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Czech Republic; pstahel@physics.muni.cz (P.S.); rahel@physics.muni.cz (J.R.); cech@physics.muni.cz (J.Č.)
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Abstract: Cyanobacterial water blooms represent toxicological, ecological and technological problems
around the globe. When present in raw water used for drinking water production, one of the best
strategies is to remove the cyanobacterial biomass gently before treatment, avoiding cell destruction
and cyanotoxins release. This paper presents a new method for the removal of cyanobacterial
biomass during drinking water pre-treatment that combines hydrodynamic cavitation with cold
plasma discharge. Cavitation produces press stress that causes Microcystis gas vesicles to collapse.
The cyanobacteria then sink, allowing for removal by sedimentation. The cyanobacteria showed no
signs of revitalisation, even after seven days under optimal conditions with nutrient enrichment,
as photosynthetic activity is negatively affected by hydrogen peroxide produced by plasma burnt in
the cavitation cloud. Using this method, cyanobacteria can be removed in a single treatment, with no
increase in microcystin concentration. This novel technology appears to be highly promising for
continual treatment of raw water inflow in drinking water treatment plants and will also be of interest
to those wishing to treat surface waters without the use of algaecides.
Keywords: cyanobacterial bloom; water treatment; drinking water; surface water; cold plasma

1. Introduction
Increasing eutrophication of surface waters results in the development of cyanobacterial blooms,
resulting in a deterioration of water quality and disruptions in the use of water bodies for recreational,
technological and fisheries purposes or drinking water production [1]. Furthermore, there is clear
evidence indicating that cyanobacterial blooms are increasing in frequency, magnitude and duration
globally and that they are becoming a major technological, toxicological and hygienic problem [1].
Various methods are available for reducing or removing cyanobacterial blooms. A broad spectrum
of chemical compounds can be used as preventive or curative measures [2]; however, these can
cause additional ecotoxicological risks for aquatic ecosystems [3]. Further strategies for preventing
the development of cyanobacterial blooms are nutrient limitation [4], semi-natural methods such as
the use of plant extracts [5,6] or barley straw, and biological methods such as the use of probiotic
microorganisms and biotic interactions [7]. Of the many chemical and biological methods available,
physical methods are being increasingly investigated, as they not only remove cyanobacterial biomass
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but also cyanotoxins, which is especially important for drinking water treatment. While electrochemical
methods, such as electroporation, electrocoagulation or electroflotation [8], have been the subject of
particular interest, plasma discharge in combination with advanced oxidation technologies fortified by
ultrasonic or hydrodynamic cavitation are probably the most studied methods at this time [9–11].
In a study Kim et al. [12] that evaluated the reduction of algal biomass by applying non-thermal or
cold-plasma processes, it was found that such methods destroyed the cell walls of microalgae. Based
on their research, cold plasma seems to be a useful option for effectively treating pollution caused by
algal blooms in surface water. Plasma and cavitation technologies have been applied for purifying
water contaminated
by microorganisms [10,13]; however, practical applications have
been severely
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Figure 3. Details of the electrode system and its placement with respect to the cavitation cloud.
3. Details of the electrode system and its placement with respect to the cavitation cloud.
2.3. CyanobacterialFigure
Strain
and Culture Conditions

For our experiments, we used Microcystis aeruginosa PCC 7806 strain (Pasteur Culture Collection
of Cyanobacteria; Paris) cultured in BG11 medium for cyanobacteria (for medium composition,
see Supplementary Materials Table S1). The culture has now been placed in our laboratory culture
collection and is grown under standard conditions for cyanobacteria.
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cryptophytes. Samples were obtained from 2 cm below the vessel surface.
cryptophytes. Samples were obtained from 2 cm below the vessel surface.
2.7. Measurement of Photosynthetic Activity

2.7. MeasurementInduced
of Photosynthetic
Activity (ChlFl) characteristics were assessed using the AquaPen AP
chlorophyll fluorescence
100-C fluorometer (PSI, Drásov, Czech Republic) equipped with cuvette holder and amber-red (620

