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Figure 3-1.  Relationships among copper exposures and doses for low (A), medium (B), 

and high (C) cell densities. Error bars indicate ±1 SD. 
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Figure 3-2.  Responses of M. aeruginosa to copper exposures in terms of 24-h MC-LR 

release and 96-h chlorophyll-a concentrations for low (A), medium (B), and high (C) cell 

densities.  Error bars indicate ±1 SD. 
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Figure 3-3.  Relationships among copper doses and MC-LR release for low (A), medium 

(B), and high (C) cell densities.  Error bars indicate ±1 SD. 
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CHAPTER FOUR 

MICROCYSTIN-LR DEGRADATION FOLLOWING COPPER-BASED 

ALGAECIDE EXPOSURES 

Abstract 

 

When copper-based algaecides are used in aquatic systems to decrease 

cyanobacteria densities, endotoxin fate is a concern, due to the potential for human health 

and ecological risks.  Pulse exposures of algaecides can result in episodic low dissolved 

oxygen (DO) concentrations (< 2 mg L-1), due to oxygen consumed via microbial 

oxidation of algal detritus.  Research objectives of this study were to determine the 

influence of declining DO levels on microcystin-LR (MC-LR) degradation and changes 

in resident bacterial assemblages.  It was hypothesized that cyanobacteria cell densities 

would positively correlate with rates and extents of DO decline based on the oxygen 

required for bacteria to degrade cyanobacteria detritus following exposure to copper-

based algaecides.  In addition, it was hypothesized that total MC-LR concentrations 

would increase proportionally with increasing cyanobacteria cell densities. Mesocosm 

experiments were conducted in a pond in Anderson, SC that frequently experiences 

cyanobacteria blooms.  Three densities of a cyanobacteria assemblage were exposed to a 

copper ethanolamine algaecide.  DO and total MC-LR concentrations were measured 

with time following algaecide exposures to determine rates and extents of declines.  As 

anticipated, DO concentrations had the highest rate of decline in the highest cell density 

treatment, followed by medium and low cell densities.  MC-LR degradation occurred at 

similar rates (half-lives 1 to 1.9-d) among cell densities.  Acinetobacter and Aeromonas 
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were dominant in treatments following copper exposures.  The relationship between 

cyanobacteria densities and MC-LR half-lives demonstrates the benefits of managing 

cyanobacteria in early growth stages to minimize MC concentrations. 
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Introduction 

Several cyanobacteria genera are constitutive or facultative microcystin (MC) 

producers, posing risks to human health and aquatic ecosystems (Watanabe et al., 1992; 

WHO, 2011).  MCs are hepatotoxins with adverse effects for humans (Azevedo et al., 

2002), mammals (Fawell et al., 1999; Stewart et al., 2008), aquatic organisms (Zimba et 

al., 2001), and agricultural crops (Chen et al., 2012; Corbel et al., 2014).  Chemical 

mitigation of cyanobacteria populations (e.g. with copper-based algaecides) is often an 

efficient and effective method for decreasing cyanobacteria densities and endotoxin 

concentrations.  There have been concerns regarding MC persistence in aquatic systems 

following copper-based algaecide applications based on two perceptions.  First, copper 

could have biocidal effects on bacterial assemblages that are capable of MC 

biodegradation, which could manifest in decreased rates of MC degradation relative to 

assemblages not exposed to copper algaecides (Jones and Orr, 1994).  The rationale for 

this perception is that since copper can elicit toxicity to cyanobacteria, then other bacteria 

assemblages could be adversely affected.  Second, if rapid onset of oxygen demand 

occurs, microbial assemblages could be altered in terms of density and diversity, which 

could also decrease MC degradation rates.  

Recent laboratory and field studies were conducted to evaluate if copper could 

have biocidal properties resulting in prolonged MC persistence (Iwinski, 2016a; Iwinski 

et al., 2017).  In both studies, copper algaecide exposures decreased rates of MC 

degradation only when copper concentrations were well in excess of legal application 

concentrations in the US (~ 5 mg Cu L-1, where the maximum allowable concentration is 
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1 mg Cu L-1; Iwinski, 2016a; Iwinski et al. 2017). In comparison, copper algaecide 

exposures of 0.1 through 2 mg Cu/L resulted in similar degradation rates as untreated 

controls (degradation of MCs in the absence of copper exposures; Iwinski et al., 2016a; 

Iwinski et al., 2017).  These data provided evidence that MC degradation is unlikely to be 

impacted by legal copper algaecide concentrations.  Both studies were conducted with 

DO concentrations maintained above 8 mg L-1, in order to evaluate potential adverse 

effects of copper exposures on microbial assemblages, and consequent indirect effects on 

MC degradation, while eliminating potential confounding effects of DO concentrations 

on degradation.  To address the second perception, that rapid DO decline after algaecide 

exposures could impact bacterial assemblages and consequently MC degradation, this 

study was conducted at the same site with the same copper algaecide used by Iwinski 

(2016a), without supplying DO. 

Until about the last decade, aerobic degradation of MCs was assumed to be more 

rapid than anaerobic degradation, but more recent peer-reviewed studies reported 

anaerobic degradation could occur at comparable rates, with half-lives for both processes 

occuring on the order of days (Cousins et al., 1996; Holst et al., 2003; Edwards et al. 

2008; Chen et al., 2010; WHO, 2011; Corbel et al., 2014; Iwinski et al. 2017).  These 

data have shown that both aerobic and anaerobic bacteria are capable of MC degradation 

under constant DO conditions.  Pulse exposures of copper-based algaecides represent a 

unique situation where portions of normally aerobic systems could become nearly 

depleted of DO for a period of time (i.e. hours to days), as DO is consumed by microbial 

degradation of detrital algal cells (Carpenter et al. 1998; Grenz et al., 2000; Wetzel, 
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2001).  As a result of episodic low DO (i.e. < 2 mg L-1) in aquatic systems, microbial 

assemblages may be altered in terms of densities and species composition, which could 

manifest as altered MC degradation rates.   

Extent and duration of DO decline following an algaecide exposure are 

anticipated to correlate with mass of cyanobacteria, since mass of organic matter directly 

relates to mass of oxygen required for oxidation (Sawyer and McCarty, 1967; Varma and 

DiGiano, 1968).  In addition, total MC concentrations (sum of aqueous and cellular MCs) 

generally correlate with algal cell densities (Zohary and Pais Madeira, 1990; Chorus and 

Bartram, 1999).  Given these relationships, it is anticipated that the time necessary to 

reach non-detect concentrations of MCs following a copper algaecide exposure should 

decrease with decreasing cell density of cyanobacteria present at the time of exposure, 

due to less cyanobacteria cells (lesser MC concentrations) and presumably less DO 

demand overall (i.e. lesser impact on bacterial assemblages).  In this study, rates and 

extents of total MC-LR degradation were measured among a range of cyanobacterial 

densities following copper-based algaecide exposures, with the goal of discerning the 

relationship between cell density and DO decline, and ultimately cell density and half-

lives of MC-LR degradation.  

