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Cylindrospermopsin (CYN) is an important cyanobacterial toxin posing a major threat to surface waters
during cyanobacterial blooms. Hence, methods for cyanotoxin removal are required to confront seasonal
or local incidences to sustain the safety of potable water reservoirs. Non-thermal plasmas provide the
possibility for an environmentally benign treatment which can be adapted to specific concentrations and
environmental conditions without the need of additional chemicals. We therefore investigated the po-
tential of two different non-thermal plasma approaches for CYN degradation, operated either in a water
mist, i.e. in air, or submerged in water. A degradation efficacy of 0.03 + 0.00 g kWh~! L~! was found for a
dielectric barrier discharge (DBD) operated in air, while a submerged pulsed corona-like discharge
resulted in an efficacy of 0.24 + 0.02 g kWh~! L1, CYN degradation followed a pseudo zeroth order or
pseudo first order reaction kinetic, respectively. Treatment efficacy of the corona-like discharge sub-
merged in water increased with pH values of the initial solution changing from 5.0 to 7.5. Notably, a pH-
depending residual oxidative effect was observed for the submerged discharge, resulting in ongoing CYN
degradation, even without further plasma treatment. In this case hydroxyl radicals were identified as the
dominant oxidants of CYN at acidic pH values. In comparison, degradation by the DBD could be related

primarily to the generation of ozone.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Cyanobacteria are bloom-forming phototrophic prokaryotes
capable of producing a wide range of toxic secondary metabolites,
known as cyanotoxins. Due to the increased eutrophication of
surface waters, toxic cyanobacterial blooms occurred more
frequently in recent years, including e.g. massive harmful algal
blooms and toxicity outbreaks in USA and worldwide (Brooks et al.,
2016). This consequently increases the risk for cyanotoxins, such as
the hepatotoxic cylindrospermopsin (CYN), to contaminate drink-
ing water (Blahova et al., 2009; Vanova et al., 2019). In 1979, more
than 100 people were hospitalized in Queensland, Australia after
showing various symptoms of gastroenteritis. The incident was
linked to the water supply which periodically experienced
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cyanobacterial blooms dominated by non-toxic Anabaena circinalis
and toxic Cylindrospermopsis raciborskii, from which the alkaloid
CYN was isolated (Griffiths and Saker, 2003). So far, the World
Health Organization has not proposed guideline values for CYN but
is aware of its potential risk. Thus, the upcoming update of their
Guidelines for Drinking-water Quality is expected to include rec-
ommendations for CYN (updates can be found on the homepage
(WHO, 2020)). Since CYN can be reasonably stable in surface water,
a half-life of up to several weeks has been reported (Ministry of
Health, 2017), more rigorous treatment approaches are required
to remove the hepatotoxin.

The occurrence of cyanobacteria and related toxins in drinking
water can be prevented or mitigated by various measures including
water abstraction management, biomanipulation, nutrient control,
artificial destratification and the application of algaecides (Ibelings
et al., 2016). However, the risk of unintentional release of intra-
cellular cyanotoxins from cyanobacterial cells, or other economic
and technical disadvantages limit the success of these strategies. In
addition, water scarcity and climate change further encourage the
investigation of more advanced treatment technologies.

0269-7491/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Cyanotoxin removal at full-scale drinking water treatment facilities
often includes traditional approaches, such as activated carbon
filtration, biodegradation, chlorination or ozonation, with varying
degrees of success (Westrick and Szlag, 2018). For CYN removal
from drinking water, various treatment methods have already been
studied. For example, biodegradation (Ho et al., 2012), passive
physical removal by nanofiltration (Dixon et al., 2011), activated
carbon (Ho et al., 2008) or sediments (Klitzke et al., 2011), chemical
oxidation and advanced oxidation processes (AOPs) were investi-
gated to remove CYN. Traditionally employed oxidants like chlorine
and ozone effectively degrade CYN depending on pH, initial oxidant
concentration and the reaction time. Conversely, chlorine dioxide,
monochloramine and permanganate were shown to be ineffective
against CYN (Ho et al., 2008; Onstad et al., 2007; Rodriguez et al.,
2007). However, in the presence of natural organic matter or bro-
mide, chlorine and ozone can produce toxic disinfection byproducts
such as trihalomethans and bromates (Rodriguez et al., 2007). AOPs
on the other hand promote the in situ formation of highly reactive
radicals, e.g. «OH and other reactive chemical species. AOPs such as
photocatalysis (Zhang et al., 2015), UV in combination with H,0,,
$,0%~ or HSO5 (He et al., 2014a, 2014b), TiO,-catalyzed ozonation
(Wu et al.,, 2015), Fenton reaction (Liu et al., 2018) and electro-
chemical oxidation (Bakheet et al., 2018) have been studied.

