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ABSTRACT

FATEME BARANCHESHME. Treatment of Algal Toxins in Drinking Water with UV-Based
Advanced Oxidation Processes. (Under the direction of DR. OLYA KEEN)

The occurrence of algal blooms and the possibility of production of algal toxins and contamination
of drinking water resources have become a significant concern worldwide. Advanced oxidation
processes (AOPs) are currently known as one of the most effective methods to remove algal toxins.
However, little is known about the formation of toxic oxidation products and how the presence of
algal organic matter may affect disinfection byproducts (DBPs) formation. Microcystin (MC) is
one of the most common toxins associated with freshwater harmful algal blooms. In this study,
AOPs, specifically UV/H202and UV/Cl2, were investigated as a means of mitigating microcystins
(LR, RR and YR variants). The goal of this study is to compare mentioned advanced oxidation
processes in terms of effectiveness to detoxify algal hepatotoxin microcystin and their potential to
produce the regulated and unregulated disinfection byproducts, namely trihalomethanes (THMs),
haloacetic acids (HAAs), and N-nitrosodimethylamine (NDMA). Protein phosphatase inhibition
assay (PP2A) and Ames II were conducted to assess the toxicity of the transformation products of
each toxin. Analysis of byproducts was done using GC-ECD and LC-MS/MS based on the EPA
methods (551.1, 552.3, and 521) modified using recent publications. Both UV/H202and UV/CI:
processes were effective in oxidizing MC-LR, -RR, and -YR, although the relative effectiveness
varied based on additional direct reaction of some of the toxins with chlorine. The background
matrix had different inhibitory effects for each toxin because of their relative reactivity with
radicals. Higher oxidant dose and higher UV dose helped to minimize the impact of the matrix.
The effect of dissolved organic matter (DOM) as a radical scavenger was higher than the impact

of nitrate, creating additional radicals. Some of the products in the UV/CI2 process are chlorinated,



but may not be toxic, as ADDA group responsible for toxicity was cleaved in most of the detectable
transformation products. The formation of DBPs was affected by the background matrix. Different
treatment methods did not affect the formation of the THMs. Chloroform appeared to be
suppressed by nitrate and enhanced by DOM. The background matrix also impacted HAAS
formation. However, there was no correlation between the type of treatment process or level of
treatment and HAAs formation. Both nitrate and algal DOM increased the formation of NDMA.
NDMA was below the threshold of 10 ng/L followed by some states in all samples even though
the nitrate and algal DOM concentration in this study was at a high end of the environmentally
relevant range.

Keyword:

Advanced oxidation processes, Disinfection byproducts, Drinking water treatment, Algal toxins,

Microcystins, UV irradiation, Chlorination
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Figure 43. Effect of Matrix and UV Dose for Different Processes on NDMA Formation

Figure 44. Comparison of Effect of Processes at Given UV Dose and Matrix on NDMA
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CHAPTER 1. INTRODUCTION

1.1. Harmful Algal Blooms and Algal Toxins in Drinking Water
Harmful algal blooms (HABs) refer to all marine and inland, brackish and freshwater
blooms that result in adverse effects (Anderson, Boerlage, and Dixon 2017; Carmichael

and Boyer 2016).

Occurrence, duration, and intensity of HABs are intensifying worldwide due to
anthropogenic nutrient addition to aquatic ecosystems and increasing water temperature

(Danner et al. 2018; Deng et al. 2017)

Harmful effects are toxic seafood, death of fish, birds and other animals, indirect and
direct human illnesses (Carmichael and Boyer 2016), production of neurotoxins, bad taste
and odor, and skin-irritating compounds (Anderson et al. 2017; Deng et al. 2017). HABs
in freshwater and close to a water treatment plant (WTP) can negatively affect the water
treatment processes by increasing the influent turbidity and leading to the higher
formation of algal toxins, taste and odor (T&O)-causing compounds, algal organic matter
(AOM), and disinfection byproducts (DBPs) (Deng et al. 2017). Hence, HABS result in

adverse economic impacts and long-term ecosystem changes.

HABs are mainly formed by cyanobacteria, also called blue-green algae, that are
photosynthetic and microscopic organisms in aquatic environments (Chae et al. 2019).
Some cyanobacteria can produce toxic compounds as cyanotoxins or algal toxins. Algal
toxicity is a significant public health concern in water resources worldwide and drinking
water utilities have experienced water intake shutdowns caused by algal toxins (Graham,

Loftin, and Kamman 2009; Rodriguez et al. 2007; Rositano et al. 2001).



Microcystins (MCs), cylindrospermopsin, saxitoxin, and anatoxin-a are algal toxins that
have been found in drinking water resources (Chae et al. 2019) and are on the EPA
Contaminant Candidate List 4 (CCL 4) as unregulated contaminants of emerging concern

(CECs) (US EPA 2016).

The majority of unregulated contaminants of emerging concern do not have documented
human health effects. However, algal toxins can cause acute and chronic effects in
humans (Carmichael and Boyer 2016), and utilities monitor them and try to control their
concentrations (Szlag et al. 2015). Based on the NSF report on an international water
quality survey, 82% of consumers are concerned about trace levels of contaminants of

emerging concern in drinking water (Flechtner 2017; Sanders 2018; Sun et al. 2016).

Microcystins are the most common cyanobacterial toxins found in water (Chae et al.
2019). Microcystins are liver toxins that increase the serum of liver enzymes, a sign of
liver cell death and increase liver weight. Based on studies with mice and rats, injection
of microcystin-LR caused death within a few hours (Butler et al. 2009). Microcystins
inhibit the protein phosphatases, which cause hyperphosphorylation of the cellular
proteins (Badar et al. 2017; Carmichael and Boyer 2016; Liu and Sun 2015). This
mechanism can result in tumor promotion activity or programmed cell suicide (apoptosis)

(Butler et al. 2009; Liu and Sun 2015).

Microcystins LR, RR, and YR have been detected in freshwater samples (Jurczak et al.
2005; Kaloudis et al. 2013; Shang et al. 2018). Microcystins LR, RR, and YR inhibit the
same phosphatases and induce changes in the liver; therefore, the same toxicity criteria

are used for all of them (Butler et al. 2009). These microcystins are targets of the research



reported in this dissertation as they are frequently detected in water resources and MC-

LR is the most prevalent variant found during HABS.



CHAPTER 2. LITERATURE REVIEW

2.1. Regulation of Microcystins

Cyanobacterial toxins were not included in the first three editions of the World Health
Organization’s (WHO) International Standards for Drinking water published in 1958,
1963 and 1971. Also, cyanobacterial toxins were not regulated in the first two editions of
the WHO guidelines for drinking-water quality that was published in 1984 and 1993. The
addendum to the second edition of the guidelines was published in 1998, and a health-
based guideline value of 1 ug/L was derived for total MC-LR (free plus cell-bound),
concluding that there were not enough data to allow a guideline value to be acquired for
any other algal toxins. The guideline value was designated as provisional and covered
only MC-LR. This guideline value was brought to the third and fourth editions of the
guidelines in 2004 and 2011, respectively. The safe drinking water concentration for MC-
LR advised by the USEPA is 0.3 pg/L for infants and pre-school children and 1.6 pg/L

for school-age children and adults (US EPA 2016).

2.2. Drinking Water Treatment Methods to Remove Microcystins

Studies have explored the fate of microcystins and other algal toxins in water and
wastewater in full-scale (Shang et al. 2018), pilot-scale (Cook and Newcombe 2008), and
bench-scale (Song et al. 2006). These studies have been using physical, chemical, and
biological methods (Jiang et al. 2017). An overview of treatment methods that have been
utilized for algal toxins removal in drinking water is elaborated in this section. Different
methods have varying levels of success in the treatment of algal toxins. Table 1 shows

some of the critical studies on microcystins removal in drinking water treatment plants.



Table 1. Removal of Microcystin by Chemical Drinking Water Treatment Processes

Target Treatment L
Variant Method Removal Application Reference
(Bajracharya,
LR Acti/%\;\é%ecrsngon 50 to 80% Bench-Scale Liu, and
Lenhart 2019)
Hybrid
LR photocatalytic > 95% Bench-Scale (Cg%elgt) al.
composites
Adsorption onto (Liu, Walker,
LR Cla I?\/Iinerals Up to 65% Bench-Scale and Lenhart
y 2019)
. 0 i (Sunetal.
LR Solar/chlorine 96.7% Bench-Scale 2019)
LR vacuum UV 40 — 60% Bench-Scale (Visentin et al.
2019)
LR UV/chlorine 92.5% Bench-Scale (X. Zhang et al.
2019)
Ozonation, (Eke, Wagh,
LR biofiltration 100%, 70% Bench-Scale and Escobar
membrane 2018)
LR, RR, .. 47 .9 to (Shang et al.
YR Chlorination 90.9% Full-Scale 2018)
LA, LF
T . (Mash and
0, -
Iél'; IQTQ Chlorination > 98% Bench-Scale Wittkorn 2016)
. (Cook and
LR, LA I_Dowdered 40%, 15% Bench and Pilot Newcombe
Activated carbon -Scale
2008)
Ultrasonically (Song et al.
LR, RR Induced Hz0x 95%, 80% Bench-Scale 2006)

2.2.1. Conventional Drinking Water Treatment

Traditional drinking water treatment methods like coagulation and flocculation can

successfully remove algal cells but cannot effectively remove cyanotoxins that are

already released and dissolved in water (Afzal et al. 2010; He et al. 2016; Senogles et al.
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2001). For example, lime and alum coagulation effectively remove Microcystis cells but

have no impact on its associated toxins (Ma et al. 2012).

Coagulation and sedimentation units are often followed by filtration. Filter materials,
such as sand, gravel, or both have no considerable impact on algal toxins removal and

disrupt cells and release toxins into water (He et al. 2016).

2.2.2. Disinfection

Disinfection treatment methods include chlorine, chlorine dioxide, chloramines, ozone,
and ultraviolet light. The effect of disinfection processes on algal toxins depends on
certain cyanotoxins, types of oxidants, and operational conditions (He et al. 2016).
Chlorine: In an extensive study on six microcystins, including MCs-LA, -LF, -LR, -LY,
-RR, and -YR, the toxins were exposed to chlorine oxidation (Mash and Wittkorn 2016).
MCs-LA and -LF had little or no reaction with chlorine. MCs-LR and -RR were degraded
through chlorination because they reacted with chorine at arginine amino acids present in
their chemical structure. MCs-LY and -YR are also reactive with chlorine as they are
sharing both arginine and tyrosine residues, which are reactive with chlorine (Draper et
al. 2013; Mash and Wittkorn 2016; Woolbright et al. 2017; Zhang et al. 2016).

Application of prechlorination for algae-laden water as pretreatment required specific
dose and contact time to minimize their effects on cell integrity, AOM release, toxin
release, and chlorinated DBP formation (Wu et al. 2019). USEPA recommends avoiding
pre-oxidation to inhibit the release of cyanobacterial toxins.

Chlorination is one of the typical drinking water disinfection processes. The behavior
of microcystins during chlorination has been studied by Merel and their research group

(Merel, Cléement, and Thomas 2010). Based on their study, pH and chlorine dose affect



the efficiency of the process. Oxidant nature was found to be effective as well. Oxidation
of toxins with chloramine was weaker than chlorine. MC-LR was efficiently altered by
chlorination. However, six different byproducts were introduced into the system.
Byproducts were including dihydroxy-microcystin, monochloro-
microcystin, monochloro-hydroxy-microcystin, monochloro-dihydroxy-
microcystin, dichloro-dihydroxy-microcystin, and trichloro-hydroxy-microcystin. (Merel

et al. 2010).

Chlorine can improve the coagulation of cyanobacteria; however, potentially can lyse
the cyanobacterial cells and release toxic metabolites. The released toxin can be degraded
by chlorine as well. Release and degradation of microcystin toxins under chlorination
have been investigated in a previous study. The cell lysis occurred at a chlorine dose of 7
- 29 mg min/L that is a standard dose for the disinfection process. The release of the
intracellular toxin was three times faster than its degradation by chlorine. The pH,
chlorine exposure, and the presence of cyanobacterial cells were affecting the degradation
of extracellular microcystin (Daly, Ho, and Brookes 2007).

UV and Ozone: UV irradiation followed by the ozonation process was utilized to remove
spiked MC-LR from filtered water from a water treatment plant in Harbin, China. The
concentration of MC-LR spiked in the water was 100 pg/L. The average light intensity
on the surface of the solution was 2.6 mW/cmz, and a 10 W low-pressure UV lamp was
used as a UV irradiation source (Liu et al. 2010). Ozonation process alone (1.0 mg/L O3
over 5 min) was able to remove 50% of MC-LR from filtrate water. However, the same
process was able almost completely to remove MC-LR from Milli Q water. This

difference between two removal efficiencies might be due to the direct reaction of ozone



with dissolved substances in water or ozone decomposition and hydroxyl radicals
production that results in immediate reactions with solutes (Liu et al. 2010). The
sequential use of UV for 5 min and 0.2 mg/L ozone for 5 min removed the toxin to lower
than 1 pg/L (>99%). Increasing ozone dose to 0.5 mg/L resulted in 0.1 pg/L final
concentration of MC-LR. The results of this study showed that the sequential use of UV
and ozone is more effective than the implementation of UV or ozone alone or integrated

application of ozone and UV (Liu et al. 2010).

_Ozone, chlorine, chlorine dioxide, and permanganate: Oxidative elimination of MC-LR

from natural waters using ozone, chlorine, and permanganate has been studied. In a study,
oxidants were applied to water from a eutrophic Swiss lake (Lake Greifensee), and the
effects of a natural matrix on toxin oxidation and byproduct formation were investigated.
Based on the results of this study, permanganate, chlorine, and ozone were able to oxidize
MC-LR. The concentration of required permanganate for complete removal of MC-LR
was 1.5 mg/L, 3 mg/L of chlorine was able to almost complete MC-LR oxidation, and
around 95% oxidation of MC-LR was achieved by 0.25 mg/L Os. The formation of
trihalomethanes (THMSs) in the treated water limited the application of high-chlorine
doses (Rodriguez et al. 2007).

Ozone has shown effective results for the degradation of microcystins. Required dose
and contact time depend on the quality of water, namely, dissolved organic carbon
concentration and character, and alkalinity (Rositano et al. 2001). Based on the results of
a study, MCs-LR and -LA were destroyed entirely after 5 min and residual ozone

concentration of 0.5 — 0.7 mg/L. The results showed that the destruction of both toxins



happens under common ozonation conditions before granular activated carbon filtration
(Rositano et al. 2001).

Two different water treatment plants in Switzerland and Germany were investigated to
verify the efficiency of systems to remove MCs. Radioactive protein phosphatase
assay, Adda-ELISA, and HPLC methods were utilized to evaluate the treatment systems.
Lake Zurich DWTP was following the treatment steps, including preozonation (1.0
mg/L), rapid sand filtration (pumice/quartz sand), intermediate ozonation (0.5 mg/L),
activated carbon filtration (GAC, quartz sand), and slow sand filtration. This plant
was efficiently removing both cyanobacterial cells and toxins. The treatment processes at
Wahnbachtal Dam DWTP were flocculation (0.8 mg Al2(SO4)3/L), sedimentation, quartz
sand filtration, and chlorination of pipeline system (0.15-0.2 mg/L). After flocculation
and sand filtration, extracellular toxin concentration was the same as raw water (15 + 16
ng MC-LR equiv./L), and only traces of intracellular microcystin toxin were detectable

(Hoeger, Hitzfeld, and Dietrich 2005).

