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Abstract 

In order to meet disinfection guidelines, wastewater utilities must achieve a 

high level of treatment before discharging treated water for irrigation or industrial 

use. However, public pressure to reduce disinfection by-products and 

pharmaceutically-active compounds, recently-promulgated regulations on chlorine-

resistant microorganisms such as Cryptosporidium parvum, and growth in population 

and water demand have driven an interest in alternatives to chlorination. The 

WateReuse Foundation has funded WRF 02-009 (Innovative Treatment Technologies 

for Reclaimed Water), which is a survey of current and emerging reuse water 

treatment technologies. The goal of the study is to evaluate treatment technologies 

can provide adequate recycled water effluent without the cost of reverse osmosis 

(RO) or the disinfection by-products (DBPs) formed during chlorination. 

The inactivation of indigenous microorganisms (total and fecal coliform 

bacteria, and total aerobic spores) and spiked surrogate, respiratory, and enteric 

viruses (MS-2 bacteriophage, adenovirus type 4, reovirus type 3, and coxsackievirus 

type B5) and chemical degradation by wastewater treatment technologies was 

evaluated on the bench-scale. These include: low- and medium-pressure UV, 

LPUV/H2O2, ozonation, O3/H2O2, peracetic acid (PAA), LPUV/PAA, chlorination, 

chloramination, and ultrafiltration.  The applicability of the candidate disinfection 

methods, especially emerging and comparatively untested methods such as PAA 

and advanced oxidation processes (AOPs), was studied through comparison of their 
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performance and the important water matrix parameters (e.g., alkalinity, BOD, TSS, 

etc.). 

Of the chemical disinfectants, molecular ozone and free chlorine were the 

most effective, with substantial coliform and virus kill at low doses. Combined 

chlorine in the form of monochloramine had a reduced disinfectant capacity than 

free chlorine, and peracetic acid (PAA) performed equally as well as free chlorine 

with respect to coliform bacteria in some instances but had little to no impact on 

spiked MS2 bacteriophage. None of the aforementioned disinfectants had an 

appreciable impact on indigenous aerobic spore-forming bacteria due to their 

physiology. UV and O3 rapidly killed human enteric and respiratory viruses, but a 

consistent benefit by AOPs over their base technologies was not observed for any of 

their base technologies. 

Low and medium-pressure UV inactivated free-floating indigenous coliform 

bacteria almost immediately, while slower inactivation rates at higher UV fluences 

illustrated the “tailing” behavior observed when bacteria are embedded in or 

shielded by particulate matter. Log-linear inactivation of spiked viruses and 

indigenous aerobic spores by UV was consistent across the utility waters. The UV-

based advanced oxidation processes (UV/H2O2 and UV/PAA) destroyed spiked 

organic compounds at much higher rates than direct UV photolysis, while O3, with 

or without H2O2, oxidized spiked compounds and reduced estrogenicity (EEQ) at 

low doses. Recalcitrant chlorinated hydrocarbons such as TCEP were only 

moderately removed by the tested AOPs, but low doses of O3 (3 ppm residual O3) 
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reduced estrogenic activity by 99%. Like other disinfection processes, AOP 

performance is dependant on pretreatment, especially with regards to particulates.  
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1. Introduction  

1.11.11.11.1 Goals of Research Study 

As part of the requirements of the PhD in Civil and Environmental 

Engineering at the Pratt School of Engineering at Duke University, this PhD thesis is 

a summation of the bench-scale work funded by the WateReuse Foundation’s WRF 

02-009 study, titled “Study of Innovative Treatments for Reclaimed Water.” This 

survey of current and emerging wastewater disinfection technologies serves several 

purposes: 

• Studying the effect of water quality parameters on the performance of 

wastewater disinfection technologies through thorough bench-scale 

testing of many utility waters 

• Showing that many currently available and emerging treatment 

technologies are capable of not only meeting or exceeding regulations 

but also adequately protecting the public from indirect exposure to 

emerging pathogens and micropollutants  

• Providing data to help utilities select appropriate reuse water 

treatment technologies 

• Exploring alternate statistical techniques, such as multilevel 

modeling, that avoid systemic errors inherent in current reporting 

methods 
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By including wastewater treatment utilities from across North America, this 

study not only provides the scientific community with valuable information about 

the performance of several cutting-edge technologies (such as peracetic acid and 

advanced oxidation) but also gives utilities some practical guidance towards picking 

a most appropriate technology. More advanced statistical methods, such as the 

multilevel modeling approach described in Chapter 6, go beyond traditional 

methods of reporting disinfection results and are ultimately more accurate; however, 

they have been absent from the field of water and wastewater treatment up to now. 

The bench-scale tests were planned, performed, and interpreted by the 

author with assistance from Drs. Peter Ruiz-Haas and Ki Don Cho. Dr. Ruiz-Haas 

developed the gas chromatography-mass spectrometry (GC-MS) method, assisted 

with sample preparation, ran the GC samples, and interpreted the chromatograms. 

Dr. Cho performed yeast estrogen screen (YES) bioassays and interpreted the results. 

�Andrew Salveson, Dr. Jess Brown, Shubhra Jain, and Tavy Wade (Carollo 

Engineers) coordinated four pilot studies in California and Florida, also funded by 

the WateReuse Foundation, although this portion of the study is not part of this 

dissertation, �Chris Corwin (University of Colorado) participated in pilot work at 

the City of Bradenton UV/PAA pilot study and assisted with setup and 

troubleshooting of the Zenon ZEE-WEED 1000 Jr. ultrafiltration system at Duke, and 

several undergraduate assistants (Mike Mangalea, Zach Robbins, Lauren Lewis, and 

Shefaali Singh) helped prepare media and materials for the bench-scale inactivation 
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studies and helped with time-intensive extraction procedures for the bench-scale 

chemical degradation studies.  

1.21.21.21.2 Organization 

This dissertation consists of an introductory chapter, which outlines the 

thesis and provides a perspective on current wastewater disinfection guidelines and 

practices.  Chapter 2 is an extensive literature review.  The following chapters 

present the results of the bench-scale tests, organized as described below. Following 

the completion of the Ph.D., these results will be packaged and submitted for 

publication in peer-reviewed journals. Chapter 6 summarizes the conclusions of the 

research study. 

Chapter 3: “Disinfection of indigenous bacteria and spiked viruses and oxidation 

of spiked micropollutants in reuse water with chlorine, chloramine, and peracetic 

acid.” 

The disinfection performance of free chlorine, preformed monochloramine, and 

peracetic acid with respect to indigenous and spiked microorganisms in wastewater 

will be discussed in this chapter, along with the oxidation of a suite of spiked organic 

micropollutants. The introductory material will provide rationale for investigation of 

peracetic acid as an alternative to chlorine for wastewater disinfection, a brief 

literature review, and relevant methods. The performance of these three chemical 

disinfection methods will be compared, and the impact of the important water 

quality parameters will be discussed. The results of ultrafiltration testing are also 

presented in this chapter as a contrast to the chemical treatment technologies. 



 

 4

Chapter 4: “Advanced oxidation of wastewater: enhanced disinfection and 

micropollutant destruction by UV and ozone-based technologies.” 

The results from low- and medium-pressure UV, UV-based advanced oxidation, 

ozonation, and ozone/H2O2 advanced oxidation are discussed in this chapter. An 

overview of the role of advanced oxidation in wastewater treatment, a brief 

literature review, and methods precede the inactivation studies, which compare 

advanced oxidation with their base technologies to determine whether an enhanced 

disinfection performance is achievable. Simultaneous micropollutant destruction and 

surrogate, indicator, and enteric/respiratory microorganism inactivation will be 

demonstrated.  

 

Chapter 5: “Multilevel modeling: an alternative to reporting log reduction in 

wastewater disinfection.” 

This chapter will explore the statistical interpretation of the results presented in the 

previous chapters. The industry-wide standard is to report log-reduction values, 

which are a surrogate for the raw counts observed by membrane filtration analysis. 

Multilevel modeling is presented as an alternative to log-inactivation values, and 

systemic issues with data reporting and analysis such as censored values and 

inflated uncertainty are addressed. 

1.31.31.31.3 Background 

Many regions of the United States are experiencing rapid population growth 

and facing the challenge of meeting the demands placed on their water supply for 
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potable, irrigation, industrial, and ecosystem preservation uses. To meet these 

challenges, water purveyors are turning to reclaimed water as an alternative water 

supply source. In most cases, treatment of reclaimed water to state-specific regulated 

standards for disinfection and water quality (as measured by total suspended solids 

(TSS) or turbidity) is sufficient for public acceptance. Although ongoing research 

supports the adequacy of current regulations, some treatment approaches either do 

not sufficiently satisfy the public or fail to meet guidelines in a cost-effective manner. 

Concurrent with an increased need for reclaimed water is the rising public concern 

over emerging pathogens and chemical contaminants. A number of reclaimed water 

projects have seen fierce opposition, partly driven by fears of potential exposure to 

micropollutants and pathogens and potential degradation of groundwater aquifers 

from use of reclaimed water aquifer storage and recovery and groundwater 

recharge.  

Public concern over reclaimed water quality originally centered on indirect 

potable reuse (IPR) applications.  The “toilet to tap” mentality stymied various IPR 

projects in the western US, where public ire often overruled regulatory agency 

approvals. Since the emergence in the literature and the mainstream press of 

micropollutants (which includes endocrine disrupting compounds (EDCs), 

pharmaceutically-active compounds (PhACs), n-nitrosodimethylamine (NDMA) and 

other disinfection by-products (DBPs), halogenated solvents, and pesticides), IPR 

projects have been met with stricter treatment guidelines and higher costs. The rise 

in public awareness has found its way to non-potable public contact reuse, classified 
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by various terms nationwide, including “tertiary recycled water” in California, “A” 

and “A+” water in Arizona, and reclaimed water with “High-Level Disinfection” 

standards in Florida.  

In the Western United States, various agencies have faced lawsuits due to the 

discovery of NDMA and potential EDCs in their reclaimed water supply, with 

concerns ranging from groundwater contamination due to NDMA percolation from 

irrigation to perceived public endangerment from contact with turf irrigated with 

reclaimed water. Concerns in the East are similar, often focusing on groundwater 

contamination issues (especially due to the high water table, porous soil strata, and 

unconfined aquifers) and concerns that are unique to Florida, such as the impact of 

millions gallons per day (mgd) of potential reclaimed water on places of global 

ecological significance. 

The Associated Press’s March 2008 report on trace pharmaceuticals in 

drinking water, the April 2008 hearings before the Senate (Environment and Public 

Works Subcommittee on Transportation, Safety, Infrastructure Security, and Water 

Quality), and California Senator Barbara Boxer’s vocal insistence that water utilities 

monitor for and remove EDCs all highlight the growing public and political concern 

over these chemicals. Clearly, water utilities need tools to continue providing safe, 

sustainable water that not only protects public health but also meets public approval. 

Utility partners Orange County Water District (CA), the Sanitation Districts of Los 

Angeles County (CA), and the Dublin San Ramon Services District (CA) have all had 

to address public concern over various microconstituents and have invested 
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substantial time and effort into research of advanced technologies for higher levels of 

treatment. The City of Phoenix (AZ) has a substantial reclaimed water program 

including direct irrigation of food crops and considers future advanced treatment to 

be critical to their continued successful long-term operation. 

Whether the threat of contamination is real or perceived, the reclaimed water 

industry must have tools that can be readily implemented in full-scale designs to 

reduce or eliminate pathogens and detected microconstituents, at a reasonable cost. 

In most cases, existing technology for IPR projects has been proven to reduce 

pathogens and microconstituents to levels below detection and protect public health, 

but some utilities are going far beyond traditional tertiary wastewater treatment. The 

Orange County Water District’s Groundwater Replenishment (OCWD GWR) plant, 

which combines microfiltration (MF), reverse osmosis (RO), and UV/H2O2 advanced 

oxidation, is one such example. This process, while effective, is expensive to both 

build and operate. This study is intended to evaluate the pathogen and 

microconstituent removal performance of a range of disinfection technologies, 

including advanced oxidation and other, less expensive options. 

Current reclaimed water disinfection methods are essentially filtration, 

chlorination, and irradiation by ultraviolet light (UV). While chlorination effectively 

meets indicator organism targets at prescribed doses and meets other pathogen 

guidelines or standards to various degrees, less information on microconstituent 

destruction exists at reclaimed water doses. UV disinfection is a proven disinfection 

barrier for a wide range of pathogenic microorganisms, but current information 
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indicates that UV doses used in reclaimed water treatment results in only trivial 

destruction of most microconstituents besides NDMA, which is relatively 

photoliable. Parter utilities from the Dublin San Ramon Services District follows 

microfiltration with UV disinfection, with proven site-specific research of 

hydrophobic EDC removal through microfiltration and NDMA destruction through 

UV disinfection. Ozonation is also gaining attention in the field of water reclamation: 

recent research into O3 and O3/H2O2 AOP treatment of recycled water shows that it is 

capable of meeting Title 22 goals for virus and bacteria inactivation in California 

after a Ct (concentration times contact time) of only 0.2 mg-min/L (Ishida et al., 

2008). Other research has shown that ozonation has been proven to meet reclaimed 

water bacterial standards at low doses (<5 mg/L ozone) and substantially reduce 

specific pharmaceutically active compounds (Huber, 2004). 

While conventional technologies hold promise for more widespread cost-

effective application, the industry also demands a look past the established 

technologies to identify emerging concepts that may prove to be cost effective 

methods for meeting specific treatment objectives. This study evaluates these 

established technologies and investigates the effectiveness and long-term viability of 

innovative treatments not yet seriously considered by reclaimed water utilities. 

WateReuse Foundation study WRF-03-001, “Pathogen Inactivation Through 

Reclamation – Study Design,” determined that public health has been protected by 

existing reclaimed water regulations. This conclusion was carried through into the 

current study; therefore, the same treatment standards apply. For reclaimed water 
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for potential public contact applications, most states have strict coliform limits, with 

the underlying assumption that the destruction of the indicator organism results in 

the destruction of various pathogens of concern. Some states, including California, 

set chlorine disinfection and UV dose requirements. Others, like Florida, have 

sliding chlorine dose requirements based upon influent fecal coliform 

concentrations. The majority of states rely upon the utility to set dosage 

requirements that will result in meeting the regulated coliform levels.  

