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The challenge to remove more frequently occurring recalcitrant pollutants from drinking water has recently led
to a rising interest for more advanced treatment. Non-thermal plasma was repeatedly introduced as a versatile
method that can be adapted towards specific treatment needs. Nevertheless, investigations were so far focused on
few or particular discharge configurations without thorough evaluation and comparison of their potential for
different applications and especially the treatment of larger volumes. Therefore, we investigated six common but
fundamentally different systems with respect to the degradation of a highly toxic compound of increasing
concern, i.e. cylindrospermopsin. Accordingly, discharges either submerged in water, operated at the air-water
interface or in air were appraised with respect to operating parameters and conditions. Their individual potential
was assessed by the absolute degradation of the model compound and the time and energy required to remove 90
% of the toxin. The dissipated energy generally resulted in the generation of, to some extent, different reactive
chemical species, which were found primarily responsible for the degradation. A dielectric barrier discharge in a
water mist was the most versatile approach with the best performance regarding different criteria. A submerged
corona-like discharge still offered a reasonable compromise between time and energy required to degrade the
toxin by 90 % and even submerged spark discharges presented a viable option. The active discharge volume,
describing the volume in which the dissipated energy can be effectively exploited, and the capacity to increase
this volume was identified as a crucial scaling parameter for any configuration.

or most contaminants that are currently of concern for water treatment.
The method of choice for the production and control of such reactive
species is usually a non-thermal plasma (NTP) method, as it is for
example already established for the ozonation of drinking water.

1. Introduction

Conventional water treatment methods are often ineffective for the
removal of dissolved recalcitrant organic compounds [1,2]. Hence,

advanced filtration methods, i.e. nanofiltration, reverse osmosis or
activated carbon, are employed [1,3] or advanced oxidation processes
(AOPs) considered [1,4]. The retention by filtration or adsorption re-
quires subsequent processing of the highly contaminated retentate as
well as periodical maintenance, including the laborious exchange and
disposal of filter membranes or beds. Therefore, the actual degradation
of the pollutants, e.g. by AOPs, is a preferable option. Especially the in
situ production of hydroxyl radicals (-OH) provides a possibility for the
degradation of persistent compounds. However, the radical is short-
lived and an efficient generation and mixing in the treated water is
needed. Consequently, providing other species instead, e.g. nitric oxide
radicals (NO-), hydrogen peroxide (H305) or ozone (O3), could be the
more economical and sufficient approach for the remediation for many

Plasma processes are inherently versatile and, depending on the
design of the plasma source, can continuously generate a range of
reactive species, including -OH, HyO3, O3, NO-, excited molecules, atoms
and ions as well as electrons and photons. The discharge type and
operating medium determine the type and amount of the produced
reactive species [5,6]. Correspondingly, a plasma treatment can be
selected and optimized towards specific water treatment applications.
Reactive species that are interesting for water treatment, i.e. -OH and
O3, can be directly generated from water and air, respectively. Since no
additional precursor chemicals or catalysts are required, NTPs can be
considered environmentally benign. Moreover, NTPs were shown to
even degrade recalcitrant organic pollutants that were persistent or only
somewhat susceptible to conventional and other advanced treatment
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techniques [4].

An instructive example for the comparison of different methods with
respect to efficacies and efficiencies is the rather stable cyanobacterial
toxin cylindrospermopsin (CYN). The pollutant exemplifies an emerging
threat to water reservoirs by natural toxins. Cyanobacteria, which are
found in surface waters all around the globe, produce a range of toxic
secondary metabolites known as cyanotoxins. In recent years, cyano-
bacterial blooms occurred more frequently due to increased eutrophi-
cation, which, in turn, also increased cyanotoxin occurrence and
abundance [7]. These compounds are known for their stability against
conventional water treatment methods [3]. They also proved resilient
against some AOPs [8]. Consequently, a limited number of studies have
explored the potential of NTPs and especially dielectric barrier dis-
charges (DBDs) for the removal of cyanotoxins, e.g. anatoxin-a [9], p-N-
methylamino-r-alanine [10], CYN [11] and microcystin-LR [12]. How-
ever, similar to investigations on other contaminants, a systematic
comparison between principally possible but distinct NTP concepts for
water treatment, with respect to efficacy and efficiency but also mech-
anisms of pollutant degradation as well as other aspects with implica-
tions for their implementation, has so far not been presented. Although
some studies have already compared different discharge concepts, they
either investigated modifications of rather similar electrode configura-
tions, compared solely on the energy efficiency and/or evaluated the
performance of various plasma reactors based on reports for different
contaminants and treatment conditions [13-16].

The corresponding gap in knowledge was addressed by the presented
study. Six different but often discussed discharge configurations were
investigated using the same compound, i.e. CYN as an instructive model
for a naturally occurring surface water pollutant. The six discharges
were grouped into three categories based on operating media and
operating principles: i) submerged in water: corona-like and spark dis-
charges, ii) at the air-water interface: DBD and surface discharge, and iii)
in air: arc discharge and plasma jet. Each of the different discharges
exhibited distinguishable physico-chemical characteristics as well as
advantages and disadvantages with respect to their application in
drinking water treatment. The aim of this study was to investigate dif-
ferences of the discharges and the implications for water treatment in
more detail to provide a guideline for identifying the most promising
reactor setups and discharge types for future research and development.
Comparison of the different discharges was based on the degradation
efficacy, economic feasibility, design characteristics with relevance to
the scaled up implementation as well as potentially involved degrada-
tion mechanisms. The results are important with respect to natural
toxins but moreover for the remediation of recalcitrant water pollutants
by NTPs in general.

2. Materials and methods
2.1. Standard and reagents

Since a CYN standard in larger quantities is expensive, an extraction
of CYN was adapted from Cerasino et al. [17]. In short, freeze-dried
biomass of Aphanizomenon flos-aquae (PCC 7905) was extracted with
75 % methanol, sonicated on ice for 30 min and centrifuged at 3390 x g
for 10 min. The extraction was repeated three times and supernatants
were pooled. The methanolic extract was dried under Ny at 45 °C, re-
dissolved in Milli-Q water and centrifuged using 0.22 pm cellulose ac-
etate spin filters (National Scientific) at 7380 x g for 10 min. 1 mg of dry
CYN (>95 %), obtained from Enzo Life Sciences, Inc., was dissolved in 1
mL methanol and used for calibration. Water (LC-MS Ultra Chroma-
solvi™ for UHPLC-MS) was obtained from Honeywell™ Riedel-de
Haén™. Methanol (Rotisolv® HPLC Gradient) and acetonitrile (Roti-
solv® Ultra LC-MS grade) were purchased from Carl Roth and formic
acid from Fluca Analytical.

The chemical structure of CYN is shown in Fig. 1. Oxidative degra-
dation of CYN by, e.g. O3, ¢OH or sulfate radical (SOze) is often reported
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Fig. 1. Structure of cylindrospermopsin. Highlighted groups indicate structural
features susceptible to oxidative degradation: C—C double bond in the
hydroxymethyl uracil moiety (in red), guanidine structure (in blue), and sulfate
group (in green).

to follow a similar pathway. The most susceptible sites to initiate the
oxidative degradation of CYN are the C—C double bond of the
hydroxylmethyl uracil moiety and the guanidine system, followed by the
sulfate group (highlighted moieties in Fig. 1) [18,19].

2.2. Cylindrospermopsin quantification

Cylindrospermopsin was quantified by an Agilent 1200 Infinity Se-
ries HPLC coupled with an Agilent 1260 DAD detector (Agilent Tech-
nologies) at A = 262 nm on an InfinityLab Poroshell 120 SB-AQ column
(3 x 100 mm, 2.7 pm, Agilent Technologies) equipped with an Infin-
ityLab Poroshell 120 SB-AQ guard column (3 x 5 mm, 2.7 pm, Agilent
Technologies). Separation was achieved using gradient elution with
acidified water (0.1 % formic acid) and acetonitrile at a flow rate of 0.7
mL min~! and 10 pL injection volume (for details see Supplementary
Table S1).