To answer the foregoing questions, field mesocosms provided replicates and 

captured site-specific characteristics (Graney et al., 1995) which included water and 

sediments, photoperiod, temperature, and resident bacterial assemblages.  Bacterial 

density, diversity, and relative abundance were measured to confirm that bacterial 

assemblages were altered following changes in DO concentrations in treatments.  
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Microcystin-LR (MC-LR) was specifically measured in this study, since peer-reviewed 

data are available for comparisons of degradation rates for this congener with a range of 

DO concentrations, with and without copper algaecide exposures.  In this context, total 

MC-LR (sum of aqueous and cellular concentrations) was an appropriate measurement 

since health advisory guidelines are expressed in terms of total MC-LR (WHO, 2011; 

USEPA, 2015).   

 The overall objective of this study was to measure rates and extents of total MC-

LR degradation following exposures of a range of cyanobacterial densities to a copper-

based algaecide.  Specific objectives were to 1) measure responses in terms of cell 

density of a  cyanobacterial assemblage (Microcystis aeruginosa, Planktothrix agardhii, 

and Anabaena flos-aquae) in mesocosms with a range of initial cell densities (1x106, 

5x106, and 1x107 cells mL-1) to 96-h exposures of copper (as copper ethanolamine), 2) 

measure changes in DO concentrations with time after copper exposures for each cell 

density, 3) measure and compare rates and extents of MC-LR degradation following 

copper exposures for each cell density, 4) measure and compare density, diversity, and 

relative abundance in microbial assemblages among experimental treatments, and 5) 

compare and contrast data from this study to data with degradation under a range of DO 

concentrations (with and without copper algaecide exposures) from previous studies. 
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Materials and Methods 

Field site description and preliminary experiments 

Mesocosm experiments were conducted at TRI Environmental Inc.’s Denver 

Downs Research Facility in Anderson, SC (34.580, -82.727) in late August of 2016.  

Ambient air temperatures during the experiment ranged from 16 to 36˚C.  The ponds at 

this facility receive agricultural and livestock runoff from a surrounding 900-acre farm.  

The pond where treatments were conducted contained a total phosphorus concentration of 

approximately 0.3 mg L-1 (determined using inductively coupled plasma with atomic 

emission spectroscopy [ICP-AES]; APHA, 2012) and a total Kjeldahl nitrogen 

concentration of approximately 30 mg L-1 (APHA, 2012).  Other water characteristics 

included pH of 8.3, conductivity of 238 µS cm-1, alkalinity of 98 mg L-1 as CaCO3, 

hardness of 78 mg L-1 as CaCO3, and temperature range of approximately 26-31 ˚C 

between day and night.  pH and conductivity were measured using a Orion® Model 250A 

pH and meter Triode® electrode, and Orion® Model 142 conductivity meter, respectively.  

Water temperature was measured via the pH probe and meter.  Alkalinity and hardness 

were measured using titration methods at Clemson University (APHA, 2012).  The 

maximum depth of the pond was approximately 1.5m, while the mean depth was 0.3-

0.6m.   

At the time of the experiment, this pond contained colonial Microcystis 

aeruginosa, with relatively lesser abundance of Planktothrix agardhii and 

Dolichospermum sp. (< 10% of assemblage density), and measurable MC-LR 

concentrations (~5-50 µg L-1 depending on cell density).  Viable cyanobacteria cells were 
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collected by grab samples with clean 18.9L buckets from the surficial scum. Site water 

from areas not containing cyanobacteria in the same pond were collected by grab sample 

with clean 18.9L buckets.  Cyanobacteria and water were transported to Clemson 

University immediately after sampling for preliminary analyses.   

Laboratory toxicity experiments were conducted to determine effective copper 

exposure concentrations for a range of cell densities (1x106, 5x106, and 1x107 cells mL-1) 

referred to as low, medium, and high densities, respectively, throughout this paper 

(Figure 4-1).  In laboratory toxicity experiments, exposures were prepared in site water in 

250 mL beakers and measured as acid soluble copper using ICP-AES (APHA, 2012).  

Exposure chambers were maintained in a temperature and light controlled incubator, at 

23±2 ˚C, with lighting provided by cool white fluorescent bulbs (Residential Ecolux 

40W, GE) on an 16-h:8-h light:dark cycle.  Exposures were not stirred or shaken 

throughout the 96-h experimental duration. 

After 96-h, cell densities and total MC concentrations were measured for 

untreated controls and copper treatments.  Cell densities were measured in unpreserved 

samples (i.e. immediately following 96-h exposures) using a Leitz Wetzlar Dialux 20 

Light Microscope (Leitz USA Scopes, Paramount, CA) and an Improved Neubauer 

hemacytometer at 250x magnification.  Minimum copper exposure concentrations 

resulting in maximum measured responses (i.e. greatest statistical difference from 

untreated controls in terms of 96-h cell density) were then targeted in field exposures for 

each cell density. 
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Field mesocosm exposures 

In situ mesocosms used for field exposures were open-ended high-density 

polypropylene (HDPE) cylinders.  Mesocosms were transported to the site and inserted 

into the littoral portion along the perimeter of the pond following the completion of the 

laboratory toxicity experiments (Figure 4-1).  Cyanobacteria were amended to enclosures 

in specific densities by collecting dense surface scums of cyanobacteria from the pond 

and homogenizing cyanobacteria in a large HDPE horse trough located near the 

mesocosms.  Cyanobacterial cells in the concentrated solution were enumerated in the 

laboratory, and cyanobacteria were added to individual enclosures to achieve targeted cell 

densities for low, medium, and high treatments in triplicate based on measured water 

volumes in enclosures.  Untreated controls were targeted cyanobacterial densities in 

water without additions of copper, for the purpose of measuring total MC-LR 

concentrations in the absence of a copper algaecide exposure.  There were triplicate 

mesocosms for each of the three cell densities (i.e. experimental treatments), and 

triplicate mesocosms for untreated controls for each density (18 mesocosms total).  

Volumes of water within each enclosure were calculated using a cylindrical segment 

equation (Equation 4-1).  Heights from the water surface to the sediment surface were 

measured on top and bottom of the slope.  

V =
1

2
πr2(h1 + h2)   (Equation 4-1) 

 Copper ethanolamine (as Cutrine-Plus®) was gravimetrically measured to achieve 

nominal exposures for each enclosure based on the measured volume after algae were 
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added.  Copper exposures were amended to mesocosms at sunrise (7:00 AM) and 50 mL 

samples were collected for copper exposure concentrations as acid soluble copper in 

experimental treatments (n=3 for each density).  Cyanobacterial responses were measured 

in terms of cell density (as previously described) after 96-h (Figure 4-1).  Differences in 

cell densities among treatments and untreated controls for each cell density were 

determined using one-way analysis of variance (ANOVA; JMP v.12). 

Dissolved oxygen measurements 

 The frequency of DO concentration measurements was empirically derived.  DO 

measurements were made prior to copper exposures and after 2-h, and frequency of 

sampling was refined based on these initial measurements in order to obtain resolution 

for rates of DO decline.  DO concentrations were measured using a Hach® portable HDQ 

meter and an IntelliCAL™ LD0101 Standard Probe (Hach® Loveland, CO).  Three 

measurements were made with depth in mesocosms, evenly spaced from top to bottom of 

the water column to calculate an average DO concentration in each mesocosm.  After the 

day of algaecide exposures, DO measurements were taken once daily for 15-d around 

mid-afternoon to measure duration of DO decline relative to pre-treatment concentrations 

(Figure 4-1). 

