

Electrolysis* Cl2, HClO, 
ClO- 

Immersed low voltage electrode pair driving current 
through the treated solution, various anode materials 

[27] 

 

The examples presented in Table 1 reflect AOPs relying on the utilization of OH and 
other ROS, whereas in electrolysis the primary oxidants are RCS as mentioned above. 
In electrolysis, however, some ROS (like OH, H2O2, O3, O2

-) are also formed through 
electrochemical water splitting reactions [27,35], the process this how exhibiting 
similarity with AOPs. 

In addition to the applicable oxidative species, the kinetics governing the efficient 
utilization of formed oxidants determine the overall effectiveness of the oxidation 
process. This is closely connected to optimizing the amount of produced oxidants for 
reactions with the organic pollutants; excess oxidants result in their useless 
decomposition, which reduces the efficiency for oxidant-pollutant reaction per resource 
input (energy or chemical) for producing the oxidant. There is some variance in the 
importance of this balance between different technologies. In H2O2 applications, for 
example, the amount of hydrogen peroxide is important to match an optimum that is 
determined by the pollutant concentration [36]. Similarly, in ozonation process where 
ozone gas is sparged through the treated solution, the dosage determines the efficiency: 
no reason in bubbling excess ozone through the water to waste exhaust. Somewhat in 
contrast, in PCD treatment where the most important reactions take place at the plasma-
water interface, as explained in Publication I and [15], the amount of oxidants is less of 
an important variable since no chemicals are physically added to the process. The 
formed oxidants in PCD are created from the ambient oxygen and water molecules 
themselves, and for high efficiency, the optimization becomes more of a question on 
how to introduce the treated solution into the system. 

Along the removal of organic compounds from water or wastewater, AOPs in many 
cases carry the parallel purpose of disinfection. This is often the target in drinking water 
purification, which sets certain limitations to the applied method. For example, 
electrolysis is not suitable since it requires the presence of electrolytes, chloride in 
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particular, which in potable water may not be present in reasonable amounts for the 
purpose. AOPs since the early days of ozonation [37] have been acknowledged very 
suitable. The formation of harmful disinfection byproducts (DBPs), however, may be of 
concern also in these applications due to the strict requirements for drinking water (with 
regional discretion). The relevant DBPs in drinking water AOPs may typically be nitrate 
(NO3

-) and nitrite (NO2
-) [38], or, in the presence of bromide (Br-), bromate (BrO3

-) [39] 
and bromoform (CHBr3, a trihalomethane) [40], both of which are known carcinogens 
[41]. The Br-based byproduct species in NTP water treatment processes is not a well-
studied subject and out of the scope of the present study as well. Here, the products that 
can be considered DBPs consist only of NOx species, as will be discussed in the 
experimental section and results analysis. 

Comparing different AOPs, PCD can be considered to have the following assets: 
insensitivity towards turbidity (in contrast to photochemical methods), no addition of 
chemicals (consider peroxide) and no special oxidant delivery system (e.g. O3 sparging) 
since all oxidants are produced in situ, and high plasma-liquid contact surface area 
(compare to CAW and DBD). A generalizing comparison of the performance of 
different AOPs, however, is very challenging for the reasons mentioned above; 
evidently, the operating circumstances notably affect the AOP ranking. The assessment 
of PCD performance is often done by experimental PCD data comparison with literature 
values for other processes. The primary selected method for comparison has been 
ozonation for the similarity of the chemistry, and for ozonation representing a 
traditional, commercially wide-spread technology. For example, Preis et al. (2013) [15] 
observed 88 g kWh-1 yield in aqueous phenol degradation in air and 140 g kWh-1 in 
oxygen atmosphere using PCD, whereas the best result of the extensive data collected 
by Krichevskaya et al. (2011) [42] using ozonation was 63 g kWh-1. Oxalic acid 
oxidation is given some figures and literature values for conventional ozonation in 
Publications I and IV, and chapter 4.1 Hydrodynamics of the present work. A brief 
comparison of a few technological approaches with experimental support is described in 
Appendix A. 
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3 Experimental methods 
In this section, a general overview of the practical conducted research is given. More 
detailed descriptions of individual experimental operations can be found in the 
attributable articles, Publications I-IV. The following description is divided in two 
sections, starting with the studies on the phenomena related to OH radical utilization 
and the effect of hydrodynamic conditions, followed by the application in removal of 
pharmaceutical residues from synthetic solutions and real wastewaters. A pivotal 
parameter frequently occurring in this thesis will be energy dose, E, with the unit kWh 
m-3 (1 kWh m-3 = 3.6 kJ L-1). This parameter indicates the nominal energy expense of 
the process as calculated by the discharge power multiplied with the treatment time over 
the treated volume. Yield (i.e. conversion efficiency) reports the amount of target 
substance transformed as a result of the oxidation process per the delivered pulse 
energy, i.e. presented in g kWh-1. 

3.1 Experimental system 
Two separate PCD water treatment systems were used during the experimental studies. 
In Publications I, II and IV a reactor of 100 W nominal power was used and a larger 
scale 250 W reactor (nominal power) was used in Publication III. The reactors have 
individual water circulation systems and pulse generators, the smaller system including 
a flow-through setup enabling single-pass treatment of the solutions for minimal energy 
dose. The system concept is illustrated in Fig. 1. The experimental parameters for 
Publications I-IV are given in Table 2 with some technical characteristics referring to 
the elements in Fig. 1.  

 

Figure 1 : Experimental system concept .  
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Table 2: Experimental parameters.  In Publication II :   batch;   single-pass.  

Publication I II III IV 

PG and 
PCD reactor 

100 W(0.12 
J/pulse) 

100 W (0.12 
J/pulse) 

250 W (0.3 
J/pulse) 

100 W (0.12 
J/pulse) 

Applied power, W 
(frequency, pps) 

100 (833), 
60 (500), 
36 (300) 

 
 
 

 

250 (840) 
30 (100) 

100 (833), 
60 (500), 
36 (300) 

Operation Batch Batch 
single-pass  

Batch Batch 

Water distributor Perforated 
plate 

Perforated 
plate 

Perforated 
plate 

Atomizer 
array 

Water volumes 10 L  50 L 7 L, 10 L 

Atmosphere Air Air Air Air, N2 

Temperature Ambient Ambient Ambient 13, 20, 30 °C 

Water solution Synthetic 
binary  

Synthetic 
binary and 
municipal 
WWTP 
effluent 

Hospital 
wastewater, 
biologically 
treated  
effluent from 
a health 
institution 

Synthetic, 
various 

 

In the present PCD devices, the corona discharges are produced by thyristor pulse 
generators with high-voltage transformers and magnetic compression stages shortening 
the pulse duration. This description with further information and detailed schematics of 
the electrical circuit can be found in [43], where the described configuration follows the 
same design. Both PCD reactors contain a vertical electrode configuration in a dielectric 
housing. Two grounded plate electrodes are set vertically with the high voltage wire 
anode passing between the plates multiple times in a parallel array. The PCD systems 
studied in the thesis are thus set to produce positive corona discharges only. The treated 
water can be either directed to a top chamber with a perforated bottom plate above the 
plasma reactor (Publications I-III), or sprayed into the plasma with a five-point 
atomizer nozzle array placed above and parallel to the high voltage wires (Publication 
IV). The 100-W and the 250-W reactors each have their own pulse generator matching 
with the reactor (detailed descriptions with illustrations of the overall setups are 
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available in Publications I-IV). The specifications for the reactors and the generators are 
given in Table 3 below. The current and voltage information was gathered with an 
Agilent 54622D oscilloscope and the energy of an individual pulse produced as an 
integral product of voltage and current peak areas, measured with a Tektronix P6015 
voltage probe and a Pearson 2878 current probe, respectively. Typical waveforms for 
the pulses can be found in Publication I for the 100-W device and in [15] for the 250-W 
device. 

Table 3: Reactor and pulse generator specifications; the data for the 250 -W system is  

derived from [15]. Data for 100-W reactor is also availab le in Publication I .  

Power 100 W 250 W 

Plate electrode 
dimensions 

21 × 100 cm 50 × 200 cm 

Times the anode passes 
between the plates 

33 64 

Current in pulse peak 180 A 380-400 A 

Voltage in pulse peak 22 kV 18-20 kV 

Pulse length 100 ns 100 ns 

Pulse energy 0.12 J 0.30-0.33 J 
 

3.2 Hydro- and OH radical dynamics 

Studying the effect of flow conditions was done by altering the solution flow rate 
through the PCD reactor with 5.04 L min-1, corresponding to a 
spray density (the volumetric flow rate over channel cross-section) -1. 
The experiments were conducted at pulse powers P of 100, 60 and 36 W (corresponding 
to frequencies of 833, 500 and 300 pps, respectively). A linear correlation was 
established for the specific gas-liquid contact area A (related to the treated volume) and 
the flow rate qv (Fig. 2) by the sulfite oxidation method described in [44]. The 
measurement is based on catalytic sulfite oxidation to sulfate by ambient molecular 
oxygen, a reaction whose rate is dependent on the contact surface area. The practical 
description and equations as applied in the present study are given in detail in 
Publication I. By this approach, an optimal contact area to pulse power ratio A/P was 
investigated. 
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Figure 2 : Specific gas-liquid contact surface are a (A) dependence on water flow rate ( qv).  

 

OH radical formation regime was studied under air and N2 atmosphere, the motivation 
for the latter being the replacement of H scavenging species, i.e. molecular oxygen. The 
study was conducted by investigating gas phase and liquid phase reactions separately 
and the treated solution was introduced to the PCD reactor in aerosol form through an 
array of atomizer nozzles at 1.8 L min-1, instead of the perforated plate that produces 
droplets and streams. OH radical activity in the absence of oxygen was monitored in the 
gas phase by analyzing the dissolved oxidation products of nitrogen (NO2

-
, NO3

-) and 
acetone (acetate and formate) in the liquid phase (Publication IV). Indeed, it is worth 
noting that products analyzed from the gas phase would yield highly relevant and useful 
information, which, however, is beyond the scope of this thesis; analysis of the 
dissolved products was considered to meet the experimental purpose by demonstrating 
the desired reactions and their rate in comparison to the equivalent at changed process 
parameters. The dissolved NOx was monitored under air and N2 at different pulse 
frequencies and operating temperatures to provide information for gas phase oxidation 
in the absence of molecular oxygen; the gaseous oxidation under these circumstances 
was confirmed with high concentration acetone (17%) in the liquid phase, exploiting the 
high volatility of the substance. 

Temperature effect on OH radical utilization for the oxidation of aqueous organic 
compounds was studied in experiments with varying pulse frequencies and 
temperatures. To ascertain if plasma induced OH radicals are formed in the liquid phase 
in the absence of oxygen, potassium permanganate (KMnO4) was used as an atomic H 
scavenger in the dissolved phase: if Eqs. (1-2) were valid in the liquid side of the 
interface as well, the atomic H as a product of those reactions would have a chance to 
react (half-reaction Eq. 3) with the permanganate via reduction to MnO2 (half-reaction 
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Eq. 4), thus promoting OH radical reactions with other dissolved species, i.e. the probe 
compound, which would be seen in the analysis. Since ozone reactions are strongly 
temperature dependent, oxalic acid was used as a probe compound for its slow reactivity 
with ozone (k -2 M-1 s-1 [28]), thus favoring reactions with the OH radical (k = 

6 M-1 s-1 [45]), and also for the excellent analytical simplicity. 

     (3) 

    (4) 

3.3 Wastewater treatment 
The experiments with real wastewaters were conducted with two approaches: (i) to 
monitor a selected pharmaceutical substance and its transformation products during 
oxidation of binary solutions and real wastewater, and (ii) to study a more 
comprehensive range of pharmaceuticals in more concentrated wastewaters. 

First (i), a selected pharmaceutical, anti-epileptic drug carbamazepine (CBZ), was 
experimented with in binary model solutions and spiked WWTP effluent. Oxidation 
was studied in these two parallel experimental series to inspect how the complex 
mixture of real wastewater affects the oxidation of a single pharmaceutical compound 
and its transformation products in very low concentrations (Publication II); the typical 
co-pollutants were previously observed to exhibit notable negative impact on the target 
pharmaceutical oxidation energy efficiency when operating at higher concentrations 
[14]. Here, the experiments were conducted in high concentrations also (102 mg L-1), to 
observe the degradation in similar concentration range as the earlier PCD studies with 
different pharmaceuticals. Microconcentrations degradation was studied in batch mode 
and single-pass experiments, the latter meaning that the treated solution was only 
allowed to pass through the reactor once without circulation. This was done to test the 
effect of the minimum technically feasible energy dose (0.006 kWh m-3) on CBZ 
oxidation, using minimum power (6 W) and maximum flow rate (~20 L min-1) of the 
experimental system. 

Second (ii), a total of 57 pharmaceutical substances were monitored in PCD treatment 
of wastewaters collected from two locations of likely elevated concentrations of 
pharmaceuticals (listed in Tab. 1 of Publication III). The first location was a central 
hospital in South-East Finland, from whose sewage the treated waters were derived, and 
the other a health institution with a biological wastewater treatment site whose effluent 
was used for the experiments. The hospital sewage was allowed to settle and filtered 
with a simple string filter (50 µm) to exclude most of the solid matter from the 
experimental volumes and PCD oxidation was coupled with ultrafiltration (UF) pre-
treatment to investigate potential improvement in oxidation energy efficiency from 
working with clearer solution matrix. Health institutional wastewater effluent was 
treated as such. The details of the procedures for the studies involving real wastewaters 
are described in Publications II and III. 
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3.4 Analyses 

Oxalic acid was analyzed using ion chromatography (IC, Dionex ICS-1100 with an 
AS22 column), permanganometric titration, and total organic carbon analysis (TOC, 
Shimadzu TOC L-series coupled with a total nitrogen analysis unit; Publications I and 
IV). NOx

- species were identified with IC and collectively quantified with total nitrogen 
(TN) analysis (Publication IV). Acetone oxidation products, acetate and formate, were 
identified with IC in Publication IV. Carbamazepine and its transformation product 
concentrations were analyzed with liquid chromatograph tandem mass spectrometry 
(LCMS/MS, Agilent Technologies 6460, Triple Quadruple), gas chromatograph mass 
spectrometry (GCMS, Agilent Technologies 7890A) and gas chromatography coupled 
with flame ionization detector (GC-FID, Agilent Technologies 6850) (Publication II). 
In Publication III, pharmaceutical content was analyzed by Eurofins Ltd. with ultra-
performance liquid chromatograph coupled with tandem mass spectrometry 
(UPLC/MS/MS); wastewater characterization was done with several common methods 
explained in the publication. Details of the analyses are given in the attributable 
publications.  
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4 Results and discussion 

4.1 Hydrodynamics 

Oxalic acid oxidation energy efficiency was observed to be highly dependent on the 
gas-liquid contact area (Fig. 6 in Publication I), agreeing with the observations 
presented for phenol in [15]. The optimal area was established to linearly increase with 
pulse power, although in disproportion: the relative increase in optimal area is roughly a 
3/5 fraction of the relative increase in power as observed within the experimental range 
(Fig. 8 in Publication I). 

Increasing the contact surface area beyond the optimal value resulted in notable 
decrease at any pulse power, which is probably explained by overly disturbance of the 
plasma volume by airborne water, i.e. unfavorable distribution of discharge energy in 
the heterogeneous space geometry. Increasing liquid water volume in the interelectrode 
area results in decreasing portion of plasma volume, which may increase active species 
density and promote premature radical termination reactions, therefore decreasing the 
oxidation energy efficiency of dissolved species. 

The observed maximum yield in oxalic acid oxidation was 5.4 (Publication I), and 8.6 g 
kWh-1 when the water was introduced in aerosol form (Publication IV). The latter was 
obtained at the temperature of 13 °C; at 20 °C, which is close to the ambient 
temperature (20-22 °C) in Publication I, the maximum yield was 7.1 g kWh-1. For 
reference, the maximum value for ozonation observed by Lagunova et al. (2012) [46] 
was 4.4 g kWh-1. The significance of this difference comes from the initial 
concentration of oxalate, which was 60 mg L-1 in PCD experiments and 900 mg L-1 in 
ozonation. While the numeric result is in the same order of magnitude, the order of 
magnitude difference in initial concentration reveals the essentially higher efficiency of 
PCD (rate of binary reaction depends on concentrations of the reactants). Excessive 
filling of the interelectrode space with liquid water was not an issue in aerosol 
experiments as the liquid flow rate of 1.8 L min-1 was near the minimum value used in 
the hydrodynamic studies (1.73 L min-1) with the perforated plate as the water 
distributor. 

The highest applied pulse frequency, 833 pps, was observed to yield consistently lower 
energy efficiency than as with frequencies of 500 and 300 pps: the two lower 
frequencies performed at similar efficiencies when the water was introduced into the 
reactor through the perforation, provided that the flow conditions were optimized for the 
given frequency (Publication I). This suggests that oxidation at the maximum frequency 
is somewhat diffusion controlled and that oxidation attributed to ozone reactions is no 
more improved with further decrease in frequency. Differences in efficiency between 
500 and 300 pps were more pronounced when the water was sprayed into the system 
(Publication IV), although these experiments could be done only at fixed flow rate, not 
enabling optimization of flow conditions according to the applied frequency. It is 
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possible that also with the sprinkler system, the differences between oxidation 
efficiencies at sub-maximum frequencies might have been narrowed with optimization 
of the hydrodynamic conditions. The results of Publication IV, however, serve to give 
more information on the OH radical dynamics, as is discussed in the designated chapter 
below. 

The results from the two separate experimental series (Publications I and IV) together 
give intuitively reasonable insight into the practical design of the water distribution 
system in a PCD water treatment system. Finer droplets provide better oxidation 
efficiency considering the flow-through capacity, while excessive volumetric flow rate 
results in hindered performance. Although the efficiency generally decreases with 
increasing pulse frequency, the optimal conditions at higher frequency allow higher 
capacity as well, which leads to the optimal design trade-off being a question of 
preference over capacity and energy efficiency. 

4.2 OH radical dynamics 

Experiments under N2 yielded zero oxidation of dissolved oxalic acid; by excluding 
liquid phase oxidation reactions with N2 replacement of ambient molecular oxygen, the 
reactions in the gas phase could be focused on. NOx formation in the absence of oxygen 
was observed to linearly increase with pulse energy delivery, although at lower rate than 
under air plasma (Fig. 1 in Publication IV). Acetone oxidation confirmed OH radical 
formation and reactions in the gas phase under N2, i.e. gaseous reactions Eqs. (1-2) with 
water vapor, as monitored by the increase in dissolved oxidation species, acetate and 
formate (Fig. 2 in Publication IV). Zero oxidation of the dissolved species, OA, was 
also observed regardless of the presence of permanganate as a liquid atomic H 
scavenger, which suggests that reactions in Eqs. (1-2) do not take place in the liquid 
phase in PCD. These results show that OH radical formation occurs only in the gas side 
of the interface, which means that plasma induced OH radicals are only effective for 
aqueous pollutant oxidation after transferring through the gas-liquid interface. 