2.3. Plasma sources and treatments

Altogether six plasma concepts were investigated, which differed, on
the one hand, in the underlying discharge processes and characteristics
of the plasmas, e.g. temperatures, and on the other hand, in the way the
contaminated water was treated. The principles can be categorized into
plasmas that are generated directly in the water (submerged spark and
corona-like discharges), plasmas that are established at and in interac-
tion with the water surfaces (surface discharge and DBD in air with
suspended water droplets) and discharges that are generated in air with
their effluents mixed into water (arc discharge and plasma jet). The
different approaches provided different reaction pathways, including
the generation of different reactive species. The otherwise similar con-
ceptual setup of the experiments, as shown in Fig. 2a, permitted the
direct comparison of these methods. Photographs of the respective
systems and the plasmas that were generated are shown in Supple-
mentary Figures S1-S6. The plasma was generated by the application of
either DC, sinusoidal or pulsed high voltages between ‘active’ high
voltage and ground electrodes as described for each approach in the
following paragraphs. Applied voltages and concurrent currents were
monitored with a passive high voltage probe (P6015A, Tektronix) and
current monitor (Model 2878, Pearson). Energies that were dissipated in
the plasma were calculated by integration of applied voltages and
associated currents. A water volume of 200 mL, containing a nominal
concentration of 0.3 pg mL ™! of CYN, was circulated through the cooling
system, the plasma reactor and back into the expansion reservoir, from
which samples were taken for CYN quantification at different time
points during the treatment of 60 min. If the plasma exposures were
expected to be prone to increase water temperatures, the water tem-
perature was controlled by the cooling system. Therefore, the cooling
system was initially set to 7 °C. Since no significant increase of the so-
lution temperature was observed after operating the corona-like and
surface discharges for 60 min, the temperature was then set to 18 °C for
the other discharges to resemble a temperature that can be measured in
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Fig. 2. a) Block diagram of the experimental setup for CYN degradation with six different plasma reactors: b) corona-like discharges in water, c¢) underwater spark
discharges, d) DBDs in air around an aerosol, e) surface discharges at the air-water interface, f) arc discharges in air, and g) plasma jet submerged in water.

surface waters in summer, i.e. the season in which massive cyano-
bacterial blooms usually occur. The experiments were independently
repeated twice. We refrained from increasing the number of iterations
since we observed that this did not provide considerable additional
insight with respect to the comparison of plasma sources, however,
would have required significant additional effort and resources.

2.4. Corona-like discharges in water

Corona-like discharges were formed in water along the entire length
of two intertwined 50 um tungsten wires (99.95 %) at the center of the
coaxial reactor, which were surrounded by a stainless steel mesh (0.5
mm mesh size, 200 pm wire diameter) at a distance of 17 mm and with a
height of 40 mm. Discharges were generated by the application of pos-
itive high voltage pulses of 67.9 kV from a 6-stage Marx bank pulse
generator operated at a frequency of 20 Hz. The reactor measured 70
mm in height and 34 mm in diameter and was completely filled with 64
mL of water, pumped from the bottom of the reactor to its top. The
configuration is shown in Fig. 2b. The CYN solution was chilled to 7 °C
and circulated at 50 mL min~. The concept has previously been suc-
cessfully applied for the decomposition of pharmaceuticals in water [4].

2.5. Spark discharges in water

Spark discharges were generated directly in water between the tips
of two sharpened tungsten rods with a diameter of 2 mm and with tips
0.5 mm apart, as shown in Fig. 2c. Positive high voltage pulses of 100 ns
and 42 kV in amplitude were applied between the electrodes from a 6-
stage Marx pulse generator at a frequency of 20 Hz. The CYN solution
was pumped at 50 mL min~! from the bottom of the 100 mm long
reactor chamber through the electrodes and cooled to 18 °C. The reactor
diameter of 6 mm was selected to increase the ratio between active
plasma and reactor volume. The approach has been studied for the
disintegration of microalgae but also for pollutant degradation [20,21].

2.6. Dielectric barrier discharge in humid air with immersed water
droplets

Dielectric barrier discharges were established in humid air with
water droplets by the application of negative high voltage pulses with a
duration of 400 ns and negative amplitude of —10.7 kV that were pro-
vided from a pulse generator (Eagle Harbor NSP-120-20-N) with a
repetition rate of 1 kHz. The high voltage pulses were applied to a layer
of 14 parallel tungsten rods, each with a length of 120 mm and diameter
of 2 mm, which were separated by 6 mm. In a subjacent layer, at a
distance of 6 mm, 15 more of these electrodes were arranged in a similar
fashion but displaced horizontally by 3 mm with respect to the rods in
the top layer. The electrodes in the bottom layer were enclosed in quartz
tubes (4 mm diameter, 0.8 mm wall thickness) and grounded. In total,
the chamber, containing the water mist, measured 120 x 120 mm at the
base and 200 mm in height. The concept of the setup is shown in Fig. 2d.
By pushing water with compressed air through a nebulizer with 50 mL
min~!, the operating medium, i.e. air, was saturated with water,
including many small droplets. Moreover, water droplets that formed at
the electrodes led to the plasma ignition primarily at the surface of the
droplets. Hence, the water droplets were an integral part in the plasma
generation process. To prevent heating of the CYN solution, it was kept
at 18 °C in the circulation. Similar systems have, for example, already
been investigated for the pollutant degradation of hospital wastewater
[22,23].

2.7. Surface discharges at the air-water interface

The generation of discharges along a water surface, i.e. within the
interface of the liquid to gas, was another investigated approach. The
configuration was otherwise similar to the one for corona-like dis-
charges in water. However, the reaction volume was filled only to a
height of 35 mm with water (i.e. 32 mL) and the coaxial mesh electrode
ended 10 mm beneath the water surface. Streamer discharges originated
at the triple point (wire-water—air) from the two intertwined tungsten
wires and propagated outwards along the surface when positive high
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voltage pulses with an amplitude of 54.9 kV were applied from a 6-stage
Marx-bank generator with a frequency of 20 Hz. The reactor measured
70 mm in height and 47 mm in diameter. The concept is shown in
Fig. 2e. Since 50 pm tungsten wires did not sustain the extended gen-
eration of streamers from the same origin, they had to be replaced after
48 min by stronger wires of 80 um for the second experiment. The CYN
solution was moved with 50 mL min ! and kept at 7 °C for the inves-
tigation. The configuration has been recently studied, for example, for
the degradation of glyphosate in water [24].

2.8. Arc discharges in air

Arc discharges were generated in air in a rod-to-rod configuration
with an electrode gap of 1 mm by supplying a 70 kHz AC high voltage
with a peak-to-peak amplitude of 4 kV between the electrodes. The two
tungsten rod electrodes, located beneath a nebulizer, were used to form
an arc directly in the nebulized gas flow as shown in Fig. 2f. The solu-
tion, kept at 18 °C, was introduced to the reactor by compressed air and
the treated liquid was then condensed in a 170 mm long PMMA tube
with a diameter of 22 mm. Similar concepts have been used especially as
gliding arc discharge configurations for the degradation of organic
pollutants [25,26].

2.9. Plasma jet submerged in water

A plasma jet was expelled from a microhollow cathode discharge
geometry, by applying a DC voltage of 500 V, resulting in a current of 30
mA, by pushing air through the electrode arrangement. The jet was
submerged into the solution for good and immediate contact with the
water and, due to the bubbling, a strong mixing of plasma-generated
species with water was achieved, as shown in Fig. 2g. In this case, no
water circulation or cooling was necessary (the solution maintained
room temperature), and the entire volume of 200 mL was treated
directly. The approach has so far primarily been studied for the inacti-
vation of aqueous microorganisms [27,28].

3. Results

Six plasma processes were compared for their effectivity and effi-
ciency to remove CYN. The different approaches can be distinguished
according to their operating media and principles, i.e. discharges that
were submerged in water, plasmas with the liquid as an integral part of
the operation and the treatment of water with effluents from plasmas
generated with air. For each category, two different principles with
distinct characteristics were investigated. The selection was limited to
approaches that can be exclusively operated in air or water and, do, in
particular, not require noble gases. Therefore, these methods are,
conceivably, the most relevant for an economic upscaling.

Prospective implementations of the technology depend foremost on
degradation efficiencies but also on the absolute pollutant degradation
on practical time scales with respect to actual needs (which might not
require the complete removal). The respective decrease in CYN con-
centration with time is shown in Fig. 3 for the different configurations.
Treatment times, tpo, that were required to achieve 90 % of CYN
removal were extrapolated and are presented in Table 1. The corre-
sponding reaction orders for the degradation of CYN were determined
graphically, i.e. based on the goodness of fit for the integrated rate laws
of zeroth (Equation (1)), first and second (Equation (2)) order reactions
(also shown in Table 1 and in more detail in Supplementary Table S2).
Accordingly, to.9,0 OT tg.9,2nd Were estimated for zeroth and second order
reactions from Equations (3) and (4), respectively.