Amongst AOPs, non-thermal plasmas (NTPs) recently received a
lot of attention for their potential application in water (Banaschik
et al., 2015; Magureanu et al., 2018) and air purification (Schiavon
et al., 2017; Xia et al., 2019). NTPs are generated by electric dis-
charges in water or in gas under atmospheric or low pressure
without the need of any other consumables. Even recalcitrant
compounds, which appeared to be either persistent or only
somewhat susceptible to conventional and other advanced treat-
ment approaches, could effectively be degraded (Banaschik et al.,
2015). Depending on the design of a plasma source, a range of
reactive species can be formed in situ, e.g. ¢OH, Hy0,, O3, NOe, as
well as electrons, photons, excited molecules, atoms and ions. The
type and quantity of the generated species is determined by the
discharge configuration and the operating medium (Scholtz et al.,
2015). Accordingly, plasma treatments can be selected and opti-
mized with respect to the most promising degradation mechanism
of a specific compound. A further advantage of plasma treatment is
that hydroxyl radicals can be generated directly from water without
the need of catalysts or precursors such as TiO, or hydrogen
peroxide in combination with UV radiation. In contrast to UV-based
AOPs, the generation of reactive species by NTPs does not rely on
UV irradiance and is thus not affected by the turbidity of the treated
water and the penetration depth of the UV light. Consequently, as
no additional reagents or catalysts are required to produce reactive
species, NTPs can be considered an environmentally benign tech-
nology. Likewise, in comparison to traditional ozonation, where
ozone is produced by a dielectric barrier discharge (DBD) in gas
which is then injected into water, the immersion of water droplets
directly into the plasma volume of a gas-phase DBD permits an
instantaneous delivery of ozone and other reactive species to the
pollutants contained and distributed in the droplets.

Despite their potential and advantages, research on cyanotoxin
degradation by NTPs so far is scarce and limited to microcystin
(Zhang et al., 2016), anatoxin-a (Jo et al., 2016) and B-N-methyl-
amino-t-alanine (Nisol et al., 2019). Comparison of different plasma
sources in this context has not been reported at all and previous
studies mainly focused on gas-liquid interfacial or gas-phase
plasma systems.

In the present study, we focused particularly on the comparison
of a pulsed corona-like discharge submerged in water and a DBD in
air with water droplets to assess the CYN degradation efficacies.
Both plasma sources were chosen based on previous experience for

the degradation of pollutants. For the DBD, the anticipated mech-
anism of action is based on the immediate and efficient delivery of
ozone. Therefore, water is dispersed in droplets in an aerosol to
increase the interaction area between plasma and the contami-
nated water volume. The corona-like discharge submerged in water
exploited a different principle and mechanism. In this case, espe-
cially short-lived hydroxyl radicals were provided throughout the
treated volume by plasma filaments. The aim of this investigation
and comparison was to develop, on the one hand, a basic under-
standing of relevant mechanisms for plasma treatment with
respect to different underlying reaction mechanisms and, on the
other hand, to provide design criteria for associated future de-
velopments of treatment systems. Accordingly, CYN degradation
kinetics and mechanisms for both discharges were compared to
evaluate CYN removal as well as the formation of potential degra-
dation products and reactive species. Concurrently, the effects of
operating voltage, wire diameter and solution pH on the degrada-
tion efficacy were evaluated to provide guidance with respect to
technological developments. This study provides, to the best of our
knowledge, for the first time the necessary results for a comparison
of degradation mechanisms under defined conditions for funda-
mentally different NTPs and with respect to their potential
application.

2. Materials and methods
2.1. Standards and reagents

CYN (>95%) was obtained from Enzo Life Sciences, Inc. and used
to record the calibration curve for CYN quantification as well as for
determination of CYN extract purity. H,0, (30%, w/w) was pur-
chased from Merck KGaA. Titanium(IV) oxysulfate — sulfuric acid
solution (27—31% H;SO4 solution) and para-chlorobenzoic acid
(pCBA, 99%) were obtained from Sigma-Aldrich. Methanol (Roti-
solv®@ HPLC Gradient) and acetonitrile (Rotisolv® Ultra LC-MS
grade) were obtained from Carl Roth. Water (LC-MS Ultra-
Chromasolv for UHPLC-MS) was obtained from Honeywell Riedel-
de Haén and formic acid was obtained from Fluka Analytical.

The method used for CYN extraction from freeze-dried Apha-
nizomenon flos-aquae (PCC 7905) biomass was adapted from
Cerasino et al. (2016). In short, approximately 10 g of biomass were
separated into 100 mg aliquots and extracted with 75% methanol
each (10 mL per 100 mg biomass), sonicated on ice for 30 min and
centrifuged at 3400xg for 10 min. The procedure was repeated and
supernatants from both steps were pooled. The methanolic extract
was dried on a rotary evaporator at 55 °C, re-dissolved in Milli-Q
water and centrifuged using 0.22 um cellulose acetate spin filters
(National Scientific) at 7400xg for 10 min. The extract was sub-
jected to Extract Clean Carbograph SPE columns (500 mg/8 miL,
Grace) and eluted with 5:9.5:855 formic acid:-
dichlormethane:methanol. The eluate was again dried on a rotary
evaporator and re-dissolved in Milli-Q water. Subsequently, CYN
was further purified by preparative HPLC (Agilent 1100 Series,
Agilent Technologies) on a C18 XBridge Prep column (10 x 100 mm,
5 um, Waters) using a gradient elution with acidified water (0.1%
formic acid) and acetonitrile (for details see Supplementary
Table S1) as well as a fractionator (Agilent 1200 Series, Agilent
Technologies). CYN was detected at 262 nm, fractions were pooled,
dried using a N; stream at 50 °C and re-dissolved in Milli-Q water
prior to experiments. Based on the comparison of UV spectra of the
purified CYN with the purchased standard, purity of isolated CYN
was estimated to approximately 70%.
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2.2. Chemical analysis