Temperature and pulse frequency showed consistent correlation with oxidation energy 
efficiency; the oxidation yield increased consistently along decrease in both parameters 
(Fig. 4 in Publication IV). Since the decrease in pulse frequency results in prolonged 
treatment time at fixed energy dose (= constant amount of pulses distributed over a 
longer period), the thus improved yield is attributable to the role of ozone in the 
oxidation process, representing the slower reacting (longer living) species. It should be 
noted that the lifetime of OH radicals on water surface is ~2,7 µs [47] and 1-2 orders of 
magnitude longer in the gas phase [48], which is essentially shorter than the pulse 
intervals (1.2 ms at the highest frequency), meaning that OH radicals work only during 
and very shortly after a discharge pulse (pulse length maximum 0.1 µs, oscillogram in 
Publication I). 

The effect of extended treatment time is more pronounced when transitioning from 833 
to 500 pps than from 500 to 300 pps. It is concluded that since the oxidation efficiency 
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is at similar range in lower frequencies and notably lower at the highest frequency 
(Publication I), ozone utilization is at 500 pps close to reasonable maximum; further 
extension in treatment time provides little improvement. The increase in yield from 833 
to 500 pps in aerosol treatment exhibited little variance over the experimental 
temperature range (+ -1  see Supplementary Discussions 
in Publication IV), while changing the temperature alone at 833 pps resulted in a nearly 
doubled yield on oxalate oxidation, from 2.20 to 4.06 g kWh-1 at 30 to 13 °C. It should 
be borne in mind that higher frequency also favors the role of OH radicals by 
diminishing the role of ozone, as explained above. This notable effect by the 
temperature is by these observations largely attributed to OH radical utilization 
efficiency. (Note: formation rate of the OH radical can hardly be affected by varying the 
temperature over the experimental range because the high-energy electrons that fuel the 
reactions in Eqs. (1-2) exhibit three orders of magnitude higher temperature than the 
ionic and molecular species in the gas phase [49].) 

The strong temperature dependence of OH radical efficiency in oxidation of the 
dissolved species suggests that the radical reactivity increases with temperature, which 
counter-intuitively decreases the efficiency via increasing amount of premature 
reactions before successful radical transfer into the liquid phase. 

4.3 Removal of pharmaceuticals from wastewaters 

4.3.1 Carbamazepine and transformation products 

Initial experiments with high concentration CBZ removal resulted in up to 99.5-% 
removal at 3.0 kWh m-3 discharge energy dose. Subsequent experiments were carried 
out at lower energy doses and shorter sampling intervals (0.03, 0.1, 0.6 kWh m-3) for 
better observation of the degradation trend. The resulting yield was observed as high as 
189 g kWh-1, exceeding even that of indomethacin (120-150 g kWh-1) that was the 
fastest degrading pharmaceutical in [14]. 

The experiments in microconcentrations were also conducted first using model 
solutions, ranging from 0.22 to 19.0 µg L-1 in concentration. Operating at such low 
concentrations, increasing energy dose notably affected the removal yields over a wide 

-1), making the parameter referential at best. It 
should be noted that naturally, very small changes in absolute concentrations when 
operating at µg L-1 or ng L-1 level result in notable relative changes, making accurate 
calculations and comparisons largely inessential, potentially even misleading. 

A clear effect of the complex composition of the WWTP effluent on the oxidation 
efficiency was not observed. Perhaps in some contrast with the results presented by 
Panorel et al. [14], where co-pollutants resulted in substantial reduction of the 
efficiency, the simple explanation lies in the concentrations: differences in the kinetics 
between binary solutions and spiked wastewaters in the unselective PCD oxidation 
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process remain largely undetected when operated at very low concentrations near the 
level of analytical quantification. Put in numbers, the singe-pass experiments with the 
binary solution at minimum power (6 W) resulted in up to 16-% reduction and at 
maximum power (100 W) up to 94-% reduction, with the energy doses of 0.006 and 0.1 
kWh m-3, respectively; from wastewater, a 61-% removal was achieved at 0.1 kWh m-3. 
It should be noted that the flow rate in single-pass experiments was ~20 L min-1, which 
exceeds substantially the beyond-optimal conditions (max ~5 L min-1) observed in 
Publication I. This flowrate equals to a spray density of 2.80 m s-1. Batch treatment i.e. 
circulation of the solution at more moderate flow rate was observed to give essentially 
better results from energy consumption point of view: up to 97-% CBZ reduction was 
observed at mere 0.3 kWh m-3. By the dose of 3 kWh m-3, 99.9% of the substance was 
oxidized. The efficiency presented here exceeds the previously published results 
available in literature, as discussed in more detail in Publication II. 

Several known transformation products were detected during CBZ oxidation, the most 
frequently occurring compounds being 1-(2-benzaldehyde)-4-hydroquinazoline2-one 
(BQM) and 1-(2-benzaldehyde)-4-hydro-quinazoline-2,4-dione (BQD). A detailed list 
of the compounds is given in Supplementary Material of Publication II. All 
transformation products were oxidized during PCD treatment of the spiked WWTP 
effluent  although quantification of the reduction was not possible  reproducing the 
unselective nature of PCD oxidation. The concentrations of BQM were observed to 
increase with the oxidation of CBZ until CBZ was practically completely oxidized, after 
which the concentrations of the transformation product also decreased. Estimation of the 
rates of potentially simultaneous formation and degradation of BQM is not possible 
from these results. 

Detailed comparison of the results with those found in literature is challenging due to 
substantial differences between the experimental conditions in different studies and the 
difficulties in kinetics estimation. Comparing oxidation at higher concentrations, the 
removal yields from a few different studies, the closest matches by initial concentrations 
found in literature, can be arranged in order of PCD > dielectric barrier corona [50] > 
ozonation [51] > sonozone [52], as listed in Publication II. Concerning 
microconcentrations, Gerrity et al. (2010) [53] studied a pilot-scale CAW reactor, 
achieving yields around an order of magnitude smaller than those reported with PCD in 
Publication II. It should be noted, however, that in these examples as well the 
conditions have been notably different, including initial concentrations, giving the 
comparison a tentative character. 

4.3.2 Hospital and health institutional wastewaters 

Hospital wastewaters 

Treatment of hospital wastewaters showed highly non-selective oxidation of the 
monitored pharmaceutical content. A total of 27 pharmaceutical substances was 
detected in the raw hospital sewage, and during oxidation, progesterone and 
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methylprednisolone appeared in consistently increasing concentrations, totaling 29 
substances altogether (this increase in concentration, which was momentarily observed 
for ibuprofen as well, is further discussed below). The evolution of progesterone and 
methylprednisolone in wastewater oxidation has not been previously reported in 
literature. While the bulk of the pharmaceutical compounds occurred at concentration 
not higher than 28 µg L-1 (ibuprofen), paracetamol and caffeine were substantially more 
abundant at 580 and 470 mg L-1, respectively, which is explained by paracetamol being 
a common painkiller and caffeine a ubiquitous nervous stimulant, also found in daily 
products and refreshments. Considering the total pharmaceutical content, high power 
PCD (250 W) performed at essentially lower energy efficiency than low power (30 W). 
This is in accordance with the improving ozone utilization efficiency obtained by 
extended treatment time at fixed energy dose, as further elaborated in [15] and 
Publication I. Ultrafiltration pretreatment had modest effect on pharmaceuticals 
reduction and little on PCD oxidation efficiency. It can be considered from practical 
perspective that, as an additional unit process with characteristic requirement for 
maintenance, the UF pretreatment may be of excessive economic inconvenience. 

The compounds exhibiting consistent or momentary increase in concentration during 
PCD oxidation can be attributed to the simultaneous reformation of the parent substance 
from the various metabolites and transformation products present in the wastewater. 
Similar evolution of CBZ was previously observed in biological wastewater treatment 
[6]. These results suggest that even a wide number of monitored pharmaceutical 
substances does not give a comprehensive picture of the process efficiency, nor on the 
actual pharmaceutical composition of the wastewater. Indeed, in [54], several 
metabolites were reported for ibuprofen in wastewater, the overall mass concentration 
exceeding that of the parent compound in a WWTP influent. The presence of 
transformation products therefore produces negative bias on the oxidation energy 
efficiency as the parent compound is reformed simultaneously with oxidative 
degradation. This also means that, given the non-selective character of PCD oxidation, 
the measurable overall process effectiveness would be substantially higher if all 
pharmaceuticals and their active transformation products were possible to include in the 
study. The removal of individual pharmaceutical compounds is tabulated and discussed 
in detail in Publication III. 

Overall, these results indicate a very high effect of direct PCD treatment on raw hospital 
sewage, substantially reducing the pharmaceutical content of the waters entering to the 
public sewer network, to the municipal WWTP plants, and, eventually, the aquatic 
environments. 

Health institutional wastewaters 

A total of 17 pharmaceutical compounds were detected in the biologically treated 
wastewater effluent from the health institution, i.e. from the stream that is directly 
released into the environment. The compounds were not found in concentrations higher 
than 0.44 µg L-1 (metoprolol), except for CBZ which occurred at 3.1 µg L-1. All 
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pharmaceuticals were completely oxidized (i.e. below level of detection) with 30 W 
PCD treatment at 0.5 kWh m-3. Even 0.1 kWh m-3 energy dose was enough for most 
substances, with only a few compounds showing some residual concentrations. 
Ultrafiltration pretreatment did not show useful character with these wastewaters. The 
detailed results are presented in Publication III. Experiments with the health 
institutional wastewaters suggest that PCD is a highly feasible practical solution as a 
tertiary treatment for polishing biologically treated wastewaters, essentially reducing the 
environmental load from residual pharmaceutical substances at a moderate energy 
requirement. 
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5 Conclusions 
The increasing awareness and concern on pollution control and protection of aquatic 
environments raises interest in efficient and more effective water treatment systems. 
The public trend proceeds towards tighter regulations and better emissions control also 
for water treatment scenarios and effluent discharges. One of the popular topics in this 
field is the removal of refractory micropollutants from wastewater streams, such as 
pharmaceutical residues. A number of oxidation technologies have been studied for the 
purpose, pulsed corona discharge (PCD) as one of them and making the focus of the 
present study. Efficient application and further development of PCD water treatment 
requires understanding of the dynamics that govern the successful oxidant-pollutant 
reactions, which has not been previously studied in sufficient detail. 

Ambient pressure gas-phase PCD for water treatment was studied in this thesis from the 
perspective of efficient utilization of OH radicals produced by the high temperature 
plasma electrons in contact with water molecules, and the practical application in 
removal of residual pharmaceutical substances in real wastewaters. The role of 
hydrodynamic conditions was established to affect the oxidation energy efficiency of 
aqueous components by OH radicals via the balance between increasing the plasma-
liquid contact area and the partial replacement of the plasma volume by liquid water. An 
optimal water surface area was found connected to the applied pulse power (or 
frequency), and too high volumetric flow rate was observed to disturb the efficient 
discharge energy distribution on the gas-liquid interface where the formation of the 
effective OH radicals has earlier been reported to occur. The formation of OH radicals 
was then studied in more detail, revealing that in this kind of plasma configuration, the 
radical formation only takes place at the gas side of the interface and no plasma induced 
primary reactions in the liquid phase are able to produce the radicals. The oxidation of 
aqueous dissolved species by plasma induced OH radicals are therefore only the ones 
initiated by species formed in the gas phase and successfully dissolved into the liquid 
phase for reactive affinity with the target pollutants. This transfer through the interfacial 
boundary is highly temperature dependent as the reactivity of the radicals increases with 
temperature, which promotes premature radical termination reactions. For successful 
oxidation of the liquid solutes, an atomic H scavenger is also required in the gas phase 
for inhibiting H + OH recombination and thus enabling the radical transfer into the 
liquid phase; gas phase oxidation by the OH radical, on the contrary, does not require H 
scavenging species since there is no interfacial boundary crossing. Typically, gas-phase 
oxygen acts as the H scavenger. 

The practical application in removal of pharmaceutical compounds from real 
wastewaters showed high feasibility by displaying high removal percentages of a wide 
range of pharmaceutical substances at feasible energy consumption, as applied to 
municipal WWTP effluent, raw hospital sewage and biologically treated wastewater 
effluent from a health institution. The transformation products of the pharmaceuticals 
were also oxidized in the non-selective process, as demonstrated from the removal of 
identified transformation products and the reformation of the original parent compounds 
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during oxidation. Two compounds, progesterone and methylprednisolone, specifically 
displayed such behavior previously not attributed to these particular substances. The 
results also point out that any oxidation process studied for real wastewaters with 
unknown content of the transformation products of the given parent compounds may be 
subjected to negative bias for oxidation efficiency due to the unknown rate of the 
reformation reactions. The overall results implicate in a directly practical manner that 
the environmental load from pharmaceutical residues entering the aquatic systems 
through wastewater discharges could be well reduced with the application of the PCD 
technology, located either after the conventional biological wastewater treatment, or, for 
higher removal rates, directly after the point sources like hospitals and other health 
institutions. Indeed, treatment at the source would also reduce the incoming 
pharmaceutical load at municipal wastewater plants, likely reducing the concentrations 
in the sludge fraction from clarifier underflows as well as in the treated effluent. This 
would be beneficial for the subsequent sludge utilization opportunities.  

Further research is recommended for studying the gas phase composition during PCD 
water treatment process and for the practical application of designing new chemical 
processes involving heterogeneous gas-liquid-plasma system, utilizing the presently 
obtained understanding on OH radical dynamics. For water treatment, further 
optimization of the hydrodynamic conditions should be concerned, involving 
experiments at higher flow rates using an atomizer configuration, i.e. varying the spray 
density similarly as in Publication I while incorporating very small droplet size as in 
Publication IV. 
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Appendix: Brief comparison of select oxidation methods 
When comparing different methods, it is important to apply optimal conditions for each 
process to enable fair comparison of results. The reports describing the methods in 
Table 1 show that in different studies, the ranking of different methods can vary even 
when the same processes and model compounds are used. 

A preliminary practical comparison of PCD was also attempted with UV/H2O2 and 
electrolysis cell (EC) experiments using synthetic wastewater (SWW). Synthetic 
wastewater was selected instead of actual wastewater to ensure identic starting 
conditions in different experiments. The recipe for the SWW followed the OECD 
guidelines [55] and is presented in Table A1. TOC of the SWW is 105 mg L-1 and COD 
correspondingly 279 mg L-1. 

 

Table A1. Composition of the OECD synthetic wastewater. 

Constituent Concentration, mg L-1 

Peptone 160 

Meat extract 110 

Urea 30 

K2HPO4 28 

NaCl 7 

CaCl2 3 

Mg2SO4 0.5 

 

Since the processes were studied for oxidation efficiency, the comparison was done by 
measuring mineralization, in this case COD reduction, after 5 kWh m-3 treatment. Each 
process was optimized for fair comparison. In UV/H2O2 experiments, pretreatment of 
the samples for residual peroxide destruction was done by adding sodium sulfite and 
cobalt catalyst with subsequent aeration. A hydrogen peroxide to TOC mass ratio of 
10:1, suitable for this COD range, was selected according to the observations in [36]. 
The UV light source was a medium pressure UV lamp, emitting 2384 µW cm-2 at 254 
nm, immersed in the SWW-H2O2-solution with a 94.2 cm2 contact area. Energy input 
was calculated using these values. For the EC, Ir/TiO2 anodes paired with Hastelloy C-
22 steel cathodes were used in a 3-anode 4-cathode stack with electrode dimensions of 
23 mm x 53 mm. The optimal electrode surface to solution volume ratio was determined 
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in preliminary experiments to be around 57 m-1 and the optimal voltage difference to be 
3.5 V. Energy input was calculated from the U-I raw data collected with the same 
potentiostat used for maintaining the voltage. In PCD experiments, the preliminary 
testing indicated slow reaction and therefore maximum pulse frequency of 840 pps was 
applied. Energy input was calculated from corresponding discharge power of 250 W. 

This testing revealed very low COD reduction in all three processes in treatment of the 
OECD SWW. Since each process have proven highly efficient in other studies, it can be 
deduced that the solution matrix is not very prone to chemical oxidation. The average 
performance of each technology is presented in Fig. A1. 

Figure A1. COD reduction of OECD SWW with different oxidation processes. 

Figure A1 and the substantial error in UV/H2O2 samples reflect the difficulty in using 
COD as the probe for this kind of comparison. UV/H2O2 method gave the slightly better 
overall efficiency than the other two if mere energy efficiency is taken into account. 
This may be due to the high concentration peroxide presence. It, however, involves 
notable operating costs being the only process requiring the addition of a chemical, 
whereas the other two employ electricity only. 

Another practical inconvenience was observed with EC, as the performance of the 
anode material was inconsistently decreasing basically after every run. It was observed 
that the anodes may be, however, regenerated by treating 30 mM pure NaCl solution at 
elevated voltage of 5 V. The regeneration by this method improved the performance in 
comparison of non-regenerated anodes at also very inconsistent rate (perhaps due to 
inconsistencies in the material), and provides a good topic for further investigations. 
Still, a regeneration step brings high inconvenience from practical perspective since 
frequent regeneration of the anodes in real installations is not feasible. 
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Upon experimenting, it became obvious that the most substantial assets of PCD in the 
group of AOPs include operational simplicity and general operation indifference 
towards wastewater composition, and freedom of maintenance as observed during this 
thesis work. No electrode corrosion has been observed after few years of experimenting. 
The process is also linear, and thus easily controlled to the desired extent of treatment; 
in contrast in UV/H2O2 for example, the most efficient way of operation (according to 
[56]) is introducing all the peroxide at once instead of continuous chemical input, 
making it nonlinear and more difficult to steer during process. 
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ABSTRACT: Water treatment by gas-phase pulsed corona discharge (PCD) relies mainly on utilization of ozone and OH
radicals as oxidizing agents. In a configuration where the treated solution is showered through the plasma zone, the gas−liquid
contact surface is the primary OH-radical formation site and the interface in the mass transfer of ozone. Its significance to overall
process efficiency is therefore notable. In this study, the effect of varying contact surface area at different discharge powers was
investigated from the perspective of efficient utilization of the two prime oxidants in slow reaction with oxalate. It is seen that
increasing the area of the contact surface improves OH-radical utilization up to the point where the pollutant oxidation efficiency
abruptly decreases presumably because of unfavorable pulse energy distribution in the gas−liquid mixture. The existence of an
optimal area for a given power has implications for future studies in the design of pulsed plasma applications for water treatment.

