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ABSTRACT  

Cyanobacteria (blue-green algae) are phototrophic microorganism that represent an 

essential component of the food web in all aquatic ecosystems. However, the effects of 

climate change and anthropogenic activities have intensely increased the load of nutrients 

in surface waters around the globe, making cyanobacterial harmful blooming (cyano-

HABs) more persistent and prevalent, adding further pressure on the already scarce fresh 

water supply. Their overgrowth is causing undesirable odor, color, and taste to the water, 

as well as toxicity since certain strains of cyanobacteria are producing secondary 

metabolites, called cyanotoxins which are lethal to both humans and animals. Currently 

an array of methods has been applied to mitigate the negative effects of cyano-HABs, that 

differ in cost, efficiency, and environmental impact.  Those can be categorized as 

physical, chemical, and biological treatment methods based on their application type. 

Chemical methods are the most applied ones for being efficient, cost effective, and having 

long-lasting treatment results. The most recently developed method is the use of liquid 

hydrogen peroxide (H2O2) in affected surface waterbodies which is by far the least 

hazardous chemical, among the treatment options, used for in-situ treatment. However, 

studies have shown that its efficiency varies based on the species type and density as well 

as on matrix composition. In cases of high contamination, the use of higher doses of H2O2 

than the recommended > 5 mg L-1 dose, are required. which negatively impact 

zooplankton and other non-targeted species. In this doctoral thesis, peroxide releasing 

compounds were utilized to test their potency to mitigate cyano-HABs as novel treatment 

alternatives to the high doses of liquid hydrogen peroxide. More specifically, the 

following oxidants were utilized: magnesium peroxide (MgO2) granules, calcium 

peroxide (CaO2) granules and powder, CaO2 granules enclosed in fabrics (GEF), and 

peroxymonosulfate (PMS). Calcium peroxide granules enclosed in textile materials and 

single low doses of peroxymonosulfates outperformed liquid H2O2 treatment in terms of 

efficiency, required dose, and environmental friendliness.  

Treatment with liquid H2O2 in concentrations 1 to 5 mg L−1 had no effect on the 

phycocyanin fluorescence (Ft) and quantum yield of PSII (Fv/Fm) indicating an 

ineffective treatment for the dense (1 million cells mL−1 ± 20%) and naturally occurred 

Merismopedia sp. bloom, while 1 g L−1 CaO2 granules succeeded in treating the bloom. 

In another study, metallic peroxide granules tested for their H2O2 releasing capacity in 
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filtered St. George Lake matrix, where they released significantly higher H2O2 

concentration and therefore had better mitigation efficiency than MgO2 granules. CaO2 

granules releasing capacity was also tested in three different matrixes: MQ-water, River 

Water and Dam water. Release kinetics results showed that matrix composition influences 

the H2O2 release by granules. In extra-pure water (milli-Q) the release of H2O2 was 

limited in comparison with its release in surface waters of CaO2 granules. For instance, 

dam water which was the least contaminated water, resulted in higher and continuous 

H2O2 yield of around 6 mg L-1 for 1 g L-1 CaO2 granules applied, whereas an equal CaO2 

dose in river water with elevated physicochemical characteristics released around 5 mg 

L-1 H2O2, and in lake water was around 3 mg L-1. Similar release experiments were 

performed in surface water spiked with humics, and BG-11 medium of different 

concetrations. Results have shown that humics can activate CaO2 granules through an 

interfacial mechanism causing the simultaneous generation of hydroxyl and hydroxyalkyl 

radicals. Additionally, application of CaO2 granules and liquid H2O2 in BG-11 matrices 

of different dilutions showed lower H2O2 availability than what expected, indicating that 

the presence of micronutrients and trace elements into the water can consume and/ or 

interact with the available H2O2.  

A toxicity study on invertebrate species of CaO2 granules revealed the undesirable effects 

on Echinogammarus veneris when applied in doses higher than 1 g L-1. Treatment of 

cultivated cultures with CaO2 granules, showed that doses higher than 0.2 and 1.0 g L-1 

CaO2 granules were efficient to treat Microcystis sp. and Aphanizomenon sp. in Kouris 

Dam matrix, respectively. Finally, treatment experiments of cyano-HABs contaminated 

water with PMS outperformed equal doses of liquid H2O2. Instant oxidant quantification 

during treatment also showed that PMS has a residual effect while H2O2 is rapidly being 

consumed or decomposed, supporting further the competence of PMS compared with 

H2O2 as a novel treatment method. Treatment experiments indicated that slow H2O2 

releasing CaO2 granules, and PMS could be alternative solutions to liquid hydrogen 

peroxide, when applied in appropriate doses, but further investigation is needed before 

their field applications to ensure safety of the aquatic ecosystem.   

 

Keywords: cyanobacteria, oxidant, restoration, surface water, treatment
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1 Introduction 

Cyanobacteria (blue-green algae) are phototrophic microorganisms and represent an 

essential component of the food web in all aquatic ecosystems. However, certain strains 

of cyanobacteria can produce secondary metabolites, also known as cyanotoxins, that 

have detrimental effects on human and mammalian health.  The adverse effects of climate 

change and several anthropogenic activities are contributing towards the more frequent 

and prolonged presence of harmful cyanobacteria blooms (cyano-HABs) across the 

globe, adding further pressure on scarce fresh water supplies (Scheme 1). To better 

manage the water resources wellness, there are four key elements: (a) prevention, (b) 

monitoring, (c) mitigation, and (d) prediction. Nowadays, emphasis is given in all four 

practices which are highly important to safeguard water resources and supply worldwide, 

while mitigation techniques are applied in cases where monitoring, or prediction were 

insufficient to eliminate or prevent bloom formation.  

 

Scheme 1. External factors driving cyanobacterial blooming in surface waters, and the most 

common side effects of cyano-HABs (created by: E. Keliri©). 

 



2 

 

1.1 Cyano-HABs 

1.1.1 Morphology – Taxonomy  

Cyanobacteria are phytoplankton microorganisms whose ability to oxygenate the 

atmosphere 3.5 billion years ago contributed to life formation [1]. It is a group of bacteria 

ranging from 1 to 100 μm in diameter, categorized based on their structure. However, 

recently more advanced taxonomic methods have been applied based on the 

cyanobacterial genetic sequences (molecular techniques) [2]. The main orders of 

cyanobacteria species are: Nostocales, Chroococcales, and Oscillatoriales (Scheme 2). 

Nostocales are filament forming heterocystous cyanobacteria which contain specialized, 

differentiated, and non-photosynthetic cells called heterocysts [3]. Those organisms are 

capable of aerobic N2-fixation due to their specialized cells. The most common genus of 

this group is Anabaena, Aphanizomenon, Cylindrospermopsis, and Nostoc [4]. 

Chroococcales such as Microcystis sp., are coccoid or rod-shaped organisms that 

multiply by binary fission. They can be found in loose colonies in which the constituent 

cells are held together by a common slime layer [5], or in well-structured layers like the 

pico-cyanobacterium Merismopedia species. Oscillatoriales, includes those filamentous 

taxa with a more complicated cytology, as they can be found with radial, fasciculate, or 

irregular thylakoid arrangement. Their single filamentous forms consist of a chain of 

trichome (vegetative cell), surrounded by slimy sheath [6]. In some cases, they form mats 

(macro-structures) on mud or rocks found in benthic environments. Some widely found 

Oscillatoriales species in surface water are the Planktothrix sp. (ex. Oscillatoria sp.), 

Arthrospira and Lyngbya [7]. 

 

Scheme 2. A simplifies cell structure/morphology of the three main orders of cyanobacteria, left 

to right: Nostocales, Chroococcales, and Oscillatoriales. 

Cyanobacteria gain energy to convert carbon dioxide into oxygen through the 

photosynthesis process by capturing light through their light harvesting complex, 

including pigments. The energy is transferred through pigments to the reaction center of 

the Photosystem II (PSII), where the energy is utilized to excite the electron to the 
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primary electron acceptor in order to perform the photosynthesis reaction. The main 

pigments involved in their photosynthetic processes are chlorophyll-a (chl-a) and 

phycocyanin, whose excitation wavelengths are at λ=450 nm and λ=620 nm, respectively 

(Scheme 3). Other pigments are also present in cyanobacteria cells such as phycoerythrin 

and allophycocyanin. Since pigments are present in all cyanobacteria cells, the color of 

each cyanobacterium is based on the proportion of its pigments. Higher concentrations 

of phycocyanin result in a blue-green color (e.g., Cylindrospermopsis sp.), of 

phycoerythrin a brownish-red color (e.g., Planktothrix sp.) and chlorophyll-a a green 

color (Microcystis sp.).  

Even though chl-a is present in all cyanobacterial cells, it is the dominant pigment in 

green-algae whereas the dominant pigment of cyanobacteria is phycocyanin, which 

allows the characterization of each algal taxa. The difference between the excitation 

wavelengths of chl-a and phycocyanin, allows the distinction between green algae and 

cyanobacteria, indicating their presence in freshwater and marine environments [8].  

 

Scheme 3. Photosystem II (PSII) photosynthesis processes through cyanobacterial pigments - 

simplified illustration (prepared by: E. Keliri). 

1.1.2 Anthropogenic and environmental drivers 

Even though cyanobacteria are present in all aquatic ecosystems and comprise a key 

component of their food chain, increased toxicity as well as undesirable color, taste and 

odor occurs during their excessive growth into the waterbodies. This is caused by the 

excess availability of nutrients in surface water. Anthropogenic activities such as 
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agricultural, urban, and industrial activities have intensely increased the load of nutrients 

in surface waters around the globe, making cyanobacterial blooming more persistent and 

prevalent [9]. Both nutrients and cyanobacteria are essential to maintain the aquatic 

balance, as nutrients support fish and shellfish production while cyanobacteria are 

supplying the food web of zooplankton  [10]. Disruption of this balance by excess load 

of nutrients causes the rapid and excessive growth of cyanobacteria which leads to the 

formation of cyanobacteria harmful blooms (cyano-HABs). Blooming events are 

recorded worldwide, every year, and studies showed that nowadays cyano-HABs display 

an expansion in range and frequency in response to climatic and non-climatic drivers 

[11]. The extent to which climate change is intensifying these events is not fully 

understood, but recent years showed increase contamination cases along with profound 

consequences on water quality, biodiversity, and toxicity of the waterbodies[12].  

Taste and odor compounds, distinct color, and increased toxicity, are reported during 

cyano-HABs events, worldwide [13]. The most well-studied and frequently met odor 

compounds are geosmin and 2methylisoborneol, while terpenoids, sulphides, lipid and 

pigment derivatives, aromatics, long-chain hydrocarbons, amines, alkaloids, 

lipopolysaccharides (LPS), and peptides are also released by cyanobacteria cells, causing 

water quality depletion.  The excreted or released during cell lysis bioactive secondary 

metabolites of cyanobacteria – cyanotoxins, can pose a significant hazard to the aquatic 

ecosystem and to human/mammalian health. As a result, an increase in treatment and 

operational costs of water treatment plants, where cyanobacteria water is used as source 

water is observed [14].  

1.1.3 Secondary metabolites - cyanotoxins 

As previously mentioned, toxic genera of cyanobacteria can excrete into the water a 

broad variety of bioactive metabolites, also known as cyanotoxins [15]. These 

metabolites can negatively impact the ecosystem and human health, making it an 

important environmental issue of concern [16]. Although their acute toxicity on humans 

is not extensively studied, mass mortalities of fishes, birds, mammals, and many other 

animal taxa have been reported [17]. Recent studies have correlated liver-related deaths 

in U.S and Serbia with several cyanotoxins [18, 19]. Cyanotoxins are divided based on 

their structure and/or their bioactivity. Main structural groups of cyanotoxins are the 
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cyclic peptides (e.g., microcystins, nodularins), alkaloids (e.g., anatoxins, saxitoxins), 

lipopolysaccharides and amino acids (e.g., BMMA), depicted in Scheme 4.  

  

Scheme 4. Structures of widely found cyanotoxins in surface waters, Left to right: microcystins, 

anatoxins, saxitoxins, nodularins, and BMMA.   

Based on their structure and toxicity they can act as neurotoxins, cytotoxins, endotoxins, 

and hepatotoxins; by targeting different organs of humans and animals. Microcystins are 

the most studied cyanotoxins, widespread in waterbodies all over the world (Scheme 4), 

and toxicity studies on mouse assays have shown that microcystin-LR (one analogue of 

microcystins) has an LD50 of 50 μg kg-1 (b.w., i.p. mouse) which is 10 times higher than 

the venom of cobra [20]. The most common exposure routes to humans are through the 

consumption of ineffectively treated drinking water, the consumption of contaminated 

food (accumulation of cyanotoxins in dietary products, shellfish, and fish), and direct 

contact with contaminated water during swimming and other recreational activities. An 

additional, but equally important, exposure route is inhalation of aerosols containing 

aerosolized cyanotoxins, hence water skiing is prohibited in cyanobacterial contaminated 

sites [21]. Little is known on the acute toxicity and health effects deriving from the 

absorption in the nasal tissue after inhalation [22], and therefore, more dedicated studies 

on human and animal exposure routes and their short- and long-term effects need to be 

conducted [23]. 

Cyanobacterial harmful algal blooms (cyano-HABs) are an increasingly pressing 

environmental problem affecting inland waterbodies and marine ecosystems. The first 

organization that officially provided guidelines for cyanotoxins in drinking water 

supplies was the World Health Organization (WHO) in 1984 and 1993, while in 2021 an 

updated version of those guidelines was published. Toxic cyanobacteria present in 

drinking water reservoirs pose a severe public health, recently prompting the EU to 

include safety levels for certain toxins in the revised Drinking Water Directive (EU) 

2020/21842 [24, 25]. More specifically, the revised directive suggests that by 2026 all 

Member States shall take all the necessary measures to ensure that water intended for 

human consumption complies with the parametric values given by the Commission (1 
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μg L-1 for microcystin-LR). Even though microcystin-LR’s presence will be regulated, it 

comprises only 1 of the 249 officially recorded derivatives (up to 2016) from the group 

of the hepatotoxic microcystins [15]. This means that in a contaminated site where other 

derivatives such as microcystin-RR are known to be detected in higher concentrations 

than 1 μg L-1, the water will be regarded as safe for consumption as long as microcystin-

LR is below the set allowable limit, something that scientist have pointed out during the 

revision process of the directive. On the other hand, WHO has issued guideline values 

for microcystins, cylindrospermopsin, anatoxins, and saxitoxins on their short-term and 

long-term exposure through the consumption of drinking-water and recreational 

activities [26–28].  

Even though considerable progress and research outcomes have been made on the 

detection and treatment of these cyanotoxins, there are still many actions that need to be 

completed in order to achieve the new guidelines and demands of the EU Directive 

2020/2184. Taking into consideration all the negative effects of cyanobacteria and 

cyanotoxins, it is extremely important to find effective cyano-HABs mitigation 

techniques to detoxify water, especially when intended for consumption, agriculture, 

aquaculture, and farming use. 

1.2 Cyano-HABs management 

Cyano-HABs presence in freshwaters that are source of drinking water is not only a 

health issue, but it also raises the overall treatment and monitoring costs which are in the 

range of millions of euros annually [29]. A recent study estimated the overall annual 

amount spent by the Australian Government related to cyanobacteria contamination, 

including hospitalizations, monitoring and treatment costs, restrictions in recreational 

activities, and food contamination costs. The total amount calculated was in the range of 

millions of losses per year (180 – 240 million AUD) [30]. For managing the blooming of 

cyano-HABs and cyanotoxins in surface waters, there are four key elements: prevention 

prediction, monitoring, and mitigation; with the latter one being the most utilized sector 

for the restoration of contaminated sites (Scheme 5).  
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Scheme 5. Managing cyano-HABs and cyanotoxins in waterbodies (created by: E. Keliri©). 

1.2.1 Monitoring, prevention, and prediction 

Monitoring cyano-HABs consists of regular (daily, weekly, monthly, or annually) 

sampling events into a waterbody, by public authorities or private companies to ensure 

good water quality status. The frequency of monitoring is decided based on the 

characteristics of each waterbody, its overall needs, and its ecological importance, as 

monitoring is usually a costly process. Monitoring surface water quality, especially with 

regards to cyano-HABs related parameters, is a complex action, as too many parameters 

required evaluation. Those parameters can be physicochemical water characteristics such 

as pH, conductivity, total dissolved solids, salinity, nutrient load (total, dissolved salts), 

photosynthetic parameters (PSII quantum yield, pigments fluorescence), speciation 

(microscopic techniques, molecular/genetic analyses), and cyanotoxins and other 

emerging contaminant analyses with advanced analytical techniques. The development 

of advanced analytical techniques enabled the characterization and quantification of the 

diverse groups of cyanotoxins and their derivatives (i.e., for the hepatotoxic microcystins 

249 derivatives have been isolated [15]). Conventional monitoring of cyanotoxins 

includes both environmental sampling and laboratory analyses [31] to decide on the 

quality status of the water. Usually, water is usually sampled from distinct locations of a 

waterbody, at various geometric coordinates, and in different heights within the water 

column, followed by its analysis, with highly precise, accurate, and state‐of‐the‐art 

analytical techniques, like HPLC-MS/MS (Scheme 6).  
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Scheme 6. Cyano-HABs water sampling, sample preparation and analysis of intra-cellular 

cyanotoxins (created with Biorender.com by E. Keliri ©). 

The most frequently used analytical techniques include: (a) enzyme-linked 

immunosorbent assays (ELISA) utilized as a screening method, (b) protein phosphatase 

inhibition assay (PPIA) for microcystins and nodularins, (c) chromatographic separations 

such as ultra or high-performance liquid chromatography-photo diode array (HPLC-

PDA), HPLC with Fluorescence Derivatization (HPLC-FD), tandem mass spectroscopy, 

and capillary electrophoresis have been used for the separation, identification, and 

quantification of mixtures of cyanotoxins (within the same or different groups of 

cyanotoxins) [32]. Among those, LC/MS technique is mostly preferred for lab testing 

and even as routine analysis because it gives faster chromatographic separations with the 

use of UHPLC, online SPE, and MALDI‐TOF. Also, multi‐class toxin methods have 

been developed, providing the structural characterization of the parent compound as well 

as of its transformation products, simultaneously. It is important to note, that sampling 

methodology and sample preservation and handling in the lab is equally important to 

sample analysis, in order to avoid degradation or contamination that will cause   

misleading estimations of the actual concentration of cyanotoxins in the sample. To 

address these issues, a new generation of monitoring systems are developed to be 

autonomous for the in-situ detection of cyanobacteria and/or cyanotoxins. These systems 

not only give real-time monitoring results on water quality, but they can also be utilized 

as early-warning system for the prevention of blooming events as well as to authorities 

on the toxic potency on the water [33, 34]. 
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Although the cost of properly monitoring a waterbody is high, the annual costs deriving 

from the cyano-HABs and its impact on health, tourism, and economy sectors are greater 

[14]. A new field in the water management sector, is the prediction of contaminations 

and cyano-HABs through advanced models that integrate data from long monitoring 

periods. Prediction can be the outcome of long-term monitoring, where huge datasets are 

being extracted and further analyzed through mathematical correlations to build 

prediction models [35, 36]. Those models could reduce monitoring costs and support the 

monitoring activities by indicating specified dates and periods that contamination is more 

likely to occur [37]. Currently, there is not any accredited method for the in-situ detection 

of cyanotoxins or an applicable predictive model for cyano-HABs occurrence, since not 

all cyanobacterial species are active toxin producers under the same conditions, and the 

conditions of cyano-HABs occurrence differ each blooming period. Therefore, it is 

imperative to find both predictive models and monitoring tools as well as efficient 

treatment methods to mitigate the problem and safeguard water quality while reducing 

the water treatment costs at source and in the waterworks.  

Besides monitoring the derivatives and concentrations of cyanotoxins, monitoring the 

level of nutrients in waterbodies and estimating their corresponding ratios are critical for 

improving the applied management strategies based on the specific needs of each 

waterbody. This allows to better control the limiting factors in order to prevent future 

blooming events [38, 39]. The main input of nutrients into the waterbodies comes from 

the misuse of fertilizers in agriculture as well as the sewage runoffs. To eliminate the 

waste disposal and the chemical usage near waterbodies, the European Commission of 

Environment of the EU has composed the Water Framework Directive (2000/60/EC) 

which aims to protect surface waters from chemical pollution. Additionally, the 

Organization for Economic Co-operation and Development (OECD) has actively 

participated in the development of frameworks and guidelines by reforming the surface 

water quality regulations in EECCA countries [40]. Based on those, OECD proposed a 

surface water classification (I – V class; excellent – bad) system based on different water 

quality characteristics, which are presented in Table 1. The use of this water status 

evaluation system has been widely adopted for monitoring water quality as well as to 

apply restorative measures when class upgrade is needed. These limits set by OECD were 

extensively utilized in the present thesis to characterize the water quality status of surface 

waters collected from lakes, dams, reservoirs and rivers in Cyprus. 
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Table 1. Proposed surface water quality standards by OECD based on the EU Directive 

(2000/60/EC). 

Parameter Unit Class I Class II Class III Class IV Class V 

pH [-] 6.5 – 9.5 

Total Nitrogen [mg/L] 1.5 4 8 20 >20 

Nitrate [mg/L] 1 3 5.6 11.3 >11.3 

Nitrite [mg/L] 0.01 0.06 0.12 0.3 >0.3 

Ammonium [mg/L] 0.2 0.4 0.8 3.1 >3.1 

Total Phosphorus [mg/L] 0.1 0.2 0.4 1 >1 

Orthophosphates [mg/L] 0.05 0.1 0.2 0.5 >0.5 

The concentration (total and dissolved fraction) of the main nutrients, nitrogen (N) and 

phosphorus (P), is a strong indicator of the eutrophic state of waterbodies, thus, several 

models have been developed over the years to form correlations [41]. The most applied 

stoichiometric reference is the Redfield ratio which describes the nutrient limitation of 

planktonic production in coastal waters based on the TN:TP molar ratio [42]. Even 

though Redfield proposed this ratio for its use on oceanic studies, it was well adopted as 

a universal nutrient limitation threshold with multiple citations in different types of 

aquatic systems. Redfield referred to an average N:P molar ratio that when exceeds 16, 

phosphorus becomes the limiting element for phytoplankton growth while when the ratio 

is below 7, nitrogen is the limiting element. Over the years, different ratios and 

approaches have been developed for better understanding of the limiting element based 

on the specific conditions of each waterbody (e.g., nutrient sources, phytoplankton 

species present). Based on the cited literature, lakes with different characteristics showed 

different correlations of nutrients with their trophic status, and the efficiency of the 

Redfield ratio varied in each case [43]. Recent studies indicated that higher TN:TP molar 

ratios (>22, P-limitation) are more suitable for surface waters while DIN:TP and NO3
-

:TP mass ratios have been used more often during the past years for determining the 

limiting elements in lakes [44]. Studies on dissolved nutrients mass ratios (DIN:TP, NO3
-

:TP, NH4
+:TP) suggested that in freshwater systems the DIN:TP mass ratio is a better 

indicator than the TN:TP molar ratio. Also, the NO3
-:TP mass ratio performed even better 

than DIN:TP as DIN includes ammonium which in some studies it showed a weak 
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correlation with N-limitation, resulting in a weaker model [45]. The nutrient ratios and 

thresholds proposed in the cited literature are presented in Table S1 (Appendix I).  

Even though, surface water monitoring combined with predictive models are essential 

for maintaining a healthy status and protect the biodiversity of aquatic biotopes around 

EU, unfortunate events of high nutrient loads that lead to the formation of cyano-HABs 

are mostly unpredictable. Therefore, highly efficient methods are required to be applied 

in-situ for the removal of cyanobacteria and the restoration of water quality status. 

1.2.2 Mitigation of Cyano-HABs and their negative side-effects 

1.2.2.1 Cyanotoxins removal 

The increasing prevalence and persistency of cyano-HABs in surface waters comprises 

an ongoing challenge for the water treatment sector and public health, not only because 

of the aesthetic effects that are caused but also because of the release of toxic metabolites 

into the water column. To address this problem, multi-dimensional approaches are 

applied worldwide for their “at source” prevention, the remediation of impacted 

waterbodies and the removal or degradation of cyanobacteria and cyanotoxins [46], 

additional to the in-situ practices. Throughout the years an array of treatment processes 

has been implemented for the mitigation of cyanotoxins in surface waters (i.e., dams, 

reservoirs, lakes) and water treatment plants. The applied treatment processes can be 

divided into five categories: (a) physical-chemical treatment, (b) membrane processes, 

(c) biological treatment, (d) conventional disinfection and/ or oxidation processes, and 

(e) advanced oxidation processes (AOPs).  

Physical methods such as coagulation and flocculation, dissolved air flotation, rapid and 

slow sand filtration, bank filtration, and activated carbon (particulate or powdered) are 

commonly used processes in water treatment plants. These methods exhibit different 

efficiencies for cyanobacterial cells removal, but they are found to be insufficient for the 

removal of soluble cyanotoxins or requiring higher adsorber doses (activated carbon) 

compared with the ones usually applied in water treatment. Integration of membrane 

processes (microfiltration, ultrafiltration, nanofiltration, and reverse osmosis) into water 

treatment is becoming more common when highly contaminated water with 

cyanobacteria requires to be treated. Micro- and ultra-filtration cannot remove soluble 
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cyanotoxins due to their permeability, and they can remove toxic cyanobacterial cells 

without causing them to lyse, hence avoiding the release of intracellular cyanotoxins. For 

soluble (extracellular) cyanotoxins reverse osmosis and nanofiltration are preferred as 

they are more efficient than UF due to their low molecular weight cut-offs [47].  

Biological degradation is an evolutionary yet low-cost treatment method of 

detoxification, which uses naturally occurring cyanotoxin-degrading microorganisms 

and it can be applied at source and in drinking water treatment plants [48]. Studies 

suggest that biological degradation in combination with existing water treatment methods 

may increase treatment efficiency and maybe more advantageous for mitigating 

cyanotoxins in drinking water treatment compared with conventional treatment 

processes. Conventional disinfection and/or oxidation processes are widely and well-

known methods not only for microbiological control but also for the destruction of water 

contaminants and in this case, cyanotoxins. Chlorine and its derivatives are extensively 

applied as disinfectants to ensure water purification and disinfection. Recent studies 

enhanced current knowledge and the state of the art on the removal of cyanotoxins from 

water, their possible transformation products, and the resulting toxicity of the treated 

water. It was shown that chlorination of several cyanotoxins decreased the overall 

toxicity of water, but the long-term effects of the corresponding transformation products 

have not been assessed yet. Therefore, further studies need to be conducted with respect 

to the residual toxicity of treated water with these highly efficient methods. Ozone is 

another well-known oxidizing agent with high oxidation potential. It is found to be 

effective on treating both intra and extracellular cyanotoxins leading to water 

detoxification but again the toxicity of their transformation products is not well-studied 

[46, 49].  