Inducednm)
chlorophyll
fluorescence
the AquaPen AP
LEDs as measuring,
actinic and(ChlFl)
saturationcharacteristics
light sources. A set were
of ChlFlassessed
parametersusing
was achieved
after 10(PSI,
min Drásov,
of dark pre-adaptation
at roomequipped
temperature
(22 ±cuvette
1 °C). Immediately
the
100-C fluorometer
Czech Republic)
with
holder andbefore
amber-red
(620 nm)
measurement, samples in the cuvette were thoroughly shaken to avoid sedimentation and/or surface
LEDs as measuring, actinic and saturation light sources. A set of ChlFl
parameters was achieved after
floating of cyanobacterial cells, then a saturation pulse (3000 µmol m−2 s−1, 500 ms) was applied and
◦ C). Immediately before the measurement,
10 min of dark
pre-adaptation
at
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temperature
(22
±
1
the maximal quantum yield (FV/FM) was measured. After another 30 s of relaxation in the dark, fast
samples in the cuvette were thoroughly shaken to avoid sedimentation and/or surface floating of
cyanobacterial cells, then a saturation pulse (3000 µmol m−2 s−1 , 500 ms) was applied and the maximal
quantum yield (FV /FM ) was measured. After another 30 s of relaxation in the dark, fast fluorescence
transient (OJIP curve) under actinic light (300 µmol m−2 s−1 , 2 s) was recorded. Three independent
samples from each treatment were analysed and ChlFl parameters including basal and maximal
fluorescence level (F0 , FM or FP ) or ‘Fix Area’ value were recorded. In order to compare the fitness
of cyanobacterial cells relatively and independently from the FV /FM value, a “Fitness factor” was
introduced as a ratio of the Fix Area value (defined mathematically as the area below the OJIP curve
limited by F0 time of estimation (40 µs) and time 1 s, after the extraction of background signal level) to
F0 according to the following equation:
Fitness factor = (Fix Area/F0 ) − 1000 (unitless)
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This value integrates both the overall fluorescence signal based on cell suspension properties
(density, chlorophyll content) and changes in the shape of the OJIP curve.
2.8. Microcystin Analysis
QuantiPlate Kit for Microcystins (EnviroLogix USA) was used for extracellular microcystins
determination. After experimental treatments, samples were filtered by 0.2 µm Sartorius filters. Results
are interpreted as the sum of microcystins.
2.9. Statistical Analysis
To find out if the datasets of the experimental results were statistically significant, analysis of
variance (ANOVA) was used.
After verification of normal distribution and homogeneity of variance, the data were processed by
analysis of variance (ANOVA), with differences compared the Tukey Honestly significant difference
(HSD) range test and significance set at p < 0.05.
3. Results and Discussion
3.1. Plasma Generation
While activity of reactive oxygen species (ROS) has been proposed as the driver of cyanobacterial
cell damage in previous studies reporting on the use of plasma in water treatment, there is no empirical
data to support this. In this study, we specifically set out to measure the presence of radicals generated.
In doing so, we not only confirmed the presence of oxygen radicals [OH] but also an appreciable level
of nitrogen radicals (see Figure 5). Spectral analysis of the discharge (taken just above the HV electrode;
spectral lines and bands identified using [19–21]; see Figure 5, for details see Supplementary Materials)
under both near UV (Figure 6) and NIR (Figure 7) clearly showed that the combination of HC + plasma
produced both oxygen radicals (single and/or triplet spectra) and hydroxyl or nitroxyl radicals. While
the water was only exposed to plasma for ca. 7 ms per cycle, the reactive oxygen/nitrogen species
(RONS) generated (e.g., peroxides) have a longer lifetime. The spectra also included atomic copper
lines arising from the metal electrodes themselves, with the strongest lines identified at 324.8 and
327.4 nm in the UV region; 510.6, 515.3 and 521.8 nm in the visible region and 793.3 and 809.3 nm in
the NIR region
Figures
6 REVIEW
and 7).
Water(see
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For example, nitrogen radical molecules present in the discharge atmosphere were diluted, as shown
by a comparison between the emission of the second positive N2 system (SPS; C 3Π→B 3Π) with the
first negative N2+ ion system (FNS; 2Σ→2Σ, ground state). The SPS comprised numerous vibration
bands (e.g., band 0-0 at 337.1 nm), while the FNS spectrum only showed a weak band at 391.4 nm
(band 0-0). Based on the second positive nitrogen system spectrum, the rotational temperature of the
N2 molecules was estimated at 3600 ± 300 K.
The emission spectra, showing atomic oxygen, atomic hydrogen and excited nitrogen
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oxygen lines (3s-3p triplets at 777.4 nm, 5S* -5P and 844.6 nm, 3S* -3P). The presence of a water layer