C = Cp- ko[ (l)
1

- = = + ket (2)
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Fig. 3. Degradation of CYN with time for the treatment by the six investigated
discharge configurations, i.e. corona-like discharges in water (corona), spark
discharges in water (spark), DBD in humid air with immersed water droplets
(DBD), surface discharges at the air-water interface (surface), arc discharges in
air (arc) and plasma jet submerged in water (jet). The symbols show the
measured data while the lines indicate the trends based on the reaction order
and observed degradation rate constants as shown in Table 1. The initial CYN
concentration was 0.3 g mL ™! and experiments were repeated twice; error bars
represent standard deviations.
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Here cp and ¢ (in pg mL 1) denote the initial CYN concentration and
the concentration after treatment, ko (in pg mL ! min!) and ko (in mL
pg~! min~1) the observed rate constant for zeroth and second order,
respectively, and t (in min) designates the actual treatment time.

Fig. 4 shows the energy that was dissipated by the different dis-
charges with respect to the achieved CYN removal, corresponding to the
different treatment times that are shown in Fig. 3. To assess the treat-
ment efficiency, the electrical energy per order (Egp), i.e. the electrical
energy that was required for the removal of CYN by one order of
magnitude (90 %), in 1 m® of polluted water, was estimated by Equation
(5) (adapted from Bolton et al. [29]).

E x 10°

Epo [kWh order™ m™] V% Tog() x 3,600

6)

The parameter E (in kJ) refers to the energy dissipated in the plasma,
V (in mL) describes the treated volume, ¢y and ¢ (in pg mL 1) the initial
and final CYN concentrations, respectively, and 10° and 3,600 are unit
conversion factors. As a 90 % degradation of the toxin could not be
achieved within 60 min of treatment by any of the investigated dis-
charges (c.f. Fig. 3 and Table 1), the corresponding Epo values were
determined by extrapolating the experimentally obtained data assuming
a first order reaction, as indicated by the term ‘log(c/cq)’ in Equation (5),
which is derived from the integrated rate law for first order reactions
(refer to Bolton et al. [29] for a detailed explanation). The estimated Ego
values for the treatment of CYN by the six discharges are shown in
Table 1. Although the measured data was best described by models of
zeroth and second order reactions (c.f. Table 1), the differences in the
goodness of fit () for the models of zeroth, first and second order re-
actions fitted to the experimental data was marginal for all six ap-
proaches, i.e. differed in the second decimal place at its worst (c.f.
Supplementary Table S2). Accordingly, assuming a first order reaction is
reasonable for the estimation of the Egg values.
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Table 1
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Reaction orders and observed rate constants, k, as well as CYN removal after 60 min of treatment. The treatment time, tg o, that would be required for a 90 %
degradation was determined according to the respective reaction order and the corresponding energy, Ero, was extrapolated from rate constants assuming a pseudo

first order reaction.

Discharge category  Discharge Reaction Observed rate constant (k) CYN removal after Time required to achieve 90  Energy required for 90 % CYN
type order (goodness of fit ™) 60 min of treatment % CYN degradation (tp,) in degradation (Ego) in kWh-
in % min order ''m~3
Discharges in water Corona Pseudo Oth (1.1 £ 0.0) x 10 27.7 £ 0.0 222.7 +12.1 521.4 £ 50.2
order 3 pgmL ' min~! (# = 0.635 +
0.062)
Spark Pseudo Oth (0.7 £0.1) x 13.4 + 0.0 400.3 £+ 57.3 81.3 +13.6
order 1073 pg mL ™ min~! (% = 0.985
+ 0.005)
Discharges at the DBD Pseudo Oth (2.6 £0.2) x 49.2 £ 0.0 107.5 + 2.7 400.9 + 38.4
air water order 1073 pg mL ™ min~! (% = 0.989
interface 4+ 0.006)
Surface 2nd order (8.9 £1.3) x 12.6 3,781.5 + 545.3 1,037.8
103 mL pg’l min ! (r2 =0.728
=+ 0.069)
Discharges in air Arc 2nd order 59.4 x 10 mL pg~ ! min~! (# 50.7 486.7 406.8
= 0.970)
Jet 2nd order (11.3+1.4) x 17.6 + 0.0 2,288.3 + 300.8 + 82.8
10 mL pg~ ! min~! (% = 0.868
+0.139)
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Fig. 4. Degradation of CYN in relation to the dissipated energy for the treat-
ment by the six investigated discharge configurations, i.e. corona-like dis-
charges in water (corona), spark discharges in water (spark), DBD in humid air
with immersed water droplets (DBD), surface discharges at the air-water
interface (surface), arc discharges in air (arc) and plasma jet submerged in
water (jet). The symbols indicate the measured data while the lines indicate the
trends assuming a pseudo first order reaction. The initial CYN concentration
was 0.3 pg mL™! and experiments were repeated twice; error bars represent
standard deviations.

3.1. Individual degradation characteristics of different discharge
configurations

3.1.1. Discharges submerged in water

One hour of treatment by the corona-like discharge submerged in
water resulted in a degradation of CYN by 27.7 % for a provided energy
of 52.7 kJ. Current and voltage measurements for a typical high voltage
pulse that was applied with a frequency of 20 Hz are presented with the
Supplementary Figure S7. Interestingly, degradation only started after
an initial lag-phase of about 30 min as shown in Fig. 3. Fitting the
degradation to a linear model, including the initial time lag, yielded the
highest goodness of fit (2 = 0.635, c.f. Supplementary Table S2), which
suggested a pseudo zeroth order reaction with respect to the decrease of
the CYN concentration (Table 1).

After one hour of treatment by the spark discharge submerged in

water, CYN was degraded by 13.4 % for a dissipated energy of 3.6 kJ. A
linear relation of concentration with treatment time provided the best fit
for the measurements (2 = 0.985, c.f. Supplementary Table S2), which
indicated a pseudo zeroth order reaction kinetic (Table 1).

3.1.2. Discharges at the air-water interface

For the treatment by the DBD for one hour, CYN was degraded by
49.2 % with a dissipated energy of 84.6 kJ. Measurements for current
and voltage for an individual applied high voltage pulse, repetitively
applied with 1 kHz, are presented by Supplementary Figure S8. CYN
degradation over time was best described by a linear relation (2 =
0.989, c.f. Supplementary Table S2), which indicated a pseudo zeroth
order reaction with respect to the decrease of the CYN concentration
(Table 1).

After one hour of treatment by the surface discharge, CYN was
removed by 12.6 %, while in total 43.6 kJ were dissipated. Measure-
ments for current and voltage for an individual applied high voltage
pulse are shown with Supplementary Figure S9. CYN degradation star-
ted after an initial lag-phase of about 15 min (Fig. 3). A linear model,
including the initial time lag, yielded the best fit (2 = 0.728, c.f. Sup-
plementary Table S2) for reciprocal values of concentration versus
treatment time, which indicated a second order reaction with respect to
the decrease of the CYN concentration (Table 1).

3.1.3. Discharges in air

After one hour of treatment by the arc discharge, CYN was removed
by 50.7 %. About 90.0 kJ were dissipated during this time. An expo-
nential decrease of concentration was already observed for the treat-
ment within 60 min (Fig. 3). Hence, the highest 7 resulted from a linear
model fitted to the reciprocal of the concentration plotted against the
treatment time (r? = 0.970, c.f. Supplementary Table S2), which indi-
cated a second order reaction with respect to the decrease of the CYN
concentration (Table 1).

Treatment by the plasma jet resulted in 17.6 % CYN removal after
one hour (Fig. 3). During the treatment 54.0 kJ were dissipated. CYN
degradation by the plasma jet could be described by an exponential
decrease with time (2 = 0.728, c.f. Supplementary Table $2), which
indicated a second order reaction with respect to the decrease of the
CYN concentration (Table 1).