2.2.3. Adsorption

The addition of powdered activated carbon (Cook and Newcombe 2008) and granular
activated carbon (He et al. 2016) to the treatment process can enhance cyanotoxin
removal. However, it is more capable of cell removal and ineffective to remove soluble
toxins, and toxin residuals often remain (Afzal et al. 2010; He et al. 2016). Activated
carbon also has a limited life and considerably increases treatment costs (Senogles et al.
2001). Besides, activated carbon and membrane technologies just transfer algal toxins
from the treated water to the solid phase or concentrated streams with no degradation

(Sichel, Garcia, and Andre 2011).



2.2.4. Biodegradation

Biodegradation of algal toxins is very uncommon. However, there are studies on
Proteobacteria and Actinobacteria to degrade microcystins compounds using gene
homologs (Chen et al. 2010; Yan et al. 2012). MC-LR concentration of 40 mg/L was
completely biodegraded in 1 hour by Sphingopyxis (Yan et al. 2012), and
Stenotrophomonas effectively degraded MCs-LR and RR from lake water (Chen et al.
2010). These studies are bench-scale studies, and the degrees of success in the
biodegradation processes need future research to understand the biodegradation pathway
and define compatible species for each type of algal toxins. There are limited studies on
the useful genes of bacterial strains that involve in biodegradation, and therefore, there

are rare homologs for identified genes that result in challenging sequencing analysis.

2.2.5. Membrane

New pressure-driven membrane filtration, microfiltration, nanofiltration, and reverse
osmosis can effectively remove MC-LR from drinking water through size exclusion (Eke
et al. 2018). Natural organic matter (NOM) is always challenging membrane-based
technologies, and algal organic matter is not an exception. In membrane-based
technologies, algal organic matter is problematic by narrowing and blocking pores and
the formation of a loose cake layer (Sillanpaa, Ncibi, and Matilainen 2018). Another
negative point regarding the use of a membrane is that removal of algal toxins with small
molecular weight like anatoxin-a (MW 165) is not efficient (Hall et al. 2000; Hitzfeld,
Hoger, and Dietrich 2000). Also, as mentioned before, membrane technologies just
transfer algal toxins from the drinking water to concentrate with no degradation (Sichel

etal. 2011).
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2.2.6. Advanced Oxidation Processes

Oxidation technology has functional removal capacities for a broad spectrum of
emerging contaminants (Sichel et al. 2011). Advanced oxidation processes (AOPs) have
received growing attention among different water treatment technologies in the last
decade (Duan et al. 2018; Rizzo et al. 2018; Yin, Ling, and Shang 2018). Integrated
disinfection methods such as UV/chlorine (Duan et al. 2018), UV-LEDs/chlorine (Yin et
al. 2018), and UV/ H202 (Keen et al. 2016; Keen and Linden 2013) showed positive
effects on persistent and emerging contaminants. Besides, alternative oxidation processes
using UV/peracetic acid (Rizzo et al. 2018) and electrochemical generation of H202
(Chen et al. 2018) have been recently considered as potentially effective treatment
methods. AOPs have been evaluated for microcystins and other algal toxins removal

(Afzal et al. 2010; He et al. 2016; Senogles et al. 2001; Song et al. 2006).

Research has been conducted on the treatment of most common MCs in water (MCs-
LR, -RR, -YR, and -LA) using four different methods: direct photolysis of MCs using
UV, UV/H202, UV/S20s2-, and UV/HSOs.. Direct UV irradiation showed limited
photolysis of MCs. At the same initial oxidant concentration, UV/S20s2- and UV/H202
showed the highest and the least efficiency, respectively (He et al. 2015). At the same
condition, MC-LR removal using UV/H202 was faster than other MCs, which suggests

the quicker reaction of MC-LR with hydroxyl radical (He et al. 2015).

Moreover, electrochemical processes are gaining increasing attention recently as next-
generation technologies. Electrochemical methods generate hydroxyl radicals and other
reactive species capable of removing a variety of water contaminants and organic

substances (Radjenovic and Sedlak 2015). The problem connected with electrolysis is
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that the electrodes are consumed during the process (Tran et al. 2012), and the anode is
very expensive. Also, to have a higher removal efficiency of contaminants, catalytic
oxidation is used that accelerates the corrosion of electrodes (Drogui et al. 2001;
Martinez-Huitle and Brillas 2008). Considering the promising potential of AOPs to
mitigate the concentration of algal toxins in drinking water, further research is required
to develop AOP technologies to be appropriate for full-scale treatment. Moreover,
assessment of these processes in terms of disinfection byproducts formation is essential,
as some studies indicate that AOP may increase disinfection byproduct formation (Dotson

et al. 2010; Remucal and Manley 2016).

Based on the studies summarized in this section, oxidation of various compounds by
AOP can lead to their detoxification and increased biodegradation. Current research
presented in this dissertation is focused on understanding and application of UV/CI2 and
UV/H202 as two common and practical AOPs among water treatment methods to remove
algal toxins, including MCs-LR, -RR, and YR while minimizing the formation of DBPs
and toxic transformation products of microcystins. This research contributes to protecting
the environment and public health by assessment of AOPs to remove algal toxins,
understanding the mechanism of their removal, and the contribution of operational factors

to enhance AOPs.

2.3.Toxicity Assays for the Detection of Microcystins

Cyanotoxins include two groups of cytotoxins and biotoxins. Biotoxins are toxic
substances with biological origin that can cause a broad adverse effect that includes
attacking red blood cells and nervous system and tissue destruction. Cytotoxins are toxic

substances that target individual cells. Microcystins are biotoxins with cytotoxic
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activities. Biotoxins have very harmful health effects and are comprehensively studied
(Carmichael and An 1999).

Biological, physicochemical, and biochemical methods have been utilized to detect
biotoxins. Biological methods use small animals such as mice, fish, invertebrates and
microbes. Physicochemical methods are chromatographic methods such as high-
performance liquid chromatography, electrospray ionization mass spectrometry and
nuclear magnetic resonance that are sensitive within the range of ppb to ppt. Biochemical
processes are as sensitive as physiochemical methods but faster (Carmichael and An
1999). Biochemical methods are discussed in the following paragraphs in detail.

Biochemical methods include immunoassays such as enzyme-linked immunosorbent
assay (ELISA) and enzyme assays such as inhibition of protein phosphatase 2A (PP2A)
(Carmichael and An 1999; He et al. 2016). Biochemical methods are attracting increased
attention compared with the physicochemical method because biochemical methods are
simple to run, cost-effective, and sensitive (Carmichael and An 1999). In one study, the
toxicity of certain microcystins was assessed using both ELISA and PP2A assays. PP2A

was more sensitive than ELISA (Ikehara et al. 2008).

ELISA is a quantitative and sensitive MCs detection method in water samples (He et al.
2016; Zeck et al. 2001). This method is based on the recognition of MCs (Adda)-DM
(direct monoclonal) and their congeners by a monoclonal antibody (Zeck et al. 2001). In
a sample containing microcystins, a microcystin-horseradish peroxidase competes for the
binding sites of anti-microcystins antibodies in solution. Then, anti-microcystins

antibodies are bound by a second antibody immobilized. After washing the samples and
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the addition of the substrate solution, a blue color signal is generated. The intensity of the
color decreases proportionally with the increase of microcystins (Zeck et al. 2001).

PP2A is an essential serine/threonine phosphatase that plays a vital role in the regulation
of a wide range of cellular processes (Song et al. 2006). Microcystins are potent inhibitors
of PP2A, thus leading to downstream proteins hyperphosphorylation, which may be
related to their toxicity and tumor promotion activity (Liu and Sun 2015). Microcystin
forms covalent bonds to the catalytic subunit of protein phosphatase 2A (PP2A) that is
irreversible and noncompetitive. A higher concentration of MCs inhibits more PP2A
(Carmichael and An 1999). Protein phosphatase will dephosphorylate the substrate.
Protein phosphatase activity on the fluorescent substrate can be determined by measuring
the fluorescence intensity. The higher the fluorescence intensity, the lower the MCs

concentration.

Genotoxicity of formed products can be determined using the Ames Il assay to assess if
new modes of toxicity were introduced through UV/H202 and UV/CI2 processes (Kitis
2004). Ames 11 test is a modified microplate format of Ames test and consists of a mix of
Salmonella strains that capture different types of mutations (base pair mutation and
frameshift). Ames test genotoxicity assay uses various mutant strains of Salmonella
carrying mutations. Reverse mutation happens by exposure of these bacteria to mutagenic
agents under specific conditions (Maron and Ames 1983). Microorganisms having these
strains are unable to produce histidine (histidine auxotroph Salmonella). The organism’s
ability to produce histidine after reverse mutation is measured by the resulting pH change

using a color indicator (Martijn 2015).
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2.4. Disinfection By-products and Advanced Oxidation Process

The exposure of aqueous chlorine (HOCI/OCI-, pKa = 7.5) to UV irradiation in the
UV/CI2 process starts a chain of reaction. These reactions are shown in Eq. 1 to Eq. 4 and
the parenthesis indicate pH-dependent speciation. Hydroxyl radicals and chlorine radicals
are the main intermediates, and chloride, chlorate, and oxygen are the final products of
these reactions (Zhao et al. 2011). Hydroxyl radicals and chlorine radicals enabled
UV/CI: to serve as effective disinfection and advanced oxidation process that controls
pathogens and micropollutants (P. Sun et al. 2016; Zhao et al. 2011). Depending on the
water matrix, formation of chlorination by-products would be possible. By-products
formed in early stages may be decomposed by hydroxyl radicals in further reactions

(Cerreta et al. 2019).

HOCL(OCI™) + hd » HO'(07) + Cl (Eq. 1)
HO + HOCI(0CI™) » OCl + H,0(0H™) (Eq. 2)
Cl + HOCL(OCL™) » OCl + HCL(CL) (Eq. 3)
20Cl - Cl,0, - products (Eq. 4)

The presence of bromide in water resources treated by UV/CI:2 leads to bromine formation
and incorporate in bromine-containing THMs formation (Zhang et al. 2011). NOM in
natural water is a precursor of DBPs. NOM may react with free halogen species and their
radicals under UV irradiation and form DBPs that are similar to DBPs formed under
chlorination in the dark (Zhang et al. 2011). In the presence of algal organic matter, less
germicidal organic chloramines were produced during the chlorination, and more
nitrogenous DBPs were formed during chloramination (Fang, Yang, et al. 2010). Based
on previous studies, chlorination and chloramination of algal matter can produce a lower

concentration of carbonaceous DBPs such as HAA (Fang, Yang, et al. 2010). In general,
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the high nitrogen content of algal organic matter decreases the effectiveness of the
disinfection process and increases the formation of nitrogenous DBPs (Zhang et al. 2011).

There are fewer studies on UV/H202and DBPs formation compared to UV/Cl2. A water
matrix containing NOM mainly produces biodegradable compounds rather than harmful
DBPs (Martijn 2015). In a study on degradation of iopamidol by UV/persulfate,
UV/chlorine, and UV/H202, two DBPs, iodoform, and monoiodacetic acid, were detected
(Zhao et al. 2019). UV/chlorine had the least DBPs formation (Zhao et al. 2019).
UV/H202 advanced oxidation has the potential to degrade many trace organic compounds
in drinking water (Dotson et al. 2010). However, following hydrogen peroxide quenching
with chlorine and post-chlorination can increase the regulated DBPs formation (Dotson
et al. 2010).

UV/H202 can mineralize DOM and decrease total chromophoric DOM and apparent
molecular weight (Dotson et al. 2010). The relationship of chlorine decay and THMs
formation to NOM size has been studied on Mississippi River water (Gang, Clevenger,
and Banerji 2003). The results showed that total THM formation in fractionated NOM
was a function of chlorine consumption. The less molecular weight of the fractions
resulted in the higher total THM yield coefficients from 31 to 42 pg-total THM/mg-Cl-
(Gang et al. 2003). In another research, the AOM of microcystin aeruginosa was
characterized, and the relationship of intracellular organic matter (IOM) and extracellular
organic matter (EOM) molecular weight distribution and formation of DBPs were
assessed (Li et al. 2012). The results of this study showed that the formation potentials of
chloroform, chloroacetic acid, and nitrosodimethylamine were 21.46, 68.29, and 0.0096

pg/mg C for IOM, and 32.44, 54.58 and 0.0189 pg/mg C for EOM (Li et al. 2012).
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Based on the studies summarized in this section, the assessment of treatment methods
based on DBPs formation was essential and the conditions can be optimized to avoid
forming additional DBPs. Four THMs, nine HAASs, and N-Nitrosodimethylamine
(NDMA) were studied in this project.

2.5. Problem Statement

Algal blooms in water resources are a critical and everyday global issue and are rapidly
progressing. HABs have socioeconomic and ecological costs that affect drinking water,
water quality, food web resilience, and habitats (Carmichael and Boyer 2016). The
adverse health impact of cyanotoxins in water supply has been first published in 1878
(Francis 1878). HAB risk is directly influenced by nutrients (Carmichael and Boyer 2016;
Gobler et al. 2016). Discharge of nutrients in the watersheds resulted in the detection of
algal toxins such as microcystins in water resources (Carmichael and Boyer 2016; Gobler
et al. 2016). HABs are increasing globally due to higher density population and climate
change, and the regions where the environment has changed more because of agriculture

and development HABs are more prevalent (Carmichael and Boyer 2016).

In September 2013, Carroll Township, Ohio, was the first public water utility in the
United States to release a ‘do not drink’ advisory because microcystin equivalent
exceeded 1 mg/L in finished water. Approximately 2200 residents of Carroll Township
were impacted by this HAB event (Bajracharya et al. 2019). Later in August 2014, the
City of Toledo, Ohio, issued a “Do Not Drink” advisory due to microcystin breakthroughs
in their finished water. This HAB event lasted for three days and impacted over 400,000

residents and businesses (Bajracharya et al. 2019; Carmichael and Boyer 2016).
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The treatment of microcystins is challenging since they are highly persistent, widely
distributed, and require new treatment options. The peptide ring of microcystins appears
to be somewhat resistant to treatment (Chae et al. 2019). In recent years, AOPs showed
promising results in the removal of refractory contaminants in water treatment
(Nihemaiti, Permala, and Croué 2020). Among many of the AOPs being tested in various
studies, UV/CIl2 and UV/H202 processes have attracted attention. UV/H20z2 is one of the
most commonly used AOP at full scale that is widely commercially available and has the
potential to decrease the concentration of many trace organic pollutants (Dotson et al.
2010). UV/CI2 process is more effective than UV or chlorination alone in the removal of
micropollutants (Sharma et al. 2019) and is feasible for application on full-scale at
DWTPs (Dotson et al. 2010). UV/CI2 process is also considered to be easier to operate
than UV/H202 because plant operators are more familiar and comfortable with Cl2 than

with many other chemicals used in AOPs, and Clz2 is easily measured, unlike H202.

Recent studies are showing the susceptibility MC-LR to UV/Cl2 process (Duan et al.
2018; Sun et al. 2018; Zhang et al. 2016). Also, there are limited studies on the removal
of MC-LR in synthetic and natural water samples using UV/H202 (He et al. 2012; Moon
et al. 2017). There has been no comprehensive and comparative study that would assess
DBPs and transformation products for both UV/Cl2 and UV/H202 processes tested

alongside.