Microcystin-LR extraction and quantification 

 Subsamples (15 mL) of water and cyanobacteria (stirred in mesocosm to evenly 

distribute cyanobacteria cells in water column prior to taking samples) were collected in 

polypropylene centrifuge tubes and transported to Clemson University prior to treatment 
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and every 12-h (after copper exposures) for total MC-LR analysis for a total of 9-d (when 

concentrations were non-detect [< 2 µg/L]; Figure 4-1).  Total MC-LR was extracted by 

evaporating 15 ml samples for 8-h using a hot water bath (100 ˚C) and constant air flow 

directed at the head space of samples.  One mL of NANOpure® water was added to 

evaporated samples and the samples were frozen overnight at -80 ˚C, thawed, evaporated, 

and re-suspended in 1 mL of 80:20 NANOpure® water: HPLC grade acetonitrile.  

Samples were then sonicated using a Branson® 5210 sonic bath for 10-min, filtered 

through a 0.45 µm nitrocellulose filter, and transferred to high performance liquid 

chromatography (HPLC) vials for analysis using HPLC according to Iwinski et al. 

(2016b).   

Bacterial diversity, relative abundance, and density measurements  

Composite aqueous samples (homogenized cyanobacterial cells and water) from 

triplicate mesocosms were collected for each treatment and untreated control for 

measurements of relative abundance and diversity of bacteria 72-h after copper exposures 

(Figure 4-1).  Fifty mL of each sample was filtered through a 0.45 µm Millipore® 

nitrocellulose filter and DNA was extracted from the filter using the MO BIO 

PowerWater DNA Isolation Kit. Targeted DNA sequencing was used to identify bacteria 

present in samples via polymerase chain reaction (PCR) amplification of the v3/v4 region 

of the 16S ribosomal RNA gene (Klindworth et al., 2013).  Library preparation and 

sequencing was performed as per the manufacturer’s instructions for MiSeq v3 paired-

end 300 bp sequencing (Illumina).  Library preparation included positive and negative 

controls, with the former consisting of mock communities, and the latter where no DNA 
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is added to the PCR, and the sample is carried through to sequencing. After sequencing, 

the forward and reverse reads were merged using PANDAseq (Masella et al., 2012).  All 

sequences were then filtered and reads were considered to be low quality and discarded if 

they did not meet the following criteria: average quality greater than Q30, longer than 

350 bp, and exact match to the forward primer.  Additionally, if the read had any base 

called as N (unknown) it was discarded.  The forward and reverse primers were also 

removed from each sequence. Bioinformatics pipelines consisting of internally developed 

scripts and selected QIIME scripts (Caporaso et al., 2010; Edgar, 2010) were used to 

process the reads. Similar sequences were clustered into groups called Operational 

Taxonomic Units (OTUs) using a 97% identity threshold and the QIIME 

pick_de_novo_otus.py script. All OTUs with less than 10 representative sequences across 

all samples were discarded as a quality filtering step to remove OTUs that may have 

arisen due to sequencing errors.  Taxonomic classification of the OTUs was performed 

using the Greengenes database version 13_8 (DeSantis et al., 2006; McDonald et al., 

2012). 

Triplicate samples were collected for each treatment and untreated control for 

density measurements as most probable number (MPN).  Bacterial samples were 

collected from each mesocosm 72-h post copper exposure (Figure 4-1).  Fifty mL 

samples were collected from each mesocosm and filtered through a 0.45 µm Millipore® 

nitrocellulose filter. The filtrate was discarded and the filter was stored at -80 ºC in a 

sterile, 15 mL DNAse/RNAse-free polypropylene Nalgene® container until analysis.  
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  MPN of heterotrophic organisms (grown with R2A medium; HiMedia Labs, 2011) were 

quantified.  Samples were diluted 1/5000 with a 0.1% peptone solution. This starting 

dilution was then diluted serially from 1/50,000 to 1/50,000,000,000. Wells were 

incubated aerobically at 20 °C without light and assessed for visible growth (formation of 

a bacterial pellet) after 8-d (when growth ceased to increase through the dilutions). 

Statistical analyses  

MC-LR degradation data for each density were modeled for graphical display in 

this paper using a four parameter (4P) logistic equation (GraphPad Software, Inc.; La 

Jolla, CA).  However, these models would provide little predictive capability for rate 

coefficients that could be expected under these experimental conditions.  Therefore, data 

were log transformed, and first order rate coefficients and half-life calculations were used 

as a metric to compare total MC degradation among cell densities in this study, and 

among this study and others.  Rates and half-lives were calculated based on time required 

to achieve < 2 µg/ L-1 MC-LR from initial concentrations, incorporating lag phases if 

observed so that rate coefficients were not underestimated. Ninety-five percent 

confidence intervals were compared among calculated first order rate coefficients to 

evaluate for statistical difference in rate coefficients among cell density treatments.  

Densities of bacterial assemblages among untreated controls and treatments were 

compared using one-way analysis of variance (ANOVA; JMP, v.12; SAS Institute, Cary, 

NC). 
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Comparisons with peer-reviewed data 

 Half-lives of MC degradation from this study were compared and contrasted with 

half-lives measured in previous studies from peer-reviewed literature with a range of DO 

conditions with and without copper algaecide exposures.  Information gathered (if 

available) included congener(s) of MCs, DO concentration, water temperature, initial MC 

concentration, and half-lives measured. 
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Results and Discussion  

Responses of the algal assemblage to copper exposures  

 To support the primary objectives of this study, preliminary laboratory 

experiments were conducted with site water and cyanobacteria to discern effective copper 

exposure concentrations for each cell density.  In this context, effective copper 

concentrations were the minimum exposure concentrations eliciting maximum statistical 

differences in terms of decreased cell density from untreated controls.  Based on cell 

density measurements taken 96-h after copper exposures in laboratory experiments, 

effective copper exposure concentrations were 0.6, 1.2, and 2.0 mg Cu L-1 as copper 

ethanolamine for low, medium, and high densities, respectively.  For the medium cell 

density, the highest evaluated concentration (1.2 mg Cu L-1) did not achieve the extent of 

cell density decrease from untreated controls measured for low and high densities; 

therefore, an increased concentration was targeted in situ (1.5 mg Cu L-1).  Copper 

concentrations above the maximum allowable application concentration (1 mg Cu L-1) 

were necessary to accomplish specific objectives in this experiment.  Based on these 

laboratory experiments, targeted concentrations for mesocosm experiments were 0.6, 1.5, 

and 2.0 mg Cu L-1 for low, medium, and high densities, respectively.  

In field mesocosm experiments, average measured copper exposure 

concentrations were 0.8, 2.0, and 2.5 mg L-1 for low, medium, and high cell densities, 

respectively, representing a 25-33% difference from targeted concentrations.  Disparities 

in nominal and targeted exposure concentrations were likely due to overestimation of 

water volume in mesocosms after cyanobacteria were added, however, these differences 
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were insignificant from targeted copper concentrations for achieving specific objectives 

in this study.  Iwinski et al. (2016a) evaluated copper concentrations from 0.4 to 2 mg Cu 

L-1 in mesocosm-scale experiments and observed similar half-lives for MC-LR 

degradation among treatments, indicating that if adverse effects to bacterial assemblages 

occurred, effects were insufficient to alter degradation rates even when exposed to 2 mg 

Cu L-1.   