In the first set of experiments, CYN reduction was quantified by
an Agilent 1200 Infinity Series HPLC coupled with an Agilent 1260
DAD detector (Agilent Technologies) at A = 262 nm. Chromato-
graphic separation was performed on an InfinityLab Poroshell 120
SB-AQ column (2.1 x 100 mm, 2.7 pm, Agilent Technologies)
equipped with an InfinityLab Poroshell 120 SB-AQ guard column
(21 x 5 mm, 2.7 um, Agilent Technologies) and gradient elution
with acidified water (0.1% formic acid) and acetonitrile (for details
see Supplementary Table S2). For the study of the degradation ki-
netics and mechanisms, an Agilent 6130 quadrupole MS detector
(Agilent Technologies) was used in addition, connected to the
outlet of the DAD detector, to follow the formation of potential CYN
degradation products. The MS detector was operated in scan mode
(m/z 100—500 Da) and positive electrospray ionization. Gradient
elution was adjusted for better separation of product peaks (for
details see Supplementary Table S3). pCBA was used as ¢OH probe
and quantified by HPLC-DAD on the same column at A = 238 nm
and isocratic elution with 60% acidified water (0.1% formic acid) and
40% acetonitrile at a flow of 0.6 mL min~—’. H,0, was quantified
colorimetrically with titanium(IV) oxysulfate. Upon the reaction of
H,0, with titanium(IV) oxysulfate under acidic conditions, the
initially colorless solution produces a yellow color, for which the
intensity was determined at A = 407 nm photometrically
(Banaschik et al. (2017) and references cited therein).

2.3. Plasma reactors

2.3.1. Corona-like discharge in water

Corona-like discharges in water were instigated in a cylindrical
electrode geometry in which two intertwined tungsten (99.95%
purity, Goodfellow) wires were coaxially surrounded by a grounded
stainless steel mesh (0.5 mm mesh size, 200 pm wire diameter)
(Supplementary Fig. S1). Streamers were generated along the entire
length of the wires upon application of high voltage pulses. Positive
high voltage pulses were applied to the wires from a 6-stage Marx
bank pulse generator with a pulse duration of
390 + 50 ns (determined as full width at half maximum at a fre-
quency of 20 Hz; see Supplementary Fig. S2 for an example of an
applied pulse). Voltage and current pulses were recorded using a
passive high voltage probe (P6015A, Tektronix) and a Rogowski-coil
(Model 2878, Pearson) connected to an oscilloscope (WaveSurfer
64MXs-B, LeCroy). The tungsten wires were replaced after every
experiment to ensure reproducibility. The total reactor volume of
135 mL was completely filled. The sample solution was cooled to 20
and continuously circulated through the reactor from bottom to top
using a peristaltic pump at 50 mL min~' to prevent atmospheric air
from entering into the reactor. Air bubbles inside the reactor
needed to be avoided to inhibit unwanted electrical breakdowns in
the system which would damage the reactor.

2.3.2. DBD in air with water droplets

A DBD was operated in ambient air between two layers of
tungsten rod electrodes (purity 99.9%, diameter 2 mm) as shown in
Supplementary Fig. S3. The grounded rods in the bottom layer were
covered by quartz tubes (diameter 4 mm, wall thickness 0.8 mm).
Negative high voltage pulses were applied to the bare rods in the
top layer with a pulse duration of 400 + 60 ns (determined as full
width at half maximum at a frequency of 1 kHz (Eagle Harbor High
Voltage Pulse Generator NSP-120-20-N); see Supplementary Fig. S4
for an example of an applied pulse). Altogether 14 rods in the top
layer and 15 rods in the bottom layer were arranged in parallel with
a distance of 4 mm between rods in each layer and a separation of
both layers of 3 mm. The two layers were shifted against each other

horizontally with the rods of one layer aligned with the center of
the gap of adjacent rods in the opposite layer. The CYN solution was
nebulized and sprayed through the electrode arrangement from the
top by compressed air. In comparison to other approaches
exploiting gas-phase processes, when treating water droplets, a
larger overall surface area is available for the interaction with the
plasma. The solution was recirculated and kept at 20 °C. Voltage
and current pulses were measured with the same setup as for the
corona-like discharges.

2.4. Plasma treatment of CYN

2.4.1. CYN degradation efficacy depending on operating parameters

For the evaluation of both plasma treatment processes, the ef-
fects of operating voltage, wire diameter (corona-like discharge
only) and initial solution pH on the CYN degradation efficacy were
investigated. Purified CYN was diluted to a concentration of
0.45 pg mL~! at 250 mL of sample volume using Milli-Q water.
Values for pH and electric conductivity were measured before and
after the treatment. The pH was adjusted using NaOH for experi-
ments where the effect of an elevated initial solution pH was
investigated (for pH 7.5 and 9.0). The diluted CYN extract reached
pH 5.0 without further pH adjustment. The sample was placed in
the reservoir and circulated through the reactor before plasma
application until the sample solution reached 20 °C. Plasma treat-
ment was performed for 60 min. Aliquots of 1 mL were withdrawn
from the reservoir in the recirculation system outside the reactor
every 15 min and directly analyzed by HPLC-DAD for CYN con-
centration. The energy dissipated by individually applied high
voltage pulses was determined once per experiment from recorded
voltage and current waveforms by integrating their product for the
duration of one pulse. The reactor was cleaned after every experi-
ment using Milli-Q water. Experiments were repeated three times.
Parameters that resulted in most effective CYN degradation were
used to optimize both treatment processes for subsequent experi-
ments unless stated otherwise.