This project is developing technical solutions to the problem by using UV/Cl2, and
UV/H202 advanced oxidation as effective water treatment technologies. This project is
dedicated to expanding knowledge on novel AOP options to get comprehensive results

to inform utilities on the methods to use UV/H202 and UV/ClI:2 efficiently. Invention and
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evaluation of the alternative treatment technologies are necessary to address water
infrastructure needs. This project seeks those alternatives by exploring the potential of
novel AOPs to remove MCs-LR, -RR, and -YR. The optimized version of both UV/H202
and UV/Cl2 systems can significantly contribute to water purification by offering a
solution for utilities dealing with water resources contaminated by microcystins while

achieving disinfection at the same time.

This project provides comparative information that is essential for the utilities making
decisions on the best technology for their source water. Also, this work would provide a
fundamental understanding of how these two processes interact with algal toxins and the
background matrix, especially with respect to formation of harmful substances, such as
transformation products and DBPs. This work significantly contributes to both practical

and fundamental base of knowledge about UV/H202 and UV/CI2 processes.

2.6. Research Goals

Understanding and evaluating novel treatment methods can be a key to be able to
provide clean and satisfactory water to the customers. In this regard, the goal of this
research is to 1) assess UV/H202 and UV/Cl2 AOPs in terms of algal toxins removal
(microcystin variants LR, RR, and YR were studied); 2) investigate the possible
introduction of new modes of toxicity to the system (genotoxicity) or formation of
products that retain the toxicity of the parent toxin; 3) determination of the effect of
UV/H202 and UV/Cl2 AOPs on the formation of disinfection byproducts, including
unregulated nitrosamine NDMA; and 4) study the effect of water matrix, specifically

nitrate and algal DOM, which co-occur with algal toxins, on the toxin removal efficiency
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of the processes, the formation of toxic transformation products, and the formation of

DBPs.

2.7. Research Tasks
The following tasks were completed to achieve the goals of this project,
1) LC-MS/MS Method Development to measure MCs
2) Investigating the efficiency of UV/H202 and UV/CI2 for MCs-LR, -RR and -YR
removal with and without additional nitrate and/ or algal DOM
3) Determination of toxicity of transformation products during UV/H202 and UV/Cl:
processes and the effect of water matrix

4) ldentification of the structural changes to the toxins using LC/MS-MS
5) Evaluate the effect of UV/H202 and UV/CI2 and water matrix on DBPs formation

These tasks are based on the hypotheses that UV/H202 and UV/Cl2 AOPs can be
optimized to detoxify algal toxins and minimize the formation of additional disinfection

byproducts.
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CHAPTER 3. MATERIALS AND METHODS

3.1. Sample Collection and Water Matrices

The samples were collected from Mount Holly DWTP, where no powdered activated
carbon (PAC) and preoxidization were utilized (both of which could have altered the
nature of the DOM and affected the DBP formation experiments). The water samples
were collected in December when no background algal blooms were present. The water
in Mount Holly DWTP goes through coagulation, sedimentation, filtration, and
disinfection (chlorine) processes. The water sample was collected before the disinfection
unit so that it represents the location where the actual AOP would take place. Water
samples were filtered through 0.45 um Mixed cellulose ester filter that has very low
extractable, which was experimentally confirmed (Appendix Al), and is naturally
hydrophilic. The filters were prewashed using 1000 mL ultrapure water based on the
results of preliminary tests for leaching by running some ultrapure water through it and
measuring TOC/TN content before and after filtration (Karanfil, Erdogan, and
Schlautman 2003). A mixed cellulose ester filter was selected based on TOC and TN
leaching results (Appendix Al). The filters were prewashed and were not affecting the
nitrogen content of water samples. Also, 0.45 pum filters remove most of the bacteria and
prevent changes to the organic matter during storage. Polytetrafluoroethylene (PTFE)
filters can be used to avoid the increase of organic matter. However, the hydrophobic
characteristic of PTFE filters makes them inappropriate to filter a large volume of water.
The filtered water sample was stored at 4-C for future use. The characteristics of the water

sample can be found in Table 2.
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Table 2. Characteristics of Water Sample

Characteristics NO3-N NO2-N TN TKN NHs-N TON TOC Br

Water (mg/L) 0.473 0.013 0.6 0.114 ND 0.114 0.6334 0.105

Water matrix was augmented with additional components in some of the experiments
(specifically, intracellular algal DOM and nitrate) to consider the effect of background
matrix on treatment efficiency and byproducts forming. Non-toxin-producing
Microcystis algae was cultured in the lab, and intracellular algal dissolved organic matter
(DOM) were extracted based on the method in section 3.2. Furthermore, the toxins were
spiked to the matrices, as described in section 3.3. Water matrices for toxicity analysis

and DBPs analysis are listed in Table 3.

Table 3. Water Matrices

Toxicity Analysis DBPs Analysis
Toxin Background
Toxin + NOs- (20 mg/L as N) NOs-
Toxin + Algal DOM (3 mg/L as C) Algal DOM
Toxin+ NOs-+ Algal DOM NOs-+ Algal DOM

Water samples were spiked with 100 ug/L of MC-LR, 60 pg/L of MC-RR, and 100 pg/L
of MC-YR, separately. For MC- LR, 100 pg/L was spiked to represent a worst-case
situation that is when surface water is treated by coagulation and sand filtration and the
amount of spiked MCs-RR and -YR was based on their possibility of occurrence in water
compared to MC-LR and their LC-MS/MS detection limit. Spike levels were within the
range of highest average concentrations detected in the summer in surface water resources

(Xiaowei Liu et al. 2010).
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3.2. Algae Culture, Extraction, and Characterization

Blue-green algae culture of Microcystis sp. was obtained from Carolina Biological
Supply Company. Microcystis sp. was cultivated until the stationary growth phase in 125
mL flasks containing 100 mL BG11 media (Gibco, Thermo Fisher Scientific, US) that is
optimized for the growth and maintenance of Cyanobacteria under a fluorescent lamp
with light/dark cycle of 12 h/12 h. The culture was incubated at 22-C (Devi and Sahoo
2015; Fang, Ma, et al. 2010). BG11 media formulation is included in Appendix A2. New
cultures were set up by transferring 5 mL of a stock culture into 100-mL of the fresh

medium under fluorescent lights for ten days to allow the alga to grow.

Extracellular organic matter was extracted by centrifuging algal mass at 10,000 rpm for
10 min, followed by filtering the collected supernatant through a prewashed 0.45 pm
cellulose acetate membrane (Karanfil et al. 2003). The organic matters in the filtrate
represented EOM (Daly et al. 2007; Lee et al. 2018; Li et al. 2012)

Intracellular organic matter was extracted following these steps: First, the cells separated
during the centrifugation were washed and re-suspended with 100 mL of ultrapure water
three times. Next, the cells were subjected to three freeze/thaw cycles at -80-C and 37°C
accordingly. Finally, the solution was filtered through prewashed 0.45 um cellulose
acetate membranes. The organic matter in the filtrate was intracellular organic matter
(Daly et al. 2007; Lee et al. 2018; Li et al. 2012). EOM and IOM were stored in the dark
at -20-C for long term storage and 4-C for short term storage. Figure 1 presents the steps
for extracellular and intracellular organic matter extraction, and Figure 2 displays the

algae culture, cell pellet, and the IOM.
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0.45 um Filters =) Extracellular organic matter

[Separated Cells " ) washed three times ) re-suspended in Milli-Q water

=) cells subjected to three freeze/thawing cycles =) 0.45 um Filters

=) Intracellular organic matter

Figure 1. Extracellular and Intracellular Algae Organic Matter Extraction

Figure 2. (from left) Algae Culture, Cell Pellet, and IOM

Algal organic matter in natural waters experiencing an algal bloom is between 2 to 9.5
mg/L TOC based on previous studies (Adams et al. 2018; Deng et al. 2017; Lee et al.
2018). The EOM is not the primary source of organic matter based on literature to have

a harmful adverse effect, so we continued the experiments with IOM.

The intracellular organic matter was characterized within seven days (Lee et al. 2018)
to determine the carbon and nitrogen content by measuring the following parameters:
nitrate (NOs-N), nitrite (NO2-N), total nitrogen (TN), total Kjeldahl nitrogen (TKN),

ammonia (NHs-N), total organic nitrogen (TON), total organic carbon (TOC). Nitrate,
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nitrite, TN and ammonia were measured using Hach kits and TKN was calculated. TOC
was measured using a Shimadzu TOC-LCPN instrument based on method 5310B of the
Standard Methods for the Examination of Water and Wastewater published by American
Public Health Association in 2017 (23rd Edition). These characteristics were selected
based on previous studies on algal organic matter and its effect on DBPs formation and
taste and odor of water (Goslan et al. 2017; Henderson et al. 2008; Li et al. 2012). Table

4 includes the characteristics of IOM.

Table 4. Characteristics of IOM

Characteristics NOs-N NO2-N TN TKN NHs:>-N TON TOC
Concentration (mg/L) 0.328 0.024 14 13.648 0.13 13.518 33.63

3.3.LC-MS/MS Analysis Microcystins Toxins and Their Byproducts

Water samples were spiked with 100 pg/L of MCs-LR, 60 pg/L of MCs-RR, and 100
pg/L of MCs-YR. The concentrations of toxins are at least 20 times more than the
detection limit of the LC-MS/MS method to make sure that the residual toxins after
treatment would be higher than the detection limit. MCs standards at 10 pg/mL were
obtained from Eurofins Abraxis (Abraxis, PA, USA). Figure 3 shows the chemical

structure of target microcystins (Renner, Botch-jones, and Mallet 2019).
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Figure 3. Chemical Structure of Target Microcystins; Variable Amino Acids including
Tyrosine in MC-YR, Arginine in MC-RR, and Leucine in MC-LR are Circled

Samples were analyzed to determine the concentration of the parent compound
remaining at each level of treatment and toxic product formation. Liquid chromatography
with tandem mass spectrometry detector (LC/MS-MS) was used, which consisted of a
Thermo Scientific Accela LC System and Velos pro-dual-pressure linear ion trap mass
spectrometer and a C18 column (ZORBAX rapid resolution, Stable Bond, 80A C18, 3.0
x 100 mm, 3.5 um, p/n 861954-302). The column temperature was 50°C. Microcystins
were evaluated using EPA method 544. Gradient mobile phase of 0.1% formic acid + 5
mM ammonium formate in water (Solvent A) and 80:20 Acetonitrile/Isopropanol
(solvent B) was performed. The linear gradient elution condition is shown in Table 5.
Before the linear gradient, the first minute of the run at 20% Solvent B was routed to
waste to avoid instrument damage from samples and added buffers and quenching agents.
After the linear gradient, the column was flushed with 100% Solvent B for 1 minute, then
allowed to equilibrate to 20% Solvent B over 5 minutes (Table 5). The solvent flow rate
of 0.6 mL/min was used, and the sample injection volume was 10 pL. All solvents were

HPLC grade or higher.
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Table 5. Linear Gradient Elution Conditions

Time (min)  %B 100

0 20 80

4.0 30 5

6.0 100 0

9.0 100
20

10.0 20
0

15.0 20 0123 45 6.7 8 9101112131415
"B Time (min)

Table 6 presents the molecular formula and molecular weight of MCs. MCs were
analyzed using positive electrospray ionization (ESI) MS in full-scan mode to allow the
analysis of the degradation byproducts. Table 7 shows the precursor ions and the targeted
full-scan MS/MS. The collision energy of 35 eV was provided by nitrogen gas with a
flow rate of 0.2 mL/min. The blank and standard solutions containing methanol and MCs
stock solution were examined using MS analysis with a full scan. The standard curves of
LC-MS/MS for MCs are displayed in Figure 4.

Table 6. Chemical Properties of MCs

Toxins CAS no. Molecular Formula ng;igj:g?)le Se;c;r;:j dl\J/;zlza;ble
MC-LR  101043-37-2 C49H74N10012 Leucine Arginine
MC-RR  111755-37-4 Ca9H75N13012 Arginine Arginine
MC-YR  101064-48-6 Cs2H72N10013 Tyrosine Arginine

Table 7. MCs Mass Spectrometry Information

Toxins  Precursor lon MW Precursor lon Targeted Full-Scan
(g/mol) (m/z) (MS/MS)
MC-LR [M+H]- 994.549 995.6 [m/z 285-1100]
MC-RR [M+2H].. 1037.566 520.1 [m/z 150-1100]
MC-YR [M+H]- 1044.528 1045.5 [m/z 285-1100]
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Figure 4. Standard Curves of LC-MS/MS for MCs

28




6.00 LC-MS/MS Standard Curve - MC-YR

5.50

log(area)
~ o
S 8

>
o
S

3.50

y = 1.0071x + 2.9176
R2 = 0.9998

3.00

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
log(ppb)

Figure 4. (Cont'd) Standard Curves of LC-MS/MS for MCs

3.4. UV/H202 and UV/CI2 Oxidation Treatment of Algal Toxins

H202 30% wi/w, chlorine 10 to 15% solution of sodium hypochlorite, and ascorbic acid
were purchased from Sigma-Aldrich (St. Louis, MO). Ascorbic acid was used to quench
Clzand is suitable for the analysis of DBPs (Kristiana et al. 2014). Chlorine was quenched
immediately by collecting a sample into a vial containing ascorbic acid at a 150% of
stoichiometric concentration to assure that there was no residual chlorine. H202 was
quenched with bovine serum albumin (BSA) (Sigma Aldrich, >96%) which is a suitable
guenching agent for toxicity and LC-MS/MS analysis (Keen, Dotson, and Linden 2013).
The effective concentration of bovine catalase was found based on previous studies (Keen
et al. 2013; Liu et al. 2003) and preliminary tests. Bovine catalase of 0.2 mg/L was
effectively quenching the H20:2 at both ranges of AOPs utilized in this study in less than
10 min with no effect on DBP formation in the uniform formation condition (UFC) test.
To evaluate the contribution of H202 to the effectiveness of the UV/H202, the

concentration of H202 was measured in the mixture using triiodide method (Klassen,
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Marchington, and McGowan 1994). For this method, ammonium molybdate, potassium
iodide, and potassium hydrogen phthalate were obtained from Sigma-Aldrich (St. Louis,
MO). In UV/CI: process, chlorine was measured using N, N-diethyl-p-phenylenediamine

(DPD) Hach powder pillows.

AOP experiments were conducted on a bench scale using a quasi-collimated beam
apparatus equipped with a 1 kW medium pressure mercury lamp (Ace Glass). AOP
experiments were performed at the ambient pH of the water matrix (6.8). The UV doses
for the MCs AOPs were within the range of full-scale UV doses used in AOPs at drinking
water treatment plants (up to 500-2000 mJ/cmz) using a medium pressure (MP) mercury
vapor lamp. In addition, MC-LR AOPs was repeated using low pressure (LP) mercury
vapor lamps to test chlorine efficiency at the range of disinfection dose (up to 30 mJ/cmz2).

The UV setup had two openings for beam collimation; however, the beam is never truly
collimated, since some dispersion remains in the beam. Petri Factor was incorporated in
the calculations, accounting for the UV irradiance distribution over the sample surface
due to the beam dispersion. UV dose determination and bench-scale setup were based on
Bolton and Linden’s (2003) study (Figure 5).