■ INTRODUCTION

The global problem of declining fresh water supplies gives
considerable significance to research on cost efficient water
purification. The necessity for inexpensive and effective water
treatment methods is self-explanatory; markets for cost efficient
and effective water purification technologies are worldwide.
Contemporary challenges bear a universal character and include
the following:

• High energy consumption and secondary pollution are
not admissible, from neither an economic nor an
environmental perspective.

• Recalcitrant compounds endure biological oxidation, and
conventional tertiary treatment is often insufficient.

• More powerful treatment for recalcitrant pollutants
should be economically viable.

• Trends of increasingly strict regulation set new require-
ments for water treatment.

Overcoming the economic deficiencies and adverse environ-
mental consequences of traditional water treatment methods
would clearly yield great benefits. The degradation of
recalcitrant compounds is of particular interest, since they
tend to accumulate in the environment.1

As conventional treatment is often insufficient for effective
removal of refractory substances from wastewater, more
effective measures are required.2 The mechanism of degrada-
tion of organic pollutants is generally based on oxidation, and
thus utilization of highly reactive oxidants is clearly a promising
and relevant field of research. The most powerful feasible
oxidant is the hydroxyl radical, and water treatment methods
that generate and exploit this radical are collectively referred to
as advanced oxidation processes (AOPs).3

One group of AOPs comprises treatment approaches
applying electric discharge, an area that during the past decade
has been the subject of increasing research interest. The

underlying principle in water treatment with electric discharge
is the production and utilization of short-living oxidative species
in situ, namely, ozone and hydroxyl radicals, thus improving the
energy efficiency of oxidation. A number of studies have
indicated that the application of gas-phase PCD in a
configuration where the treated solution is showered through
the plasma zone is both effective and efficient in degradation of
organic pollutants in water.4−10 Particular benefits of gas-phase
PCD treatment are its superior energy efficiency over other
methods10 and that the system is operated in ambient
conditions with no additional chemicals included in the
process.
A number of process phenomena have been studied in PCD

treatment of water, such as the formation of nitrites and
nitrates11 and oxidant roles and kinetics.12−15 Preis et al.
(2013)15 indicated that in PCD treatment, hydroxyl radicals are
formed in the gas−liquid interface and reported that the
increase in contact surface area enhanced the oxidation
efficiency of aqueous phenol. It was also observed that a
maximum efficiency was reached at some point, after which the
efficiency remained constant regardless of any subsequent
increase in the contact surface area. It was implied that the
factor restraining further efficiency enhancement was the
discharge power.
So far, the research on physical and chemical interactions of

nonthermal plasma and liquid surfaces involves considerable
field of uncharted phenomena.16,17 Identification of optimal
operating parameters is also of major importance in
commercialization of the technology. For the present study, it
was hypothesized that there may be a generally applicable
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optimal contact surface area for a fixed discharge power, i.e., an
optimum area to power ratio for the process. Thereby, the
objective of the work was to establish the dependence of the
oxidation rate on the treatment power and specific gas−liquid
contact area exposed to the plasma zone.

■ MATERIALS AND METHODS
Chemicals. Oxalic acid was chosen as the probe compound

for its simple molecular construction and minimizing
competitive reactions of intermediate products. Oxalate is a
well-known refractory compound and only slowly oxidized,
which was anticipated to facilitate observing changes in the
process when treatment parameters were altered. The oxidation
via hydroxyl radical attack is also therefore emphasized over
reactions with ozone. The oxidation experiments were
conducted with 10 L oxalic acid solutions with initial
concentration of 60 mg L−1. The oxalic acid used in solutions
preparation was of minimum 98% purity, by VWR International
(Leuven, Belgium). Initial pH of the treated solutions was 3.5,
decreasing to around 3.0 during treatment with minor
deviations. All experiments were performed in ambient
conditions, and the treated solutions were prepared with tap
water. Otherwise, for example in analysis and stock solution
preparation, Millipore water was used.
Analysis. Oxalate concentrations were analyzed by either

permanganometric titration18 or ionic chromatography (IC)
using a Dionex ICS-1100 ionic chromatograph by Thermo
Scientific, USA. For the IC analyses, a Dionex AS22 column
was used with a simple isocratic carbonate/bicarbonate eluent.
In this study, no particular differentiation is made between the
three protonation states of the compound, and hence oxalic
acid (COOH)2, bioxalate (COOH)(COO)−, and oxalate
(COO)2

2− are conclusively referred to as oxalate. Gas-phase
ozone concentration inside the reactor was measured by
iodometric titration of a fixed volume gas sample.19

Experimental Equipment. The experimental system is a
closed circulation batch process, as schematically illustrated in
Figure 1, consisting of a PCD reactor with matching pulse
generator and a water circulation system. The plasma reactor is
a transparent acrylic chamber with two grounded vertical plate
electrodes curtaining the inside of the front and back of the
reactor. Between the plates, a set of parallel high voltage (HV)
wire electrodes is suspended between two adjustable metal
rods, shown as HV conductor in Figure 1. The HV electrode
wire is 0.5 mm in diameter and positioned in the middle of the
plates 17 mm from each. The grounded plates are 210 mm in
width and 1 m in height, giving a total plasma volume of 7.14 ×
10−3 m3. The pulse parameters were determined with an
Agilent 54622D oscilloscope: the pulse generator produces
pulses with 0.12 J energy of a single pulse at 22 kV and 180 A in
the amplitude peak at about 100 ns duration, which
corresponds to an average energy density of 16.8 J m−3 in
the plasma volume. Calculation of the energy of a single pulse
was made using a well-known equation

∫=W U t I t t( ) ( ) d
T

p
0

p

(1)

where U(t) and I(t) are waveforms of voltage and current and
Tp is the duration of the voltage pulse. Integration of voltage
and current waveforms was done numerically using MathCAD
software package.
The generator operates at various pulse repetition

frequencies and corresponding discharge powers ranging from

50 to 833 pulses per second (pps) at 6−100 W of discharge
power, respectively. The discharge power refers to the total
energy delivered per time unit, that is, frequency times the
energy of a single pulse. Below the reactor is a container tank
from which the treated water is pumped to a chamber above
the electrode compartment. The bottom of the chamber is
perforated to shower the water evenly to the plasma zone
between the grounded plates. Figure 2 shows a typical voltage
and current oscillogram.

Contact Surface Measurement. As the experimental
setup is batch type, the gas−liquid contact surface was adjusted
by regulating the flow rate in the system at fixed treatment
times. The ratio of contact surface and flow rate was shown to
be linear with the classical method of sulfite oxidation by aerial
oxygen with cobalt sulfate catalyzing the reaction.20 With the
cobalt sulfate catalyst added, 0.1 M sodium sulfite solution was
circulated in the system resulting in steady, flow rate dependent
SO3

2− → SO4
2− oxidation rate. The decreasing sulfite

concentration was determined by iodometric reverse titration,
using sodium thiosulfate titrant. The amount of oxygen
absorbed by the sulfite solution was then calculated according
to eq 2.

Figure 1. Schematic diagram of the experimental system.

Figure 2. Voltage (solid) and current (dotted) of a pulse.
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where VL is the total volume of liquid circulating in the system,
Δt is the time interval in which the decrease in sulfite
concentration was observed, and factor 4 transforms the
number of sulfite equivalents to moles of oxygen. The mass
transfer eq 3 was used to derive the values for the contact
surface area F at different flow conditions.

= Δ ΔM KF C tO2 (3)

where K is the mass transfer coefficient and ΔC is the mass
transfer driving force, both of which are considered constant.
The gas−liquid contact surface was subsequently estimated
upon the knowledge of the contact surface in the tank and
oxygen absorption rate when water was not circulated in the
reactor. This was done through a pair of simultaneous
equations for eq 3, where MO2

, F, and Δt all have two values:
one for system flow with reactor circulation (on) and one
without (off).

= Δ ΔM KF C tO on on on2 (4)

= Δ ΔM KF C tO off off off2 (5)

The gas−liquid contact surface (Fon) is thereafter calculable
from eqs 4 and 5, since all other remaining quantities are either
measured or calculated during procedure; K and ΔC will be
reduced out of the equations as constant.
For measuring the gas−liquid contact surface in the plasma

zone, the approach produces minor error in the absolute
calculated values; the area exposed to the plasma zone was
determined by subtracting the gas−liquid surface area in the
container tank from the surface area of complete circulation
through the system. Although there can be assumed a small
positive bias in the surface values resulting from the water
droplets and jets in the reactor above and below the plasma
zone, its contribution is considered insignificant in view of
results comparability between altering flow conditions. The
relative height of the free falling zone above and below plasma
is altogether 0.23 m, which comprises 19% of the total free
falling length and remains unchanged between experiments,
thus allowing reliable comparison of results.
Oxidation Experiments. The experiments were conducted

at three different pulse frequencies of 300, 500, and 833 pps
corresponding to treatment powers of 36, 60, and 100 W,
respectively. The treated aqueous solution was circulated at
flow rates ranging from 1.73 to 5.04 L min−1. The experimental
parameters are presented in Table 1. All experiments were
duplicated. The goal was to establish a m−1 W−1 value for the
optimal area to power ratio (henceforth referred to as A/P
ratio).
The experiments were conducted in ambient conditions at

room temperature of 20−22 °C. The container tank (Figure 1)
was supplied with a thermostat, which was, however, never

required: the raise in temperature did not exceed 2 °C for the
time of treatment. Atmospheric composition was not
specifically controlled; all experiments were initiated with gas
phase content equivalent to ambient air.
Since the oxalic acid solution exiting the plasma zone is

expected to contain a reduced concentration of the target
compound in comparison to the solution in the container tank,
the concentration in the system may be considered
heterogeneous during treatment. Therefore, prior to sampling,
the solution was allowed to mix by circulating it in the system
with the reactor unpowered. Mixing times were set individually
for different flow rates to allow full circulation through the
system and thus proper mixing with minimized concentration
gradients.

■ RESULTS AND DISCUSSION
Contact Surface Impact. Comparison of the PCD

performance at different A/P ratios is done from the
perspective of energy efficiency, expressed in the form of
oxidation rate as a function of delivered energy and calculated
for the delivered energy dose of 10 kW h m−3, for which oxalate
degradation was observed to be linear. The corresponding
treatment times at powers of 100, 60, and 36 W were 60, 100,
and 167 min, respectively. The rate is represented by the
absolute slope value |k| of relative oxalate concentration
decreasing versus the delivered energy as shown in Figures 3,
4, and 5. The values represent the average of duplicated
experiments with the deviation of data in parallel experiments
around 5%.

From Figures 3−5, higher oxidation efficiency can be
observed at lower frequencies attributed to the prolonged
ozone exposure at longer treatment times. Absolute values of
the slopes were obtained to arrange the results for illustration;
the highest value of |k| is produced from the highest
degradation rate. The value of |k| at different A/P ratios is

Table 1. Applied Gas−Liquid Contact Surface Relative to Applied Power, A/P Ratios

A/P (m−1 W−1) for contact surface area (m−1) of

power (W) 15.7 ± 0.5 32.1 ± 0.5 40.4 ± 0.5 48.6 ± 0.5 56.8 ± 1.0 65.1 ± 1.5 73.4 ± 1.5

36 0.43 0.89 1.12 1.35 1.81
60 0.26 0.54 0.81 0.95 1.09
100 0.16 0.32 0.49 0.65 0.73

Figure 3. Oxidation of oxalic acid at 100 W with varying contact
surface area (m−1).
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presented in Figure 6, where each data point represents the
efficiency of a complete process of 10 kW h m−3 from repeated
experiments.

In Figure 6, an optimum peak with subsequent decrease is a
characteristic of each curve. The degradation rates at 100 W,
however, are consistently lower than at smaller power. Since the
|k| value is presented as a function of delivered energy, the
lower average rates may indicate that at 100 W the reaction is
somewhat diffusion controlled and a notable portion of OH
radicals are consumed in useless decay reactions in possible
instant lack of the target pollutant with limited diffusion rate.

Furthermore, the contribution of ozone may influence the
oxidation rates if for lower power, i.e., longer treatment time,
the ozone yield responds better to demand by reactions with
oxalate. At 100 W, a bigger portion of produced ozone, as well,
is thus consumed in reactions of useless decomposing directly
influencing the energy efficiency.
To investigate the role of ozone in the A/P range of optimal

and decreased efficiencies, gaseous ozone concentration was
measured at corresponding gas−liquid contact areas at different
powers. Ozone concentration was noted as being slightly higher
with increasing power at the point of 5 kW h m−3 energy
delivered, although it stabilized at the end of the treatment (10
kW h m−3) to closely match the values at lower powers with
minor deviance between measurements at different contact
surface areas (Figure 7).
The oxidation efficiency undergoes a noticeable decrease at

greater than optimal A/P ratio. The decrease occurs at varying
flow rates (contact areas) corresponding to the applied power,
which implies that the decrease is the result of unfavorable
development in the interaction between the gas−liquid
interface and the plasma environment. The abrupt decrease
in efficiency is thus postulated as resulting from a decrease in
OH formation rate or increased useless decomposition/
recombination. The magnitude of the decrease and the minor
deviations in gaseous ozone concentration also support the
hypothesis of the OH radical being responsible rather than
ozone, because of the low reactivity of oxalate with molecular
ozone (k ≤ 4 × 10−2 M−1 s−1).21 The decreased overall
efficiency with treatment power at 100 W further supports the
idea that with surplus ozone, increased area should enhance
ozone absorption and inherently increase efficiency, not cause it
to decrease. In addition, gas phase ozone concentration was
observed to be practically insensitive toward changes in A/P
ratio, whether measured at regions of optimal or decreased
efficiency (Figure 7).
The observed decrease in oxidation efficiency originates from

conditions of the water flow rather than changes in the pulse
parameters; the pulse oscillograms were unaffected by the
changes in flow rate at all pulse repetition frequencies. The
increase in gas−liquid contact surface is considered to result
from increasing number of airborne droplets rather than
varying droplet size, which is supported by the linear
correlation of gas−liquid contact area and volumetric flow
rate. Shorter residence time from faster flow rate may also be
excluded, since the residence time only depends on the free fall
velocity determined by the hydrostatic pressure in the top
chamber, which did not considerably change among experi-
ments (data not shown). In practice, the arising variables at
different flow rates are thus the average distance between
droplets and the total volume of resident water in the plasma
zone. Increasing amount of airborne water in the reactor, i.e.,
decreased gaseous volume in the plasma, may alter the
discharge energy distribution in the heterogeneous medium.
A probable outcome that would also explain the decreased
efficiency is that the energy of a pulse is redistributed in
streamers at increased water flow rates, which may be the result
of reduced gaseous volume, shorter discharge propagation gaps,
or more concentrated electric field in the altering heteroge-
neous space geometry. The density of active species may
increase, thus pronouncing undesirable recombination reac-
tions. Therefore, at the point of decreased efficiency, it may be
considered that a local critical point is achieved in the volume
of resident water in the plasma zone.

Figure 4. Oxidation of oxalic acid at 60 W with varying contact surface
area (m−1).

Figure 5. Oxidation of oxalic acid at 36 W with varying contact surface
area (m−1).

Figure 6. Degradation rate dependence on A/P ratio at 10 kW h m−3

delivered energy.
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In Figure 6, the degradation efficiency at 36 and 60 W pulsed
powers can be observed to improve again after the decrease,
when the contact area is further increased. This increase in
efficiency may be explained, similarly as below the optimum A/
P ratio, by the increased gas−liquid contact area that still
promotes reactions between the oxidants and the oxalate
molecules. At 100 W, the peak in efficiency was observed at the
technically maximum feasible A/P ratio and the following
suspected increase, judged from the results at lower power, is
thereby left out of data range.
The optimal A/P ratio (value at the peak) increases with

decreasing treatment power (Figure 6). The gas−liquid
interface areas corresponding to the values at the peaks can
be further presented as a function of pulse frequency, as
illustrated in Figure 8. One should keep in mind that the
experimental points in Figure 8 present a summarized data
from 30 experimental series covering the analytical data from
150 sampling points.

From Figure 8 one can see the value for optimal contact
surface area increasing linearly, but not proportionally, with
increasing pulse frequency. The optimal contact area increases
approximately at a ratio of 3:5 to the increase in frequency. The
disproportionate growth may be explained by the fact that a
single pulse is identic with another regardless of the frequency:
increasing frequency does not change the effect of a single pulse
on the water surface, but it produces a linear compensation by
increasing the amount of energy input per contact surface
during the lifetime of a droplet. Further compensation from
increasing frequency may arise from the enhanced diffusion due

to the turbulence on the water surface, or the ionic wind,
caused by the HV pulses.6,22,23 This also explains why the
specific area for the decreased efficiency is not fixed but
dependent on the A/P ratio. In other words, the linearity is
suggested to be the result of increasing need for energy along
increasing contact surface, yet the growth is disproportionate
because a single pulse has a fixed energy and thus the increase
in frequency has to be greater than the increase in area.

Oxidation Efficiency Compared to Conventional
Ozonation. The energy efficiency of PCD was reported
substantially surpassing conventional ozonation for rapidly
reacting phenol,15 pharmaceuticals,10,24 and moderately react-
ing humic substances.25 Ozonation of aqueous oxalate is a slow
process, in which oxidation takes place in the solution saturated
with ozone, thus making the energy consumption dependent
on the concentrations of aqueous ozone and oxalate and the
rate of replenishing reacted dissolved ozone. Two cases of
oxalate ozonation were described earlier.26,27 Lagunova et al.26

show that oxalate oxidation from its concentration of 900 mg
L−1 to about 25 mg L−1 at the ozone gas-phase concentration of
150 mg L−1 took about 150 min at 20 °C and pH 9.9, making
the oxidation rate 0.05 mg L−1 s−1, i.e., 5.6 × 10−7 M s−1. Ozone
stoichiometric consumption in the second order reaction
comprises 0.027 mg L−1 s−1. At the given concentration of
gaseous ozone and its solubility equilibrium factor 0.32 at 20
°C,27 the flow of ozone-containing gas should be provided at its
minimum of 0.56 mL s−1. The authors used the gas flow rate 2
mL s−1, which seems to be reasonable for the reliable
maintenance of ozone concentration. Energy consumption of
ozone generators comprises no less than 15 kW h kg−1 O3

when using oxygen, which is doubled when using air.28 This
makes the practical energy efficiency of oxalate oxidation 4.4 g
kW−1 h−1 under conditions of the experiment using oxygen and
2.2 g kW−1 h−1 with air.
Preis et al.27 oxidized aqueous oxalate at pH 9.5−10.5 at its

concentration of 1314 mg L−1 and ozone aqueous concen-
tration of 10 mg/L at 20 °C. The apparent second-order
reaction rate constant was determined as 0.36 M−1 s−1,
corresponding to the oxalate oxidation rate of 1.095 × 10−6

M s−1 or 0.099 mg L−1 s−1, showing similarity in oxidation rate
with Lagunova et al.26 The aqueous ozone concentration was
maintained with the gas supply containing about 30 mg L−1 of
ozone in amount of 100 mL min−1, which made practical ozone
supply of 0.05 mg L−1 s−1. Under the conditions of air used for
ozone synthesis, the energy efficiency for oxalate oxidation is

Figure 7. Gas phase ozone concentrations in experiments at contact surface areas corresponding to (a) optimal and (b) decreased efficiency.