Advanced oxidation processes (AOPs) can produce highly reactive oxygen species that 

readily and rapidly react with water contaminants leading to their degradation and 

resulting in water purification and detoxification. In recent years, AOPs are preferred to 

conventional treatment methods as the removal mechanisms of cyanotoxins is through 

degradation and not containment in an adsorber [50]. Some of the most studied AOPs are 

UV irradiation coupled with oxidants (H2O2, K2S2O8, KHSO5), UV with ozone and 

catalytic ozonation, Fenton reaction, TiO2-based photocatalysis, UV and visible light 

activation, radiolysis, and ultrasonication. During chemical oxidation, transformation 



13 

 

products formation should be monitored since they may possess toxicity which is not 

known yet. AOPs exhibit great potential for the treatment of cyanotoxins and can be 

introduced in the DWTPs not only as a complementary option for controlling emerging 

compounds, but also as a pre-treatment procedure. To do so, the scalability of AOPs also 

should further investigated along with their mechanistic degradation pathways, and 

assessments of the transformation products’ toxicity. 

1.2.2.2 In-lake management of cyanobacteria  

Once monitoring activities detect an on-going bloom, mitigation practices need to be 

applied to the contaminated waterbody, that would result in long-lasting treatment 

results. The serious and direct human and animal health effects posed by cyanobacterial 

blooms, have led to the necessity to find efficient in-situ mitigation techniques. Currently 

an array of methods is applied to mitigate the negative effects of cyano-HABs, that differ 

in cost, efficiency, and environmental impact. Physical, chemical, and biological 

methods have been developed and applied over the years with the chemical ones to be 

cost effective, rapid, and more efficient towards the contaminant [51]. However, 

chemical methods are the most invasive methods, so careful examination of the chemical 

properties should be conducted prior to their in-lake use. The most known and used 

methods are extensively described in Table 2, and are categorized as physical, chemical, 

and biological methods based on their application type. Those methods were evaluated 

based on their efficiency, on their application challenges, and their environmental impact. 

Given the wide array of methods and products available in Table 2, it is obvious that the 

efficiencies of the applied methods vary, they depend on several factors, and most of the 

methods have great or questionable impact on the environment. In addition, some 

technologies require the in-field application of devices that increases both maintenance 

and operational costs as well as their application can cause undesirable side effects due 

to invasion to the ecosystem. Also, some mitigation methods do not target cyano-HABs 

directly but eliminate other factors that favor cyanobacterial growth, such as nutrients 

load or dissolved oxygen penetration (e.g., Phoslock, Surface mixers). 

Nutrient reduction through physical and chemical methods, is a preventative measure and 

the core of many applied physical methods. It is proven to be an effective approach for 

short-time control of cyano-HABs, however it is projected that it may take decades to 

give long-lasting effects. Controlling the availability of nutrients (N, P) comprises a 
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crucial factor, but it depends not only on the applied techniques in the field but also the 

input of nutrients from external factors that cannot always be monitored and eliminated 

[52]. In any case, the mitigation strategy can be challenging and requires consideration 

of many parameters and datasets to apply the optimum treatment in each waterbody. So 

far, mitigation techniques are rarely custom-made for each contamination case while 

most of the times, are applied without the appropriate evaluation of several factors such 

as physicochemical characteristics of the water, phytoplankton characterization, and 

zooplankton wellness.  

Table 2. Summary of cyano-HABs management options describing their efficiency and 

environmental impact. 

Method Efficiency/ Difficulties Environmental Impact 

PHYSICAL 

Ultrasonic Need of high-power units 

(difficult for in field 

applications), disruption of 

cyanobacterial cell but limited 

penetration through water. 

High-power ultrasound is harmful 

to aquatic organisms. Toxins 

release from cell lysis, increasing 

the extracellular toxin 

concentration.  

Screens/ 

Barriers 

Suitable only for buoyant 

species, does not treat but 

eliminates the spread of cyano-

HABs into the waterbody. 

Screens are easily broken up 

by wind. 

Plastic contamination, no harm to 

aquatic organisms. 

Surface Mixers; 

Fountains 

Moderate to low efficiency, 

needs power supply and 

maintenance costs. High 

power usage and their 

operation may produce odor 

compounds and noise. 

No harm to the aquatic organisms. 

Oxygenation 

(Aeriation) 

Does not target cyano-HABs 

but increases dissolved 

oxygen, causing improvement 

to the water quality. System 

installation may cause nutrient 

availability from soil 

increasing the chances of 

future cyano-HABs blooming. 

The installation may cause change 

on the communities of 

phytoplankton, zooplankton. 

System causes nutrients to become 

more available to phytoplankton 

and aquatic plants, increasing their 

growth rate. 

No harm to the aquatic organisms. 
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Dredging/ excavation Efficiency varies depending on 

physical, chemical, and 

biological conditions of the 

waterbody. Very expensive 

method and soil disposal 

issues. 

Possible disruption of the benthic 

ecosystem. 

Surface aeriation - 

Destratification 

Works only with 

cyanobacterial species that 

form surface scums and 

efficient when treating a small 

surface area portion. 

Increased noise and requirement 

for high energy supply. 

Withdrawal of 

bottom waters 

It removes low-oxygen, 

nutrient-rich water to limit the 

nutrients available for cyano-

HAB growth. It works only in 

systems where the bottom 

waters are cooler than the 

surface waters, and oxygen 

concentrations are low in the 

bottom waters (stratification 

conditions). 

Waste of deriving from the 

withdrawal of waters high in 

nutrients, Release of nutrients in 

the environment can have negative 

effects on fish and other aquatic 

habitants. No direct hazard. 

Light exclusion 

technology 

Limited evidence of benefit. 

Not suitable for large water 

bodies. 

Shade-covers and other floating 

devices can have unexpected 

consequences on enhancing 

sediment nutrient production. 

CHEMICAL 

Geochemical 

compounds (alum, 

Phoslock, Aqual P™, 

Bephos™) 

Forms flocks that adsorb 

phosphate from the water and 

sediments, removing one of the 

key nutrients that allows algae 

to grow to bloom proportions. 

Considerable literature 

showing benefits if dosage and 

background conditions 

are appropriate. Works when 

phosphorus loads are internal 

and only as a preventative 

measure. 

Risk of legacy effects (e.g., 

chemical could remain in bottom 

sediments). 

Copper sulfate 

(algicides) 

Copper sulfate is/was a 

popular method for controlling 

cyanobacteria in reservoirs and 

lakes globally with high 

efficiency. 

As knowledge of the toxicity 

effects of copper on food webs 

increases, and concern about its 

persistence in sediment grows, 

many authorities globally are 
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banning or discouraging its use 

(EU Regulated chemical). 

Sediment capping A capping layer (active-carbon 

or passive-sand) is designed to 

reduce nutrient releases from 

the sediment to the water 

column. Capping is time 

consuming and controls only 

the nutrients. 

Unwanted side effects on benthic 

organisms, such as a decrease in 

growth, reproduction, or diversity. 

Macroalgae extracts Extracts of macroalgae species 

such as Chara vulgaris, with 

algicidal effect applied on 

Microcystis sp. and resulted 

in promising results. 

The effect on non-targeted species 

has not been explored yet, but the 

extracts exhibited high efficiency 

on treating cyanobacteria species. 

The application of macroalgae 

extracts may disrupt the chemical 

balance of water, hence their 

application necessitates further 

investigations  

Hydrogen Peroxide The amount of chemical 

needed for each cyanobacterial 

species and in each waterway 

varies, so it requires trials to 

optimize dosages. 

In lakes with a high abundance 

of eukaryotic algae, the 

breakdown of hydrogen 

peroxide may be so fast, that it 

will not remain long enough in 

the water to effectively kill 

cyanobacteria. Furthermore, 

the use of hydrogen peroxide 

in water bodies larger than a 

few hundred hectares is likely 

impractical and not cost 

effective. 

When administered at the correct 

dose and distributed 

homogeneously, this chemical can 

preferentially kill or inhibit cyano-

HABs without affecting other 

algae, aquatic animals, and plants. 

In cases where more resistant 

cyano-HABs such as Microcystis 

are prevalent, hydrogen peroxide 

may not be capable of fully 

removing cyano-HABs without 

harming zooplankton. 

H2O2 releasing 

oxidants (e.g., CaO2, 

MgO2 granules) 

Efficient as hydrogen 

peroxide, sometimes 

outperforms HP, but some 

considerations for in-situ 

treatment derived from their 

size and type (granular form) 

Our preliminary results: High 

doses of CaO2 increase pH and 

release Ca(OH)2 in water. Doses 

higher than 3 g/L are lethal to 

zooplankton. 
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OXONE® 

(Peroxymonosulfate) 

Highly efficient towards 

contaminant. Still under 

investigation. 

Preliminary studies showed 

minimal effect on invertebrates on 

the applied doses.  

BIOLOGICAL 

Biological treatments 

(e.g., bacterial 

seeding) 

Very limited scientific 

evidence of method’s 

efficiency. 

Introduced organisms may not 

necessarily outcompete resident 

populations. 

Biomanipulation of 

food web 

Only used as short-term 

strategy. Food web controls are 

notoriously difficult such as 

manipulating zooplankton or 

fish. 

Disrupting the ecosystem balance 

within the waterbody. 

Aquatic plants 

(floating islands and 

wetlands) 

Floating and submerged plants 

are used. Evidence of benefit 

only in shallow systems. 

The use of plants by birds could 

increase faecal contamination and 

nutrients load. 

 

Chemical treatment methods utilizing compounds with algicidal effects is the most 

common and widely used mitigation strategy for both cyano-HABs and their secondary 

metabolites degradation [53]. In the early years of surface water treatment, copper sulfate 

was extensively used for its algicidal properties, resulting in various treatment 

efficiencies. Some lakes stated re-occurrence of the blooms just 2 months after the 

treatment. The observed side-effects and the advancement of knowledge regarding its 

environmental impact, led to the elimination of its use, while in some locations its use is 

regulated (EU, and some US states) [49, 54]. Among other side-effects, toxicity on 

aquatic organisms, accumulation in soil, oxygen depletion due to biomass coagulation, 

treat and increased phosphorus levels released from the sediments, were reported. [45, 

46] 

Later, there was a shift towards the application of biological methods, such as barley 

straw use, that were considered more “environmentally friendly”. Barley straw’s ability 

to release phenolics and carboxylic acids exhibited a mild algicidal effect in water. Even 

though, this method is cheap, easily applied, and safe for the aquatic environment, its 

treatment efficiency is low [55]. The application of natural algicides was introduced in 

literature, as “environmentally friendly” options for the treatment of cyano-HABs. Those 

chemical methods are utilizing macroalgae extracts (e.g., Chara vulgaris), known as 

allelochemicals, that exhibited high treatment efficiency towards Microcystis, but their 
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application in surface water necessitates further investigations [56]. Other biological 

methods were also investigated such as biomanipulation of food web, and bacterial seeds, 

which had minimal effect on the tested cyanobacterial species, or enormous application 

difficulties, leading to the reconsideration of chemical treatment methods. The need to 

make chemical treatment “greener” has led to the application of hydrogen peroxide 

(H2O2) as an alternative to copper algicides, resulting in selective reduction of 

cyanobacterial species among other taxa of phytoplankton [57–59]. 

Hydrogen peroxide  

Table 3. Physical-chemical properties of hydrogen peroxide (Sigma-Aldrich). 

H2O2 chemical properties 

Chemical structure 

 

Molecular Formula H2O2 

Chemical name Hydrogen Peroxide 

Molecular weight 34.015 

Color/Form Colorless liquid 

Solubility in water 1x106 mg L-1 at 25 °C 

Decomposition reaction 2 H2O2  → 2 H2O + O2 

Reduction reaction H2O2 + 2 H+ + 2 e- → 2 H2O (Eo=1.77 V) 

Hydrogen peroxide decomposes into H2O and O2, while when it is applied in the presence 

of a catalyst it can form reactive oxygen species (ROS) with high oxidative potential 

(Equations 1-2). Its chemical and physical properties are presented in Table 3. The fact 

that utilization of H2O2 is an advanced chemical oxidation treatment method, with the 

ability to generate hydroxyl radicals that target both cyanobacterial cells and 
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cyanotoxins, increase its treatment efficiency [60]. The hydroxyl radicals (.OH), with a 

high redox potential (Eo=2.7 V), are formed by H2O2 and can inhibit the electron 

transport of photosystem II, causing reduction of its photosynthetic activity, hence 

leading to cellular death [58, 61, 62].  

2𝐻2𝑂2  →  2𝐻2𝑂 +  𝑂2    (Eq.1) 

𝐻2𝑂2 + 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 →  𝑂𝐻− + 𝐻𝑂.   (Eq.2) 

The interaction mechanism between H2O2 and cyanobacteria cells is not yet fully 

explored, but there are indications that H2O2 is diffused within the cell due to the 

permeability of cell wall membrane, simulating H2O diffusion. Earlier studies suggested 

the presence of aquaporins channels could also transfer the H2O2 within the cell wall  

[63–65].  

Liquid H2O2 has been successfully applied for the mitigation of dense and resident 

blooms in surface waters. However, there are studies suggesting that its efficiency varies 

and depends on the nutrient load of the matrix, the species composition and abundance, 

the boom density, and light intensity. Usually high doses of H2O2 (>5 mg L-1) are required 

for a complete destruction of cyanobacterial cells [66, 67]. There were blooms which 

demanded doses higher than 10 mg L-1, which are deemed harmful for the lake 

ecosystem. A study by Wang et. al. (2019) showed that repeated additions of liquid H2O2 

extent the residual effect of the oxidant into the water column, while resulting in 

successful Microcystis sp. mitigation [68]. It is imperative to find methods for 

eliminating high direct doses of oxidants into the waterbodies to safeguard non-targeted 

species. An alternative to liquid hydrogen peroxide is its powdered and granular form 

found as metallic peroxides (CaO2; MgO2), as well as the peroxide containing compound, 

peroxymonosulfate (KHSO5).  

Metallic peroxide granules 

Calcium peroxide (CaO2) granules have been applied on a broad spectrum of 

environmental remediation processes over the last few years due to their potency to 

release H2O2 and O2, as shown in Equations 3-5 [69, 70]. Kinetic studies on their reaction 

pathways showed that once granules are applied into the water, they can directly react 

with water to form H2O2 and oxygen without the presence of a catalyst [69]. CaO2 



20 

 

granules were previously applied for soil and groundwater remediation, as well as for 

odor control, chemical decomposition, and oxidation of persistent contaminants [71]. The 

properties of granular and powdered form of CaO2 are presented in Table 4.  

There are only a few studies on the application of CaO2 granules for treating 

cyanobacteria contaminated surface water, especially for controlling Microcystis blooms 

[72–74]. Other types of granules and beads containing CaO2 were fabricated and used 

for the mitigation of cyanobacteria resulting in high treatment efficiency [75, 76]. These 

studies outline the potential of this compound to be used in an array of applications due 

to its physical, chemical, and algicidal properties which are not yet fully understood and 

explored.  

𝐶𝑎𝑂2 +  2𝐻2𝑂 →  𝐶𝑎(𝑂𝐻)2 ↓ + 𝐻2𝑂2  (eq.3) 

𝐶𝑎𝑂2 +  2 𝐻2𝑂 →  𝐶𝑎2+ + 2 𝐻2𝑂2 → 𝐶𝑎2+ + 2 𝑂𝐻− +  2 𝐻𝑂. →

                   𝐶𝑎(𝑂𝐻)2 ↓ + 2 𝐻𝑂.  (eq.4) 

𝐶𝑎𝑂2 +  𝐻2𝑂 →  𝐶𝑎(𝑂𝐻)2 ↓ + 
1

2
𝑂2 (eq.5) 

Their application for restoring surface waters could be useful when multiple liquid H2O2 

doses are required, based on their H2O2 releasing properties. Other important 

characteristics of CaO2 granules are their (a) orthorhombic structure which provides high 

thermal stability against its decomposition, (b) low solubility (almost insoluble) in water, 

and (c) inexpensive production line which requires only low-cost raw materials [77].  

Table 4. Physical-chemical properties of calcium peroxide and calcium peroxide granules 

(Sigma-Aldrich; SOLVAY). 

  CaO2 CaO2 granules 

Chemical structure/ 

Crystal structure 

  

Molecular Formula CaO2 

Chemical name 
calcium peroxide 

calcium peroxide in the form 

of IXPER® 70C 
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Molecular weight 72.1 

Color/Form grayish white powder yellowish white granules  

Solubility in water limited limited 

Decomposition reaction CaO2 + H2O → ½ O2 + Ca(OH)2 

CaO2 + 2 H2O → H2O2 + Ca(OH)2 

Peroxymonosulfate (PMS) 

Peroxymonosulfate anion derived from peroxysulfuric acid (H2SO5) is a very unstable 

and reactive acid, hence it had not been successfully synthesized in the form of a stable 

mono-salt [78], but it can be found in the market in the form of a triple salt of potassium 

peroxymonosulfate which is stable in room temperature [79] The application of PMS on 

the removal of cyanotoxins, and other emerging contaminants of concern, showed great 

selectivity towards the pollutants, hence high treatment efficiencies [80]. Its properties 

are presented in Table 5. PMS is an unsymmetrical oxidant which can produce both 

hydroxyl and/or sulfate radicals, in the presence or the absence of a catalyst or an 

activator. Sulfate radicals (SO4
●-) have strong oxidation potential (Eo=2.5 V), making it 

a powerful oxidant agent. The half-life of sulfate radicals is around 30 μs the half-life of 

hydroxyl radicals is only 20 ns; hence the selective oxidation of SO4
.- 

compared with the 

non-selective ●OH [81]. Even though its strong oxidizing potential and the high treatment 

efficiencies, PMS had not been explored for cyano-HABs treatment and its in-field 

application, except one recent study of Chen et. al (2021) [82].  

Table 5. Physical-chemical properties of potassium peroxymonosulfate and its triple salt - 

OXONE ® (Sigma-Aldrich). 

 PMS OXONE ® 

Chemical structure 

 
 

Molecular Formula KHSO5 KHSO5 · 0.5 KHSO4 · 0.5 K2SO4 
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Chemical name Potassium 

peroxymonosulfate 

Potassium peroxymonosulfate triple 

salt (OXONE) 

Molecular weight 152.2 307.38 

Color/Form Off-white powder White powder 

Solubility in water decomposes >250 g L-1 

 

1.3 Research novelty  

1.3.1 Research questions/ hypothesis 

This doctoral thesis aimed to test novel oxidants that have the capacity to outperform 

current treatment methods (H2O2) in terms of application costs, cyano-HABs mitigation 

efficiency, and environmental impact. To do so, an experimental procedure was designed 

to investigate novel oxidants under comparable conditions, as based on the cited literature 

so far studies on cyano-HABs in-situ remediation, were performed under different 

conditions that are not comparable, making it difficult to choose between treatment 

options. Experiments were performed to examine the mitigation efficiencies, and the 

algicidal properties of the following peroxide-generating oxidants: calcium peroxide 

(CaO2), magnesium peroxide (MgO2), and peroxymonosulfate (KHSO5; PMS) as 

alternatives source of strong peroxide oxidizers.  

Since metallic peroxide granules are reported in the literature as slow releasers of H2O2, 

we hypothesized that utilizing peroxide granules they would exhibit the same or 

increased treatment efficiencies compared with liquid H2O2. Both, their powdered and 

their granular form, were examined for their H2O2 releasing capacities and their reaction 

kinetics in extra pure and surface water, to identify which form results in the gradual and 

controlled release of H2O2 simulating its multiple additions.  

The H2O2 releasing properties of CaO2 granules, in different water matrices have not been 

extensively studied so far, hence limited data is found for their releasing properties and 

treatment efficiencies. Herein, their application to mitigate dense blooms of 

cyanobacteria was investigated as well as their releasing properties in water matrixes of 



23 

 

several compositions. The effect of nutrients, microelements, and natural organic matter, 

on the releasing properties of granules were some of the investigations performed. The 

hypothesis was that CaO2 granules would have the ability to destroy cyanobacteria cells 

by inhibiting the PSII electron transfer in the same way as H2O2 does, but in a more 

gradual and controlled manner, avoiding the instant high doses (>5 mg L-1) of H2O2 that 

disrupt the entire lake ecosystem (e.g., zooplankton and phytoplankton). Same 

hypothesis was applied for peroxymonosulfate application in surface water. The 

hypothesis was that PMS would require lower applied doses than H2O2 (in equal molar 

concentrations), making it an outstanding treatment method for cyano-HABs. 

Extensive monitoring activities including monthly sampling of George Lake and 

Athalassa Lake (National Forest Park, Nicosia, Cyprus) captured an ongoing 

Merismopedia sp. bloom during 2019, and a dense Planktothrix bloom in 2020. 

Therefore, preliminary studies to test the above oxidants’ ability on destroying cyano-

cells were conducted in water collected from surface waters during naturally occurring 

blooms. Dedicated experiments were designed for each oxidant in order to test: (a) the 

released peroxide concentrations, (b) the mitigation efficiencies, (c) the effect of matrix 

on their treatment efficiency and peroxide generation, and (d) their effect on 

Echinogammarus veneris sp., an invertebrate specie sensitive to environmental changes.  

The results of the above experiments led to additional investigations on their application 

method, as side products and unwanted effects were decreasing granules’ efficiency. 

Specifically, the possibility of utilizing a delivery system to enclose the granules was 

explored. The granules enclosed in fabrics, proposed a holistic approach to treat 

cyanobacteria, which allowed the elimination of the unwanted side effects and resulted 

in efficient and controlled application of granules. The novelty of the present study relies 

not only to the use of CaO2 granules as an alternative H2O2 source but also the 

investigation of its controlled application through a delivery system, using recycled 

textile materials and contributing to a greener economy towards the achievement of the 

UN SDG goals. 

Apart from the above peroxide releasing chemicals, a peroxide including chemical 

(OXONE ®) which is widely used as an oxidizing agent was tested for its mitigation 

efficiency, dose requirements, and environmental friendliness, always in comparison 

with the equal doses of liquid H2O2, which is the current practice. OXONE® 
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monopersulfate compound is a potassium triple salt mainly used as a stable, easy to 

handle and nontoxic oxidant. Although it was widely used as an advanced oxidation 

process for cyanotoxins degradation, there is only one study utilizing it as an algaecide. 

Hence it is of high importance to study the treatment of efficiencies of PMS, and its 

toxicity on non-targeted organisms.  

Additionally, no rapid and reliable methods were available in the literature for the 

quantification of PMS, thus, a quick (<1 s), reliable and easy quantification method was 

developed at the Water Treatment Laboratory – AQUA and a patent has been submitted 

to the national patent office and the United States Patent and Trademark Office. The 

current available method that was previously developed in our group, is an iodometric 

method titrated with standard sodium thiosulfate solution requiring a minimum reaction 

time of 15 minutes per sample [83]. Handling more than 40 samples per experiment, such 

methods are not feasible to be applied. The developed POXi kit requires some seconds 

per sample and can be determined spectrophotometrically in multiple plate reader 

spectrophotometers, saving time and labor. 

Overall, the aim of the present study was to develop and optimize an efficient and safe 

for the environment treatment method for mitigating surface water quality by destroying 

cyanobacterial cells while keeping the wellness of the remaining ecosystem, as an 

additional advantage from the current approaches. 

1.3.2 Side-projects related to cyano-HABs monitoring & treatment 

Along with the main research of this Doctoral Thesis, I was involved in the following 

side projects which were complimentary to the main activities of the present thesis: 

A) CYANOXI (ex. CYANOCONS): “Novel physical-chemical oxidation processes 

for mitigating toxic cyanobacterial blooming”. The project was funded and 

supported by the Cyprus Seeds Organization, and it aimed to test novel oxidants 

for the in-lake mitigation of harmful cyanobacteria blooms and with high 

commercialization potential. This project correlated directly to the thesis topic, 

and the main findings of this project are presented in Chapters 3.2-3.3.  

B) POXI “A testing kit for the rapid, accurate, and easy quantification of 

peroxymonosulfate compounds based on a colorimetric method” (co-PI), The 

project was a side-product of CYANOXI project which is funded by the Cyprus 
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Seeds Organization, and it aimed to develop a method for the quantification of 

PMS, discussed in Chapter 3.3. For the above kit a Cyprus patent application, 

CY202000002 (September 2020); US Provisional patent application (USPTO, 

October 2020); and a US patent application (USPTO, 2021) was filed through the 

hosting Institution, the Cyprus University of Technology. The method is 

explained in Chapter 3.3.1. 

C) CYANOS: “Monitoring and treatment of cyanobacterial contaminated surface 

waters in France and Cyprus”. It was a 2-year bilateral project funded by the 

Research Promotion Foundation of Cyprus and the Campus of France. During 

this project, monitoring of Polemidia Dam, Kouris Dam, Athalassa and St. 

George Lakes were monitored, and focus was given to St. George Athalassa Lake 

for monitoring and treatment with H2O2 granules. The goal of this study was to 

examine the efficiency of treatment in a dense single-species bloom that occurred 

in St. George Lake of the Athalassa National Forest Park, in Cyprus with metallic 

peroxide granules and compare it with the traditionally used liquid hydrogen 

peroxide. The first objective was to determine the kinetic of the H2O2 release of 

two types of granules (CaO2 and MgO2) into an on-going bloom by monitoring 

its residual concentration during the treatment. The second objective was to 

compare the efficiency of granules in reducing the photosynthetic activity during 

a 48-hours treatment. This study also aimed to determine the most appropriate 

dose of oxidant for successful mitigation of the Merismopedia sp. bloom to 

propose an efficient treatment method for in-lake application that will upgrade its 

water quality class, as proposed by EU. Main findings of this side-project are 

presented in Chapter 3.1. 

D) CYANOBOX: “Automated In-situ CYANOtoxin Assessment ToolBOX for 

Real-Time Surface Water Monitoring” (CYanoBox). It is a 3-year project under 

the RESTART Enterprises call, funded by the Research and Innovation 

Foundation, Cyprus. Along with the Cyprus Research & Innovation Center 

(CyRIC), we are developing a unique water processing system that can remotely 

filter and lyse the cyanobacterial cells in-situ so that an accurate measurement is 

taken for both extracellular and intracellular concentration of microcystins. The 

project aim is to deliver an autonomous, affordable, and easy to operate water 

monitoring system as an early-warning tool for surface waters affected by cyano-
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HABs. During the validation of “CYANOBOX” monitoring sensors a scale-up 

treatment of Athalassa’s lake water, was performed utilizing H2O2, CaO2 granules 

and PMS. The experimental procedure that took place at the premises of CyRIC, 

is presented in Chapter 3.4. 

E) CYANOTECH: “A sustainable and innovative management system for toxic 

cyanobacteria blooming of surface waters with combined energy production, 

sustainable agriculture, and food safety”, - work packages related to the treatment 

of cyanobacteria with advanced oxidation processes. 

F) Mini CYANO-project: Screening of rivers in Cyprus for determining 

cyanobacteria speciation, toxic genes, and cyanotoxins presence in benthic 

macrophyte cyanobacteria masses. The project was conducted in collaboration 

with Mrs. Athena Papatheodoulou through I.A.CO Environmental & Water 

Consultants Ltd. The results of this study are not presented herein. 