Figure 6 shows the schematic of experimental matrices. Sixteen different batches were
prepared for each of the three toxins which included different matrices and chlorine or
hydrogen peroxide concentrations. Each batch was treated under five UV doses and all
experiments were performed in triplicate to determine the statistical significance of the
results. Therefore, 720 (16 batches x 5 UV doses x 3 MCs x 3 replicates) samples were
collected. Each sample was analyzed for toxin removal using LC-MS/MS and for

hepatotoxicity using assays. In addition, 16 batches including different water matrices
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and chlorine, or hydrogen peroxide concentration were treated under three UV doses for
DBPs analysis. These experiments have been performed in triplicate and three samples
were collected for each run for THMs, HAAs, and NDMA analysis. Hence, total of 432
(16 batches x 3 UV doses x 3 DBPs x 3 replicates) samples were extracted for DBPs

analysis.

UV Lamp
Narabe
Enclosure bt
(Opaque) =
Y ’/\‘ + N
) 1 " Aperture
Aperture
2”7 or 4” Baffle )
Sliding / P — o
Drawer —— ~ Irradiation

Stage/Stirrer

Figure 5. Bench-Scale Setup for Conducting UV Experiments (Bolton and Linden 2003)

1 2 3
Water Matrix UV-AOPs Analysis
Toxin 5 mg/L H20> Toxicity Analysis:
Toxin + NOs- 10 mg/L H202 MCs Removal
Toxin + Algal DOM 2mg/L Cl2 Genotoxicity
Toxin + NOs- + Algal DOM 4 mg/L Cl2 (5 Doses of UV) Hepatotoxicity
Background 5 mg/L H202 DBP Analysis:
NOs- 10 mg/L H20: Haloacetic Acids (HAAs)
Algal DOM 2mg/L Cl2 Trihalomethanes (THMs)
NOs- + Algal DOM 4 mg/L Cl2 (3 Doses of UV) N-Nitrosodimethylamine
(NDMA)

Figure 6. Schematic of the Experimental Matrix
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3.5. Toxicity Analysis

Toxicity assays include toxicity specific to the toxin (hepatotoxicity) and genotoxicity to
measure if new modes of toxicity have been formed through the treatment process.
Hepatotoxicity assay includes total toxicity, so it will show if more toxin has been
produced in the system other than what was spiked initially and if toxins are transformed

into each other (Schmidt, Wilhelm, and Boyer 2014).

3.5.1. Protein Phosphatase Inhibition Analysis (Hepatotoxicity)

Figure 7 is showing the workflow of PP2A assay. The buffer solution containing the
assay components except the fluorescent substrate was prepared (Table 8), considering 96
wells (reactions) and excess reactions. The mixture and fluorescent substrate were pre-
warmed at 37-C. The clear, flat-bottom, and sterile 96-wells plate (200 uL wells) (Qiagen)
was prepared by adding 70 pL of buffer solution, 120 pL of the fluorescent substrate, and
ten uL of different samples including treated sample, untreated sample and background
water matrix. The kinetics and endpoints were read after one h using Tecan Genios
microplate reader with a fluorescence detector at 360 nm excitation and 465 nm emission.
Negative control was a sample with no toxin, and growth kinetics in control wells equals

100% enzyme activity reference. The activity was calculated by linear regression of the

reaction curves to give slope/min (Mountfort, Holland, and Sprosen 2005).

Y

Substrate (at 37 °C) +
Master mix (at 37 °C)
(E,, 360; E,,, 460 nm)

Figure 7. PP2A Test Workflow
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Table 8. PP2A Assay Mixture

Components Amount
50 mM Tris buffer (pH 7.0) and 0.1 mM CaCl: 50 pL
Enzyme (0.02 U/assay, final concentration, 1.5 nM) | [ 10 pL
40 mM NiCl2 5puL

5 mL of BSA (1 mg /mL of distilled water) 5uL
Sample (treated, untreated sample or matrix blank) 10 pL
1.7 mM fluorescent substrate 120 pL
(4-methylumbelliferyl phosphate)

Total 200 pL

To prepare 0.1 L of Tris buffer (1 M, pH 7.0), first, 80 mL of distilled water was

measured in a suitable container. Second, 12.114 g of Tris base was added to the solution.

Then the pH was adjusted to 7.0 using HCI. Finally, distilled water was added until the

volume is 0.1 L. Figure 8 is showing the PP2A standard curves for MC-LR, -RR, and -

YR.
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Figure 8. PP2A Standard Curve for MCs: (a) MC-LR, (b) MC-RR, and (c) MC-YR
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3.5.2.  Ames Il (Genotoxicity)

For Ames test, each sample was tested in six concentrations in triplicate and one positive
and one negative control. EPA suggested strains of TA98 and TA100 for algal toxin risk
assessment using the Ames method (USEPA 2015). Genotypes of the TA98 and TA100
Salmonella typhimurium strains are shown in Table 9 (Kamber et al. 2009). Salmonella

typhimurium strains were stored at -20°C for long-term storage.

Table 9. Genotypes of the TA98 and TA100 Salmonella Typhimurium Strains

Strain  Mutation Type Target CellWall Repair pKM101
TA98 | hisD3052 Frameshifts GCGCGCGC rfa uvrB yes
TAL100 | hisG46  Base-pair subst. GGG rfa uvrB yes

Ames Modified ISO kits were purchased form EPBI (Environmental Bio-Detection
Products Inc.) to run Ames Il tests for the parent compounds. First, reagent V
(commercial name) was added to nutrient broth bottle and immediately transferred to
bacterial (TA100) bottle. The bottle was shaken and incubated at 37°C overnight for initial
bacterial growth. The next morning bacterial vial was observed for turbidity. The bacteria
were diluted to optical density of 0.07 measured at a wavelength of 600 nm (OD600 =
0.07). Then, exposure media was prepared according to Table 10 and final solution was
mixed well. The volume of 200 pL of master exposure mix was added to a 24-well plate.
The chemical 4-nitroguinoline-1-oxide (4NQO), that is carcinogenic and mutagenic
quinoline, was used as positive control mutagen. The amount of 50 pL of 4NQO was
added into wells A4 and A5 assigned as positive control wells (Figure 9). The wells were
mixed using reinjecting solution through pipette repeatedly. Well A6 was left as a blank
and no sample or reagent was added to this well. Next, 1600 pL of undiluted sample as
added to wells B1 to B3 serving as the most concentrated sample. Six different
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concentrations of sample including one undiluted and five dilutions were added in the 24
well plate in triplicate. Sterilized water was added to bring final volume of all wells to
1800 pL. Finally, 200 pL of diluted TA100 was added to all wells except A6 that was the
reagent control. Wells Al to A3 that served as negative controls contained the bacteria.
The final volume of each well was 2 mL. The exposure plate was incubated at 37° for
100 minutes without shaking.

Table 10. Master Exposure Mix (5.0 ml per experiment)

Reagent Volume (mL)
Exposure Medium Concentrate 4.15
40% D-glucose 0.30
D-biotin 0.05
L-Histidine 0.50
Total 5.00

Near to the incubation time completion, the reversion solution was prepared. Master
reversion mix was prepared based on Table 11. Reversion solution tubes were prepared
by adding 800 uL of reversion mix and 7.8 ml of sterile water to each tube. When the 100
min incubation of exposure plate was complete, 1.6 mL of exposed bacterial solution in
each well of the 24-well plate was transferred into the reversion tubes.

Table 11. Master Reversion Mix

Reagent Volume (mL)
40% D-glucose 2.30
Bromocresol Purple 3.50
D-biotin 4.65
0X Reversion Solution 11.65
Total 22.1
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The volume of 200 pL of bacteria-reversion mix in each tube was distributed into 48
wells of a 96-well plate using a multichannel pipette. All 96-well plates were incubated
at 37°C without shaking for two days to allow revertant bacteria to grow. Mutagenicity
was measured by a color change from purple to yellow caused by pH drop due to bacterial

metabolism. Figure 9 shows an overview of the experiment.

@ Negative control 37°C
@ Positive control O 100 min
@ Sterility control

Q0000 ®
@ No dilution B r\“>
@ First dilution c éé; :é
@ Second dilution

D @ [ ]

@ Third dilution
O Fourth dilution
O Fifth dilution

12 X (96 well plate)

Transfer plates into a
r:‘_,> sealing bag and Incubate
at 37°C for 2-3 days

Figure 9. Overview of the Ames Experiment (EBPI)

3.6. Disinfection By-products Analysis

Samples were prepared under uniform formation condition (UFC) (Summers et al. 1996)
to analyze disinfection byproducts. Residual chlorine was measured using a Hach DPD
powder pillow test that is based on USEPA Method 8167 and 8021 and residual chlorine
was quenched using ascorbic acid. Three groups of disinfection byproducts were studied.

Four regulated trihalomethanes (THMs) and nine regulated haloacetic acids (HAAs) were
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analyzed based on EPA method 551.1 (Hodgeson et al. 1995), and EPA method 552.3
(Domino et al. 2003) accordingly. These methods were further optimized based on a
journal publication (Liu et al. 2013). One nitrosamine (N-Nitrosodimethylamine, or
NDMA) was from the third group of DBPs analyzed and was measured based on a
modified EPA method 521 using solid-phase extraction (Munch and Bassett 2004),
followed by the LC-MS/MS method developed by Zhao and her research group (Zhao et

al. 2006).

A six-year review document on DBPs was prepared by the USEPA, and among different
nitrosamines in drinking water, NDMA was being detected most frequently (USEPA
2016). All of the other nitrosamines were either absent or at very low levels in most of

the samples. Therefore, NDMA formation was selected for evaluation in this study.

3.6.1.  Uniform Formation Conditions
Samples were prepared under uniform formation conditions (UFC) to analyze
disinfection byproducts (Summers et al. 1996). UFC results can be used to directly
compare DBPs formation during treatment and assess the effect of different components
of the treatment method (Summers et al. 1996). Based on the UFC standard operating
procedure, each sample was dosed with borate buffer and hypochlorite buffer, and the pH
was adjusted to 8.0 + 0.2. Residual chlorine was 1.0 + 0.4 mg/L, and the incubation time

was 24 hrs in the dark at 20.0 + 1.0°C (Summers et al. 1996).

A preliminary test has been conducted to determine the 24-hrs chlorine demand of each
water matrix and chlorine dose accordingly to achieve 1.0 = 0.4 mg/L of residual chlorine
after 24 hrs. In this, test three chlorine dosages were dosed based on Cl2:TOC ratios of

1.2:1, 1.8:1, and 2.5:1. At the end of the chlorine exposure, residual chlorine was
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measured with Hach DPD test and quenched with ascorbic acid. From the results of these
tests, the chlorine dose for UFC was selected to yield a 24-h residual of 1.0 mg/L free

chlorine.

Cl2-to-TOC dosage of 2.5:1 worked best with the residual chlorine after 24 h of 1.16
and 0.93 mg/L for water samples with additional algal DOM and water sample without
added DOM accordingly. Table 12 is showing the results of UFC preliminary dosing

tests.

Table 12. Uniform Formation Condition Preliminary Tests

Sample Cl2:TOC Ratios 24-h Chlorine mg/L
1.2 0.32
Matrix without algal DOM 1.8 0.74
2.5 1.16
1.2 0.02
Matrix with algal DOM 1.8 0.24
2.5 0.93

All bottles and glassware were precleaned using a programmable dishwasher that
included the following steps; rinse three times with warm tap, rinse three times with

deionized water, place in acid bath, rinse with tap water followed by DI water.

3.6.2. Trihalomethanes Analysis

THMs were analyzed based on EPA method 551.1 (Hodgeson et al. 1995). This method
was optimized by Liu and their research group (Liu et al. 2013). The liquid-liquid
extraction method was used to extract the THMs as follows: First, 3.0 mL MTBE (methyl
tert-butyl ether) and 4 g Na2SO4 was added to 50 mL of the water sample. Next, the
mixture was extracted for 11 min by shaking vigorously. Then, the vial was inverted for

five minutes and allowed the water and MTBE phases to separate. After that, 1 mL of the
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MTBE phase was transferred to an autosampler vial. Finally, 10 pL of 4-
bromofluorobenzene as an internal standard was added to the vials and vials were stored

at -20-C for confirmation analysis (Liu et al. 2013).

Gas chromatography — electron capture detector (GC-ECD) analysis was performed using
Shimadzu-QP2010 GC (Shimadzu, Japan) that was equipped with a split/split-less
injector and an electron capture detector (ECD, 63Ni). The analysis was done using split-
less mode with the injector temperature at 230°C. Helium and nitrogen were used as the
carrier and makeup gas at a flow rate of 1.4 mL/min and 30 mL/min, respectively. THMs
were separated on fused silica DB-1301 capillary column (30 m length, 0.25 mm inner
diameter, and 1 pm film thickness with a temperature range between -20-C and 280-
300°C) (Agilent Technologies, Palo Alto, CA, USA). The oven temperature was
maintained at 35-C for 15 min, and then programmed at 25°C/min to 145-C and held for
3 min, and finally 35°C/min to 240-C which was held for 5 min. The temperature of the

detector was held at 260°C (Hodgeson et al. 1995; Liu et al. 2013).

The concentration of THM4 standard solution (Cat. No. 30036 - Restek, PA, US) was
200 ug/mL for each THM. The linearity range of the GC-ECD analysis was 0.01-100
mg/L for THMA4. Table 13 is showing four THMs targeted in this study. Figure 10-A to

D is showing the standard curve of each THM compound.

Table 13. THM4 in Standard Solution

Compound Compound abv CAS Concentration RT (min)
Bromodichloromethane BDCM (75-27-4) 200 pg/mL 11.54

Bromoform BF (75-25-2) 200 pg/mL 22.44

Chloroform CF (67-66-3) 200 pg/mL 28.63
Dibromochloromethane DBCM (124-48-1) 200 pg/mL 31.38
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Figure 10. (Cont'd) GC-ECD Standard Curves of THMs: (c) Dibromochloromethane,

and (d) Bromoform

42



3.6.3. Haloacetic Acids Analysis

HAAs were analyzed based on EPA method 552.3 (Domino et al. 2003). This method
was optimized by Liu and their research group (Liu et al. 2013). The liquid-liquid
extraction method was used to extract the THMs as follows: First, 40 mL of the water
sample was transferred to a precleaned 60-mL glass vial with a PTFE-lined screw cap
using a clean, graduated cylinder for each sample. Next, 2 mL concentrated sulfuric acid
(97% ACS grade), and 16 g of Na2SO4 was added to the water sample, and the water
sample was shaken vigorously by hand until all Na2SO4 was dissolved. Next, 3.0 mL of
MTBE with internal standard (120 mg/L of 1-2dibromopropane) was added. Next, the
sample was shaken vigorously for 14 min, and the phases were allowed to separate for 5
mins. Then the 2 mL of the upper MTBE layer was transferred to a 15 mL graduated
conical centrifuge tube, and 1 mL of 15% acidic methanol was added to each tube. To
prepare 15% acidic methanol, 5 mL of sulfuric acid was added to 60 mL of methanol
contained in a 100 mL volumetric flask that was placed in a cooling bath. The solution
was mixed and diluted to 100 mL with methanol. After sealing, the tubes were placed in
a water bath at 40-C and heated for 160 min. Then the tubes were removed from the water
bath and cooled to room temperature. After that, 8.5 mL of a 129 g/L Na2S0Oa4 solution
was added to each centrifuge tube, and the lower layer was discarded. Finally, 1 mL of
saturated NaHCOs solution was added, and the upper ether layer was transferred to an
autosampler vial and was stored at -20-C for confirmation analysis (Liu et al. 2013). To

prepare saturated NaHCOs, sodium bicarbonate was added to 100 mL of water and the
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solution was mixed periodically until a small amount of undissolved sodium bicarbonate

remained despite further mixing.