Figure 8. Optimal gas−liquid interface area (Aopt) dependent on the
pulse frequency ( f).
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2.2 g kW−1 h−1, which practically reproduces the result
obtained in ref 26.
The current research showed the degradation of oxalate in

PCD treatment from 60 mg L−1 for 90% with the pulsed power
of 36 and 60 W with the 10 kW h m−3 delivered energy
(Figures 4 and 5). This makes the oxidation efficiency about 5.4
g kW−1 h−1; for the 100 W oxidation the highest efficiency of
3.6 g kW−1 h−1 was observed. These numbers should be
doubled if oxygen is used.15 The obtained numbers are similar
to the ones in conventional ozonation but at the oxalate
concentration an order of magnitude smaller in PCD
experiments. Oxidation of oxalate takes place mostly because
of radical oxidation, since the gas-phase concentration of ozone
was not exceeding 3.8 mg L−1 (Figure 7), which gives a reason
to expect aqueous ozone concentration below 1.2 mg L−1

following the aqueous solubility equilibrium factor.27 In fact,
multiple attempts of the authors to measure aqueous oxidants
iodometrically at the exit point of the reactor showed numbers
corresponding to ozone concentration below 1 mg L−1. This
makes the expected oxalate oxidation rate with ozone as small
as 5.8 × 10−4 mg L−1s−1 at its maximum, whereas degradation
of oxalate was observed as big as 1 × 10−2, 9 × 10−3, and 5.4 ×
10−3 mg L−1s−1 at the 100, 60 and 36 W discharge power,
respectively, i.e., minimum an order of magnitude faster.

■ CONCLUSIONS

The oxidation efficiency of pulsed corona discharge (PCD) at
different gas−liquid interface areas and treatment powers was
investigated using slowly oxidized oxalic acid as a target
compound. Experiments were carried out with a batch-type
PCD system with contact area and treatment power adjusted
respectively by altering flow rate and pulse repetition frequency.
The optimal contact area was established to increase linearly

with increasing discharge power, which indicates enhanced
OH-radical utilization in the pollutant oxidation. However, the
relative increase in optimal area is approximately a 3/5 fraction
of the relative increase in power, which may be a useful
estimation in the design of plasma treatment configurations.
The optimum area was also found to be followed by a

notable decrease in oxidation efficiency when the contact area
was further increased beyond optimum. The energy efficiency
of the oxidation process was logically observed to continue to
increase after the decrease when the contact area was further
increased, since the increasing contact surface area alone is a
process-enhancing factor.
The predominant role of hydroxyl radical by minimum of an

order of magnitude surpassing ozone in oxalate PCD oxidation
was observed. Pulsed corona discharge treatment appears to be
a substantially more energy efficient means than conventional
ozonation, showing comparable oxidation rate and the energy
efficiency at an order of magnitude lower concentration of
oxalate.
For acquiring a comprehensive model on the complex effect

of the gas−liquid contact surface and the water volume in the
plasma zone, further research is needed employing wider range
of relative water content in the gas−liquid mixture. By the
present results, it can be suggested that for the slow oxidation
the process should benefit from increased gas−liquid contact
area if the water content in the plasma zone remains reasonable,
i.e., not exceeding the optimum contact surface area and
volume.
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ABSTRACT
The anti-epileptic drug carbamazepine (CBZ) receives growing attention due to slow
biodegradation and inherent accumulation in the aquatic environment. The application of a gas-
phase pulsed corona discharge (PCD) was investigated to remove CBZ from synthetic solutions
and spiked wastewater effluent from a municipal wastewater treatment facility. The treated
water was showered between high voltage (HV) wires and grounded plate electrodes, to which
ultra-short HV pulses were applied. CBZ was readily oxidized and 1-(2-benzaldehyde)-4-
hydroquinazoline-2-one (BQM) and 1-(2-benzaldehyde)-4-hydro-quinazoline-2,4-dione (BQD)
were identified as the most abundant primary transformation products, which, contrary to CBZ
ozonation data available in the literature, were further easily oxidized with PCD: BQM and BQD
attributed to only a minor portion of the target compound oxidized. In concentrations
commonly found in wastewater treatment plant effluents (around 5 µg L−1), up to 97% reduction
in CBZ concentration was achieved at mere 0.3 kW h m−3 energy consumption, and over 99.9%
was removed at 1 kW h m−3. The PCD application proved to be efficient in the removal of both
the parent substance and its known transformation products, even with the competing reactions
in the complex composition of wastewater.
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Introduction

Declining freshwater supplies are of growing general
concern in regions facing scarcity of pure water. Global
environmental awareness accentuates the need for
research and development of cost-effective and
energy-efficient water treatment technologies. Tra-
ditional wastewater treatment relies mainly on mechan-
ical removal of solids and biological degradation of
organics, which has little effect on dissolved non-biode-
gradable compounds. Typically, wastewater treatment
plants (WWTPs) may employ UV, ozone or chlorine for
tertiary treatment of effluent streams. These methods
suffer from one or more general deficiencies, such as

high cost, generation of harmful byproducts, low effi-
ciency or considerable maintenance requirements. Con-
ventional methods are also quite often insufficient in
removing recalcitrant organic compounds, which under-
lines the need for more effective and environmentally
friendly methods.[1,2]

One environmentally significant group of refractory
organics is pharmaceuticals and their metabolites.
Aqueous pharmaceuticals may originate from sewage
through incomplete metabolism or direct disposal, or,
for example, from industrial effluents. Pharmaceutical
compounds in natural water bodies are apt for accumu-
lation due to their slow or non-biodegradability, which,
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taking into account their original purpose, poses environ-
mental problems difficult to estimate. Pharmaceutical
substances in the environment can be classified in
three groups: general toxicants, antibiotics and endo-
crine disrupters, the last one referring to chemicals that
may disturb hormonal functions.[3] A number of scienti-
fic reports disclose the occurrence of various pharmaceu-
ticals in the effluent streams of WWTPs and various water
bodies in the environment.[1,2,4–7] This occurrence has
also been brought to general attention by public discus-
sion. The requirements of wastewater and drinking water
treatment in the future are currently one of the crucial
global topics concerning water purification policies.

A pharmaceutical that has lately received consider-
able attention in scientific research is the anti-epileptic
drug carbamazepine (CBZ). The substance is only
slowly degraded in biological and chemical processes
in the aquatic environment and found to a notable
extent therein due to the relatively high dosing levels.
[8–10] Over 30 metabolites and various transformation
products of CBZ have been identified [11] and CBZ con-
centrations in wastewater treatment effluents have been
reported as high as 6.3 µg L−1.[1] Kosjek et al. [9] con-
cluded several advanced oxidation processes (AOPs),
including ozonation, as efficient means for CBZ
removal. However, they emphasized that the transform-
ation products in the process may be more resilient than
the original product and that these transformation pro-
ducts should not be ignored when the overall effective-
ness of a given method is assessed.

Since oxidation is in many cases an efficient method
for the degradation of organic compounds in water,
various AOPs have been developed for the purpose.
The conjunction between AOPs is the production and
utilization of hydroxyl radical, which is a highly reactive
oxidant.[12] Among these, a popular research branch is
the application of electric discharges in water treatment,
wherein the organic pollutants are generally removed via
the simultaneous production in situ of both hydroxyl rad-
icals and ozone. One of the most effective applications of
electric discharge in water treatment is the gas-phase
pulsed corona discharge (PCD) with the vertical wire–
plate electrode configuration, where hydroxyl radicals
are formed at the gas–liquid interface of the water, and
ozone is produced from the oxygen molecules in the sur-
rounding gas phase.[13,14] This configuration is essen-
tially different from that of other corona discharge
applications that have been used for the oxidation of
aqueous organics with CBZ among them. For example,
earlier attempts showed successful corona-induced oxi-
dation of CBZ,[15] although the applied techniques of
dielectric barrier high-frequency corona discharge are
attributed with inherent excessive energy consumption

at high risk of discharge destabilization. Current research
deals with the technology wherein these problems are
solved by the application of ultra-short discharge
pulses, further discussed in Experimental System.
Weakly ionized plasma of PCD is an efficient source of
active oxidant species, which are utilized in situ. Due to
the use of short pulses, PCD can exist in humid air with
water droplets without transformation into thermal
spark or arc discharges. The main assets of this PCD tech-
nology are the absence of added chemicals, operation at
ambient conditions, low maintenance requirements and
high energy efficiency.[16] To date, the research on PCD
oxidation of aqueous pharmaceuticals has mainly
focused on process efficiency at concentrations of few
tens to few hundred mg L−1, which is above the concen-
tration range of micropollutants typical in wastewaters
by the factor of minimum 104.

As the reaction rate in the oxidation of target pollutants
depends on the concentration of the reactant, the rate that
determines the efficiency in PCD removal of an aqueous
compound decreases with decreasing concentration.
Therefore, the process efficiency in the removal of pollu-
tants in microconcentrations deserves attention. In the
present study, the process efficiency of PCD in the
removal of aqueousCBZwas investigatedat concentrations
characteristic toWWTP effluents, and the identification and
detection of transformation products were included
therein, althoughmineralization of CBZwas studied at elev-
ated concentrations for analytical convenience.

Materials and methods

Chemicals

CBZ used in the experiments was of 99% purity by Acros
Organics (CA, USA). CBZ used in the analysis (purity
grade > 99%) was purchased from Sigma-Aldrich and
the internal standard CBZ-D8 from Toronto Research
Chemicals (New York, ON). All other chemicals (e.g. sol-
vents) were of the highest grade commercially available.
Stock solutions (1 mg mL−1) and working solutions for
analysis were prepared in methanol (J.T. Baker) and
stored at −20°C. Liquid chromatography (LC) eluents
were prepared with MilliQ water.

Wastewater

The treated wastewater used in the experiments was col-
lected from the effluent stream of Toikansuo WWTP, a
municipal plant collectively treating local wastewaters
in Lappeenranta, Finland, at a daily average volume of
16,000 m3. Around 10% of the wastewater volume enter-
ing the plant originates from industrial sources.[17] The
plant employs typical treatment processes: screening
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and grit removal, coagulation with ferric sulphate and
calcium oxide, primary clarification, aerobic biological
treatment and secondary clarification. The samples
were collected from the effluent streams of secondary
clarifiers and mixed prior to experiments. Chemical
oxygen demand (COD) and total suspended solids
(TSS) values for the collected effluent samples averaged
58 and 24 mg L−1, respectively.[18] pH of the mixed
effluent samples was 7.2. To each wastewater exper-
iment, CBZ was added to increase the initially unknown
concentration by 5 µg L−1 to ensure CBZ presence.

Experimental system

The experimental PCD system consists of three primary
elements: pulse generator, plasma reactor and water cir-
culation system. The pulse generator is of non-commer-
cial construction and configured to produce high voltage
(HV) pulses at frequencies of 50–833 pulses per second
(pps). Corresponding linearly to selected pulse fre-
quency, the nominal power of the generator varies
from 6 to 100 W. The amplitude of voltage pulses was
22 kV, and voltage pulse duration was 120 ns. Pulse par-
ameters and generator properties were previously dis-
cussed more in detail by the authors in [19]. The
reactor is a dielectric compartment including two
grounded plate electrodes with a set of HV wire electro-
des positioned parallel between the plates. Above the
electrodes is a water distribution chamber with a perfo-
rated bottom plate, allowing the circulating water to
shower through the plasma zone, that is, the interelec-
trode volume. The electrode compartment, providing
the free falling length through the plasma zone, is 1 m
in height. Under the reactor is a container tank for up
to 15 L aqueous solutions, from which treated water is
pumped to the distribution chamber atop the reactor.
For batch experiments with closed atmosphere and a
sealed container tank, the sampling port is located on
a feedback line between the pump and the tank. When
the system is operated in single-pass mode, sampling
can be done directly from the output stream under the
reactor. The reactor is illustrated in Figure 1.

Experimental procedures

The first experiments were conducted at high concen-
trations of CBZ (81–141 mg L−1) for facilitating trans-
formation product identification and preliminarily
observing of process efficiency. Working near the solubi-
lity of CBZ (125–189 mg L−1 at 20–25°C [20–22]), the
high-concentration solutions were prepared directly to
the treated volume. The solutions were mixed carefully
and filtered prior to treatment using a Büchner funnel
and flask with a 150 mm Whatman 1 filter paper.

Filtration was used to ensure the removal of any undis-
solved CBZ that might corrupt the oxidation results in
case of dissolution during treatment.

For theCBZexperiments inmicroconcentrations (0.22–
19 µg L−1), stock solutions of 75 mg L−1 were prepared
prior to each experimental series; the experiments were
initiated by circulating the predetermined volume of
water or wastewater in the system and injecting the
CBZ from the stock solution into the stream. For each
experiment with aqueous solution at CBZ microconcen-
trations, the whole experimental system was carefully
rinsed with deionized water. The treatment was carried
out in two modes: batch treatment and single-pass
mode. The batch mode enabled sequential sampling and
thus comparison of treatment time and energy dose
effects, whereas the single-pass mode was employed to
simulate an operating scenario where the water would
pass the reactor only once for economic convenience. In
the batch mode, energy efficiency generally increases
with decreasing pulse frequency due to prolonged ozone
exposure at fixed energy dose, an effect that in the
single-pass mode is discarded due to the short water resi-
dence time in the reactor. The volume of the treated sol-
utions was 10 L for batch experiments and 15 L for
continuous single-pass experiments. An additional 5-L
volume for single-pass treatment was added for extending
the process overall duration to givemore time for practical
operations of treatment and sampling.

Sampling in the batch experiments was initiated by
taking a zero sample after a few minutes of solution

Figure 1. Schematic illustration of the experimental system.
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circulation through the system. The oxidation process,
that is, PCD treatment, was started subsequently by
switching on the reactor. Sampling during the process
was done by switching off the pulse generator after pre-
determined time or energy dose intervals, and by allow-
ing sufficient time for full solution circulation through the
system in order to enable proper mixing prior to
sampling. This was done since the concentration in the
system can be considered heterogeneous when the
pulse generator is on; the solution upstream from the
reactor contains higher pollutant concentrations than
in downstream between the reactor and the container
tank.

In single-pass experiments, water circulation started in
the batch mode and the zero samples were taken prior
to treatment, similarly as in batch experiments. Sub-
sequently, recirculation from the reactor to the container
tank was cut out and redirected out of the system,
making the process mode quasi-continuous. The pulse
generator was switched on simultaneously with mode
switching, which started the single-pass oxidation
process. The samples of the treated solutions were
taken directly downstream from the reactor by collecting
the flow in its complete cross section. The times taken to
fill the sample bottles were measured and the collected
samples were weighed for accurate flow rate determi-
nation and energy dose calculations against known
reactor power. Taking into account the briefness of the
single-pass experiments, this was considered more
precise than reading the flow meter upstream from the
pumping unit because the volume flux through the
reactor was not perfectly uniform.

Suitable treatment times and energy doses were preli-
minarily estimated by the molecular structure of CBZ and
its reactivity with ozone (kCBZ+O3 = 3 × 105 M−1 s−1 [23])
and hydroxyl radical (kCBZ+OH = 8.8 × 109 M−1 s−1 [24]),
and these parameters were adjusted for sequential exper-
iments along obtaining results. The experimental par-
ameters at different concentrations of CBZ are presented
in Table 1. The treatment times corresponding to the
energy doses and discharge powers varied from single-
pass (20 L min−1) to 2 h circulation, the latter being a par-
ticularly extended experiment for the high dose of 21 kWh
m−3 that was applied for investigating the mineralization
by PCD, that is, the ultimate oxidation to carbon dioxide.

Analytical methods

Sample preparation for quantification of synthetic
CBZ solution
For sample preparation, 100 µL of a solution of an internal
standard CBZ-D8 at a concentration of 100 µg mL−1 was
added to pure water in a row of dilutions. The solutions

were injected directly into the liquid chromatography-
tandem mass spectrometry (LC–MS/MS) system with-
out additional treatment. In the experiments with the
initial concentration of CBZ-D8 around 100 mg L−1, the
samples were diluted 1/1000 with 0.5% acetic acid in
MilliQ water prior to analysis. Accuracy of the method
was evaluated in triplicated tests.

Sample preparation for identification of CBZ
transformation products
Prior to the gas chromatograph mass spectrometry (GC–
MS), GC–flame ionization detector (FID) and LC–MS/MS
analyses, the samples were filtered through grade GF-C
microfibre glass filters with a diameter of 55 mm
(Whatman, Buckinghamshire, UK). The filters were pre-
washed with hexane, acetone, methanol and MilliQ
water. CBZ was extracted from the filtered aqueous
sample (50 mL) by the use of an Oasis® HLB reversed-
phase sorbent 3 cc (60 mg) (Waters, Corp., Milford, MA,
USA). The extractionwasperformedat abasic pHadjusted
to 10 with 2 MNaOH. The solid phase extraction (SPE) car-
tridges were pre-conditioned with 5 × 2 mL of methanol
and 3 × 2 mL MilliQ water (pH 10) and then dried under
nitrogen. After sample loading, the solid phase was
dried under nitrogen and the adsorbed compounds
were eluted with 2 × 2 mL of acetonitrile. The extract
was evaporated to dryness under nitrogen and finally,
the residue was dissolved in 1 mL dichloromethane.

LC–MS/MS
The analysis of transformation products of CBZ in waste-
water samples was performed by LC–MS/MS (Agilent
Technologies 6460, Triple Quadruple) equipped with an
electrospray ionization interface. The analysis was con-
ducted in positive mode, using multiple-reaction moni-
toring. For chromatographic separation, an Eclipse plus
C18 column (2.1 × 5 mm, 1.8 µm) was used (Agilent Tech-
nology, USA). The flow rate was 550 µL min−1 and water
with 0.5% acetic acid and acetonitrile with 0.5% acetic
acid were eluents A and B, respectively. The gradient
applied was as follows: 0–1.10 min, 80% B; 1.10–2.5
min, 5% B. The injection volume was 5 µL. The source
parameters were as follows: capillary voltage of 4.0 kV,
gas temperature 225°C, gas flow 13 L min−1, nebulizer
40 psi, sheath gas heater 200°C and sheath gas flow
12 L min−1. A 5-point calibration curve (1–500 ng mL−1)
of the target compound was used for quantification.