2.4.2. CYN degradation kinetics and mechanisms

Following the selection of best treatment parameters from the
studied parameter range, degradation kinetics and mechanisms
were investigated. Purified CYN was diluted to a concentration of
0.8 pg mL~! at 250 mL of sample volume in Milli-Q water.
Compared to the first part of this study, a higher initial CYN con-
centration was used to increase the concentration of potential
degradation products. To compensate the increased initial CYN
concentration and to obtain a higher number of quantifiable ob-
servations, the treatment time was extended to 140 min. An aliquot
of 1 mL was withdrawn every 20 min and directly quantified by
HPLC-DAD for CYN concentrations. LC-MS was used to follow the
formation of potential degradation products. The energy per pulse
was determined every 20 min right after a sample was withdrawn.

3. Results and discussion
3.1. CYN degradation efficacy depending on operating parameters

3.1.1. Corona-like plasma

In order to evaluate the CYN degradation efficacy of a pulsed
corona-like discharge in water, we investigated the effects of the
most pertinent operating parameters, i.e. applied voltage, initial
solution pH and diameter of the high voltage electrode. Table 1
summarizes the studied parameters for both discharges and the
how they affect the degradation efficacy. Electric discharges in
water are known to generate reactive species including ¢OH, H,05,
Oe, He, electrons and photons in the UV/Vis and infrared spectrum
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Table 1

Influence of selected treatment parameters on CYN degradation efficacy for electric discharges and conditions used in the present study.

Discharge type Parameter Effect on CYN degradation efficacy
Corona-like discharge in water Voltage +

39 kV — 45 kV

Wire diameter 0

50 ym — 80 pm

Initial solution pH +

50 — 7.5 0

75 — 9.0
DBD in air on top of water droplets Voltage -

—11kV —» —12kV
Initial solution pH 0
50— 75—-90

Note: Underlined parameters were selected for the investigation of CYN degradation kinetics and mechanisms. Symbols used: beneficial effect: +, no

effect: 0, adverse effect: .

(Sun et al., 1998, 1997). Additionally, corona-like discharges in
water can yield ion temperatures of about 2000 K in the discharge
channels (Sunka, 2001). However, oxidation by e¢OH is generally
considered to be the most relevant mechanism for pollutant
degradation by a discharge submerged in water (Banaschik et al.,
2018). The eOH readily forms H,O; if it is not consumed in re-
actions with pollutants or other matrix compounds. Accordingly,
H,0, concentrations are a valuable indicator for the production of
the preceding short-lived ¢OH (Locke and Shih, 2011).

After 1 h of plasma treatment, the production of H,O, in the
corona-like discharge system was measured in the absence of CYN
and reached approximately 30 mg H,0, L™\ Since H,0, could
conceivably degrade CYN, a control experiment with 0.45 pg mL™!
of CYN treated by 30 mg L' of H,0, over the course of 1 h for a pH
range from 3.0 to 9.0 was conducted. Results showed that H,0; by
itself did not significantly degrade CYN (p > 0.05) regardless of the
pH value (Supplementary Fig. S5). For a lack of information on the
reactivity of Oe and He with CYN, they were not further considered
for the analysis. Similarly, the free electrons from the plasma fila-
ments were primarily considered to be associated with the for-
mation of «OH from water (Banaschik et al., 2017; Rumbach et al.,
2018). Likewise, the emitted UV radiation was assumed to result
in ¢OH formation due to the homolytic cleavage of H>0O, (He et al.,
2014b). Direct thermal CYN decomposition may have also been
possible, but only in direct vicinity to the rather narrow discharge
channels. Temperatures decreased fast within a distance of several
hundreds of micrometers from the channels to less than 100 °C,
which CYN is known to tolerate at a pH < 7 (Adamski et al., 2016a).
Conversely, these extreme but transient ion temperatures in the
plasma filaments were more likely involved in «OH production by
thermolysis of water (Song et al., 2005).

Fig. 1(A) compares the degradation of CYN by corona-like dis-
charges operated with 35 kV and 45 kV. As shown, increasing the
operating voltage from 39 kV to 45 kV resulted in increased
degradation efficacy after 1 h of plasma treatment (Fig. 1(A)). Ac-
cording to Sun et al. (1997), this can be explained by an increasing
eOH-yield for the higher operating voltage. Discharges are actually
instigated and sustained by electric fields associated with electrode
geometry and applied voltage. Accordingly, the diameter of the
high voltage electrode may also affect reactive species generation
for the same operating voltage. However, increasing the tungsten
wire diameter from 50 um to 80 um had no significant effect on
CYN degradation efficacy.

Fig. 1(B) compares CYN degradation by corona-like discharges at
initial solution pH values of 5.0, 7.5 and 9.0. CYN degradation effi-
cacy substantially increased once the initial solution pH was
increased from 5.0 to 7.5 by NaOH addition. However, further
increasing the pH from 7.5 to 9.0 showed no significant effect on the

degradation efficacy (Fig. 1(B)). During 1 h of plasma treatment, the
initial solution pH values decreased from pH 9.0 to approximately
pH 8.2—8.4, from pH 7.5 to about pH 5.8 and from pH 5.0 to
approximately pH 4.7. The latter was in a range for a decrease
similar to what was observed for the degradation of pharmaceutical
residues (Banaschik et al., 2015).