GC-ECD analysis of HAAs was the same as THMs except as noted below (section
3.6.2.). For HAAs analysis, the SH-Rtx-1701 capillary column (30 m length, 0.25 mm
inner diameter, and 1 um film thickness with a temperature range of -20 to 270/280-C)
(Shimadzu, Japan) was used. The oven temperature was maintained at 40-C for 10 min,
and then programmed at 10-C/min to 85°C, and finally 30-C/min to 205-C which was held
for 5 min. HAAs were analyzed by ECD held at 260-C. (Domino et al. 2003; Liu et al.

2013).

The HAAQ9 standard solution was purchased from Restek (Cat. No. 31646, PA, US).
Table 14 is showing nine HAAs that were targeted in this study. The linearity range of
GC-ECD analysis was 0.01-150 mg/L for HAAQ9. Figure 11-A to | shows the standard

curve of each THM compound.

Table 14. HAAZ9 in Standard Solution

Compound Compound abv CAS Concentration
Bromochloroacetic acid BCAA (5589-96-8) 400 pg/mL
Bromodichloroacetic acid BDCAA (71133-14-7) 400 pg/mL
Chlorodibromoacetic acid CDBAA (5278-95-5) 1000 pg/mL
Dibromoacetic acid DBAA (631-64-1) 200 pg/mL
Dichloroacetic acid DCAA (79-43-6) 600 ug/mL
Monobromoacetic acid MBAA (79-08-3) 400 pg/mL
Monochloroacetic acid MCAA (79-11-8) 600 pg/mL
Tribromoacetic acid TBAA (75-96-7) 2000 pg/mL
Trichloroacetic acid TCAA (76-03-9) 200 pg/mL
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Figure 11. (Cont’d) GC-ECD Standard Curves for HAAs

3.6.4. Nitrosamines Analysis

Different researchers working on NDMA have utilized gas chromatography-mass
spectrometry (GC/MS) method combined with electron impact or chemical ionization
and GC with thermal energy analyzer (Zhao et al. 2006). One of the drawbacks of the
mentioned methods is that they are limited to the analysis of volatile and thermally stable
compounds. Also, they do not provide structural information for the identification of
unknown DBPs or labile nitrosamines (Zhao et al. 2006). LC-MS method has attracted
attention to measure THMs and NDMA (Wang et al. 2012; Zhao et al. 2006). The LC-
MS/MS enabled the measurement of nine nitrosamines with a detection limit of 3.1 ng/L
of NDMA (Zhao et al. 2006). That study suggested the method including solid-phase
extraction (SPE), liquid chromatography (LC) separation, and tandem quadrupole linear
ion trap mass spectrometry (MS/MS) detection that resulted in the detection of both
thermally stable and unstable nitrosamines (Zhao et al. 2006).

As NDMA is a potential carcinogen for humans and animals, all safety precautions must

be strictly adhered to handle these compounds, and proper safety procedures should
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follow waste disposal. The solid-phase extraction (SPE) method using Supelclean™
Coconut Charcoal SPE Tube was utilized to extract the NDMA. The SPE packing
material was polypropylene with a bed weight of 2 g and a volume of 6 mL. Charcoal
bonding was the active group. The vacuum system (-30 kPa) was used to draw the water
sample through the cartridge. The following steps were applied to obtain extracts. First,
the SPE cartridges were initially rinsed with 15 mL each of hexane and dichloromethane,
and the residual organic solvents were removed under vacuum. Next, the cartridges were
then conditioned with 15 mL of methanol and 15 mL of water. Next, 0.5 g of sodium
bicarbonate was added to 250 mL of the water sample (pH 8). Then, 25 uL of NDMA-d6
with a concentration of 400 pg/L was spiked into the sample to obtain a final
concentration of 40 ng/L. Then, the sample was passed through the SPE cartridge at a
flow rate of 3-5 mL/min. After that, the analyte adsorbed on the SPE cartridge was eluted
using 15 mL of dichloromethane and was collected in 15 mL tubes and concentrated
down to 1 mL under vacuum. Finally, the eluent was transferred to an autosampler vial
and was stored at -20-C for confirmation analysis (Charrois et al. 2004; Zhao et al. 2006).
The internal standard NDPA-d14 (100 pL of 200 pg/L) was added to the extract (final
concentration of 40 ng/L) before the LC-MS/MS analysis. As blank NDMA-free water
was extracted to ensure all reagents were NDMA-free. A stock solution of 1000 pg/mL
and a set of calibration standard solutions of 0.001 to 1000 pg/mL were prepared in
methanol and stored in 4°C. Working solutions of 5 to 200 pg/L in 1:1 methanol/water
was freshly prepared before LC-MS/MS (Zhao et al. 2006). 100 mg NDMA standard was

purchased from Sigma-Aldrich (Cat. No. 48552, Missouri, US).
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Agilent 6400 series triple quadrupole LC-MS/MS system was used with positive
electrospray ionization combined with the multiple-reaction monitoring (MRM) mode.
The mobile phase was 10 mM ammonium acetate and 0.01% acetic acid in water (solvent
A) and 100% methanol (solvent B) (Zhao et al. 2006). The solvents were HPLC-grade or
higher. The eluent flow rate was 0.3 mL/min. The solvent gradient program included 60%
of solvent B for 1 min. The gradient was increasing from 60% to 90% of solvent B over
5 min. Then returned back to 60% of solvent B over 0.1 min. Finally, the gradient was
returned to the initial conditions by a 13-min re-equilibration before the next sample

injection. Injection volume was 100 pL.

The column was a ZORBAX Eclipse XDB-C8 capillary column 4.6x150 mm, 3.5 pm
(Agilent Technologies, Palo Alto, CA, USA). MassHunter Quantitation software was
used for quantification and the worklist containing all the sample types and calibration
level was set up. The peaks of standards and extracted samples were monitored
automatically and results were reproducible. MS/MS parameters including collision

energy and cell accelerator voltage are shown in Table 15. Gas flow rate was 10 L/min at

350-C.
Table 15. Optimized LC-MS/MS Condition for NDMA Detection
Compounds Parent lon Product lon Collision Cell Accelerator
(m/z) [M+H]+  (m/z) [M+H]+ Energy (eV) Voltage
NDMA 75 43 15 4
NDMA-d6 81 46 25 4
NDPA-d14 145 97 25 4

Figure 12 presents the LC-MS/MS calibration curve for NDMA. LC-MS/MS analysis

was linear in the whole range of 0.001-1000 pg/L for NDMA.
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Figure 12. LC-MS/MS Calibration Curve for NDMA

3.6.5. t-Test Analysis

Two-Sample t-Tests has been performed in Excel to evaluate the significance of any
differences in DBP formation between the samples. Two-sample t-tests compared the
means of two groups specifically. The results of the t-test determine whether two group
means are different. Null hypothesis is that the means of two group are equal. If the t-
statistic value is smaller than -t-critical or higher than +t-critical then the null hypothesis
is rejected. Rejecting the null hypothesis means that the results are statistically
significantly different and failing to reject the null hypothesis means that the results are
not significantly different. In all cases the t-test provides p-values as well. The smaller
the p-value means that the evidence to reject the null hypothesis is stronger. A p-value of

less than 0.05 is statistically significant.
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CHAPTER 4. RESULTS AND DISCUSSIONS

4.1. Comparison of UV/H202 and UV/Cl2 AOPs for Algal Toxins Removal

UV/Cl2 and UV/H202 were assessed as practical treatment methods to treat MCs in
water with minimum DBPs formation and toxicity risk. Algal toxins were tested in
background water matrix from a drinking water treatment plant as well as in samples with
elevated nitrate and/or AOM. Microcystis algae cultured in the lab for extraction of AOM
was not toxic, and MCs were spiked to the matrix one at a time. Each toxin was tested
separately because PP2A toxicity assay defines the total toxicity of samples, and a
mixture of two or more toxins cannot be adequately assessed. Furthermore, co-occurrence
of two or more microcystin- producing genera in the water sample is less than 38%
(Loftin et al. 2016).

Water matrices were dosed with oxidants and collected before and after the UV
irradiation for LC-MS/MS analysis, as described in the method section. As discussed
earlier, the UV doses for the MCs AOPs were within the range of full-scale UV doses
used in AOPs at drinking water treatment plants (up to 500-2000 mJ/cmz) using MP
mercury vapor lamps. UV setup was adjusted to reflect the residence time of a full-scale
process in order of minutes.

Figures 13 to 15 show the degradation of MCs-LR, -RR, and -YR as a function of UV
dose in the presence of 5 and 10 mg/L of H202 and 2 and 4 mg/L of Cl2 and different
types of water matrices. Each toxin included 16 different batches of samples including

different matrices and treatment methods that were conducted with controls and blanks.
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In the background matrix, UV/Cl2 performed much better than UV/H202 for MC-LR,
while the opposite was observed for MC-YR. Both processes were approximately equally
effective for MC-RR. While UV/H202and UV/CI2 processes were effective in oxidizing
all microcystin variants, including LR, RR, and YR, UV/CIl2 provided additional
oxidation for MC-LR that can be because of added benefit of the direct chlorine reaction.
Table 16 shows the removal efficiency of different treatment methods under 500 and 2000
mJ/cma.

The presence of nitrate resulted in additional hydroxyl radicals and resulted in similar
performance for the two AOP processes as radical reactions were prevalent over direct
reactions with Clz. Additional AOM in the matrix not only scavenged the radicals, but it
also reacted with Cl2, which reduced the effectiveness of both processes considerably.
The results are consistent with other studies that show that the presence of DOM
decreases the removal efficiency in UV/Cl2 and demonstrate its impact as background
scavenger of both radicals and oxidant (Sichel et al. 2011). The presence of AOM
negatively affects the removal rate when AOPs are utilized to degrade micropollutants
because of the high reactivity of AOM with HO. (Lee et al. 2018; Martijn 2015). The
effect of DOM as a hydroxyl radical scavenger was observed for all three MCs. The low
degradation of MCs in the presence of AOM indicates high HO- scavenging by organic

matter since microcystins toxins compete with organic matter for the reaction with HO..
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Table 16. Removal Efficiency (%) of MC-LR, -RR, -YR UV/H202 and UV/CI:

MC-LR MC-RR MC-YR
Matrix Oxidant | UV= | UV= | UV= | UV= | UV= | UV=
Dose 500 | 2000 | 500 | 2000 | 500 | 2000
mJd/cmz2 | mJ/cmz2 | mJ/cmz | mJ/cmz | mJ/cmz2 | mJ/cmz2
H202 =1 o6 | 2306 | 7539 | 95.12 | 81.40 | 99.36
5 mg/L
Ho02 =1 9775 | 2602 | 7021 | 88.08 | 83.65 | 96.60
10 mg/L
Background Ch = 2
/L 50.79 | 76.39 | 81.19 | 94.60 | 20.38 | 52.77
Clo = 4
70.18 | 7793 | 7619 | 9370 | 7.00 | 43.21
mg/L
Ho02 =1 g 43 | 3075 | 89.49 | 97.20 | 80.18 | 93.33
5 mg/L
H202 =1 1084 | 36.05 | 85.06 | 96.08 | 86.85 | 92.13
Nitrate =20 | 10 mg/L ' ' ' ' ' '
mo/L Cl =2 1826 | 7526 | 90.08 | 9577 | 83.71 | 90.83
mg/L
Clo = 4
10.30 | 71.48 | 2751 | 99.68 | 7858 | 85.00
mg/L
Ho02 =1 w00 | 2578 | 1555 | 33.75 | 77.78 | 86.11
5 mg/L
H202 =1 9,60 | 7474 | 17.60 | 53.17 | 8328 | 93.38
DOM=3 |10 mg/L ' ' ' : : :
mg/L Cl =2\ 1551 | 2577 | 11.25 | 4411 | 5215 | 7353
mg/L
Clo =4
599 | 4080 | 6.90 | 2332 | 9526 | 98.17
mg/L
H202 =
smgL | 029 | 1348 | 517 | 2320 | 587 | 2172
DOM =3 H202 =
15.88 | 2322 | 417 | 1750 | 17.96 | 43.41
mg/L, and 10 mg/L
Nitrate =20 | Cl2 = 21 1) 50 | 3818 | 780 | 26.03 | 2892 | 97.93
mg/L mg/L
Cb =41 1,78 | 6202 | 929 | 2879 | 5201 | 98.21
mg/L ) ) ! ! ' '

The origin, nature, and composition of AOM affect the observed pseudo-first order

constant for the reaction between HO. and AOM. The second-order rate constants of
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Microcystis aeruginosa extracted AOM (IOM) with HO- was determined as 4.45 x 10s
M-1.s-1 (Lee et al. 2018; Martijn 2015). However, the reaction rate constant of standard
DOM with HO- was 3.6 x 108 M-1.s-1 (Westerhoff et al. 1999) showing that the scavenging
potential of AOM is higher than DOM standards.

When both AOM and nitrate are present in the matrix the positive effect of nitrate in
generating more hydroxyl radicals was suppressed by AOM scavenging of the radicals,
especially in UV/H202 process.

MC-LR degradation rate under direct UV photolysis is independent of UV irradiance
(He et al. 2012). For instance, in a study on degradation of MC-LR, the UV photolysis
rate was (3.65 £ 0.21) x 10-3 cmz2/mJ under 0.27 mW/cmzand (3.57 £ 0.18) x 10-3 cmz/mJ
under 0.46 mW/cm2 UV dose (He et al. 2012).

In a study on the MC-LR degradation using UV/CI2 process, the reaction rate increased
from 5.67 x 10-2 M-1.5-1 t0 6.38 x 10-2 M-1.s-1 with chlorine dosage increasing from 1.0 to
4.0 mg/L (X. Zhang et al. 2019). The previously reported results are comparable to what
was observed in this study.

Figure 13 demonstrates the degradation of MC-LR under the UV doses up to 2000
mJ/cmz using UV/H202 and UV/Cl2. The result shows that UV/Cl2 led to higher
degradation compared to UV/H20:2 that is in line with previous studies. In a research on
MC-LR degradation using these two AOPs, the kobs was 4.9 x 10-3 s-1 under UV/CIz
process and Kobs was 1.2 x 10-3 s-1 under UV/H202 process when oxidant dosage was the
same (45 uM) (X. Zhang et al. 2019).

Theoretical second-order rate constant of MCs with HO. can be calculated based on

group contribution method (GCM). The rate constants of the presented amino acids in the
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structure of MC can be combined to calculate reactivity of MCs with HO.. According to
this method, the reactivity of the three variants in this study are as shown in Table 17 (He
etal. 2015). The actual rate of reaction of MCs with HO- are different from the theoretical
values because of the structure-reactivity relationships, steric hindrance and molecular
conformation. A study carrying competition kinetic experiments determined the actual
reaction rates of MCs as shown in Table 17.