Examples of reclaimed water regulations are shown in Table 1.1. The 

majority of states using reclaimed water expect pathogen free water, though 

treatment processes, where specified, may or may not meet this goal. Most states, 

but not all, require an effluent quality and do not specify treatment. California and 

Florida in particular currently specify treatment dose values for all disinfection, as 

shown below. These microbiological and treatment targets provide perspective for 

the various treatment technologies studied here.  

• California 
o Chlorination – 450 mg-min/L Ct 
o Ozone – 1 mg-min/L Ct 
o UV 

� 100 mJ/cm2 following sand or cloth filtration 
� 80 mJ/cm2 following micro- or ultrafiltration 

• Florida 
o Chlorination 

� 25 mg-min/L Ct for fecal coliform counts of <1,000 MPN/100mL 
� 40 mg-min/L Ct for fecal coliform counts of 1,000 to <10,000 

MPN/100mL 
� 120 mg-min/L Ct for fecal coliform counts of 10,000 MPN/100mL 

and higher 
o UV 

� 100 mJ/cm2 following sand or cloth filtration 
� 80 mJ/cm2 following micro or ultrafiltration 
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Table 1.1. Overview of Reclaimed Water Requirements for Several 
States 

State Bacteria Virus/Protozoa 

CA "Tertiary Recycled" 
2.2 MPN/100 mL Total 

Coliform 
5-log inactivation/kill virus expected, 

pathogen free water. 

Arizona Class A and 
Class A+ Water 

ND Fecal Coliform per 
100 mL, 7-day median 

Pathogen free water expected 

TX "Type I Reclaimed" 
20 CFU/100 mL Fecal 

Coliform 
No standard 

FL "High Level 
Disinfection" 

ND Fecal Coliform per 
100mL, 75% of the time 

Pathogen-free water expected 

 

The virus requirements in California stem from research conducted by the 

County Sanitation Districts of Los Angeles County in the 1970s, titled the Pomona 

Virus Study. It is important to note that the 5-log reduction of poliovirus witnessed 

during that study was of seeded poliovirus, not indigenous poliovirus. The Florida 

Department of Environmental Protection (FDEP) has established guidelines for 

Giardia, Cryptosporidium, and enterovirus in reclaimed water effluents (see Table 1.2), 

including periodic monitoring and reporting requirements. These levels are based 

upon sound risk assessment principles (FDEP, 2003). Florida is the only state with 

reclaimed water effluent pathogen guidelines. No state has effluent pathogen 

regulations. 

Table 1.2. Florida Reuse Pathogen Guidelines (from FDEP, 2003) 

Pathogen Units Average Maximum 

Giardia 
Viable 

Cysts/100 L 
1.4 5.0 

Cryptosporidium 
Viable 

Oocysts/100 L 
5.8 22 

Enterovirus PFU/100L 0.044 0.165 
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The bacterial standards listed in Table 1.1, combined with the pathogen 

guidelines listed in Table 1.2, are key considerations in designing the components of 

this study. Candidate treatment technologies need to demonstrate the following: 

1. Dose required to meet 2.2 MPN/100 mL total coliform and ND fecal 

concentrations; 

2. Dose required for 5-log reduction in seeded poliovirus; and 

3. Dose required to meet Giardia, Cryptosporidium, and enterovirus levels 

specified by FDEP. 

Determining the performance required to meet both coliform and seeded 

virus standards is relatively straightforward: in fact, for some technologies including 

ozone and UV processes, meeting non-detect fecal or total coliform concentrations 

requires an equal or higher dose than the dose required for 5-log inactivation of 

seeded poliovirus or other seeded virus surrogates (Janex, 2000; Warriner, 1985). 

Demonstrating performance to meet FDEP protozoan and virus guidelines requires 

more information, such as the clarified and filtered pre-disinfected concentration of 

various pathogens. Since this value varies for the different waters tested under this 

study, specific log reductions for each technology must be targeted to allow for an 

even comparison of performance and cost of each technology. Enteric and 

respiratory viruses were chosen based on a review of the previous literature. 

Adenovirus was chosen based on its unique resistance to UV light. Coxsackievirus 

B5 and reovirus type 3 were chosen due to their resistance to chlorine-based 
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disinfectants over other enteroviruses. The constituents of interest for the bench-

scale technologies are presented in Table 1.3. 

Although endocrine disrupting compounds (EDCs), pharmaceutical and 

personal care products (PPCPs), and other chemical pollutants of concern are not yet 

significantly regulated, public health goals exist for some contaminants in some 

states. Due to public pressure or utility desire to create a positive public impression, 

meeting removal goals for these microconstituents may be of importance. The 

question remains: what levels of treatment for innovative disinfection technologies 

will be necessary to achieve reduction of these microconstituents? Realistically, 

reclaimed water utilities may not choose to apply doses beyond disinfection levels 

because they are not required to do so by law.  However, to obtain pertinent 

information on destruction of microconstituents, while remaining within realistic 

treatment levels, microconstituent destruction at disinfection doses and above this 

value was tested. 

If recycled water projects are to succeed, they must be met with public 

acceptance. This study is intended to evaluate whether currently available and 

emerging treatment technologies are capable of not only meeting regulations but 

also adequately protecting the public from indirect exposure to emerging pathogens 

and microconstituents. Furthermore, these results will add to the body of knowledge 

for wastewater disinfection that will provide utilities with guidance in choosing the 

most appropriate technology for their particular treatment goals.  
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Table 1.3. Bench-scale Testing Laboratory Sheet 

Parameter Analytical Lab 

MS2 bacteriophage Duke 

Aerobic spores Duke 

Total coliform bacteria Duke 

Fecal coliform bacteria Duke 

Coxsakievirus type B5 USDA  

Adenvirus type 4 USDA 

Reovirus type 3 USDA 

Estrogenic activity Duke 

Hormone suite Duke 

Microconstituents Duke 

Turbidity Duke 

pH Duke 

BOD Utility labs 

TOC Utility labs 

Alkalinity Utility labs 

Nitrate/nitrite Utility labs 

Ammonia Utility labs 

TKN Utility labs 

Phosphate Utility labs 

Total phosphorus Utility labs 
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2. Background 

2.12.12.12.1 Chlorination/Chloramination  

2.1.1 Microbial Inactivation  

Chlorination is capable of reducing viruses and bacteria in wastewater by 

several orders of magnitude at low doses (Lazarova, 1999). Table 2.1 reports the 

standard electrode potentials of several chemical oxidants, relative to the NHE. 

Table 2.1. Standard electrode potentials of several disinfectants (relative to 

the normal hydrogen electrode) (Eddy, 2003)  

Oxidizing Agent Eo
Rxn [V] Eo

Rxn relative to chlorine 

Hydroxyl Radical 2.8 2.05 

Ozone 2.08 1.52 

Peracetic Acid1 1.81 1.33 

Hydrogen Peroxide 1.78 1.3 

Hypochlorite 1.49 1.1 

Chlorine 1.36 1 

Chlorine Dioxide 1.27 0.93 
1PAA data courtesy of Enviro-Tech Chemical Services Inc. 
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Figure 2.1: Dose-response curves of chorine species in wastewater (Eddy, 

2003)  

As Table 2.2 indicates, the use of free chlorine results in a substantial decrease 

in bacteria and viruses at cost-effective Ct (concentration of disinfectant times contact 

time) values. However, achieving free chlorine in wastewater effluents can be 

challenging due to the consumption of chlorine by readily-oxidized constituents and 

the combination of residual chlorine with ammonia to form chloramine species, 

which are less effective disinfectants than free chlorine species (Figure 2.1). Various 

treatment plants across the western US have difficulty attaining free chlorine 

concentrations in their disinfected effluent, even for treatment plants that remove 

ammonia via nitrification in their secondary process (Soroushian, 2003; Tanner, 2004; 

Sung, 1974). Some municipalities use preformed chloramines (a process that  
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involves adding ammonia back into their effluent stream), which decompose much 

less quickly than free chlorine. Other utilities rely upon extended Ct values to 

counteract the impact of the high organic load on chlorine disinfection efficiency (e.g. 

the Monterey Regional Water Pollution Control Agency).  

Table 2.2 Minimum chlorine Ct values (mg-min/L) required for 

microorganism disinfection in wastewater (Asano et al., 2007; Meng, 1996; 

Eddy, 2007) 

Disinfectant 1 log 2 log 3 log 4 log 

Bacteria         

Chlorine, free 0.1-0.2 0.4-0.8 1.5-3 10-12 

Chloramine 4-6 12-20 30-75 200-250 

Chlorine dioxide 2-4 8-10 20-30 50-70 

Viruses         

Chlorine, free   2.5-3.5 4-5 6-7 

Chloramine   300-400 500-800 200-1200 

Chlorine dioxide   2-4 6-12 12-20 

Protozoan Cysts         

Chlorine, free 20-30 35-45 70-80   

Chloramine 400-650 700-1000 1100-2000   

Chlorine dioxide 7-9 14-16 20-25   

 

Other water quality issues impact chlorine disinfection efficiency: like UV, 

chlorine disinfection is affected by particle-association with target organisms. 

Dietrich et al. presented definitive dose/response data showing two phase 

disinfection kinetics with rapid inactivation of total coliforms (likely non-particle 

associated) at low Ct values followed by a substantially less effective inactivation of 

the remaining particle-associated organisms (a classic “tailing” effect) (Dietrich, 

2003). They also presented evidence that chlorine disinfection is not accurately 

measured by Ct, as higher dose/shorter contact time Ct values provided better 
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disinfection than lower dose/higher contact time Ct values, as shown in Table 2.3. 

Essentially, standard Ct values do not necessarily result in standard performance. 

Table 2.4 shows the effects of wastewater matrix constituents with respect to 

chlorination. 

 



 

 18

Table 2.3. Disinfection of total coliforms bacteria with chlorine (Dietrich, 

2003) 

Dose (mg/L) Ct MPN/100 mL 

3 200 100 

9 200 20 

27 200 5 

 

Table 2.4: Effects of water matrix constituents on chlorination of 

wastewater (adapted from (Asano et al., 2007) 

Constituent Effect 

BOD, COD, 

TOC 
Exert a chlorine demand 

TSS Shields embedded bacteria 

Alkalinity No major effect 

Ammonia Combines with free chlorine to form chloramines 

Nitrite Oxidized by chlorine, precursor for NDMA 

Nitrate 
Less chloramine formation, but complete nitrification may lead to 

NDMA formation due to strong reaction with free chlorine 

pH 
Determines speciation between hypochlorous acid and hypochlorite 

ion 

2.1.2 Viral Inactivation  

As Table 2.2 shows, free chlorine is a rapid and effective viral disinfectant in 

wastewater, but once again a moderate concentration of ammonia results in a 

combined residual with measurably reduced disinfection potential. This difference 

in virucidal performance is important in California, where a 5-log virus kill is 

required. In the case of combined chlorine, a Ct of 450 mg-min/L only results in 

about 0.5 log reduction in MS2 and about 2 log reduction in poliovirus (Cooper, 
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2000). The EPA's Surface Water Treatment Rule (SWTR) differentiates combined 

chlorine versus free chlorine performance. The EPA Guidance Manual for 

Alternative Disinfectants and Oxidants indicates that a Ct of up to 1000 mg-min/L is 

required to achieve 4-log virus reduction using chloramines (Tyrrell, 1995).  

2.1.3 Protozoan Inactivation 

Pathogenic protozoan parasites such as Giardia lamblia and Cryptosporidium 

parvum and hominis are present in the environment as cysts or oocyst, which protect 

them from environmental insults and inactivation by oxidants such as chlorine 

(USEPA, 2004; Craik, 2000). Giardiasis is the most common protozoan infection in 

the US: 19,700 to 24,200 annual cases were reported between 1998 and 2002 (Hlavsa 

et al., 2005). In light of recent protozoan treatment goals, research, and publications, 

concerns over the use of chlorine for reclaimed water disinfection have been raised 

(Gennaccaro, 2003; Reemtsma, 2002; Garcia, 2002). Viable Giardia and 

Cryptosporidium are frequently detected in reclaimed water effluents and in most 

cases with chlorine as the disinfectant: Gennaccaro et al. have found infectious Crypto 

oocysts in 40% of final disinfected effluent samples in a survey of several 

reclaimation facilities (Gennaccaro, 2003). 

The EPA specifies that drinking water treatment engineers should only 

anticipate significant Giardia inactivation with free chlorine (3-log inactivation at a Ct 

of 50 mg-min/L, depending upon temperature and pH), as combined chlorine 

requires a Ct of 1,000 mg-min/L for an equivalent level of treatment. Research has 

shown little to no inactivation of Cryptosporidium by either free or combined 
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chlorination (USEPA, 1999; Craik, 2000). It should be noted that the Alternative 

Disinfectants and Oxidants Guidance Manual is for drinking water treatment, and 

not for wastewater, which would be expected to have higher chlorine demand, due 

to ammonia and organics.  

2.1.4 Disinfection By-Products (DBPs)  

Although chlorine is the most common chemical disinfectant, recent interest 

in alternate disinfection technologies has been fueled by a number of concerns with 

chlorination. Natural organic matter is a precursor for disinfection by-products 

(DBPs), toxic and potentially carcinogenic compounds such as trihalomethanes and 

haloacetic acids that are formed during chlorination. N-nitrosodimethylamine 

(NDMA) is a DBP and emerging contaminant of concern for the water industry, as it 

is a known animal carcinogen and potential human carcinogen. Although the EPA 

does not regulate NDMA, it has been listed on the US EPA Contaminant Candidate 

List 3 (CCL3), and a number of states have advisories and regulations on NDMA. It 

has been found at levels of 10 ppb in groundwater in North America, and Canada 

has set a drinking water standard of 9 ppt. Current research shows that direct UV 

photodegradation is an effective treatment technology for NDMA in drinking water, 

reducing NDMA levels by about 3 logs at high fluence (1000 mJ cm-2, ten times 

higher than the suggested UV fluence for media filtered wastewater disinfection), 

but the low UV transmittance (UVT) of wastewaters can make UV treatment an 

expensive, energy-intensive option (Thurston-Enriquez, 2003b; Scott, 1989). 
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Due to the impact of chlorinated effluents on the ecosystems of receiving 

waters, dechlorination is often necessary, which often requires utilities to handle 

hazardous or corrosive materials such as compressed sulfur dioxide gas. 