1.3.3 Research outline 

The thesis is divided in two sections based on the research topics that it tackles. The first 

part is on the “Monitoring and treatment of naturally occurring cyano-HABs” which 

includes two case studies of naturally occurring blooms in lakes located at the National 

Park of Athalassa (Chapter 3.1). The second part is on the “Treatment of cyano-HABs 

with novel peroxide releasing oxidants” and it comprises of two subsections: 

Investigation of metallic peroxides H2O2 release kinetics under several conditions and 

their treatment efficiencies (Chapter 3.2), and cyano-HABs treatment with OXONE®, a 

PMS generating triple salt, and its toxicity on invertebrate species (Chapter 3.3). The 

breakdown of the thesis sections is depicted in Scheme 7. 
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Scheme 7. Main research outline 

2 Research Methodology 

2.1 Monitoring & treatment of Athalassa National Forest Park’s lakes  

2.1.1 Study Area 

Saint George Lake and Athalassa Lake are located at the Athalassa National Forest Park 

(ANFP) in Nicosia, the capital city of Cyprus. It is an artificial lake which covers an area 

of 68,000 m3 with an average depth of approximately 2 m. ANFP covers an area of 8.5 

km2 and it is found between Aglantzia, Strovolos, Latsia, and Geri municipalities; four 

of the most densely populated locations in Nicosia (Scheme 8). Both lakes in the park 

serve as aquatic life and bird habitats, making them an extremely important biotope for 

the island. The present study focuses on the monitoring of the St. George Lake (February 

– December 2019), and Athalassa Lake (August – November 2020), in terms of nutrient 

concentration, cyanobacterial content, and toxicity. Moreover, treatments with novel 
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chemical oxidation processes and liquid H2O2 were performed to investigate the potential 

of oxidants for treating naturally occurring cyano-HABs. 

 

Scheme 8. Monitoring locations at the National Park of Athalassa indicated in yellow, (A) St. 

George Lake, (B) Athalassa Lake, retrieved by Google Maps Data, 2022 ©. 

2.1.2 Case studies 

2.1.2.1 St. George Lake Case Study 

 

Scheme 9. Graphical abstract depicting the main research activities conducted during St. Lake 

monitoring and treatment in 2019 (created with Biorender.com by E. Keliri ©). 
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Monitoring of St. George Lake occurred between February and December in 2019, and 

it aimed to monitor the status of St. George Lake for correlating its trophic condition with 

its water quality characteristics as well as to identify the limiting elements driving the 

cyanobacterial blooming. This was achieved by monitoring the nutrient load of the lake 

and calculate the nutrient ratios as proposed in literature. Another aim was to examine 

the treatment efficiency of metallic peroxide granules against the single high doses of 

liquid H2O2.  The hypothesis made was that since peroxide granules are reported in the 

literature as slow H2O2 releasers, they would have the ability to destroy cyanobacterial 

cells by inhibiting the PSII electron transfer in the same way as H2O2 does. The reason 

of choosing granules as a potential and alternative to liquid H2O2 treatment, is their 

releasing properties which may allow a graduate and controlled released of H2O2, 

simulating its multiple additions. To do so, CaO2 and MgO2 were utilized to treat a bloom 

occurred in August 2019, and then granules’ efficiency on reducing the maximal yield of 

PSII (QY) during a 48-h treatment was recorded and compared between each oxidant.  

Then, release experiments of H2O2 by CaO2 and MgO2 granules were performed in 

filtered St. George Lake water to determine the releasing capacity of granules and the 

maximum released concentration (Scheme 9). Since the bloom was a mono-domination 

of Merismopedia sp. that has been reported in the literature as a potential toxin producer, 

it was essential to determine the most appropriate dose for its successful mitigation. This 

study aimed to address all the above in order to investigate alternative H2O2 applications 

that would avoid high instant doses of the oxidant. 

2.1.2.2 Athalassa Lake Case Study 

 

Scheme 10. Graphical abstract depicting the main research activities conducted during 

Athalassa Lake monitoring in 2020 (created with Biorender.com by E. Keliri ©). 
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Monitoring of Athalassa’s Lake occurred between August and November 2020, based on 

the findings of 2019 that showed increased cyanobacterial activity during and right after 

the summer months. During the monitoring activities that aimed to record its water 

quality characteristics, a massive fish-kill event occurred (September 2020) at the lake, 

followed by a cyanobacteria blooming period. More than 200 fish were found dead in the 

shore of the lake and press-release blamed cyano-HABs for this incident. Both events 

raised questions regarding the toxicity of the lake and the source of its toxicity.  

The present study focuses on the monitoring of Athalassa Lake, and it aimed to 

investigate the source of toxicity that caused the fish-kills. To do so, samples were 

analyzed for cyanotoxin producing genes presence (2.1.6), cyanotoxins content, and 

speciation. Other characteristics of the water were also determined. Another aim of this 

study was to treat the contaminated water in both cases (fish-kill and cyano-blooming) 

as an additional investigation to multiple H2O2 doses and to examine the efficiency of 

PMS in comparison with liquid H2O2 in equal active doses. The research question was to 

test lower repeated doses of H2O2 that are considered safe for the environment (< 5 mg 

L-1) and record their treatment efficiency.  As recent publications proposed the 

application of multiple H2O2 doses for effective in-situ treatment (ref), this study aimed 

to test the hypothesis on a naturally contaminated surface water. In order to investigate 

the potential of PMS it was also employed for the treatment experiments performed in 

the water collected the during blooming period. Both oxidants were tested under the 

manner of multiple additions and comparison occurred between the two (Scheme 10). 

2.1.3 Sampling and monitoring 

Sampling was performed at a central part of St. George Lake and water was collected 

from a depth of 0.2–0.3 m below the surface. At Athalassa Lake water was collected at 

the littoral zone (depth < 0.5 m) with the use of a bucket. All water samples were stored 

in polyethylene (PE) bottles for the physicochemical water characterization and 

treatment purposes, and in amber glass bottles for cyanotoxins and cyanotoxin producing 

genes analyses. Bottles were stored under dark and cool conditions. In total ten samples 

were collected from St. George Lake during the monitoring period (25/02, 04/03, 18/04, 

12/07, 06/08, 22/08, 09/09, 15/10, 12/11, and 09/12/2019), and four samples from 

Athalassa Lake (Aug – Nov 2020). 
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The main physicochemical parameters (pH, conductivity, salinity, total and dissolved 

nutrients, COD), the presence of cyanobacteria and green algae in terms of fluorescence 

signal (Ft), maximum quantum yield of PSII (Fv/Fm), microscopic observation, the 

content of genes for main cyanotoxins synthesis, and the concentration of cyanotoxins 

were determined. Samples were also collected during the cyano-blooming period (8-

9/2019) from St. George as well as during the fish-kill and cyano-blooming in Athalassas. 

The collected samples were utilized in treatment experiments to determine the 

efficiencies of liquid hydrogen peroxide, hydrogen peroxide-releasing granules, and 

peroxide including compound (OXONE ®).  

2.1.4 Physicochemical water analyses 

Raw samples were analyzed for total nitrogen (TN) and total phosphorus (TP) while 

samples filtered through cellulose nitrate membrane filter (0.45 μm) were analyzed for 

the dissolved nutrients content (ammonium—NH4
+, nitrates—NO3

−, nitrites—NO2
−, and 

phosphates—PO4
3−). Nutrients were determined by using Spectroquant® cell test kits 

(Merck Millipore) equivalent to EPA and APHA standard analytical methods and the 

Spectroquant® Pharo 300 spectrophotometer (Merck) with method standard 

deviations ± 0.15 mg L-1-N, 0.027 mg L-1 PO4-P, 0.043 mg L-1 NH4-N, 0.13 mg L-1 NO3
-

N, 0.0027 mg L-1 NO2-N, respectively. Dissolved inorganic nitrogen was calculated as 

the sum of dissolved nitrogen ions (NH4
+, NO3

−, NO2
−). Temperature, pH, conductivity, 

and salinity were measured at the sampling site using the ExStik® portable pH meter 

(EXTECH, FLIR Systems). 

2.1.5 Phytoplankton content 

Instantaneous fluorescence (Ft) and quantum yield (QY) of the PSII were determined 

using AquaPen AP 110/C (Photon Systems Instruments, Czech Republic) equipped with 

blue and red LED light emitters. Blue excitation wavelength at λ = 450 nm represents the 

instantaneous chlorophyll-a fluorescence and red excitation wavelength at λ = 620 nm 

represents the phycocyanin fluorescence, both in raw fluorescence units (RFU). The 

maximum quantum yield of the PSII was recorded on both wavelengths as a fraction of 

the maximal variable fluorescence (Fv) to the maximal fluorescence intensity in the dark-

adapted (5-min adaptation) state (Fm). The instrument was used to monitor the growth 
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of algae and cyanobacteria in St. George Lake, as well as the effect of treatment in terms 

of cyano-cells’ fluorescence and quantum yield. 

For the characterization of cyanobacterial species in water samples, raw sample was 

placed directly or after filtration (cellulose nitrate filter, 0.45 μm) on a microscopy slide 

and tested under ECLIPSE Ci-L microscope (Nikon) equipped with OPTIKAM Wi-Fi 

camera (OPTIKA®, Italy). Phytoplankton samples were preserved with Lugol’s iodine 

solution (2% final concentration), stored in 4–6 °C under dark conditions and used within 

3 weeks. 

2.1.6 Cyanotoxin genes and cyanotoxins analyses 

DNA isolation from the biomass collected on cellulose nitrate filters was performed as 

described by Rogers and Bendich (1994) with minor modifications [84]. Newly designed 

primers were verified using positive controls: DNA from Anabaena lapponica 966 for 

cyrB, cyrJ, DNA from Anabaena flos-aquae for anaC, DNA from Microcystis aeruginosa 

PCC for mcyB and mycE and DNA from Aphanizomenon flos-aquae NIVA-CYA 689 

for sxt. The negative control was the DNA of Raphidiopsis raciborskii AMU-DH-30 

(non-toxic). PCRs for the identification of main genes of cyanotoxins were conducted 

using Dream Taq DNA polymerase (Thermo Fisher Scientific). Approximately 80 ng of 

isolated DNA was added to the reaction mixture (20 µl total volume) with 0.2 µM of 

each primer. PCR was performed with the following parameters: initial denaturation for 

3 min at 95 °C, 30 cycles at 95 °C for 30 s, a primer-pair specific temperature for 30 s 

and 72 °C for 60 s; a final extension at 72 °C for 10 min. The electrophoresis of PCR 

products was conducted on 1% agarose gels at 100 V for 25–40 min. Gels were stained 

with Midori Green Advance DNA Stain (ABO). 

High-performance liquid chromatography–high-resolution mass spectrometry (HPLC–

HRMS) was used to detect intra-cellular cyanotoxins in the biomass stored on GF/C 

filters at − 20 °C until extraction. Sample preparation included extraction of cyanotoxins 

with 1 mL of 75% methanol in an ultrasonic bath [85]. All chemicals used for analytical 

procedures were of analytical grade. Acetonitrile (HPLC-grade) and methanol 

(LiChrosolv hypergrade for LC–MS) were purchased from Merck (Darmstadt, 

Germany); formic acid (98–100%) was obtained from Fluka Chemika (Buchs, 

Switzerland). High-quality water (18.2 MΩ cm−1) was produced by the Millipore Direct-



33 

 

Q water purification system (Bedford, MA, USA). The MC-LR, MC-RR, MC-YR 

standards were purchased from Sigma-Aldrich. Sample preparation procedures were run 

according to Chernova et al. (2016). Analyses of extracts were performed using the LC-

20 Prominence HPLC system (Shimadzu, Japan) coupled with LTQ Orbitrap XL Hybrid 

Ion Trap–Orbitrap Mass Spectrometer (Thermo Fisher Scientific, San Jose, USA). 

Separation of the toxins was achieved on a Thermo Hypersil Gold RP C18 column (100 

mm × 3 mm, 3 μm) with a Hypersil Gold drop-in guard column (Thermo Fisher 

Scientific) by gradient elution (0.2 mL min−1) with a mixture of water and acetonitrile, 

both containing 0.05% formic acid. Mass spectrometric analysis was carried out under 

conditions of electrospray ionization in the positive ion detection mode. The 

identification of target compounds was based on the accurate mass measurement of 

[M + H]+ or [M + 2H]2+ ions (resolution of 30,000, accuracy within 5 ppm), the collected 

fragmentation spectrum of the ions and the retention times. Limits of the detection for 

different microcystin congeners (2–6 ng L−1) were evaluated in model experiments using 

standard compounds, natural water, and biomass as matrixes. 

2.1.7 Treatment of naturally occurring cyano-HABs 

2.1.7.1 Treatment of Merismopedia sp. with metallic peroxide granules vs. 

liquid H2O2 

Experiments on the treatment of Merismopedia sp. bloom in St. George Lake were 

performed in 250-mL sterile borosilicate glass containers and the oxidants used for this 

purpose were liquid hydrogen peroxide and metallic peroxide granules. Hydrogen 

peroxide (30%) was purchased from Sigma-Aldrich and diluted to 1000 mg L−1 for the 

stock solution. Calcium peroxide (CaO2) and magnesium peroxide (MgO2) granules were 

provided in the form of IXPER® 70CG and IXPER® Magnesium Peroxide Granules 

30MG by Solvay Chimika S.A. (free samples).  

H2O2 stock solution was added into each flask containing raw sample from St. George 

Lake to achieve the following concentrations: 0 (control), 1, 2, 3, 5 mg L−1; and a quantity 

calcium and magnesium peroxide granules to achieve: 0 (control), 1, 2, 3 g L−1. All the 

experiments were conducted in a set temperature of 20 °C, and a continuous light of 

about 800 (± 200) Lux. Each treatment was performed in triplicates. The oxidant 

concentration was monitored by the colorimetric method introduced by Sellers et al. 
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(1980) [86]. In brief, 5 mL of sample was filtered through a PVDF syringe filter and 

immediately reacted with 0.5 mL of titanium oxalate ([C] = 50 g L−1) and 0.5 mL sulfuric 

acid (1 + 17 v/v) (both reagents purchased from Sigma-Aldrich). Absorbance was then 

measured at 400 nm by the Spectroquant® Pharo 300 spectrophotometer in a quartz 

cuvette and the concentration of H2O2 was quantified based on a calibration curve ranged 

between 0.5 and 20 mg L−1 (Figure S 2, Appendix II). 

For determining the efficiency of oxidants on mitigating the naturally occurred 

cyanobacterial bloom (Merismopedia sp.); photosynthetic changes associated with H2O2 

additions, including instantaneous fluorescence and PSII efficiency were monitored in 

both wavelengths (λ = 450, 620 nm) at 1, 2, 3, 4, 6, 24, 48 h following oxidant addition. 

Physicochemical characteristics such as pH, conductivity, total dissolved solids, and 

salinity were measured before and after treatment with the use of ExStick probe 

(EXTECH). 

2.1.7.2 H2O2 release kinetics by CaO2 and MgO2 granules in filtered St. George 

Lake water  

On a separate set-up, H2O2, release experiments were performed by adding calcium and 

magnesium peroxide granule in filtered samples of St. George Lake For the 

determination of granules’ releasing capacity in surface water. The collected water was 

filtered through nylon membrane filter (0.45 μm) to remove cyanobacteria and other 

contaminants found from the water and each flask was filled with 250 mL of the filtered 

water. CaO2 and MgO2 granules were added into the flask to achieve the following 

concentrations: 0 (control), 1, 2, and 3 g L−1. H2O2 concentration was monitored through 

the previously described colorimetric reaction, for every hour the first 6 h and then at t = 

24, and 48 h after the addition of granules in the matrix. 

2.1.7.3 Treatment of Athalassa lake surface water with liquid H2O2 and PMS  

Fish-kill event 

Water collected right after the fish-kill event in September 2020 was utilized for 

treatment experiments with multiple doses of liquid hydrogen peroxide in order to 

investigate its efficiency when single high doses are replaced with lower repeated doses. 

A volume of 250 mL was poured into the 9 treatment flasks (3xcontrol, 3xT1, 3xT2). 

Stock solution of 1000 mg L−1 of liquid H2O2 was prepared and added into each flask to 
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achieve an initial added concentration of 0 (control), 3 and 3 mg L−1 H2O2. Additional 

doses were added at t=24 h (second dose) and t= 48 h (third dose), to achieve total 

additions of 7 and 9 mg L−1 of oxidants (Table 6). The treatment lasted for 72 hours (3 

days), and samples were taken at t=0, 24, 48, and 72 h for residual oxidant quantification 

and photosynthetic parameters measurements. A COD analysis performed in raw and 

treated water at t=0 h and t=72 h, respectively.  

Table 6. Repeated H2O2 and PMS doses during a 72-htreatment in contaminated Athalassa’s lake 

water. 

Oxidant Liquid H2O2 units PMS units 

Flask Control A B 

mg L-1 

Control A B 

mg L-1 

equiv. of H2O2 

1st dose (t=0 h) 0 3 3 0 3 3 

2nd dose (t=24 h) 0 2 3 0 2 3 

3rd dose (t=48 h) 0 2 3 0 2 3 

Blooming period 

Experiments on the treatment of Planktothrix sp. bloom in Athalassa Lake were 

performed in 250-mL sterile borosilicate glass containers and the oxidants used for this 

purpose were liquid H2O2 and PMS. Stock solutions of 1000 mg L−1 of for each oxidant 

was prepared and added into the flask to achieve a final concentration of 0 (control), 1, 

2, 3 mg L−1 H2O2 and 0 (control), 1, 2, 3 mg L−1 (equiv. of H2O2) PMS. The doses added 

in each flask was repeated every 24 h up to 72 h when the last oxidant addition occurred 

(Table 7). The treatment lasted for 96 hours, and samples were taken throughout the 

treatment for oxidant quantification, Ft, QY and physicochemical water parameters. The 

residual oxidant concentrations ware determined by the colorimetric method introduced 

by Sellers for H2O2, and with POXi™ spectrophotometric method for PMS at λ=400 and 

405 nm, respectively. 

Table 7. Repeated H2O2 and PMS doses during a 96-htreatment to achieve total added 

concentrations of 0, 4, 8, and 12 mg L-1 of each oxidant into Athalassa’s lake water contaminated 

with Planktothrix sp. 

Oxidant Liquid H2O2 units PMS units 

Flask Control A B C 
mg L-1 

Control A B C 
mg L-1 

1st dose (t=0 h) 0 1 2 3 0 1 2 3 
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2nd dose (t=24 h) 0 1 2 3 0 1 2 3 equiv. of 

H2O2 
3rd dose (t=48 h) 0 1 2 3 0 1 2 3 

4th dose (t=72 h) 0 1 2 3 0 1 2 3 

Total addition 0 4 8 12 0 4 8 12 

 

2.2 Cyano-HABs treatment with novel chemical oxidation processes  

2.2.1 Metallic peroxide granules 

2.2.1.1 CaO2 granules characterization 

Calcium peroxide utilized in experiments were in the form of “IXPER® 70CG” granular 

compound and they were provided by Solvay Chimika S.A. free of charge. The given 

purity of the granules was 70 % w/w CaO2, which is equivalent to ~15.5 % available 

oxygen, and with particle size of 0.5 to 2 mm. Impurities reported by the manufacturer 

were: 10-19% Ca(OH)2 and 5-19 % other inorganic calcium compounds. X-Ray 

Fluorescence (XRF) analysis was performed by a portable, handheld XRF analyzer 

(ProSpector 3, Elvatech) to determine the elemental composition of granules. 

2.2.1.2 Compound type (powder, granules) effect on H2O2 release kinetics 

 

Scheme 11. Schematic illustration depicting the comparison experiments between powdered 

and granulated metallic peroxide granules (created with Biorender.com by E. Keliri ©). 

Two types of metallic peroxide compounds were tested for their H2O2 releasing capacity 

in extra-pure water. Specifically, powdered form of CaO2 and MgO2, purchased by 

Sigma-Aldrich (75%, particle size – 200 mesh), were applied in milli-Q water in 
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concentrations of: 0, 0.05, 0.3, and 0.5 g L-1. In a separate experiment, the H2O2 release 

by 0.5, 1.0, and 2.0 g L-1 CaO2 granules was investigated, and release curves were fitted 

on a one-phase association kinetics model to examine the reaction kinetics.  Samples 

were taken at t=0 ,5 ,10 ,15 ,20 ,30 ,40 ,50 ,60 ,120, and 240 minutes after oxidant 

addition to capture the instantaneous released concentrations of H2O2.  

2.2.1.3 Matrix effect on H2O2 release kinetics 

 

Scheme 12. Graphical Abstract depicting the experiments conducted for the effect of matrix 

load on the H2O2 release kinetics by granules (created with Biorender.com by E. Keliri ©). 

(A) Surface water matrix composition 

Experiments on the kinetics of H2O2 release by CaO2 granules were performed in 250 

mL borosilicate glass containers filled with 200 mL of extra pure (Milli-Q) water, river 

water, lake water, and dam water. Extra-pure water utilized in the experiment was 

extracted from Milli-Q Synergy® UV remote water purification system.  Surface water 

samples were collected from Polis Chrysochou River, St. George Lake, and Kouris Dam, 

with the use of bucket from a central point of each waterbody. Each water matrix was 

transported to the laboratory under dark and cool conditions. A volume of 200 mL was 

poured into 250-mL flasks and CaO2 granules were added to achieve the following 

concentrations: 0 (control), 0.5, 1.0 , 2.0, and 3.0 g L−1.  

(B) Nutrient and inorganic matter load in BG-11 

Another experiment to examine the matrix load effect on the accumulative release of 

H2O2 by 1 g L-1 CaO2 granules was performed in BG-11 medium (in dilutions of 25%, 



38 

 

50%, and 75%). Initial TN and TP concentrations of the matrixes were determined with 

the use of Spectroquant® cell test kits (Merck Millipore). BG-11 medium was prepared 

based on the cultivation method introduced by Ruppka et. al (1979) [87], with the 

following composition: 10 mL Macromix, 1 mL Na2CO3 (20 g L-1), 1 mL Spore solution, 

1 mL K2HPO4 (30.5 g L-1), and 1 mL ferric ammonium citrate (6 g L-1) in 1 L of Milli-

Q water. The chemical composition of Macromix and Spore Solution is accessible in 

Annex II (Table S4). 

(C) Natural Organic Matter (NOM) concentration 

Humics effect on the release kinetics were also examined by adding humic acid sodium 

salt (HASS) in Kouris surface water. Sampled water was poured into flasks and spiked 

with HASS purchased by HiMedia Laboratories to achieve 0, 1, 5, and 10 ppm. In each 

flask 1 g L-1 CaO2 granules were added. HASS stock solution was prepared 24 hours 

before experiment by adding 0.2 g HASS in 1 L of MQ water and placed on a stirring 

plate overnight to dissolve. 

Electron Paramagnetic Resonance (EPR) Spectroscopy  

During the H2O2 release experiment by 1 g L-1 CaO2 granules in Kouris water spiked with 

HASS (0, 1, 5, and 10 ppm), the EPR spectroscopy technique was employed to determine 

the formed Reactive Oxygen Species (ROS). A Bruker ER200D spectrometer equipped 

with an Agilent 5310A frequency counter was used, operating at X-band (~9.6GHz) with 

a modulation amplitude of 4G peak to peak. On average 20 scans of each spectrum were 

obtained to get an adequate signal-to-noise ratio. EPR spectra were recorded at t= 0, 2, 

4, 24 and 48 h by sampling 450 μL and filtering through a PVDF of 0.45 μm. Then, a 

spin trap 2mM DMPO (5,5-Dimethyl-1-pyrroline-Ν-oxide, Aldrich) solution was mixed 

with the filtered sample and a suspension of 20 μL was sampled followed by its addition 

in glass capillaries to monitor the generation of radicals. Spin quantitation was done using 

DPPH (2,2-Diphenyl-1-picrylhydrazyl) as spin standard and the double integral of the 

EPR signals. To identify and separate the generated DMPO adducts the experimental 

EPR spectra were simulated using the EasySpin MATLAB add-on [88]. The typical 

1:2:2:1 quartet-pattern EPR signal is attributed to DMPO/•OH [89] spin-adduct with a 

splitting of α_Ν=a_H≈15G, whilst the second signal is attributed to DMPO hydroxyalkyl 

radicals spin adduct. Nitrogen hyperfine coupling constants are approximately 16G and 
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proton hyperfine coupling constants are ~23G with g values around 2.00537-2.00539 

[90]. 

Samples for determining the instant concentration of H2O2 released by granules in all the 

above experiments, were taken every hour for up to 6 hours, and in 24, and 48 hours after 

the granules’ addition. H2O2 concentration was monitored through the colorimetric 

reaction introduced by Sellers et al. (1980). Experiments were performed in triplicates. 

2.2.1.4 Treatment of Microcystis sp. and Aphanizomenon sp. spiked in surface 

water with CaO2 granules and liquid H2O2 

Surface water sampling 

Surface water was collected from Kouris Dam located in Limassol, Cyprus. Kouris Dam 

is one of the largest reservoirs in Cyprus that provide water for irrigation, enrichment, 

and potable purposes. Its overall catchment area is 300 kilometers with a length of 

approximately 550 meters which allows a capacity of 115 million cubic meters. 

Water was collected from a depth of 0.3–0.5 m below the surface with the use of a bucket 

and a rope. Water was transferred through funnel with filter net to remove large particles, 

in PE bottles, and was stored under cool and dark conditions, and brought to the 

laboratory, for analysis and utilization in treatment experiments. The main 

physicochemical parameters (pH, conductivity, salinity, total dissolved solids), nutrients 

analysis (total and dissolved nutrients), and the presence of cyanobacteria and green algae 

in terms of fluorescence signal (Ft), and maximum quantum yield of the PSII (Fv/Fm), 

were determined within 3 hours after sampling.  

Cultivation of Microcystis sp. and Aphanizomenon sp.  

Pure culture of Microcystis sp. and Aphanizomenon sp., provided by the Yigal Alon 

Kinneret Limnological Laboratory (prof. Assaf Sukenik), were cultivated in BG-11 

medium at the Water Treatment Laboratory AQUA. The growth cycle of cultures was 3-

4 weeks; thus, the extraction of culture mass for experimental purposes was performed 

at the peak of their growth curve. Cultures were cultivated in Falcon® 75cm² rectangular 

canted neck cell culture flasks with vented caps containing fresh BG-11 medium and 

placed on an orbital shaker set at 80 RPM (Scheme 13). Cultivated culture at a mature 

state was spiked into surface water sampled for bench-scale treatment experiments. The 
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cultivated cultures were filtered through cellulose nitrate membrane filter (0.45 um) and 

transferred into a petri dish with the use of a sterile plastic scrubber. The collected mass 

was then added into the Kouris surface water (free from cyanobacteria) and homogenized 

to achieve an initial phycocyanin variable fluorescence ~ 8000 (±200) RFU, which 

simulates a moderate, still dense, cyano-blooming event. 

(A)   (B)  (C)  

Scheme 13. Cultivation flasks of (A) Microcystis sp., (B) Aphanizomenon sp., and (C) 

Microcystis sp. cells collected on membrane filter during filtration of the culture medium process.  

Intracellular cyanotoxin analysis 

To examine the toxicity of the cultivated cultures, 5 mL (x3) of Microcystis sp. and 

Aphanizomenon sp. passed through a GF/C filter (0.45 μm) and samples were extracted 

in 2 mL of 75:25 methanol: H2O extraction solvent, by homogenizing the filter 

containing cyanobacteria cells with a glass rod. Then, samples were sonicated for 10 min, 

vortexed for 5 min and centrifuged at 14,000 rpm for 10 min. The supernatant was 

transferred to a chromatographic vial and analyzed with LC-MS/MS system. 