between the discharge and the PMMA tube contributed to absorption of the discharge emission [22].
For example, nitrogen radical molecules present in the discharge atmosphere were diluted, as shown
by a comparison between the emission of the second positive N2 system (SPS; C 3 Π→B 3 Π) with the
first negative N2 + ion system (FNS; 2 Σ→2 Σ, ground state). The SPS comprised numerous vibration
bands (e.g., band 0-0 at 337.1 nm), while the FNS spectrum only showed a weak band at 391.4 nm
(band 0-0). Based on the second positive nitrogen system spectrum, the rotational temperature of the
N2 moleculesWater
was2019,
estimated
atREVIEW
3600 ± 300 K.
11,
7 7ofof1717
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11,x xFOR
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Figure 6. Near UV/VIS spectrum of plasma in the liquid/cavitation bubble cloud environment.
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Figure 7. VIS/NIR spectrum of plasma in the liquid/cavitation bubble cloud environment.
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evaluation clearly showed production of RONS by HC + plasma.
The spectrum also consists of atomic copper lines (see Figures 6 and 7) arising from the material
of metal electrodes. The strongest identified lines were at 324.8 and 327.4 nm in the UV region, 510.6,
515.3 and 521.8 nm in the visible region and 793.3 and 809.3 nm in the NIR region.
For the identification of the spectral lines and bands the following literature was used: [19–21]
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3.2. Microcystis Growth Inhibition under Optimal Conditions with Nutrient Enrichment
We undertook an initial 8-day experimental trial, with samples taken after one, three and five
treatment cycles, in order to assess the number of cycles needed to (a) promote Microcystis damage,
and (b) assess whether cyanobacteria are able to recover growth and metabolic activity following HC +
plasma treatment under optimal conditions. This first test confirmed three cycles as being sufficient to
inhibit cyanobacterial growth under both HC and HC + plasma treatments, with the results for HC
+ plasma even more pronounced than for HC alone (Figures 8 and 9). While growth of HC-treated
Microcystis began to recover one week after a single cycle of treatment (Figure 8), it remained strongly
inhibited following treatment by HC + plasma, with little metabolic activity evident after eight days
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Hydrodynamic cavitation can be used in water treatment technologies for different purposes (for
review, see [28]) and can be combined with other technologies like advanced oxygenation
technologies, etc. Here, we combined HC with plasma and, in comparison to HC use only, all gas
vesicles had collapsed in every cell following the combination HC + plasma treatment (Figure 12C).
However, different mechanisms were employed when we combined HC with plasma. As a result,
Microcystis biomass was almost completely removed from the water column after one day of
treatment, and we hypothesize that the cells had insufficient energy to maintain metabolic activity.
This hypothesis can be proven by measurement of photosynthetic activity.
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Cyanobacterial biomass only showed a slow decline following treatment by HC alone, with a
noticeable effect only detectable after 3–6 days (Figure 10). In comparison, treatment by HC + plasma
resulted in a 95% drop in cyanobacterial biomass within a single day (Figure 11). Microscopic
examination confirmed that HC treatment affected cell structure, the cellular surface and, especially,
the gas vesicles and subcellular structure that allow Microcystis to float. This was confirmed by
microscopic observation, which showed abundant gas vesicles (black dots inside cells) in control cells
(Figure 12A) but a large number of empty cells after just one cavitation cycle (Figure 12B). Hydrodynamic
cavitation can be used in water treatment technologies for different purposes (for review, see [28])
and can be combined with other technologies like advanced oxygenation technologies, etc. Here, we
combined HC with plasma and, in comparison to HC use only, all gas vesicles had collapsed in every
cell following the combination HC + plasma treatment (Figure 12C). However, different mechanisms
were employed when we combined HC with plasma. As a result, Microcystis biomass was almost
completely removed from the water column after one day of treatment, and we hypothesize that
the cells had insufficient energy to maintain metabolic activity. This hypothesis can be proven by
measurement of photosynthetic activity.
(A)
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Figure 11. Removal of cyanobacterial biomass following HC + plasma treatment.