3.2. Comparison of the discharge configurations

The six discharges were compared based on the total CYN removal as
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well as the effectivity and efficiency described by the time and energy
required to achieve 90 % of CYN removal, i.e. tyg ¢ and Ego, respectively.
The total CYN removal after a treatment time of 60 min is shown in
Fig. 5a. From this, the discharges could be ranked according to the CYN
removal that was achieved as follows: arc (50.7 %) > DBD (49.2 %) >
corona (27.7 %) > jet (17.6 %) > spark (13.4 %) > surface (12.6 %).
Hence, the arc discharge and the DBD achieved the highest absolute
toxin removal while the discharges in water, i.e. corona-like and spark
discharges, or the surface discharge and the plasma jet were less effec-
tive. Although any degradation following a second order reaction was
initially faster, the degradation rate eventually decreased and became
infinitesimal small while the rate of the discharges for which the
degradation followed a pseudo zeroth order reaction remained constant
for the investigated treatment time as indicated in Fig. 3. The extrapo-
lated trend of the degradation beyond the investigated treatment time of
60 min is shown more clearly by Supplementary Figure S10.

When the degradation efficacies were described by the time required
to remove the toxin by 90 %, as it was expressed by the values for tj ¢
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Fig. 5. Comparison of the six investigated discharge configurations, i.e. corona-
like discharges in water (corona), spark discharges in water (spark), DBD in
humid air with immersed water droplets (DBD), surface discharges at the
air-water interface (surface), arc discharges in air (arc) and plasma jet sub-
merged in water (jet): a) absolute CYN removal after 60 min of treatment, b)
treatment time, ty 9, required to achieve 90 % of CYN removal, and c) energy,
Ego, required to achieve 90 % of CYN removal in 1 m 2 of water (Table 1).

Chemical Engineering Journal 451 (2023) 138984

(Table 1), the order for a comparison of the performance changed: DBD
(107.5 min) > corona (222.7 min) > spark (400.3 min) > arc (486.7
min) > jet (2,288.3 min) > surface (3,781.5 min). This is highlighted in
Fig. 5b. Although the difference between the spark and arc discharges
for a degradation of the toxin by 90 % was only about 87 min, it became
obvious from the rate laws that discharges for which the degradation
followed a second order reaction, i.e. arc, plasma jet and surface dis-
charges, were less effective (c.f. Supplementary Figure S10). Especially
for the plasma jet and surface discharge, the difference for required
treatment times was substantial and the ty ¢ values by factors of about 22
and 36 higher than for the DBD.

Although the treatment time is undoubtedly an important parameter,
the processes’ energy consumption becomes an essential parameter as
well, especially when considering large-scale applications and related
operating costs in addition to economical and societal efforts to decrease
carbon footprints and to mitigate global warming. The overall energy
consumption of a discharge can be related to the energy that was
dissipated with the treatment. Hence, the Egp values for the treatments
(Table 1) were derived to assess the treatment efficiency of the dis-
charges as shown in Fig. 5c. Under this aspect, the order for the more or
less successful approaches changed: spark (81.3 kWh order! m~3) >
DBD (400.9 kWh order™! m’3) > arc (406.8 kWh order ! m~%) > corona
(521.4 kWh order™ m’g) > jet (762.3 kWh order™ m’g) > surface
(1,037.8 kWh order ' m™3).

A pseudo first order reaction, i.e. an exponential decrease in the CYN
concentration, was assumed for the extrapolation of the Egp values.
Hence, the difference in the Ego values was not affected by different
reaction orders but solely by the degradation rate constant and the
dissipated energy. The Egg values describe, how efficient the energy that
was dissipated in a discharge configuration was actually transferred
effectively into the degradation of CYN. Of course, ideally a compre-
hensive degradation should be achieved both fast and with little energy.
However, both constraints could apparently not be achieved simulta-
neously by a plasma treatment. For example, although the arc discharge
and the DBD achieved a higher overall degradation (Fig. 5a), the spark
discharge expended the provided energy about five times more effi-
ciently (Fig. 5c¢). Likewise, the spark and arc discharges were more
efficient than the corona-like discharge but would have required a
substantially longer treatment to achieve 90 % of CYN removal (Fig. 5b
and Fig. 5¢, Table 1). Therefore, the method of choice has to be selected
depending on the particular water treatment challenge, e.g. sustained
protection of water reservoirs or immediate elimination of pollutants in
drinking water, or high energy efficiency vs short treatment times.

4. Discussion
4.1. Characterization of plasma systems

The investigated typical plasma processes were based on electric
discharges that can be operated in air and water without the need for
further media, e.g. noble gases, or other consumables. The provided
electrical energy is dissipated in different physical processes, i.e. strong
electric fields, the ionization and electronic excitation of molecules and
subsequent intense light emissions (radiation) and rapid local heating.
Directly associated with these mechanisms were the generation of
reactive oxygen and nitrogen species and local changes in pressure, e.g.
shockwaves. The different channels, more or less pronounced, with
resulting consequences on the degradation of chemical compounds,
depended on specific system and plasma characteristics. In addition,
these processes are the cause of electrode corrosion to a varying degree.

4.1.1. Comparison of physical attributes and constraints

A quantitative comparison of the intensity and magnitude of indi-
vidual mechanisms for the different plasma systems was difficult.
However, for the otherwise intentionally similar treatment conditions, e.
g. treatment volumes (c.f. Fig. 2), a qualitative comparison was possible
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and is described in more detail in section 4.1.2. A qualitative comparison
of the main aspects of different discharge configurations is summarized
in Table 2.

An at least semi-quantitative guiding principle for the description of
all processes that were provided by the different approaches together
with respect to an observed result, e.g. the degradation of pollutants or
the inactivation of microorganisms, can be provided by their active
discharge volume. This parameter was estimated from the visible
appearance of the plasma in the different systems and implied how
effective the different physical processes that are described in Table 2
could be exploited. This included, in particular, the generation of short-
lived atomic and molecular species. The parameter is further of interest
for the operational requirements of an individual or multiple electrode
configuration, e.g. electrical power, and to reveal limits for any related
scaling. Due to practical and technical restraints, a precise determina-
tion of the active discharge volume could not be achieved. However, the
expanse of the plasma within the reactor could be approximated and, in
combination with the reactor dimensions and electrode geometry,
allowed for estimations and comparisons at least to the nearest order of
magnitude as shown in Table 3.

Although certain physical processes, e.g. the emitted radiation, could
extend beyond the active discharge volume and, in particular, long-lived
reactive species could be transported beyond this region, the interaction
of the plasma-induced processes with pollutants and the generation of
reactive species were expected to be the strongest within this volume
and further determine their overall production. Therefore, the scal-
ability of a particular method and the amount of water that can be
treated simultaneously depends on the capacity to expand the active
discharge volume. From the six investigated discharge configurations,
the DBD and corona-like discharge are inherently scalable by extending
the electrodes or electrode areas, whereas the active discharge volume
of the other configurations could only be substantially increased by
operating several similar systems in parallel. Accordingly, the latter
would require a multiplication of electrical operating equipment while a
direct extension of a discharge configuration offers the possibility of
energy savings.

In this respect, the energy density of the investigated systems was
calculated based on the estimated active discharge volume and the ab-
solute energy that was dissipated by the plasma in 60 min of treatment
(shown in Table 3). Notably, the arc and spark discharges had the
highest energy density and thus, dissipated the most energy within the
active discharge volume. Correspondingly, both configurations also
provided a high degradation efficiency (c.f. Fig. 5c). Conversely, the
DBD and corona-like discharge offered much larger active discharge
volumes, although associated with the smallest energy densities. The
trade-off still provided relatively high degradation yields (c.f. Fig. 5a).
Despite having the largest active discharge volume, both configurations
seemingly exploited the dissipated energy much more efficiently for
processes that substantially contributed to the degradation of CYN, i.e.
the generation of reactive chemical species. On the contrary, spark and
arc discharges apparently dissipated a considerable amount of the en-
ergy for processes that were expected to only insignificantly contribute
to the degradation of the toxin, e.g. high ion or gas temperatures (c.f.
Table 2).

Table 2
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Table 3

Absolute energy dissipated by the plasma within 60 min of treatment, active
discharge volume estimated to the nearest order of magnitude, calculated en-
ergy density of the active discharge volume for 60 min of treatment, and cor-
responding input power of the six discharge configurations.