Dechlorination can increase the costs of disinfection by chlorination by as much as 

30% (Lazarova, 1999). These considerations, coupled with the complex chemistry of 

chlorination, which is impacted by pH and nitrate levels, support the continued 

research and investment in alternate oxidation/disinfection technologies.  

2.1.5 Microconstituent Removal 

For this study, microconstituents are defined as being anthropogenic organic 

and inorganic compounds that pose a threat to human or ecological health, such as 

endocrine disrupting compounds (EDCs), pharmaceutical and personal care 

products (PPCPs), and other pharmaceutically-active compounds (PhACs). In 

drinking water systems, chlorine, chlorine dioxide, and ozone are the most common 

oxidants, and in wastewater treatment, chlorine is most common. All these 

disinfectant species are strong electrophiles, and although ozone is the most reactive 

of the three, some useful generalizations regarding the reactivity between an oxidant 

and the structural elements of a target compound can be made. Deprotonated acidic 

compounds are more reactive than undissociated compounds, aromatic compounds 

are more reactive than aliphatics, and the reactivity of classes of compounds, from 

highest to lowest, is thiols, amines, hydroxyl, and carboxyl compounds (Snyder, 

2003). 
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Although drinking water and wastewater matrices are different, research on 

the fate of microconstituents in drinking water treatment processes can illuminate 

strengths and weaknesses of these processes in wastewater treatment processes as 

well. Typical primary drinking water treatment (including alum coagulation and 

flocculation) removes about 20% of polar microconstituents and a high percentage of 

PAHs, due to sorption onto turbidity and precipitated solids. Oxidation of spiked 

EDCs and PPCPs in drinking water showed almost complete removal of some 

compounds including acetaminophen, diclofenac, estradiol, estriol, estrone, 

ethnynylestradiol, naproxen, oxygenzone, sulfamethoxazole, triclosan, and a 

number of PAHs (Westerhoff, 2005). 

The percent removal of some EDCs/PPCPs by free chlorine without 

quenching the chlorine after sampling was >25% higher than when the chlorine was 

quenched, suggesting that these compounds continue to react with chlorine after the 

water is disinfected. However, these results were for drinking water, and the 

background constituents in wastewater will usually completely consume the levels 

of chlorine typically used in disinfection schemes. Chlorine will preferentially react 

with some structural groups, including phenolic groups and oxy groups, but 

chlorine-substituted aromatic groups do not react strongly with free chlorine, as the 

Cl- atom is electron-withdrawing (Westerhoff, 2005) 
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2.22.22.22.2 Alternate Chemical Disinfectants  

2.2.1 Hydrogen Peroxide (H2O2)  

Hydrogen peroxide (H2O2) is a strong oxidant used to treat a variety of 

contaminants in municipal and industrial wastewater including sulfides, BOD, COD, 

cyanide, metals and refractory organics. H2O2 is often combined with ozone or UV in 

advanced oxidation processes, but is rarely used on its own for wastewater 

disinfection. Published studies on hydrogen peroxide for wastewater disinfection 

show that hydrogen peroxide has low disinfection efficiency (Koivunen, 2005).  

2.2.2 Peracetic Acid  

Peracetic acid (PAA), a commonly used disinfectant and chlorine alternative 

for medical applications and the food industry, is commercially available as a 

quaternary mixture of acetic acid, hydrogen peroxide, stabilizers, and water: 

 

Undissociated peracetic acid is the disinfecting species in this quaternary mixture 

(Lubello, 2002). Unlike chlorination and chloramination, disinfection by PAA 

produces no known harmful disinfection byproducts (Dell'Erba, 2007). Research into 

its effectiveness as a wastewater disinfecting agent, as well as synergistic disinfection 

by the combination of UV and PAA, is more recent than investigations into ozone 

and UV as chlorine alternatives. Not only is PAA attractive from a human and 

ecological health standpoint, but it is also comparatively easy to use: it can be added 

to wastewater as a dilute mixture and monitored using a modified DPD method, and 
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it reacts with water constituents more slowly than free chlorine, allowing for 

residual disinfectant. 

There are several suggested mechanisms by which PAA inactivates 

microorganisms including the destruction of cell membranes via release of active 

oxygen (Liberti, 1999) and generation of hydroxyl radicals (Lubello, 2002). Liberti et 

al. have shown that PAA can reduce total coliforms in clarified-filtered feeds by over 

4 logs at economically-viable doses (10-15 ppm for 10-30 minutes) (Liberti, 1999). 

Like chlorine, the disinfection capability of PAA depends significantly on the water 

quality and the target microorganism. It is relatively ineffective against Giardia and 

Cryptosporidium parasites, and it is much less effective against viruses than it is 

against bacteria (Baldry, 1991).  

Soroushian and Kitis reported that the order of microorganism susceptibility 

to PAA disinfection, from highest to lowest, was bacteria, viruses, bacterial spores, 

then protozoa (Soroushian, 2003). The bulk of the literature for PAA disinfection in 

wastewater is for coliform reduction only, and a large subset of that literature is on 

the disinfection of chemically enhanced primary effluent (performed by researchers 

at McGill University in Canada), which has marginal relevance to this study. The 

majority of uses for PAA, and subsequently the majority of research into PAA, is in 

the industrial market (food processing, pharmaceutical, textile, and pulp and paper 

applications).  

Disinfection work funded by Enviro-Tech (Modesto, CA and Tuscon, AZ) for 

disinfection of filtered secondary effluent showed that PAA disinfection of total 
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coliforms appears to be hindered by particulate interference. Work by Alasri et al. 

studied the inactivation of typical bacteria found in water and wastewater (E. coli, S. 

aureus and P. aeruginosa), with 5-log reduction of E. coli at a PAA dose of 3 mg/L 

(Alasri, 1992). Collivignarelli et al. reported unfiltered secondary effluent total 

coliforms reduction to be more efficient (based upon a Ct comparison) with PAA 

when compared to ozone, but less efficient when compared to chlorine dioxide 

(Collivignarelli, 2000). Caretti and Lubello concluded that “treatment with only PAA 

(under economically acceptable working conditions) is incapable of guaranteeing the 

disinfection level required by Italian legislation for wastewater reuse in agriculture 

(total coliforms not exceeding 2.2 MPN/100 mL)” (Caretti, 2003). However, 

combining PAA and UV disinfection resulted in an increased economic efficiency. 

The impact of particle-associated organisms on PAA disinfection efficiency has not 

yet been thoroughly investigated, but since the mode of disinfection (chemical 

oxidation) is similar to other disinfectants whose efficacy partially depends on 

particulate removal during pretreatment (chlorine and ozone in particular), some 

reduction of PAA effectiveness by increased TSS is expected. 
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Figure 2.2: Inactivation of total coliforms in secondary settled effluent with 

PAA (TSS: 6 ppm) (Dell'Erba, 2004). 

Collivignarelli et al. reported 5-log reduction of DNA coliphage and 2-log 

reduction of RNA coliphage after a PAA dose of 25 mg/L and 5 minutes of contact 

time (Collivignarelli, 2000). Gehr et al. reported 1-log reduction of seeded MS2 

coliphage after a PAA dose of 1.5 to 3.0 mg/L and 60 minutes of contact time (Gehr, 

2003). These results also showed substantial tailing, with contact times after 60 

minutes resulting in no further reduction of seeded MS-2 coliphage. However, these 

results also coincide with a relative lack of available PAA for disinfection, as the 

enhanced primary effluent being tested had a substantial oxidant demand. As Figure 

2.2 shows, higher PAA doses (4-8 ppm) has been shown to reduce total coliform by 

about 3 log after a contact time of 20 minutes. Recent work by Carollo for the City of 

Phoenix indicated otherwise, with PAA doses of >5 mg/L sufficient to obtain non-

detect fecal coliforms.  
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Wagner et al. examined the feasibility of disinfecting advanced-primary 

effluent with either H2O2 or PAA (Wagner, 2002). They found that very high doses of 

H2O2 (100-500 mg/L with 1-2 hr contact time) were required to reach their target fecal 

coliform concentration of 104 CFU/100 mL, while only 0.8 to 1.4 mg/L PAA was 

required to meet the same target.  

2.32.32.32.3 UV Disinfection  

2.3.1 Important Water Quality Parameters  

Treatment of wastewater by UV, whether it is disinfection of microorganisms 

or generation of .OH radicals in advanced oxidation processes (AOPs), is 

complicated by several factors, most of which are governed by the level of treatment 

the utility has implemented prior to the UV disinfection reactor. Two key water 

quality issues that can impact UV disinfection performance are the presence of 

particle-associated organisms and the UV transmittance (UVT) of the wastewater. 

Important water quality characteristics are shown in Table 2.5. 
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Table 2.5: Effects of water matrix constituents on UV disinfection of 

wastewater (adapted from (Asano et al., 2007) 

Constituent Effect 

BOD, COD, 
TOC 

No major effect, unless BOD is primarily humic acids, which 
decrease UVT 

NOM Strongly absorbs UV 

TSS Absorbs and scatters UV, shields embedded bacteria 

Alkalinity Can impact scaling onto lamp sleeves 

Ammonia No major effect 

Nitrite No major effect 

Nitrate No major effect 

Fe2+/Mg2+ Strongly absorbs UV 

pH Effects speciation of metals and carbonate 

 

UV fluence is determined by the intensity of the lamp output and the 

exposure time. In wastewater, the interaction of target microbes with suspended 

particles can have several effects, including scattering UV light, which can cause 

overestimation of absorbance by nearly 20% (Darby, 1993; Linden, 1998). In 

wastewaters with particularly high particle counts, alternate methods of measuring 

absorbance (such as the use of an integrating sphere) may be necessary. 

Additionally, particles can shadow UV light or associate with target microbes, 

shielding them from UV radiation. UV disinfection is enhanced by filtering water 

prior to disinfection, but percent transmittance is largely unaffected by filtration. 

Coliform bacteria frequently become embedded in particulate matter, especially 

particles larger than 10 microns, partially or wholly protecting them from the UV 

light (Paraskeva, 2002; Emerick, 1999). Particle size distribution may indicate the 
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potential for UV disinfection efficiency, and smaller particles have less effect on UV 

efficiency than larger particles, as the shielding effect is reduced (Jolis, 2001).  

2.3.2 LT2ESWTR Disinfection Targets and Photoreactivation  

According the the USEPA’s Long Term 2 Enhanced Surface Water Treatment 

Rule (LT2ESWTR), which lays out treatment guidelines for recycled water 

treatement based on application, California's regulated total coliform level for 

”tertiary recycled water” is 2.2 CFU/100 mL (USEPA, 2006a). Other states and 

countries have less stringent agricultural reuse regulations: in Korea's case, a UV 

fluence of 30 mJ/cm2 UV has been shown to disinfect their wastewater to meet 100 

MPN fecal coliform/100 mL (Yoon, 2004). Under the LT2ESWTR, UV disinfection of 

drinking water is usually intended to meet EPA regulations on C. parvum and G. 

lamblia (see Table 2.6).  

Table 2.6. UV Fluence Required for Microorganism Inactivation (USEPA, 

2006b) 

Target mJ cm-2 required for log reduction 

Pathogen 1 2 3 4 

Cryptosporidium 2.5 5.8 12 22 

Giardia 2.1 5.2 11 22 

Adenovirus 58 100 143 186 

 

Photoreactivation of disinfected organisms is an important concern for 

microorganisms that have been inactivated by UV. In capable organisms, 

photoreactivation occurs when UV damaged cells are exposed to light in the UVA 

and visible wavelength spectrum (310-480 nm) that prompts cell-initiated repair of 

damaged DNA (Harris, 1987; Ni, 2002). Since viruses typically lack repair enzymes 
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required for reactivation, photoreactivation is primarily associated with bacteria 

(Liberti, 2000; Sharpless, 2003; Ni, 2002). Photoreactivation can be a function of UV 

dose, the concentration of organisms, UV transmittance, and suspended solids 

concentration. Photoreactivation of total coliforms in UV disinfected wastewater 

decreases with increasing UV fluence (Lindenauer, 1994).  

2.42.42.42.4 Ozonation 

2.4.1 Overview  

Ozonation an oxidative chemical process that targets cell membranes, virus 

capsids, and nucleic acids, altering transport across the membrane and causing cell 

lysis and leakage of cellular contents. Ozonation removes BOD, color, and turbidity 

and inactivates bacteria, proportional to dosage (Nagano, 1992). The primary 

mechanism of disinfection is by dissolved molecular ozone, which is a powerful 

oxidant capable of destroying bacteria, viruses, and protozoans (Hunt, 1997). 2.9 mg-

min/L ozone can achieve a 3 log reduction of G. lamblia (Hunter, 1997). Simple 

ozonation can be considered an advanced oxidation process in wastewater because 

ozone spontaneously converts to O2 in water through a complex decomposition 

mechanism whose intermediates include superoxide and hydroxide radicals (Figure 

2.3). Although O3 is a strong oxidant, it is selective for certain chemical structures, 

whereas the hydroxyl radicals that are formed during ozonation are nonselective 

oxidants (Snyder, 2003; Westerhoff, 2005). Ozonation performs comparably to 

chlorine with regards to fecal coliform inactivation and inactivates pathogenic 

microorganisms such as Giardia much more effectively than chlorine, albeit with a 
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significant dependence on temperature, as Table 2.7 and Table 2.8 show. 

Figure 2.4 illustrates the Ct requirements for C. parvum inactivation by ozonation of 

potable water. 