Chromatographic separation of sample components was performed on Zorbax Eclipse 

XDB-C18 column (4.6 mm ID (inner diameter) × 150 mm, 5 µm; Agilent Technologies, 

Santa Clara, CA, USA) by gradient elution with a mixture of 5% acetonitrile in Milli-Q 

water and acetonitrile, both containing 0.1% formic acid. The system was composed of 

an Agilent 1200 (Agilent Technologies, Waldboronn, Germany) chromatograph coupled 

online to a hybrid triple quadrupole/linear ion trap mass spectrometer (QTRAP5500, 

Applied Biosystems, Sciex, Concord, ON, Canada). Mass spectrometer with a turbo ion 

source (550 ◦C, 5.5 kV) operated in positive mode [91]. Standards of microcystins used 

in the analysis were from Alexis Biochemicals and the detection limit for used standards 

was 0.1 ng mL-1. For data acquisition and processing Analyst® Software (version 1.5.1, 

Applied Biosystems, Concord, ON, Canada) was used. 

Treatment of Microcystis sp. with CaO2 granules and liquid H2O2 
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Experiments on the treatment of Microcystis sp. in Kouris surface water matrix were 

performed in 250-mL sterile borosilicate glass containers with the use of CaO2 granules 

and liquid H2O2. Calcium peroxide (CaO2) granules were ordered by Solvay Chimika 

S.A. as IXPER® 70CG (free samples). Hydrogen peroxide (30%) was purchased from 

Sigma-Aldrich and diluted to 1000 mg L−1 for the stock solution. In each flask, stock 

concentration of H2O2 was added to achieve: 0 (control), 3, 6, and 12 mg L-1 H2O2; and 

a portion of granules to achieve: 0 (control), 0.5, 1, and 2 g L-1 of CaO2 granules. 

H2O2 residual concentration was monitored by the colorimetric reaction explained in 

above sections. For determining the efficiency of oxidants on mitigating Microcystis sp. 

in Kouris surface water, photosynthetic changes associated with H2O2 and CaO2 granules 

additions, including instantaneous fluorescence and PSII quantum efficiency were 

monitored with AQUAPEN instrument at λex = 620 nm at t = 1, 2, 3, 4, 6, 24, 48, and 

120 h following oxidant addition. Physicochemical characteristics such as pH, 

conductivity, total dissolved solids, and salinity were measured before and after treatment 

with the use of ExStick probe (EXTECH). 

Treatment of Aphanizomenon sp. with CaO2 granules and liquid H2O2 

Experiments on the treatment of Aphanizomenon sp. in Kouris surface water matrix were 

performed in 250-mL sterile borosilicate glass containers with the use of CaO2 granules 

and liquid H2O2. In each flask, stock concentration of H2O2 was added to achieve: 0 

(control), 3, 6, and 7 mg L-1 H2O2; and a portion of granules to achieve: 0 (control), 0.5, 

1, and 1.25 g L-1 of CaO2 granules. The treatment duration was 120 hours and the 

experimental procedure followed was the same with the one for Microcystis sp. treatment 

in Kouris water.  

2.2.1.1 Toxicity study on Echinogammarus veneris sp.  

Echinogammarus veneris (Gammaridae family) species were collected with the kick-

sampling technique from the stream bottom of a river located in Paphos, Cyprus. Species 

were collected with the use of a net and transferred in a clear plastic tank with a lid along 

with 10 L of river water and some macrophytes to maintain their environment conditions 

during transportation. Samples transported to the laboratory under dark and cool 

conditions. The species left in the laboratory overnight to acclimatize in the conditions 

(T=20oC, 800 Lux) with the lid opened. Specimens were separated in different containers 
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based on their sizes: small (2-3 mm), medium (4-5 mm), and large (6-7 mm), as shown 

in Scheme 14. In each experimental bowl which contained 200 mL of river water, 10 

invertebrates (3 small, 5 medium and 2 big) were added; followed by oxidant addition.  

 

 

Scheme 14. Echinogammarus veneris sp. collected from Polis Chrysochou River, and separated 

into various sizes, with a close-up capture for the medium sized specimens. 

For the toxicity study of oxidants on invertebrate species, in each flask contained water 

matrix and Echinogammarus veneris sp., a portion of CaO2 granules were added to 

achieve: 0 (control), 0.50, 0.75, 1.00, 1.25, and 2.00 g L-1 CaO2 granules, equivalent to 

accumulative released concentrations of 1 – 12 mg L-1H2O2. The H2O2 residual 

concentration was monitored by the colorimetric method as mentioned in previous 

sections. Mortality of Echinogammarus veneris was recorder every hour for the first 6 

hours and then on 24 and 48 hours, where death was defined as the total lack of their 

movement. Samples were also collected for initial and residual oxidant concentrations at 

0, 2, 24 and 48 hours after oxidant addition. Survival rate (%) was calculated utilizing 

Equation. 6.  

𝑆𝑅(%) = 100 − (
𝑔𝑎𝑚𝑚𝑎𝑟𝑢𝑠 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)−𝑔𝑎𝑚𝑚𝑎𝑟𝑢𝑠 (𝑡)

𝑔𝑎𝑚𝑚𝑎𝑟𝑢𝑠 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
∗ 100)         (Eq. 6) 
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2.2.2 Calcium peroxide granules enclosed in fabrics (GEF) 

2.2.2.1 Fabrics characterization 

CaO2 granules enclosed in fabrics (GEF) systems were utilized to determine their H2O2 

release properties in surface water matrix. The use of four types of fabrics were 

investigated as delivery systems for granules: Fabric “type A” = natural twill fabric for 

pocket lining, “type B” = non-woven interlining fabric (fusing paper), “type C” = 

polyester mosquito netting fabric”, and “type D” = paper filter wrapped in 20 DEN 

tights”, as shown in Scheme 15.  

 

Scheme 15. Four different types of fabrics tested as potential delivery systems for CaO2 granules: 

(A) pocket lining fabric, (B) non-woven interlining fabric, (C) polyester mosquito netting fabric, 

and (D) paper filter wrapped in 20 DEN tights.  

For the characterization of woven and non-woven surfaces QUANTA 400F Field 

Emission high-resolution scanning electron microscope (SEM) was employed at an 

acceleration voltage of 10 kV. Samples were coated with 10 nm Au/Pd prior to SEM 

observation. Specifically, SEM - FEI Quanta 200 (Oregon, USA) scanning electron 

microscope with a Secondary Electrons Detector was used to evaluate the properties of 

the fabrics (pore area, and size). Prior to observation fabrics were deposited onto carbon 

tapes mounted on aluminum stubs. For determining the thickness of each textile, a cross-

sectional multipurpose specimen holder was used. Obtained SEM images were processed 

and analyzed with the use of “ImageJ” public domain software to determine the porous 

area of each material [92]. The pore area was measured by determining the average 

surface area of 60 pores (20 pores in each image x 3). 
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2.2.2.2 H2O2 release kinetics by GEF 

Experiments on the H2O2 release properties of CaO2 granules were performed in 250 mL 

glass containers. CaO2 granules were folded in fabric materials of types A – D and nylon 

cables were added to seal the two ends (Scheme S 3). Each fabric was cut into pieces of 

5 x 5, 6 x 6, and 7 x 7 inches, which enclosed 0.5, 1.0, and 2.0 g L-1 of CaO2 granules, 

respectively. For control, a medium size fabric was folded without the addition of 

granules. Each fabric encapsulating the CaO2 granules dose was added into a glass 

container with 200 mL of surface water from Kouris dam. 

To monitor the instantaneous concentration of H2O2, 2 mL of sample was collected from 

each flask at t= 0, 1, 2, 4, 6, and 24 h after GEF addition. Samples were analyzed with 

the colorimetric method introduced by Sellers et. al (1980). The absorbance at λ=400 nm 

was measured by the TECAN Infinite 200 spectrophotometer in a 96-well plate. The 

concentration of H2O2 was quantified based on a calibration curve that ranged between 

0.5 and 20 mg L-1 H2O2 (Appendix II, Figure S2). In addition, the physicochemical 

characteristics were recorded at t= 0, and 24, and 48 h including pH, conductivity, TDS, 

and salinity. All the experiments were performed in triplicates and conducted under the 

same laboratory conditions, in a set temperature of 20 °C, and a continuous light of 800 

(± 200) Lux.  

2.2.2.3 Treatment of Microcystis sp. spiked in surface water with GEF systems 

To examine the feasibility of applying GEF systems for the mitigation of Microcystis sp. 

in surface waters, fabric delivery systems of types A to C were utilized to encapsulate 

the granules, as described previously. For the matrix preparation, the collected 

Microcystis sp. mass was spiked into Kouris Dam water, slightly enriched with BG-11 

medium (1% v/v), to achieve an initial Ft value ~8000 RFU. The prepared medium was 

stored in a PE bottle with an open lid for 12-18 hours to acclimatize, at T= 20 °C, and a 

continuous light source of 800 (± 200) Lux.  

Quantities of 0.0, 0.5, 1.0, and 2.0 g/L CaO2 granules were enclosed in fabrics type A, B 

and C, and added in 200 mL of the Microcystis sp. medium (Scheme 16).  Ft and QY 

values at λ= 620 nm were recorded at t= 0, 6, 24, 48 h utilizing AquaPen AP 110/C to 

monitor the destruction of cyanobacterial cells and photosystem II (PSII) inactivation, 

thus evaluating the efficiency of the enclosed granular oxidant on mitigating Microcystis 
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sp. Physicochemical characteristics such as pH, conductivity, TDS, and salinity were 

measured at t=0, 24, and 48 h, with the use of ExStick probe (EXTECH). Instant H2O2 

concentrations during treatment were monitored by the colorimetric method mentioned 

before. 

 

Scheme 16. Addition of GEF system type B enclosing 0 (control), 0.5, 1.0, and 2.0 g L-1 CaO2.  

2.2.2.1 Toxicity study on Echinogammarus veneris sp. 

Echinogammarus veneris species were collected from Polis River located in Paphos 

(Cyprus) with the kick-sampling technique (see 2.2.1.1). For the toxicity study of GEF 

systems, in each bowl contained 200 mL of river water and ten Echinogammarus veneris 

sp., stock solution of liquid H2O2 was added to achieve 0 (control), 3, 6, and 12 mg L-1 

H2O2; GEF enclosing 0 (control), 0.5, 1, and 2 g L-1 CaO2 granules, and directly applied 

0 (control), 0.5, 1, and 2 g L-1 CaO2 granules.  

Mortality of zooplankton species was recorder every hour for the first 6 hours and then 

at t= 24 and 48 h, where death was defined as the total lack of their movement. Samples 

during experiments were collected for the determination of initial and residual H2O2 

concentrations at t= 0, 2, 24 and 48 hours after oxidant addition. Survival rate (%) was 

calculated using equation 6.  
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2.2.3 Peroxymonosulfate (PMS) – OXONE® 

2.2.3.1 Development of quantification kit – POXi kit 

Peroxymonosulfate was purchased in the form of OXONE® by Sigma-Aldrich, and a 

stock solution (1000 mg L-1 equiv. to H2O2) was prepared by adding 0.9 g OXONE® in 

100 mL MQ-water right before its use. Para-nitrophenyl boronic acid (Sigma-Aldrich, 

Germany) was used to prepare 2 mM p-NPBA in a buffer solution (pH=9.0). The reaction 

solution for the quantification of PMS was prepared by mixing equal volumes of sample 

and p-NPBA 2mM (1:1 v/v). Spectra scan in wavelengths between 300 and 500 nm were 

obtained to determine the maximum absorbance wavelength of the reaction’s product.  

Once the wavelength corresponding to its maximum absorbance was determined, 

stability test of the produced product was performed by allowing the reaction mixture to 

stand in the cuvette inside of the Spectrophotometer for 28 hours and measuring its 

absorbance. Photosensitivity test was also performed by measuring the absorbance of the 

reactions executed in direct sunlight, and in dark conditions. 

The above developed and optimized quantification method for PMS (HSO5
-) led to the 

development of POXi kit™1 (Scheme 17), which is a kit developed by our research 

group, for easy, rapid, and accurate quantification of PMS in aqueous matrixes. In 

general, a volume of 1 mL of sample filtered through PVDF 0.22 μm, is added in 1 mL  

of POXi reagent mixture in a buffer solution and the absorbance of the sample is 

measured under dark conditions, to determine the instant concentration of PMS. 

 

Scheme 17. POXi™ kit; PMS quantification process. 

                                                 

1 POXi kit & POXi reagent mixture are applied for US Provisional Patent (USPO, 2020) and national CY 

patent (CY202000002; 2020), co-PI. 
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2.2.3.2 Toxicity study on Echinogammarus veneris sp. 

Echinogammarus veneris sp. were again collected with the kick sampling technique from 

the stream bottom of a river in Cyprus (see Section 2.2.1.1). In each experimental bowl 

contained 200 mL of river water, 10 invertebrates of various sizes were added. 

Concentrations of 1, 2, 3, 4, 5 mg L-1 of H2O2 and PMS (in equal molarities) were added. 

Multiple dosing system was also examined by adding repeated doses of: (a) 1+1+1+1+1, 

(b) 2+1+1+1, and (c) 3+1+1 to achieve total added concentration of 5 mg L-1 H2O2 and 

PMS. 

Mortality of specimens was recorder every hour for the first 6 hours and then on 24 and 

48 hours, where death was defined as the total lack of their movement. Samples were 

collected for initial and residual oxidant concentrations at 0, 2, 24 and 48 hours. The 

H2O2 concentration was monitored by the colorimetric method mentioned earlier, and 

PMS with the aid of POXi kit, as explained in a previous section. Samples at each time 

point were collected, filtered, and reacted immediately in the reagent vial for measuring 

the solutions absorbance at λ=400 nm and λ= 405 nm, respectively. 

2.2.3.3 Combined cyano-HABs treatment and toxicity study on 

Echinogammarus veneris sp.  

Experiments on the treatment of Microcystis sp., and Aphanizomenon sp., in surface 

water matrix were performed in 250-mL sterile borosilicate glass containers with the use 

of liquid hydrogen peroxide and PMS stock solution in equal peroxide concentrations. 

Water matrixes used in this study were: (a) filtered river water, (b) Polemidia Dam, and 

(c) Kouris Dam waters. Cyanobacterial water matrix was prepared by spiking surface 

water (free from cyanobacteria) with pure cultivated cultures of Microcystis sp., and 

Aphanizomenon sp. Cultures were added into the water to achieve similar initial 

phycocyanin variable fluorescence in each treatment flask (~ 8000 RFU). In each bowl, 

10 specimens of Echinogammarus veneris sp. were added to perform toxicological 

assessment of PMS on zooplankton during treatment. Photosynthetic changes associated 

with H2O2 and PMS additions, including instantaneous fluorescence and PSII quantum 

efficiency, were monitored with AQUAPEN instrument in λ = 620 nm. 

For treating Microcystis in river water, single doses of 0 (control), 1, 2, 3, 4, and 5 mg L-

1 of H2O2 and PMS added into the treatment bowls. Multiple dosing experiments were 
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conducted under the same experimental conditions, but the first dose of each oxidant 

applied was 1, 2 and 3 mg L-1 followed by the second dose of 1 mg L-1 at t=24 hours. 

With multiple doses, total additions of 2, 3, and 4 mg L-1 H2O2 and PMS were achieved. 

The oxidants efficiency towards Microcystis sp. treatment was recorded for 48 hours after 

the first dose of oxidant.  

Treatment of Aphanizomenon sp. in river water was performed by applying doses of 1, 

2, and 3 mg L-1 of H2O2 and PMS, in each to treatment bowl. Mortality and treatment 

efficiency were recorded for up to 48 hours. Multiple dosing experiments were conducted 

under the same experimental conditions. Doses of 1, 2 and 3 mg L-1 were initially applied, 

followed by a second dose of 1 mg L-1 H2O2 and PMS at t=24 h. Mortality of specimens 

and Aphanizomenon sp. treatment efficiency recorded for 72 hours after the first dose of 

oxidant.  

2.3 Scale-up treatment 

Experiments on the treatment of a naturally occurred Planktothrix bloom in Athalassa 

Lake (2020) were performed in 10 L plastic containers and the oxidants used for this 

purpose were liquid H2O2, peroxymonosulfate, and CaO2 granules in concentrations 7 

mg L-1, 7 mg L-1 eq. to H2O2, and 1 g L-1, respectively. A second dose of each oxidant 

was added on day 5. Stock solutions of 1000 mg L−1 H2O2 and KHSO5 (OXONE®) were 

prepared and added into surface water collected for the treatment of cyano-cells. The 

experiment was performed outdoors under mild environmental conditions (T=15-25 °C), 

with a continuous natural light exposure. (~12 h in day light: 4000 ± 1000, ~12 h in 

darkness: 40± 50 Lux) and the treatments were monitored for 10 days (t=240 h).  

The residual oxidants were monitored with the methods mentioned before, while for the 

determination of each oxidant efficiency on mitigating the bloom photosynthetic 

changes, including instantaneous fluorescence and quantum yield of PSII, were recorded 

in both wavelengths (λ = 450, 620 nm) at t= 0, 24, 48, 72, 120, 168, and 240 h following 

oxidant addition. Physicochemical characteristics such as pH, conductivity, total 

dissolved solids, and salinity were measured before and after treatment with the use of 

ExStick probe (EXTECH). 
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2.4 Statistical analyses 

Data processing and statistical analysis was performed with the use of PRISM®-

GraphPad software. For each measurement, mean and standard deviation of the 

triplicates were calculated and presented on the graphs as mean with error bar and/or 

tables as mean ± SD. Differences of Ft, and Fv/Fm between the comparable treatment 

experiments were compared using one-way ANOVA followed by a Turkey’s test. All 

treatments and measurements were conducted in triplicates for increased reproducibility 

and accuracy on the outcomes. 
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3 Results & Discussion 

3.1 Monitoring and treatment of naturally occurring blooms 

3.1.1 St. George Lake2 

3.1.1.1 Monitoring 

Lake monitoring showed that pH, salinity, total dissolved solids, and conductivity varied 

throughout the year, and nutrients concentration was high, which indicated a eutrophic 

lake. Blooming in St. George Lake was recorded from June to September with a peak 

cyanobacteria presence in August 2019.  
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Figure 1. (A) Instantaneous fluorescence (Ft) in raw fluorescence units and (B) quantum yield 

measurements for phycocyanin (620 nm excitation) and chlorophyll-a (450 nm excitation) in 

St. George Lake samples during monitoring period. 

Blooming was found to be a seasonal phenomenon with a maximum fluorescence 

recorded at λ=620 nm at 8000-9000 RFU, indicating high phycocyanin concentration, 

thus increased cyanobacterial activity. After a light rainfall at the beginning of September 

it began dropping. Instantaneous fluorescence at λ = 450 nm corresponding to the chl-a 

presence in the samples was minimal in the first 3 sampling events, but rapidly increased 

during blooming and maintained quite high (> 1000 RFU) even after blooming period 

(Figure 1a). The quantum yield (Fv/Fm) of the PSII for both wavelengths (λ = 620, 450 

                                                 

2 The findings of this study were published in the Journal of Environmental Sciences Europe: 

Keliri, E., et al. Occurrence of a single-species cyanobacterial bloom in a lake in Cyprus: monitoring and 

treatment with hydrogen peroxide-releasing granules. Environ Sci Eur. 33, 31 (2021). 

https://doi.org/10.1186/s12302-021-00471-5  

https://doi.org/10.1186/s12302-021-00471-5
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nm) remained high throughout the year, showing that cyanobacterial mass had a good 

photosynthetic activity, even before or after blooming (Figure 1b). 

 

Figure 2. Measurements of conductivity (μS cm-1) and salinity (ppm) throughout the monitoring 

period in St. George Lake.  

Physicochemical water characteristics were also monitored. Beginning with air 

temperature, during the summer months was as high as 34 oC while during Spring, Fall 

and Winter the temperature ranged between 15 – 25 oC. The pH in St. George Lake was 

quite stable wth small variations between 8.3 – 8.9 during the year, and the highest pH 

values were recorded during and after blooming. Conductivity recorded between 1200 

and 2000 μS cm-1 and salinity between 700 and 1000 ppm (Figure 2). Conductivity and 

salinity followed the same trend showing a noticeable increase during the summer period; 

both having their peak in August and retained high even after the bloom decline.   

The measured nutrient concentration as well as the calculated dissolved inorganic 

nitrogen and the best fitting ratios for nutrient limitation are summarized in Table S 3. In 

most samples phosphorus was higher than 0.2 mg L-1 indicating St. George as a eutrophic 

lake. High nitrogen concentrations were detected in the early months of the year when 

the status of the lake was oligotrophic with low cyanobacterial content, while high 

phosphorus concentration was recorded during the summer period, following by its 

decline. Soluble reactive phosphorus (SRP) was below the MDL before summer, stable 

during in summer (0.03 mg L-1) and increased during the winter months (0.05 mg L-1). 

This may be due to heavy rainfalls that caused high nutrient run-offs to enter the lake. 

Dissolved inorganic nitrogen (DIN) remained high at the beginning of the year, radically 

decreased during summer, and increased again in winter. The concentration of 

phosphorus during the bloom was higher than 0.2 mg L-1 which means that in such a 

eutrophic lake (TP > 0.2 mg L-1) most probably nitrogen became the limiting element. 
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To support these findings, different approaches on estimating nutrient limitation through 

nutrient ratios (DIN:TP, NO3
-:TP) were tested to investigate which one fits better to the 

studied environment (Table S 4). The ratios and thresholds used in the present study for 

evaluating the trophic status of the lake based on the limiting elements during the 

monitoring period are presented in Appendix I, Table S1. 

Due to increased cyanobacterial activity in summer months, and a visible ongoing bloom 

in St. George Lake from July, samples were preserved for microscopic observation and 

species characterization. Microscopic observation showed that 99% of the phytoplankton 

biovolume (1 million cells mL-1 ± 20%) was attributed to a single picocyanobacterial 

species, called Merismopedia sp. (Scheme 18). Cell division of Merismopedia always 

occurs along two axes, which makes groups of 4 cells within the colony.  

 

Scheme 18. Merismopedia sp. captured under ECLIPSE Ci-L microscope equipped with 

OPTIKAM Wi-Fi camera with magnification 100x, Eleni C. Keliri©. 

These species are reported in the literature as microcystin and nodularin producers [93, 

94], which are both among the most hazardous groups of cyanotoxins detected in surface 

waters. Therefore, cyanotoxin genes analyses and cyanotoxin concentrations analysis 

were performed to examine the toxicity of this bloom. The presence of cyrB and cyrJ 

was recorded only in sample 1. The presence of MC genes was recorded in samples 1 

(mcyB) and 1, 4-8 (mcyE). Neither anaC nor sxtA were found in analyzed samples 

(Scheme S 1). Analysis of samples for microcystins (MCs) occurred to identify 

Merismopedia potency to release toxins during their blooming in St. George Lake.  

Microcystins were not detected above the MDL, but several matrix compounds with m/z 

almost identical (2-4 ppm) to the one of microcystins were detected. However, their 

detection was in a very low concentration and the fragmentation patterns of their parent 

ions differ from ones of microcystins (Figure S 1). Lack of characteristics fragments for 

MCs as the m/z 375.27 [C11H15O – Glu – Mdha]+, m/z 553.36 [Mdha – Ala – Leu – 
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MeAsp – Arg + H]+,  m/z 599.42 [Arg – Adda – Glu]+ confirmed the absence of 

microcystins in the Merismopedia sp. bloom.  

Even though the presence of microcystin synthase encoding gene (mcyB, mcyE) was 

documented, microcystins were not detected by tandem mass spectroscopy. It is safe to 

say that most probably the gene expression was weak resulted in toxin levels below the 

MDL. Gene expression can be affected and regulated by an array of biotic and abiotic 

factors [95]. A recent study showed that iron limitation could cause the downregulation 

of MC synthesis [96], that is caused by lower photosynthetic activity due to lack iron. 

Another factor examined in the literature that is known for its effect on mcy expression 

and MC production is the light intensity [97]. Even the presence of different cultures in 

a medium (e.g., M. aeruginosa with P. agardhii) can regulate the expression of mcyE as 

competitive mechanism between the two. In a study, M. aeruginosa with P. agardhii 

suppressed growth and downregulation of mcyE expression [98] which suggested that 

the competition between two toxic strains may results in a lower MC production.   

In the present study a mono-domination of one species occurred which results in the 

hypothesis that because of the absence of antagonists, the mono-domination excluded a 

strong competition with other species and therefore MC production was also 

inhibited. Alternatively, the presence of mcyB only in 1 sample and mcyE in 6 samples 

may indicate that the genetic machinery for MC synthesis is deficient and the dominant 

species lost the capability of MC synthesis.   

3.1.1.2 Treatment of Merismopedia sp. in St. George Lake water 

The peroxide-based oxidants used for the mitigation of Merismopedia sp.  exhibited 

different efficiencies and impact on the bloom. The average initial instantaneous 

fluorescence (Ft) and quantum yield at λ = 620 nm, were 8500 and 0.37, respectively; 

while at λ = 450 nm were 3000 and 0.6, respectively. Treatment with liquid hydrogen 

peroxide in concentrations 1 to 5 mg L−1 had no effect on the phycocyanin fluorescence 

(Ft) and quantum yield of PSII (Fv/Fm) indicating an ineffective treatment for the dense 

Merismopedia bloom. At the lowest doses (1 and 2 mg L-1) cyanobacteria continued to 

grow steadily; making the treatment inefficient. Treatment with 3 and 5 mg L-1 H2O2 

showed only a minor drop of the corresponding Ft values in raw fluorescence units (RFU) 

compared with the control (Figure 3A) which found to be insignificant (p > 0.05).  All 
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treated samples showed a stable average of QY around 0.37, meaning that the bloom 

remained unaffected during treatment with liquid H2O2, and the oxidant dose was unable 

to disrupt the photosystem II efficiency (Figure 3B) of the specific bloom.  
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Figure 3. The effect of liquid H2O2 concentration (0, 1, 2, 3, 5 mg L-1) on (A) phycocyanin 

concentration (measured as raw fluorescence units – RFU) and (B) Maximal quantum efficiency 

of the PSII (QY) at λ=620 nm. Results are expressed as the mean ± SD. 

Metallic peroxide granules exhibited different mitigation efficiencies, with MgO2 to be 

the least efficient between the two. CaO2 granules effectively decreased the 

photosynthetic activity of cyanobacteria (Figure 4Α), as doses of 2 and 3 g L-1 

significantly decreased the pigment concentration measured at t= 24 h (p < 0.001) and 

maintained at low levels until 48 h of treatment. Even though 2 g L-1 of CaO2 reduced the 

sample’s fluorescence, but Fm/Fv was restored after 6 h of treatment, making it less 

efficient than its higher dose (Figure 4B).  
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Figure 4. The effect of CaO2 granules concentration (0, 1, 2, 3 g L−1) on (A) phycocyanin 

concentration (measured as raw fluorescence units—RFU) and (B) maximal quantum efficiency 

of the PSII (QY) at 620 nm. Results are expressed as the mean ± SD. 

Treatment with MgO2 granules was inefficient for concentrations up to 3 g L-1. Both, Ft 

and Fv/Fm, values at λ = 620 nm were stable during the treatment period (Figure 5), 

meaning that the photosynthetic activity of Merismopedia cells was not affected and 

retained throughout the treatment. In the first 4 h of treatment, Ft values insignificantly 
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decreased but then were recovered within 6 h of treatment. In general, MgO2 granules in 

equal concentrations with CaO2 granules, were not able to influence the bloom, and 

therefore had no effect on both phycocyanin and chlorophyll a.  
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Figure 5. The effect of MgO2 granules concentration (0, 1, 2, 3 g L-1) on (A) phycocyanin 

concentration (measured as raw fluorescence units – RFU) and (B) Maximal quantum efficiency 

of the PSII (QY) at 620 nm. Results are expressed as the mean ± SD. 