Discharge Discharge Absolute Active Energy Input
category type energy discharge density power
dissipated volume after 60 inw
by the (order of min of
plasma in magnitude) treatment
60 min of in mm® in kJ-
treatment mm 3
in kJ
Discharges Corona 52.7 1,000 0.05 14.6
in water Spark 3.6 0.001 3,600.0 1.0
Discharges DBD 84.6 1,000 0.08 23.5
at the Surface 43.6 100 0.44 12.1
air-water
interface
Discharges Arc 90.0 0.01 9,000.0 25.0
in air Jet 54.0 1 54.0 15.0

4.1.2. Main physical characteristics of different discharge processes

The submerged corona-like plasma configuration promoted streamer
discharges that were originating along the two intertwined wires to-
wards the coaxially surrounding mesh electrode without bridging the
electrode gap (Fig. 2c). The active discharge volume was, although
densely, only partially filled with discharge filaments. Identifiable
spectral lines for the emitted light were mainly found above 300 nm, e.g.
-OH(A%2Y " —>X*[]), Hy and Hp [30,31]. This was due to lower ion
temperatures of about 1,800-2,200 K [32,33] in comparison to some of
the other investigated discharges (c.f. Table 2). However, Lukes et al.
[33] also observed radiation in the UV-C range. Additionally, the gen-
eration of shockwaves was reported [34,35], but the shear forces
generated from the shockwaves could only affect a small area in close
vicinity to the filaments [34].

Underwater spark discharges bridged the gap between the two
sharpened rod electrodes with a single plasma channel (Fig. 2b). Similar
to corona-like discharges, spark discharges have been reported to emit
light in the spectral range from approximately 200 to 1,000 nm with an
intensity of about one order of magnitude higher compared with the
radiation produced by corona-like discharges [31]. The higher radiation
intensity is related to the higher ion temperatures of several 10° to 10* K
[20]. For the spark discharge reactor investigated in this study, Zocher
et al. [21] assumed a temperature in the center of the spark channel of
about 5,000 K, which readily decreased with distance from the discharge
center to about 300 K at the plasma-water interface. Correspondingly,
energy densities in this single discharge channel were much higher than
for the filaments of the corona-like discharge in water [35]. The rapid
heating of the spark is associated with the instigation of overpressures
and shockwaves that were substantially stronger compared with the
shockwaves generated by corona-like discharges in water. A pressure of
about 500 MPa was estimated in close vicinity, i.e. 0.6 mm, from the
spark discharge channel and was still about 140 MPa at a distance of 2.4
mm [21].

For the DBD reactor, the contaminated water was nebulized and

Evaluation of the physical, i.e. radiative, thermal and mechanical processes, induced by the electric discharges (ranked from strongly developed to negligible for this

discharge: “++" to “o%).

Discharge category Discharge type Radiation Temperature Mechanical forces Electrode corrosion
Discharges in water Corona + + + ++
Spark ++ ++ ++ ++
Discharges at the air-water interface DBD o o ) o
Surface o o o +
Discharges in air Arc + + o +
Jet o o o o
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sprayed into the discharge chamber where droplets formed at the top
layer of high voltage electrodes and the quartz tubes, i.e. the dielectric
material surrounding the bottom layer grounded electrodes. The water
droplets could provide an additional dielectric barrier on both (Fig. 2d).
The droplets moved along the electrodes and quartz tubes, grew in size,
and eventually fell into the sample reservoir. Dielectric barrier discharge
filaments that developed continuously often ended onto droplets and
followed their movement, which constantly, but within relative small
range, altered the active treatment volume. Due to the high repetition
frequency of the applied voltage pulses, it can be assumed that the
majority of droplets were treated. Therefore, the active volume was
considered to be orders of magnitude larger compared to the active
volumes of the spark and arc discharges (c.f. Table 3). Dielectric barrier
discharges usually operate at temperatures closer to room temperature
than spark and arc discharges, as even rotational ion temperatures
remain below 1,000 K [36]. Hence, in contrast to the spark discharge, no
broadband spectrum in the UV/Vis range could be observed and spectral
emissions dominantly included molecular bands, e.g. for NO-, -OH or Ny
[37].

The surface discharges resembled the streamer discharges formed in
the corona-like plasma source, with the difference that the filamentous
structure only appeared at the interface of air with water (Fig. 2e).
Hence, interaction of the plasma with the operating media and reactive
species production only occurred at this boundary. The active treatment
volume resembled a disc with a radius smaller than the radius of the
reactor. Although surface discharges also emitted UV light [38], the
optical emission spectrum differed significantly from submerged
corona-like plasmas and was similar to that of a DBD in air.

Similar to the spark discharge system, arc discharges connected two
rod electrodes by a single plasma channel that was pushed out of the
electrode gap due to the air flow (Fig. 2f). The discharge volume and the
corresponding active plasma volume was approximately tenfold larger
compared to the spark discharge (c.f. Table 3). However, while the spark
discharge was immersed in water and, for the DBD, the entire nebulized
volume of water was treated, only a fraction of the water spray was
directly interacting with the arc. With gas temperatures in a similar
range to the ion temperatures of a corona-like discharge (approximately
2,500 K), the arc afforded substantially lower temperatures compared to
a spark discharge in water [39,40]. Besides the lower temperature, the
intensity of light emitted by discharges in air was shown to be orders of
magnitude lower than for discharges in water [41].

The plasma that was generated in the plasma jet was not getting into
contact with the liquid directly. Instead the effluents were expelled
under water by the air flow (Fig. 2g). Characteristic UV/Vis emissions,
however, of low intensity, have been found for atmospheric air DC
plasma jets with spectral lines, e.g. for atomic O and NO-, mainly at
wavelengths above 300 nm [42,43]. Although the gas temperature in
the discharge itself was in a range of about 10,000 K, it did not appear to
correlate with the spectral emissions in the expelled plume [43].
Furthermore, due to effective cooling of the gas with the surrounding
medium, the temperature readily dropped close to room temperature
within a few millimeters from the discharge [27,42]. Hence, thermal
and radiative processes were considered to be negligible [42]. More
relevant were the reactive species that were released into water.
Therefore, the active discharge volume was better described by the
expelled afterglow plasma plume.

4.1.3. Classification of plasma chemical processes

The repeatedly expressed assumption that reactions with chemical
species were the most important pathway for pollutant degradation by
non-thermal plasmas was confirmed in our study [44-46]. For all of the
investigated approaches, and plasmas generated from electric dis-
charges in general, chemically reactive species originated from the
excitation and ionization of atoms and molecules in the operating me-
dium. Accountable processes are collisions with electrons but also
photonic interactions, which result again in excitation, dissociation and
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ionization of molecules and atoms. These processes occur in a gaseous
phase, which is present either directly as operating medium, e.g. air, or
is established during the generation of a plasma. The latter applies, in
particular, to discharges that are operated within the liquid. Especially
reactive oxygen species (ROS) are formed in the absence of nitrogen
while otherwise also reactive nitrogen species (RNS) are produced [47].
Due to fundamental similarities in the generation process, potent radi-
cals that are initially formed with air or water are -OH, -H, Oe, O3e,
HOye, NOe, NOye and NOge [44,47]. Production rates of these species
depended on the specific characteristics of a discharge setup, e.g. tem-
peratures, while their quantities depended particularly on the active
discharge volume. Specifically the production of eOH is often pursued,
also by other AOPs, for its significant oxidation potential. However, the
life-time of this radical and also others are very short (e.g. considerably
shorter than one second) and, therefore, require a direct interaction with
any pollutant and a corresponding in situ generation. Conversely, longer-
lived chemical species such as HyO5, O3, nitrite (NO3), nitrate (NO3) or
peroxynitrite (ONOO"), formed by reactions of radicals with each other
or constituents of the operating medium, are effective reagents, which
can persist for several minutes or even days. Ambient conditions, e.g.
temperature and water composition, need to be taken into account to
describe their generation and decay. Their contribution to the degra-
dation of pollutants can be significant and should not be omitted for the
assessment of the efficacy and efficiency of a specific method. A
respective overview of the generation of short- and long-lived reactive
species by the different investigated concepts is summarized in Table 4.