 

Figure 2.3: Decomposition pathway of ozone in water (Glaze, 1987b) 
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Table 2.7. Ct Values (mg-min/L) for 99% Inactivation at 5 oC in drinking 

water (LeChevallier, 2004) 

Microorganism Free chlorine1 
Preformed 

chloramines2 
Chlorine 
dioxide1 

Ozone1 

E. coli 0.034–0.05 95–180 0.4–0.75 0.02 

Poliovirus 1.1–2.5 770–3740 0.2–6.7 0.1–0.2 

Rotavirus 0.01–0.05 3810–6480 0.2–2.1 0.006–0.06 

Phage f2 0.08–0.18 – – – 

G. lamblia cysts 47 – >150 – – 0.5–0.6 

G. muris cysts 30-–630 1400 7.2-–18.5 1.8-–2.0 

1pH 6-7 
2pH 8-9 

 

Table 2.8. Ct Values (mg-min/L) for C. parvum Inactivation by Ozone in 

drinking water (LeChevallier, 2004) 

Log Inactivation 1 oC 13 oC 22 oC 

0.5 6 2 0.6 

1 12 4 1.5 

1.5 24 8 3 

2 40 11 4.4 

2.5 45 15 6 

3 62 22 8 

 

As a preoxidant, ozone oxidizes compounds that can cause taste and odor 

and breaks apart larger organic compounds, reducing the DBP formation potential 

and increasing UVT, thus leading to more energy efficient UV disinfection following 

ozonation (Kleiser, 2000). However, these smaller compounds can be readily used by 

microbial populations, which can cause problems later in the treatment train due to 

biofouling.  
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The presence of high concentrations of organics can lower the feasibility of 

ozonation as a treatment option. In some wastewaters, the ozone demand, and thus 

the transferred ozone dose at which point a residual ozone concentration appears, 

can be as high as several mg-min/L ozone. Typical Ct ozone doses for wastewater 

disinfection are usually 1 to 5 mg-min/L ozone (resulting in 2 to 3 log inactivation of 

fecal coliform and slightly higher levels of inactivation of MS-2) (Gehr, 2003). 

Figure 2.4. Inactivation of Giardia cysts with ozone (USEPA, 1999). 

Historically, ozone has been prohibitively expensive for wastewater 

treatment due to the inefficiencies of ozone contactors and generation equipment 

and the high ozone demand of wastewater. Furthermore, ozone is extremely toxic, 

corrosive, and too unstable to compress and ship, so it must be generated on-site in 

stainless steel chambers. However, ozone reactor design and technology has 

developed and ozone has become much more attractive for reuse water disinfection 
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applications. Adjustments to ozone reactor design, including pressurizing the ozone 

reactor, has greatly improve the hydraulics of these reactors and subsequently 

improved their efficiency.  

2.4.2 Indicator Organisms  

With the exception of Clostridium, the disinfection kinetics appeared slowest 

for indigenous fecal coliform when compared to other pathogens including 

enterococci, salmonella, enterovirus, seeded poliovirus, indigenous somatic 

coliphage, male specific bacteriophage, and F-coliphage. Similar log reduction rates 

for ozonation of total and fecal coliform have been reported (von Gunten, 2003; 

Janex, 2000).  

Generally, protozoa and bacterial spores are more resistant to ozonation than 

bacteria and viruses (Paraskeva, 2002). MS-2 coliphage is a good model for enteric 

virus studies using ozone based upon comparative disinfection of HAV and MS2 

(Hall, 1993) but it was found to be less resistant to ozonation compared to poliovirus 

(Finch, 1991; Harakeh, 1984). B. subtilis spores are acceptable surrogates for 

Cryptosporidium and a conservative surrogate for Giardia. Models can be utilized to 

estimate Giardia muris and Cryptosporidium reduction or removal based upon B. 

subtilis inactivation (Facile, 2000; Kaymak, 2005).  

2.4.3 Contact Time and Ozone Residual  

Contact time may be less important than O3 concentration with respect to 

indigenous coliform bacteria once an initial amount of ozone is transferred to the 

wastewater (Tyrrell, 1995; Janex, 2000), while B. subtilis and Giardia disinfection 
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efficacy by ozonation is dependant upon contact time (based on studies involving 

groundwater treatment) (Sommer, 2004; Scott, 1989). The impact of contact time on 

Giardia and Crytposporidium is not reported in the surveyed literature, but this effect 

may be similar to that of B. subtilis. Some research recommends that the transferred 

ozone dose is the controlling parameter (Janex, 2000), while virus inactivation by 

ozone in demand-free phosphate buffered solution showed that contact time is a key 

variable in disinfection efficiency (Finch, 1991). The concentration of ozone residual 

had minimal impact on ozone disinfection performance for bacterial and bacterial 

spore disinfection, but did have an effect on Giardia disinfection in secondary sewage 

effluents (Sommer, 2004; Tyrrell, 1995; Scott, 1989).  

Recently the California Department of Public Health (CDPH) granted Title 22 

certification to specific ozone reactors based on research that demonstrated that a Ct 

of 1 mg-min/L is sufficient to meet non-detect total coliform and provide for the 

required 5-log reduction of virus in reclaimed water (Ishida et al., 2008).  

2.4.4 Important Water Quality Parameters  

Increasing temperature will increase disinfection efficiency of ozone in 

drinking water for protozoan cysts, and similar findings have been shown for 

poliovirus (Camel, 1998). However, other studies have shown that a rise in 

temperature decreased disinfection performance for poliovirus and hepatitis A, 

while others found no impact from temperature on ozone disinfection efficiency of 

poliovirus. There seems to be disagreement between published data. Generally, 

temperature more dramatically impacts disinfection of protozoa than bacteria and 
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bacterial spores (Harakeh, 1984; von Gunten, 2003; Venczel, 1997). The effects of 

some wastewater matrix constituents on ozonation are shown in Table 2.9. 

Table 2.9: Effects of water matrix constituents on ozonation of wastewater 

(adapted from (Asano et al., 2007) 

Constituent Effect 

BOD, COD, 
TOC 

Exert a chlorine demand 

NOM Effects the rate of ozone decomposition 

TSS Shields embedded bacteria 

Alkalinity No major effect 

Ammonia No major effect 

Nitrite Oxidized by ozone 

Nitrate Can reduce ozone performance 

pH Effects the rate of ozone decomposition 

 

Studies regarding the impact of solids and organic concentration on 

disinfection performance of ozone are mixed. Scott et al. reported that turbidity does 

not impact Giardia disinfection efficiency (Scott, 1989), while others have shown that 

high BOD and turbidity decrease ozone disinfection performance (Sung, 1974). 

Warriner et al. and Janex et al. concluded that particulate matter in wastewater likely 

contributes to a disinfection “shoulder” at low ozone doses (Warriner, 1985; Janex, 

2000). Many researchers observed bacterial reduction by ozone in wastewater prior 

to the formation of an ozone residual (Absi, 1993; Janex, 2000; Lazarova, 1999; 

Paraskeva, 2002). 

No measurable regrowth of total coliform, fecal coliform, or E. coli following 

ozone disinfection has been reported (Tanner, 2004; Lazarova, 1999). Ozonation of 

wastewaters with varying pH indicates that pH does not impact disinfection 
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performance in the pH range of 6 to 9, which is within the pH range of most 

wastewaters. Testing of ozone for disinfection to Title 22 bacterial standards 

indicates that filtration upstream of ozone disinfection is required (Cho, 2003; Janex, 

2000). 

2.4.5 Microconstituent Removal  

Ozone oxidizes >80% of most EDCs and PPCPs in drinking water, except for 

those compounds without aromatic groups or those with electron-withdrawing 

aromatic substitutions such as chlorine (Westerhoff, 2005). Ozonation can effectively 

degrade some classes of pharmaceuticals such as macrolide and sulfonamide 

antibiotics and synthetic and natural estrogens. In a study by Snyder et al. which 

investigated the degradation of microconstituents in filtered secondary wastewater 

effluent by O3, the majority of target compounds were reduced by greater than 90%, 

while atrazine, iopromide, meprobamate, and tris-chloroethylphosphate were 

removed less than 50% (Snyder et al., 2006).  

Ozone doses greater than or equal to 2 mg/L have a removal efficiency of 

over 90% for antibiotics, estrogens, and pharmaceutically-active compounds (PhAC) 

including diclofenac, naproxen, roxithromycin, sulfamethoxazole, EE2, and 

indomethacin in wastewater effluent (Huber, 2004). Westerhoff et al. observed that 

the addition of H2O2 enhanced target compound oxidation by 5-15% over ozone 

alone (Westerhoff, 2005). Microconstituent degradation in ozonation technologies is 

mediated by reaction with O3 and with .OH. However, constituents in the 

wastewater matrix will readily scavenge hydroxyl radicals, deemphasizing the 
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importance of the kOH (the second order reaction rate of hydroxyl radicals) of the 

individual microconstituents. The efficiency of target compound degradation by 

ozonation is more dependent on the apparent kO3 than the kOH. The difference 

between these two values for the same compound can help explain why ozone 

effectively degrades some compounds such as antibiotics and is much less effective 

in the case of iopromide and other contrast media (Huber, 2004).  

Both free chlorine and ozone oxidize some compounds with approximately 

equal efficiency, specifically those with activated aromatic rings (such as hydroxyl or 

amine functional groups) and low pKa values (Benotti, 2009). Both showed poor 

removal of aliphatics with chlorine groups and non-aromatic chlorine-substituted 

pesticides. While nucleophilic sites are amenable to reaction with both free chlorine 

and ozone, ozone is generally more reactive (Westerhoff, 2005).  

2.52.52.52.5 Membrane Filtration (NF/UF/RO)  

The key solute parameters that determine how effectively a membrane will 

reject a given solute are its molecular weight (and to a lesser degree, its aspect ratio), 

its dissociation constant (pKa), its degree of hydrophobicity (commonly represented 

by its log Kow) and its diffusivity (Dp), while important properties of the membrane 

include the molecular weight cutoff (MWCO), pore size, surface charge, roughness, 

and hydrophobicity (Bellona, 2004). In operation, rejection of nonionic organic 

microconstituents is directly related to the pore size of the membrane: smaller 

molecular weight compounds (such as some EDCs and chlorinated disinfection 

byproducts) are poorly rejected by high-pressure membrane filters. Drewes et al. 
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found that only about 50% of influent bisphenol-A was rejected by lab-scale RO and 

NF membranes. Full-scale investigations of high-pressure membranes showed that 

DBP rejection varied from about 50% to greater than 95% using the same RO 

membrane: in the former case, the influent water was secondary treated wastewater, 

while in the latter case, the influent was tertiary treated effluent that had been fully 

nitrified/denitrified. The authors suggest that the more fully-developed fouling of 

the RO membrane in the case of the secondary treated effluent as compared to the 

tertiary treated effluent provides a more robust barrier to the DBPs (Drewes, 2005). 

The cleaner the influent water, the greater the concentration of THMs in the 

membrane permeate, due to adsorption of the hydrophobic THMs to the membrane 

and their partitioning into the permeate (Xu, 2005).  

Negatively charged compounds are generally effectively rejected by NF and 

RO membranes, due to electrostatic repulsion by the negatively-charged membranes, 

while non-charged organic compounds are removed based on the molecular size of 

the compound and the MWCO of the membrane. Kimura et al. studied the rejection 

potential of an NF membrane (ζ-potential -11 mV, MWCO 200 daltons) and an RO 

membrane (ζ -potential -10 mV, MWCO n/a) to reject DBPs, EDCs, and PhACs. Both 

membranes showed a >90% removal efficiency for negatively charged compounds, 

such as di- and tri-chloro acetic acids, while the RO membrane outperformed the NF 

membrane for non-charged compounds, removing 99% of bisphenol-A as the NF 

membrane performed only half as well. The authors conducted similar studies using 

environmentally-relevant concentrations (100 ng/L) and showed that membrane 
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performance decreased substantially for both membranes and that the decrease in 

performance could not be explained by the molecular weights of the analytes. This 

work supports not only the need for membrane performance studies to be run at 

environmentally-relevant levels of target microconstituents but also further 

investigations into the combined effects of molecular size and membrane affinity 

(Kimura, 2003).  

2.62.62.62.6 Advanced Oxidation Processes (UV/H2O2, UV/PAA, 
O3/H2O2, and UV/O3) 

2.6.1 Simultaneous disinfection and microconstituent destruction 

Advanced oxidation processes (AOPs) are a class of water treatment 

technologies that destroy microconstituents and inactivate microorganisms by 

forming highly reactive intermediates such as hydroxyl and superoxide radicals in 

situ (Glaze, 1987b). Hydroxyl radicals are powerful, non-specific oxidants that are 

capable of transforming recalcitrant organic compounds into potentially less toxic 

compounds. These technologies have a broad range of applications, from reducing 

the toxicity of industrial effluent and wastewater to finishing water for high-tech 

industries (Munter, 2001). Although each process uses a different method of 

producing radicals, their treatment mechanics are related, and combinations of 

AOPs provide utilities with a range of treatment options. When UV radiation is 

combined with PAA or H2O2, a synergistic disinfection capability is observed. 

Lubello et al. found that an addition of 2 ppm PAA, followed by a high UV fluence 

of 192 mJ cm-2, consistently disinfected their wastewater to 2 CFU/100 mL, which is 
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both California and Italy's disinfection level for water reuse. Although H2O2 alone is 

a limited disinfectant, UV/ H2O2 has an equal capacity to disinfect wastewater as 

does UV/PAA, comparing on a cost basis (Lubello, 2002).  

H2O2 on its own has a small disinfection efficiency, compared to the 

disinfection efficiencies of PAA, UV/H2O2 and UV/PAA (Koivunen, 2005). At 150 

mg/L, H2O2 achieved below 0.2 log microbial reduction (0.11 log reduction E. faecalis, 

0.06 log reduction coliphage MS2). Additionally, UV/H2O2 had antagonistic effects 

for inactivation of E. faecalis, and non-significant synergy for inactivation of 

coliphage MS2 virus. However, improved E. coli disinfection efficiency was observed 

with a combined UV/PAA system, but the combined effects on MS2 coliphage virus 

reduction was less pronounced.  