After 1 h of plasma treatment at pH 9.0, CYN concentration was
below the limit of detection (2.7 ng mL™'). The observed pH-
dependency could be caused by the plasma chemistry of the
corona-like discharge, i.e. the formation and reactivity of reactive

1.00 s [ m 45kV 4 39KV
FAA —A—
0.95 i A
0.90
C
‘® 0.85
Q.
(=]
g T g T L3 T x T ¥ T v T L T ¥ T
g 0 1 2 3 4 5 6 7
g Energy (kJ)
2 1.0{w - [ m pH5 v pH75 pH9
> . &
o i
sosl * B
o
0.6- v
r
0.41
I I
0.2 b
0.0 *

0 5 10 20 25 30

15
Energy (kJ)

Fig. 1. CYN degradation efficacy for a pulsed corona-like discharge in water for two
different operating voltages (graph A) and for different initial pH values for an oper-
ating voltage of 45 kV (graph B). The total treatment time was 60 min and the initial
CYN concentration was 0.45 ug mL~" (n = 3, error bars represent standard deviations;
*: < limit of detection of 2.7 ng mL~! CYN). Note the different scales of x- and y-axes.
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species and degradation mechanisms, the speciation of CYN at
elevated pH or a combination of both. The «OH yield generated by a
needle-to-plate pulsed streamer corona discharge reactor sub-
merged in water was shown to increase at neutral and slightly
alkaline pH (Sun et al., 1997). In the present study, the steady-state
eOH concentration ([eOH]ss), i.e. the concentration at which eOH
generation and consumption are at equilibrium, was determined
using pCBA as a probe molecule. After 1 h of plasma treatment in
the absence of CYN, [¢OH]ss was not significantly different at pH 5.0
([¢OH]ss = (1.7 + 0.5) x 10~ mol L™!) and pH 7.5 ([eéOH]ss =
(1.3 + 0.5) x 107 mol L~1). Conversely, the reactivity of «OH de-
creases with increasing pH as indicated by its redox potential of
2.7 V at acidic and 1.8 V at neutral pH (Buxton et al., 1988). Due to
the pH-dependency of CYN degradation and eOH reactivity but
similar steady-state ¢OH concentrations for both pH values, it is
essential to consider CYN speciation and other oxidative chemical
species and mechanisms. The pK; of CYN was estimated to be 8.8
(Onstad et al., 2007), resulting in deprotonation at more alkaline
pH. However, because ¢OH usually reacts very fast with organic
compounds, Onstad et al. (2007) assumed the effect of solution pH
on the reaction of ¢OH with CYN to be insignificant.

The observed pseudo zeroth order rate constants for the
degradation of CYN by pulsed corona-like discharges were plotted
against the solution pH in Fig. 2. Additionally, the speciation of CYN
with respect to the solution pH is shown. For the pH-dependent
ozonation of CYN, Onstad et al. (2007) reported an exponential
increase of the observed rate constant with increasing solution pH.
Consequently, a similar characteristic can be expected if the pH-
dependency is caused by the toxin speciation. Instead, when us-
ing a pulsed corona-like discharge for CYN degradation, observed
rate constants rather followed a sigmoidal trend (Fig. 2). Altogether,
this still confirmed a pH-dependent CYN degradation when the
solution pH was elevated from 5.0 to 7.5, but an independency from
the solution pH for a further increase to pH 9.0. In combination with
the aforementioned decline in reactivity of «OH at neutral and
alkaline pH and deprotonation of CYN at alkaline pH, Fig. 2 may
indicate the formation of other, long-lived reactive species or
degradative mechanisms at neutral and alkaline pH. As shown by
Adamski et al. (2016b), direct CYN photodegradation by the pro-
duced UV radiation could explain the higher CYN removal when the
solution pH was increased from 5.0 to 7.5. However, CYN degra-
dation should have further increased as the solution pH became
more alkaline, i.e. pH 9.0 (Adamski et al., 2016b), which was not
observed in our study. In an attempt to further investigate pH-
dependency, CYN solutions were adjusted to pH 3.0 and 12.0

5x10°® . -1.00
" Kipserved . R 3
PSR CYN/CYN' /
_ M0 - - - cynreYN + ol  0.75
i 1
2 c
2 3x10° ' £
€ 1 L0.509
o ' 3
2 2x10°+ ! @
3 g z
4 .
3 . ron +0.250
x° 1x107 1 u I y
7
0 T T =i T T R 0.00
4 6 8 10 12
pH

Fig. 2. Dependency of pH for observed rate constants for CYN degradation by a pulsed
corona-like discharge in water assuming a pseudo zeroth order reaction. Dotted and
dashed lines show the ratio of protonated to deprotonated CYN and vice versa
(calculated from pK, = 8.8).

which resulted in an increase of electric conductivity by a factor of
>10 and >100, respectively, which substantially and adversely
affected the possibility to sustain discharges at a peak voltage that
was comparable to the previous experiments. Nevertheless, this
allowed us to infer that toxin speciation at neutral and alkaline pH
did not cause the observed pH-dependent effect.