Hydrogen peroxide did not affect the water quality characteristics while magnesium 

peroxide granules slightly increased all the recorded parameters. MgO2 and CaO2 

granules made the solution more alkaline while H2O2 had the least effect on the pH of 

the water matrix (Figure 6). More specifically, 3 g L−1 CaO2 granules increased the pH 

above 10, which is considered high for freshwater environments. Overall, there was no 

dramatic change of the remain characteristics of the water, except the pH rise above 10 

which is considered as an unwanted effect in the waterbody. 

 

Figure 6. Average pH, conductivity, salinity, and TDS (mean ± SD) of St. George Lake water 

(pH = 8.88, conductivity = 1999 μS cm−1, salinity = 1015 ppm) after 48 h of treatment with 

liquid H2O2, CaO2 and MgO2 granules. 
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3.1.1.3 H2O2 release by CaO2 and MgO2 granules in filtered lake water 

Metallic peroxide granules were tested for their H2O2 releasing capacity in St. George 

Lake filtered water (cyano-free). As shown in Figure 8, MgO2 resulted in a much lower 

oxidant release than the applied CaO2 granules. Release curves in filtered St. George 

Lake matrix showed that maximum accumulative hydrogen peroxide concentration from 

1, 2 and 3 g L-1 of CaO2 was 3.5, 8.0 and 11 mg L-1 respectively; while for 1, 2 and 3 g 

L-1 of MgO2 was as low as 0.7, 1.2, and 1.8 mg L-1 of H2O2; respectively (Figure 7). The 

limited H2O2 releasing capacity of MgO2 granules can explain their reduced efficiency 

as the released oxidant was not high enough to affect the bloom. Especially in cases were 

resistant and dense blooming events are occurred, much higher doses of H2O2 found to 

be effective (> 5 mg L-1). Even though a noticeable amount of H2O2 was released in water 

by granules; during the treatment, oxidant was rapidly consumed we were unable to 

detect residual concentrations higher than 0.5 mg L-1. 
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Figure 7. H2O2 release curves by 1, 2 and 3 g L-1 of (A) CaO2 and (B) MgO2 granules in filtered 

St. George Lake water matrix. 
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3.1.2 Athalassa Lake 

3.1.2.1 Monitoring 

Monitoring of Athalassa Lake occurred between August and November 2020, and a fish 

kill event was recorded during that period. The event was reported by the Department of 

Forests in Cyprus and caused the interest of the authorities to investigate the reason that 

drive the death of fish. The first articles released in press referred to a toxic a 

cyanobacteria bloom that caused acute toxicity to fish and warned the public for 

cyanotoxins presence into the waterbody.  

Monitoring of the lake showed a continual increase in pH that started from 8.3 and 

reached 8.7 in November. Conductivity ranged between 2200 to 3500 μS/cm, while TDS 

were quite stable the first three months but increased in November (Figure 8 A). The 

measured phycocyanin fluorescence in August and September was as low as 1500 RFU, 

which was followed by a sharp increase in October 2020. The increase in Ft indicated 

the beginning of a bloom, that peaked in November (Figure 8 B). The formation of the 

bloom was visible with a naked eye. Analysis of the chemical oxygen demand (COD) 

showed extremely high levels which exceeded the acceptable ranges for fresh water. 

Measured COD was as high as 125 mg L-1 and 272 mg L-1 from samples taken in 

September and November, respectively. Increased COD level indicate high levels of 

water pollution which was probably caused by organic-waste matter that leaked into the 

water from an unidentified point source. The total nitrogen was 2.4 mg L-1 and 10.2 mg 

L-1, while total phosphorous was 0.21 mg L-1 and 1.77 mg L-1 in September and 

November, respectively. The nutrient levels indicated a depleted surface water quality 

that rapidly leapt from Class II (Mesotrophic) to Class III-V (Eutrophic). 

Samples were tested under the microscope to identify the main species present in both 

cases. Microscopic observation showed that during fish-kill event the major species were 

Planktothrix agardhii, Planktolyngbya limnetica, Limnospira, and Euglenophyta sp., 

while Planktothrix agardhii became later the dominant specie (Scheme 18). Since, 

Planktothrix agardhii, previously named Oscillatoria, is a filamentous specie with 

trichomes and gas vacuoles and it is widely found in freshwater environments. Unlike 

other cyanobacteria species, its main pigment is phycoerythrin which is responsible for 

the green-brownish color of the cells, that is also reflected on the shade of the 
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contaminated waterbody (Scheme 20). These species are known as microcystin and 

several bioactive peptides producers, thereby resulting in impressive secondary 

metabolite structural diversity [99]. 
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Figure 8. (A) Physicochemical water characteristics, and (B) Photosynthetic parameters of 

Athalassa Lake water related to cyano-HABs (August – November 2020).  

   

     

Scheme 19. Samples received from Athalassa Lake Upper row: right after the fish-kill event 

and Lower row: Planktothrix sp. during the blooming period, captured under ECLIPSE Ci-L 

microscope equipped with OPTIKAM Wi-Fi camera with magnification from left to right 20x, 

40x, and 100x, Eleni C. Keliri©. 

Taking into consideration the potential toxicity of the species, water samples were 

collected right after the fish kill event to be analyzed for cyanotoxin producing genes 

(mainly mcyE, mcyB) and cyanotoxins content. The results of the above analyses did not 

show any correlation of the fish-kill event with cyanotoxins, as no cyanotoxin producing 
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genes were present into the samples nor toxins were identified with advanced analytical 

techniques above the MDL. 

3.1.2.2 Treatment of contaminated Athalassa’s lake water (fish-kill event) 

Surface water collected from Athalassa Lake with increased nutrients concentration and 

COD (=125 mg L-1) ten times higher than the permissible levels for surface waters (10-

20 mg L-1) [100] was utilized for treatment experiments with liquid H2O2 and PMS using 

the multiple dosing technique. A total dose of 7(3+2+2) mg L-1 and 9(3+3+3) mg L-1 H2O2 

slightly decreased the phycocyanin content of the matrix from 1700 ~RFU to ~1000 RFU 

(Figure 9). Quantum yield decreased from the first hours of treatment to ~ 0.4 and 

remained stable throughout the treatment, indicating no effect on cyanobacteria 

photosynthetic ability. Although the cyanobacterial content into the water was not 

considerably high, the doses applied were not enough to destroy the cells. Also, it was 

observed that the oxidant was rapidly consumed by the matrix resulting in quantifications 

of H2O2 lower than 0.5 mg L-1, even some minutes after its addition.  
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Figure 9. The effect of multiple dosing of H2O2 on (A) phycocyanin fluorescence (RFU) and (B) 

quantum efficiency of the PSII (QY) at 620 nm during a 78-h treatment of Athalassa lake water.  
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Figure 10. The effect of multiple dosing of PMS on (A) phycocyanin fluorescence (RFU) and 

(B) QY of the PSII at 620 nm during a 78-h treatment of Athalassa lake water.  
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PMS exhibited varied treatment efficiencies between the two dosing systems. High 

efficiency was only recorded when repeated doses of 3 mg L-1 were applied, while the 

other dosing caused only a minor drop in quantum yield and had no effect on 

phycocyanin fluorescence. The total dose of 9(3+3+3) mg L-1 KHSO5. caused a rapid 

decline on Ft and QY from the initial hours of treatment. Measured QY was partially 

restored at t=24 hours but after the 2nd and 3rd dose it dropped nearly to zero, indicating 

the total distraction of cyano-cells. Quantified COD at t=72 hours was 68 mg L-1 and 52 

mg L-1 after treatment with high repeated doses of H2O2 and PMS, respectively. 

3.1.2.3  Treatment of Planktothrix sp. in Athalassa Lake water 

Application of PMS and H2O2 in equal peroxide doses (1, 2, and 3 mg L-1) resulted in 

different efficiencies on treating the bloom. PMS showed an increased effect on the 

filament bloom (Planktothrix agardhii) in comparison with liquid H2O2. Even though 

there was a reduction on the phycocyanin fluorescence when H2O2 was applied, quantum 

yield remained unaffected, indicating no impairment on the PSII related to cyanobacteria 

photosynthetic activity and cell function. The application of PMS reduced both 

phycocyanin fluorescence and quantum yield of the PSII in all tested concentrations, 

while 3 mg L-1 was the most effective dose, as it resulted in zero quantum yield 98 hours 

after oxidant addition.  
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Figure 11. Ft in raw fluorescence units (RFU) and QY (Fv/Fm) at λ=620 nm during natural 

bloom treatment in Athalassa lake with repeated doses of 1, 2 and 3 mg L-1 H2O2 and PMS added 

every 24 hours for up to 72 hours. 
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Scheme 20. Treatment containers during treatment of Athalassa Lake water by multiple 

peroxide additions with total applied concentration 3, 4, and 5 mg L-1 H2O2 and KHSO5. 

Quantification of the oxidants during treatment showed no residual H2O2 concentration 

after 6 hours of treatment while PMS remained in the matrix in concentrations > 0.5 mg 

L-1 the first 24 h of treatment. These findings suggest that in natural environments H2O2 

tends to decompose or react fast with any matrix component, reducing its potential in the 

matrix to actively distinguish between matrix components and the target contaminant. 

PMS showed a long-lasting residual effect which result in a more targeted treatment and 

thus higher treatment efficiency. The properties of PMS and its treatment efficiencies 

were further explored and presented in Chapters 3.3 and 4.2.3. 

The effect of novel oxidants and their application method (single, multiple dosing) were 

examined in naturally occurring blooms which occurred during the monitoring activities 

of WTL-AQUA. The above studies comprise the primary stage where the novel oxidants' 

behavior, their potency to perform treatments and some of their physical and chemical 

properties were explored. Dedicated experiments on each oxidant were performed to 

further investigate their individual properties, as well as to develop and optimize 

treatments that can be proposed for in-lake applications. 
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3.2 Calcium peroxide (CaO2) granules 

3.2.1 Elemental composition 

Granules utilized in the present study had a given purity of 70 % w/w CaO2, equivalent 

to ~15.5 % available oxygen. Granules had a particle size between 0.5 to 2 mm and a 

pale-yellow color. The impurities reported by the manufacturer were 10-19% Ca(OH)2 

and other inorganic calcium compounds of around 5-19 %. XRF analysis showed the 

significant presence of iron, nickel, and manganese in granules’ composition. The 

elemental composition of CaO2 granules are presented in Table 8. 

Table 8. Elemental composition in CaO2 granules detected by handled XRF analysis, where [C] 

= concentration and L.E = light elements (e.g., Ca, O). 

Element [C] (ppm) ± SD 

Fe 182 11 

Ni 158 10 

Mn 62 19 

Zr 19 4 

Zn 16 3 

Pb 11 6 

Cu 2 4 

L.E 999550 14 

3.2.2 Compound type (powder, granules) effect on H2O2 yield 

Two types of metallic peroxide granules (powder, granules) were used to examine their 

H2O2 releasing capacity in pure water. Applied concentrations of 0.05, 0.30, and 0.5 g L-

1 CaO2 powder resulted in the release of ~13, 24, and 28 mg L-1 H2O2, respectively (Figure 

12). The obtained H2O2 release curves showed that CaO2 powder had a much higher H2O2 

releasing capacity than the equal dose of MgO2 powder, which only released ~1.3 mg L-

1 H2O2. The concentration of 0.5 g L-1 of CaO2 granules released much lower H2O2 

concentration in comparison with its powder form (Figures 13, 14), and their release 

kinetics were slower. The one-phase association model fitted well the release curves 

obtained from granules (R2>0.9), and quite less for powder (R2>0.8), meaning that H2O2 

release probably follows pseudo-first order kinetics. The rate of the reaction also differed 

between the two types of CaO2. Powdered CaO2 resulted in a rapid release within the 
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first minutes of contact with water, reaching its maximal release at t=40 minutes, while 

granules required ~ 4 hours to achieve their maximum H2O2 release potential. Results 

suggested that the use of powdered CaO2 should be avoided for surface water treatment 

since it makes available a high quantity of H2O2 in water, that can be potentially 

dangerous for aquatic life. The granules should be further investigated for their slow-

releasing ability as this form of CaO2 could be of benefit for cyano-HABs treatment.   
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Figure 12. H2O2 release kinetics by 0.05, 0.3, and 0.5 g L-1 CaO2 powder and 0.5 g L-1 MgO2 

powder in Milli-Q water fitted by non-linear pseudo-first order model: Y=Y0 + (Plateau-Y0)*(1-

exp(-K*x)). 
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Figure 13. H2O2 release kinetics by 0.5, 1, and 2 g L-1 CaO2 granules in Milli-Q water fitted by 

non-linear pseudo-first order model: Y=Y0 + (Plateau-Y0)*(1-exp(-K*x)). 
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Figure 14. Hydrogen peroxide released by 0.5 g L-1 CaO2 granules and CaO2 powder. 

3.2.3 Matrix effect on CaO2 granules’ releasing properties3 

3.2.3.1 Surface water composition (MQ, River, Dam, Lake water) 

An array of surface water matrixes with various physicochemical water characteristics 

were used to capture the release (yield) of H2O2. Surface waters collected from a river, a 

dam, and a lake in Cyprus, and whose water quality characteristics are shown on Table 

S 4, were utilized for capturing the release of H2O2 by 0.5, 1, 2 and 3 g L-1 CaO2 granules. 

CaO2 granules resulted in a gradual release of H2O2 for up to 6 hours after their addition 

in the tested water matrixes. The obtained release curves (Figures 15, S 3) showed that 

the maximum accumulative H2O2 concentration in each water matrix varied, meaning 

that H2O2 availability is greatly affected by the matrix load. Specifically, granules in extra 

pure water had the lowest H2O2 releasing capacity, followed by the lake water. Even 

though lake water collected during a blooming event, was filtered through cellulose 

nitrate filters, its nutrient load was much higher than the other matrixes, which may have 

caused the consumption of the released oxidant resulting in its limited availability. In 

dam water, H2O2 quantification had a slightly higher accumulative concentration than in 

river water, achieving a release of approximately 3, 6, 12, and 17 mg L-1 H2O2 from 0.5, 

1.0, 2.0, and 3.0 g L-1 CaO2 granules, respectively (Table 9). Although, the maximum 

accumulative concentrations between river and dam water were similar, H2O2 release in 

river water was followed by its consumption resulting in a decreased availability H2O2 

                                                 

3 The findings of this study will be submitted to the Journal of Hazardous Materials as a research article 

(December 2022). 
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in the matrix at t=48 hours. The maximum released concentrations of H2O2 by each CaO2 

granules concentration and in each water-matrix are depicted in Table 9. 

Table 9. Maximum accumulative concentration of H2O2 released by 0.5, 1, 2 and 3 g L-1 CaO2 

granules in different water matrixes (Mean ± SD). 

CaO2 granules 

(g L-1) 

Maximum H2O2 (mg L-1) yield 

MQ-water Dam Water River water Lake water 

0.5 0.7 (±0.2) 2.9 (±0.4) 2.4 (±0.3) N/A 

1.0 2.3 (±0.3) 5.7 (±0.2) 4.9 (±0.4) 3.1 (±0.2) 

2.0 3.9 (±0.4) 11.9 (±0.3) 11.1 (±0.4) 7.2 (±0.3) 

3.0 7.5 (±0.3) 16.7 (±0.2) 14.5 (±0.3) 10.1 (± 0.5) 

Since our previous studies indicated that H2O2 release may follow a pseudo-first order 

kinetic model, the release curves for t = 0 – 6 hours were fitted to the same model. Lake 

water showed no fit to the model, while river, dam and MQ water had a better fit, given 

the high correlation coefficients (R2 = 0.95 – 0.97). The rate constant (k) obtained by the 

one-phase association model showed that oxidant release in dam water (k=0.28 h-1) was 

slower than in river (k=2.96h-1) and extra-pure water (k=2.09 h-1), but the accumulative 

H2O2 released concentration by both surface waters were the same as the instantly 

measured H2O2 concentration was around 12 mg L-1  and did not significantly differ (p> 

0.05) between river and dam water at t=6 hours, as shown in Figure 15. What was 

significantly higher was the initial rate of H2O2 release in river water, while for dam and 

MQ-water did not statistically differ. 
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Figure 15. H2O2 release in dam, river, MQ, and lake water by 2.0 g L-1 CaO2 fitted by 

non-linear pseudo-first order model: Y=Y0 + (Plateau-Y0)*(1-exp(-K*x)).  
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3.2.3.2 BG-11 matrix (25%, 50%, and 75%) 

Release in surface waters with various water characteristics showed that high nutrient 

load (in lake water) reacted with the released H2O2, resulting in its limited availability, 

and hence its lower accumulative concentration in the matrix. Also, the lower releasing 

capacity of granules in MQ-water indicated that microelements contained in the water 

matrix enhance the release granules. To test the above hypotheses, release experiments 

were conducted in BG-11 medium in dilutions of 25%, 50% and 75%, achieving an array 

of total nutrients’, microelements’ (inorganic load) concentrations into the water matrix. 

Total nutrient analyses prior to granules addition showed that total nitrogen and total 

phosphorous was as high as 204 mg L-1 and 4.3 mg L-1 in BG-11 75% solution, 

respectively (Table S 6). 

Release curves in BG-11 matrix indicated that the higher proportion of nutrients and trace 

elements in the matrix, the lower accumulative H2O2 concentration is achieved (Figure 

16). For instance, 1 g L-1 CaO2 granules in 25% BG-11medium released up to 5 mg L-1 

H2O2 at t=48 h, while in 75% the released concentration was as low as 2 mg L-1, 

indicating an immidiate consumption of the released oxidant by the medium elements. 

To validate this outcome, an instant dose of 6 mg L-1 H2O2 was also added into each BG-

11 medium and H2O2 concentration was monitored at t= 0, 1, 4, 6 hours after its addition. 

Results showed that matrix load consumed 2 – 3 mg L-1 H2O2 right after its addition.  
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Figure 16. Instant H2O2 concentrations released by 1g L-1 CaO2 granules and t= 0, 1, 4, 6, 24, 

and 48 h after the addition of 6 mg L-1 liquid H2O2 in BG-11 medium in dilutions of 25%, 50%, 

and 75% in Milli-Q. 

Data points of release curves were further statistically analyzed to see whether granules 

dose and H2O2 release are correlated. Linear regression analysis performed to indicate 
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whether the concentrations of granules added in each water matrix have a linear 

correlation with the released H2O2 (Figure 16). The curves showed almost a perfect 

linearity in dam and lake water (R2=0.99), and sufficient linearity in milli-Q and lake 

waters (R2=0.96), confirming that in all tested matrixes H2O2 release is highly depended 

on the granules’ dose. Also, it is apparent that matrix does not affect this linear 

relationship, unless high nutrient and/or contamination exists which leads to the 

consumption of the released oxidant, hence the disturbance of the linearity. For instance, 

the correlation coefficients of the release in lake water and 75% BG-11 medium were 

slightly lower than in other less loaded matrixes. However, the matrix does affect the 

slope of the equation which means that the presence of matrix components (inorganic, 

organic load) drives the equation towards the oxidant release and in cases of highly 

loaded matrixes (50%, 75% BG-11) it is followed by its rapid degradation, causing slope 

reduction. The variation in slope values shows that higher the amount of nutrients and 

inorganic matter into the matrix the less availability of accumulative H2O2 concentration 

in the matrix, excluding the case of milli-Q water which is an extra-pure. In that case the 

absence of microelements eliminated the H2O2 releasing capability of granules, resulting 

similar equation (in terms of slope and R2) to the one obtained in highly loaded 75% BG-

11 medium, where the released oxidant was consumed by the matrix components. 
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Figure 17. Correlation between CaO2 granules (g L-1) added in in all tested matrixes (dam, river, 

milli-Q, lake, and BG-11 dilutions of 25%, 50%, and 75%) and the peak H2O2 released 

concentration (mg L-1). 
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3.2.3.3 Natural Organic Matter (NOM) – humics content 

Besides the nutrients and inorganic elements found in surface waters, natural organic 

matter is also present and may influence surface water treatment. Humics in 

concentrations of 0, 1, 5, and 10 ppm were added into surface water (free from 

cyanobacteria) and the release kinetics were again investigated. In the presence of low 

concentration of HASS (0, 1 ppm), a release of around 6 mg L-1 and 3 mg L-1 H2O2, 

respectively, was achieved. Surface water enriched with 5 and 10 ppm HASS showed an 

increased release of H2O2 (> 3 mg L-1) in comparison with 1 ppm, which followed by its 

consumption at t=4 h and then again, its release at t=24 h (Figure 18).  It is apparent that 

higher concentration of humics enhanced the release of H2O2 by the granules, but also 

the presence of HASS caused the simultaneous release and consumption of the oxidant, 

that caused disrupted release curves (Figure S 4).  
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Figure 18. Instantaneous H2O2 concentration released by 1.0 g L-1 CaO2 in surface (dam) water 

enriched 0 (control), 1, 5 and 10 ppm HASS at t= 0, 2, 4, 24 hours. 

To further investigate the reaction mechanism between granules and organic load, EPR 

technique was employed. Hydroxyalkyl radicals marked in red color were found in 

higher concentrations in water enriched with 5 and 10 ppm of HASS, reaching their peak 

at t= 48 hours (Figure 19, S 5). The lowest concentration of 1 ppm HASS, resulted an 

initial release of hydroxyalkyl radicals, followed by their consumption (30%) and 

regeneration. The concentrations of the generated hydroxyalkyl radicals in surface water 

contained 1, 5, and 10 ppm of HASS, were around 1.2 μmol L-1 (0, 1 ppm HASS) and 

4.5 μmol L-1 (5, 10 ppm HASS). On the other hand, the generated hydroxyl radicals did 

not significantly vary between the added doses of HASS, and they ranged between 0.8 

and 1.0 μmol L-1. Comparing the radicals formed by 1, 5, and 10 ppm of HASS, it is 

obvious that higher concentrations of humics (and NOM) in surface water favors the 
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formation of hydroxyalkyl adducts while ∙OH radicals remain rather constant and around 

1 μmol L-1 in the presence of HASS (Figure 19).  
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Figure 19. Quantification of DMPO/•OH and DMPO/Hydroxyalkyl adducts using DPPH as spin 

standard for the 1ppm HASS, 5ppm HASS and 10ppm HASS, respectively.  

The proposed mechanism of radicals’ formation is described in Scheme 21, which depicts 

the interaction between the organic matter (HASS) and the released hydroxyl radicals to 

form the oxidized organic radicals (hydroxyalkyl radicals) through an interfacial 

phenomenon. This mechanism reveals and explains the activation of CaO2 granules in 

the presence of humic acids as well as the formation of side-products (hydroxyalkyl 

adducts) during their reaction with water enhanced with humics. 

 

Scheme 21. Proposed mechanism of hydroxyalkyl radicals’ formation through an interfacial 

phenomenon between HASS with CaO2 granules applied in surface water (created with 

Biorender.com by E. Keliri ©). 
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3.2.4 Effect of CaO2 granules dose on surface water quality characteristics 

Physicochemical water characteristics (pH, conductivity, TDS, and Salinity) were 

monitored during the application of CaO2 granules in surface water (Kouris Dam), 

presented in Chapter 3.2.3.1. A noticeable increase in all measured parameters was 

captured, however pH exceeded the permissible limits for surface water when high CaO2 

concentration applied (Figure 20). The application of granules caused a quick increase 

of the initial pH of Kouris Dam (pH=8.8) and ranged between 9.5 and 10 after granules 

addition. Total dissolved solids, salinity and conductivity in all applied concentrations 

were found within the acceptable range for surface waters (Figure S 6 – 8) during the 48 

h of granules’ contact with water. Based on the results, caution should be taken when 

granules are applied in surface waters since the released by-product of the reaction, 

calcium hydroxide, significantly elevates the pH of the matrix. 
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Figure 20. Recorded pH values after the addition of 0.5 - 2.0 g L-1 CaO2 granules in 

Kouris Dam surface water.  

The obtained results revealed that humic substances and microelements found in the 

water matrix enhances the releasing capacity of granules (interfacial mechanisms) and 

result in higher accumulative concentrations of H2O2 than those found in MQ-water. On 

the other hand, nutrients, organic and inorganic load, interact with the released oxidant 

leading to its rapid consumption, making it less available for other contaminants. Overall, 

CaO2 granules showed a sufficient releasing capacity of H2O2 in surface waters, making 

them a promising treatment option to mitigate cyano-HABs. Also, their ability to 

gradually release the oxidant for as long as 24 hours after addition, gives a good 

indication about their potency for treatment application as it can stimulate the multiple 
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doses of H2O2, resulting in more effective treatments than single high dose of liquid 

H2O2.  

3.2.5 Cyano-HABs treatment with CaO2 granules vs. liquid H2O2  

Treatment of Microcystis sp.  

CaO2 granules concentrations (0.5 – 2 g L-1) used for cyano-HABs mitigation exhibited 

different efficiencies and impact on the Microcystis sp. (Chroococcales order) spiked in 

Kouris surface water matrix. The average initial instantaneous fluorescence (Ft) and 

quantum yield at λ = 620 nm, were 8400±200 RFU and 0.35, respectively. All the applied 

concentrations successfully treated the Microcystis sp. as the corresponding Ft values in 

raw fluorescence units (RFU) significantly decreased compared with the control (Figure 

21 A); and the quantum yield of PSII measured as Fv/Fm was as low as 0.0 after 24 hours 

of treatment confirming the destruction of cyanobacterial cells (Figure 21 B). Quantified 

residual H2O2 ranged between 0.5 and 1.2 mg L-1 during the first 2 hours of treatment 

and then it dropped, meaning that the released oxidant was immediately reacting with the 

contaminant, resulting in no residual effect. 
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Figure 21. (A) Ft at λ=620 nm in raw fluorescence units (RFU), and (B) Quantum Yield at λ=620 

nm during Microcystis sp. treatment with 0.5-2.0 g L-1 CaO2 granules.  

The physicochemical water characteristics during treatment varied with the pH to be the 

most susceptible to changes. Especially, 2 g L-1 CaO2 granules resulted in pH higher than 

9.5 at t = 24 hours, but then slightly decreased to an acceptable range at t= 48 hours 

(Figure 22). The rest concentrations had minimal effect on pH, conductivity increased 

around 60 μS/cm equally in all applied concentrations and the rest parameters were 

affected, however the values were within the expected ranges for surface waters. 
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Figure 22. pH values at t=0, 24, and 48 h of Microcystis sp. treatment with 0.5, 1.0 and 2.0 g L-

1 CaO2 granules. 

To compare the treatment efficiency with the direct application of H2O2, treatment with 

liquid H2O2 was performed under the same conditions. Treatment with 3 mg L-1 H2O2 

was inefficient to treat the Microcystis sp. specie since the quantum yield of PSII was 

completely restored 48 hours after the oxidant addition, meaning that some cells 

remained unaffected and started to photosynthesize again (Figure 23). Treatment with 6 

and 12 mg L−1 H2O2 caused significant reduction of cyano-HABs after the 48 hours of 

treatment. The sharp Ft increase recorded during the first 6 hours of treatment indicate 

the release of phycocyanin pigment into the water due to cell destruction, which can be 

confirmed by the simultaneous decline of its QY at t=6 h. Physicochemical parameters 

during liquid H2O2 treatment on Microcystis had less variations than CaO2 granules 

addition.  
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Figure 23. Ft at λ=620 nm in raw fluorescence units (RFU) and QY (Fv/Fm) at λ=620 nm during 

Microcystis sp. treatment with 3 - 12 mg L-1 H2O2. 
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Figure 24. Residual H2O2 concentration measured during Microcystis sp. treatment with 1-12 

mg L-1 H2O2. 