For analysing the transformation product in waste-
water samples, the applied gradient was as follows:
0–0.5 min, 5% B; 0.5–5 min, 5–90% B; 5.5 min, 90% B;
5.5–6 min, 90–5% B; 6–7 min, 5% B. The Agilent Mass
Hunter workstation software was used for data collection
and analysis.
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GC–MS
The characterization of transformation products was also
performed by GC–MS analysis by the use of an Agilent
Technologies 7890A gas chromatograph with a 5875C
Series inert XL EI/CI MSD Triple-Axis Detector (GC–MS).
One microlitre samples were injected (splitless) using
an injector 7683B Series (Agilent Technology). For the
separation, a HP-5 MS column was used with helium as
the carrier gas at the flow rate of 1 mL min−1. The GC
temperature programme was as follows: 2 min at 140°C
increased to 300°C at 9°C min−1 and held for 2 min.
The total runtime was 21.7 min.

GC–FID
A rough estimation of the concentrations of transform-
ation products in synthetic solution samples was
achieved using an Agilent Technology 6850 Series gas
chromatograph with FID). One microlitre of sample was
injected in an HP-1 Methyl Siloxane capillary column,
with hydrogen as the carrier gas (flow rate 1 mL
min−1). The temperature gradient was as follows: 2 min
at 140°C, an increase to 300°C at 9°C min−1 followed by
a hold time of 2 min. The total runtime was 21.7 min.

TOC
The analyser used for the determination of total organic
carbon (TOC) content was a Shimadzu TOC-L series ana-
lyser that applies catalytic oxidation at 680°C.

Results and discussion

CBZ degradation in PCD treatment

High concentrations
Preliminary testing in the saturation range of aqueous
solutions showed that CBZ is readily oxidized with PCD:
CBZ was in practice completely oxidized with PCD treat-
ment at 3 kW h m−3 energy dose, inducing 99% degra-
dation from 81 mg L−1 initial concentration and 99.5%
degradation from 141 mg L−1 initial concentration, indi-
cating the applied energy dose as excessive. Subsequent
experiments were carried out with lower energy dose
and shorter sampling intervals at 0, 0.03, 0.1 and 0.6
kWh m−3, with initial concentrations of 99 and 127 mg
L−1. These results are shown in Figure 2. While the high
reactivity of OH-radical enables many reaction routes,
the rapid disappearance of CBZ is most probably attribu-
ted to the cleavage of the carbon double bond between
the two phenolic rings in the molecule structure, which
also is the initial reaction in the formation of the
primary oxidation products.[8] Calculation of the CBZ
oxidation energy efficiency, defined as the amount of
compound removed with the delivery of the energy
unit, gives for the reaction operated in air, dependent
on the CBZ concentration, from 125 to 189 g kW−1 h−1,
which is a result exceeding the one of, for exam-
ple, rapidly reacting indomethacin.[16] The efficiency
result obtained by Krause et al. [15] in high-frequency
(30 kHz) dielectric barrier corona over a thin layer
of treated solution at CBZ concentration of 0.1 mM
(23.6 mg L−1) with boron-doped diamond counter-
electrode is about 71 and 28 g kW−1 h−1 for 50% and
90% degradation, respectively. For further comparison,
Palo et al. [25] studied CBZ ozonation in the range of
aqueous concentrations from 6 to 16 mg L−1, that is, an
order of magnitude smaller than that in the present
research, observing approximately 0.3–0.5 g CBZ oxi-
dized with 1 g of ozone, which gives, at the ozone syn-
thesis energy efficiency of minimum 15 kW h kg−1 O3

in oxygen, from 19 to 33 g kW−1 h−1. These numbers
have to be reduced twofold when air is used in ozone
generators.[26] Naddeo et al. [27] oxidized aqueous
CBZ at its initial concentration of 10 mg L−1 in

Table 1. Applied values for experimental parameters (WW =Wastewater).
Water/WW+ CBZ
(initial concentration)

Discharge power, W
(frequency, pps)

Maximum energy
dose, kWh m−3 Time, min Process mode

CBZ:
(81–141 mg L−1)

100 (833) 5 and 21 30 and 120 Batch
60 (500) 6 60 Batch
6 (50) 0.6 6 Batch

CBZ:
(0.22–19 µg L−1)

6 (50) 0.006 n.a. Single-pass
100 (833) 0.1 n.a. Single-pass
24 (200) 1 25 Batch

WW + CBZ:
(3.41–9.27 µg L−1)

100 (833) 0.1 n.a. Single-pass
24 (200) 3 75 Batch

Figure 2. PCD oxidation with initial CBZ concentrations of 99 and
127 mg L−3 at 6 W discharge power.
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ultrasound-enhanced ozonation showing the oxidation
efficiency as low as 0.53 mg g−1 O3, operating apparently
with the ozone supply exceeding consumption. Corre-
sponding energy efficiency makes 0.036 and 0.018 g
kW−1 h−1 in oxygen and air, respectively. Summary of
this comparison is presented in Table 2.

Although rapid chemical oxidation of the target sub-
stance was observed, TOC analysis revealed that the
transformation products are collectively more refractory,
which is in good agreement with earlier findings.[9] The
transformation products of CBZ have, however, been
reported to be more biodegradable than the parent
compound,[28] making them less prone for accumu-
lation in the environment.

Contradicting the effective oxidation of the target
compound and the primary products, the treatment
was unsuccessful in mineralization of TOC in the high-
concentration CBZ solutions, contrary to the previous
success in TOC removal from solutions with other phar-
maceuticals.[12] Negligible TOC removal may indicate
notable radical scavenging by the transformation pro-
ducts with possibly some contribution by the slight
hydrophobicity of CBZ regarding the surface character
of hydroxyl radical activity in the process.[13] A satisfying
explanation for the ineffective mineralization of concen-
trated CBZ solutions requires further research on the
behaviour of the transformation products at the air–
water interface.

Microconcentrations
The single-pass experiments with a minimum power
input of 0.006 kWh m−3 at a minimum pulse frequency
of 50 pps induced modest CBZ removal of 6–16% from
17 to 19 µg L−1 initial concentration, thus showing the
efficiency of CBZ oxidation around 0.3–0.5 g kW−1 h−1.
At lower starting concentration (0.83–2.21 µg L−1) and

increased energy input of 0.1 kWh m−3 at the discharge
power of 100 W and constant flow-through rate of 20 L
min−1, the removal was enhanced resulting in 79–94%
reduction in CBZ concentration, although the oxidation
efficiency at this low concentrations and extended
removal rate ranged between 0.008 and 0.017 g kW−1

h−1. The deviation in repeated experiments is likely to
result from the scattered initial CBZ concentrations
and, probably, non-uniform instant gas–liquid contact
surface acquiring a substantial role in rapid changes at
a single passage of treated flow through the reactor,
that is, the free fall through the plasma zone. Higher
energy dose, 0.16 kW h m−3, supplied in a batch exper-
iment with the initial CBZ concentrations from 0.22 to
0.5 µg L−1 resulted in bringing the CBZ concentration
below the limit of quantification (LOD = 0.04 ng L−1,
LOQ = 0.2 ng L−1), making the oxidation efficiency as
low as 0.0014–0.0031 g kW−1 h−1. The results of the syn-
thetic solutions for CBZ in microconcentrations are pre-
sented in Table 3.

The comparison of the observed efficiency results in
microconcentration range with conventional ozonation
did not seem to give a clear picture; data from various
authors differ dramatically. For example, ozonation of
spiked Rhine river water resulted in complete elimination
of 0.5 µg L−1 of CBZ with the dose of ozone of ≥0.3 mg
L−1,[8] making the oxidation efficiency maximum of
0.056 g kW−1 h−1 in air, although removal of 236 μg L−1

of CBZ from spiked Zurich lake water with an ozone
dose of 1 mg L−1 results in 7.9 g kW−1 h−1 in air. The
review given by Liang et al. [29] shows a wide spectrum
of CBZ contents of 10–300 ng L−1 levels and ozone
dosages from 0.5 to 8.2 mg L−1, making the oxidation
efficiency not exceeding 0.01 g kW−1 h−1 in air. Some-
times the applied ozone doses were not measured
with only the residual dissolved ozone concentrations
determined. Precise assessment of energy efficiency

Table 2. Oxidation of aqueous CBZ in different studies.
Treatment method [CBZ]0, mg L−1 Reduction (%) Yield, g kW−1 h−1 Reference

PCD 99, 127 76, 89 125, 189 This work
Dielectric barrier corona 23.6 50, 90 71, 28 [13]
Ozonation 6, 16 ∼100 ∼19, ∼33 [23]
Ozone + ultrasound 10 56 <1 [25]

Table 3. Removal of CBZ (%) in experiments with microconcentrations.
Energy dose, kWh m−3

Power (frequency), W (pps)
0 0.006

6 (50)
0.1

100 (833)
0.16

24 (200) Process mode

[CBZ], µg L−1 (% removal) 19 16 (16%) Single-pass
17 15 (11%) Single-pass
2.21 0.47 (79%) Single-pass
0.83 0.05 (94%) Single-pass
0.50 <LOQ Batch
0.22 <LOQ Batch

ENVIRONMENTAL TECHNOLOGY 2077



under the circumstances is therefore not very practical
for ozone being mostly used for various parallel pur-
poses, such as bacterial control, colour removal and
oxidation of other organic compounds in mixtures.
Similarly, corona discharge applied to micropollutant
removal fulfils various parallel tasks in respect to CBZ
degradation. For example, in a previous study by
Gerrity et al.,[30] CBZ was oxidized in WWTP effluent
from 219 ng L−1, achieving 72% reduction in a corona-
above-water (commonly referred to as CAW) reactor at
0.7 kW h m−3 energy dose, thus demonstrating an effi-
ciency of 2.25 × 10−4 g kW−1 h−1. This number is an
order of magnitude lower than the one observed in
the present research in WWTP effluent waters, as dis-
cussed in the next section.

WWTP effluent treatment
The initial CBZ concentrations in the spiked WWTP efflu-
ent waters were from 3.4 to 9.3 µg L−1. The experiments
showed promising efficiency from a practical perspec-
tive, removing up to 61% of the substance in single-
pass treatment with an energy consumption of 0.1
kWh m−3, which shows efficiency of a similar magnitude
as with that of CBZ solutions prepared in clean water –
up to 0.057 g kW−1 h−1.

For practical convenience, the batch experiments were
conducted at lower pulse repetition frequency (200 pps)
than the single-pass experiments (833 pps), which may
also enhance the process energy efficiency due to
notably longer treatment time and inherently prolonged
ozone exposure between pulses.[13] However, it should
be noted that in the case of wastewater, it is likely that
the produced ozone is well consumed in reactions with
the organic contents of the solution, thus attenuating
the beneficial effect of lower pulse frequency. The results
from the batch experiments are presented in Figure 3.

From Figure 3, it can be seen that the PCD treatment is
able to substantially reduce CBZ concentrations in treated

wastewaters with high energy efficiency. Up to 97%
removal was achieved with mere 0.3 kW h m−3 (the
light grey bar) energy deliverywith an oxidation efficiency
of 0.019 g kW−1 h−1, and up to 99.9% removal at 3 kW h
m−3. In essence, the results obtained from the treatment
of wastewater containing CBZ indicate that the studied
PCD system has realistic and technically feasible potential
in notable reduction of pharmaceutical load introduced
to the environment through WWTP effluent streams. It
should be stressed that in addition to the successful
reduction of the target substance concentration, other
harmful organics and microorganisms present in the
wastewater are subjected to the oxidation process as
well. For comparison, Vogna et al. [31] oxidized aqueous
CBZ with UV/H2O2 and reported effective and fast
removal from 1.9 mg L−1 initial CBZ concentration, with
H2O2 concentration an order of magnitude higher than
that of CBZ, although the removal rate fell to practically
zero when 4 mg L−1 of humic acids was present, presum-
ably due to the OH-radical scavenging effect of humic
substances. Obviously, the presence of organic pollutants
in biologically treated wastewater did not obstruct PCD
oxidation of CBZ in the WWTP effluent, although the
energy consumption somewhat increased. This obser-
vation fits well to the concept of the surface character of
oxidation with abundant OH-radicals.[13]

Transformation products

Identification of transformation products in
synthetic solutions
In the LC–MS chromatograms of the CBZ synthetic
solutions PCD-treated at 0.1 and 0.3 kW h m−3, masses
corresponding to 1-(2-benzaldehyde)-4-hydroquinazoline-
2-one (BQM) and 1-(2-benzaldehyde)-4-hydro-quinazo-
line-2,4-dione (BQD) could be observed. The molecu-
lar construction of these products is described and

Figure 4. GC–MS ion chromatogram of a CBZ solution with initial
concentration of 127 mg L−1 treated with an energy dose of 0.3
kWh m−3.

Figure 3. Parallel runs (dark and light grey) of batch treatment of
WWTP effluent spiked with CBZ at 24 W discharge power.
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illustrated, for example, by McDowell et al.[8] However in
the GC–MS chromatograms, nine ion peaks were
observed. One of the peaks represented CBZ (retention
time 16.5 min) and five others were assigned to CBZ
transformation products (Figure 4). The molecular ions
of these products were observed at m/z 207 (I), 225 (II),
252 (III), 266 (BQD) and 250 (BQM). The recorded mass
spectra compared to previously published results on
CBZ transformation products allowed the identification
of acridine-9-carbaldehyde (I), hydroxyl-acridine-9-car-
baldehyde (II), 10,11-dihydro-CBZ 10,11-epoxide (III),
and BQM (Supporting Information, Table S1). The peak
at 14.8 min exhibiting a molecular ion at m/z 193 was
identified as iminostilbene (IMS), a thermal degradation
product of CBZ formed in the heated GC injector liner.
[9] Two additional product peaks were observed at
19.3 and 19.7 min (IV, V). The mass spectra of these indi-
cated molecular ions at m/z 308 and 290, respectively,
although the structure of the compounds remained
unknown. The GC–MS spectrum of synthetic CBZ sol-
ution treated with 0.3 kWh m−3 energy dose is presented
in Figure 4.

Quantification of transformation products in
synthetic solutions
Exact quantification of the transformation products of
CBZ was not feasible due to the absence of authentic
standards; instead, an estimation of the quantities
was performed by GC–FID, assuming an equal detector
response for CBZ and the transformation products. The
results of this quantification enabled a comparison of
transformation product yield against delivered energy
dose as well as an overall estimation of product for-
mation and degradation during the process. The two
primary products, BQM and BQD, were observed from
the first sample at 0.03 kWh m−3 at minimal concen-
trations. The concentration of dominating BQM
increased to comprise about 24% and 16% of totally

transformed CBZ from initial concentrations of 81 and
141 mg L−1, respectively, while BQD concentration
never grew above 3% of the transformed CBZ concen-
tration. The change in CBZ and BQM presence during
treatment is presented in Figure 5. The data indicate
an increase in BQM content until CBZ depletion, after
which the concentration is reduced because no
further BQM formation can occur and oxidation is facili-
tated by the absence of competing oxidant reactions
with the parent compound. Less than 3% of CBZ was
transformed to the other five transformation products
and all identified transformation products accounted
for only about 29% of the original concentration of
CBZ; transformation products that do not show up in
the GC–FID chromatograms must have been formed,
constituting the majority of the transformation
products.

Since CBZ degradation is substantially faster than
primary product formation (BQM and BQD), PCD treat-
ment proved to be effective against both the parent
compound and the identified transformation products.
Moreover, prompt further oxidation of primary trans-
formation products was also previously observed in
PCD oxidation of phenol [13] and certain painkillers of
phenolic structure,[16] therein explained by the surface
character of the reaction of pollutants with abundant
OH-radicals.

Transformation products in spiked wastewater
samples
In the wastewater samples spiked with ∼5 µg L−1 CBZ
and treated with any of the applied energy dose, no
by-products could be detected in GC analysis.
However, in the LC–MS chromatograms of both treated
and untreated samples of CBZ-spiked wastewater efflu-
ent, the peaks representing various forms of CBZ were
observed. In the untreated sample, CBZ and the main
human metabolites of CBZ,[32] 2-hydroxy-CBZ, and 3-

Figure 5. PCD treatment of CBZ solutions at high (a) and low energy dose (b). Legend brackets indicate the initial CBZ concentrations in
mg L−1; identical value for BQM and CBZ indicates same experiment. BQM concentrations represent estimations based on the assump-
tion of equal GC-FID detector response.
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hydroxy-CBZ, were observed. In the chromatograms of
the treated sample, additional peaks representing
BQM, BQD and hydroxy-acridine-9-carbaldehyde were
present. Further small peaks could be observed that
were due to 1-hydroxy-CBZ, 4-hydroxy-CBZ and acri-
dine-9-carbaldehyde. The peak areas of the 2-hydroxy-
CBZ and 3-hydroxy-CBZ in the chromatogram of the
treated wastewater sample were about 95% smaller
than those of the untreated wastewater, which shows
that also these compounds were essentially affected by
the treatment. The peak areas of all observed com-
pounds decreased at increasing energy dose, indicating
high efficiency in the removal of transformation products
as well as the parent compound. Further information on
the identified products in treated wastewater is pre-
sented in Supporting Information Table S2.

Conclusions

Gas-phase PCD was proven to be efficient in the
removal of aqueous CBZ from both synthetic solutions
and CBZ-containing effluent wastewater. The energy
efficiency surpasses that of conventional ozonation at
higher CBZ concentrations. In microconcentrations,
both the parent compound and the more refractory
transformation products were successfully degraded
from the effluent wastewater at an acceptable energy
consumption; up to 97% reduction in CBZ concen-
tration was achieved at 0.3 kW h m−3 from the initial
concentration of 5.8 µg L−1, suggesting the present
PCD system to be a considerable option for, for
example, the tertiary treatment of municipal waste-
waters for reducing pharmaceutical load to the environ-
ment. The formation of CBZ transformation products,
found in previous research on conventional ozonation,
was expectedly observed in the process. However, in
contrast to the earlier studies reporting practically stoi-
chiometric formation of transformation products that
are difficult to efficiently remove by ozonation, PCD
resulted in fast degrading of intermediates, which is
explained by the surface character of oxidation with a
massive attack of OH-radicals produced at the
gas–liquid interface.
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A B S T R A C T

In recent years, accumulation of pharmaceutical compounds in the environment has been an issue of growing
concern. Conventional wastewater treatment has limited effectiveness with many pharmaceuticals at con-
centrations of ppb or ppt scale. An intuitive solution would be to treat the pharmaceuticals-contaminated
wastewaters at the source sites before dilution in sewer networks. Health institutions with concentrated drug
consumption provide logical point sources for pharmaceuticals entering the sewage. This paper describes the
pilot-scale removal of a wide range of pharmaceuticals from real wastewaters via gas-phase pulsed corona
discharge oxidation. The process was studied for raw sewage from a public hospital and for biologically treated
wastewater of a health-care institute. The non-selective oxidation of the observed pharmaceuticals (32 com-
pounds) was effective at reasonable energy cost: 87-% reduction in residual pharmaceuticals (excluding bio-
degradable caffeine) from raw sewage was attained with 1 kWhm−3 from the raw sewage and 100% removal
was achieved for biologically treated wastewater at only 0.5 kWhm−3. The impact for affected aquatic en-
vironments upon the present solution would be a dramatically reduced load of pharmaceutical accumulation.