Average initial cell densities for low, medium, and high treatments were 1.2x106, 

6.2x106, 1.2x107 cell mL-1, respectively.  After 96-h copper exposures, average cell 

densities decreased to 1.6x104, 1.1x105, and 1.1x105 cells mL-1 in low, medium, and high 

treatments, respectively (Figure 4-2).  Average initial cell densities for untreated controls 

for low, medium, and high treatments were 1.4x106, 5.4x106, and 1.1x107 cells mL-1, 

respectively.  96-h cell densities in untreated controls were similar to initial densities (low 

control p=0.2986, medium control p=0.8847, high control p=0.1335; α=0.05). 

Dissolved oxygen measurements with time 

 DO concentrations were measured 2-h after copper exposures, by which time 

average DO in the high cell density treatments had decreased from 7.1 mg L-1 to 3.4 mg 

L-1 (Figure 4-3A).  After 11-h, low density treatments had an average DO concentration 

of 6 mg L-1 (from 8.2 mg L-1), while medium density treatments had 2.4 mg DO L-1 (from 

8.1 mg L-1), and high density treatments had 1.2 mg DO L-1 (from 7.1 mg L-1).  DO in 

untreated controls for the low density increased from 8 to 12.5 mg/L 11-h after treatment, 

while DO decreased in controls for medium and high treatments to about 3.5 mg/L by 11-

h after treatment.  DO decline in untreated controls may have been due to physical 
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obstruction of atmospheric diffusion (from buoyant cyanobacteria layer), as well as 

oxygen demand from sediments and water below the cyanobacteria layer.  However, 

there was enough of a difference in DO decline between controls and treatments to parse 

differences from copper exposures.  DO measured 24-h following copper exposures was 

below 1 mg L-1 for all treatments and untreated controls, likely since these measurements 

were taken before sunrise (i.e. during respiration).  The remainder of the DO data from 

days 2-15 were measured around mid-afternoon.  Since the 24-h data were collected at a 

different time of day than the other data points, 24-h measurements were not included in 

Figure 4-3B.  DO concentrations were measured for 15 days after copper exposures to 

discern durations of DO decline from initial concentrations.  Three days after copper 

exposures, DO concentrations in low density treatments increased to above 4 mg L-1, 

while it took 9-d for the medium density treatments, and 15-d for the high density 

treatments to increase to above 4 mg L-1 (Figure 4-3B).  Therefore, low density 

treatments had the slowest rate of DO decline and the shortest duration of low DO 

conditions (i.e. < 2 mg L-1).  Increases in DO concentrations in low density treatments 

were attributed to photosynthetic DO production via eukaryotic algae (Chlorella sp.) and 

duckweed (Lemna sp.) that rapidly colonized after cyanobacteria densities decreased 

(these organisms were not apparent when cyanobacteria were dominant).  It was further 

evident that DO in low density treatments was photosynthetically dependent, due to 

diurnal changes in DO concentration.  DO measured mid-day near the water surface was 

often above 10 mg L-1 in the low density treatments 3-d after copper exposures.  In 

medium and high density treatments, average DO concentrations remained below 2 mg L-
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1 for 7 and 11-d, respectively.  Further, both medium and high density treatments 

developed sulfidic appearance (i.e. black particulates) and odor ~7-d after algaecide 

exposures.  It should be noted that these data are conservative in terms of DO decline 

following copper algaecide exposures, since measurements were taken in bound 

enclosures (i.e. no mixing and minimized reaeration due to physical blocking by detrital 

cells).  However, replicated mesocosms provided the ability to achieve specific objectives 

with statistical power, which included measurements of MC-LR degradation for a range 

of cyanobacterial masses under low DO (i.e. < 2 mg L-1) conditions with resident bacteria 

present. 

Degradation of Microcystin-LR among cell densities 

Average total MC-LR concentrations in untreated controls and treatments prior to 

copper exposures ranged from 6.7-8.7, 23.4–25.8, and 41-47.3 µg L-1 for low, medium, 

and high densities, respectively.  Two days after copper exposures, MC-LR 

concentrations in low density treatments decreased to < 2 µg L-1 (Figure 4-4), while 6 and 

8-d were necessary for MC-LR concentrations to reach ≤ 2 µg L-1 in medium and high 

density treatments, respectively.  There was an initial lag time (e.g. no statistically 

significant decreases from initial concentrations) of 3 and 5.5-d in medium and high 

density treatments, respectively, which could be due to initial changes in microbial 

densities and/or diversities as a function of rapidly changing DO conditions.   

Calculated half-lives of MC degradation based on first order kinetics were similar 

among treatments (1 to 1.9-d; Table 4-1), where slightly longer half-lives of 1.8 and 1.9-d 

were estimated for medium and high densities, respectively (Table 4-1), were an artifact 
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of lag phases.  It should be noted that with increasing initial cell density, total MC-LR 

concentrations increased.  Therefore, MC-LR exposures (in terms of total MC-LR 

concentrations), as well as the duration of time necessary to decrease concentrations 

below the detection limit (< 2 µg L-1) decreased with decreasing cyanobacterial density.  

There were no statistical differences between calculated rate coefficients for each cell 

density, based on the overlap of 95% confidence intervals (Table 4-1).  

There were no measurable decreases in MC-LR in untreated controls for 10-d 

after copper exposures, with the exception of the low density control (from 8 to 2 µg L-1).  

Medium density untreated controls contained an average total MC-LR concentration of 

23.4 µg L-1 at experiment initiation and 31.5 µg L-1 10-d later (day of final MC-LR 

measurements).  Untreated controls for the high cell density contained an average total 

MC-LR concentration of 41 µg L-1 at experiment initiation and 37.8 µg L-1 at 10-d.  

Untreated controls in this study demonstrated trends in total MC-LR concentrations from 

untreated cyanobacteria assemblages, highlighting consequences of no-action decisions 

for management of toxin-producing cyanobacteria blooms. 

Microbial density, diversity, and relative abundance 

Bacterial densities among all treatments and untreated controls were not 

statistically different, due to the relatively large variability in MPN measurements 

(p=0.4259; α=0.05).  Densities of bacteria were similar among untreated controls for low, 

medium, and high cyanobacteria cell densities, as well as the low density treatment (~ 104 

MPN mL-1; Table 4-1).  Interestingly, average bacterial densities increased 1-2 orders of 

magnitude in medium and high cyanobacteria cell density treatments.  This could imply 
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that there were greater densities of bacteria associated with greater densities of 

cyanobacteria upon cell senescence, or that a select number of genera were not affected 

by relatively high copper exposures (i.e. 2-2.5 mg Cu L-1) as indicated by diversity data 

and increase in densities after copper exposures (Table 4-1).  

Despite bacteria densities increasing in relation to untreated controls for medium 

and high cell density treatments, diversities drastically decreased (Table 4-1), indicating 

there may have been fewer genera that were relatively insensitive to copper exposures 

applied and/or relatively low DO concentrations.  Whereas Simpson’s reciprocal 

diversity indices ranged from 36-42 in medium and high density controls, indices fell to 

11 in both medium and high density treatments (Table 4-1).  Acinetobacter accounted for 

7, 22, and 19% of microbial community compositions in low, medium, and high 

cyanobacteria density treatments, respectively (Figure 4-5).  Following closely was 

Aeromonas, which accounted for approximately 3, 8, and 16% of low, medium, and high 

density treatments, respectively (Figure 4-5).   