Monitoring of the residual oxidant concentration during treatment showed instant 

consumption of the oxidant from the first hours of treatment. All added oxidant 

concentrations were totally consumed up to 24 hours of treatment as shown in Figure 22, 

except the addition of 12 mg L-1 which had a residual effect of ~ 3 mg L-1 H2O2 after 48 

hours of treatment, meaning that the oxidant was in excess (Figure 24).  A slightly 

solution pH decrease was observed for all added H2O2 concentrations. Specifically, pH 

decreased from 9.4 to 8.8, which means it reached a pH value close to the initial. 

Conductivity had similar rise as in CaO2 granules treatments. 
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Figure 25. Comparison of Ft at λ=620 nm in raw fluorescence units (RFU), between equal 

accumulative H2O2 doses of 1 g L-1 CaO2 granules and 6 mg L-1 liquid H2O2, during Microcystis 

sp. treatment. 

Comparing the slow releasing granules with the liquid H2O2 treatment in equal applied 

concentrations (e.g., 1.0 g L-1 CaO2 granules vs. 6 mg L-1 H2O2) it is apparent that 

granules had faster response to the contaminant since it not only decreased significantly 

the cyano-cells into the matrix but also decomposed the released pigments from the first 
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few hours causing less increase in the water sample fluorescence (Figure 25). This 

finding supports further the increased efficiency of CaO2 for in-lake applications to 

mitigate both cyano-HABs and their side-effects (e.g., undesirable color due to pigments 

presence). Also, the minimum effective dose of CaO2 granules were much lower (0.5 g 

L-1 eq. to 3 mg L-1 liquid H2O2) than the minimum effective dose of liquid H2O2 (6 mg L-

1). The only concern derived from the above study is the noticeably increase on the pH 

during CaO2 treatment due to the alkaline side product of the reaction, the Ca(OH)2 

precipitate. 

Treatment of Aphanizomenon sp.  

Same experimental as above was followed for the mitigation of a filamentous species, 

Aphanizomenon sp., in Kouris Dam water matrix. The CaO2 granules concentrations 

(0.50 – 1.25 g L-1) used for cyano-HAB mitigation exhibited different efficiencies on the 

culture. The average initial instantaneous fluorescence (Ft) and quantum yield at λ = 620 

nm, were 7500 and 0.38, respectively. The lowest applied CaO2 granules dose (0.5 g L−1) 

giving comparable Ft and QY values to the control, hence it was inefficient to treat the 

bloom (Figure 26). Higher concentrations of CaO2 granules significantly lower the Ft and 

achieved a zero measured QY, which indicates the total destruction of the cells and their 

photosynthetic ability. As shown in Figure 24 A, there was a noticeable increase in the 

phycocyanin fluorescence at t=24 h, which indicates the presence of released pigments 

into water during the treatment. Even though the applied dose of 1 g L-1 CaO2 granules 

resulted in a successful mitigation, it was not sufficient to also degrade the released 

phycocyanin, even after 120 h of treatment. In contrary, 1.5 g L-1 CaO2 granules achieved 

both, making it the most effective dose for Aphanizomenon sp. treatment.  Quantification 

of the residual H2O2 released from granules during treatment is depicted in Figure 27. 

Oxidant was rapidly consumed after the first 6 hours of treatment, leading to no residual 

H2O2 concentration after 48 h of treatment. 

The physicochemical water characteristics during treatment varied with pH being once 

again the most affected by the CaO2 granules addition. Concentrations higher than 0.5 g 

L-1 CaO2 granules resulted in a pH above 9.5, which is the OCED upper threshold limit 

for acceptable pH in surface water (Figure 25). The pH remained high during the 

treatment. Conductivity slightly decreased 20-50 μS in all samples in all applied 

concentrations. 
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Figure 26. Ft at λ=620 nm in raw fluorescence units (RFU), and (B) QY (Fv/Fm) during 

Aphanizomenon sp. treatment with 0.50, 1.0, and 1.25 g L-1 CaO2 granules. 
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Figure 27. pH values at t=0, 24, and 48 h of Aphanizomenon sp. treatment with 0.50, 1.00 and 

1.25 g L-1 CaO2 granules. 

Again, to compare the treatment efficiency of granules with the corresponding doses of 

liquid H2O2, treatments with 3, 6, and 7 mg L-1 H2O2 were performed under the same 

conditions. Measured Ft values showed a sharp increase during the first 24 hours of 

treatment, which remained high for up to 72 hours after H2O2 addition (Figure 28 A). As 

explained in previous experiments, this increase happens due to phycocyanin release into 

the water, which in this case is much higher and noticeable than in the case of Microcystis 

sp. This may be caused by the morphology of the cyanobacterium (filament vs. coccoid 

species). All the applied doses succeeded on reducing the QY at t=24, and 48 h, but 

filaments regained their photosynthetic ability after 72 hours since QY was partially 

restored at t=120 h of treatment. The application of liquid H2O2 on Aphanizomenon sp. 

resulted in the enormous release of pigments, and doses were not sufficient to degrade 

both cyanobacteria and the released pigments. 
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Figure 28. (A) Ft at λ=620 nm in raw fluorescence units (RFU), and (B) QY (Fv/Fm) during 

Aphanizomenon sp. treatment with 3, 6, and 7 mg L-1 H2O2. 

Quantification of the residual H2O2 in both treatments is depicted in Figure 29. The 

oxidant was rapidly consumed in the first 6 hours of treatment, reaching a concentration 

of less than 0.5 mg L-1 H2O2 at 24 hours of treatment. 
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Figure 29. Residual H2O2 concentration measured during Aphanizomenon sp. treatment with 

0.50-1.25 g L-1 CaO2 granules. 

Comparing granules with the liquid H2O2 treatment of Aphanizomenon sp. in equal 

applied concentrations (e.g., 1.25 g L-1 CaO2 granules vs. 7 mg L-1 H2O2) it is apparent 

that granules had faster response to the contaminant since it not only destructed the 

cyano-cells but also decomposed the released pigments from the first few hours, 

eliminating the fluorescence of water. Physicochemical parameters during liquid H2O2 

treatment on Aphanizomenon sp. had less variations than CaO2 granules addition. 

Comparison between the treatment of filamentous and coccoid species, suggest that 

filaments demand higher doses of liquid H2O2, and they tend to release more pigments 

into the water matrix during the cell lysis process. Overall, a dose of 0.5 and 1 g L-1 CaO2 

granules (eq. to 3, and 6 mg L-1 H2O2) was sufficient to treat a Microcystis and an 

Aphanizomenon sp. bloom, respectively. As for liquid H2O2, instant doses of > 6 mg L-1 

were required to treat both cyano-cultures. 
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3.2.6 CaO2 granules toxicity on invertebrates 

When a novel chemical treatment method is proposed for in-field applications it is 

important to examine not only its efficiency towards the contaminant but also its impact 

on the non-targeted organisms. To decide on the optimum applied concentrations of CaO2 

granules for surface water treatment purposes, a toxicity study on Echinogammarus 

veneris sp. was conducted in river water matrix. The survival of species recorded at t=48 

h was plotted with the added concentrations (0.50, 0.75, 1.00, 1.25, and 2.00 g L-1) of 

CaO2 granules. The LD50 was obtained by fitting the dose-respond curve on the non-liner 

Asymmetric EC50 curve. As shown in Figure 30, 2.0 g L-1 granules caused 100% 

mortality of Gammarus species, while 1.0 g L-1 granules had a moderate effect on their 

survival. The LC50 obtained by the survival curve proposed a lethal dose of 1.135 g L-1 

CaO2 granules. The survival of species in each time interval is presented in Figure S 9, 

and the quantified H2O2 during the experiment is depicted in Figure S 10. The findings 

of this study suggest that doses between 0.5 and 1.5 g L-1 CaO2 granules are considered 

a safe for the non-targeted species, while doses above the LC50 should not be considered 

as treatment options.  
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Figure 30. Survival of Echinogammarus veneris sp. at t=48 h of each CaO2 granules dose (0.00, 

0.50, 0.75, 1.00, 1.25, 2.00 g L-1) to determine the LC50. 

Summarizing the results (Chapters 3.2.1-3.2.6), CaO2 granules showed a sufficient H2O2 

releasing capacity and higher yield in comparison with MgO2 granules, while the 

powdered form lacks the slow-releasing properties of granules. Dense cultures require 

high doses of liquid H2O2, while the gradual release by granules eliminated the residual 

effect. However, granules demonstrated some side effects which require further 
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exploration: (a) increase of matrix pH and turbidity due to Ca(OH)2 precipitate, and (b) 

toxicity to invertebrates when doses > 1 g L-1 are applied. The possibility to enclose the 

granules in a natural material in order to eliminate their direct contact with water and the 

non-targeted species as well as to capture the released precipitate, is studied in Chapter 

3.2.7. 

3.2.7 Calcium peroxide granules enclosed in fabrics – GEF systems4 

3.2.7.1 Fabrics characterization 

SEM was performed to characterize the morphology, pore area, and thickness of the four-

textile materials utilized to enclose the granules. As shown in Scheme 22, SEM images 

showed fabrics of different material characteristics in regards with their morphology, 

pore shape and fiber networks’ structure. The total surface area covered in each SEM 

image was measured with ImageJ software and it was 7.7±0.1 mm2
.   

It can be observed from Scheme 22 (A) that fabric type A surface is smooth and clean, 

displaying a well-structured twilled fabric. The pores are distributed almost evenly in the 

surface of the fabric, resulting in a typically hierarchical pore network structure 

composed of cotton and polyester fibers. Scheme 22 (B) depicts the interlining fabric 

(fabric type B), with areas that are thermally compressed to shape visible dots on the 

fusing paper. Those spots have zero porosity and cover around 18% of its surface area. 

The fibers were not structurally distributed in the non-woven fabric and therefore pores 

are being shaped by the available spaces between the tangled fibers. Fabric type C 

depicted in Scheme 22 (C), had the most strict and repeatable structure with rectangle 

spaces between the twilled fabric that shape its pores. Parallel horizontal lines of fabric 

bundles are observed with vertically braided fabrics that are shaping knots to keep its 

fabric network. Scheme 22 (D) shows the 20 DEN tights comprised by knitted nylon 

fiber networks with nodes that allow the formation of pores between the intersected fabric 

lines.  

                                                 

4 The findings of this study were published at Chemical Engineering Journal Advances: E. Keliri, et. al., 

Calcium peroxide (CaO2) granules enclosed in fabrics as an alternative H2O2 delivery system to combat 

Microcystis sp., Chemical Engineering Journal Advances, Volume 11, 2022, 100318, 

https://doi.org/10.1016/j.ceja.2022.100318  

https://doi.org/10.1016/j.ceja.2022.100318
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The regular pore area (mm2) of each material was defined with the use of “ImageJ” 

software by measuring the surface area of 60 pores for each fabric and then calculating 

the average pore size, the standard deviation as well as identifying the minimum and 

maximum pore size to determine a surface area range (Table 10). For Fabric type C, pore 

radius and dimeter are not available (N/A) since the shape of the pores were selected to 

be rectangular instead of circular, as it fitted better the pore shape. The total coverage of 

pores on the surface of each material was calculated and found to be 5.7%, 19%, 12% 

for fabric type A, C, and D, respectively (Scheme S 2, Appendix II). 

 

Scheme 22. SEM images of fabric types A – D, under 100x magnification and a scale of 1 mm. 

Table 10. Pore size range of fabrics Type A-C, mean pore size ± SD (um), n=60 pores. 

 Average pore 

surface area 

±SD min max R D Thickness 

Fabric mm2 mm μm 

A 0.016 0.006 0.007 0.033 0.07 0.14 260 

B 0.004 0.003 0.001 0.020 0.04 0.08 200 

C 0.113 0.022 0.072 0.157 N/A N/A 170 

D 0.009 0.005 0.003 0.024 0.5 0.1 554 
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3.2.7.2 H2O2 Release kinetics by GEF systems 

Following the same experimental procedure as in the direct application of CaO2 granules 

in surface water, H2O2 release curves were obtained for the GEF systems. As shown in 

Figure 31, all the enclosed concentrations in all fabrics except from GEF type D, 

exhibited a high H2O2 releasing capacity. For instance, GEF systems resulted in a 

continuous release similar to their direct application in water and confirmed that granules 

can retain their ability to release H2O2 when enclosed in fabric materials.  
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Figure 31. Release curves depicting the instantaneous H2O2 concentration during a 24-h release 

experiment utilizing 0.5, 1.0, and 2.0 g L-1 CaO2 granules enclosed in fabric types (A) pocket 

lining, (B) interlining textile, (C) polyester netting, and (D) paper filter wrapped in tights’ fabric. 

The release curves follow a pseudo-first order association kinetics model and the 

calculated correlation coefficients showed that R2 derived from the pseudo-zero-order 

model were much lower than the ones from the non-linear pseudo-first order model 

(Figure S 11), which is against the findings in literature which propose a pseudo-zero-

order kinetics model for H2O2 release by CaO2 granules [69]. Correlation coefficients 

ranged between 0.63 and 0.99 for the non-linear pseudo-first order model (Figures 32, S 

11) exhibiting a sufficient fit to the model for GEF types A, B and C. Those systems 

released similar H2O2 concentrations compared with the ones released by the direct 

application of CaO2 granules. In contrast, GEF type D released significantly lower H2O2 
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concentrations than the other GEF types (p < 0.05), hence it was the only system that had 

a poor fit to the model. It also indicates a not as favorable delivery system for granules 

as the rest systems. The inability of H2O2 to diffuse from the filter to the bulk of the 

solution could be either a result of its reaction with the filter itself or the porosity of the 

combined system (filter enrolled in tights). For GEF type D, the highest tested 

concentration of 2 g L-1 resulted in a maximum release of just 1.2 ± 0.9 mg L-1 H2O2 at 

t=24 hours, while GEF systems of type A, B and C released up to 11.9 ±0.4 mg L-1 H2O2, 

13.5 ±1.2 mg L-1 H2O2, and 12.0 ±0.5 mg L-1 H2O2, respectively (Figures 31-32, Table S 

7).  
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Figure 32. H2O2 release kinetics by 2.0 g L-1 CaO2 GEF types A – D, and no fabric, in a surface 

water (Kouris dam) fitted by non-linear pseudo-first order model: Y=Y0 + (Plateau-Y0)*(1-exp(-

K*x)). 

Linear correlation between H2O2 yield and CaO2 granules dose  

The overall released concentration in GEF type A-C was the same (p>0.1) for each added 

dose. Therefore, a linear regression analysis was employed to find the correlation 

between H2O2 yield and the applied CaO2 granules dose. The analysis showed a linear 

relationship between the two (R2=0.97-0.98), meaning that GEF exhibit the same 

behaviour as their direct application in water. The linear relationship shows that the H2O2 

yield depends on the CaO2 dose, hinting that the H2O2 yield per CaO2 weight unit applied 

in water remains constant. Specifically, 0.5, 1.0, and 2.0 g L-1 CaO2 granules released 

around 3.0 mg L-1 H2O2, 6.0 mg L-1 H2O2, and 12.0 mg L-1 H2O2, respectively. Those 

yields were obtained by all tested fabrics except type D that gave a significantly lower 

R2 value, which was anticipated based on its minimal H2O2 releasing potential (Figure 

33, Table S 7). 
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Figure 33. Linear correlation between H2O2 yield at t=24 hours and CaO2 granules’ dose 

directly applied (no fabric) and applied enclosed in GEF types A – D. 

The obtained linear equation could be a useful tool on deciding on the CaO2 granules 

doses during an in-lake application if the required overall H2O2 concentration is known, 

estimated, or indicated by previous experiments. These results confirm previous studies 

that suggested a linear relationship between the H2O2 yield and the added CaO2 granules 

dose [72] and support the findings of the present study that the release is not following a 

pseudo-zero-order but pseudo-first-order kinetics model, as explained in section 3.2.7.2.   

3.2.7.3 Treatment efficiency 

The effectiveness of the proposed H2O2 delivery systems (GEF types A to C) on the 

treatment of a Microcystis sp. bloom was investigated. Each GEF system was evaluated 

by recording the phycocyanin instantaneous fluorescence (Ft) and quantum yield (QY) 

of the photosystem II at λ= 620 nm throughout a treatment that lasted for 3 days. The 

experimental conditions were kept the same in all experiments, with the initial 

fluorescence and QY to be at 8000 ± 700 RFU, and 0.45 ± 0.05, respectively.  

Starting from the highest enclosed dose of 2.0 g L-1 in GEF type A, it was not sufficient 

to significantly reduce the Ft and QY, while in GEF types B and C a major reduction of 

Ft (87.5 – 91%) at t=48 h was observed. This reduction was also reflected in the 

respective quantum yields of GEF type B and C, where the recorded QY reached almost 

zero value (Figure 34). Also, a noticeable rise in Ft values can be observed in the first 

hours of treatment with high concentration of granules. This can be explained by the 

released pigments from the lysed cells, as although the recorded Ft values showed an 

increase in phycocyanin concentration, the QY significantly declined. The measured QY 

represents the ability of the cells to photosynthesize, thus rapid decline of QY verified 
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that the increase in Ft was due to phycocyanin release into the matrix, while the decline 

in Ft afterwards is a result of simultaneous cyanobacteria and their pigments’ degradation 

by the excess or residual oxidant. The remaining concentrations enclosed in GEF type A 

did not affect the photosynthetic parameters, as the obtained values were identical to the 

control. The lowest concentration enclosed in GEF type B (0.5 g L-1) was not sufficient 

to destroy the cells, while 1.0 g L-1 GEF type B released enough H2O2 to destroy the cells 

(QY<0.2) but not sufficient to degrade the pigmentation released from lysed cells (Ft > 

5000 RFU). As for the GEF type C, even the lower concentration caused a significant 

reduction to the Ft values, as well as the photosynthetic activity. Even though., QY 

initially dropped when 0.5 g L-1 were applied, it was completely restored after 24 h of 

treatment, indicating the regrowth of cyano-cells. Overall, GEF type C in concentrations 

1.0 and 2.0 g L-1 CaO2 achieved the higher treatment efficiency in terms of both 

photosynthetic parameters, while GEF type A was the least efficient delivery system 

since it only caused a slight decrease at the highest applied dose of 2.0 g L-1 CaO2 

granules.  
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Figure 34. Effect of 0.5, 1.0, and 2.0 g/L CaO2 granules enclosed in fabric types (A) pocket 

lining, (B) interlining textile, (C) polyester netting, on phycocyanin Ft (left), and QY at λ=620 

(right) during the treatment of Microcystis sp. in surface water. 

During the bench-scale experiments, attention was given to ensure that granules were 

folded as a monolayer inside the fabric material, to be totally submerged into the water 

which allowed their continuous contact through the pores of the material (Scheme 23). 

The percentage of the upper layer of surface water covered by GEF system in the 

experiments were 5.3%, 14.2%, and 29.5% for GEF 0.5, 1.0, and 2.0 g L-1 CaO2 granules, 

respectively. Based on the obtained results, the surface area of GEF systems applied on 

the upper layer of surface water (floating on the top) is sufficient to mitigate a dense 

Chroococcales bloom.  
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Scheme 23. Treatment of Microcystis sp. with GEF in concentrations of 0.0 (control), 0.5, 1.0, 

and 2.0 g/L CaO2 granules enclosed in fabric type C, at t=0, 24, and 48 hours. 

The concentration of H2O2 was monitored throughout the treatment to determine the 

instantaneous residual oxidant concentration. Even though a noticeable amount of 

accumulative H2O2 was quantified during the release experiments by all GEF doses, 

instantaneous H2O2 concentrations at t=6, 24, and 48 hours were below 1.0 mg L-1, 

showing that the oxidant was rapidly consumed by the contaminant and/or the matrix, 

once was released. 

3.2.7.4 Physicochemical water characteristics 

Physicochemical water parameters were monitored during treatment with GEF to 

evaluate their effect on matrix pH, conductivity, salinity, and TDS. Matrix pH is one of 

the most important parameters that required monitoring since it is important to avoid high 

pH values that caused by the side-product of the reaction which is released Ca(OH)2 into 

the waterbody. This type of side-effects when applying a chemical treatment method can 

disrupt the ecosystem and potentially reduce water quality making it inappropriate for 

drinking purposes. A slight increase in water pH (pH=9.5) was observed in matrix where 

fabric type A and B were added, while where type A was added no evident increase was 

recorded (Figure 35). Still, all the encapsulated systems kept the pH lower than 10, while 

the directly applied granules significantly increased the pH above 11, which is exceeding 

the expected limits for surface water. Salinity, TDS, and conductivity were found to be 
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within acceptable ranges for freshwater during the treatment, and the Salinity and TDS 

were found to be the least affected parameters (Figures 36). 
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Figure 35. Changes in pH during treatment of Microcystis sp. in surface water by 2.0 g L-1 CaO2 

granules direct application and GEF type A – C. 
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Figure 36. Conductivity, TDS, and Salinity at t=48 hours of Microcystis sp. in surface water 

treatment by adding 2.0 g L-1 CaO2 enclosed in GEF type A – C. 

The surface area of fabric type C was visibly higher than the other textiles, which may 

have caused the partial release of Ca(OH)2 precipitate into the water. The particle size of 

the Ca(OH)2 powder ranges from 0.5 to 20 μm with the most common ones to be around 

15 μm [101]. The pores of material A (16 ± 0.6 μm) could barely limit the the release of 

Ca(OH)2 into the water, while the pores of type B (4 ± 0.3 μm) had higher chances to 

restrict the release of the powder into the bulk. Differences between the direct application 

of CaO2 granules and GEF when 2 g L-1 were applied can be observed in Figure 35, 

where all GEF systems had minimal variations, while direct application caused a steep 

increase to pH above 11. Since all GEF systems affected pH similarly, it is likely that 

Ca(OH)2 powder had particle size close to the pores’ surface area of the materials, that 

allowed its capture into the fiber networks, where the knots were. 



87 

 

3.2.7.5 GEF toxicity on invertebrates 

The toxicity effect of CaO2 granules directly applied in surface water showed that LD50 is slightly 

above 1 g L-1. GEF systems enclosing 0.5, 1.0 and 2.0 g L-1 CaO2 granules were examined for 

their lethal effect on Gammarus species, in comparison with equal doses H2O2. Figure 37 

summarizes the survival (%) of tested organisms during their 48 hours contact with the applied 

oxidants (Figure S 12). Results showed that GEF systems caused no significant mortality of the 

species (<10%), thus the curve was well above the LD50 value. It is important to note that the 

granules allowed for higher tolerance of the gammarus species to H2O2, as LC50 values were 

around 5 mg L-1 and 7 mg L-1 for liquid H2O2 and released by free granules, respectively. 

Enclosing the granules in fabrics eliminated the toxicity of the granules, which was mostly 

coming from the precipitate of the reaction. In general, concentrations higher than 5 mg L-1 H2O2 

(released or directly applied) effect the zooplankton wellness.  
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Figure 37. Survival rate (%) of invertebrate species in river water at t=48 h, and doses of 0, 3, 6, 

and 12 mg L-1 H2O2 applied in the form of GEF, granules, and liquid H2O2. 
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Scheme 24. Experimental set-up of toxicity study on Echinogammarus veneris by applying 0.5, 

1.0, and 2.0 g L-1 GEF type C in river water matrix. Photo was taken at = 48 h and the survival 

of species during the experiment is visible.   

3.3 Peroxymonosulfate (PMS) – OXONE® 

3.3.1 Development of quantification method5 

Arylboronic acids are derivatives of the boric acid, in which one of the hydroxyl bonds 

breaks, yielding a new Boron-Carbon bond. As proposed in literature, phenylboronic 

acids react with peroxides under mild alkaline conditions to generate phenolates (Scheme 

25). This reaction is extensively studied as an easy, efficient, and “green” method to 

produce phenolates in chemical synthesis processes [102]. Recently, the reaction was 

utilized for the development of H2O2 chemo-selective probes to detect residual H2O2 in 

food and agriculture products [103]. Specifically, nitrophenyl boronic acids (NPBA) 

were firstly introduced by Su et. al. (2011) [104] for the direct colorimetric determination 

of H2O2 due to the generation of 4-Nitrophenol which is in the visible spectrum. 

                                                 

5 For the method a Cyprus patent application, CY202000002 (September 2020); US Provisional patent 

application (USPTO, October 2020); and a US patent application (USPTO, 2021) was filed through the 

hosting Institution, Cyprus University of Technology. The patent application fees were funded by Cyprus 

Seeds, the Research and Innovation Foundation and the Cyprus University of Technology. 
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Scheme 25. Reaction mechanism of ipso-hydroxylation of phenylboronic acid in the presence of 

hydrogen peroxide, that lead to the formation of phenolate ion. [105] (modified by E. Keliri ©). 

Our research group aimed to explore the reaction between p-NPBA and HO-O- derived 

from peroxymonosulfates as a possible quantification method in aquatic samples. Other 

studies also employed this reaction to determine peroxide-containing chemicals (e.g., 

urea-hydrogen peroxide).  Reaction between p-NPBA and PMS showed that 

peroxymonosulfates react with para-nitrophenyl boronic acid to form para-nitrophenol, 

with peak absorbance at λ=405 nm. The product of the reaction has a pKa of 7.15 in 

water, thus when deprotonated, gives the recorded absorbance at 405 nm, explained by 

the yellowish color of the solution. The reaction time was initially ~ 5-10 minutes but 

changing the molarities of p-NPBA solution and the volume proportions of the reagents, 

we achieved a rapid reaction (<1 sec) with accurate results. The accuracy was tested by 

adding known concentrations of PMS in pure water matrix and quantifying the residual 

concentration through the proposed reaction. Stability tests showed a stable UV-read at 

λ=405nm during a 28-hrs monitoring of p-nitrophenol in the reaction medium (Figure 

38), under dark conditions, whereas an unstable reaction was detected in the presence of 

solar light. The findings indicate a photosensitive reaction, that it can be utilized only in 

the absence of radiation, where the reaction product is stable. 

 

0.0 2.0 3.0 24.0 25.0 26.0 27.0 28.0

0

2

4

6

8

10

12

Time (h)

P
M

S
 (

m
g

/L
)

2mg/L HSO5
-

5mg/L HSO5
-

1
st

 dose

2
nd

 doseA

0 10 20 30
0.0

0.2

0.4

0.6

Time (h)

A
b

s
 4

0
5
n

m

p-nitrophenolB

 

Figure 38. (A) Quantification of 2 and 5 mg L-1 PMS added in MQ-water at t=0 and t=25 h, (B) 

Absorbance at λ=405 nm of the following mixture: 2 mL of 50 uM PMS sample with 2 mL of 2 

mM p-NPBA stock solution, under dark conditions. 
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3.3.2 PMS vs. H2O2 (in equal peroxide doses) toxicity on invertebrates  

Toxicity study on invertebrates’ species, Echinogammarus veneris sp., was conducted in 

river water matrix - their surviving environment - by applying doses of 1 - 5 mg L-1 H2O2 

and PMS (equal to H2O2 molarity)6. To test if the application method is also affecting 

their wellness, single dose and multiple doses experiments were performed under the 

same experimental conditions. Both oxidants showed a moderate effect on the 

zooplankton species, recording mortalities of less than 50%. Liquid H2O2 doses of 3 and 

4 mg L-1 showed a slight decrease on the survival rate of the species at t=6 h after oxidant 

addition, while 5 mg L-1 H2O2 caused an obvious reduction close to 50% (Figure 39 A). 