After 15 min of plasma treatment at pH > 7.5, CYN degradation
still continued without further plasma application, further sup-
porting the assumption of the formation of other, long-lived
oxidative species and degradative mechanisms. This residual
oxidative effect appeared to be pH-dependent, as the effect was
more pronounced at pH 9.0 and acidification of a sample taken after
15 min of plasma treatment inhibited further CYN degradation.
Residual disinfective effects of plasma treated water were observed
in other studies for different discharge systems, in which O3, H,0»
and peroxynitrous acid (HNOs3) were identified as long-lived
microbicidal agents (Scholtz et al., 2015). A residual oxidative ef-
fect of plasma treated water was recently shown to last for at least
four days (Nisol et al., 2019), but strongly depends on different
parameters such as water conductivity, temperature, pH and
composition, as well as type and quantity of reactive species.
However, O3 and HNO3 were not produced in appreciable amounts
by an electric discharge submerged in water that was similar to our
experimental setup (Banaschik et al., 2015). Moreover, admixture of
H,0, by itself was not observed to yield appreciable degradation of
CYN. When using a stainless steel instead of a titanium mesh for the
ground electrode, Banaschik et al. (2017) observed a 75% higher
degradation of phenol in a corona-like discharge in water due to the
contribution of Fenton’s reaction. The corrosion of the ground
electrode led to the dissolution of iron which could subsequently
react with H,O, in a Fenton reaction and improved pollutant
degradation (Banaschik et al., 2017). Similarly, the high voltage
electrode is also expected to corrode and consequently, tungsten
may dissolve, get oxidized to tungstate and catalyze H,0; oxidation
of CYN (Floor et al., 1989). However, optimal pH for both reactions is
usually reported to be in the acidic range (Floor et al., 1989; Park
et al,, 2017) whereas the degradation of CYN observed in this
study increased at alkaline pH and was inhibited at acidic pH. Lee
et al. (2013) observed substantial oxidation of the dye Reactive
Black 5 and As(V) in a Fenton reaction under alkaline conditions,
hypothesizing the formation of oxidants other than ¢OH, namely
high-valent iron complexes. We thus hypothesize that other reac-
tive species, which are more stable and reactive at neutral and
alkaline pH, are formed in the corona-like discharge in water under
these conditions. Examples for other reactive species or mecha-
nisms are the aforementioned tungstate-catalyzed H,0, oxidation,
Fenton reaction and high-valent iron complexes as well as other
reactive oxygen species such as superoxide anion radicals which
are formed as a product of ¢OH and H,0; reaction (Banaschik et al.,
2017). As for the pH-dependency, the produced UV radiation would
not have caused a residual oxidation in form of direct CYN photo-
degradation, as this process is instantaneous and was not sustained
without plasma application. Further experiments are required to
clearly characterize the cause of pH-dependent CYN degradation
and the residual oxidative effect of plasma treated water.

3.1.2. DBD plasma

In order to evaluate CYN degradation efficacy of a pulsed DBD in
air around water droplets, the effects of operating voltage and
initial solution pH were investigated (Table 1). A DBD in air at at-
mospheric pressure produces primarily Os, and, in addition, oxygen
ions such as Oz and O3, NOy as well as electrons and photons
(Kogelschatz et al., 1988; Pekarek, 2012). Since the sample solution
was directly nebulized into the discharge chamber, minor
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quantities of eOH and H,0, were also produced by the electric
discharges at the air-water interface of the water droplets and by
the decomposition of dissolved Os. The formation of H0O, in the
DBD after 1 h of plasma treatment and in the absence of CYN was
determined with approximately 2.9 mg L™, Again, H,0; served as
an indicator for the generation of eOH (Locke and Shih, 2011).
However, the amount of H0;, produced by the DBD, was
comparatively low and approximately one tenth of the amount
produced by the corona-like discharge. Therefore, CYN oxidation by
OH was assumed to be negligible for the DBD treatment. Corre-
spondingly, more direct plasma mechanisms, such as electron
impact on water molecules, which is essential for the corona-like
discharge, contributed to a much lesser degree to the generation
of radical species, in particular ¢OH.

Fig. 3 compares CYN degradation by a DBD in air around water
droplets operated at —12 kV and —11 kV. This is a small but
important difference for the operation of this DBD. In contrast to
the corona-like discharge, CYN degradation efficacy in the DBD
decreased when operating voltage was increased (Fig. 3). For a DBD
in air at atmospheric pressure, oxygen consumption in NOy re-
actions becomes more effective than O3 production when
exceeding a certain voltage threshold. Moreover, O3 can be
depleted by reactions involving N and NO (Kogelschatz et al., 1988).
Even though the quantity of NOx and related compounds increased
with higher operating voltage, CYN degradation efficacy decreased,
confirming assumptions that CYN oxidation in the DBD was
dominated by Os.

In contrast to what Onstad et al. (2007) observed, CYN ozona-
tion using a DBD appeared to be pH-independent when increasing
the initial solution pH from 5.0 to 7.5 and to 9.0 (Table 1). Similar to
the corona-like discharge, direct photodegradation by the pro-
duced UV light could have contributed to CYN degradation at
neutral and alkaline solution pH. However, due to the formation of
NOy, the solution pH substantially decreased throughout the
treatment. When starting with an initial pH of 9.0, the solution pH
dropped to approximately 3.5 after 1 h of plasma treatment. A pH-
buffer was not used, because the electric conductivity of the solu-
tion would have increased and consequently made it impossible to
ignite discharges at the same peak voltage and pulse duration as for
lower conductivities. Accordingly, the effect of solution pH on the
CYN degradation efficacy in a DBD could not be unambiguously
characterized. Other approaches, e.g. operating the DBD with ox-
ygen instead of air to avoid NOy formation and associated solution
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Fig. 3. CYN degradation efficacy for a pulsed DBD in air with water droplets for two
different operating voltages. The total treatment time was 60 min and the initial CYN
concentration was 0.45 ug mL~! (=12 kV: n = 3, =11 kV: n = 2, error bars represent
standard deviations).

acidification, would have changed the entire system and results
would not be comparable. Nevertheless, the rapid acidification of
the solution further supports the hypothesis that ¢OH only plays a
minor role in the degradation of CYN, since aqueous O3 is more
stable at acidic pH, lowering the formation of ¢OH as a result of O3
decomposition in water.