Sommer et al. investigated the bactericidal and virucidal efficacy of a 

combined O3/H2O2 advanced oxidation process in a pilot plant treating polluted 

groundwater (Sommer, 2004). The researchers expected that H2O2 would interfere 

with the disinfection potential of ozone. Instead, the process achieved approximately 

6-log reduction of E. coli and three bacteriophages (X174, MS2, PRD-1). Aerobic 

spores were reduced by only 0.4 log. These results corresponded to those of ozone 

inactivation in controlled batch experiments (residual 0.4 mg/L after 4 min contact 

time).  

Addition of H2O2 to UV and ozone reactors has also been proven to improve 

the destruction of microconstituents, especially organic compounds that do not 

degrade through direct photolysis. Although research of AOPs in wastewater is 
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limited, efficient destruction of pharmaceuticals via AOPs in wastewater is 

established (Deshmukh, 2003; Alasri, 1992). UV/H2O2 AOP treatment of EDCs in 

synthetic natural waters has shown that both parent compound destruction and 

estrogenicity can be reduced (Rosenfeldt, 2004). The degradation of lipid lowering 

agent clofibric acid and the analgesic agents ibuprofen and diclofenac were 

evaluated and the results indicated that the combined application of ozone and 

hydrogen peroxide leading to hydroxyl radical formation improved the degradation 

efficiency of all investigated compounds (Zwiener, 2000). 

Addition of to 0.4 to 0.7 mg H2O2/mg ozone improves the removal of clofibric 

acid, ibuprofen, and diclofenac (Carlson, 2000). However, the benefit of combining 

technologies with ozone in an AOP system seems to be system specific: when 

comparing O3 to O3/H2O2, O3/UV, and O3/UV/H2O2 AOPs for the degradation of 

phenol, none of the combinations of AOP technologies are more effective than 

ozonation alone, and in most of the cases such combinations have an inhibitory effect 

(Esplugas, 2002). 

Coupling UV irradiation with ozonation has a profound effect when the 

target compound is directly photodegradable. For instance, varying low-pressure 

UV fluence has a negligible effect on O3/UV treatment of TCE, which absorbs little 

254 nm UV, while increasing the UV fluence significantly enhances the degradation 

of PCE, which stsrongly absorbs UV254. When the target compounds are particularly 

photolabile, the contribution of ozone to O3/UV systems is negligible (Glaze, 1987b). 

The addition of H2O2 to O3 systems only marginally improved the removal of 
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dilantin, diazepam, DEET, iopromide, and meprobamate, while decreasing the 

removal efficacy of pentoxifylline, caffeine, testosterone, progesterone, and 

androstenedione (Snyder et al., 2006).  

The reactions that proceed when PAA is exposed to UV irradiation are: 

CH3CO3H
λν →  CH3CO2

⋅ + ⋅OH

CH3CO3H + ⋅OH → CH3CO4 → CH3CO2H + ⋅OOH

CH3CO3H + ⋅OH → CH3CO ⋅ +O2 + H2O  

Since the PAA solution contains H2O2 and PAA, which are both sources of hydroxyl 

radicals when exposed to UV radiation, the UV/PAA advanced oxidation process 

was also evaluated.   

2.6.2 Role of Hydroxyl Radicals 

Although there has been much progress in understanding AOPs on T&O and 

EDC oxidation, there are only few reports on disinfection with hydroxyl radicals.  

Mamane et al. studied the role of hydroxyl radicals in MS2, T4, and T7 phage, E. coli, 

and B. subtilis spores in phosphate buffered solution. By filtering out UV light below 

295 nm, the role of the hydroxyl radical alone, and not UV damage, was isolated. 

Because hydroxyl radicals have such a short lifespan, disinfection by radicals is a 

diffusion-controlled process; therefore, due to the small size and thin capsid of MS2, 

it is more susceptible to hydroxyl radical attack than bacteria (Mamane, 2007). TiO2  

photocatalysis brought about three times more rapid poliovirus 1 inactivation than 

coliform bacteria in secondary wastewater effluent (Watts et al., 1994). Lanao et al. 

found that of bench-scale testing of three ozone-based treatment system (O3, O3/H2O2 
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and O3/TiO2) showed that O3/H2O2 was brought about higher C. perfringens 

inactivation at lower doses than either two technologies (Lanao et al., 2008) 

2.6.3 Water Quality Variability  

Table 2.10 presents some typical second-order reaction rate constants (kOH, M-

1 s1) in descending order of reactivity. Recombination of hydroxyl radicals is the most 

rapid reaction pathway. Reaction with organic microconstituents such as pCBA is 

unselective and nearly as fast as recombination. Alkalinity quickly scavenges 

hydroxyl radicals, especially carbonate species, therefore it is an important 

consideration for AOP systems. 

Table 2.10. Example kOH values (Crittenden, 1999) 

Reaction kOH (M-1 s-1) 

⋅OH + ⋅OH → H2O2 5.5 x 109 

⋅OH + C7H5ClO2 → Int (pCBA) 5 x 109 (Neta, 1968) 

⋅OH + CO
3

2− → CO
3

•− + OH−  3.9 x 108 

⋅OH + H2O2 → H2O + HO2 ⋅  2.7 x 107 

⋅OH + HCO
3

− → CO
3

•− + H2O  8.5 x 106 

⋅OH + HPO4
2− → HPO

4

•− + OH−  1.5 x 105 

 

Hydroxyl radical formation and availability is affected by pH insofar as their 

formation of hydroxyl radicals prefers low pH (the photoformation rate constant is 

about 10-fold higher at pH = 1.9 than at pH = 6.2), and the speciation of the 

scavenging species determines their reaction rate (see carbonate ion and bicarbonate) 

(Arakaki, 1999). However, at typical pH values, hydroxyl radical formation rate will 

not vary significantly (Watts et al., 1994). 
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Organic species also affect the availability of hydroxyl radicals. The more 

complex the water matrix, the less likely the preferred reaction (the oxidation of 

EDCs, for example) will take place since there will be more reaction pathways. 

Scavenging of hydroxyl radicals by readily-oxidized constituents in wastewater is 

one of the main reasons why advanced oxidation is rarer for wastewater finishing 

than drinking water treatment. In ozone-based AOPs, the constituents in surface 

water compete with target microorganisms and slow disinfection (Lanao et al., 2008). 

However, in UV-based AOPs, natural organic matter (NOM) is a photo-sensitizer, 

promoting the formation of reactive oxygen species (ROS) when exposed to UV 

light. In UV-based advanced oxidation schemes, inactivation of MS2 was more rapid 

in surface water than in PBS (Mamane, 2007). 
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3. Disinfection of indigenous bacteria and spiked 
viruses and oxidation of spiked micropollutants in 
reuse water with chlorine, chloramine, and peracetic 
acid 

3.13.13.13.1 Introduction 

Over the past decade, reclaimed water has continued to grow as a valuable 

resource across the US as a result of population growth, increased demand, and 

climate changes.  In order to meet this demand, water utilities must continue to 

provide water that meets coliform, virus, and total suspended solids regulations 

while limiting the formation of disinfection by-products. Current standard practice is 

some variation of chlorination, most commonly by liquefied chlorine gas, followed 

by the formation of a combined chlorine residual. 

Chlorination of water containing naturally-occurring organic compounds 

(e.g. humic acids) can result in the formation of carcinogenic disinfection by-products 

(DBPs) such as haloacetic acids (HAAs) and trihalomethanes (THMs) (Rook, 1974; 

Bellar, 1974). Peracetic acid (PAA), a quaternary mixture of acetic acid, peracetic 

acid, hydrogen peroxide, and water, is being considered as an alternative to 

chlorination due to its benign end products (Dell'Erba, 2007). It is a common 

disinfectant for medical applications and the food industry, but as of early 2009 there 

are no full-scale PAA wastewater disinfection systems in North America. 

PAA inactivates microorganisms by two mechanisms: destroying cell 

membranes via release of active oxygen and generation of hydroxyl radicals. Liberti 

et al. have shown that PAA can reduce total coliforms in clarified-filtered water by 
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over 4 logs at economically-viable doses (10-15 ppm for 10-30 minutes) (Liberti, 

1999). Like chlorine, the disinfection capability of PAA depends significantly on the 

water quality and the target microorganism: the order of susceptibility to PAA 

disinfection, from highest to lowest, is bacteria, viruses, bacterial spores, then 

protozoa (Soroushian, 2003). Several microbial targets were selected for this study 

because the removal of coliform bacteria does not necessarily reflect the expected 

removal of pathogenic viruses or protoza, either in drinking water or wastewater 

disinfection (Tyrrel, 1995; Havelaar, 1993; Campos, 2002). Indicator organisms are 

suitable surrogates when they reflect the occurrence of the surrogated 

microorganism or its behavior, respectively called the index and indicator functions 

(Costan-Longares, 2008). F-specific RNA bacteriophages (e.g. MS2) have been 

proposed as alternate indicators for pathenogenic viruses (Havelaar, 1993). 

The Pomona virus study, which determined that complete removal of spiked 

poliovirus was possible through advanced treatment of wastewater, was one of the 

earliest benchmarks for recycled water treatment effectiveness and the source of the 

5-log virus removal requirement for Title 22 regulations in California. These 

stringent guidelines require high chlorine Ct values (450 mg-min/L) that can result in 

significant DBP formation. Recent regulations on water reuse in Italy (D.M. 185/2003) 

limit total trihalomethanes (TTHM) to 0.03 mg/L (Mezzanotte, 2007).  Such a low 

TTHM limit essentially precludes chlorination for reclaimed water disinfection in 

Italy. Despite the high cost of PAA compared to liquid chlorine gas ($12-$13/gal 

PAA, as compared to about $1/gal for liquid chlorine), it is being seriously 
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considered for full-scale use in Italy and is under consideration in North America as 

well. 

This portion of the study compares common chemical disinfection methods 

(chlorination and chloramination) with PAA, with respect to indigenous indicator 

and surrogate microorganisms (total and fecal coliform bacteria and aerobic spores) 

and spiked surrogate and human viruses (MS2 bacteriophage and adenovirus type 4 

(Ad4)). The performance of each disinfectant was related to the water quality of the 

tested waters where relationships are evident. The results of ultrafiltration tests 

using water from a local water reuse utility (North Durham WRF) are presented 

alongside the chemical disinfection methods. 

Previous research suggests that peracetic acid is capable of high coliform 

inactivation, but high doses are required: >25 ppm PAA and a 5 minute contact time 

are needed for 4 log total coliform inactivation in wastewater with a turbidity of 1.2 

NTU, 3 ppm TSS, and 5 ppm TOC (Liberti, 2000). A dose of 8 mg/L PAA, combined 

with a contact time of 30 minutes, only reduced total coliform to about 20 cfu/100 

mL, in secondary settled effluent (6 mg/L TSS, 97 mg/L COD, 1.1 x 104 cfu/100 mL) 

(Dell'Erba, 2004). PAA doses commonly used for wastewater treatment range from 1 

to 5 ppm, with a contact time of less than 30 minutes, and limited testing shows that 

only a moderate improvement in coliform disinfection is achievable by increasing 

contact time from 5 to 60 minutes (Liberti, 1999; Liberti, 2000).  

The few PAA studies that investigated MS2 inactivation suggests that PAA is 

e a less effective virucide than free chlorine: in one case, an approximately 1-log 
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reduction was met at 1.5-3 mg/L PAA (Gehr, 2003), and in another, 1.5 mg/L of PAA 

reduced MS2 by only 0.6 log (Zanetti, 2007). When TSS and COD are particularly 

high (15-19 mg/L and 40-50 mg/L, respectively), equal doses of PAA and ClO2 (1.5 

ppm) are equally as effective against F-specific RNA bacteriophages (i.e., MS2) (de 

Luca, 2008). Title 22 certification requires 5 logs virus inactivation, and the 

corresponding disinfection requirement for free chlorine is 450 mg-min/L. Since 

complete coliform inactivation is guaranteed by such a high dose, the free chlorine, 

monochloramine, and peractic acid test conditions were lower that 450 mg-min/L. 

Due to the aforementioned typical treatment levels for PAA and the fact that 

concentration is more influential than contact time with respect to total coliform 

bacteria inactivation in wastewater, a single contact time (15 minutes) was selected, 

and the concentration of each chemical disinfectant was varied to achieve CT values 

(disinfectant concentration times contact time) of 25, 40, and 120 mg-min/L. 

Enteric and respiratory viruses present a continued challenge to water 

utilities. Their presence even in low levels in drinking water pose a threat to human 

health (WHO, 1979). Adenovirus is responsible for 5-20% of acute gastroenteritis in 

infants and children, and several outbreaks at recreational sites due to adenovirus 

types 3 and 4 have been reported (Martone, 1980; D'Angelo, 1979). Respiratory 

adenovirus (Ad4, double-stranded DNA (dsDNA), φ=60-100 nm) is a challenge 

microbe for UV treatment, as it is much more resistant to UV inactivation than other 

viruses. MS2 bacteriophage (ssRNA, φ=30 nm) is a commonly used virus for bioassay 

testing, but it is not a conservative surrogate for poliovirus thus less reduction of 
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poliovirus would be expected when using MS2 to determine poliovirus kill, as 

would be expected in attaining Title 22 certification in California (Cooper, 2000). 