Table 17. Theoretical and Actual Second-order Rate Constant of MCs with HO.
(He et al. 2015)

MCs Variant Theoretical Rate Constant Actual Rate Constant
MC-LR 2.2 x 1010 M-1.51 1.13 x 1010 M-1.5-1
MC-RR 2.4 x 1010 M-1.51 1.45 x 1010 M-1.5-1
MC-YR 3.4 x 1010 M-1.51 1.63 x 1010 M-1.5-1

Based on the reaction rate of MC-LR under UV photolysis higher removal efficiency

was expected at 2000 mJ/cmz in all matrices and treatment conditions. The removal
efficiency of MC-RR and -YR under high UV dose were in line with expected values
based on reaction rates. The reaction rate with hydroxyl radicals is about the same for all
three toxins. But they all responded differently to treatment and the data was not fully
explainable by the rate constants. The observed differences could be from the different
susceptibility of toxins to direct photolysis.
MC-YR degradation was higher than MC-RR and -LR under UV/H202 process. It was
expected because MC-YR is more complicated in structure, compared to other two toxins,
containing a benzene ring of Tyrosine that can be rapidly oxidized by HO. radicals in
UV/H20..

NOM, HCOs-, COs-2, NO2-, and bromide ions are known as hydroxy| radical scavengers

in natural waters (Keen et al. 2014; Lee et al. 2018; Watts, Rosenfeldt, and Linden 2007).
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The removal of UV absorbing compounds in the pretreatment decreases the competition
for UV light and reduces energy consumption by UV/H202 and UV/Cl2. Besides, the
removal of these constituents decreases the HO- scavenging. NOM and nitrate are known
as the most important water constituents affecting the efficacy of the UV/H20:2 process
by absorbing UV and scavenging HO. (Martijn 2015). Additionally, NOM reacts with
radicals in UV/Cl2 much more than it does with HO- in UV/H20z2. The presence of NOM
reduced MC-LR degradation and the higher concentration of NOM resulted in larger
inhibition (X. Zhang et al. 2019). In prior studies, the kobs of MC-LR in UV/CI2 process
was 4.9 x 10-3 s-1in ultrapure water and 1.5 x 10-3 s-1in presence of 10 mg/L NOM. Free
chlorine was consumed by NOM and decreased the degradation rate by 65%. In addition,
NOM scavenges HO-, Cl-, and CIO- radicals (X. Zhang et al. 2019).

Figure 14 shows the degradation of MC-RR under the UV doses up to 2000 mJ/cmaz.
The amount of oxidant did not make much of a difference for this toxin. The reaction is
therefore primarily a radical reaction, and Cl2 seemed to play a smaller role for MC-RR
compared to MC-LR. Also, the reaction for MC-RR is much faster than that for MC-LR,
however, the HO- rate constants were approximately the same. The possible explanation
might be greater contribution from direct photolysis for MC-RR. In addition, AOM had
a major negative impact on the process efficiency and reduced the degradation efficiency
of MC-RR from >90% to < 70% at the highest UV dose that was expected as described
before.

Figure 15 shows the degradation of MC-YR under the UV doses up to 2000 mJ/cm2

which is a practical limit for UV based AOPs. The same results as MC-RR were observed
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and the MC-YR degradation efficiency was slightly higher compared to MC-RR that was
expected based on the reported reaction rates in Table 17.

The degradation of MC-YR was increased with additional DOM compared to
background samples. Photolysis of organic matter can generate reactive species, and MC-
YR may be susceptible to those reactions, although those are rarely dominant reactions.
This could explain the improved efficiency with the addition of DOM to the background
matrix.

Comparing the results of different microcystins, as shown in Figure 13 -15, the removal
efficiencies are not the same given the same matrix and treatment conditions. The reason
is that the chemical structure of toxins will affect the toxins' properties (e.g. reactivity
with each oxidant) and removal efficiency. The reaction of the different amino acids with
hydroxyl radical follows this order: Tyrosine (Y)> Arginine (R)> Leucine (L)> Alanine
(A) (He et al. 2015). The same result was observed, and the removal efficiency for MC-
YR > MC-RR > MC-LR.

Comparing the results for water matrices with and without nitrate when MP lamp was
used the positive effect of nitrate in the additional formation of hydroxyl radicals was
noticeable. UV treatment of drinking water containing nitrate or nitrite with MP UV
lamps during UV/CI2 and UV/H202 produce reactive nitrogen species (Z. Zhang et al.
2019). In addition, nitrate in water matrix in the presence of UV irradiation generates high
quantity of hydroxyl radical that is comparable with addition of 10 mg/L of H202 in
process (Keen, Love, and Linden 2012).

In addition, no significant change in MC-LR -RR and -YR degradation was observed

comparing low levels and high levels of H202 concentration. The reason is that the
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increased H202 does not increase the steady-state HO- proportionally. Each incremental
increase in H202 results in a smaller incremental increase of HO- because of HO.
scavenging properties of H202 (Lopez et al. 2003).

Egs. 5 - 8 are showing the scavenging effect of H202 that becomes significant at higher
concentrations (Buxton et al. 1988; He et al. 2012). The H202 concentration limit above

which no excess degradation happens depends on system characteristics (He et al. 2012).

H,0, + HO > H* + 05 + H,0 (Eq. 5)
HO, + HO - H,0 + 0, (Eq. 6)
HO, + HO, — H,0, + 0, (Eq. 7)
HO +HO - H,0, (Eq. 8)

Understanding of the treatment mechanism when nitrate is present in the system is
complicated. The formation of HO. under the UV irradiation of nitrate is more
complicated than the UV/H202 process (Keen et al. 2012; Mack and Bolton 1999). A
molecule of hydrogen peroxide splits into two hydroxyl radicals after the absorption of a
UV photon. However, a molecule of nitrate can form nitrite and oxygen or nitrite radical
and oxygen radical after absorption of a UV photon (Eq. 9a and 9b). Nitrite radicals may
react with hydroxyl radicals and form nitrate or may react with water and another nitrite
radical and form further nitrite ion (Keen et al. 2012). Oxygen radical reacts with water
(Eq. 10) and creates a hydroxyl radical (Buxton et al. 1988). Produced nitrite in Eq. 9a
can absorb another photon and form nitric oxide radicals and oxygen radicals (Eq. 11).
The oxygen radical directly reacts with water and creates a hydroxyl radical (Eq 10) and
nitric oxide radical, and nitrite scavenge hydroxyl radical (Eg. 12 & 13) (Keen et al.

2012).
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NO3 > NO7 +1/,0, (Eq. 9a)

NO; - NO, + 0~ (Eq. 9b)

0~ + H,0 < HO + OH™ (Eq. 10)
NO; > NO + 0~ (Eq. 11)
NO' + HO - HNO, (Eq. 12)
NO; + HO - NO, + OH™ (Eq. 13)

Nitrate in the water matrix has a complicated effect. Apart from creating advanced
oxidation conditions, it can have a light filtering effect. The light filtering effect of nitrate
interferes with H202 absorbing under UV<240 nm (Keen et al. 2012). This effect can be
observed using MP UV lamps emitting UV spectrum, including wavelengths below 240

nm.
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Figure 13. LC-MS/MS MC-LR under High UV Dose
Data shows the average of three replicates and the error bars are the standard deviations
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Figure 13. (Cont’d) LC-MS/MS MC-LR under High UV Dose
Data shows the average of three replicates and the error bars are the standard deviations
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Figure 14. LC-MS/MS MC-RR under High UV Dose

Data shows the average of three replicates and the error bars are the standard deviations
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Figure 14. (Cont’d) LC-MS/MS MC-RR under High UV Dose
Data shows the average of three replicates and the error bars are the standard deviations
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Figure 15. LC-MS/MS MC-YR under High UV Dose

Data shows the average of three replicates and the error bars are the standard deviations
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Figure 15. (Cont’d) LC-MS/MS MC-YR under High UV Dose
Data shows the average of three replicates and the error bars are the standard deviations
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As discussed before, UV/Cl2 was able to remarkably affect MCs removal and appeared
to be much more effective compared to UV/H202. The efficiency of chlorine was
investigated by using a lower intensity lamps but approximately the same duration of
exposure to oxidants. Figure 16 shows the results of the MC-LR degradation using LP
lamps and under disinfection UV dose (up to 30 mJ/cmz2). UV dose of 30 mJ/cmz is a
commonly used disinfection dose and is too small to initiate any radical reactions.

MC-LR degradation rate under direct UV photolysis is independent of UV irradiance
(He et al. 2012). For instance, in a study on degradation of MC-LR, the UV photolysis
was (3.65 £ 0.21) x 10-3 under 0.27 mW/cmzand (3.57 + 0.18) x 10-3 cmz/mJ under 0.46
mW/cm2 UV irradiance (He et al. 2012).

The reaction rate of MC-LR degradation with UV/H20:2 process at the two fluence rates
has been determined in a previous study (He et al. 2012). The reaction rate of MC-LR
degradation with UV/H202 process followed pseudo-first-order reaction kinetics yielding
comparable fluence-based rate constants of (3.98 + 0.20) x 10-2cmz2/mJ and (3.47 £ 0.13)
x 10-2 cm2/mJ at fluence rates of 0.27 and 0.46 mW/ cmz, respectively (He et al. 2012).

The result of this section showed that chlorine could degrade microcystins under
disinfection UV dose and the addition of chlorine to existing UV disinfection process can
remove microcystins. The removal efficiency of UV/CI2 at low UV dose derived from
the effect of chlorination.

Based on the results of a study on comparison of chlorination and UV/CI2 process, the
kobs of MC-LR in UV/CI2 process at 4 mg/L chlorine dosage was twice of that during

chlorination alone (X. Zhang et al. 2019). In mentioned study, the kobs of MC-LR in
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chlorination increased from 1.2 x 10-4s-1 to 3.8 x 10-3s-1 with chlorine dosage increasing
from 1.0 to 4.0 mg/L (X. Zhang et al. 2019).

The same result have not been observed for UV/H202 under the low UV dose conditions
because the hydroxyl radicals were not generated at a sufficient level at this dose, and the
results primarily indicate that there is no direct oxidation of MCs by H202, unlike Cl2 that
has a pronounced direct oxidation reaction with some MCs. Also, under the LP UV lamps
no possibility of creating advanced oxidation conditions was expected; however, some

reaction, potentially AOP, was observed by the addition of nitrate to water.
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Figure 16. LC-MS/MS MC-LR under Low UV Dose

Data shows the average of three replicates and the error bars are the standard deviations
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Figure 16. (Cont’d) LC-MS/MS MC-LR under Low UV Dose

Data shows the average of three replicates and the error bars are the standard deviations
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4.2. Transformation Products for MC-LR Degradation during UV/CI2 process

Degradation byproducts of MC-LR during the UV/CIl2 process were determined
using fragmentation results obtained by LC-MS/MS for MC-LR degradation. During the
UV/CI2 process, three main byproducts with m/z values of 796.5, 762.4, and 748.4 were
formed. They are very close in retention time to the parent compound but still separate.
For product analysis, a more extended gradient was required to separate the products
thoroughly.

Low [M+H]+ value (m/z) of < 360 was not detected by LC-MS/MS which is in line with
previous studies on UV-based AOP (Merel et al. 2010; Moon et al. 2017).

As shown in Figure 17, susceptible sites to degradation and initiation of the MC-LR
oxidation are diene bond, methoxy group of Adda, Arg amino acids, MeAsp Leu, Mdha
Ala, and Arg-MeAsp peptide bonds (Kumar et al. 2018).

The structure of MC-LR is combined with a cyclic heptapeptide having seven amino
acids. One of these amino acids is amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4,6-
decadienoic acid (Adda) that shows the toxicity by conjugated diene on the Adda side
chain (Carmichael and An 1999). Therefore if a byproduct contains Adda functional
groups, it would be biologically toxic (Sedan et al. 2015). The byproduct with m/z value
of 762.4 was formed by loss of the Adda group in (Cs) with ring-opening, which
presumably makes it less toxic compared to the parent compound. The methyl group that
was part of the Adda group remained on m/z 762.4, but it is not expected to add toxicity
to the product. Byproduct with m/z 748.4 likely forms from the product with the m/z

value of 762.4, followed by the elimination of the methyl group.
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Figure 17. Susceptible Sites to Photocatalytic Degradation and Initiation of the MC-LR
Oxidation (Chang et al. 2014)

The parent molecule, MC-LR, has the m/z value of 995 that is an odd number, and the
products have even m/z values, which means that there was nitrogen loss from the
structure and an odd number of nitrogen atoms has been lost. Chlorine prefers to attack
double bonds and amines. Nitrogen atoms within the ring structure are not as accessible
for chlorine attack as the ones on the external functional group. The byproduct with the
m/z value of 796.5 can be formed by the bond cleavage of the C4-Cs bond in Adda in the
MC-LR molecule (Moon et al. 2017). Hydroxyl radical is the primary reason for the ring-
opening in complex MC-LR compound. (Kumar et al. 2018).

Variable amino acids in the structure of MCs can change the reaction pathway (He et al.
2015). For example, tyrosine in MC-YR results in monohydroxylation byproduct m/z
1061 formation during the UV/H202 process. However, the presence of a second arginine
in MC-RR results in guanidine group loss and the absence of double bond cleavage

byproducts (He et al. 2015).
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Figure 18 — a shows the reactive sites observed in this study under chlorination of MC-
LR in background matrix, including (1) loss of the Adda group with ring opening and
methyl group remaining, (2) double bond cleavage and potential chlorination site and (3)
the loss of the triamine. Figure 18 — b shows the reactive sites observed under 2000
mJ/cmz2 UV dose and Cl2 = 4 mg/L. MC-LR degradation pathways included (1) chlorine
addition, (2) Loss of Adda and triamine, (3) loss of triamine and break of double bond,
and (4) loss of the benzene ring and triamine. Figure 18 — ¢ shows the MC-LR degradation
pathways under 2000 mJ/cm2 UV dose and H202 = 10 mg/L. The structure transformation
included (1) loss of Adda, (2) loss of hydrazine and Adda and nitrogen, (3) carbon-
nitrogen bond cleavage.

Figure 18 — d shows MC-YR degradation pathway under 2000 mJ/cm2 UV dose and Clz
=4 mg/L that included (1) loss of the Adda, (2) loss of the Adda and triamine and double
bond cleavage double bond cleavage and potential chlorination site and (3) the loss of
tyrosine. Figure 18 — e shows the MC-YR degradation pathways under 2000 mJ/cm2
UV dose and H202 = 10 mg/L. The structure transformation included (1) loss of Adda
and arginine, (2) loss of rings and nitrogen.