Acinetobacter can colonize aerobic, microaerophillic, and anaerobic systems 

(Lotter and Murphy, 1985; Lotter et al., 1986), due to its ability to use oxygen (Juni, 

1978) and nitrogen (Henriksen, 1976; Lotter, 1985) as terminal electron acceptors.  Li et 

al. (2016) observed that a single strain of Acinetobacter completely degraded an initial 

concentration of 5 µg L-1 MC-LR in 12-h, and also possessed some algaecidal 

capabilities, as observed with Microcystis aeruginosa.  Similarly, Tsao et al. (2007) 

identified Acinetobacter as a dominant genus present in aerobic MC degradation 

exposures.  Lee et al. (2006) identified Aeromonas as a dominant bacterium present on a 
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granular activated charcoal (GAC) filter exposed to cyanobacteria and aqueous MCs.  

Other genera that constituted at least 2% of one or more treatments included 

Acetobacteroides, Cloacibacterium, Clostridium, Delftia, Flavobacterium, and 

Novosphingobium (Figure 4-5).  These genera were not present in appreciable quantities 

in untreated controls, which provided a comparison for genera that colonized and were 

potentially responsible for MC-LR degradation following cyanobacterial cell death from 

algaecide exposures.  Unique to this study, these data also indicated genera that rapidly 

grew under sudden shifts in DO concentrations. 

Comparisons with other aerobic and anaerobic degradation studies 

Similar results have been measured for aerobic and anaerobic MC-LR degradation 

in other peer-reviewed studies (Table 4-2).  For aerobic studies, half-lives have ranged 

from 2 to 14-d, which are typically correlated with lag phases in degradation (i.e. longer 

lag phases also followed with longer half-lives; Cousins et al. 1996; Holst et al., 2003; 

Edwards et al., 2008; Chen et al., 2010; Iwinski et al., 2017).  Iwinski et al. (2017) 

measured half-lives for MC-LR aerobic degradation of about 2 to 2.5-d following copper 

algaecide exposures of ≤ 2 mg Cu L-1, providing a comparison for aerobic degradation 

studies with and without copper exposures included.   

Under anaerobic conditions (< 1% DO, as operationally defined in Chen et al. 

2010) in laboratory experiments conducted at 25 ˚C using lake-collected sediments as 

inoculum, Chen et al. (2010) measured decreases in MC-LR concentrations from 50 to < 

1 µg L-1 in 8-d following initial lag phases of 2 to 3-d.  Holst et al. (2003) measured 

anaerobic (< 0.3% DO) degradation of MC-LR from 100 to 9 µg L-1 in 1-d using lake 
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water and surficial sediments in laboratory experiments conducted at 21 ˚C with additions 

of 5 mM NO3
- and 3.3 mM glucose.  Following measurements of N2O production in 

exposures, Holst et al. (2003) suggested that anaerobic MC degradation may be coupled 

with denitrification near the sediment-water interface.  Peer-reviewed data for both 

aerobic and anaerobic degradation of MCs suggest both are relevant and important 

removal pathways, and absence of one pathway does not necessarily limit the sum 

degradation rate of MCs in aquatic systems. However, environmental factors that could 

influence microbial assemblage capacity for degradation, and potential for lag phases 

should be considered carefully. 

Bacterial density, temperature, and prior exposure of bacterial assemblages to 

MC-containing algal blooms (i.e. “microcystin memory”) have been suggested as 

important factors that could influence MC degradation, aerobic or anaerobic (Holst et al., 

2003; Chen et al., 2008; Edwards et al. 2008; Chen et al., 2010).  Edwards et al. (2008) 

concluded prior exposure of a water body to toxin-producing cyanobacteria blooms could 

increase MC degradation rates, as evaluated using 6 water bodies ranging from no prior 

blooms to consistent seasonal blooms for several years.  Since water temperatures in this 

experiment ranged from ~25 to 30 ˚C, which is typical for summer seasons in the 

southeastern US, temperature was not anticipated to be a limiting factor for MC 

degradation in this study.  The pond used in this experiment has experienced 

cyanobacteria blooms with production of MC-LR for several years, indicating prior 

exposure of bacterial assemblages to MC-LR.  Lag phases in degradation are often 

correlated with minimal prior exposure of bacterial assemblages to MCs (Edwards et al. 
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2008), however in this study, lag phases were expected to be due to rapid shifts in 

dissolved oxygen concentrations and/or copper algaecide exposures, given the history of 

repeated cyanobacterial blooms at the study pond.   

Despite measured lag phases in this study, MC-LR half-lives were comparable 

with other studies.  MC-LR degradation rates following copper-based algaecide 

exposures were of interest in this experiment, due to potential for episodic low DO 

conditions in aquatic systems.  Although half-lives for MC-LR degradation were similar 

among cell densities, there was a positive relationship between cell density and total MC-

LR concentrations, indicating that lower cyanobacterial density resulted in less time 

required to achieve non-detect MC-LR (i.e. < 2 µg L-1).  Data from this study 

demonstrated the benefits of taking action to mitigate cyanobacteria blooms in early 

growth stages, in terms of minimizing in situ oxygen demand and MC exposures.   
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Conclusions 

MCs are a source of human health and ecological risks, and therefore, fate of MCs 

in aquatic systems is of concern regardless of form (aqueous or cellular).  The impetus for 

this experiment was anticipated rapid decreases in DO in aquatic systems following 

cyanobacteria cell death from copper algaecide exposures, and potential for effects of 

shifts in DO on rates of MC-LR degradation.  Rates and extents of MC-LR 

biodegradation for a range of cyanobacteria densities following copper algaecide 

exposures were measured.  As anticipated, cyanobacteria cell densities rapidly decreased 

within days following exposure to a copper-ethanolamine algaecide, and rates and extents 

of DO decline correlated with initial cyanobacteria cell densities.  MC-LR degradation 

occurred at similar rates (half-lives 1 to 1.9-d), with longer half-lives in medium and high 

density treatments likely an artifact of lag phases (3 to 5.5-d).  Acinetobacter and 

Aeromonas were dominant bacteria genera in treatments following copper exposures, 

while these genera occupied minimal fractions of bacterial assemblages in untreated 

controls, indicating these genera may be able to utilize MCs for carbon and energy, 

especially in low DO (i.e. < 2 mg L-1) conditions.  MC-LR half-lives measured in this 

study were comparable with measured half-lives in previous studies with a range of DO 

concentrations.  In this experiment, degradation of MC-LR occurred at environmentally 

relevant rates (i.e. sufficient rate to minimize concerns of persistent risks in water 

resources) following copper algaecide exposures for mitigation of cyanobacteria blooms.  