A recent survey of pharmaceuticals in U.S. surface water found many EDCs 

at ng/L levels in 139 streams, and in several cases they were found at µg/L levels, 

including nonylphenol (40 mg/L), bisphenol A (12 mg/L), and ethinyl estradiol (0.831 

mg/L) (Kolpin, 2002). The frequency of detection for most of the tested compounds is 

high: triclosan is detected in 57 of sampled surface waters in the U.S., NP in 51%, 

BPA in 41%, and TCEP in 58%, etc. (Kolpin, 2002). Estrogenically-active compounds 

(including natural and synthetic estrogens) are not as common individually in 

surface waters, but their effect is cumulative. Table 3.1 shows the PPCPs, EDCs, and 

industrial chemicals that are most frequently detected in drinking water intakes in 

North America. These compounds were selected based on their occurrence in 

drinking water effluents, wastewater effluents, and surface waters (which are most 

often at parts-per trillion levels), possible human or known ecological health 

impacts, persistence through typical water and wastewater treatment, or some 

combination of the three (Snyder, 2007; Drewes, 2006; Westerhoff, 2005).  
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Table 3.1: Concentration and frequency of detection of several 

micropollutants in drinking water intake (>50% frequency) (Benotti, 2009) 

Compound Max (ng/L) Median (ng/L) Frequency (%) 

Sulfamethoxazole 110 12 89 

Meprobamate 73 8.2 84 

Atrazine 870 32 79 

Carbamazepine 51 4.1 79 

Estrone 0.94 0.33 79 

Dilantin 29 5.0 74 

Atenolol 36 2.2 63 

Gemfibrozil 24 2.2 58 

Naproxen 32 0.93 58 

Trimethoprim 11 0.75 58 

TCEP 530 120 53 

 

Other contaminants of concern include N-nitrosodimethylamine (NDMA), a 

toxic disinfection by-product, known animal carcinogen, and probable human 

carcinogen that has been detected in some groundwater sites in North America at 

levels as high at 10 ppb (Sharpless, 2003). Although NDMA is not currently 

regulated by the U.S. EPA, it is a priority pollutant, and Canada's Ontario Ministry 

of Environment has established an interim drinking water standard for NDMA of 9 

ng/L. NDMA is small, highly soluble, and difficult to oxidize (see Table D1), so its 

removal by granular activated carbon, advanced membrane filtration technologies, 

or traditional oxidative disinfection methods is unlikely.  
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Atrazine and tri(2-chloroethyl) phosphate (TCEP), due to their wide use and 

recalcitrance, are often present at relatively high concentrations. Atrazine is an 

herbicide and endocrine disrupting compound that has been banned in the EU but 

remains one of the most frequently-applied herbicides in the world, with high 

detection frequency in groundwater and drinking water effluents (Benotti, 2009). 

TCEP, a flame retardant, is extremely resistant to oxidation and highly soluble, so it 

is frequently detected in reverse osmosis membrane permeate. Additionally, these 

compounds were amenable to GC-MS analysis, which was readily available at the 

labs at Duke, while other chemical contaminants that also would have been of 

interest could only be analyzed by LC-MS, which was not available at Duke and 

therefore not within the scope of this study. 

Previous research has compared PAA to other disinfection alternatives such 

as UV, O3, or UV/PAA, most often in pilot-scale studies. This chapter will contribute 

to the growing knowledge base on in several unique ways. If PAA is being 

considered as a chlorine alternative, it needs to be compared to chlorination on a 

side-by-side basis, and while previous research has focused almost exclusively on 

coliform inactivation, the results presented here show PAA’s efficacy against 

coliform bacteria, MS2 bacteriophage, aerobic spores, and a suite of chemical 

contaminants, as well as limited testing of Ad4 inactivation. As of early 2009, the 

latter two of these have not been reported in literature.  

PAA is expected to perform on par with free chlorine with respect to total 

and fecal coliform disinfection, and it is expected to outperform monochloramines. 
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Since previous studies have shown that PAA disinfection is significantly different 

across target microorganisms and that MS2 bacteriophage is resistant to PAA, it is 

expected that coliform kill will be higher than MS2 kill (Zanetti, 2007). PAA has no 

impact on Crypto or Giardia, so it is not expected to be effective against aerobic 

spores, due to their resistance to chemical disinfectants (Liberti, 1999).  While 

chlorine is effective against some chemical contaminants, particularly EDCs, the 

effectiveness of PAA has not yet been determined but is expected to be high, as the 

standard electrode potential of PAA is higher than chlorine (Benotti, 2009). The 

ultrafiltration tests are expected to provide a comparison for the three chemical 

disinfectants, since advanced filtration such as reverse osmosis (RO) and UF are 

generally considered the most effective (but among the most expensive) methods of 

removing chemical and biological contaminants from reclaimed water. That is, 

substantial removal of indicator and surrogate microbes is expected, and varying 

removal rates based on the solubility of the target contaminant and the method of 

addition (short vs. long mixing time) is anticipated. 

3.23.23.23.2 Methods 

Inactivation of indigenous indicator and surrogate organisms (total and fecal 

coliform bacteria and aerobic spore-forming bacteria) by chlorine, preformed 

monochloramine, and peracetic acid was studied at the bench-scale in secondary-

treated, media-filtered wastewater from nine North American water reclamation 

facilities: the City of Largo Wastewater Treatment Facility (Largo, FL), City of 

Bradenton Water Reclamation Facility (Bradenton, FL), North Durham WRF 
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(Durham, NC), City of Tampa WWTF (Tampa, FL), Manatee County Southwest 

Regional Wastewater Treatment Plant (FL), 91st Ave. WWTP  (Phoenix, AZ), LA 

County Services District San Jose Creek Water Reclamation Plant (San Jose Creek, 

CA), Dublin San Ramon Services District (DSRSD) (Dublin, CA), and the Pinellas 

County South Cross Bayou (SCB) WRF (St. Petersburg, FL). Table 3.3 shows the 

water quality measurements of each of the test waters. 

These nine utilities were selected for bench-scale studies based on the water 

quality parameters they reported during the proposal period, which covered a wide 

range and presented a variety of challenges to the candidate treatment processes. For 

instance, water from the 91st Ave. WWTP (Phoenix, AZ) had an especially high TSS 

compared to the other surveyed utilities, and the DSRSD utility water contained 

higher than average alkalinity and BOD. These challenging utility waters provided a 

valuable opportunity to develop a wide range of bench-scale results.  Furthermore, 

these utilities had expressed an interest in adopting advanced disinfection 

technologies and were interested in participating in bench- and pilot-scale aspects of 

the study, the latter of which are not included in this dissertation. 

Water samples were shipped to Duke University overnight on ice in plastic 

containers and stored at 4 oC. Water quality parameters measured by the utilities at 

the time of sampling include 5-day BOD (mg O2/L), alkalinity (mg as CaCO3/L), 

nitrite (mg/L), nitrate (mg/L), ammonia (mg/L), TSS (mg/L), and total phosphorus 

(mg/L). Turbidity (NTU) was measured with a HACH 2100N turbidimeter. pH was 

measured using an electronic pH meter (Cole Parmer pH 100 series), calibrated daily 
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using pH 4, 7, and 10 bu�ers. UV absorbance (200-300 nm) of the spiked test water 

was measured in a 1 cm quartz cuvette using a Cary Bio 100 spectrophotometer 

(Varian Inc., Palo Alto, TX). Phosphate buffer solution (PBS) was prepared in 

deionized (DI) water  (Hydro Services and Supplies, Inc., Research Triangle Park, 

NC). 

Free chlorine was added as bleach (Clorox) or lab grade sodium hypochlorite 

(VWR 6%, w/w), diluted with deionized water (Hydro Services and Supplies, Inc., 

Research Triangle Park, NC). A stock solution of about 100 mg/L monochloramine 

was prepared following methods by Örmeci et al. (Örmeci, 2005). Free and combined 

chlorine was measured by the DPD (N,N,-diethyl-p-phenylenediamine) method 

(Standard Method 4500-Cl G: DPD Colorimetric Method), which measures the 

absorbance at 515 of the sample mixed with a buffer reagent and DPD. 

PAA (Enviro-Tech Chemicals, Inc., Modesto, CA) was supplied as a 

quaternary mixture of H2O2 (22.4%), peroxyacetic acid (15.6%), acetic acid, and 

water. added as a dilute mixture in lab-grade water. PAA residual was measured 

spectrophotometrically at 530 nm (Falsanisi, 2006). Ct doses (concentration of 

disinfectant times contact time) were determined by integrating under 

decomposition curves, which were often two-phased in the case of free chlorine and 

much slower and linear in the cases of monochloramine and PAA. PAA is more 

stable than free chlorine in wastewater, regardless of the amount added (Dell'Erba, 

2004). After the designed contact time was met, residual disinfectant was quenched 

with excess sodium thiosulfate (Na2S2O3). 
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Ultrafiltration experiments were carried out with a ZENON ZeeWeed 1000 Jr. 

Ultrafiltration system (nominal pore size: 0.04 microns). Because of the larger 

volumes of water required to operate this system, the spiked amounts were smaller 

(spikes of 100-500 ng/L). Consequently, 1 L of treated water was subsequently 

extracted and concentrations of contaminants were determined by GC-MS. 

Additionally, since large volumes of water were needed to perform bench-scale 

batch tests with the UF system (4 L/test), only water from a local water reclamation 

facility, North Durham WRF, was used.  

Total coliform bacteria were enumerated by the membrane filter procedure 

(Standard Method 9222D) using ChromocultTM agar. 100 mL samples were filtered 

trough 47 mm, 0.47 µm sterile gridded membrane filters (Millipore) and incubated at 

38 °C ± 0.2 °C for 24 h. Fecal coliforms were also enumerated by the membrane 

filtration procedure, using M-FC agar supplemented with rosolic acid and incubated 

at 44.5 °C ± 0.2 °C for 24 h. Total aerobic spore-forming bacteria were isolated and 

enumerated by indirect pasteurization and membrane filtration (Nieminski, 2000). 

The quantifiable enumeration range of this method is 20 to about 300 counts per 

filter. Counts that are <20/100 mL are said to be nonzero but unquantifiable. 

MS-2 (ATCC #15597-B1) was added to test waters at concentrations of about 

106/mL, and enumeration was performed at Duke using a method adapted from ISO 

methods (International Standard method 10705-1: Enumeration of F-specific RNA 

bacteriophages). Reovirus type 3 (Reo3) (ATCC #VR-824), coxsackievirus B5 (CoxB5) 

(ATCC #VR-30), and respiratory adenovirus type 4 (Ad4) (ATTC #VR-1572) were 
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supplied and assayed by Jeanette Thurston-Enriquez at USDA-ARS (see Appendix 

B).  

3.2.1 Gas Chromatography-Mass Spectrometry (GC-MS) and Yeast 
Estrogen Screen Assay (YES) 

Analytes were simultaneously spiked into the waters at concentrations 

ranging from 5-100 µM, depending on their aqueous solubility (Table 3.2) and 

detection limit by GC-MS analysis, and stirred continuously for at least 12 hours to 

ensure complete dissolution. Analysis of the extracted compounds was carried out in 

a Shimadzu QP-2010 GC-MS equipped with a Restek RTX-5MS column (30 m, 0.25 

µm film thickness, with built-in guard column). Target compounds in samples and 

standards were derivatized with a sylilating reagent ((N,O-

bis(trimethylsilyl)trifluoroacetamide) (BSTFA) + 1% trichloromethylsilane (TCMS) 

(Alfa Aesar) to make the compounds more volatile and thermally stable, which are 

necessary for GC-MS analysis (Jeannot, 2002; EPA, 1993). The GC-MS methods were 

adapted from previous research (Hernando, 2004; Jeannot, 2002), and a similar 

capillary column (DB-5MS) was employed (EPA, 1993; Zhang, 2005). Pyridine was 

added to the derivatization reaction mix by 50% of the total vial volume to ensure 

complete derivatization of EE2 (Zhang, 2005). Hexachlorobenzene was used as the 

internal standard and was added to all standards and samples prior to derivatization 

(100 ng) from a 1 mg/L stock solution prepared in acetone:hexane. Further stepwise 

details on the derivatization and extraction procedure are provided in Appendix D. 

Calibration of the instrument was carried out with standards prepared in 
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acetone:hexane. The actual concentrations of the analytes in the samples was 

calculated based on the recovery of the recovery of the standard (deuterated 

estradiol, d4-E2), which ranged from 40-75% with a mean near 62%, and the 

concentration factor of the solid phase extraction. The recovery rates of the spiked 

analytes ranged from 70-110% over the course of the study. The YES bioassay was 

performed according to the method by Routledge and Sumpter, with some 

modifications (Routledge, 1996).  
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Table 3.2. Concentrations, classifications, and occurrence of spiked 

chemicals in bench-scale experiments 

Chemical name 
(abbreviation) 

target spike 
concentration 

(µM) 
Class Occurrence 

dihydrotestosterone 
(DHT) 

64 
metabolite of 
testosterone,   

Uncommon 

bisphenol-A (BPA) 97 Widely-used plasticizer 
Drinking water 
effluent, 25 ng/L 
(Benotti, 2009) 

Metolachlor (MET) 90 Herbicide 

Ground and surface 
waters, 0.08 to 4.5 
µg/L (Pothuluri, 

1997) 
N-

nitrosodimethylamine 
(NDMA) 

100 
Toxic, carcinogenic 

disinfection by-product 
Groundwater, 10 

ppb (Sharpless, 2003) 

n-octylphenol (OP) 7.6 
octylphenol ethoxylate 

breakdown product, 
EDC 

Wastewater effluent, 
40-70 ng/L (Korner, 

1999) 

n-nonylphenol (NP) 3.6 
nonyl ethoxylate 

breakdown product, 
EDC 

Wastewater effluent, 
40-70 ng/L (Korner, 

1999) 
N,N-diethyl-3-

methylbenzamide 
(DEET) 

63 insect repellant, irritant 
Drinking water 
effluent, 63 ng/L 
(Benotti, 2009) 

Triclosan (TCS) 8.0 antimicrobial agent 
Surface waters, 0.14 
µg/L (med.) (Kolpin, 

2002)  

Estrone (E1) 39 natural human estrogen 
Surface waters, 27 

ng/L (med.) (Kolpin, 
2002) 

Estradiol (E2) 6.6 natural human estrogen 
Surface waters, 0.16 
µg/L (med.) (Kolpin, 

2002) 

Ethynyl estradiol 
(EE2) 

19 
synthetic human 

estrogen 

Surface waters, 73 
ng/L (med.) (Kolpin, 

2002) 

Estriol (E3) 50 natural human estrogen 
Surface waters, 17 

ng/L (med.) (Kolpin, 
2002) 

Progesterone (PS) 12 natural steroid hormone 
Surface waters, 0.11 
µg/L (med.) (Kolpin, 

2002) 

Atrazine (ATZ) 80 herbicide 
Drinking water 
effluent, 49 ng/L 
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(Benotti, 2009) 

tri(2-chloroethyl) 
phosphate (TCEP) 

25 
recalcitrant plasticizer 
and flame retardant 

Surface waters, 0.1 
µg/L (med.) (Kolpin, 

2002) 

 

3.33.33.33.3 Results: Microbial inactivation 

3.3.1 Breakpoint chemistry 

Coliform bacteria are the primary indicator organism for human-impacted 

waters and were present in received water at approximately 104 to 105 colony 

forming units (cfu)/100 mL. The inactivation results are presented by target 

microorganism, and performance between the tested utilities is compared in terms of 

important water quality parameters where applicable. 