Further study with higher concentration spikes could provide a more detailed analysis of

the transformation products and pathways.
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Figure 18. Structure Transformation; a) MC-LR under Cl2= 4 mg/l, b) MC-LR under
2000 mJ/cmz2 UV Dose and Cl2 = 4 mg/L c¢) MC-LR under 2000 mJ/cm2 UV Dose
and H202 = 10 mg/L, d) MC-YR under 2000 mJ/cm2 UV Dose and Cl2 = 4 mg/L, e)
MC-YR under 2000 mJ/cm2 UV Dose and H202 = 10 mg/L
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Figurel8. (Cont’d) Structure Transformation; a) MC-LR under Cl2= 4 mg/l, b) MC-LR
under 2000 mJ/cm2 UV Dose and Cl2 = 4 mg/L ¢) MC-LR under 2000 mJ/cm2 UV
Dose and H202 = 10 mg/L, d) MC-YR under 2000 mJ/cm2 UV Dose and Cl2 = 4 mg/L,
e) MC-YR under 2000 mJ/cm2 UV Dose and H202 = 10 mg/L
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Figure18. (Cont’d) Structure Transformation; a) MC-LR under Cl2= 4 mg/l, b) MC-
LR under 2000 mJ/cm2 UV Dose and Cl2 = 4 mg/L ¢) MC-LR under 2000 mJ/cm2
UV Dose and H202 = 10 mg/L, d) MC-YR under 2000 mJ/cm2 UV Dose and Cl2 = 4
mg/L, €) MC-YR under 2000 mJ/cm2 UV Dose and H202 = 10 mg/L
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4.3.Toxicity of Treated Samples

4.3.1. PP2A (Hepatotoxicity)

Cyanotoxins are mainly classified into three groups, including hepatotoxic peptides,
neurotoxins, and contact irritants that are based on their significant toxicological impact
(Carmichael and Boyer 2016). Hepatotoxins MCs can act as tumor promotors as they can
inhibit protein phosphatases (Carmichael and Boyer 2016). Protein phosphatase
inhibition assays (PP2A), ELISA (Carmichael and An 1999), LC-MS/MS (Carmichael
and Boyer 2016), quantitative PCR (Lu et al. 2020), and real-time PCR (Qi et al. 2016)
are useful methods to analyze hepatotoxins MCs. The following graphs (Figures 19-24)
are showing the hepatotoxicity of the water samples after treatment using PP2A.

As mentioned earlier, higher concentration of toxins inhibits more PP2A and decreases
the fluorescence intensity. Fluorescence intensity indicates the activity of protein
phosphatase with fluorescent substrate (Carmichael and An 1999). The fluorescence
intensity in relation to the MC-LR degradation was increasing by UV irradiation that
indicates the positive effect of treatment on MC-LR (Figure 19). However, addition of
DOM, nitrate, or both may decrease the positive effect of treatment process (Figure 19)
and the reason might be that produced byproducts are more toxic than parent products.

The replacement of the second amino acid leucine in MC-LR with arginine (MC-RR)
intensifies hepatotoxicity and could cause greater damage to the kidney (Atencio et al.
2008). Figure 21 shows the effect of the matrix and UV dose on hepatotoxicity of the
products after MC-RR degradation. High dose of UV irradiation using MP lamp for these
sets of samples resulted in a positive effect of both UV/H202 and UV/Cl2 on

hepatotoxicity of samples even when DOM or nitrate was in the matrix (Figure 21).
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However, when both DOM and nitrate were in matrix (Figure 21) the hepatotoxicity of
products were slightly higher than untreated sample and PP2A inhibition decreases the
activity of protein phosphatase with fluorescent substrate.

The effect of matrix and UV dose during UV/H202 and UV/CIl2 on MC-YR is shown in
Figure 23 and Figure 24. Almost all of the samples were showing decrease in the
fluorescence intensity after treatment and higher level of treatment resulted in higher
hepatotoxicity. The only exception is when UV and Cl2 = 4 mg/L is used for treatment of
matrix containing nitrate (Figure 23 — b). Further studies are required to investigate the
possible toxic products. PP2A results were not reproducible enough to draw definitive

conclusions on the toxicity of the products.
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Figure 19. Effect of Matrix and UV Dose for Different Processes on Hepatotoxicity of
Products after MC-LR Degradation
Data shows the average of three replicates and the error bars are the standard deviations.

78




50000
45000
40000
35000
30000
25000
20000
15000
10000

5000

Fluorescence Intensity (RFU)

_ MC-LR= 100 ppb, DOM = 3 mg/L

ee@ee H;0=5mg/lL —A—H:0-=10mg/L = 0= CL=2mg/lL —HF—CL=4mg/L

0 8 16 22 30
UV Dose (mJ/cm?)

(©)

50000

40000

30000

20000

Fluorescence Intensity (RFU)

10000

60000 -

MC-LR= 100 ppb, NO, = 20 mg/L, DOM = 3 mg/L

e 0 H:0=5mg/L —A—H:0=10mg/L = ¢= CL=2mg/L —HE— CL=4mg/L

0 8 16 22 30
UV Dose (mJ/cm?)

(d)

Figure 19. (Cont’d) Effect of Matrix and UV Dose for Different Processes on

Data shows

Hepatotoxicity of Products after MC-LR Degradation
the average of three replicates and the error bars are the standard deviations.
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Figure 20. Effect of Processes at Given UV Dose and Matrix on Hepatotoxicity of

Products after MC-LR Degradation

Data shows the average of three replicates and the error bars are the standard deviations.
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Figure 20. (Cont’d) Effect of Processes at Given UV Dose and Matrix on

Hepatotoxicity of Products after MC-LR Degradation

Data shows the average of three replicates and the error bars are the standard deviations.
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Figure 21. Effect of Matrix and UV Dose for Different Processes on Hepatotoxicity of

Products after MC-RR Degradation
Data shows the average of three replicates and the error bars are the standard deviations.
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Data shows the average of three replicates and the error bars are the standard deviations.
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Figure 22. Effect of Processes at Given UV Dose and Matrix on Hepatotoxicity of
Products after MC-RR Degradation
Data shows the average of three replicates and the error bars are the standard deviations.
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Figure 22. (Cont’d) Effect of Processes at Given UV Dose and Matrix on
Hepatotoxicity of Products after MC-RR Degradation
Data shows the average of three replicates and the error bars are the standard deviations.
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Figure 23. Effect of Matrix and UV Dose for Different Processes on Hepatotoxicity of

Products after MC-YR Degradation

Data shows the average of three replicates and the error bars are the standard deviations.
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Figure 23. (Cont’d) Effect of Matrix and UV Dose for Different Processes on
Hepatotoxicity of Products after MC-YR Degradation
Data shows the average of three replicates and the error bars are the standard deviations.
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Figure 24. Effect of Processes at Given UV Dose and Matrix on Hepatotoxicity of

Products after MC-YR Degradation
Data shows the average of three replicates and the error bars are the standard deviations.
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Figure 24. (Cont’d) Effect of Processes at Given UV Dose and Matrix on

Hepatotoxicity of Products after MC-YR Degradation
Data shows the average of three replicates and the error bars are the standard deviations.
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4.3.2. Ames Il (Genotoxicity)

As mentioned earlier in the method section, the Ames Il test was conducted to measure
the genotoxicity of parent compounds. Based on the Ames Modified 1SO kits form EPBI,
the experiment included 23 samples including three background samples, one positive
control, one negative control, one blank as mentioned in method section (3.5.3.) and six
dilutions of each MCs. Bacterial dilution steps were tested to ensure mutagen exposure
occurred during bacterial logarithmic growth phase for optimal results.

Assay endpoints were read based on colorimetric changes. Yellow and partial yellow
wells were scored as positive and purple wells were scored as negative. The negative
controls had small numbers of reversions, positive controls had many revertants and
reagent sterility control did not have any revertants.

The Ames Il assay was valid because three criteria were met: 1) Blank wells were sterile
(purple) and the assays were not contaminated, 2) Average score for negative or
background control were between 0 and 15 revertant wells per 48-well section on day 3,
and 3) Average score for positive (standard mutagen) controls was more than 25 revertant
wells per 48-well section on day 3.

Depending on number of revertant wells in tested samples and revertant wells in
negative controls, different levels of significance were assigned. The quick reference
chart and advanced statistical methods provided by EBPI were used to assign the
significance to mutagenicity results. The result using TA100 strain is shown in Table 18.
The results were qualitative, and each response was classified in four categories: no
response, possible response, positive response, and strong positive response. MC-LR and

-YR showed no response and MC-RR showed possible response.
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Therefore, MC-LR and -YR were not bacterial mutagens. Same result was demonstrated
in previous studies (Zegura, Straser, and Filipi¢ 2011). However, the in vitro studies with
mammalian cells and and in vivo rodent studies can show that both toxins lead to reactive
oxygen species formation, DNA damage and micronuclei formation (Zegura et al. 2011).

MC-RR is a real threat with a high exposure potential in some countries, however, its
genotoxicity and chronic effects have not yet been adequately studied (Diez-Quijada et

al. 2019).
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Table 18. Ames Il Test for Parent Toxins

Read Revertant

Revertant Ratio

Response Category

Toxin Wells (RR)

Background 12

Background 13

Background 19

Positive Control 48 2.601258659
Positive Control 48
Blank 0 0

MC-LR — Dilution 1 11 0.596121776
MC-LR — Dilution 2 14 0.758700442
MC-LR - Dilution 3 12 0.650314665 No
MC-LR — Dilution 4 11 0.596121776 Response
MC-LR — Dilution 5 9 0.487735999
MC-LR — Dilution 6 12 0.650314665
MC-RR - Dilution 1 4 0.216771555
MC-RR — Dilution 2 10 0.541928887
MC-RR - Dilution 3 9 0.487735999 Possible
MC-RR — Dilution 4 9 0.487735999 Response
MC-RR — Dilution 5 8 0.43354311
MC-RR - Dilution 6 5 0.270964444
MC-YR — Dilution 1 3 0.162578666
MC-YR — Dilution 2 8 0.43354311
MC-YR — Dilution 3 16 0.86708622 No
MC-YR — Dilution 4 10 0.541928887 Response
MC-YR — Dilution 5 4 0.216771555
MC-YR - Dilution 6 9 -
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4.4.The effect of UV/H202 and UV/Cl2 AOPs on Formation of DBPs

Natural organic matter is a major DBP precursor (Xinran Zhang et al. 2015), and the
presence of organic matter in the system raises concerns for DBPs formation. Besides,
high chlorine doses and long contact times can result in carcinogenic DBPs (Zhang et al.
2016). Therefore, the DBPs formation test was essential in this study. The same batches
and AOPs experiments were conducted with no MCs to collect samples for DBPs
analysis. THMs, HAAs, and NDMA were studied in the current project.

For THMs and HAAs analysis, Liu and the research team optimized the critical factors
in the derivatization step including the volume and concentration of acidic methanol, the
amount and concentration of Na2SOa4 solution, the volume of saturated NaHCO3 solution,
and derivatization time and temperature (Liu et al. 2013). The following results on THMs
and HAAs formation are based on their findings on the optimum extraction method. The
data are average values of triplicate samples.

For post-AOP tests such as toxicity assays or mass spectrometry, enzymatic options are
recommended quench H202 (Keen et al. 2013). Therefore, bovine catalase was used to
quench H202 in MCs AOPs experiences that were followed by LC/MS-MS and PP2A
analysis. For the samples that include chlorinated DBP analysis chlorine is the
recommended option to quench H202 (Keen et al. 2013). UV/H202 samples needed
higher chlorine dose compared to UV/Cl2 samples to achieve same residual chlorine.

The reaction between chlorine and H202 is much faster than the reaction between
chlorine and DOM (Keen et al. 2013). Consequently, a slight increase to no increase in
DBP formation was expected in UV/H202 samples because of the increased initial

chlorine dose required to quench H202 (Keen et al. 2013).
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4.4.1. Trihalomethanes

Figures 25-32 show the effect of matrices and UV dose for different processes on THMs
formation and comparison of methods at given UV dose and matrix for each THM.

In most cases, the water matrix, UV dose, oxidant dose, and different processes (UV/CIz
vs. UV/H202) did not show a significant effect on the four THMs that were studied.

Chloroform was increased with algal DOM presence in hydrogen peroxide processes
(Figure 25). According to the t-test, which compared the results of background and
metrics with added DOM, the p-value was 0.028 indicating that the results were
significantly different. Also, chloroform was suppressed by nitrate and the p-value was
0.066 which was not statically significant (but close to p-value = 0.05).

In UV/H202 processes, comparing two series of data at different UV dose, the increase
in the concentration of hydrogen peroxide decreases the chloroform formation. However,
the changes were not statistically significant with the p-values equal to 0.226, 0.134, and
0.135 in background, matrix with nitrate, and matrix with DOM, accordingly. The
contribution of DOM in chloroform formation is more explicit in Figure 26.

Algal DOM also increased the formation of bromodichloromethane in UV/H202 process
significantly with the p-value of 0.019 under H202= 5 mg/L (Figure 27).
Dibromochloromethane and bromodichloromethane had higher concentrations compared
with dibromochloromethane and bromodichloromethane.

The chlorine dose should be limited to a range that avoids the maximum contaminant
level (MCL) of total THMs (TTHMS) of 80 pg/L in the treated water (U.S. EPA 2020).

In our study, the maximum TTHM concentration was 46.26 pg/L belonging to the
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background matrix that was treated using Cl2 = 4 mg/L and UV = 2000 mJ/cmz, which is
much less than the MCL (Figures 33 and 34).

In addition, bromide may form bromate due to UV irradiation, and MCL for bromate in
drinking water is 10 pg/L (U.S. EPA 2020). The concentration of bromide in background
water (0.0021 mg/L) was minimal and bromate formation in treated water was not a

concern.

95



"UOIBIASP pJepuels BUIMOYS sieq J044a ay) YlM siuswlliadxa ayeredss aaly Jo abeiane ay) smoys ainbi4
WJ0J010JYD U0 $85S320.d JUdiaplq 1o} 8soq AN Pue XL 40 199343 "Gz a4nbi-

Woq PIM W  NOQ WM =

oJeI)IU PIA\ = punoIidxpegn

(cwoyfw) 3sod AN (;wo/rw) 8sod AN
0002 000T 005 000T 0001 00$
0 —=] ——T == 0
‘ t ® ®!
: :
¢0 mh ¢ mh
s s
I = or =
S =
S1E SIE
c c
z 0z
1AWy =D 1AW=
(zwo/fwr) 250 AN (zwo/w) asoq@ AN
0002 0001 00S 000¢ 0001 005
0
0 Ll
=] L] A = 2 S0 g
co e o=
B I 8
1g 18
= ¢ g
S sT2
- [N b=
@ € &
ST ¢eC
¢ ¥

78w o = “O'H

/8w g =0°H

96




"uoleIASp pJepuels Bulmoys sieq Jolls ayl Yyim siuswiiadxe ajeledas 9aiy) Jo abelane ayl smoys ainbi
UOITRW.I04 WJ0J0I0YD U0 XLIRN pUB 8S0Q AN UBAID 1B $855820.d J0 193443 Jo uostiedwo) :9z ainbi-

7AWy =DM /W 7 =DM TBW (] =¢QH » /W § =2QHO

(;ud/run) 3sod AN (;wo/fwn) 3sog AN
0002 0001 00$ 000¢ 0001 .