1. Introduction

Medicinal compounds pose a threat to aquatic environments due to
their biological activity. The issue has received wide scientific and
public media attention in recent years [1,2]. A structural challenge in
addressing this problem comes not only from the persistence commonly
exhibited by such substances, but also from the very low concentrations
at which they occur. These two factors make the removal of pharma-
ceutical residues in conventional wastewater treatment plants essen-
tially insufficient with rare exceptions, e.g. ibuprofen, a common non-
steroidal anti-inflammatory drug, exhibiting significant biological
transformation [3]. In fact, biological water treatment process may
even increase the amount of certain pharmaceuticals due to enzymatic
reformation of metabolites, reproducing the original parent com-
pounds, which has been observed for example for the anti-epileptic
carbamazepine [4] and certain hormones.

Natural and synthetic hormones present in the sanitary fraction of
wastewaters mainly enter wastewater treatment plants (WWTPs) in
largely non-estrogenic form, excreted primarily as a variety of inactive
glucoronide or sulfonide conjugates. During the sewage process,

however, these inactive compounds are readily transformed into po-
tentially more harmful ones [5]. This transformation seemingly hap-
pens due to the large amounts of β-glucuronidase enzyme produced by
the fecal bacteria Escherichia coli [6]. Similar outcomes might pre-
sumably be attributable to other pharmaceuticals as well. Pharmaceu-
tical metabolites and treatment byproducts therefore add to this widely
recognized problem.

A potential way to tackle the inconvenience of low concentrations is
to process the waters immediately at source points. In practice, this
means health-care institutions, with wastewaters containing pharma-
ceutical contents higher than typical influent at a municipal WWTPs.
Treatment before dilution into the public sewage would provide higher
concentrations of pharmaceuticals abated in, for example, oxidation
reactions, adsorption or reverse osmosis membrane filtration. The last
two methods are known, however, together with high operating ex-
penses, for their ability to only redistribute pollutants forming con-
centrated wastes that require further handling [7].

Various oxidation processes have been widely explored, frequently
employing electrochemical methods [8], UV-light in photocatalytic
oxidation [9–11], including various reactive oxygen species like ozone
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(O3) [12] and hydrogen peroxide (H2O2) [13], or shorter living inter-
mediates like hydroxyl (OH) radicals, atomic oxygen O(3P) and singlet
oxygen O2 (1Δg) [14,15]. The shorter lifetime for the latter group is
attributed to their extreme reactivity, which translates as higher oxi-
dation potential. These radical species are desirable in oxidative treat-
ments, collectively known as advanced oxidation processes (AOPs)
[16]. Ozonation is one of the most facile and common AOPs; its high
price unfortunately restricting its use to rich countries. Ozonation or
other AOPs, however, are not commonly assigned for pharmaceuticals
destruction at point sources, despite the apparent public awareness of
the problem. The natural explanation is of monetary and regulatory
disposition; without legislative pressure, the motivation to invest in
these solutions remains insufficient.

Many laboratory-scale systems have been developed in efforts to
overcome the high cost of ozonation, a variety of non-thermal plasma
(NTP) applications among them. Water treatment with NTP can be
considered chemically similar to ozonation since these processes in-
clude ozone formation from ambient oxygen and OH-radical production
from water molecules, which is also a part of ozone-water reaction
kinetics. The most energy-efficient NTP for water treatment has been
the gas-phase pulsed corona discharge (PCD), which in the context is
usually produced in a wire-plate electrode system in which nano- to
microsecond scale high voltage pulses are directed to a metal wire,
whose high curvature profile then allows the discharge to initiate and
propagate towards the grounded plates [17–20]. The high efficiency of
such configuration is based on the non-equilibrium state of ions and
free gaseous electrons in the plasma, which means highly energized
electrons and excited but low energy molecular or atomic species, re-
sulting in low or negligible heat losses in the overall process. A com-
prehensive review on pharmaceuticals degradation with NTP applica-
tions was reported by Magureanu et al. in [19] and Banaschik et al. in
[21], highlighting fast target removal, increased biodegradability and
comparable energy costs to other AOPs.

In this study, we examine a pilot-scale PCD unit for reduction of
pharmaceuticals content in wastewater before discharge into the public
sewage network. The objective is to investigate the feasibility and ef-
fectiveness of a PCD water treatment application at point sources with
elevated pharmaceutical concentrations. Treatment prior to wastewater
discharge to public sewage networks not only holds the potential of
higher removal efficiency but also the eventual reduction of sludge
contaminants as well, since the overall pharmaceutical content entering
the sewage network will be decreased. The PCD is also coupled with
ultrafiltration (UF) to investigate whether membrane separation pre-
treatment would increase PCD efficiency. Earlier, the effectiveness of
PCD in oxidation of aqueous carbamazepine in municipal wastewater as
well as identified transformation products of the parent compound were
shown [22]; this research extends coverage to a wide range of phar-
maceuticals in different wastewaters. Wastewaters from two sources in
South and South-East Finland were used: raw wastewater from a hos-
pital and effluent from an active sludge wastewater treatment plant of a
health institute. Having more extensive pharmaceutical content, the
hospital waters receive more detailed discussion, whereas the health
institutional wastewater effluent may be considered, for example, as a
supporting extension of this investigation.

2. Materials and methods

2.1. Wastewater sources

2.1.1. Etelä-Karjala Central Hospital
Etelä-Karjala Central Hospital is a public hospital located in

Lappeenranta, Finland, and one of the 16 central hospitals in the
country. The hospital works as a comprehensive centralized care unit
for South Karelia Social and Health Care District. Annual sewage flow
rate data is unfortunately not available. The hospital wastewater sam-
ples were pumped from a collective sewer line of the hospital

downstream of an oil trap before being discharged into the public
sewage network. The piloting was carried out in two sets, for both of
which a volume of 1.0 m3 of sewage was separately collected with a
tank truck and kept dark and cool through storage. Experiments were
conducted and samples delivered for analysis within 48 h of zero
sampling. With the first set (Batch 1), the raw sewage containing sus-
pended solids was allowed to settle in the container for 20 h, after
which 350 L was pumped off the top to another container. All the ex-
perimental batches were then collected from this volume. From the
sewage collected for the second experimental set (Batch 2), a similar
initial volume was extracted into a different container through a string
wound filter cartridge with a 50 μm filter ratio, after only 3 h settling.

2.1.2. Rinnekoti Foundation
Rinnekoti Foundation in Espoo, Finland, is a center producing

healthcare and social inclusion services for people with intellectual or
developmental disorders. The institute has its own wastewater treat-
ment plant applying an active sludge process, including denitrification-
nitrification steps and chemical phosphorus precipitation. In 2015, the
annual treated volume was 114,484m3 [23]. The plant influent is
mainly domestic wastewater collected from the Rinnekoti Foundation
facilities, consisting of the daily wastewaters of approximately one
thousand people. The wastewater samples from Rinnekoti Foundation
were pumped from the effluent stream of the institutional wastewater
treatment plant. A total of 1.0m3 of the treated wastewater was
pumped with a submersible pump to a storage container, from which
batches of required volume were extracted for the experiments with
similar procedures as with the hospital waters. No settling was neces-
sary with the biologically treated wastewaters. Before collecting the
zero sample and experimental batches, the water was mixed by circu-
lating the complete volume inside the container for 2 h using the sub-
mersible pump. No other pretreatment was applied.

2.2. Analyses

Pharmaceutical concentrations were analyzed by Eurofins Scientific
Finland Ltd applying modified EPA methods 1694 and 539 and solid
phase extraction. The analysis covered a total of 57 pharmaceutical
compounds listed in Table 1. These compounds include clofibric acid,
which is more of an active metabolite of etofibrate, etofyllinclofibrate
and clofibrate, than a pharmaceutically applied substance [24].

Total organic carbon (TOC) was measured with a Shimadzu TOC L-
series analyzer, which applies catalytic combustion at 680 °C. Chemical
oxygen demand (COD) was analyzed using potassium dichromate
analysis kits and a Hach DR/2000 spectrophotometer. Color and tur-
bidity was measured with a HACH DR/2010- spectrophotometer, at
465 nm and 860 nm, respectively. UV measurements at 254 nm were
made using a Jasco V-670 UV-VIS-NIR spectrophotometer. pH was
measured with Metrohm 744 pH meter and conductivity with Knick
Konduktometer 703.

2.3. Experimental setup

2.3.1. Plasma treatment system and procedure
The PCD system consists of a high voltage pulse generator, a gas-

phase corona discharge reactor and a water circulation system. The
PCD reactor is of vertical configuration wherein the treated water is
allowed a free fall, showering through the NTP. The flow is arranged
through a top chamber with a perforated bottom plate with 1-mm or-
ifices. The pulse generator can be adjusted to deliver pulses with a
stepwise frequency range from 100 to 840 Hz, which correlates linearly
to a nominal power range of 30 to 250W due to each pulse delivering
the energy of 0.3 J. In these experiments, the maximum and the
minimum power outputs were used in order to observe the difference
between oxidation energy efficiency over maximum available power
range. The reactor configuration was coupled with a water circulation
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system including a tank for 50 L batches. The system is illustrated in
Fig. 1. Further details and technical description are presented in our
previous publication [25] where the gas-phase ozone concentration in
the reactor was also measured, comprising around 5mg L−1 in air at-
mosphere, and negligible amounts of oxidants, below 1mg L−1, were
iodometrically measured in the treated water, which was a binary
model solution with notably lower amount of oxidant consuming spe-
cies than in the presently studied sewage.

During experiments, the water was circulated at 15 Lmin−1 and
prior to each sampling the treated volume was allowed to mix by cir-
culating through the system for 5min with the plasma off. In Batch 1
experiments with hospital wastewater, the treatment at 30W was ap-
plied for 0.1 and 0.5 kWhm−3 of pulse energy delivered, and at 250W
for 0.5 and 1.0 kWhm−3. For Batch 2, the 30W treatment was ex-
tended to 1.0 kWhm−3 following the observed results with Batch 1, to
meet better purification results. The energy efficiency of target pollu-
tant oxidation, g kWh−1, was calculated as described elsewhere [18,19]
in respect to the removal data.

2.3.2. Membrane pretreatment system and procedures
The membrane filtrations were made using an Alfa Laval DSS

LabStak® M20-filtration system (Fig. 2), designed for plate-and-frame
operations with 0.036–0.72m2 membrane areas. Each permeate flow is
collected separately from the permeate plate that holds a similar
membrane on each side, one plate holding a membrane area 0.036m2.
The permeate plates are separated with a plate that distributes the feed
flow from the first permeate plate to the next one.

Ultrafiltration of the hospital waters was carried out with UC030
Microdyn-Nadir membranes with an area of 0.144m2 at 2.0–3.5 bar. In
the experiments with Rinnekoti waters, the same membrane with an
area of 0.108m2 was used at the pressure of 2.0–2.2 bar. In both cases
the cross flow velocity was about 0.7m s−1.

3. Results and discussion

3.1. Hospital wastewaters

Analysis revealed a total of 27 pharmaceuticals in the untreated
hospital wastewaters, plus progesterone and methylprednisolone that
only occurred in the course of treatment. The two batches of hospital
wastewater sported similar pharmaceutical content with minor excep-
tions: salbutamol (0.88 μg L−1), atenol (2.3 μg L−1) and warfarin
(0.082 μg L−1) were only observed in Batch 1 and entacapone
(1.1 μg L−1) and propranolol (0.21 μg L−1) only found in Batch 2. The
pharmaceutical content of the wastewater was heavily reduced in PCD

Table 1
The monitored pharmaceuticals and their limit of quantification (LQ). The analytical error at LQ is 30%. a= antibiotics, b= steroids, c= hormones, d=NSAID. Analysis was done using
ultra-performance liquid chromatograph coupled with tandem mass spectroscopy (UPLC/MS/MS).

Substance LQ, μg/L Substance LQ, μg/L Substance LQ, μg/L Substance LQ, μg/L

17α-ethinylestradiolbc 0.001 Enalapril 0.01 Metoprolol 0.02 Progesteronebc 0.001
17β-estradiolbc 0.005 Entacapone 0.01 Iopromide 0.01 Propranolol 0.01
Atenol 0.005 Estriolbc 0.005 Ketoconazole 0.01 Salbutamol 0.02
Beclometasone 0.005 Estronebc 0.005 Ketoprofen 0.005 Simvastatin 0.05
Bezafibrate 0.005 Felodipine 0.05 Methotrexate 0.01 Sotalol 0.01
Bisoprolol 0.01 Fenbendazole 0.005 Methylprednisolone 0.02 Sulfamethoxazolea 0.01
Caffeine 0.01 Flubendazole 0.005 Metoprolol 0.005 Terbutaline 0.01
Carbamazepine 0.005 Fluoxetine 0.01 Metronidazolea 0.02 Testosteronebc 0.001
Ciprofloxacina 0.01 Furosemide 0.05 Naproxen 0.01 Tetracyclinea 0.001
Citalopram 0.01 Gemfibrozil 0.01 Norethindronec 0.02 Trimethoprima 0.01
Clenbuterol 0.005 Hydrochlorothiazide 0.05 Norfloxacina 0.05 Tylosina 0.02
Clofibric acid 0.05 Hydrocortisonebc 0.01 Ofloxacina 0.05 Warfarin 0.005
Cyclophosphamide 0.005 Ibuprofend 0.05 Oxytetracyclinea 0.05
Diclofenacd 0.005 Ifosfamide 0.02 Paracetamol 0.05
Doxycyclinea 0.02 Iopamidol 0.02 Paroxetine 0.005

Fig. 1. Experimental PCD configuration for treatment of 50-L batches (not in scale).

Fig. 2. Membrane filtration system (not in scale).
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treatment, with some deviation in the removal yield as further dis-
cussed below. Progesterone, methylprednisolone and ibuprofen ex-
hibited interesting growth in concentration in the course of oxidation,
ibuprofen so only momentarily. Tables 2 and 3 present pharmaceuticals
removal from hospital waters for Batch 2, which exhibited a tendency
for higher initial concentrations of most of the substances and for which
the low power PCD treatment was sustained longer. Results for Batch 1
are included for reference in Supplementary information Table 1, and
the discussion henceforth considers the presented results of Batch 2
unless specifically noted otherwise. Progesterone and methylpredniso-
lone are presented and their occurrence discussed individually in 3.1.2

as they were not present in the untreated water and only occurred as
oxidation products. In the following, the results are collectively tabu-
lated and certain peculiarities are separately considered in chapters
3.1.1 to 3.1.3 for deeper scrutinizing; undetected monitored substances
are excluded from further presentation.

Tables 2 and 3 show that ibuprofen, a common pain killer and
NSAID, increases momentarily in concentration in certain PCD experi-
ments (similar observations in Batch 1). Fast oxidation of the substance
in the same process at higher concentrations in model solutions was
reported earlier [18], suggesting that the slow reduction of ibuprofen in
the present case probably overlapped with reformation from oxidation

Table 2
Direct PCD treatment on observed pharmaceutical residues in hospital wastewater Batch 2, complete removal of pollutants (100%) manifests concentrations reduced below LQ.

Power Raw 30W Removal 30W Removal 30W Removal 250W Removal 250W Removal
Energy, kWhm−3 0.1 0.5 1.0 0.5 1.0
Substance, μg L−1 PCD PCD PCD PCD PCD

Bisoprolol 0.84 0.6 29% 0.17 80% <0.10 100% 0.5 40% 0.35 58%
Caffeine 470 450 4% 420 11% 380 19% 480 −2% 480 −2%
Carbamazepine 0.35 0.25 29% <0.05 100% <0.05 100% 0.21 40% 0.088 75%
Ciprofloxacin 13 8.6 34% 4.1 68% 0.85 93% 7.2 45% 5.4 58%
Citalopram 0.23 0.17 26% <0.10 100% <0.10 100% 0.14 39% <0.10 100%
Diclofenac 0.6 0.42 30% <0.05 100% <0.05 100% 0.26 57% 0.083 86%
Doxycycline 2 1.2 40% <0.20 100% <0.20 100% 0.81 60% 0.32 84%
Enalapril 0.31 0.26 16% 0.23 26% 0.19 39% 0.27 13% 0.25 19%
Entacapone 1.1 0.26 76% <0.10 100% <0.10 100% 0.18 84% <0.10 100%
Estriol 0.91 1.1 −21% <0.05 100% <0.05 100% 0.49 46% 0.2 78%
Estrone 0.1 0.065 35% <0.05 100% <0.05 100% <0.050 100% <0.05 100%
Furosemide 11 4.7 57% <0.50 100% <0.50 100% 2.6 76% <0.50 100%
Hydrochlorothiazide 4.2 4.8 −14% 4 5% 2.2 48% 5.4 −29% 4.3 −2%
Hydrocortisone 0.45 0.33 27% 0.43 4% 0.35 22% 0.37 18% 0.37 18%
Ibuprofen 28 34 −21% 24 14% 14 50% 43 −54% 26 7%
Metoprolol 0.37 0.33 11% 0.18 51% <0.05 100% 0.33 11% 0.26 30%
Metronidazole 8.9 6.6 26% 7.8 12% 7.3 18% 8.1 9% 8.4 6%
Naproxen 1.1 0.78 29% <0.10 100% <0.10 100% 0.69 37% 0.5 55%
Ofloxacin 16 11 31% 2.2 86% <0.50 100% 9.4 41% 5.7 64%
Paracetamol 580 420 28% 70 88% 63 89% 260 55% 130 78%
Propranolol 0.21 0.1 52% <0.10 100% <0.10 100% <0.10 100% <0.10 100%
Sulfamethoxazole 5.8 2.7 53% <0.10 100% <0.10 100% 0.25 96% <0.10 100%
Tetracycline 1.6 0.83 48% 0.15 91% 0.14 91% 0.59 63% 0.23 86%
Trimethoprim 1.2 0.92 23% 0.061 95% <0.01 100% 0.73 39% 0.31 74%

Table 3
UF and UF+PCD (30W) effect on observed pharmaceutical residues in hospital wastewater Batch 2, complete removal of pollutants (100%) manifests concentrations reduced below LQ.