A high amount of eOH was predominantly produced by electric
discharges submerged in water, i.e. spark and corona-like discharges,
while the generation of short-lived RNS and O3 was considered negli-
gible [48,49]. Higher «OH quantities were reported for spark discharges,
due to higher energy densities in the single channel, in comparison to
the eOH production in the individual filaments of a corona-like
discharge [31]. The recombination of the short-lived eOH further yiel-
ded notable amounts of HyO, for underwater discharges. Assuming a
CYN degradation primarily by eOH (and subsequently formed species),
this corresponded to the much lower Eggp value for the spark discharge
presented in Fig. 5c. However, for the much larger active discharge
volume of the corona-like discharge (c.f. Table 3), overall more ¢OH was
provided and distributed in a larger treatment volume [50]. Conse-
quently, CYN removal by submerged corona-like discharges exceeded
the degradation by submerged spark discharges as described by Fig. 5a.

The degradation by ¢OH also played an important role for plasmas
that were operated at the interface between air and water, i.e. the pulsed
DBD and surface discharge [45,51]. Due to the available nitrogen, in
addition, airborne RNS that dissolved into the liquid [45], provided
further potential degradation pathways. These resulted in particular in
the formation of ONOO™, which could either directly take part in re-
actions or resulted in the indirect formation of «OH [52]. Because of the
larger active discharge volume, respective processes were more domi-
nant for the DBD due to the water droplets on the electrodes. Accord-
ingly, both CYN removal and the Ego value were considerably higher for
this method than for the surface discharge with a much smaller surface

Table 4

Appraisal of the chemical processes, i.e. the generation of short- and long-lived
reactive oxygen and nitrogen species, induced by the electric discharges (ranked
from strongly developed to negligible for this discharge: “++ to “o®).

Discharge category Discharge Short-lived Long-lived
type species species
ROS RNS ROS RNS
Discharges in water Corona + o + o
Spark ++ o —+ o
Discharges at the air-water DBD + + — +
interface Surface + + + +
Discharges in air Arc o ++ o +
Jet o ++ o o
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to treatment volume ratio (c.f. Fig. 5a and 5c¢). Interestingly, the com-
bination of the different chemical processes for small separated water
volumes, i.e. the water droplets, apparently provided distinct advan-
tages in comparison to submerged corona-like and spark discharges.

The most prominent long-lived species that was confirmed especially
for the DBD was Os, which is in fact one of the foremost applications of
this type of discharge [53]. Due to the high Os-yield, in conjunction with
the direct interaction with water droplets that were formed on the
electrodes, subsequent reactions may have resulted again in more pro-
nounced eOH-levels by processes similar to the submerged discharges.

For the arc discharge and the plasma jet that were both operated in
air, the generation of short-lived species was dominated by RNS, e.g.
NOe, NOge and NOgze, while ¢OH was only formed in comparably
negligible amounts at the interface with water [27,42,51]. Concurrently,
the interaction with short-lived species was minimal for the water that
was displaced by the already colder boundaries of the plasma jet. This
effect can safely be assumed also for plasma jets that are operated with
radiofrequency (rf) driven electrical excitations but are mostly operated
with noble gases. These configurations are known for a significant
production of ozone when operated in ambient air [54]. As the inves-
tigated plasma jet was operated with air in a microhollow cathode
discharge configuration, reactions of nitrogen with oxygen outpaced the
O3 production. The accordingly primarily dissolved longer-lived species,
including NO3, NO3 and ONOO, were apparently not as effective for the
degradation of CYN as more direct reactions with short-lived RNS. This
was indicated by the much better CYN removal and lower Egg value for
the arc discharge as shown in Fig. 5a and 5c. Notably, the performance
of this type of discharge, i.e. arc discharge, was similar to the treatment
by the DBD, confirming the possibility of an effective CYN degradation
even without significant amounts of ¢OH (c.f. Fig. 5a).

It should be remembered that the temperatures in the spark
discharge channel and in the arc discharge are much higher than for the
other investigated discharge plasmas. Consequently, the thermal
cleavage of pollutants and of water, resulting in the formation of ¢OH
[55], was a possibility. Likewise, high pressure gradients, i.e. shock-
waves, could contribute to CYN degradation and eOH generation
[20,55]. However, respective mechanisms would have been restricted to
small regions in close vicinity to the discharge channels. Therefore, these
processes were considered insignificant in comparison to reactions of
CYN with chemical species.

The discussion shows that besides an efficient generation of reactive
chemical species, their distribution and mixing within the treatment
volume is of outmost importance. Obvious solutions, such as the mixing
by a plasma jet, are not necessarily successful. The transport across the
gas-liquid interface and within the liquid phase is an essential factor,
which is determined by the species’ lifespan and solubility as well as by
the active discharge volume. A larger interaction volume can generally
be assumed for longer-lived species but these species might not be the
most effective for the degradation of pollutants. However, especially for
short-lived reactive species, the transport through the solution or across
the air-water boundary was a limiting process, which affected the actual
interaction volume in which toxin degradation could still be achieved.
Regardless, the comparison of the different approaches showed possi-
bilities to further exploit and expand methods, such as for submerged
spark discharges, or the potential of distributed volumes of water as
demonstrated by the DBD operated in a water mist.

4.1.4. Electrode corrosion

The generation of reactive species and other plasma processes were
unavoidably also responsible for the corrosion of the electrodes in the
different discharge configurations. Besides the efficiency with respect to
CYN degradation, corresponding implications might need to be
considered for the further development and scaling of individual sys-
tems. The degree of electrode corrosion for the different discharge
configurations is summarized in Table 2.

Regardless of the ground electrode material, Banaschik et al. [48]
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observed for the corona-like discharge electrode corrosion and release of
iron or titanium from a stainless steel or a titanium ground electrode,
respectively, in the lower mg L ™! range. Although they did not investi-
gate the high voltage electrode, corrosion and tungsten release might
occur here as well. The fact that the wire electrodes had to be replaced
regularly during this study confirmed this assumption. Since the phys-
ical processes induced by the spark discharge were harsher compared
with the corona-like discharge, the two tungsten rod electrodes were
expected to be corroded to an at least similar degree. Consequently, the
rod electrodes had to be sharpened again after a series of experiments to
sustain the same operating conditions. As the setup of the arc discharges
resembled the rod-to-rod geometry of the spark discharge, the electrodes
may be expected to be corroded in the same fashion. However, since the
physical processes induced by the arc discharge were less severe, i.e.
lower thermal and mechanical stress, the electrodes were not expected
to be affected as strongly. For the DBD, electrode corrosion should be
less severe as the bottom layer is covered by the dielectric material and a
major fraction of the discharges developed at the droplets formed on the
electrodes but not the electrodes themselves. Due to the similar reactor
design, corrosion of the grounded mesh electrode and the high voltage
wire electrodes of the surface discharge could be expected to occur as it
did in the corona-like discharge system. However, the concentration of
released metals was expected to be substantially lower as the surface
discharges developed only at the triple point of air, water and high
voltage electrode while the corona-like discharges formed along the
entire length of the high voltage electrode. Electrode and insulator
corrosion during the operation of a plasma jet were shown to be insig-
nificant [42].

The release of metals from the electrodes may generally have adverse
implications for maintenance needs of the plasma reactor, the quality of
the treated water and consequently, organisms that are exposed to the
water. However, whether metal species released from the electrodes
have adverse effects on organisms strongly depends, amongst other
factors, on the released metal, its quantity, exposure time and the
exposed organisms themselves. The electrodes used in the six investi-
gated discharge configurations were either made of stainless steel, with
iron being the main component, or tungsten. Iron is usually not
considered to have detrimental health effects at these concentrations. In
contrast, recent studies indicated that tungstate may cause adverse ef-
fects in different organisms [56,57] and therefore, the implementation
of plasma-based water treatment may require additional efforts for
removal.

4.2. Plasma-promoted toxin degradation

The ranking for the performance of the different discharge configu-
rations differed depending on the applied criteria, i.e. absolute degra-
dation, based on the time, ty g, required for a 90 % degradation of the
toxin or dissipated energy (described in detail in section 3.2). Note that
the Egp values were determined solely based on the energy dissipated by
the plasmas, without considering energy demands by auxiliary supplies
such as a pump to move the water through the reactor setups. For a
large-scale implementation of the electrical discharge configurations,
this would also need to be considered for the evaluation of the overall
performance and energy efficiency. Regardless of the different criteria,
the DBD operated in humid air with immersed water droplets provided
an overall excellent performance. Corona-like discharges in water still
offered competitive advantages with respect to absolute degradation
and short treatment times. However, with respect to absolute degrada-
tion and energy efficiency, this concept was outperformed by arc dis-
charges in air and spark discharges in water, respectively, despite their
much smaller active volumes. Conversely, treatments with a plasma jet
submerged in water or surface discharges at the air—water interface did
not offer any competitive advantages. Responsible for the different
rankings are the underlying processes of the individual approaches.
These mechanisms are not unique to the degradation of the investigated
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model pollutant, and, therefore, provide also instructive general insights
for the treatment of recalcitrant compounds, in particular with similar
chemical features, i.e. bonds, functional groups and solution
characteristics.