Further, relationships between cyanobacteria densities and MC-LR degradation half-lives 
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demonstrated the benefits of taking action in early growth stages to minimize 

cyanobacteria densities and MC concentrations. 
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Table 4-1. First order rate coefficients, half-lives for MC-LR degradation, and bacterial 

diversity and density data.  NA=not applicable for untreated controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell Density 

(cells mL-1) 

Average 

MC-LR 

Half-Life 
 [days (± 2 

SD)] 

Average k 

(day-1) 

(95% CI) 

Goodness 

of Fit: R2 

Simpson’s 

Reciprocal 

Diversity 

Index 

Average Bacteria 

Density 

(MPN mL-1) 

(± 2 SD) 

Low Control 

1x106 NA NA NA 37 
5.9x104 

(2.9x104) 

Low Treatment 

1x106 
1.0 (1.2) 

-0.83 

(-5.34 to 3.66) 
0.8489 37 

2.7x104 

(6.9x105) 

Medium Control 

5x106 
NA NA NA 42 

6.1x104 

(3.7x106) 

Medium Treatment 

5x106 
1.8 (0.29) 

-0.39 

(-0.48 to -0.29) 
0.8901 11 

5.7x105 

(1.2x105) 

High Control 

1x107 NA NA NA 36 
2.6x104 

(1.2x105) 

High Treatment 

1x107 
1.9 (0.14) 

-0.36 

(-0.50 to -0.21) 
0.7853 11 

1.2x106 

(6.2x104) 
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Table 4-2. Comparison of data from this study with peer-reviewed data for aerobic and 

anaerobic MC degradation 

 

 

 

 

 

 

 

 

MC 

Congener 

Dissolved Oxygen 

Conditions 

Temp

(°C) 

Initial [MC] 

(µg L-1) 

Half-Life 

(days) 
Reference 

LR 

Low densitya < 1-2 mg L-1 

Med.densitya < 1 mg L-1 

High densitya < 1 mg L-1 

27 

Low density 7±2 

Med. Density 26±3 

High density 47±6 

1 (no lag) 

1.8 (includes 3-d lag) 

1.9 (includes 5.5-d 

lag) 

This study 

LR 
Aerobicb 

(stirred continuously) 
21±1 10 

3 (reservoir water 

+sediments) 

4.5 (reservoir water 

alone) 

Cousins et 

al. 1996 

LR 

Aerobicb 

 (shaken at 100rpm 

continuously) 

29 1000 
4-14 (including lag 

phases 0 to 11-d) 

Edwards et 

al. 2008 

LR ≥ 8 mg L-1 21±2 87±5 2 to 2.5-d Iwinski et al. 

2017 

LR NS 25 210 3.6 (after 7-d lag) 
Lam et al. 

1995 

LR, YR, 

RR 

Oxicb  

 Microaerophillic (< 2% O2) 

Anoxic (< 0.3% O2) 

NS 

Oxic: 70 

Microaerophillic: 70 

Anoxic: 100 

Oxic: ~5c 

Microaerophillic: 

~2.8c 

Anoxic: ~1c 

Holst et al. 

2003 

LR 
Anoxic 

Aerobic  
25 5000 

Anoxic: 2.7 (after 2-d 

lag) 

Aerobic: 3.9 (after 3-d 

lag) 

Chen et al. 

2010 
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Figure 4-1. Timeline of experiments and data collected. MCs= microcystins; 

DO=dissolved oxygen. 
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Figure 4-2. Responses of cyanobacteria assemblage (in terms of cell density) in 

mesocosms measured 96-h after copper exposures; treatments and controls labeled as 

initial cell densities, where low = 1x106 cells mL-1, medium = 5x106 cells mL-1, high = 

1x107 cells mL-1; error bars represent ± 1 SD. 
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Figure 4-3. Dissolved oxygen concentrations within the first 12 hours (A) and from days 

2-15 (B) after copper algaecide exposures for each cell density; low = 1x106 cells mL-1, 

medium = 5x106 cells mL-1, high = 1x107 cells mL-1; error bars represent ± 1 SD. 
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Figure 4-4. Changes in total (sum of cellular and aqueous) microcystin-LR 

concentrations after copper-algaecide exposures for each cell density; low = 1x106 cells 

mL-1, medium = 5x106 cells mL-1, high = 1x107 cells mL-1; error bars represent standard 

error of the mean. 
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Figure 4-5. Relative abundance of dominant (≥5% of at least one treatment) bacteria 

genera identified in copper exposure treatments in relation to untreated controls for each 

algal cell density 
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CHAPTER FIVE 

SOLAR PHOTOCATALYSIS USING FIXED-FILM TIO2 FOR MICROCYSTINS 

FROM COLONIAL Microcystis aeruginosa 

Abstract 

 

Microcystins (MCs) are endotoxins produced by cyanobacteria in freshwaters 

globally.  With known potential for human health risks, rapid and effective treatment 

methods are needed for MCs.  Previous studies have shown photocatalysis can achieve 

rapid half-lives with UV lamps and slurries of TiO2.  In this experiment, rates and extents 

of solar photocatalysis of MCs were measured using bench-scale reactors with fixed-

films of TiO2 for solutions with a range of cellular: aqueous MC ratios.  Since cellular 

MCs can be removed physically, photocatalysis rates were measured following sand 

filtration to discern the extent of MC removal post-filtration.  UV energy drives 

photocatalysis using TiO2, thus, rates of removal were calculated as a function of 

cumulative UV insolation and time.  For water containing < 10% aqueous MC, filtration 

removed 90% of total [MC], and the subsequent photocatalysis half-life was 0.37 MJ/m2 

(or 111-min).  For water with ~50% aqueous MCs, filtration removed 52% of total MCs, 

and the average half-life for photocatalysis was 0.38 MJ/m2 (or 138-min).  For the > 90% 

aqueous MC treatment, filtration removed 0% MCs, and the photocatalysis half-life for 

MCs was 0.37 MJ/m2 (or 135-min).  Previous studies have used clarified waters; 

however, results from this study are likely representative of scenarios with waters 

containing confounding water characteristics and use of solar light for UV, as anticipated 

in developing countries with less advanced water treatment methods.  Photocatalysis is a 
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rapid and effective process for decreasing concentrations of MCs and could be useful for 

mitigating risks from MC exposures in drinking water. 
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Introduction 

 

  Microcystins (MCs) are a group of over 100 structural variants (USEPA, 2015) 

of endotoxins produced by cyanobacteria (Carmichael, 1997; WHO, 2011), with well-

studied adverse effects for humans (Azevedo et al., 2002), mammals (Fawell et al., 1999; 

Stewart et al., 2008), aquatic organisms (Zimba et al., 2001), and agricultural crops (Chen 

et al., 2012; Corbel et al., 2014).  MCs are secondary metabolites (Sivonen, 2009) that 

can be produced intermittently or consistently by several cyanobacteria that grow in 

critical freshwater resources used for potable water, recreation, agriculture, industry, and 

fish and wildlife propagation (Paerl and Otten, 2013).  Toxin-producing cyanobacteria 

are becoming more prevalent in surface water resources, especially at latitudes where 

there is no previous history of blooms (Lopez et al., 2008; Cheung et al., 2013).  Humans 

can be exposed to MCs via ingestion of drinking water (WHO, 2011; USEPA, 2015), and 

since freshwater resources for drinking water are limited, efficient and effective treatment 

methods are urgently needed for managing exposures of MCs. 