P2199)2p SeAL ULIOJOIO[d ON 2 S

o e S 2
-t s

90 S S
nE =
= =
| =

0T
qlog P INOA PIM
(fu/pur) asod AN (;wo/rwn) asod AN
000C 0001 00¢ 000¢ 0001
0 0

10g 3

708 €0 g

708 2

- ST &

90 = g

L0 T

AMEIIN IA

punoisyoeg

97



"UOIRIASP pJepurls Buimoys sieq Joils ay) YliMm Siuawiiadxe ajeledas saiy) Jo abelane syl smoys ainbi
UOIRW.I0 3UBYIBWOI0|YDIPOWIOIg UO S8SS8304d 1Ualajliq 10} 8s0 AN PuUe XLIRW J0 19843 /¢ ainbiq

poq MM E  NOQ PIM = 9N I = punoidyegO
(Zwo/fur) aso@ AN (;wa/pur) asoq AN
000T 0001 00¢S 000 0001 00¢
0 T 0
o | [| T 2
0l 5 01 =
: :
0T 2 0z £
0¢ & os 8
£3 = =
i (i3
- owW ow@
0s 0¢
TBw =D T/ ="°D
(wd/fw) aso@ AN (zwd/pw) asoq AN
000T 0001 00¢ 000¢ 0001
0 0
0T g o &
o1 w 0¢ m.
0T 8 =
0€ & 0§ &
GE 09

T/8wW 0 = “O°H

/8w ¢ = O'H

98




"uoneIASp pJepuels Bulmoys sieq 1o1a ayl Yum siuswiliadxa ajesedss 9aiy) Jo abelane ay smoys ainbiq

UOIeWI0 SUBYIBWOIOYIIpOWOIg UO XLIFR|A PUe 850 AN UBAID Je $855820.d J0 19843 J0 uosuredwo) gz ainbi4

TBW =[O W T/BW Z =D W T/BW (] =QH " T/8W S =tQ*HO

(zwa/pw) asoq AN (;wo/rur) 9soq AN
0002 000T 00 000 0001 00
0 0
T g E 01 g
o8 &
2 g
9 g 3
& os £
8 S S
01 m 017 m
i 0s &=
| 09
BOq A NOd YA
(cwo/pw) asog AN (cwo/fw) 3sog AN
000T 0001 005 000T 0001 00§
0 0
»!
0l mu 01 g
= : :
0T g 0z &
s =
0€ m 0€ 3
0r = (1}% =
0S = 0¢ W
09 09

NEDIN I

punoidyoeg

99



"UOIBIABD pJepuels Buimoys sieq J01ia sy Ym sjuawiiiadxa ayesedas 9a1y) Jo abelane ay) smoys ainbi-
UOITeLI0- 3UBYISWO0I0|YI0WOoIqIQ UO S3SS300.1d 1UIall 10} 8500 AN PUB XLIBA JO 198443 "6 a4nbi-

Woq M m  JNOd UM =

SYeI}IU YA

punoidyoeqgO

(;wo/rwn) 3sog AN

(;wr/wr) aso AN

0002 0001 000Z 0001 00S

0 0
s g Elzg
01 8 v 8
=3 =1
ST 8 9
0z g g S
Te 01 =
us (]=]
0¢ & ac

e vl

/W =D /W=D
(zwo/rur) asog AN (zwd/pur) asog AN

ml
0002 0001 . 0002 0001 00S -
! T —_ i 0 m
Tlee | ™| 7= T | f
o ¢ =
s =
0] W W.
-1 © o1 3
Cl \u; m

=

0T 1 ST =
W —

T 0z

185w 0] = “O'H

78w ¢ = 0"

100



"UOIBIABP pJepuels Buimoys sieq Jo1is syl Ylim siuswiiadxa ayesedss 9say) Jo abelane ay) smoys ainbi-

UOITeW.I0H SURYISWO0I0|YI0WOoIgI Uo XLIBIAl pUe 850 AN USAIS 1 S35$8901d JO 1993 JO uostiedwo) :0g ainbi-

/8w =DM T[BW g =D W T/Bw ] =*QH " T/BW G =*Q*HO

(co/rw) aso@ AN (ctud/fwr) 3sod AN
000T 000T 00$ 0002 000T 00$
0 A E 0 A
¢ g ¢ 8
2 2
01 g v 3
ST 8 9 8
0z g 8 &
N =
0¢ '
S 14
pog PIm NOA Ym
(cwo/ru) aso@ AN (zwo/rw) aso@ AN
000T 0001 00S 0002 0001 00
0 ] 0 ®)
2 S
S B ¢ B
'] @
o1 2 g
W. 01 W.
¢l = =
0T & &
> >
ST 0T
AeNIN I punoisyoeg

101




"UoNeIASpP pJepuels Bulmoys steq Jolia ayl Yum siuswiiadxe ajetedss aaiy) Jo abelane ay smoys ainbiq

UOIEW.I04 WJ0J0WOolg U0 S8ssa00.1d JUaiajld J0j 8s0d AN PUB XL JO 198F "TE ainbi4

poq UMM  NOd WIME  9lenu g = punoidyoeq O
(;urdy/fwr) asod AN (;ud/fwr) 3so AN
000¢ 000T 00¢ 000¢C 0001 00¢

0 A 0 s
70 2 203
& e
vo = ¥0=
A B ]
80 ~ 80
|H| = - =
I @ I @
e >

'l C'1

TPW =D TPw =D
(;wd/wr) aso AN (;wo/fwn) asog AN
000¢ 0001 00¢ 000¢ 0001 00¢
0 - 1 1 1 0 A
o 2
70 g
S0 = =1
5 rog
s 008
I = s
E . T — 80 2
s s
¢1 I
/8w o1 = “O°H 18w s = O°H

102



"UONBIABP paepuels BuiMmoys sieq J04a syl Ylim siuawiiadxa ayesedss a8ay) Jo abelane ay) smoys ainbi-
UOITRWI0H WIo0WOolg Uo XLITRA puR 8500 AN USAIS 18 $3S$8001d J0 19913 JO uostiedwo) :zg ainbi

18w p =[Dm TBW 7 =DM TBW (] =CQtH " T/8W § =2Q*H O

(zwd/rw) asod AN (zwo/rw) 2s0q AN
0002 0001 00S 000¢ 0001 00¢
— 0 = — 0
n O
- 2 10 :
w c0 S
vo 2 €02
2 P02
90 2 02
E3 i PO & 90 ¢
c . L L | 202
I 80
pogd PIM INOA PIM
(zwo/ur) aso@ AN (cwo/rur) asog AN
0002 0001 00 0002 0001 00
0 0
0 g 70 &
08 o
90 2 voz
80 £ 90 &
1% - 80 =
P s
91 1
AJenIN YA punoisyoeg

103




"UOIBIASD pJepuels Buimoys sieq J011s syl Ylim sjuswiiadxa ayesedss 9a1y) Jo abelane ay) smoys ainbi-

UOITeWIO) SINHL L UO S3sS320.d 1ualajji@ 10 3soa AN Pue XLIeA J0 199143 "£€ ainbi-

Woq I  NOQ WM =

QJeI)IU PIA\ @ punoidxpegn

(;wo/fur) 3sod AN (;wo/rwr) 3sod AN
000¢ 0001 00 000¢ 0001
0 0
: Ak il q :
! 0z 2 0T 2
a ("]
= =
M or = o =
09 2 M g
= =
08 a2 08 @
/57 08 = TON > /57 08 = TON =
001 001
T/W =) 1AW =)
(;u/fur) asoq AN (w/rur) asoq AN
0002 0001 000¢ 0001 005
- 0 0
= T T ® T ®
Q Q
{ ‘ E ’ 0T 2 _+_ M ﬁ 0T 2
2 =
or 2 or 2
09 & 0 g
= =
08 a2 08 a3
/31 08 = TON s /31 08 = TON g
001 001

/8w 0] = “O°H

/8w ¢ =O'H

104




"UONRIASP pJepurls Bulmoys sieq Jolis ay) Yum siuswiiadxe ajetedss 9aiy) Jo abelane ay smoys ainbi
UOITRWIOS SINHL 1 UO XLIJRIA pue 8sod AN UaAIb Je $8ssa20.d J0 199143 Jo uosiredwo) € ainbiq

TBW § =DM T/BW Z =DM T/BW (] =*Q*H " T/BW S =2Q*HO

(;w/wr) 3sog AN (;ud/fwr) asod AN
000T 0001 000T 0001 00§
D i I~ T Wl -
0T 2 i # 0T 2
< S
or M o¥ s
09 S 09 S
= =
08 08
/31 08 = TOW qm /31 08 = TOW 5
001 001 ~
jog YHm NOd PIM
(;wa/rur) 3sog AN (;wa/fwn) 3sod AN
000T 0001 00§ 000T 0001
I 0 0
=3 T Q o
0z 2 0T 2
3 2
% or 2 or 2
09 2 09 2
= =
08 @ 08 us
/5108 = TON > /3108 = TOW )
001 001
ARINN I punoisyoeqg

105



4.4.2. Haloacetic acids

Nine HAAs were studied in this project, among which only three HAAs were detected
in the treated samples: tribromoacetic acid (Figures 35-36), monochloroacetic acid
(Figures 37-38), and chlorodibromoacetic acid (Figures 39-40). The sample matrix
impacted HAA formation. For instance, tribromoacetic acid formation was higher at
sample containing nitrate (Figure 36). However, the difference was not statistically

significant, and the p-value was 0.130 and 0.120 for UV/H202 and UV/Clz, respectively.

No correlation was observed between the type of process or the level of treatment and

HAA formation.

Monochloroacetic acid was formed during UV/H20z2 processes, which was significantly
suppressed by the addition of nitrate and algal DOM to the background matrix (Figure
39). The p-values for comparing the results of different matrices were 0.039 and 0.035
for matrix with nitrate and matrix with DOM, respectively.

The MCL of total HAAs (THAAS) is 60 pg/L in drinking water (U.S. EPA 2020). In
our study, the maximum total HAAs was 127.8 ug/L belonging to matrix containing 20
mg/L NOs treated by H202 5 mg/L under UV = 1000 mJ/cmz. However, in most of the
samples total HAAs concentration was less than MCL (Figures 41-42) and only seven

samples exceed the MCL.
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4.4.3. Nitrosamines

Both nitrate and algal DOM increased NDMA formation significantly when the samples
were treated by UV/H202 and the p-values were 0.050 and 0.021 for matrix with nitrate
and matrix with DOM, respectively, as compared to the background matrix. Same
changes were observed using UV/Cl2 process, however, they were not statistically
significant and the p-values were 0.084 and 0.123 for matrix with nitrate and matrix with
DOM, respectively.

In all cases, the NDMA in the treated matrix was lower than the health-related advisory
level of 10 ng/L (USEPA 2014) under treatment condition.

Nitrate and algal DOM were added at the high end of what is possible, and in full-scale
case studies the effects may not be as pronounced. Also, the algal DOM is very nitrogen-
rich, which explains the additional formation of NDMA.. Figures 43 and 44 demonstrate
the effect of matrix and UV dose for different processes on NDMA formation and

compare processes at given UV dose and matrix on NDMA formation,
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4.5. Overall Conclusions

Both UV/H202 and UV/CI2 processes were effective in oxidizing all microcystin
variants, including LR, RR, and YR. UV/CI2 provided additional oxidation for some
microcystins. Based on the observed results the removal efficiency for MC-YR > MC-
RR > MC-LR and this result is supported by the previous studies on the reaction of the
different amino acids with hydroxyl radical follows.

Even without creating AOP conditions, chlorine and chlorine radicals can degrade
microcystins and the addition of chlorine to existing UV disinfection process can remove
microcystins up to 90% at Cl2 = 4 mg/L in background matrix. The removal efficiency of
UV/Cl2 at low UV dose derived from the effect of chlorination.

The background matrix has different inhibitory effects for each toxin because of their
relative reactivity with radicals. Higher oxidant dose and higher UV dose help minimizing
the impact of the matrix.

The negative effect of DOM as a radical scavenger was observed as expected. The
additional radical formation was witnessed in the water matrix with nitrate (NO3-).
However, having both DOM and nitrate in the water matrix, the effect of DOM as a
radical scavenger was higher than the impact of nitrate, creating further radicals. While
PP2A assays were inconclusive, the LC/MS results suggest that the Adda group
responsible for toxicity is susceptible and likely the products would not exhibit the

toxicity of the parent compound.

Based on the results for THMSs, chloroform was increased with AOM presence in
hydrogen peroxide processes and was suppressed by nitrate. AOM also increased the

formation of bromodichloromethane in UV/H202 process. The maximum TTHM
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concentration was 46.26 pg/L belonging to the background matrix that was treated using
Cl2 =4 mg/L and UV = 2000 mJ/cmz, which is much less than the MCL.

Three HAAs were detectable in the treated samples, including tribromoacetic acid,
chlorodibromoacetic acid, and monochloroacetic acid. HAAs results showed that
tribromoacetic acid formation was higher in samples containing nitrate (not statistically
significant). No correlation was observed between the type of process or the level of
treatment and HAA formation. Monochloroacetic acid was formed during UV/H202
processes, which was significantly suppressed by the addition of nitrate and algal DOM
to the background matrix. The maximum total HAAs was 127.8 pg/L belonging to matrix
containing 20 mg/L NOs treated by H202 5 mg/L under UV = 1000 mJ/cm2. However, in
most of the samples total HAAs concentration was less than MCL (60 mg/L).

Findings on NDMA demonstrated that both nitrate and algal DOM increased the
formation of NDMA. However, the concentration of nitrate and DOM were on the high
end of an environmentally relevant range. Additionally, the level of NDMA was less than

10 ng/L at all treatment conditions and in all background matrices.

4.6. Future Studies
» A detailed study on NDMA formation depending on oxidant concentration and
background matrix and an investigation of a threshold of nitrate and algal DOM
at which the value begins to rise significantly above the background matrix.
= Investigation of other nitrogenous DBPs (e.g. haloacetonitriles) during UV-based
AOPs in presence of algal DOM.
» Testing the background matrix from different DWTPs and comparing the results

to determine if the results are generalizable.
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= Performing the ADDA-specific ELISA assays to test transformation products and

their toxic potential.
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APPENDIX

Al. Preliminary Data for Selecting the Filter

Type of Filter TOC (mg/L) TN (mg/L)
Ultrapure water 0.08244 Not detectable
Mixed cellulose ester 0.45 reagent water 0.04783 Not detectable
Nylon 0.45 reagent water 1.001 0.2352

A2. BG11 Media Formulations

BG-11 media formulations optimized for Cyanobacteria (Gibco, Them Fisher Science,

Cat. No. A1379901) are as below (Gibco 2020):

Item, Formula, (%w/v)

Boric Acid, HsBO3s, 0.00287%

Manganese chloride tetrahydrate, MnCl2-4H20, 0.00181%
Zinc sulfate heptahydrate, ZnSO4-7H20, 0.00022%
Sodium molybdate dihydrate, Na2MoQa4, 0.00039%
Copper sulfate pentahydrate, CuSOs-5H20, 0.00008%
Sodium Nitrate, NaNO3, 0.15000%

Calcium chloride dihydrate, CaCl2-2H20, 0.00270%

EDTA, EDTA, 0.00010%
Potassium Phosphate Dibasic, K2HPO4, 0.00390%

Sodium carbonate monohydrate, Na2CO3-1H20, 0.00200%

A3. Microcystins SDS Links

Ferric ammonium citrate (green), CeHs 4yFexNyO7, 0.00120%

Magnesium sulfate heptahydrate, MgSO4-7H20, 0.00750%

Product Product Number SDS Link
Microcystin LR Standard, 10 pg/mL, 1mL 300632 SDS
Microcystin LR Certified Standard, 0.5 mL 300580 SDS
Microcystin RR Standard, 10 pg/mL, 1 mL 300636 SDS
Microcystin RR Certified Standard, 0.5mL 300582 SDS
Microcystin YR Standard, 10 pg/mL, 1 mL 300638 SDS
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http://www.abraxiskits.com/wp-content/uploads/2016/05/Microcystin-LR-Std_300632_300580_SDS.pdf
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