PMS had no effect in any of the concentrations tested, as it maintained a survival rate of 

90-100% in all added concentrations (Figure 39 B).   

Quantification of residual oxidant during the toxicity study showed that H2O2 was rapidly 

consumed by the components of the matrix (and/or interacted with zooplankton species), 

while the retention of KHSO5 in the matrix was longer, causing a residual effect. In terms 

of treatment, the residual effect of PMS indicates a possibly higher treatment efficiency. 

Comparing the survival of gammarus between 5 mg L-1 of H2O2 and KHSO5, the latter 

one is considered safer for surface water applications in respect to the non-targeted 

species. 
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Figure 39. Survival rate (%) of Echinogammarus veneris sp. in river water matrix with (A) 1 – 

5 mg L-1 liquid H2O2, and (B) PMS generated by OXONE (in equal molarities). 

                                                 

6 Calculated molarities of PMS equal to 1 – 5 mg L-1 of peroxide are presented in Table S 8, Annex II. 
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Figure 40. Residual oxidant concentration measured during toxicity study on Echinogammarus 

veneris sp. treatment with (A) 1 – 5 mg L-1 liquid H2O2, and (B) PMS (in equal molarities). 
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Figure 41. Survival rate (%) of Echinogammarus veneris sp. in river water matrix with mutiple 

doses of (A) liquid H2O2 and (B) PMS (in equal molarities). [C]tot = 5 mg L-1. 

Repeated doses of each tested oxidant on Echinogammarus veneris sp. resulted in distinct 

differences compared to their single high doses. As shown in Figure 41, the survival rate 

of gammarus when multiple doses of H2O2 were applied remained high (70-90%), while 

multiple doses of KHSO5 caused higher mortality to the species (S.R.=30-50%). The 

effect on Gammarus was noticeable after the 3rd dose of KHSO5 (1 mg L-1), as the 

survival rate dropped from 100% at t= 48 h to 30% at t=96 h. This can be attributed to 

the residual effect of PMS which causes its higher cumulative concentration into the 

matrix, hence longer contact with the tested organisms (Figure 42 B). 
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Figure 42. Residual oxidant concentration measured during toxicity study on Echinogammarus 

veneris sp. with multiple doses of (A) liquid H2O2, and (B) PMS. [C]tot = 5 mg L-1. 

3.3.3 Treatment of river water spiked with cultivated cultures and 

Echinogammarus veneris sp. with PMS vs. liquid H2O2 (single and multiple 

dosing) 

3.3.3.1 Microcystis sp. 

Single dose treatment 

All H2O2 concentrations were effective towards the coccoid specie, Microcystis sp. with 

initial Ft =9000 RFU at λ=620 nm and QY=0.46. Increased phycocyanin release by the 

cells was again captured during the treatment with liquid H2O2, especially when 5 mg L-

1 were added. All concentrations except 1 mg L-1 H2O2 resulted in significant decline on 

the Ft and QY values, however water samples treated with 1 - 3 mg L-1 restored their 

quantum yield at t=48 hours, resulting in an inefficient treatment (Figure 43).  

PMS effectively treated the bloom in concentrations higher than 3 mg L-1 KHSO5 moalr 

equiv. of H2O2. During the treatment, PMS demonstrated again a longer residual effect, 

compared to liquid H2O2 which declined rapidly at 24 hours of treatment. Both oxidants 

were consumed by the end of the experiment, meaning that none was in excess at t=48 h 

and that Microcystis at the specific conditions demanded higher doses for better 

mitigation efficiencies.  
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Figure 43. Ft in raw fluorescence units (RFU) and QY (Fv/Fm) at λ=620 nm during Microcystis 

sp. treatment in river water (+ Echinogammarus veneris sp.) with single dose 1 – 5 mg L-1 (A-B) 

H2O2 and (C-D) PMS. 
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Figure 44. Survival rate (%) of invertebrate species during Microcystis sp. treatment in river 

water (+ Echinogammarus veneris sp.) with single dose 1 – 5 mg L-1 (A) H2O2 and (B) PMS. 

Application of H2O2 and KHSO5 in cyano-HABs surface water with invertebrates 

exhibited opposite results from their application in “clean” surface water. The applied 

concentrations of 1-3 mg L-1 H2O2 resulted in slightly reduced survival rate of 

Echinogammarus veneris species. However, treatment with higher doses resulted in 

higher survival rates than the ones of the control (untreated water), indicating that 

gammarus species are more susceptible to cyano-HABs than to the applied oxidant 

(Figure 44). All tested doses during treatment did not affect the Echinogammarus veneris 

sp. which remained alive in the treated matrixes rather in the control. We speculate that 

the oxidant “cleans-up” the matrix and turns it into a more welcoming environment for 
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the species, in contary to the control which is heavily contaminated. Also, the oxidant 

was consumed by matrix contaminants (in this case Microcystis sp.), making it less 

available to invertebrates. 

Multiple doses treatment 

Applied concentrations of H2O2 and KHSO5 effectively decreased phycocyanin 

fluorescence of the treated samples at t=48 h, during the multiple dose treatment of 

Microcystis sp. in river water along with Echinogammarus veneris sp. Treatment with 

H2O2 caused the excessive release of phycocyanin into the water, hence the demand for 

oxidant was increased during the treatment. Even though at t=24 h the measured QY 

yield dropped to zero, indicating a successful treatment, post the 48 hours mark it was 

partially restored. All added doses of KHSO5 responded faster to the contaminant since 

treatment with PMS achieved Ft values lower than 1000 RFU during the first 6 hours. A 

minor increase of QY at t=24 h was captured, but the 2nd dose at t=24 h was sufficient to 

reduce again the QY at t=48 h. It is apparent that PMS outperformed H2O2 treatment 

since quantum yield of all treated samples remained low throughout the treatment (Figure 

45).  
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Figure 45. Ft in raw fluorescence units (RFU) and QY at λ=620 nm during Microcystis sp. 

treatment in river water (+ Echinogammarus veneris sp.) with multiple doses of (A-B) H2O2 and 

(C-D) PMS. [C]total=2, 3, 4 mg L-1. 
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Quantification of residual oxidant concentration during treatments showed that both 

oxidants were completely consumed by the end of the experiment (Figure 46). 

Echinogammarus veneris species survival rate followed the same trend with the single 

dose experiments, where in treated samples a higher survival rate was obtained, 

compared with the untreated samples (Figure 47). 
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Figure 46. Residual oxidant concentration measured during Microcystis sp. treatment in river 

water (+ Echinogammarus veneris sp.) with multiple doses with multiple doses of (A) H2O2 and 

(B) PMS. [C]total=2, 3, 4 mg L-1 
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Figure 47. Survival rate (%) of invertebrate species during Microcystis sp. treatment in river 

water (+ Echinogammarus veneris sp.) with multiple doses of (A) H2O2 and (B) PMS. [C]total=2, 

3, 4 mg L-1. 

3.3.3.2 Aphanizomenon sp.  

Single dose treatment 

Single doses of 3 mg L-1 of H2O2 and KHSO5 was efficient to reduce both Ft and QY of 

the treated samples, resulting in an effective treatment. However, lower doses were not 

sufficient to treat Aphanizomenon, as 1 mg L-1 H2O2 caused minor effect on Ft and QY 

values, and 2 mg L-1 succeeded on reducing the Ft, but the quantum yield of the treated 

sample was partially restored at t=48 h. The results indicate increased dosing 
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requirements of filamentous species, Aphanizomenon sp., over the coccoid specie, 

Microcystis sp. (Figures 45, 48).   
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Figure 48. Ft in raw fluorescence units (RFU) and QY (Fv/Fm) at λ=620 nm during 

Aphanizomenon sp. treatment in river water (+ Echinogammarus veneris sp.) with single doses 1 

– 3 mg L-1 (A-B) H2O2 and (C-D) PMS. 

Quantification of oxidants during the single dose treatment of Aphanizomenon sp., was 

consistent with previous experiments, confirming the residual effect of PMS, although 

both oxidants were utilized by the matrix, giving no excess concentration by t=48 h 

(Figure 45). Survival rates were as high as 100% when 1, and 2 mg L-1 of each oxidant 

applied. A minor drop of about 10-15% was recorded for the applied concentration of 3 

mg L-1, meaning that 85-90% of Gammarus species survived during treatment (Figure 

46), which is comparable to the previously obtained results. 
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Figure 49. Residual oxidant concentration during Aphanizomenon sp. treatment in river water 

(+ Echinogammarus veneris species) with single dose 1 – 3 mg L-1 (A) H2O2 and (B) PMS.  
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Multiple doses treatment 

Treatment with multiple doses of KHSO5 outperformed liquid H2O2 since the overall 

added concentrations of 3(2+1) and 4(3+1) mg L-1 significantly reduced QY and maintained 

low throughout the treatment. Corresponding doses of H2O2 were not sufficient to 

mitigate Aphanizomenon sp. as the measured QY initially dropped but then it was 

followed by a steady increase even after the 2nd dose. The added dose at t=24 h failed to 

reduce again the QY of the treated samples, meaning that the effect of 2nd dose was 

minimal. PMS was effective to treat the species even before the addition of the extra 

dose, yet the 2nd dose it possibly contributed on retaining low quantum yield throughout 

the treatment (Figure 46, C-D). Only the overall concentration of 2(1+1) mg L-1 PMS 

showed a slight increase of QY, making it the least effective treatment dose.  
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Figure 50. Ft in raw fluorescence units (RFU) and QY at λ=620 nm during Aphanizomenon sp. 

treatment in river water (+ Echinogammarus veneris sp.) with multiple doses of 1 – 3 mg L-1 (A-

B) H2O2 and (C-D) PMS. [C]total=2, 3, 4 mg L-1. 

Quantification of residual oxidant concentrations were aligned with the previously 

obtained results.  Same results were also observed on the toxicity study, where high 

survival rates (80-100%) were recorder during the treatment of Aphanizomenon sp. in 

river water, whereas cyano-HABs presence in control (untreated water) caused increased 

mortality to the tested species. 
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Figure 51. Residual oxidant concentration measured during Aphanizomenon sp. treatment in 

river water (+ Echinogammarus veneris sp.) with multiple doses of 1 – 3 mg L-1 (A) H2O2 and 

(B) PMS. [C]total=2, 3, 4 mg L-1.  

Additional to the above investigations, experiments on: (a) the treatment of Microcystis 

sp. spiked in Kouris Dam and (b) Polemidia Dam, were performed and resulted in similar 

findings. The outcomes of those experiments are presented in Appendix II (Figures S 13 

– 16).   

3.4 Scale-up treatment 

Surface water collected from Athalassa lake showed elevated level of nutrients and 

physicochemical water characteristics. Total nitrogen was as high as 9.1 mg L-1, TP was 

0.11 mg L-1, while pH, conductivity, salinity, and TDS were 10.05, 4.61 mS/cm, 3.23 

ppt, and 3.24 g L-1
,
 respectively. The high measured values indicated a hypereutrophic 

lake, with decreased water quality. The bloom was detectable with a naked eye as species 

formed visible mats on the surface of the water, while measured Ft and QY values 

confirmed the presence of an on-going and dense bloom. Microscopic observation 

showed a diverse composition of matrix, but the dominant species was once again 

Planktothrix sp.  

The initial Ft and QY values at λ=620 nm were 17560 ± 500 RFU, and 0.42, respectively. 

Application of liquid H2O2, PMS, and CaO2 granules, exhibited various efficiencies on 

treating the bloom as well as different visual changes on the water matrix. Scheme 26 

depicts the treatment vessels at t= 0, 120, and 240 h before and after oxidant addition. 

Treatment with multiple doses of KHSO5 outperformed liquid H2O2 and CaO2 granules 

since the overall added concentrations of 12(7+5) mg L-1 equiv. of H2O2, significantly 

reduced QY at λ=620 nm and maintained low throughout the treatment (Figure 52). 

Corresponding doses of H2O2 were not sufficient to mitigate the bloom as the measured 
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QY initially dropped, then retrieved and then again dropped after the 2nd dose at t=120 

h. Even though the extra dose succeeded in reducing the QY, it was restored after 1 day 

meaning that higher than 5 mg L-1 H2O2 dose was required. Although, calcium peroxide 

granules showed a significant reduction on both FT, and QY, that resulted in the 

successful elimination of the bloom, it caused several unexpected side-effects. CaO2 

granules were initially floating on the water surface top allowing the gradual release of 

H2O2. The peroxide released was sufficient to destroy some cyanobacterial cells, but 

some filaments of Planktothrix were attached on the surface of granules forming a 

coagulant mass on the surface of each vessel. Also, the addition of granules increased the 

pH above 11 which exceeded the allowable limit for surface waters. Treatments with 

liquid H2O2 and PMS did not significantly affect the physicochemical water 

characteristics, while PMS lower the initial pH from 10.05 to 9.5.  
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Figure 52. (A) Ft in raw fluorescence units (RFU) and (B) QY at λ=620 nm during Athalassa 

up-scale treatment with multiple doses H2O2, PMS, and CaO2 granules. [C]total= 12 mg L-1 H2O2 

equivalent. 
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Scheme 26. Visual changes during treatment of naturally occurring cyano-HABs in Athalassa’s 

Lake (November 2021). 

Quantification of residual oxidant showed a rapid consumption of H2O2, since its residual 

concentration was lower than 1 mg L-1 after 6 hours of treatment, while PMS had a 

residual effect higher than 1 mg L-1 KHSO5 eq. of H2O2, after 24 hours of treatment. 

Granules had no residual effect, since the H2O2 release and consumption happened 

simultaneously due to the high oxidant demand of the heavily contaminated matrix.  
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Figure 53. Residual oxidant concentration measured during Athalassa up-scale treatment with 

multiple doses H2O2, PMS, and CaO2 granules. [C]total= 12 mg L-1 H2O2 equivalent. 
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4 Summary of Findings/ Recommendations 

4.1 Monitoring and treatment of naturally occurring blooms in St. 

George and Athalassa Lakes 

4.1.1 Monitoring 

Monitoring of St. George Lake indicated the formation of Merismopedia 

picocyanobacterial bloom that lasted for 4 months during summer and early autumn 

(June–September 2019). The increase of the water temperature and the low turbidity 

during summer in combination with nutrient load and/or release from the sediments may 

be the reasons for the observed seasonal blooming of cyanobacteria. In St. George Lake, 

high nutrient content recorded throughout the year, which favored Merismopedia sp. to 

form a mono-dominated bloom. The concentration of TP during blooming was above 0.2 

mg L-1 which means that most probably nitrogen became the limiting element, which 

was also found in lower levels during blooming than in the rest samples. The high 

correlation of nutrient levels and the trophic status indicates the need of monitoring for 

the early detection of cyanobacterial blooms. 

Monitoring with conventional techniques, such as Secchi Depth, microscopy, and other 

assist the preliminary screening, however parameters directly related to cyano-HABs, 

and their toxins should be monitored as well. Photosynthetic parameters of water samples 

such as instantaneous fluorescence and quantum yield of the PSII are strong indicators 

of the bloom density, as well as the wellness of the blooming cultures. Instantaneous 

fluorescence (Ft) of water samples at 620 nm with higher than 3000 RFU usually indicate 

an on-going bloom or the primary stage of a bloom. During monitoring, the steep increase 

of fluorescence at λ=620 nm, revealed the increase of cyanobacterial mass into the water, 

hence the phycocyanin concentration, which is a unique pigment of cyanobacteria cells. 

Instantaneous fluorescence of the water samples showed increased phycocyanin levels 

even after the bloom. This can be explained with the release of pigments after the cell 

lysis which occurred at the end of the blooming period, caused high fluorescence signal 

at 620 nm (phycocyanin) and 450 nm (chlorophyll-a).  

Microscopic observation of samples during the bloom indicated a mono-domination of a 

picocyanobacterial species Merismopedia (most probably Merismopedia minutissima 
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based on their 2-D sheets morphology), a known MC and NOD producer. However, even 

though genes involved in MC and NOD synthesis were present (mcyB and mcyE), these 

cyanotoxins were not detectable in any sample. Based on previous studies, the mono-

domination of one species can trigger a strong competition with other species and under 

these conditions the production of MC may be also inhibited. Alternatively, the presence 

of mcyB only in 1 sample and mcyE in 6 samples may indicate that the genetic machinery 

for MC synthesis by Merismopedia sp. is deficient and that the dominant species lost 

their capability of MC synthesis. 

Nevertheless, it should be underlined that any applied genetic method should be 

complemented and accompanied with analytical confirmation. The level of mcy 

transcripts is often not correlated with MC concentration. The toxicity based on the mcy 

levels might be both under- and overestimated [60, 106]. Therefore, these assays should 

not be considered as good indicators of the toxicity of the bloom, but rather as a 

complementary tool in risk assessments. Similarly, it can be assumed that the detection 

of mcy does not ensure MC presence, which should be proven through advanced 

analytical methods (LC–MS/MS). In this case, advanced analytical techniques 

conformed that no toxins were produced above MDL during blooming. Attention should 

also be paid on the obtained m/z and the corresponding fragmentation patterns so that 

cyanotoxin concentration is not overestimated. 

The second case study on Athalassa Lake, showed some other important considerations 

during contamination events and their assessment. Nutrient levels as well as COD, 

rapidly increased after a heavy rainfall in September, followed by a massive fish-kill 

event a week after. Even though cyano-HABs were the first to blame, a more thorough 

examination of the fish-kill event showed that the probability of cyano-HABs toxicity 

over the fish was low, given the absence of toxin producing genes, and cyanotoxins in 

the water samples. Also, microscopic observation showed a low density of cyanobacteria, 

and a good diversity of algal species in water that was sampled right after the fish kill 

event. This excludes the hypothesis of fish deaths due to blooming that caused water 

stratification, and anoxia in the bottom layers due to absence of light. In surface waters 

with high contamination status and increased COD, the possibility of external sources of 

contamination should be considered, as the increased levels of COD reduce the available 

dissolved oxygen that leads to hypoxia, hence to fish deaths.  
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4.1.2 Treatment 

Dense blooms of Merismopedia sp. in a eutrophic lake inferred the necessity to apply 

extremely high doses of H2O2 for the treatment to be effective. Since in those cases, direct 

application of H2O2 doses over 5 mg L−1 are considered potentially harmful for the other 

components of microbial communities (bacteria, phytoplankton, and zooplankton) [107], 

alternative solutions are needed. CaO2 and MgO2 granules studied herein, are an 

alternative to the traditionally used liquid hydrogen peroxide [108]. In order to determine 

the most efficient dose, the ability of the oxidant to destroy cyanobacterial cells by 

measuring changes in the photosynthetic parameters as well as the effects that it may had 

on the physicochemical parameters of the sample (pH, conductivity, TDS, and salinity) 

were taken into consideration.  

Treatments with 2 and 3 g L−1 of CaO2 were the most effective in bloom elimination, but 

they both caused an increase of pH which was slightly above 10 after 48-h of treatment 

(limit is 9.5). Overall, CaO2 shows higher releasing capacity than MgO2 granules. The 

lower H2O2 release by MgO2 may be caused by the dissolution product of MgO2 

(magnesium hydroxide) which is less soluble than the dissolution product of CaO2, at the 

same pH. The lower solubility may not allow for the reaction equilibrium to shift towards 

the products. This also affected the suspended solids content of the treated water. 

Calcium peroxide granules caused drastic change of pH as while decomposing it releases 

highly basic Ca(OH)2. 

Taking into consideration both the treatment efficiency and the releasing capacity, direct 

application of liquid H2O2 and MgO2 granules is less efficient compared with CaO2 

granules. For the effective restoration of contaminated sites by high-density 

cyanobacterial blooms, doses higher than 5 mg L−1 of liquid H2O2 should be applied and 

in the case of magnesium peroxide granules it would require higher than 3 g L−1 of 

granular compound. In both cases the required applied doses will have undesirable side-

effects for in-situ application. Therefore, CaO2 which can release H2O2 more effectively 

could be introduced as a suitable treatment method in concentrations no more than 3 g 

L−1 for high-density blooms. The effects on the physicochemical parameters of treated 

freshwaters need to be accounted as well when deciding on the type of oxidant and its 

dosing to avoid possible side-effects in the lake ecosystem during treatment.  
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4.2 Treatment with novel chemical oxidation processes 

4.2.1 CaO2 granules 

4.2.1.1 CaO2 granules properties and toxicity  

The first assessment of the H2O2 releasing properties of metallic peroxide compounds 

showed that powdered form of CaO2 releases high instant doses of H2O2, while MgO2 

had significantly less peroxide releasing capacity. CaO2 granules, on the other hand, 

resulted in the gradual and controlled release of H2O2 which followed a pseudo-first-

order kinetics model. This property of granules inhibits the accumulative concentrations 

of H2O2 into the waterbody and lowers the initial applied concentrations that do not 

“shock” or disrupt the aquatic environment. The continues release of H2O2 by granules, 

positioned the granules as a promising chemical treatment method for in-lake cyano-

HABs mitigation. Overall, a releasing concentration of ~ 3, 6, and 12 mg L-1 is achieved 

by 0.5, 1.0 and 2.0 g L-1 CaO2 granules in a “clean” surface water matrix. 

To further examine their releasing properties in relevant environments, H2O2 release 

curves were obtained by adding CaO2 granules in surface waters with various 

physicochemical characteristics. Results showed that the releasing capacity of granules 

is greatly affected by water matrix composition. Specifically, the presence of 

microelements enhances (inorganic content) the release of H2O2 while nutrients and 

natural organic matter consume a portion of the released oxidant. Humics had a dual 

effect on the granules’ H2O2 releasing capacity, as higher humic concentrations enhanced 

the release of hydroxyl radicals, but also reacted with the released H2O2. Therefore, 

caution should be applied when deciding on the effective treatment doses, since the 

matrix may enhance and/or suppress the releasing properties of granules. There are some 

studies testing the mitigation efficiencies of liquid H2O2 on cyanobacterial species, which 

were performed in BG-11 matrixes [109–112]. This may lead to misleading conclusions 

on the efficiency of the applied oxidant, as the complex matrix of BG-11 contains 

transition metals that activate H2O2 through electron transfer mechanism[113]. 

Nevertheless, the effect of nutrients and nutrient limitation on the sensitivity of 

Microcystis to H2O2 was examined by Sandrini et. al. (2020) [114].  
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In this study, a linear correlation between the applied dose of CaO2 granules and the 

released H2O2 concentration was found. The obtained curves confirmed previous studies 

that suggested a linear relationship between the H2O2 yield and the added granules’ dose 

[77, 115]. The linear equation of each water matrix tested herein could be a useful tool 

on deciding on the best doses of CaO2 granules during an in-lake application when the 

overall H2O2 concentration requirements are known.  

The follow-up investigation was on the toxicity of CaO2 granules on invertebrate species, 

Echinogammarus sp., that showed a 100% loss of non-targeted organisms when doses ≥ 

2 g L-1 of CaO2 granules were applied. The calculated LC50 was around 1 g L-1 CaO2 

granules, meaning that applied doses for cyano-HABs treatments should not exceed that 

indicative limit. Despite the effect on zooplankton, the granular form may cause 

unwanted side effects as it can be easily consumed by fish or higher animals (birds, 

ducks, etc.) due to the size and morphology of granules. Also, granules can be sunk to 

the bottom of the lake causing oxidation of benthos (soil, invertebrates), or float on the 

top (like coagulants) which could inhibit light to the lower levels of a waterbody. All 

these should be taken into consideration when the direct application of granules is 

considered for in-lake treatment, although it is not recommended based on the findings 

of this study.  

4.2.1.1 Treatment with CaO2 granules  

Treatment of surface water spiked with cyanobacterial species utilizing 0.5 – 2.0 g L-1 

CaO2 granules, were conducted to investigate the treatment efficiency of granules and 

the dose requirements based on the cyanobacterial specie. Corresponding doses of liquid 

H2O2 were applied in the same water matrixes in order to compare the efficiencies of the 

two oxidants. Treating Microcystis and Aphanizomenon sp. with peroxide granules 

showed an increased mitigation efficiency in comparison with equal accumulative doses 

of liquid H2O2. However, application of doses higher than 1.0 g L-1 granules in water 

resulted in elevated pH values, which exceeded the allowable limit for surface water. For 

the effective suppression of Microcystis sp., doses of 0.5 g L-1 and 6 mg L-1 CaO2 

granules and liquid H2O2 were needed, respectively. Treatment of Aphanizomenon sp. 

required double the doses of Microcystis sp. It is apparent that filamentous species (e.g., 

Nostocales) has higher dose requirements than coccoid species (e.g., Chroococcales). 

Hence, it is important to consider the type of the bloom (species) when deciding on the 
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dose of the oxidant as not all oxidants and doses respond in the same way in all the 

blooms. An additional study to this, could be the test of a range of initial FT of the blooms 

to determine the dose requirements not only based on the speciation but also on the 

maturity and the phase of blooming. Early stages of the bloom require lower doses of 

oxidant, which is beneficial for the rest of the ecosystem when treatments are applied.  

4.2.1.2 Treatment with GEF systems 

To eliminate the side-effects of CaO2 granules (elevated pH, turbidity from precipitate, 

and availability of granules for consumption), textile materials were employed to enclose 

the granules during treatment. Granules enclosed in fabrics (GEF) exhibited various 

treatment efficiencies which are highly depended on the material characteristics of each 

fabric (pore size, thickness, etc.). H2O2 release kinetics experiments showed that GEF 

can release comparable H2O2 concentrations to the direct application of CaO2 granules 

in a surface water. Only GEF type D, comprising of paper filter and tights, had minimal 

H2O2 release and that it was probably caused by the reaction of H2O2 with the paper 

and/or its adsorption on the filter, that eventually inhibited its diffusion to the bulk of the 

solution. GEF types A – C resulted in similar H2O2 releasing capacity and followed a 

pseudo-first order release kinetics model. A pseudo-zero-order equation was firstly 

employed to study the release kinetics - as proposed by the literature [69, 116], but the 

correlation coefficients were not indicating a good fit to the model.  By fitting the curves 

to a pseudo-first-order kinetics model, the correlation coefficients were as high as 0.94 – 

0.97. Two studies [14, 29] in the cited literature reported a “good fit” to the pseudo-zero-

order model for the release of H2O2 by CaO2 granules, which was not compatible with 

the obtained results herein as well as with the fact that our release curves reached a 

distinct plateau after 6 hours of release. The obtained linear equation between CaO2 

granules doses and H2O2 yield confirm previous studies that suggested a linear 

relationship between the H2O2 yield and the added CaO2 granules dose [115] and support 

the findings that the release is not following a pseudo-zero-order kinetics model. 