If consistent MC production by cyanobacteria occurs in a bloom, MC 

concentrations could correlate with cell density.  In many situations, if growth is not 

prevented or controlled cyanobacteria blooms can achieve relatively high cell densities 

(e.g. 106 – 108 cells/mL), and consequently, relatively high MC concentrations.  For 

human health risks, exposures leading to adverse effects can arise from aqueous MCs in 

potable water, and an inability of drinking water treatment processes to decrease 

concentrations below health advisory guidelines (i.e. 1 µg/L total MC-LR [WHO, 2011]; 

0.3-1.6 µg/L total MC-LR [USEPA, 2015]). 
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 Management of MC exposures in freshwater resources requires a decrease in 

concentration, which is a function of transfer and transformation processes specific to 

these compounds.  With molar masses ranging from approximately 800-1,100 g/mol, 

MCs are cyclic heptapeptides that are resistant to chemical hydrolysis at or near neutral 

pH (USEPA, 2015).  Transformation processes that have relatively rapid half-lives 

include aerobic and anaerobic biodegradation (i.e. days; Cousins et al., 1996; Edwards et 

al., 2008; Chen et al., 2010; Iwinski et al., 2017; Kinley et al. 2018) and photolysis (i.e. 

hours-days; Wormer et al., 2010).  In aquatic systems with relatively deep water columns 

or suspended solids, attenuation of light resulting in minimal UV penetration can 

decrease the likelihood of photolysis occuring at an appreciable rate (Wormer, 2010).  

Photocatalysis using titanium dioxide (TiO2) has been investigated as a potential process 

for rapid removal of MCs in water, with measured half-lives on the order of minutes 

(Shepard et al., 1998; Lawton et al., 2003; Fotiou et al., 2013).     

 MCs can exist in cellular and aqueous forms in aquatic systems, and total MC 

concentrations (sum of aqueous and cellular) have been measured up to parts per million 

levels (Graham et al., 2010).  There are, in general, three plausible scenarios that should 

be evaluated in the context of photocatalysis treatment of MCs.  First, the majority of 

MCs could be in cellular form (i.e. viable cyanobacterial cells), and conventional 

drinking water processes including coagulation, flocculation, sedimentation, and filtration 

should remove most of the MCs from the water and minimal aqueous MCs should require 

further treatment.  The second scenario could be part aqueous, part cellular MCs, which 

is more likely than the prior scenario, since growths in situ are analogous to “continuous 
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cultures” and at all times, some cells are growing and some are senescing.  It is 

anticipated that filtration should remove a portion of MCs (in cellular form), and a 

remaining fraction of MCs would be in the aqueous phase requiring removal.  Finally, the 

worst case scenario would be complete release of MCs from cells, and minimal 

anticipated removal from water treatment processes designed for physical removal of 

particulates.  This scenario is possible when a bloom senesces rapidly due to heavy 

precipitation (e.g. flooding events) or temperature (e.g. late in growing season).  In this 

study, sand filters were incorporated to achieve removal of suspended solids (i.e. 

cyanobacteria cells) prior to photocatalysis for the different scenarios presented above.  

Sequentially measuring total MC concentrations initially, post-filtration, and post-

photocatalysis for each one of the described scenarios can provide context for how 

efficient each step in the process can be for MC removal under different cellular: aqueous 

MC ratios. 

Previous studies conducted to measure photocatalysis of MCs have often used 

indoor laboratory experimental designs in which confounding factors were minimized 

(i.e. clear water with high energy UV exposures), offering a “best-case scenario” 

estimation of half-lives.  Design features (e.g. electric UV light or natural sunlight, 

slurries or fixed-films of catalysts, indoors or outdoors) can be selected based on the 

specific needs and capabilities of water treatment facilities.  However, in the context of 

developing countries with less access to advanced drinking water treatment methods, 

low-cost and low-maintenance designs are especially needed.  Immobilizing TiO2 on a 

fixed-film eliminates the need to amend and recover catalyst offering greater flexibility in 
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treatment design. In addition, natural sunlight could provide sufficient energy to 

accomplish photocatalysis without the use of electric UV light.  Results for a treatment 

design with use of sunlight and a fixed-film of TiO2 can be compared with previous 

published data to discern the extent to which half-lives can differ under these different 

circumstances.  Since photocatalysis is primarily driven by UV energy (250-400 nm), 

time is not an adequate comparator for rates and half-lives among different studies 

(Malato et al., 2009).  Calculating rates as a function of cumulative UV insolation could 

make results from this study widely transferable across seasons and latitudes. 

The overall objective of this study was to measure rates of solar photocatalysis for 

mitigation of MCs using bench-scale reactors with fixed-films of TiO2 following sand 

filtration.  Specific objectives were to 1) measure and compare total MC removal for sand 

filtration for a range of cellular: aqueous MC ratios (< 10% aqueous MC, ~50% aqueous 

MC, and > 90% aqueous MC), 2) using filtered site waters, measure rates and half-lives 

of solar photocatalysis as a function of cumulative UV insolation and time in fixed-film 

TiO2 reactors, and 3) contrast measured half-lives with half-lives measured in previous 

studies using different design features (i.e. slurries of catalyst, different UV sources). 
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Materials and Methods 

Source of microcystins and water 

 Cyanobacteria and water were collected from TRI Environmental Inc.’s Denver 

Downs Research Facility in Anderson, SC (34˚34’46.4”N, 82˚43’35.8”W) in mid-

September of 2017.  The ponds at this facility receive both agricultural and livestock run-

offs from a surrounding 900-acre farm.  For several years, this pond has experienced 

seasonal algal blooms of colonial Microcystis aeruginosa spanning from about May-

October with consistent production of MCs.  Cyanobacteria and water were collected 

from the site and transported to Clemson University for experiments. 

Construction of sand filters and photocatalytic reactors 

 Small-scale sand filters were constructed in 18.9 L buckets to mimic a rapid 

gravity (no pressure) sand filtration process.  Rapid sand filtration was selected for this 

study over slow sand filtration, since the goal of the study was to measure MC removal 

via physical filtration of cells, followed by photocatalysis.  Slow sand filtration often 

involves biological degradation during the filtration process, which would have 

confounded MC concentrations from filtration to photocatalysis.  Rapid sand filtration is 

more often used in modern drinking water treatment facilities for efficiency (MRWA, 

2009).  For the sake of simplicity in this experiment, filters were designed for variable 

declining rate of flow (USEPA, 1974; MRWA, 2009), with filters filled to maximum 

water capacity, and declining flow rates as pores filled with particles (i.e. cyanobacteria 

cells and other suspended sediments or organic matter in site water). In the bucket filters, 
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there was a 12 cm layer of gravel on the bottom to support sand, which was covered with 

a thin layer (< 1 cm) of polyester fill material to minimize sand loss.  Above the gravel 

and polyester fill layers was a 14.5 cm layer of quartz/silica sand ranging from about 0.4-

0.6 mm particle size (MRWA, 2009).  Filters had polyvinyl chloride (PVC) open-ended 

elbow joints installed at the bottom of the bucket on the side (adjacent to gravel layer) to 

drain filtrate.  Prior to filtering site water and cyanobacteria for the experiment, each filter 

was rinsed with a continuous flow of distilled water for approximately 1-h, to saturate 

and compact sand and rinse any fine particles from filters. 

Photocatalytic reactors were constructed in 28x43 cm Sterilite® high-density 

polyethylene (HDPE) containers.  A thin-film of epoxy resin and hardener (105 Epoxy 

Resin; 206 Hardener; West Marine Products, Inc., Watsonville, CA) was applied as a <1 

mm film onto a stainless-steel plate followed by the application of TiO2 (AeroxideTM P25; 

Fisher Scientific, Fairlawn NJ).  Stainless-steel plates with fixed-film TiO2 were cured at 

ambient air temperature (~20˚C) for 1-wk.  Following curing, each stainless-steel plate 

(i.e. reactor) was rinsed 3x with distilled water to remove any loosely bound particles and 

then placed in a clean HDPE container, so that the catalyst would be in contact with 

overlying site water.  The TiO2 used had a crystalline composition of 10-20% rutile and 

80-90% anatase, was approximately 45 µm or greater, and had a specific surface area of 

35-65 m2/g.   