Chlorination is commonly the least expensive and most common method of 

disinfecting secondary treated and media filtered wastewater. Rapid coliform kill 

can be achieved at low doses, and the high Ct required by California’s Title 22 water 

quality standards (450 mg-min/L) is designed to produce indicator organism-free 

effluent. Free chlorine can be difficult to attain in disinfected effluent, although 

ammonia removal via nitrification can reduce the combined chlorine formation 

potential. When organic matter and ammonia combine with dosed chlorine, the total 

combined chlorine residual has minimal disinfection capability.  In order to produce 

residual free chlorine in wastewater, the combined chlorine must be broken down by 

additional chlorine dosage via breakpoint chemistry. In the case of DSRSD water, 

high levels of ammonia (nearly 25 ppm) meant that free chlorine was unattainable at 

industrially relevant chlorine doses because of the formation of mono- and 
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dichloramines. An example of breakpoint chlorination in utility water from NDWRF 

water is shown in Figure 3.1. All but two plants perform nitrification, so the 

ammonia concentrations are low (see Table 3.3 for water quality information).  The 

formation of chloramination is low at these concentrations, although THM formation 

is still a concern (Nurizzo, 2005). Since hypochlorous acid (HOCl) is a much more 

effective disinfectant than hypochlorite (OCl-) and the pKa is 7.4, the pH of the 

treated water is an important consideration.  The pH of the reclaimed waters in this 

case ranged from about 7 to 7.3, where the chlorine speciation slightly favors HOCl. 

 

Figure 3.1: Breakpoint chemistry in NDWRF utility water 
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Table 3.3: Water quality of tested utility waters 

Utility 
Turbidity 
(NTU) 

Ammonia 
(mg/L 

NH3-N) 

NO2+NO3 
(mg/L) 

Alkalinity 
(mg/L as 
CaCO3) 

TSS 
(mg/L) 

BOD5 
(mg/L 
O2) 

Phosphorus 
(mg/L P) 

pH 

91st Ave. 0.90 1.48 2.48 196 5.0 6.0 N/A 7.2 
City of 

Bradenton 
0.56 1.11 0.55 136 0.57 2.0 0.26 7.4 

City of 
Largo 

0.40 0.58 1.20 210 0.40 2.0 0.78 7.3 

North 
Durham 

WRF 
0.66 1.11 0.55 136 0.57 2.0 0.26 7.4 

DSRSD 1.35 25.40 1.18 95 1.20 12.0 80.00 7.3 
Manatee 

Co. 
2.10 25.20 0.28 206 1.25 2.3 1.33 7.4 

City of 
Tampa 

0.73 0.00 2.13 195 0.90 2.2 3.00 7.1 

Pinellas 
Co. South 

Cross 
Bayou 
(SCB) 

0.62 0.02 1.17 N/A 1.01 2.3 0.69 7.8 

LACSD 
San Jose 

Creek 
0.63 0.10 3.23 186 2.50 2.0 2.99 7.3 

 

3.3.2 Total coliform bacteria inactivation 

At 25 mg-min/L, free chlorine reduced total coliforms in LACSD water to 

below the enumeration limit of the membrane filtration method, but non-detect total 

coliform was only met after 120 mg-min/L. Water from DSRSD contained high levels 

of viable coliform bacteria following 150 mg-min/L free chlorine (approximately 100 

cfu/100 mL), due to the reduced water quality of the DSRSD water compared to 

other utilities. Total coliform in North Durham Water Reclamation Facility 

(NDWRF) water was reduced to about 25 cfu/100 mL at high chlorine doses (120 mg-

min/L). 
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Combined chlorine is a less effective disinfectant than free chlorine but is 

much more stable, reducing the rate of DBP formation. It is most often added before 

discharge to distribution systems to provide residual disinfection capacity. However, 

chloramination upstream of chlorination can increase the concentration of NDMA 

precursors by up to tenfold (Jalali, 2005). Although monochloramination was not 

able to reduce total coliforms below 20 cfu/100 mL in any of the tested waters, it 

caused over 3.5 log coliform kill in water from Pinellas Co. at 25 mg-min/L (3.8·105 

CFU/100 mL) (Figure 3.2). City of Bradenton water was more challenging (Figure 

3.3), with only 1.5 log reduction in total coliforms at the same dose. 

 

 

Figure 3.2: Total coliform inactivation in Pinellas Co. water (nondetect at 

4.2 log reduction) 
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Figure 3.3: Total coliform inactivation in City of Bradenton water by 

chlorine and chlorine alternatives  

Like combined chlorine species, PAA decomposes slowly in wastewater 

(Figure 3.4). Natural decay of PAA in wastewater follows first-order kinetics, and Ct 

values were determined by integrating the linear regression of these decomposition 

plots (Rossi, 2007). As Figure 3.5 shows, after a PAA dose of 5 ppm and a contact 

time of 30 minutes, 4 log reduction in coliforms can be met in some cases (Largo: 

6.93·104 CFU/100 mL, 0.40 NTU; DSRSD: 5.93·104 CFU/100 mL, 1.35 NTU; LACSD: 

4.07·104 CFU/100 mL, 0.63 NTU).  PAA performed well against indigenous coliform 

bacteria. Figure 3.3 shows that 3 log coliform kill was achieved by PAA at 25 mg-

min/L in water from the City of Bradenton. However, even at 120 mg-min/L, 

enumerable coliform were present at 20-30 cfu/100 mL. City of Largo water was of a 

similar quality, with a slightly lower turbidity and TSS, and 120 mg-min/L also only 

reduced total coliforms to about 40 cfu/100 mL.  Reclaimed water from Largo had a 

much lower turbidity than water from DSRSD, yet the inactivation results are 
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similar, which suggests that turbidity is not a dominant factor in the disinfection 

efficacy of PAA. 

  

Figure 3.4. Decomposition of PAA in media filtered wastewater. 

 

 

Figure 3.5. Disinfection of total coliform bacteria by PAA 
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Just as reclaimed water from the DSRSD utility had a higher turbidity than 

the City of Largo reclaimed water, LACSD water had a lower turbidity (1.35 NTU vs. 

0.63 NTU), but only slight reduction in coliform was achieved by 5 ppm PAA in the 

LACSD water.  The BOD of the DSRSD water was substantially higher than other 

waters we have received (12 mg/L), which would typically pose a higher demand on 

a chemical oxidant and suggest a lower overall water quality. As Figure 3.5 shows, 

total coliform inactivation in DSRSD water is slightly less than in Manatee Co. or 

LACSD water, despite the fact that LACSD water has a high TSS than the other 

waters (2.5 mg/L, as opposed to 0.4 and 1.2 mg/L for Largo and DSRSD water, 

respectively), which suggests that TSS does not substantially determine coliform 

disinfection rates across the range of TSS values seen here. 

In NDWRF water, preformed monochloramine was unable to reduce total 

coliforms below about 80 cfu/100 mL at 120 mg-min/L, while free chlorine 

approached the enumeration limit at 25 mg-min/L and achieved non-detect fecal 

coliform at 120 mg-min/L. 

3.3.3 Fecal coliform bacteria 

Total coliform bacteria in secondary settled wastewater is comprised of about 

10% fecal coliform. Due to their short lifespan following sampling, fecal coliform 

were only present in enumerable levels in the local water reclamation facility, North 

Durham WRF. Both free chlorine and monochloramine reduced fecal coliform levels 

below the enumeration limit at 25 mg-min/L, due in part to the relatively low fecal 

coliform concentration.  All three disinfectants were able to reduce fecal coliform 
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below 20 cfu/100 mL at 40 mg-min/L, and at 120 mg-min/L of all three disinfectants, 

fecal coliform counts were close to zero (Figure 3.6).  

 

Figure 3.6: Fecal coliform inactivation in NDWRF water (enumeration 

limit: 2.1 log reduction) 

 

Figure 3.7. Total coliform and aerobic spore inactivation by free chlorine in 

NDWRF water 
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3.3.4 Aerobic spore-forming bacteria 

Indigenous aerobic spores are resistant to free chlorine, with approximately 

1.5 log reduction after a Ct of 120 mg-min/L in NDWRF water (total coliform bacteria 

Co: 4.43·103 CFU/100 mL, aerobic spores Co: 6.10·103 CFU/100 mL) (Figure 3.7). The 

physiology of spore-forming bacteria and oocyst-forming protozoa such as Crypto 

and Giardia protects them from chemical oxidation, so only moderate inactivation by 

free chlorine, or any of the other tested chemical disinfection methods, can be 

anticipated. 

Monochloramine and PAA are also relatively ineffective agents for 

indigenous aerobic spore inactivation.  Increasing concentration and/or contact time 

of any of the three disinfectants only slightly improves reduction of aerobic spore 

counts, with all of the measurable inactivation taking place in the first five minutes 

of reaction and amounting to only a 30% reduction (Figure 3.9). For all the tested 

utility waters, including Manatee Co., City of Bradenton, DSRSD, and City of Largo, 

PAA had either no impact or reduced spores by about 30% at all tested doses (25 – 

150 mg-min/L) 
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Figure 3.8: Spore inactivation by peracetic acid, free chlorine, and 

monochloramine in City of Largo water, Ct = 120 mg-min/L 

 

Figure 3.9: Aerobic spore inactivation by PAA 

3.3.5 Virus inactivation 

Chlorine is an effective virucide, with 4-log inactivation expected at doses of 

6 to 7 mg-min/L (Table 2.2). Total inactivation of MS2 was observed at the lowest 
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tested free chlorine Ct in water from the City of Largo (Figure 3.10). While free 

chorine completely inactivated MS2 at 120 mg-min/L, monochloramine had 

essentially no effect on MS2.  

Chloramination was almost totally ineffective against spiked MS2 

bacteriophage was added, with only a 30-40% reduction in MS2 after a Ct of 120 mg-

min/L in all the test waters. As was the case with the other target microorganisms, 

monochloramine was a less effective disinfectant than free chlorine with respect to 

spiked human viruses. 

PAA made little to no impact on spiked MS2 bacteriophage in any of the 

tested waters, which included water from the City of Largo, Manatee Co., and City 

of Bradenton WRF. Figure 3.10 shows that across a range of CT doses, MS2 reduction 

by PAA was only about 90%.  Since chlorination and ozonation, both chemical 

disinfectants, inactivate most viruses at low doses, including MS2, the fact that PAA 

is comparatively ineffective is an important distinction between the three.  
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Figure 3.10: MS2 inactivation by chlorine, monochloramine, and PAA in 

City of Largo water  

CoxB5 inactivation by free chlorine and preformed monochloramine was 

evaluated using utility water from LACSD. Using a contact time of 15 minutes, the 

concentrations of each disinfectant were varied to meet Ct goals. At 25 mg-min/L, 

NH2Cl brought about 1.5 log reduction and HOCl/OCl- brought about 3 log 

reduction of CoxB5. Chlorine doses past 25 mg-min/L were able to bring about total 

inactivation, and higher monochloramine doses brought about higher coxsakievirus 

inactivation (Figure 3.11). 

PAA, free chlorine, and monochoramine inactivation of Ad4 in water from 

the City of Largo, FL WWTP was studied, but the results were not conclusive. These 

tests suggest that free chorine met >2 log reduction of Ad4 at all tested dosing 

schemes (25, 40, and 120 mg-min/L), while neither monochloramine nor PAA could 

achieve this level of Ad4 reduction at similar doses.  Further bench-scale tests will be 
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needed in order to more conclusively determine how PAA compares to chlorination 

and monochlormination with respect to human infectious viruses. 

 

Figure 3.11: Coxsakievirus B5 inactivation via chlorination in LACSD SJC 

reclaimed water (Co: 2.40·104 MPN/mL). 

3.43.43.43.4 Results: Micropollutant oxidation  

3.4.1 Chlorine, chloramination, and PAA 

Treatment of spiked contaminants with free chlorine was conducted in 

LACSD and NDWRF utility waters with Ct values of 25, 40 and 120 mg-min/L. 

Relative removal of the chemicals in the LACSD and NDWRF waters studied are 

illustrated in Figure 3.12 and Figure 3.13, respectively. The most effectively 

eliminated contaminant was triclosan, which is readily oxidized by chlorination in 

both tested waters.  

Substantial differences in the degree of contaminant oxidation were observed 

between the two tested utility waters. In the LACSD water (Figure 3.12), modest 
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removal of 30% of EE2 was observed, along with removal near 20% of steroid 

hormones and BPA. However, in the NDWRF water (Figure 3.13), TCS, OP and BPA 

were eliminated by over 99%. Furthermore, all estrogens except PS were oxidized by 

over 90% at CT value of 120 mg-min/L. However, other compounds such as NP and 

PS were not oxidized, in spite of their structural similarity with OP and other 

hormones, respectively. Wastewater from LACSD has a higher TSS than NDWRF 

water (2.50 ppm vs. 0.57 ppm), which may explain the hindered chemical oxidation 

in the former water compared to the latter.  

Previous literature confirms that chlorine is strongly reactive with many 

organic micropollutants, including natural and synthetic estrogens and triclosan. 