Water 2019, 11, x FOR PEER REVIEW

(A)

11 of 17

(B)

(C)

Figure 12. (A) Abundant
vesicles
dots dots
inside
control
Microcystis
cells; (B) Microcystis
Figure 12. gas
(A) Abundant
gas(black
vesicles (black
insidecells)
cells) inin
control
Microcystis
cells; (B) Microcystis
aftercavitation
the first HC cavitation
arrows show
the cells
collapsed
vesicles; (C) gas vesicles;
cells after the firstcells
HC
cycle. cycle.
RedRedarrows
show
thewith
cells
withgascollapsed
Microcystis cells after HC + plasma treatment, indicating intact cells with collapsed gas vesicles.
(C) Microcystis cellsCyanobacterial
after HC +photosynthetic
plasma treatment,
indicating
intact
cellsofwith
collapsed
gas vesicles.
activity, measured
using
dynamic
chlorophyll
fluorescence
(ChlFl) characteristics, exhibited significant changes already after 24 h after HC treatment, with the
effects particularly noticeable following treatment with HC + plasma (Figure 13). Compared to the
untreated control, basal ChlFl (F0) values increased in samples exposed to three cycles of HC and HC
+ plasma (Figure 13A). A considerable drop in F0 values was observed 48 and 72 h after HC + plasma
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Cyanobacterial photosynthetic activity, measured using dynamic of chlorophyll fluorescence
(ChlFl) characteristics, exhibited significant changes already after 24 h after HC treatment, with the
effects particularly noticeable following treatment with HC + plasma (Figure 13). Compared to the
untreated control, basal ChlFl (F0 ) values increased in samples exposed to three cycles of HC and
HC + plasma (Figure 13A). A considerable drop in F0 values was observed 48 and 72 h after HC +
plasma treatment, however, with cyanobacteria almost completely inactivated after two or three cycles.
The observed increase in basal ChlFl intensity was most likely connected with plasma-induced damage
to the thylakoid membrane; indeed, a similar increase in ChlFl intensity has been noted following
treatment with diuron (DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) [29,30] and some organic
pollutants [31].
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This further supports the hypothesis that while the HC treatment causes gas vesicles to collapse it is
not targeted directly against photosynthesis. The data also confirm that a single cycle of HC + plasma
treatment is sufficiently strong to limit photosynthetic function, with repeated treatments leading to
complete inhibition of almost all cyanobacterial cells (see Figure 13 A–C).
Similar trends for chlorophyll-a degradation and cell surface destruction were observed by
Kim et al. [12] using cold plasma treatment; however, these authors used a treatment time of 24 h
compared to our own contact time of just 1.48 s, which allows continual treatment (rather than repeated
treatments). These findings are particularly important from a practical point of view, as hydraulic
retention times in drinking water treatment plants are frequently short and storage tanks are limited,
and that is why this technology could be useful in such technological processes.
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completed within seconds in a single treatment, without the need for prolonged or repeated treatments
and without the release of potentially dangerous microcystins.
3.5. Hydrogen Peroxide
The natural concentration level of hydrogen peroxide in freshwaters varies depending on the level
of sunlight exposure, but can reach up to 10−5 M [34]. Compared with the 3 µM/L initial concentration
in our control cyanobacterial culture, the HC treatment produced around 20 µM/L, while treatment
with HC + plasma produced from 65 up to 116 µM/L of hydrogen peroxide, dependent on the number
of treatment cycles (see Figure 15). While hydrogen peroxide presence in control Microcystis culture
medium was lower than that produced by HC + plasma in pure mineral growth medium, hydrogen
peroxide concentrations in treated Microcystis cultures were high enough to confirm partial destruction
of microcystins
and fortification of the inhibitory effect of HC + plasma on Microcystis
photosynthesis
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direct methods that destroy cells and release toxins. An important merit of the method described
here is the adjustability of the system, which allows for the destruction of gas vesicles and reductions
in photosynthetic activity, while the cell membrane remains intact (see Supplementary Materials
Figure S1). As such, the combination of the HC and plasma treatment described in this paper would
appear to be a promising new tool for the removal of cyanobacterial biomass and toxins for a range of
water processes, including drinking water, surface water and industrial and household water treatment.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/1/8/s1:
Table S1: Composition of the growth media for cyanobacteria (= BG11), Figure S1: Determination of membrane
integrity, Further specification concerning the interpretation of spectra of cold plasma discharge.
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