Experiment design and procedure  

 Experimental treatments were designed to simulate the three potential scenarios 

previously described.  First, site water and a relatively high density of M. aeruginosa 
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(1x107 cells/mL) with a total MC concentration of approximately 25 µg/L (as MC-LR 

equivalents) were stirred in a clean 56 L plastic bin to evenly distribute cyanobacteria 

cells in the site water.  To create ratios of cellular and aqueous MCs, known volumes of a 

100% aqueous MC solution, live cyanobacteria, and site water (no cyanobacteria) were 

mixed.  To create a 100% aqueous MC solution, approximately 15 L of viable 

cyanobacteria in site water was collected and sonicated using a sonication probe (Fisher 

Scientific 550 Sonic Dismembrator®) inserted into volumes of 1 L for 15-s at 

approximately 180 W.  Solutions were then frozen at -80˚C for 12-h and thawed.   

The first treatment (< 10% aqueous MC) was prepared with 6 L of site water, 5.5 

L of viable cyanobacteria, and 0.5 L of the sonicated and frozen solution for a total 

volume of 12 L used to distribute among replicate reactors.  The second treatment (~50% 

aqueous MC) was prepared with 6 L of site water, 3 L of viable cyanobacteria, and 3 L of 

sonicated and frozen cyanobacteria.  The third treatment (> 90% aqueous MC) was 

prepared with 6 L of site water and 6 L of sonicated and frozen cyanobacteria. Controls 

for this experiment included a dark control to account for potential sorption to catalyst 

surfaces, in which reactors were covered with opaque lids and wrapped in black opaque 

plastic bags to prevent light penetration.  “Photolysis only” controls were in HDPE 

containers without catalysts, to parse rates of removal in the absence of the catalyst.  

Dark and photolysis only controls were prepared the same way as the ~50% aqueous MC 

treatment, so that there were sufficient concentrations of MCs to measure changes in 

concentration if applicable.  All treatments and controls were conducted with 3 

independent reactors.  Triplicate 1 mL samples were collected in acid-washed 
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borosilicate glass vials from each of the 3 treatments and 2 controls for quantification of 

initial total (sum of cellular and aqueous) MC concentrations.  

After treatment and control mixtures of cyanobacteria and site water were 

prepared, each was poured through a sand filter bucket (5 sand filters, one for each of 3 

treatments and 2 controls).  Once filtrate drained from filters into clean 5 gallon buckets, 

triplicate samples were collected from each treatment and control for “post-filter” total 

MC concentrations.  Buckets were then transported outdoors to initiate the photocatalysis 

portion of the experiment.  Photocatalysis reactors were located on the roof of a building 

to prevent any confounding shading or interference with samples.  Three and a half liters 

were introduced into each reactor for all treatments and controls.  To account for 

evaporation during the experiment (for accurate calculation of rates), volumes in reactors 

were measured and re-constituted with fresh site water (containing no measurable MC) 

twice; once at approximately the middle of the experiment (180-min) and once at the 

completion of the experiment (340-min), and rates of evaporation were averaged and 

corrected for MC analytical measurements. 

 The experiment was initiated at 11:50 AM in mid-September of 2017 with clear, 

sunny skies and ambient air temperatures of 24-29˚C.  UV irradiance was measured every 

minute for the duration of the experiment using an Apogee Instruments SU-100 UV 

sensor (Logon, UT; spectral range: 250-400 nm) and a HOBO® UX120-006M Analog 

Data logger (Onset® Computer Corporation, Bourne, MA) to calculate cumulative UV 

insolation.  Water characteristics measured in the site water used for treatments included 

dissolved oxygen, pH, and conductivity using a YSI Model 52 dissolved oxygen meter, 



221 
 

Orion Model 250A pH meter and Triode electrode, and Orion Model 142 

conductivity meter, respectively.  Alkalinity and hardness of aqueous samples were 

measured according to Standard Methods for the Examination of Water and Wastewater 

(APHA, 2012).  Turbidity of the site water was measured using a turbidimeter (LaMotte 

2020e, LaMotte Company, Chestertown MD, 21620), and dissolved organic carbon 

(DOC) concentration in site water was measured using high-temperature combustion 

(Standard Method 5310B; APHA, 2012). 

MC-LR exposure preparation and quantification 

 Quantitative measurements of total MCs were conducted according to Ohio 

EPA’s Standard Operating Procedure (OHEPA, 2015), using an Adda Enzyme-Linked 

Immunosorbent Assay (ELISA) with a 96-well microtiter plate (Abraxis Inc., 

Warminster, PA 18974; PN 522015).  The analytical method detection limit (MDL) for 

this assay was approximately 0.3 µg/L as total MCs determined using OHEPA’s SOP for 

determination of MDL (OHEPA, 2015).  To measure the sum of cellular and aqueous 

MCs, cells were lysed using a repeated freeze-thaw sequence (3x at -20˚C; OHEPA SOP, 

2015).  Samples were kept frozen until analysis, and all samples reported in this 

manuscript were analyzed within 24-h of experiment completion.  Immediately prior to 

analysis using ELISA assays, samples were filtered using a 0.45µm glass fiber filter.  

Quality assurance and quality control (QA/QC) procedures for each batch of samples 

analyzed included comparisons of measured absorbance to a standard curve (0-5 ug/L as 

MC-LR), analysis of laboratory reagent blank (solution used to dilute samples for 

analysis), analysis of a low calibration range sample (0.4 µg/L MC-LR), and a quality 
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control standard (secondary source of MC-LR with known concentration of 0.75 µg/L).  

All samples, including standards and blanks were analyzed in duplicate wells, and the 

average absorbance for each was used to calculate concentrations of total MCs (as MC-

LR equivalents). 

Percent removal by filters and photocatalysis rate calculations  

Percent removal of total MC concentrations by sand filters (equation 1) was 

estimated using the following equation:  

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
[𝐶0]−[𝐶]   

[𝐶0]
× 100 (1) 

Where, measured initial concentrations are designated as [C0] (µg/L) and [C] (µg/L) is 

concentration in filtrate.  In addition, removal rate coefficients as a function of 

cumulative UV insolation (MJ/m2)-1 and time (min-1) were estimated using first order rate 

kinetics using the following equation:  

Removal rate coefficient (𝑘)  =
− ln(

[𝐶]

[𝐶0]
)

UV or t
    (2) 

Where, UV (MJ/m2) is cumulative UV insolation and t is time (min).  Removal rate 

coefficients (MJ/m2)-1 or (min-1) represent the slope of the line obtained by plotting –

ln([C]/[C0]) versus cumulative UV or time.  Half-lives (in terms of cumulative UV or 

time) were calculated using first order kinetics, equal to the natural log of 2 (=0.693) 

divided by the rate coefficient. 
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Compare and contrast design 

 Results from this study were compared and contrasted with results from other 

peer-reviewed studies in terms of photocatalysis half-lives.  Since previous studies 

calculated half-lives in terms of time, those data were reported for context.  Design 

parameters that were included in comparisons were source of UV (type, spectral range, 

and power if reported), medium for photocatalysis, form of catalyst, initial MC 

concentration, and half-life. 
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