4.2.1. Toxin susceptibility to physical plasma processes

Radiative, thermal, mechanical and chemical processes that were
provided by the electric discharges were responsible for the degradation
of the toxin. The different mechanisms have been described in section
4.1. To what extent these processes played a part in the treatment
depended on the physico-chemical properties of the pollutant itself but
also on the water quality and composition.

Since many of the discharges delivered UV and also visible light (c.f.
Table 2), photodegradation of pollutants was, in principle, possible.
However, direct photodegradation of CYN at the investigated solution
pH value of 5 has been shown to be ineffective, despite absorption
maxima of CYN at wavelengths < 200 nm and 262 nm [58-60]. Indirect
photodegradation of CYN by visible light would require photosensitizers
but not all cyanobacterial pigments act as photosensitizers [60,61].
Accordingly, direct and indirect photodegradation may have contrib-
uted to the overall decomposition of CYN but only to an insignificant
degree.

Like many other toxins, CYN also appears to be persistent to thermal
decomposition under conditions usually found in the environment, in
water treatment facilities or in drinking water supply lines and house-
holds. The toxin was shown to be stable even at 100 °C at a pH value < 7
[62]. As CYN remained dissolved in the water, a thermal decomposition
could be achieved by discharges in direct contact with the solution, i.e.
spark and corona-like discharges. While the spark discharges produced
higher ion temperatures (c.f. Table 2), the corona-like discharges could
have distributed the thermal energy across a larger active discharge
volume (c.f. Table 3), affecting a higher quantity of CYN molecules. In
addition, also arc discharges in air within the water spray provided
temperatures inside the actual plasma channels that are most likely
sufficient to decompose even recalcitrant pollutants (c.f. Table 2). But as
the temperatures rapidly and substantially decreased within minuscule
distances from the plasma channels for all these configurations, this
process would have been limited to CYN in immediate vicinity to the
discharges.

CYN is also an example for pollutants that are not susceptible to
mechanical stress, justifiable due to its relatively low molecular mass of
415.4 g mol~!. The mechanical stability is also illustrated by isolation
techniques for CYN, which regularly employ sonication. As indicated in
Table 2, only the discharges in water, i.e. spark and corona-like, were
expected to generate shockwaves. The much stronger shockwaves pro-
duced by the spark discharges are sufficient for the disruption of algal
cells [21] and assumingly also for cyanobacterial cells but unlikely to
affect the toxin itself. Respective forces are also rapidly decreasing with
distance from the plasma channel and, therefore, a relatively small
fraction of the pollutant would come under their influence.

Also arc discharges in air within the water spray provided temper-
atures inside the actual plasma channels and, in their close vicinity,
mechanical forces that are likely sufficient to decompose even the most
recalcitrant pollutants. However, the corresponding active discharge
volumes are rather small (c.f. Table 3) and, therefore, these mechanisms
could not account for the observed ranking of the methods. Conse-
quently, although physical processes may have contributed to the
overall CYN degradation, the chemically-induced processes can be
assumed to be primarily responsible for its degradation. Conversely, the
degradation of compounds that are more susceptible than CYN to radi-
ation, in particular to UV exposures, high temperatures or mechanical
forces might be expedited by these physical processes in addition to the
chemical decomposition.

4.2.2. Toxin degradation by reactive chemical species
The reactive species predominantly formed by electric discharges in
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air or water were ROS and RNS, especially ¢OH, H>0, and O3 as well as
NOy as described in section 4.1.3. In general, eOH reacts non-selectively
via an electrophilic attack on electron-rich moieties, via hydrogen
abstraction from C—H—groups, and, at a neutral pH value via one-
electron transfer. However, the latter is often kinetically disfavored
and thus neglected [63]. In contrast to eOH, Og is more selective and
primarily reacts with electron-rich moieties such as unsaturated C=C
and C=C bonds, aromatic systems and neutral amines [64]. The selec-
tivity of the reactive species may have affected the treatment effectivity.
For the diluted CYN extract, especially the short-lived reactive species in
water, eOH, may have been more effectively scavenged by cyano-
bacterial cell residues. Although, the reactivity of ¢OH with CYN (kegy
=5.5 x 10° M~! s7! at a pH value of 7) was reported to be about four
orders of magnitude higher than for O3 (ko3 = 3.4 x 10°M s lata pH
value of 8) [65], concentrations of both species were an essential factor
for the reaction with CYN. In comparison, CYN degradation by HyO, was
shown to be ineffective as less than 5 % of CYN was degraded within
500 min of treatment in the absence of light, i.e. without activation by
UV irradiation [59]. Specific information on the reaction of CYN or any
of its derivates with RNS was not found in the scientific literature.
However, for short-lived RNS such as NOge, reaction mechanisms with
organic compounds in water have been reported to be similar to ¢OH, i.
e. hydrogen abstraction from saturated organic compounds, an elec-
trophilic attack of double bonds in unsaturated organic compounds or
electron transfer. Although NOge is more selective than eOH, available
kinetics data for reactions of NOse with different organic molecules
indicated that the radical is substantially less reactive than ¢OH [66]. On
the contrary, long-lived RNS such as NO3 and NO3, or their conjugated
acids HNO; and HNOs, were not expected to yield appreciable CYN
degradation.

To summarize, the degradation of an organic compound depends not
only on its quantity but, more importantly, on the actually produced
reactive species and whether the compound features structural moieties
that are susceptible to reactions, e.g. with ¢OH, O3 or NOge. Due to its
non-selective character, «OH has been found to react with numerous
recalcitrant organic compounds. Contrarily, decomposition by the more
selective Og requires electron-rich moieties, which makes O3 ineffective
for the degradation of a range of recalcitrant compounds. Principally,
the production of eOH and, therefore, particularly discharges sub-
merged in water may be considered the better choice as a broader range
of organic compounds can be decomposed. However, due to its non-
selective character, eOH is prone to scavenging by non-target com-
pounds in the water such as natural organic matter, which, depending
on the structure of the organic matter, can be a less severe issue for Os.

Because of the substantially lower energy consumption, the spark
discharge was about five times more efficient than the arc discharge and
about six times more efficient than the corona-like discharge when
considering the Egp values (Table 1 and Fig. 5¢). The results for the CYN
degradation are in agreement with previously reported results on the
degradation of other organic contaminants by spark and corona-like
discharges [20]. This indicated that even though the degradation yield
for the spark discharge was only about one fourth of the yield of the arc
discharge and about half of the yield of the corona-like discharge
(Table 1 and Fig. 5a), reactive species production and consequential
CYN degradation by the spark discharge was more efficient in the
smaller active volume.

Similar to the arc discharge, the investigated plasma jet mainly
produced RNS (c.f. Table 4). However, the air flow that carried the
produced reactive species also impeded their interaction with the solu-
tion. This could explain the lower treatment effectivity and efficiency
(Table 1, Fig. 5b and Fig. 5¢). Contrarily, in comparison with the surface
discharge, the plasma jet yielded a higher CYN degradation, treatment
effectivity and efficiency (Table 1 and Fig. 5). The more turbulent
mixing of the plasma jet treatment may have resulted in a higher rate of
encounters between reactive species and the toxin molecules.

Discharges at the air-water interface also produced eOH directly or
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indirectly. The indirect radical generation was expected to be less pro-
nounced compared to the discharges submerged in water because of
poor O3 solubility in water and the limited interaction of the plasma
with the solution. The DBD-based treatment might have benefited from
an acidification as dissolved ozone stability improves at lower pH
values. Since the surface discharge at the air-water interface spread
across the water surface, higher ¢OH quantities compared to the arc
discharge could have been generated, which may have become effective
only after pH values were lowered, non-target compounds sufficiently
degraded first, or subsequent reaction products needed to be dispersed
throughout the solution initially. This might explain the initial lag-phase
that was also observed for the corona-like discharge. Even though the
arc discharge was expected to mainly produce RNS while the DBD
additionally produced higher levels of ROS (Table 4), the overall
degradation yield and efficiency appeared to be within the same range
(Table 1, Fig. 5a and Fig. 5c). However, due to the different reaction
orders, the DBD would have needed only about one fourth of the time
the arc discharge would have required to achieve a 90 % degradation
(Table 1 and Fig. 5b).