Treatment of dense Microcystis sp. with GEF exhibited various efficiencies on reducing 

Ft and QY of the PSII. Their difference could be explained by the textile properties of 

each fabric type utilized. Fabric type A was thicker than the other textiles (Fabric 

A=260>B=200>C=170 μm) caused cyanobacteria cells to “adhere” on its external 

surface, which clogged the pores of the fabric. This may have caused restrictions between 
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the cyanobacteria cells that were in the bulk of the treated water and the oxidant released, 

which kept the Ft and QY at elevated levels compared with the other GEF at equivalent 

treatment times. Fabric type B, which is widely used for fusing purposes, was quickly 

submerged into the water after its application on the surface. This property allowed a 

better diffusion of oxidant into the water matrix, which caused a high treatment efficiency 

for the applied dose of 2 g L-1. The textile utilized for GEF type C was thinner than the 

rest, but its water-resistant properties did not allowed a full submerged into the water. 

Therefore, it was floating on the surface for the first 6 hours (Scheme 21). Even though 

it was not fully submerged, granules were in the submerged side and in contact with the 

water surface which allowed water exchange between the internal and external of the 

fabric – hence the diffusion of the released H2O2. This fabric being thinner, allowed a 

smooth and gradient release of oxidant in concentrations that were enough to result in 

effective treatments.  

Overall, granules retained their ability to release H2O2 due to the permeability of the 

porous textile materials used to encapsulated them. Based on the above findings, fabrics 

of non-woven interline and polyester netting materials can be used as delivery systems 

since they partially restricted the release of Ca(OH)2, retained pH levels at acceptable 

levels, and did not affect the survival of invertebrates in matrix during release and 

treatment experiments (LD50>2 g L-1). Especially in cases were multiple H2O2 doses are 

required for the effective removal of a contaminant, GEF may offer a novel and 

alternative H2O2 delivery system. Considering that doses of 1.0 and 2.0 g L-1 CaO2 

granules enclosed in textile material were required to fully combat the Microcystis 

species, which corresponds to an accumulative release of 12 mg L-1 H2O2, the 

requirement for H2O2 in this case was high. If such doses of liquid H2O2 were used 

directly, it would probably have cause adverse effects to the remaining aquatic organisms 

of the waterbody and especially on zooplankton mobility. Studies showed that H2O2 

concentrations above 9 mg L-1 can cause mortalities to Calanus spp., a dominant 

zooplankton species in the North Atlantic [117], while many studies showed that high 

H2O2 doses (>10 mg L-1 H2O2) are required for an efficient Microcystis sp. treatment 

[118]. As a global trend to switch to multiple or repeated doses of H2O2 was detected in 

order to avoid the adverse effects of single high H2O2 dose [119, 120], GEF system can 

be considered as a safer and more environmentally friendly application method of the 

granules. 
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4.2.2 Peroxymonosulfate (PMS) – OXONE® 

Peroxymonosulfate deemed a highly efficient treatment towards cyanobacteria as it 

outperformed liquid H2O2 in all treatments with equal applied doses (based on peroxide 

molarities). PMS, resulted in outstanding results on its ability to mitigate the Microcystis 

and Aphanizomenon sp., even in very low applied concentrations of 2 mg L-1 KHSO5, 

that liquid H2O2 and CaO2 granules failed to achieve. Even at in the case of highly 

contaminated water sampled from Athalassa Lake during a fish-kill event and 

Planktothrix sp. blooming, it was the only peroxide-based compound that achieved the 

targeted oxidation of contaminant, resulting in reduced COD levels and water clarity. 

One of the most important findings is the residual effect of PMS which allows for longer 

retention in the water matrix and therefore better mitigation efficiency. PMS had a 

noticeable residual effect in all the conducted experiments, having a much lower 

consumption rate than that of H2O2. Liquid H2O2 is being consumed faster under the 

same experimental conditions meaning that H2O2 is either reacting with matrix 

compounds and non-targeted organisms or is being degraded faster making it less 

available to the contaminant.  

The fact that PMS persists longer in the matrix allows it to react slower but more targeted 

towards cyanobacteria, making it the most efficient oxidant tested so far. During 

treatment with PMS, the increase of Ft due to cell lysis was minimal in comparison with 

the one of H2O2, indicating that PMS has higher oxidative potential that result in the 

degradation of the released pigment-protein complexes. This can be explained based on 

PMS ability to rapidly react with organic matter, such as amino acids and carboxylic 

acids [121]. Also, it may indicate that PMS caused cell rupture through a different 

mechanism than H2O2, which is expected based on their different chemical structure and 

charge. PMS is an asymmetrical peroxide producing salt, with a large negatively charged 

sulfate group that enhance its selective oxidation due to the caused steric hindrance. The 

mechanism of PMS action on cells was recently investigated by Chen et.al. (2021), 

through SEM imaging. The proposed mechanism is that PMS destroys the out-layer of 

cell membrane by reacting and oxidizing the elements of the membrane which consist of 

lipids, and proteins [82]. However, those mechanisms were only derived by the 

morphology of the destroyed cell, thus more advanced imaging techniques need to be 

employed for revealing the reaction mechanisms with cells. Considering the low 
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pigmentation release during treatments with PMS in comparison with the extremely high 

Ft values during H2O2 treatment, the proposed mechanism is reasonable.  

Toxicity study on Echinogammarus veneris sp. showed an excellent survival of species 

when 1-5 mg L-1 PMS applied, but survival rates reached the indicative limit when 

multiple doses of PMS were applied. Hence, multiple dosing of PMS is not advised for 

surface waters, while for liquid H2O2 multiple dosing is advisable. The residual effect of 

PMS and the low mortality of invertebrates during single doses suggest that PMS should 

be applied in low direct doses. The ability of PMS to destroy the released pigments, may 

indicate that the residual oxidant could be available to also oxidize released cyanotoxins 

after the cell lysis. This should be further examined with experiments in toxified samples, 

even though the ability of PMS to degrade cyanotoxins such as Microcystin-LR is 

extensively studied [122]. Thus, it is expected that PMS treatments could result in a 

holistic contaminant removal from surface waters.  

Overall remarks 

Upscale treatment in a naturally occurring bloom in Athalassa’s lake water validated the  

undesirable side-effects of CaO2 granules direct application in water. Some of them were 

the increased turbidity of water, the floating masses on the top of the surface and the 

difficulty of removing the granules from the water matrix after the treatment. The 

application of CaO2 granules through a delivery system can eliminate most of these 

effects, while it can prevent the formation of coagulants between granules surface and 

filaments. Overall, treatment experiments with all novel oxidants showed that that 

filamentous cyanobacteria require higher doses of oxidant than coccoid colonies. Density 

of the bloom increases the demand of oxidant in water; thus, it is preferable to detect and 

treat the bloom at initial stages [123]. Lastly, water matrix plays a key role on treatment 

efficiency as organic and inorganic load can consume oxidant before reaching targeted 

cells. Consequently, the demand of oxidant by each matrix should be determined prior to 

deciding on dosing requirements for an in-field treatment application. However, this was 

not the case with PMS, which outperformed all tested oxidant, making it the most 

efficient, cost-effective (lower oxidant demand = less cost), and environmentally friendly 

approach. Future studies by the Water Treatment Laboratory – AQUA group, on the 

utilization of PMS in surface waters, under various environmental conditions will support 

these findings.  
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CONCLUSIONS 

Conventional monitoring tools can give limited information on the factors driving 

cyanobacterial blooming. Therefore, additional characterization of the lake ecosystem 

including cyanobacterial and green algae content; identification of cyanotoxin producing 

genes, and cyanotoxins analyses were found to be essential. Customized monitoring 

strategies based on the needs of each waterbody are essential for adequately protecting 

the water quality of surface waters. An example of the development of a data-driven real-

time risk characterization tool is the monitoring strategy including predictive models 

created by the US Environmental Protection Agency to monitor cyano-HABs in Ohio 

river [124]. Besides monitoring, which is found to be extremely important for the early 

detection of a bloom to decide on proactive measures or respond with an in-lake strategy, 

treating cyanobacteria effectively, without harming the remaining ecosystem is also 

essential. Mitigation methods are an additional to the monitoring measure, that should 

complement and support the overall strategy of the waterbody restoration to safeguard 

surface water quality.  

Currently, liquid H2O2 is widely used for the mitigation of cyano-HABs, as an alternative 

to copper algicides and an eco-friendly method. However, the treatment of dense blooms, 

such as the ones occurred in St. George and Athalassa Lakes, requires the application of 

high doses (> 5 mg L−1) of liquid H2O2 at once, which in turn affects other aquatic 

organisms in the waterbody. Recent studies showed that only mild treatments (< 2 mg L-

1) avoid side effects on non-targeted species, while moderate treatments (2-4 mg L-1) are 

likely to have negative effects on some zooplankton taxa (particularly rotifers and small 

Cladocera’s)[107]. This means that application of liquid H2O2 must be performed on low 

biomasses, at the beginning of a bloom cycle and not on high-density blooms, to avoid 

severe doses (4-10 mg L-1) that cause undesirable side-effects, including the release of 

potential cyanotoxins into the waterbody. Metallic peroxide granules and 

peroxymonosulfate, as alternative sources of peroxides (R-O-O-R), were tested herein 

for their algicidal properties. Both oxidants were proposed, for the first time in literature, 

as cyano-HABs mitigation processes, thus their unexplored chemical and algicidal 

properties were investigated in the present PhD study. Calcium peroxide granules 

resulted in efficient treatment, but their effect on non-targeted species necessitate the 

application through a delivery system. Treatment with granules enclosed in fabrics 
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exhibited various efficiencies on treating cyanobacteria, and its efficiency was highly 

depended on the porous and morphology of the textile material utilized. Nevertheless, 

GEF systems had minimal effect on zooplankton in all tested concentrations. 

Investigations of PMS application in surface waters showed that it has limited impact on 

zooplankton (SR>90%), its residual effect allows for highly efficient treatments that 

result in not only the treatment of cyanobacteria but also the degradation of the released 

pigments, and potentially of cyanotoxins. The above results showed that PMS 

outperformed all current treatment options.  

Taking into consideration the findings of this thesis, caution should be applied when in-

situ chemical treatments are delivered to contaminated waterbodies. Known and 

unknown side-effects may cause the irreversible deterioration of aquatic environments. 

Hence, chemical treatment methods proposed for the restoration of surface waters should 

be extensively studied in terms not only of treatment efficiency, but also of its effect on 

non-targeted species. Toxicity studies on phytoplankton, zooplankton, and other 

biological factors (aquatic plants, fish, and benthic organisms), should be conducted 

along with the treatment efficiencies of any tested and applied chemical /method, in order 

to decide on their appropriateness in respect with their environmental friendliness. The 

evaluation of treatment matrix (cyano-HABs surface water) as well as the properties of 

each oxidant applied in that matrix, are also important to decide on the minimum 

effective dose. The bench-scale evaluations of the emerging treatment methods have 

provided important information towards their optimization; however, it is important to 

investigate their scalability potential [125] as well as their suitability for in-situ 

applications. Further studies will provide a clearer view on their potential, as both 

metallic peroxide granules and peroxymonosulfate deemed promising mitigation 

techniques which allowed a “green” and effective cyano-HABs treatment. 

Future studies 

For the continuity of the present study, the degradation of cyanotoxins during the 

treatment with novel oxidants, as well as the fate of the released pigments, and T&O 

compounds should be examined. Also, novel oxidant treatments should be applied on 

more cyanobacteria species, with diverse morphologies, densities, and cultivation ages, 

in order to test the susceptibility of cultures based on their bloom type, mass and maturity. 

Further to this, the effect of application methods on the oxidants’ efficiency should be 
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explored, while the investigation of more delivery systems and types will expand the 

treatment options of these oxidants for in-lake applications. The above experiments will 

enable the development of a data platform comprising of the water matrix characteristics 

and the oxidant demand, which can become the ultimate tool for deciding on chemical 

doses based on each waterbody characteristics prior to their in-filed application. This will 

allow for a controlled chemical dosing application that corresponds to the needs of each 

waterbody based on its specific water characteristics. By doing so, a holistic mitigation 

practice for the in-situ treatment of cyano-HABs based on the novel oxidants could be 

proposed. Further to this, more delivery systems, preferable bio-degradable or naturally 

fabricated materials, can be investigated as alternative delivery systems for CaO2 

granules.  
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APPENDIX I 

Recent studies indicated that higher TN:TP molar ratios (>22, P-limitation) are more 

suitable for surface waters while DIN:TP (Dissolved Inorganic Nitrogen: Total 

Phosphorus) and NO3-:TP mass ratios have been used more often during the past years 

for determining the limiting elements in lakes [44]. Studies on dissolved nutrients mass 

ratios (DIN:TP, NO3-:TP, NH4
+:TP suggested that in freshwater systems the DIN:TP 

mass ratio is a better indicator than the TN:TP molar ratio. Also, the NO3
-:TP mass ratio 

performed even better than DIN:TP as DIN includes ammonium which in some studies 

it showed a weak correlation with N-limitation, resulting in a weaker model [45]. The 

nutrient ratios and thresholds proposed by researchers are presented in Table S1, as well 

as the water environment that they were studied.  

Table S 1. Nutrient limitation approaches and thresholds based on TN:TP, DIN:TP and NO3
-:TP 

ratios in different aquatic environments. 

Ratio Units Threshold Nutrient Limitation Reference Aquatic 

environment studied 

TN:TP Molar <7 N – limitation  [34,35] Ocean 

>22 P – limitation 

TN:TP Molar <20 N – limitation  [36] Lakes; Ocean 

20-50 N or P limitation  

>50 P – limitation 

DIN:TP Mass <9 N – limitation  [37] Lakes; ponds 

9-22 N or P co-limitation 

>22 P – limitation 

NO3
-:TP Mass <9 N – limitation  [37,38] Lakes 

9-22 N or P co-limitation 

>22 P – limitation 
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Table S 2. Primers used in the detection of cyanotoxin producing genes in St. George Lake 

samples and amplification parameters of PCR. The primers were designed using deposited 

sequences or taken from references. Cyr, sxt, ana and mcy genes are involved in 

cylindrospermopsin, saxitoxin, anatoxin and microcystin synthesis, respectively. 

Targe

ting 

gene 

Primer 

name 

Sequence 5’-3’ Amplic

on size 

(bp) 

Annealing 

temperature 

(°C) 

cyrJ cyrJ_F AGTAATCCCGCCTGTCATAGA 
109 60 

cyrJ_R ACTGAGCATTGTCTCGGTAAAC 

cyrB cyrB_F GCCTGAGTACCTATCTGCTTAAC 
95 60 

cyrB_R AGCCTGAAACTGCTCCATATC 

sxtA sxtA_F GCGTACATCCAAGCTGGACTCG 
683 55 

sxtA_R GTAGTCCAGCTAAGGCACTTGC 

anaC anaC_F TCTGGTATTCAGTCCCCTCTAT 
366 58 

anaC_R CCCAATAGCCTGTCATCAA 

mcyB mcyB_

F 

CCTCAGACAATCAACGGTTAGT 

119 60 
mcyB_

R 

AAAGGCAGAAGGCACCATATAA 

mcyE mcyE_

F 

CTGGTGGGAAAGGACTGATTTA 

95 60 
mcyE_

R 

CGCCCTCAAGTCAAGAAAGA 
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APPENDIX II 

Water quality characteristics 

Water characterization before each experiment was performed to estimate the load of the 

matrix and to ensure similar water characteristics of each complete set of experiments.  

Table S 3. Summary of main physicochemical water characteristics of matrixes used in the 

experiments of this thesis. 

Water matrix pH conductivity TDS 

mg/L 

S 

ppm 

TN 

mg/L 

TP 

mg/L 

FT620 

RFU 

FT 

450 

RFU 

MQ 6.99 18 μΩ cm-1 - - <LD <LD 0 0 

Polis River  8.20 1512 μS cm-1 1028 1135 0.25 0.03 57 52 

Kouris Dam  8.81 605 μS cm-1 400 285 0.8 0.04 111 79 

Kouris Dam 8.79 581 405 272 0.25 0.025 59 80 

Polemidia 

Dam 

8.79 1170 μS cm-1 824 579 0.8 0.04 266 350 

St. George 

Lake 

(blooming) 

8.88 1999 1835 950 2.6 0.28 7800 2390 

St. George 

Lake – 

Filtered 

(blooming) 

8.75 750 1318 891 0.7 0.10 78 101 

Athalassa 

Lake (fish 

kills) 

8.46 3300 μS cm-1 2310 1640 2.4 0.21 1375 686 

Athalassa 

Lake 

(blooming) 

8.89 2954 μS cm-1 2500 1214 2.1 0.19 6780 741 
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St. George Lake monitoring  

Table S 4. Average total and dissolved nutrient concentration (mg L-1) in St. George Lake during 

monitoring period, and best fitting nutrient ratios explaining limitation. 

D/M/2019 TN TP N-NO3 N-NO2 N-NH4 DIN DIN:TP NO3
-:TP Limiting 

element 

25/02 6.0 0.06 4.6 0.10 0.10 4.8 80 77 P 

04/03 4.7 0.11 3.4 0.09 0.10 3.6 33 31 P 

18/04 6.9 0.06 5.8 0.11 0.10 6.0 100 97 P 

12/07 6.6 0.20 2.4 0.08 0.20 2.7 13 12 Co-

limitation 

06/08 7.9 0.36 0.0 0.08 0.29 0.4 1 0 N 

22/08 2.6 0.28 1.9 0.06 0.13 2.1 7 7 N 

09/09 5.3 0.19 0.0 0.14 0.94 1.1 6 0 N 

15/10 4.1 0.14 1.8 0.08 0.10 2.0 14 13 Co-

limitation 

09/12 6.4 0.28 4.9 0.09 0.10 5.1 18 18 Co-

limitation 

 

 

Scheme S 1. Agarose gel electrophoresis of DNA extracted from St. George Lake samples: (A) 

cyrB (upper row) and cyrJ (lower row); (B) anaC (upper row) and sxtA (lower row); (C) mcyB 

(upper row) and mcyE (lower row). M means marker, numbers 1-8 are the samples from St. 

George Lake, (+) positive control, (-) negative control, NTC (non-template control) is the control 

without DNA.  
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Figure S 1. MS/MS spectra of the (A) MC-LR standard compound and (B) compound detected 

in samples with [M+H] =995.56 but different fragmentation pattern. 

Novel oxidant treatments 

➢ Calibration curves 

Linear equations derived from calibration curves were utilized to translate absorbance 

read into concentrations. 
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Figure S 2. Calibration curve of H2O2 (left) and PMS (right). 
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➢ Effect of surface water matrix 
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Figure S 3. H2O2 release kinetics by CaO2 granules in: (A) MQ-water, (B) River water, and (C) 

Kouris Dam water. 
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➢ Effect of BG-11 medium 

Table S 5. BG-11 100%, 50%, and 25% matrix composition. 

Components Stock 

solution 

(g/L) 

[C] in 100 % 

BG-11 

medium 

(mg/L) 

[C] in 50 % 

BG-11 

medium 

(mg/L) 

[C] in 25 % BG-

11 medium 

(mg/L) 

Macromix     

NaNO3 500 500 250 125 

Na2EDTA 1.1 1 0.50 0.25 

Citric acid 6 6 3.00 1.50 

MgSO4.7H2O 75 75 37.5 18.7 

CaCl2.2H2O 36 36 18.0 9.00 

Na2CO3 20 20 10.0 5.00 

Spore solution     

H3BO3 2.86 0.715 0.357 0.178 

MnCl2.4H2O 1.81 0.452 0.226 0.113 

ZnSO4.7H2O 0.22 0.055 0.027 0.014 

(NH4)6Mo7O24.4H2O 1.13 0.282 0.141 0.070 

CuSO4.5H2O 0.078 0.019 0.009 0.005 

Co(NO3)2.6H2O 0.049 0.012 0.006 0.003 

K2HPO4 30.5 3 1.5 0.75 

Fe(NH4)3-citrate 6 0.6 0.3 0.15 

 

Table S 6. Measured total nutrients in BG-11 medium (25%, 50%, and 75%). 

Total nutrients 

(mg L-1) 

BG-11 dilutions 

25% 50% 75% 

TN 68 133 204 

TP 1.4 2.8 4.3 
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➢ Effect of humics 
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Figure S 4. H2O2 release curves by 1.0 g L-1 CaO2 in surface (dam) water enriched (A) 0 and 1 

ppm, and (B) 5 and 10 ppm of HASS at t= 0, 2, 4, 24 hours. 
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Figure S 5.  EPR measurements of the four flasks at different time intervals. With green color 

we mark the DMPO/•OH adduct while with red color we mark the DMPO hydroxyalkyl adduct 

as they resulted from our simulations using the Easy Spin MATLAB add-on.  
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H2O2 release kinetics by CaO2 granules / physicochemical water characteristics 
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Figure S 6. Recorded TDS (mg/L) values after the addition of 0, 0.5, 1.0, and 2.0 g L-1 CaO2 

granules in Kouris Dam surface water. 
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Figure S 7. Recorded Salinity (mg/L) values after the addition of 0, 0.5, 1.0, and 2.0 g L-1 CaO2 

granules in Kouris Dam surface water. 
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Figure S 8. Recorded Conductivity (μS/cm) values after the addition of 0, 0.5, 1.0, and 2.0 g L-1 

CaO2 granules in Kouris Dam surface water. 
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CaO2 granules toxicity study on Echinogammarus veneris sp. 
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Figure S 9. Survival rate (%) of invertebrate species in river water matrix with addition of 0.5, 

1.0, and 2.0 g L-1 CaO2 granules. 
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Figure S 10. Residual H2O2 concentration measured during CaO2 granules 0.5, 1 and 2.0 g L-1 

application in Kouris water with Echinogammarus veneris sp.  
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Granules enclosed in fabrics (GEF) 

Fabrics characterization (SEM, Image J analysis) 

   

  

Scheme S 2. SEM images of fabric types A-D processed with “Image J” software to determine 

to the pore size and pore surface area of each fabric. 

 

 

Scheme S 3. Illustration explaining the process of folding CaO2 granules into a fabric material. 

The granules were placed into the middle of a square cut fabric and the fabric was folded two 

times. The fabric ends were tightly closed with white nylon cable tie. 
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➢ H2O2 release kinetics by GEF 
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Figure S 11. H2O2 released by GEF type A-D curves fitted by (A) Linear Regression 

Analysis and (B) one-phase association release. 

 

Table S 7. Maximal H2O2 yield (mg L-1) at t=24 hours by direct application of CaO2 granules 

delivery system = none) and by GEF types A – D delivery systems, presented as value ± SD. 

Correlation coefficients and slope derived from the linear regression analysis between H2O2 yield 

and CaO2 granules dose applied in surface water (Kouris Dam) is presented at the right side.  

H2O2 yield (mg/L) 

 

Linear Regression 

Analysis 

CaO2 granules 

(g/L) 
0.5 1.0 2.0 

Correlation 

coefficient 

(R2) 

Slope 

D
el

iv
er

y
 s

y
st

em
 None 2.9 ±0.4 6.1 ±0.4 11.5 ±1.9 0.98 5.8 ±0.3 

Type A 3.5 ±0.2 5.3 ±0.4 11.9 ±0.4 0.98 5.8 ±0.2 

Type B 2.6 ±0.6 6.4 ±1.1 13.5 ±1.2 0.98 6.9 ±0.3 

Type C 2.5 ±0.8 5.2 ±1.3 12.0 ±0.5 0.97 6.1 ±0.3 

Type D 0.0 ±0.00 0.4 ±0.06 1.7 ±0.5 0.69 0.8 ±0.2 
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➢ Comparison between peroxide-compounds on their toxicity on 

Echinogammarus veneris sp.  
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Figure S 12. Survival rate (%) of invertebrate species in river water matrix with (A) 0 (control), 

3, 6, 12 mg/L liquid H2O2 0, 3, 6, 12 mg/L (B) 0.5, 1 and 2.0 g/L CaO2 granules, and (C) 0.5, 1 

and 2.0 g/L CaO2 granules enclosed in fabric. 

➢ Peroxymonosulfate  

Table S 8. Equal molarities of H2O2 and PMS applied in treatments. 

Oxidant H2O2 PMS OXONE Sulfates 

Quantified in 

samples 

mM 0.029 0.029 0.014  

mg L-1 

1000 4410 9960  

5 220.5 498 19-22 

3 132.3 298.8  

1 44.1 99.6  
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Treatment of dam water spiked with cultivated Microcystis sp. PMS vs. liquid H2O2 

(single dosing) 

Polemidia Dam 

Treatments in surface waters with various characteristics were performed to examine the 

effect of matrix on treatment efficiencies of KHSO5 and H2O2. The results are presented 

in Figure S11. Water was collected from Polemidia Dam and spiked with cultivated 

Microcystis sp. cultures. 
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Figure S 13. Ft in raw fluorescence units (RFU) and QY (Fv/Fm) at λ=620 and 450 nm during 

Microcystis sp. treatment in Polemidia Dam water with single doses of 1, 3, 5 mg L-1 H2O2. 

Treatment of Microcystis sp. with liquid H2O2 and PMS single dose conducted for 48 

hours to test the treatment efficiency, and residual oxidant concentration during 

treatment. Doses of 1, 3, and 5 mg L-1 of H2O2 and PMS added to treatment flasks and 

treatment efficiency was recorded as Ft and QY values in both wavelengths. For both 

oxidants, 5 mg L-1 was the best treatment option since that dose eliminated the FT at 

λ=620 nm and decreased dramatically QY of PSII, while keeping in a good status chl-a 

fluorescence recorded at λ=450 nm. Increased pigmentation release was again captured 

during the treatment with liquid H2O2, with the highest concentration (5 mg L-1) reaching 

a phycocyanin fluorescence at λ= 620 nm, around10000 RFU (Figure S 11). Visual 

changes in the color of the treated waters were visible with the naked eye, since there 

was a fading of the distinct cyano- color during the 48 hours of treatment in all flasks.  
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Figure S 14. Ft in raw fluorescence units (RFU) and QY (Fv/Fm) at λ=620 and 450 nm during 

Microcystis sp. treatment in Polemidia Dam water with single doses of 1, 3, 5 mg L-1 N.O. 

Quantification of oxidants during the single dose treatment of Microcystis sp., was 

consistent with previous experiments, confirming the residual effect of N.O. into the 

matrix. Liquid H2O2 declined rapidly at 24 hours of treatment (Figure S 13). Both 

oxidants were consumed by the end of the experiment, meaning that none was in excess 

and available for other non-targeted species; or that higher was needed. 
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Figure S 15. Residual oxidant concentration measured during Microcystis sp. treatment in 

Polemidia Dam water with single doses of 1, 3, and 5 mg L-1 H2O2 (left) and PMS (right).  
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Kouris Dam 
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Figure S 16. Ft in raw fluorescence units (RFU) and QY (Fv/Fm) at λ=620 and 450 nm during 

Microcystis sp. treatment in Kouris Dam water with single doses of 1, 3, 5 mg L-1 H2O2. 
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Figure S 17. Ft in raw fluorescence units (RFU) and QY (Fv/Fm) at λ=620 and 450 nm during 

Microcystis sp. treatment in Kouris Dam water with single doses of 1, 3, 5 mg L-1 PMS. 
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Treatment of Kouris spiked with Microcystis sp. utilizing equal doses of liquid H2O2 and PMS 

gave supplementary to the other experiments results. The findings of these experiments are 

similar with treatment in Polemidia Dam matrix, which is expected since the two matrixes have 

similar water characteristics (Table S 3).  

 

 

 