3.2. CYN degradation kinetics and mechanisms

After the optimal treatment parameters for both approaches
had been identified with respect to the studied parameter range,
CYN degradation kinetics and mechanisms were investigated in
more detail. Treatment parameters corresponding to the highest
efficacy were chosen for the optimization of both discharges
(Table 1), except for the initial ideal solution pH that was found for
the corona-like discharge. Data obtained for CYN degradation at pH
9.0 showed more variability as indicated by the standard deviations
in Fig. 1(B). Since the assessment of degradation kinetics requires a
higher number of quantifiable observations, but CYN concentra-
tions were already reduced close to the analytical detection limit
during 60 min of treatment at pH 9.0, pH 7.5 was chosen for
additional experiments. CYN degradation efficacy Ecyy was calcu-
lated using equation (1) (adapted from Banaschik et al., 2017).

Ecyn =k x ¢ x 3,600 (1)

where k is the observed rate constant in pg'# mLi=1 k]!, ¢ is the
initial CYN concentration in pg mL™, i is the order of reaction and
3600 is a factor for unit conversion from kj~! to kwh—.

Fig. 4 compares CYN degradation by a corona-like discharge
submerged in water and a DBD in air around water droplets under
optimized conditions and Table 2 summarizes the determined ki-
netic data and CYN degradation efficacy of both treatment pro-
cesses. CYN degradation was more effective for the corona-like
discharge in water following pseudo first order reaction with
0.24 + 0.02 g kwWh~! L~ in comparison to the DBD in air with water
droplets following a pseudo zeroth order reaction with
0.03 + 0.00 g kWh~! L~ (Fig. 4 and Table 2). CYN degradation ef-
ficacies will certainly improve following further technical optimi-
zations of the plasma treatment processes. However, the scope of
this study was to provide a basic understanding of prospective but
conceptually different plasma methods to guide efforts for future
developments. In both discharge systems, oxidative species are

1.042 -

corona
DBD
L]
0.8 A
£
[%]
S $
E 0.6
: :
Q
[7]
o
E 0.4 - %
S s
b2
0.0 T T T T T
0 10 20 30 40 50

Energy [kJ]

Fig. 4. Comparison of CYN degradation efficacy in a pulsed corona-like discharge in
water and a pulsed DBD in air with water droplets for best treatment parameters found
in this study for a total treatment time of 140 min and an initial CYN concentration of
0.8 ug mL~! (n = 3, error bars represent standard deviations).
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Table 2

Data on reaction kinetics and calculated CYN degradation efficacy for the best treatment parameters in the investigated parameter range (n = 3, mean + standard deviation).

Discharge type Reaction order Observed rate constant k Half-life Eq /3 [K]] Degradation efficacy Ecyn [g kWh™! L77]
Corona-like discharge in water Pseudo 1st order (84 +0.8) x 1072kJ ! 83+07 0.24 + 0.02
DBD in air with water droplets Pseudo 0™ order (79 +09) x 103 pgmL~" k! 504 + 5.4 0.03 + 0.00

continuously produced as long as voltage is supplied. Thus, differ-
ences in the degradation efficacies may have been caused by
quantity and reactivity of the produced oxidative species, but also
by the frequency of encounters with toxin molecules. Corre-
spondingly, Onstad et al. (2007) reported apparent rate constants
for oxidation by eOH being higher by a factor of 10* compared to
oxidation by O3. Hence, «OH were shown to have a higher reactivity
with CYN compared with O3. CYN degradation in the corona-like
discharge was mainly caused by ¢OH and, especially at neutral
and alkaline pH, by other, as yet unidentified reactive species.
Conversely, toxin oxidation by the DBD was primarily driven by Os,
whereas ¢OH only played a minor role, which may have caused the
different degradation efficacies. However, besides the reactivity of
the oxidative species with the toxin, the observed reaction kinetics
provide additional insight into the degradation process. The
observed pseudo first order reaction for the corona-like treatment
implied that the degradation rate depended on the concentration of
one of the reaction partners. Since the reactive species were
continuously produced as long as high voltage was supplied to the
system, CYN had to be the dependent variable. The pseudo zeroth
order reaction for the DBD treatment indicated that the degrada-
tion is independent from the concentration of both, CYN and the
produced reactive species. In this case, the reaction was diffusion-
controlled, i.e. the rate determining step was the frequency of en-
counters of reactive species with toxin molecules. The majority of
reactive species was produced in the gaseous phase, while the toxin
remained dissolved in the liquid phase. CYN degradation was thus
restricted to reactions at the air-water interface and in the solution,
which in turn was limited by the solubility of O3 in water and
consequently lower concentrations. In comparison, for the corona-
like discharge, reactive species were directly produced in the
aqueous phase — the same phase CYN was dissolved in. Further-
more, thorough mixing was ensured by the continuous flow of the
solution through the plasma reactor, consequently increasing the
frequency of encounters between reactive species and toxin mol-
ecules. Therefore, our results implied that the degradation efficacy
was determined by plasma-chemical processes of both discharges,
especially type and reactivity of produced oxidative species as well
as if they were produced in the same phase as CYN.