Although the CYN solution treated by corona-like and surface dis-
charges was kept at a 11 K lower temperature than the solution treated
by the other discharges (c.f. section 2.3), the difference of the solution
temperature was not expected to have a substantial effect on the overall
toxin degradation within this minor temperature range as was shown, e.
g. for a comparable temperature range for the reaction of ¢OH with
various organic compounds [67].

4.2.3. Degradation kinetics

Reactive species were continuously produced by all six discharges.
For the short-lived reactive species, an equilibrium between their gen-
eration and consumption (including CYN degradation) was established
early on during the treatment. The corresponding steady-state concen-
trations were species-specific and determined by the energy dissipated
in the plasma for a particular configuration. Conversely, the concen-
tration of long-lived reactive species might be assumed to continuously
increase within the studied treatment time or until the treated water was
saturated. In comparison, the CYN concentrations decreased with time.
These characteristics were reflected by the pseudo zeroth order for CYN
degradation, which could be determined for DBD, spark discharge and
corona-like discharge (Table 1). However, CYN removal with the
corona-like discharge started only after an initial lag-phase (c.f. Fig. 3).
The most likely cause were cyanobacterial cell residues from the extract
that initially scavenged the non-selective ¢OH more effectively than the
more selective Oz, which was predominantly produced by the DBD.
Conversely, cyanobacterial cell residues might have been readily
decomposed with the spark discharges in the rather small treatment
volume by the associated shockwaves. This concurs with previous ob-
servations for the disruption of microalgae [21]. Although the contri-
bution of shockwaves to the degradation of the mechanically more
stable CYN itself could be considered negligible, the process was
apparently still relevant to substantially alleviate ¢OH scavenging.

On the contrary, CYN removal by the plasma jet, arc and surface
discharges followed a second order reaction, i.e. a degradation
depending on CYN concentrations together with reactive species con-
centrations. This indicated a restricted reaction of reactive species with
the toxin, which was limited by the rate of encounters between the
different molecules. Notably, the reactive species were generated in the
gaseous phase for all the methods that can be described in this way.
Hence, encounters between the dissolved toxin and reactive species
were limited to reactions at the air-water surface and with reactive
species that dissolved in the solution. Accordingly, the solubility of the
originally gaseous species and their transport into and through the so-
lution was a limiting factor.

An exception among the plasmas generated in the gaseous phase, i.e.
with a CYN degradation following a pseudo zeroth order, was the
treatment of the aerosolized solution by the DBD. In this case, the active
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plasma volume and, correspondingly, the interaction with the water was
much larger and more comprehensive compared to the other discharges
operated in the gas phase. In addition, the discharges also connected
with the water droplets that formed on the electrodes. Therefore,
exposure of CYN to the plasma and the reactive species, including higher
Os-yields, was more immediate and less dependent on transport pro-
cesses. Conceivably, reactive species, such as ¢OH, were also indirectly
formed from this interaction with water. This could similarly be
assumed for the surface discharge across the water. However, the water
mist provided a much larger total effective interface in comparison.

In principle, the turbulent mixing, which was achieved within the
water mist with the arc discharge, should actually further improve the
transfer of reactive species into the solution. Likewise, the plasma jet
submerged in water afforded, at least in principle, better mixing and
transport. The active discharge volumes were rather small for both the
arc discharge and plasma jet, especially in comparison with the DBD and
corona-like discharge. In addition, the transport of species from the
gaseous phase into the liquid was conceivably impeded by the air flow,
which carried the respective small molecules away before they could
interact. Regardless, the plasma jet was still more efficient than the
surface discharge for similar active discharge volumes (c.f. Table 3).
Although, the absence of any turbulent mixing might be responsible for
the initial lag-phase that was observed for the degradation of CYN by
surface discharge treatment (c.f. Fig. 3).

The difference between pseudo zeroth and second order reactions
was reflected by tpo (Fig. 5b, Table 1). The time to achieve a CYN
degradation by 90 %, i.e. tg 9, was shorter for treatments with discharges
that could be described by pseudo zeroth order reactions, shown by a
linear decrease, while for the discharges for which the treatment fol-
lowed a second order reaction, CYN decomposition followed an expo-
nential decrease. Although the rate of a second order reaction may be
faster in the beginning, it will gradually slow down while the rate of a
pseudo zeroth order reaction remains constant throughout the
treatment.

In contrast to the widely established ozonation as it is commonly
realized, i.e. generation of O3 by a DBD in an air or oxygen stream that is
then bubbled through the water, the DBD operated in a water mist
offered the advantage of a direct interaction of the electrical discharge
with the gaseous and liquid phase at the same time. Although a com-
parison of treatment methods from distinct studies is often difficult due
to experimental differences such as initial toxin and oxidant concen-
trations, solution pH and the water matrix, observed rate constants,
determined for the six electrical discharges (c.f. Supplementary
Table S2), were in the same order of magnitude compared to CYN
treatment by ‘common ozonation’ under similar pH conditions [65].
This indicates that water treatment by electrical discharges is competi-
tive to established treatment approaches such as ozonation.

5. Conclusion

The efficacies and efficiencies of six different approaches and cor-
responding electric discharge configurations were compared for the
degradation of a recalcitrant toxic compound in water. With respect to
economic technical implementations, the comparison was limited to
methods that can be operated at atmospheric pressure in air or water
without the need of other consumables. Degradation was investigated
for CYN as a representative of the emerging threat by cyanotoxins,
which have been shown to resist other, especially conventional, treat-
ment approaches. As a model water pollutant, the characteristic of the
toxin features sturdy (poly-)cyclic moieties and rather stable bonds, in
particular unsaturated C=C double bonds, which provide stability also
to many other substances that are problematic for water treatment.
Thermal, mechanical and radiative processes induced by the plasmas
might have directly or indirectly targeted the molecular structure and
contributed to the overall CYN removal. Albeit, under the given condi-
tions, the induced plasma-chemistry appeared to be the major driving
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force for the degradation. Depending on the situation, i.e. type of
pollutant as well as water quality and composition, different reactive
species can be preferentially formed. In context of the quality of the
treated water, questions may arise concerning electrode corrosion and
the generation of NOy, which could lead to an increase of undesired
metal as well as nitrate and nitrite concentrations in water and may
consequently require follow-up treatment. No electrode corrosion and,
therefore, no trace metals were observed for the DBD but a nitrification.
The submerged corona-like and spark discharges did not produce
notable amounts of NOy (from dissolved nitrogen), which were the
predominant reaction products in other configurations that were oper-
ated in air.

Individual characteristics of the investigated systems and associated
reaction pathways were responsible for their performance, which was
expressed by different criteria. No single approach could unambiguously
provide a comprehensive, fast and at the same time energy efficient
treatment. Notably, the DBD operated in a water mist performed rather
well with respect to all applied criteria and was at least the second best
approach in every ranking. The submerged corona-like discharge also
offered a still reasonable compromise between efficacy and efficiency, i.
e. treatment time and energy demands, with the additional advantage
that no NO3 or NO3 was formed. The actual implementation of the ap-
proaches further shows that these configurations are inherently scalable,
i.e. the active discharge volume can be increased by extending elec-
trodes or electrode areas. Conversely, for treatments with spark and arc
discharges or a plasma jet, volumes can only be increased by the parallel
operation of several similar systems.

In conclusion, different plasma treatment approaches may offer
specific advantages for different situations, especially regarding opera-
tional conditions and constraints such as overall energy consumption,
operating costs, residence time and with respect to water volumes that
need to be treated in a certain time and the actual water composition.
Which plasma process should be employed thus depends on the indi-
vidual situation. If higher energy consumption is acceptable in exchange
for shorter treatment times, the DBD offers the best treatment, especially
if the treated water contains higher quantities of organic matter as O3 is
more selective than eOH. In contrast, if lower energy consumption is
mandatory but treatment volumes are small or treatment times can be
long, the spark discharge may be a better option.
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