Energy, kWhm−3 Raw UF Removal 0.1 Removal 0.5 Removal 1.0 Removal

Substance, μg L−1 UF+PCD UF+PCD UF+PCD

Bisoprolol 0.84 0.74 12% 0.58 31% <0.10 100% <0.10 100%
Caffeine 470 440 6% 510 −9% 410 13% 300 36%
Carbamazepine 0.35 0.33 6% 0.28 20% <0.05 100% <0.05 100%
Ciprofloxacin 13 8.3 36% 2.6 80% 2 85% <0.50 100%
Citalopram 0.23 0.18 22% <0.10 100% <0.10 100% <0.10 100%
Diclofenac 0.6 0.68 −13% 0.37 38% <0.05 100% <0.05 100%
Doxycycline 2 1.3 35% <0.20 100% <0.20 100% <0.20 100%
Enalapril 0.31 0.21 32% 0.2 35% 0.14 55% <0.10 100%
Entacapone 1.1 0.67 39% 0.19 83% <0.10 100% <0.10 100%
Estriol 0.91 0.65 29% 0.61 33% <0.05 100% <0.05 100%
Estrone 0.1 0.076 24% <0.050 100% <0.05 100% <0.05 100%
Furosemide 11 7.3 34% 4.2 62% <0.50 100% <0.50 100%
Hydrochlorothiazide 4.2 4.2 0% 3.8 10% 2.2 48% 0.58 86%
Hydrocortisone 0.45 0.42 7% 0.42 7% 0.35 22% 0.26 42%
Ibuprofen 28 27 4% 25 11% 26 7% 16 43%
Metoprolol 0.37 0.37 0% 0.37 0% 0.097 74% <0.05 100%
Metronidazole 8.9 8.2 8% 8.5 4% 7.3 18% 5.7 36%
Naproxen 1.1 1.2 −9% 0.92 16% <0.10 100% <0.10 100%
Ofloxacin 16 12 25% 3.7 77% <0.50 100% <0.50 100%
Paracetamol 580 560 3% 400 31% 58 90% 41 93%
Propranolol 0.21 0.16 24% 0.11 48% <0.10 100% <0.10 100%
Sulfamethoxazole 5.8 4.8 17% 0.42 93% <0.10 100% <0.10 100%
Tetracycline 1.6 1.5 6% 0.14 91% <0.10 100% <0.10 100%
Trimethoprim 1.2 1.2 0% 0.95 21% 0.01 99% <0.01 100%
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of metabolites. This would suggest that the actual removal rates cannot
be accurately estimated in the context of real wastewaters without
negative bias from simultaneous reformation. The suggestion that ibu-
profen indeed is reforming from transformation products is supported
by Ferrando-Climet et al. [26], where a number of ibuprofen metabo-
lites were identified in WWTP influent totaling substantially more
abundant than the parent substance.

3.1.1. Paracetamol and caffeine
Paracetamol and caffeine were distinguished with two to three or-

ders of magnitude higher concentrations than the other monitored
substances. Paracetamol, abundant as common painkiller, was reduced
by 93% with UF+PCD at 30. Direct PCD treatment achieved 89-%
reduction at best, corresponding to a yield of 517mg kWh−1. For re-
ference, Panorel et al. reported 40 times higher yield of 20 g kWh−1 for
paracetamol, with the same process in a binary model solution at two
orders of magnitude higher initial concentration [18]. Although va-
guely comparable in light of the experimental concentration difference,
the similar response emphasizes the non-selective character of PCD
treatment in successful operation with clean water solutions and was-
tewater. The results support previous findings on PCD treatment of
municipal wastewater effluent [22].

Caffeine, a nervous stimulant [27], is a ubiquitous ingredient in
common refreshments and naturally present in over 60 plants [28].
Caffeine proved more resilient to oxidation than paracetamol which
could be anticipated due to the strong molecular structure with concise
nitrogen bonding and ketone groups: the vacancy available for the OH-
radical or ozone attack, the C]N bond, is characterized by relatively
high energy of 615 kJmol−1. Beltrán et al. [29] stated that caffeine is
oxidized predominantly with OH-radicals and refractory to oxidation
with molecular ozone. Siqueira Souza and Amaral Féris [30], Broséus
et al. [31] and Ganzenko et al. [32] confirmed these observations in
various AOPs with hard mineralization. A series of publications re-
ported caffeine being oxidized more effectively in combination of ozone
with catalysts and photocatalytic oxidation [33–36]. Analogously, di-
electric barrier discharge (DBD) exhibited efficiency improved by a
goethite catalyst [37]. Rosal et al. [38] disclosed a mechanism of caf-
feine ozonation with both ozone and OH-radicals indicating rather low
second-order reaction rate constant ranging from 0.25 to 1.05M−1 s−1

and increasing with pH from 3 to 10, i.e. at improving OH-radical
contribution in oxidation; the reaction rate constant for OH-radical
formation in the reaction of ozone with OH-ion is 70M−1 s−1 [39]. In
comparison, the phenyl moiety in paracetamol (Scheme 1) assumes
facile oxidation [40]. The poor removal efficiency of caffeine, however,
conveniently proposes little disappointment due to its biodegradability:
it is reported to degrade at 94% average efficiency in conventional
WWTPs [41], ranging even above 99% [42].

3.1.2. Antibiotics
Antibiotics can be largely unaffected in conventional WWTPs [43]

and pose a special and generally recognized problem for potent de-
velopment of bacterial resistance [44,45]. Removal in active sludge
processes may be largely attributed to sorption in the sludge [46],
which does not remove the problem. Concise and multi-reference

description of accumulated antibiotics in the environment is given in
[47]. In this study, doxycycline, metronidazole, ofloxacin, cipro-
floxacin, sulfamethoxazole, tetracycline and trimethoprim were found
in the hospital wastewaters at concentrations ranging from 1.2 to
13 μg L−1. The best result was achieved with the UF+PCD (30W)
process at 1.0 kWhm−3 where all the antibiotics were completely
oxidized, except metronidazole (36-% reduction), which proved highly
resilient to oxidation. The refractory nature of metronidazole is a
characteristic of the concise molecular construction with two amines in
the cycle and a nitro group (Scheme 2). Mota et al. [48] described
oxidation of metronidazole with ozone starting from the high-energy
C]N bond adjacent to the nitro-group analogously to the caffeine
primary oxidation act. Previous studies showed refractory character of
metronidazole towards oxidation with ozone, being improved with
catalytic aid of activated carbons [49] and in combination with pho-
tocatalysis [50]. Considering the overall antibiotics oxidation result,
improvement from ultrafiltration pretreatment was pronounced at
lower energy doses: by 32, 11 and 5% higher total antibiotics removal
at 0.1, 0.5 and 1.0 kWhm−3, respectively.

3.1.3. Pharmaceuticals appearing during PCD oxidation
Progesterone and methylprednisolone, both steroidal hormones

sharing structural similarity, appeared only during PCD oxidation of the
hospital wastewaters and consistently increased in concentration
throughout the pulsed energy delivery. The observed increase is an
apparent recurrence: the result of oxidation of metabolites, e.g. cysteine
conjugates [51], transforming back to the parent compound. Neither of
the substances were observed in samples prior to treatment. The re-
currence phenomenon resembles biological oxidation of carbamazepine
metabolites in wastewater treatment transforming back into carbama-
zepine [4], although be it noted that carbamazepine concentrations
only decreased in PCD-oxidation both in the present study and in [22].
A decreasing concentration was not observed for either substance
within the extent of the experiments, suggesting the concentrations of
the precursors exceed that of the observed parent compound maxima.
Since degradation of organic compounds is generally an oxidation
process, the observed formation of progesterone and methylpredniso-
lone during PCD treatment proposes a possibility of these reactions
taking place in common WWTPs as well, similarly as reported for car-
bamazepine. Besides, even though progesterone and methylpredniso-
lone were observed to actually increase in the process, it should be
noted that these are oxidation products and therefore assumable in-
termediate products in naturally occurring degradation pathways as
well.

Progesterone, initially below the level of detection, was also not
observed at the lowest energy dose of 0.1 kWhm−3, which, as noted

Scheme 1. Molecular structures of caffeine (left) and paracetamol (right). The refractory
nature of caffeine is obvious from the strong N- and O-bonding.

Scheme 2. Molecular structure of metronidazole.
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above, was well sufficient for effective reduction of many of the mon-
itored substances. At low treatment power, the first occurrence was at
0.5 kWhm−3 and at full power the concentration was measurable only
at the end at 1 kWhm−3. Here, a maximum progesterone concentration
after PCD treatment was measured as 0.072 μg L−1 at 30W pulse
power, while at 250W the amounts remained at 0.017-0.021 μg L−1,
approximately four times lower at eight times higher pulse power. The
disproportion between the rates and applied powers would suggest
ozone has a notable role in the reactions [25]. The maximum value
corresponds to a progesterone yield of 72 μg kWh−1. The well-known
metabolite, allopregnanolone, is suggested as a probable candidate for
the main progesterone precursor in the oxidative conditions, having a
hydroxyl group prone for oxidation by the abundant hydroxyl radicals.
A comprehensive list of identified and theoretical metabolites of pro-
gesterone can be found in the article by Stanczyk [52]. Similar to tes-
tosterone, Fabreqat et al. [51] reported cysteine conjugates as proges-
terone metabolites. Since progesterone was not found from the first
treated samples, regardless of plasma power, it is suggested that there
may be multiple reaction steps until the parent compound is reformed,
which could infer that the presence of metabolites changed beyond
allopregnanolone that is still relatively similar with the parent com-
pound. The development of progesterone concentrations in direct PCD
treatment of the hospital waters is presented in Fig. 3. Peculiarly, no
progesterone was observed in ultrafiltered and subsequent PCD sam-
ples, which may indicate adsorption properties in sedimentary material;
indeed, Sangster et al. [53] described different progesterone spiked
sediment materials resulting in essentially varied effects upon fish po-
pulation in the given environment. The destruction of pharmaceutical
metabolites is of equal importance with the destruction of the parent
compounds, as, for example, the suggested precursor allopregnanonole
is also highly bioactive [54].

Methylprednisolone concentration increased in both ultrafiltered
and unfiltered hospital waters subjected to oxidation. A peak con-
centration of 1.4 μg L−1 was recorded for methylprednisolone with the
maximum energy dose at 30W pulse power, which corresponds to a
yield of 1400 μg kWh−1. A comprehensive collection of 15 methyl-
prednisolone metabolites was reported by Pozo et al. [55], proposing a
list of precursor candidates whose oxidation would result in reforma-
tion of the parent compound. The most probable of these candidates
would be the products of one-step reduction, which was suggested to
occur at the keto moiety of the aliphatic carbon chain of the molecule.
Methylprednisolone concentrations in PCD treated hospital waters are
presented in Fig. 4.

3.1.4. Total pharmaceutical compound removal
The mass-based occurrence of total detected pharmaceuticals

amounted to 1148 μg L−1, 678 μg L−1 without caffeine and 98 μg L−1

without caffeine and paracetamol, the two individual substances thus
constituting a substantial 91% of the total pharmaceutical mass.
Calculations for maximum reduction achieved from these values with
UF, PCD and their combination are presented in Table 4.

Regardless of the noticeable removal of pharmaceuticals with UF,
up to 17% if the reduction of other than caffeine and paracetamol is
considered, contribution of preliminary UF to the sum effect with PCD
was modest. The results propose the overall pharmaceuticals removal
fitting to 9% difference whether UF is used as pretreatment before PCD
or not −68% and 59% of total pharmaceuticals removed at 30W ap-
plied power at PCD energy input of 1.0 kWhm−3 with and without
preliminary UF, respectively. The effect of preliminary UF was even
smaller for pharmaceuticals considered with caffeine and caffeine to-
gether with paracetamol subtracted, 4% and 2%, respectively. This
implies that as a combined unit process, UF pretreatment had very
modest effect on the overall efficiency of PCD oxidation. Comparing a
noticeable difference of the UF effect observed for antibiotics (see
3.1.2), an attractive solution for cutting the environmental load by
pharmaceuticals with antibiotics deserves special emphasis in further
research in PCD combination with UF.

The rate of PCD energy delivery expectedly makes a difference
showing substantially positive effect at low pulse repetition frequency,
i.e. smaller applied power explained by the contribution of ozone to the
oxidation effect at longer treatment times (Table 4). The trade-off,
however, involves longer time required at more energy-effective low-
power treatment.

3.1.5. Wastewater characterization
The effect of membrane processes was expectedly more pronounced

Fig. 3. Evolution of progesterone in direct PCD treatment of the hospital wastewater
Batches 1 and 2:■=Batch 1;▲=Batch 2; solid line=250W PCD; dashed line= 30W
PCD.

Fig. 4. Evolution of methylprednisolone in PCD treatment of hospital wastewater batches
1 and 2 with and without ultrafiltration: ■=Batch 1; ▲=Batch 2; solid line= 250W
PCD; dashed line=30W PCD; frequently dashed line= ultrafiltration and 30W PCD.

Table 4
Total pharmaceutical occurrence and maximum removal rate at PCD energy
1.0 kWhm−3.

Content,
μg L−1

Removal (%)

UF UF+PCD
30W

PCD
30W

PCD
250W

Total 1148.27 6 68 59 42
w/o caffeine 678.27 5 91 87 73
w/o caffeine and

paracetamol
98.27 17 77 75 46
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on other characteristics of the wastewater, TOC (30%), COD (37%), UV-
absorption (20%) and color. Ultrafiltration alone resulted in 69-% re-
duction in turbidity and 63-% reduction in color; combined with PCD
oxidation these results were 87% for both parameters. For comparison,
PCD alone reduced turbidity by 47% and color by 58% via oxidative
bleaching. A mild increase in conductivity can be observed during PCD
treatment, which is likely a result of nitrate formation during the pro-
cess from ambient nitrogen [56]. These results are presented in Sup-
plementary information Table 2 with other characteristic parameters.

3.1.6. Maintenance
Clogging of the perforation through which the water is introduced

into the plasma reactor might be the most potential problem, and be it
noted that in this work, settling (and string filtration for Batch 2) of the
raw hospital sewage likely aided this cause. Yet, no maintenance re-
quirements have been recognized by the authors, considering the re-
actor configuration designed for water treatment, or the pulse generator
supplying the high voltage power. Membrane fouling, however, is a
well-recognized characteristic. Here, in any membrane separation
process the permeate flow immediately decreased from initial condi-
tion. Nonetheless, in each case permeability settled to a certain level
during filtration and the membranes were restored to original perme-
ability with post-process washing using commercial P3-Ultrasil 110
detergent by Ecolab. Membrane performance data is presented in more
detail in Supplementary information Fig. 1.

3.2. Health institutional wastewaters

A total of 17 of the monitored pharmaceutical substances were
found in the biologically treated wastewater effluent of Rinnekoti
Foundation. Of these, carbamazepine, a widely used antiepileptic sub-
stance, occurred at a concentration an order of magnitude higher than
any other observed substance, which may be explained by the institu-
tional provision of services for the inhabitants with physical disorders.
Additionally, ibuprofen was observed only at 0.082 μg L−1 in the first
treated sample of the 250W direct PCD experiment, at 0.5 kWhm−3

energy delivered. This momentary appearance aligns similarly with the
hospital waters, the briefly occurring low concentration disappearing
along further treatment (introduced here, ibuprofen is omitted from the
following tables for conciseness). Direct PCD and combined UF+PCD
results in pharmaceuticals removal are presented in Tables 5 and 6,
respectively.

All the studied pharmaceuticals, including hydrochlorothiazide and

metronidazole (initial concentrations close to LQ), were substantially
reduced with PCD at the minimum energy dose (250W–0.5 kWhm−3;
30W–0.1 kWhm−3) and completely disappeared at maximum
(250W–1 kWhm−3; 30W–0.5 kWhm−3). This would suggest that
biologically treated wastewater enables a more targeted oxidation
process, i.e. less oxidants consumed in unwanted reactions than in the
complex matrix of untreated sewage. The total pharmaceutical content
is also lower in the biologically treated wastewater than in the un-
treated hospital sewage. In addition, albeit from different sources, the
biodegradability of caffeine was apparent from the concentrations of
the untreated hospital sewage and the biologically treated Rinnekoti
effluent, demonstrating four orders of magnitude difference.

The results with Rinnekoti waters clearly show that the present PCD
configuration can, in a realistic case, be effective as a tertiary treatment
process for polishing wastewaters from medicinal pollutants before
discharge into the environment. The total mass concentration of the
detected pharmaceuticals in the effluent amounted to 6.286 μg L−1,
which was practically completely removed with direct PCD treatment at
0.5 kWhm−3, yielding 12.6 mg kWh−1 total drug removal. For per-
spective, for the annual reported flow through the plant this would
correspond to an annual energy consumption of 57 242 kWh, which at a
rounded estimate of electricity price of 0.1 € kWh−1 and pulse gen-
erator efficiency of 67% [18] would result in a cost of €8543. Specific
energy dose of 0.1 kWhm−3, at which 91-% reduction of total phar-
maceuticals was achieved (97% w/UF+PCD), gives an annual cost of
€1709. The annual volume discharge with the observed concentrations
would give a total of 720 g pharmaceuticals discharged to the aquatic
environment, which gives an impression of relatively high cost versus
absolute pharmaceuticals reduction. It should be stressed, however,
that the estimated yields only consider the monitored substances, and
do not include the non-selectively affected compounds of medicinal or
any other origin, including the pharmaceuticals transformed beyond
detection while retaining biological activity. This demonstration well
describes the challenges intrinsic in chemical micropollutant abate-
ment, the cost profile exponentially increasing with removal of de-
creasing concentrations. As presented, however, notable results are
feasible at acceptable cost range.

4. Conclusions

A pilot-scale pulsed corona discharge (PCD) plasma was applied to
oxidize micro-concentrations of pharmaceuticals in wastewaters col-
lected at point sources. The PCD process was tested for both untreated

Table 5
Direct PCD treatment on observed pharmaceutical residues in biologically treated health institutional wastewater effluent, complete removal of pollutants (100%) manifests con-
centrations reduced below LQ.