In order to assess the different degradation mechanisms for the
predominant generation of eOH and Os by the corona-like
discharge and DBD, respectively, HPLC-MS was employed to
follow the formation of potential CYN degradation products.
Following criteria were used to qualify a chromatographic peak as
potential product (Antoniou et al., 2008): peaks had to have a signal
to noise ratio of >3 and, if the same peak appeared in the untreated
sample as well, the peak area had to be at least two times higher in
the treated sample. Using this rule, multiple product peaks were
identified after 140 min treatment for both methods
(Supplementary Figs. S6 and S7). However, the purity of CYN used
for the experiments was estimated to be approximately 70%.
Therefore, detected m/z could not be unambiguously associated
solely with CYN degradation products. Table 3 compares products
detected in our study with information reported in the literature.
Only four products were also observed in other studies (Table 3).
For the products m/z = 432.0 and m/z = 308.0, the reactive species
responsible for the degradation appeared to be different. However,

dissolved O3 could decompose to ¢OH and the functional moieties
under attack could therefore qualitatively although not quantita-
tively then have been the same for both species, resulting in
identical degradation products.

When comparing the chromatograms of CYN after 140 min of
treatment by a corona-like discharge and a DBD, four and five
peaks, respectively, were found to be substantially different
(Supplementary Fig. S8). One of the product peaks (m/z = 485.0)
appeared in the chromatograms of both treatment methods, but
the peak area was at least one order of magnitude larger for the
DBD treatment compared to the corona-like discharge treatment.
Another peak appeared at the same retention time (0.5 min), but
represented two different products with m/z = 240.0 and m/
z = 306.0 for the corona-like discharge and DBD, respectively. One
distinctive product peak (m/z = 330.0) could only be seen in the
chromatogram for the corona-like discharge, whereas two other
distinctive product peaks (m/z = 439.0 and m/z = 481.0) appeared
only for the DBD treatment. Chemical structures for the products
with m/z of 432.0, 308.0, 306.0 and 240.0 have been proposed in the
literature cited in Table 3. For products newly detected in the pre-
sent work, more analytical work would help to elucidate their
chemical structures. Even though the m/z of the product peaks
could not definitively be associated solely with CYN degradation
products, these differences indicate distinct CYN degradation
mechanisms in both discharges based on the formation of different
reactive species.

Especially in the context of drinking water treatment, the
toxicity of the treated CYN solution, i.e. production of potentially
toxic degradation products, is an important aspect that needs to be
considered. Banker et al. (2001) detected two major degradation
products following chlorine treatment of CYN, namely 5-chloro-
CYN and cylindrospermopsic acid, in which the uracil moiety was
altered or removed. Both degradation products were non-toxic
with LDsg > 10,000 pg kg~! after five days of intraperitoneal in-
jection in mice, while the LDsg of CYN was 200 pg kg*1. The uracil
moiety thus seemed to be essential for the toxicity of CYN (Banker
et al.,, 2001), and, indeed, many CYN degradation studies reported
the uracil moiety to be susceptible to oxidation. In fact, Song et al.
(2012) determined that 84% of eOH, produced by the radiolysis of
water, initially reacted with CYN’s uracil moiety. Similarly, the
uracil moiety in CYN was also reported to be the most susceptible
site for reactions with O3 (Onstad et al., 2007; Yan et al., 2016). All
four degradation products detected in the present study that were
also reported by others (Table 3) corresponded to tentatively
identified compounds in which the uracil moiety was altered (m/
z =432.0; hydroxylation of CYN, likely to occur at the uracil moiety)
or completely removed (m/z = 308.0, 306.0, 240.0; following a series
of reactions) (He et al., 2014b; Yan et al., 2016). Therefore, it can be
hypothesized that CYN treatment by corona-like discharge and
DBD processes most likely yielded non- or at least less toxic
degradation products in comparison to the untreated CYN.

4. Conclusions

CYN was effectively degraded using two different NTPs. CYN
degradation was found to be more effective for a corona-like
discharge submerged in water compared to a DBD operated in air
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Table 3

Comparison of CYN degradation products (m/z) detected in the present study with the literature. Predominantly produced reactive species are

underlined.

m/z detected as [M+H]" Discharge type

Treatment method used in the cited studies

4320 DBD — O3
308.0 Corona-like — ¢OH
306.0 DBD — O3
240.0 Corona-like — ¢OH

UV/H,0, — OH (He et al., 2014b)
Ozonation — O3 (Yan et al., 2016)
Ozonation — O3 (Yan et al., 2016)
UV/H,0, — «OH (He et al., 2014b)

with water droplets. Both methods, rely on the generation of
different reactive species and might hence offer different advan-
tages with respect to application in water treatment. Especially the
corona-like discharge submerged in water can be very attractive in
case of high natural organic matter concentrations and the pres-
ence of chlorine or bromide. Because the main reactive species
produced by the discharge was eOH, the risk of toxic disinfection
byproduct production could be substantially reduced. Parameters
that were not studied here (such as electrode material, sample
matrix composition, gas type and flow, and reactor design) may
also affect degradation efficacy, i.e. reaction times and energy de-
mands. The notable residual oxidation in water after corona-like
discharge plasma treatment due to longer-lived reactive species
or other degradative mechanisms may have interesting implica-
tions for drinking water treatment. This depot can guarantee an
ongoing disinfection in the distribution system, just like chlorine
but without the unpleasant taste and odor, and therefore be
attractive for drinking water suppliers. However, associated po-
tential disadvantages or risks, such as water acidification or po-
tential toxicity to consumers, need to be carefully considered and
studied in more detail. Nevertheless, the presented study provides
a basic understanding of the interaction of NTPs with CYN, confirms
the potential of innovative NTP technologies for drinking water
treatment, and encourages future efforts on scaling up and in-
vestigations in relevant environments.
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