Power Raw 30W Removal 30W Removal 250W Removal 250W Removal
Energy, kWhm−3 0.1 0.5 0.5 1.0
Substance, μg L−1 PCD PCD PCD PCD

Bisoprolol 0.18 0.038 79% <0.010 100% 0.022 88% <0.010 100%
Caffeine 0.012 <0.010 100% <0.010 100% <0.010 100% <0.010 100%
Carbamazepine 3.1 0.013 100% <0.005 100% 0.011 100% <0.005 100%
Citalopram 0.26 0.048 82% <0.010 100% 0.028 89% <0.010 100%
Diclofenac 0.33 <0.005 100% <0.005 100% <0.005 100% <0.005 100%
Fluoxetine 0.068 <0.010 100% <0.010 100% <0.010 100% <0.010 100%
Furosemide 0.29 <0.050 100% <0.050 100% <0.050 100% <0.050 100%
Hydrochlorothiazide 0.83 0.32 61% <0.050 100% 0.14 83% <0.050 100%
Ketoprofen 0.022 0.009 59% <0.005 100% <0.005 100% <0.005 100%
Metoprolol 0.44 0.13 70% <0.005 100% 0.066 85% <0.005 100%
Metronidazole 0.059 0.034 42% <0.020 100% <0.020 100% <0.020 100%
Naproxen 0.082 <0.010 100% <0.010 100% <0.010 100% <0.010 100%
Propranolol 0.23 <0.010 100% <0.010 100% <0.010 100% <0.010 100%
Salbutamol 0.2 <0.020 100% <0.020 100% <0.020 100% <0.020 100%
Sotalol 0.14 <0.010 100% <0.010 100% <0.010 100% <0.010 100%
Trimethoprim 0.036 <0.001 100% <0.001 100% <0.001 100% <0.001 100%
Warfarin 0.007 <0.005 100% <0.005 100% <0.005 100% <0.005 100%
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sewage of a public hospital and for biologically treated wastewater
effluent of a healthcare institute. In the hospital wastewaters, almost all
of twenty-nine detected pharmaceuticals were readily oxidized: caf-
feine, hydrochlorothiazide and metronidazole exhibited strong resi-
lience. Caffeine and paracetamol occurred in two to three orders of
magnitude higher concentration than other pharmaceuticals. Of these,
caffeine is readily biodegradable, which was emphasized by four orders
of magnitude lower initial concentration in the biologically treated
effluent.

The oxidation process was coupled with 30 kDa ultrafiltration pre-
treatment to investigate the effect of the separation process on oxida-
tion energy efficiency of the PCD: UF had little effect on total phar-
maceuticals content, excluding caffeine, in hospital waters (5-%
reduction), improving the total result of UF+PCD by 4% when com-
pared to sole PCD at 1 kWhm−3 energy consumption. The oxidation
resulted in 90-% reduction from the UF permeate concentration, which
is only a 3-% improvement compared to oxidation of the raw sewage.

Reformation of progesterone and methylprednisolone was observed
during the oxidation process; a phenomenon that has been observed for
a few other pharmaceuticals earlier, where metabolites oxidize back to
the parent compound. Similar behavior was observed for ibuprofen.

With the biologically treated wastewater effluent, a substantial ef-
fect in micropollutant removal was seen already at 0.1 kWhm−3, and at
0.5 kWhm−3 all the seventeen observed pharmaceuticals were oxidized
below the limit of quantification. The result was more polished than as
with the raw hospital wastewater sewage, due to the essentially lower
concentrations of competing non-medical pollutants. The PCD effi-
ciency in the raw sewage, however, is of emphasized importance as the
volumes requiring treatment at such point source will obviously remain
smaller and concentrations higher than those compiled at the influent
of wastewater treatment sites. The non-selective pharmaceuticals re-
duction process will be inherently more efficient at locations of higher
concentrations, leading to substantially reduced pharmaceutical load to
the environment at the end of the pipe.

The capital cost assessment for the PCD treatment is unavailable
currently for the absence of this technology at the market so far, the
technology is developing at its piloting stage. Oxidative treatment,
however, is a more final solution for micropollutants than e.g. ad-
sorption redistributing the pollution for further handling of hazardous
solid wastes.
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Pulsed Corona Discharge Induced 
Hydroxyl Radical Transfer Through 
the Gas-Liquid Interface
Petri Ajo  1, Iakov Kornev2 & Sergei Preis2

The highly energetic electrons in non-thermal plasma generated by gas phase pulsed corona discharge 
(PCD) produce hydroxyl (OH) radicals via collision reactions with water molecules. Previous work has 
established that OH radicals are formed at the plasma-liquid interface, making it an important location 
for the oxidation of aqueous pollutants. Here, by contacting water as aerosol with PCD plasma, it is 
shown that OH radicals are produced on the gas side of the interface, and not in the liquid phase. It is 
also demonstrated that the gas-liquid interfacial boundary poses a barrier for the OH radicals, one they 
need to cross for reactive affinity with dissolved components, and that this process requires a gaseous 
atomic H scavenger. For gaseous oxidation, a scavenger, oxygen in common cases, is an advantage but 
not a requirement. OH radical efficiency in liquid phase reactions is strongly temperature dependent as 
radical termination reaction rates increase with temperature.

Atmospheric pressure non-thermal plasma technologies have been an on-going focus of research in water treat-
ment over the last two decades. The most common laboratory-scale studies have included investigation of die-
lectric barrier discharge (DBD) and pulsed corona discharge (PCD), the latter forming the subject of discussion 
in this paper. Plasma treatment of water is chemically similar with traditional ozonation, as several oxidants are 
formed in plasma reactions from oxygen and water, including ozone O3, hydroxyl radical OH, hydrogen perox-
ide H2O2, atomic oxygen O(3P) and singlet oxygen O2(1Δg). Of these, O3 and OH are specially recognized as the 
major oxidants in plasma water treatment1–5. The latter is largely produced via inelastic electron collisions with 
water as in Eq. (1)3:

+ → + +− −e eH O OH H (1)2

For water treatment purposes, the gas-liquid interface where the OH radicals are formed is a crucial environ-
ment and the plasma-liquid contact surface area thus makes an important variable4–6. In earlier work, a vertical 
PCD reactor in which the treated solution is allowed to shower through a perforated plate positioned above the 
plasma zone was employed to generate a large plasma-liquid contact surface area6. Increasing this contact sur-
face improves the oxidation energy efficiency mainly due to the enhanced action of superficial OH radicals4,6. 
Although OH radical activity at the plasma-liquid interface is evident, it is extinguished in complete absence 
of O2

4. So far this property, however, seems only observed with the present configuration; several other types of 
non-thermal plasmas applied in oxidation of aqueous organic compounds seem to have effect also in the absence 
of molecular O2

7–11, suggesting that these processes include various mechanisms. The occurrence of such reports 
is understandably limited as in most water treatment studies the gas phase contains air for practical reasons, and 
thus O2 at least as a partial constituent. Oxidation for example under Ar has shown similar efficiency with air11, 
but papers describing oxidation under pure nitrogen plasma are scarce. More importantly, these reports tend to 
describe plasma discharge types that substantially differ from our PCD configuration.

It should be noted that here, the absence of O2 does not suggest that Eq. (1) would be invalid under these cir-
cumstances. Instead, it is proposed in4 that the atomic hydrogen H (a product in Eq. (1)) recombines with the OH 
radical in the absence of O2, which is a strong H scavenger following Eq. (2)5.

+ + → +M MH O HO (2)2 2
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In other words, OH radicals are not able to react with the dissolved species if H is not scavenged. It is, however, 
interesting to consider why OH radicals in this case are completely unreactive in the liquid phase without O2, 
while they can be effective even in anaerobic natural waters12. In the present study, we address this problem by 
suggesting that OH radicals are formed only from water vapor and their transfer through the gas-liquid interface 
is the decisive process for successful oxidation of dissolved components. We arrive at this conclusion by describ-
ing: (i) OH radical oxidation of gaseous nitrogen and acetone without ambient O2; (ii) zero oxidation of oxalic 
acid (OA) in the liquid phase in the absence of O2; and (iii) demonstrating the temperature dependence of the 
possibility of the OH radical diffusing unreacted through the interface under air plasma. These observations 
provide essential information for the conceptualization of new PCD-based OH radical processes by enabling 
mapping of the kind of redox reactions that are achievable.

Results and Discussion
Ambient plasma is known to result in oxidation of N2, producing dissolved NOx in water treatment applica-
tions. In this study, the experiments showed temperature and pulse frequency as having no effect on the yield 
of NOx (per energy dose), measured as aqueous total nitrogen (TN). Since water vapor pressure increases with 
temperature, it would be reasonable to assume that the density of gaseous OH radicals would correlate with it. 
The observed temperature independence of N2 oxidation is therefore very interesting, as it does not display any 
correlation to water vapor pressure, which at 13…30 °C ranges from 1.51 to 4.25 kPa.

In agreement with previous studies13,14, the indifference towards pulse frequency indicates that only 
short-lived species present during and shortly after the pulses contributed to NOx formation (OH radical lifetime 
on water surface is ~2.7 µs15, 1–2 orders of magnitude longer above the surface5). Under N2, however, the TN for-
mation rate at 1.98 g kWh−1 was almost half that in air, 3.69 g kWh−1. It should be noted that the yield in air is over 
twice the TN 1.77 g kWh−1 calculated from NO3

− formation presented in14, which is probably due to the water 
being introduced in aerosol form, rather than the previously applied showering approach, substantially increasing 
the gas-liquid contact area (see Experimental Methods). The dissolved TN evolution observed under N2, i.e. in 
the absence of O2, suggests OH radical induced oxidation taking place in the gas phase because simultaneously 
there was zero oxidation in the liquid phase, as will be discussed below. The difference in formation rates under air 
and N2 indicates that nitrogen oxidation is supported by oxygen, which acts as a strong atomic H scavenger and 
contributes to the formation of strong oxidants. The evolution of TN concentration under air and N2 is presented 
in Fig. 1. Since variation in the process parameters (temperature and pulse frequency) had no effect on TN forma-
tion rate against delivered energy, the values presented are averages of all experiments under a given atmosphere.

In agreement with previous findings14, the dissolved TN in treatment under air was found to consist only of 
NO3

−. Without oxygen, also NO2
− was identified, which may simply be explained by the absence of O3 since dis-

solved O3 readily oxidizes NO2
−, producing mainly NO3

− and O2(1Δg)16.
The gas phase oxidation was confirmed with concentrated acetone solutions (17%); acetone oxidation under 

N2 resulted in notable accumulation of dissolved oxidation products, acetic17 and formic acid18, during the treat-
ment. The IC detector response for acetate and formate showed an increase consistent with delivered energy 
dose. Some inaccuracy of the acetate and formate concentrations may occur due to the partial overlapping of the 
chromatogram peaks (the chromatograms are presented in Supplementary Discussion 1). The evolution of the 
oxidation products, however, confirm the gas phase formation of OH radicals, whereas with the dissolved probe 
compound (OA), there was no indication of liquid phase OH radical activity under N2 atmosphere (discussed 
further below). It should be noted that under these conditions, the presence of lower oxidation state NOx may 
enhance the OH induced oxidation process via secondary reactions19, the extent of which may provide excellent 
topics for further research. The ion chromatograms of the acetone oxidation products with NO2

− and NO3
− are 

presented in Fig. 2.
Temperature and pulse frequency displayed consistent correlation with OA oxidation energy efficiency in 

the experiments conducted under air, the reaction rates exhibiting kinetic profile change from zero to first order 
along the decrease in both parameters from the highest to the lowest applied values, as can be seen in Fig. 3.

Figure 1. Average dissolved TN evolution in air (blue) and nitrogen (red) atmosphere during PCD oxidation. 
The experiments were conducted at 13, 20 and 30 °C and at pulse frequencies of 300, 500 and 833 pps. 
E = specific plasma energy dose.
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The oxidation efficiency at 300 and 500 pps is at similar range while distinctly lower at 833 pps. The difference 
stems mainly from the role of O3

6. At equal energy doses, the amount of pulses and thus the amount of OH from 
Eq. (1) can be considered constant: the role of O3 can then be considered from the difference in treatment times 
at different frequencies. The OA oxidation yield at 833 pps is almost halved from 13 to 30 °C, while its improve-
ment when changing to 500 pps, attributable to longer treatment time, varies very little at any temperature, which 
emphasizes the temperature dependence of OH radical in the oxidation of the dissolved species (calculations in 
Supplementary Discussion 2).

By taking the reaction rates from the 0…5 kWh m−3, wherein the degradation is practically linear in all cases 
(see Fig. 3), the frequency dependent decelerations of the OA oxidation rates caused by temperature increase can 
be directly visualized (Fig. 4).

Given the very low reactivity of O3 and OA at low pH, the magnitude of the temperature effect seen in Fig. 4 - 
strong even at high pulse frequency - is largely attributed to OH radicals. For reference, at similar concentrations 
and pH, aqueous OA reduction by O3 alone was reported in20,21 as a maximum of ~10% for 30…60 min treatment. 
The applied O3 concentration ranged from similar20 to an order of magnitude higher21 compared to our process7. 
Since formation of OH radicals is induced by electrons with ~3 orders of magnitude higher temperature than that 
of ions and molecules22, the rate of it cannot practically be dependent on the gas temperature range in the current 
experiments. It can be therefore concluded that high temperature increases OH radical activity instead, which, 
however, results in decreasing the oxidation rates of dissolved components due to promotion of premature radical 
termination reactions. Several possibilities for these reactions are described in23,24.

Under N2, TOC remained unchanged i.e. zero oxidation for OA was observed at any combination of pulse 
frequency and applied temperature. The result is in agreement with earlier research, where even phenol remained 
unoxidized in PCD treatment without molecular oxygen4. The liquid phase OH radical formation testing by using 
KMnO4 as an atomic H scavenger also yielded zero oxidation of OA, further demonstrating that no OH radicals 
are formed in the liquid phase, and that the radicals must therefore come from the gas side of the interface. During 
the treatment, the permanganate was gradually reduced to Mn(IV)O2, which is an inevitable development due 
to the NOx formation. This development is presented in Supplementary Discussion 3. These findings extend and 
are supported by the report of Kanazawa et al.5, where gas-phase OH radical formation and its dissolution into 
liquid phase are discussed and OH lifetime on water surface found to be substantially shorter than in humid air.

In summary, via simple experiments with a PCD plasma water treatment system under air and N2, we have 
showed that although OH radicals are active also in the liquid phase, in the present kind of plasma-water inter-
action they are formed in the gas phase only (i.e. from water vapor), and that the gas-liquid interface is a major 

Figure 2. Oxidation product evolution in oxidation of 17% aqueous acetone under N2.

Figure 3. Oxalic acid oxidation at different temperatures and PCD pulse frequencies from initial concentration 
of 60 mg L−1. E = specific plasma energy dose.



www.nature.com/scientificreports/

4Scientific RepoRts | 7: 16152  | DOI:10.1038/s41598-017-16333-1

barrier for the efficient utilization of the radicals in oxidation of aqueous compounds. The absence of atomic H 
scavengers in the gas phase promotes OH recombination with H, which is too fast for OH radicals to cross the 
gas-liquid interface boundary unreacted. Liquid-phase H scavenging does not enable OH induced oxidation, 
suggesting that no radicals are produced on the liquid side. In the absence of gaseous H scavengers, oxidation by 
OH still occurs in the gas phase because the radicals do not need to cross an interfacial boundary. Temperature 
increases OH radical reactivity, which hinders oxidation energy efficiency of dissolved compounds by promoting 
premature reactions, i.e. reactions occurring prior to successful transfer through the interface.

Methods
The PCD reactor used is a vertical wire-plate configuration with a pulse generator adjustable to deliver identical 
pulses (22 kV and 180 A peak amplitude) at 50 to 833 pulses per second (pps) at corresponding nominal power 
of 6 to 100 W (0.12 J per pulse). Water was sprayed from above into direct contact with the plasma, using five 
axial-flow full cone atomizer nozzles, at volumetric flow rate of 1.8 L min−1. Below the reactor is a tank holding 
the treated solution, a jacketed vessel coupled with a thermostat for adjusting the operating temperature. For 
experiments under N2, oxygen absence was confirmed by measuring gas composition in the water tank head-
space, using an oxygen analyzer (based on paramagnetic susceptibility measurements). The practical concept is 
illustrated in Fig. 5. A more detailed technical description of the PCD system (excluding the atomizer setup) and 
a pulse oscillogram can be found in our previous publication6.

Figure 4. Oxalic acid reaction yield dependence on temperature and pulse frequency (zero order reaction 0…5 
kWh m−3).

Figure 5. Top section of the PCD reactor with the atomizer array spraying the water into the plasma zone 
and a schematic illustration of the experimental configuration. The latter depicts a reactor view parallel to the 
electrodes.
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Oxalic acid (OA) concentrations were measured by analyzing the total organic carbon (TOC) concentrations 
(applying catalytic combustion at 680 °C) coupled with a total nitrogen (TN) unit for simultaneous TN analysis. 
Since OA has no organic oxidation products, i.e. is directly oxidized to CO2, TOC corresponds directly to OA 
concentration. Similarly, in the experiments under air, TN value can be used to determine NO3 concentrations 
since PCD yields no other dissolved NOx species under air, as mentioned above. Acetone oxidation products, 
formate and acetate, were observed using an ion chromatograph (IC) with an anion column. In the experiments 
under N2 atmosphere, IC was also used to identify any presence of NO2

−.
For the OH reactions with dissolved components, OA at 60 mg L−1 (pH ~3.4) was used as the organic probe 

compound for favoring OH radical over O3 reactions, following the low reactivity of OA with ozone (k ≤ 4 ∙ 
10−2 M−1 s−1 25 at pH 5–6; for the reaction with OH k = 5.3 ∙ 106 M−1 s−1 26), emphasized under acidic conditions. 
The experiments were conducted in 10 L batches and sampling was done at 2.5 kWh m−3 intervals of discharge 
energy per treated water volume until 10 kWh m−3. The experiments were carried out at three pulse frequencies, 
300, 500 and 833 pps: due to the identic pulses, increasing frequency at fixed energy doses results in reduced treat-
ment time, lower frequency therefore giving the longer living species, like O3, more time to react with the probe 
compound. The experiments were conducted at temperatures of 13, 20 and 30 °C.

For the experiments under N2, the system was flushed with N2 until all oxygen was replaced. For these exper-
iments, the treated solution was also degassed before introduction into the tank and kept running through the 
system under N2 atmosphere for 40 minutes before starting the experiment to ensure negligible dissolved oxy-
gen. N2 inflow was kept at 7 L min−1 throughout the experiments to ensure zero oxygen intake from ambient air. 
To ascertain whether OH radical formation in the liquid phase occurs, potassium permanganate KMn(VII)O4 
(0.1 mM) was used in a separate experiment as an atomic H scavenger in the dissolved phase. For any reaction 
following Eq. (1), the permanganate would not be oxidized by OH but instead serve as an oxidant for atomic H. 
Under N2, thus scavenged atomic H in the liquid phase would enable OH radical reactions with OA. To exclude 
oxalate oxidation by permanganate, sodium oxalate was in this case used at neutral pH and at the lowest applied 
temperature of 13 °C, under which conditions permanganate is not reactive with oxalate.

Gas phase oxidation under N2 was studied with a 17% acetone solution, exploiting the high volatility of the 
substance. Run under N2 atmosphere, acetone was used to demonstrate organic species oxidation in the gas phase 
by OH radicals from water vapor, in the absence of O2. The experimenting was conducted at 833 pps and 20 °C 
and acetone solution volume was reduced to 7 L for convenience, and the process overall duration was extended 
to 18.03 kWh m−3 of delivered energy to highlight the observable effects.

Data Availability. The datasets generated during the current study are available from the corresponding 
author on reasonable request.
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