TCS, OP, BPA, DHEA, E1, E2, EE2, and E3 were all removed by >99% during 

simulated disinfection of drinking water by 3.8 ppm ClO2 and a 24 hr contact time 

(Westerhoff, 2005). Generally speaking, steroid hormones (such as estrone) and 

antibiotics (such as trimethoprim and triclosan) are well-removed by chlorine 

(Benotti, 2009). However, while chlorination readily oxidizes EDCs, the by-products 

may be more estrogenically active than their parent compounds (Hu, 2002). 
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Figure 3.12: Fraction of contaminants simultaneously spiked into LACSD 

wastewater oxidized by free chlorine (single replicate) 
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Figure 3.13: Fraction of contaminants simultaneously spiked into in 

NDWRF wastewater oxidized by free chlorine (single replicate) 
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Figure 3.14: Fraction removal of simultaneously spiked contaminants in 

LACSD water by monochloramine, Ct = 114 mg-min/L (single replicate).  

Oxidation of spiked contaminants in water from LACSD by monochloramine 

was tested at a Ct value of approximately 120 mg-min/L (Figure 3.13). 

Chloramination did not appreciably remove any of the compounds studied and is 

therefore not a good oxidant for the contaminants studied here. Small changes of 5-

10% in measured concentrations cannot be considered significant due to the 

variability of the manual extraction and derivatization procedures.  

Similar to the free and combined chlorine contaminant oxidation tests, 

removal of spiked contaminants by PAA in water from Manatee Co., FL was tested 

at a PAA concentration of 5 mg/L. The contact time varied from 5 to 30 minutes, with 

CT values of 25, 50, and 150 mg-min/L. Results for selected contaminants and 

estrogenic activity for PAA are presented in Figure 3.15, and the relative 

concentration changes of all contaminants are reported in Table 3.4. 
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Figure 3.15: Oxidation of selected contaminants and change in estrogenic 

activity in Manatee Co. water treated with 5 mg/L of PAA at varying 

contact times 

Table 3.4: Oxidation of contaminants and change in estrogenic activity in 

Manatee Co. water treated with 5 mg/L of PAA at varying contact times 

 Contact time (min) 

 0 5 10 30 

DEET 1.00 0.88 0.78 0.59 
ATZ 1.00 0.86 0.73 0.56 
TCEP 1.00 0.99 0.98 0.87 

OP 1.00 1.00 0.87 0.77 
NP 1.00 1.00 0.95 0.82 

MET 1.00 0.99 0.86 0.71 
TCS 1.00 0.91 0.88 0.70 
BPA 1.00 0.96 0.92 0.83 
CBZ 1.00 0.40 0.40 0.36 

DHEA 1.00 0.86 0.80 0.61 
E2 1.00 0.98 0.91 0.86 
E1 1.00 0.92 0.92 0.79 

DHT 1.00 0.84 0.84 0.68 
TT 1.00 1.00 1.00 0.84 

EE2 1.00 0.89 0.78 0.80 
E3 1.00 0.84 0.78 0.73 
PS 1.00 1.00 0.85 0.77 

EEQ 1.00 0.90 0.70 0.66 
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Peracetic acid oxidation of spiked contaminants has not been widely 

explored in the literature: oxidation of polycylic aromatic hydrocarbons (PAHs) by 

PAA has shown that only at very high doses (50% PAA v/v) and long contact times 

(50% reduction after 5.78 hr) is appreciable PAH oxidation expected (N'Guessan, 

2004). While PAA may be an effective disinfectant with respect to coliform bacteria, 

its reactivity with the contaminants evaluated here is moderate. Whereas free 

chlorine reduced TCS, OP, BPA, DHEA, and the four natural and synthetic estrogens 

by >90% at low doses in NDWRF water (25 mg-min/L), PAA only caused 20-30% 

reduction. Although these results are limited to a single utility water, they indicate 

that PAA is an ineffective method of removing trace contaminants from wastewater.  

3.4.2 Ultrafiltration 

Two experiments were conducted: 1) contaminants were spiked into received 

water, stirred overnight, and passed through the UF system 2) the received water 

was manually filtered through a 0.22 µm filter prior to spiking and subsequent 

treatment with the UF system.  These steps were taken to evaluate the effectiveness 

of ultrafiltration at removal of particle/colloidal-bound contaminants.  

The results of the ultrafiltration (UF) experiments are illustrated in Figure 

3.16. All of the tested microorganisms, including indigenous coliform bacteria and 

spiked MS2 bacteriophage, were completely removed by UF. Overall, over 30% or 

greater of all compounds except for TCEP are removed following ultrafiltration. 

TCEP is highly soluble and therefore is not expected to associate with particulates 

compared to the remaining compounds which are more hydrophobic. When 
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particles are filtered out of the water prior to treatment by UF, the effectiveness in 

removal of contaminants is diminished; however still over 40% or greater of atrazine, 

nonylphenol, carbamazepine and DEET are removed. The high removal rates in 

filtered water can be caused by the contaminants sorbing to the cross flow filter 

membranes or being sorbed to small particles that were not screened out in the 0.22 

µm prefiltration of the water. In particular, UF appears promising at treating a 

variety of hydrophobic compounds, as most hormones and drugs are eliminated by 

over 90% by ultrafiltration in non-prefiltered (raw finished) water, confirming earlier 

observations from pilot scale experiments that suggested that microfiltration can be 

effective at removal of various contaminants.   
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Figure 3.16: Fraction removal of simultaneously spiked contaminants in 

North Durham WRF water following ultrafiltration (single replicate) 



 

 79

3.53.53.53.5 Discussion 

In all the tested waters, free chlorine and preformed monochloramine 

effectively inactivated total coliform bacteria. However, although a Ct of 120 mg-

min/mL caused a 4-log reduction in total coliform, the California Title 22 reclaimed 

water treatment goal of 2.2 MPN/100 mL was only met in utility waters from LACSD 

and Pinellas Co. In the other tested waters, viable coliform remained after 120 mg-

min/L free chlorine (30 CFU/100 mL in City of Bradenton water, 100 CFU/100 mL in 

NDWRF water, 55 CFU/100 mL in City of Largo water). Therefore, in some 

instances, higher Ct values will be needed to achieve sufficient coliform disinfection. 

Chloramination did not meat the goal of 2.2 MPN/100 mL at any of the tested doses: 

at 120 mg-min/L, 80 CFU/100 mL remained in NDWRF water, 50 CFU/100 mL 

remained in Pinellas Co. water, 75 CFU/100 mL remained in City of Largo water, 

and 55 CFU/100 mL remained in City of Bradenton water. With respect to coliform 

bacteria, PAA performed similarly to free chlorine species, but the treatment goal of 

2.2 MPN/100 mL was not met, even at the highest tested doses. Viable coliform 

bacteria remained following PAA treatment, with 30 CFU/100 mL in City of Largo 

water, 45 CFU/100 mL in DSRSD water, 45 CFU/100 mL in City of Bradenton water, 

and 150 CFU/100 mL in Manatee Co. water.  

While free chorine was an effective virucide, completely inactivating MS2 at 

120 mg-min/L, it was the only disinfectant that would be capable of meeting the 

California Title 22 reclaimed water treatment goal of 5-log virus removal. Neither 
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monochloramine nor PAA, neither of which notably reduced spiked MS2 

concentrations, would meet the treatment goal at any of the tested doses.  

Neither chlorination technology was effective against indigenous aerobic 

spores: high doses of monochloramine caused about a 20% decrease in spores, and 

free chlorine caused about a 30% reduction. PAA had little effect on MS2 or spores, 

causing about a 50% reduction in the former and about 70% reduction in the latter at 

the highest tested doses. Additional testing at the Ct value required by California 

(450 mg-min/L) is necessary to evaluate whether PAA would be capable of matching 

the performance of free chlorine at this high dose. 

A comparison of the results presented here and several previous studies is 

shown in Table 3.5. These results show the range of test conditions, sampling 

locations, and coliform kill met at varying test conditions.  In these studies, PAA 

alone did not meet the strict California Title 22 requirements for coliform 

disinfection (2.2 MPN/100 mL), but it frequently met the WHO guidelines for 

unrestricted irrigation (1000 cfu/100 mL fecal coliform.  The Italian regulations for 

irrigation are much more challenging (<10 E. coli/100 mL in 80% of collected 

samples).  Some of the higher treatment levels previously addressed in the literature 

(e.g. Veschetti et al., 2003) were able to produce reclaimed water that met the Italian 

guidelines for reclaimed water, however in most cases, only UV disinfection 

achieved this treatment goal (Liberti, 1999). 
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Table 3.5: Previously published and current PAA disinfection results 

Coliform 
Type 

log 
kill 

PAA (mg/L) contact time (min) Water Reference 

Total 4 15 30-60 SSE (Lefevre, 1992) 

Fecal 3 10 30 
SSE, 

clarified-
filtered 

(Liberti, 1999) 

Total 
and fecal 

3-4 0.5-4 8-38 SSE 
(Veschetti et al., 

2003) 
Total 2 4-8 30-60 SSE (Dell'Erba, 2004) 

Total 
and fecal 

3-4 1.27-8 15 
SSE, 

clarified-
filtered 

Present work 

 

There was no consistent correlation between TSS, which was expected to be 

an important water quality characteristic, and coliform disinfection rates for PAA. 

Although particle-associated coliforms are often responsible for hindered chemical 

disinfection rates, TSS did not appear to play an important role in PAA-mediated 

disinfection, at least in the range of the waters tested for this study. Previous studies 

have shown that much higher concentrations of suspended solids (>70 ppm) do 

impact PAA performance (Zanetti, 2007). As Figure 3.5 shows, at 25 mg-min/L, total 

coliform kill in DSRSD water was about 1.5-log lower than in water from LACSD 

and Manatee County. The high BOD in the case of water from DSRSD and 

comparatively slow total coliform disinfection rates suggest that high BOD can 

reduce the efficacy of PAA, which confirms previous studies that report a decrease 

in disinfection efficiency as BOD increases (Stampi, 2002; Gehr, 2002). 
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3.63.63.63.6 Conclusions 

The objective of this portion of the study was to assess whether PAA is an 

appropriate substitute for chlorination or chloramination. The bench-scale tests 

performed to this end resulted in the following conclusions, practical suggestions for 

engineering applications, and suggestions for further research: 

1. Indigenous microorganisms: PAA is an effective bacterial disinfectant but is 

ineffective against aerobic spores, performing similarly to free chlorine in 

these respects. Both total and fecal coliform disinfection is rapid in clarified, 

filtered secondary settled effluent at PAA concentrations and contact times 

lower than has been most frequently reported in the literature (Table 3.5). 

The similarity in coliform disinfection at lower concentrations and contact 

times and the higher Ct values reported in literature suggests that there may 

be an upper limit to the effectiveness of PAA. If total and/or fecal coliform 

inactivation and DBP formation are the primary concerns, such as in Italian 

wastewater disinfection, the high cost of replacing chlorination with PAA 

may be justified. 

2. Bacteriophages and human viruses: Unlike free chlorine, PAA is an 

ineffective virucide, reducing spiked MS2 bacteriophage by only 90% across a 

range of doses. Limited testing of Ad4 inactivation by PAA suggests that 

PAA is similarly inferior to free chlorine for human respiratory virus 

disinfection as well. Further research will be necessary to determine the 

applicability of PAA with respect to human infectious viruses. 
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3. Chemical micropollutants: Whereas chlorine oxidizes antibiotics and steroid 

hormones, PAA does not react strongly with any of the spiked organic 

compounds. Of the 17 tested micropollutants, only carbamazepine was 

reduced by >40%. The rest were reduced by 20-30% at the highest tested dose 

(120 mg-min/L). If destruction of steroid hormones and antimicrobial species 

is an important treatment goal, then PAA would not be a suitable substitute 

for chlorine. 

4. Water quality effects: Similarities in coliform inactivation rates across utility 

waters with a range of turbidity and TSS values suggest that particulates, 

within the range of the waters tested in this study, are not a dominant factor 

in the disinfection efficacy of PAA. In the case of water from DSRSD, 

comparatively high BOD (12 mg/L, vs. ~2 mg/L for the other tested waters) 

hindered coliform disinfection by PAA. PAA may not be a good option for 

wastewater utilities whose pretreatment steps do not reduce BOD below this 

level. 

5. Comparison to ultrafiltration: Ultrafiltration removed all indigenous 

coliform bacteria, aerobic spores, and spiked MS2 bacteriophage. The degree 

of adsorption of a suite of chemical contaminants, determined by whether the 

utility water was filtered through a 0.22 µm filter prior to the chemical 

addition, indicated that sorption of hydrophobic micropollutants to 

particulate matter improves their removal by UF. As expected, advanced 

membrane technologies such as UF provide a complete microbial barrier and 
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substantial barrier to chemical contaminants but produce a waste stream of 

retentate that must be further treated. 

Based on these results, free chlorine is an effective bactericide and viricide, 

but ineffective for aerobic spores, indicating that chlorination is not a useful for 

protozoa kill (as is reported in the literature). Chloramines proved only effective as a 

bactericide, and much less so than free chlorine. Free chlorine at the regulated dose 

value meets the disinfection objectives in California, while chloramines do not. PAA 

provided a substantial barrier to bacteria, but little reduction of virus or protozoa is 

expected. PAA, as tested here, does not meet the disinfection objectives in California.  

Further studies on PAA inactivation of human viruses, especially at the high Ct 

doses required by Title 22 certification in California, will be required to fully assess 

its effectiveness as a virucide.  

4. Advanced oxidation of wastewater: micropollutant 
destruction and enhanced disinfection by UV and 
ozone-based technologies 

4.14.14.14.1 Introduction 

While traditional wastewater treatment methods meet disinfection goals, 

many endocrine-disrupting compounds and other pharmaceutical and personal care 

products (EDCs and PPCPs), disinfection by-products (DBPs), and industrial 

chemicals persist through a typical water treatment plant. The EPA’s Contaminant 

Candidate List 3 (CCL 3, February 2008), includes nearly 100 such chemicals. The 

Associated Press’s March 2008 report on trace pharmaceuticals in drinking water, 
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the April 2008 hearings before the Senate (Environment and Public Works 

Subcommittee on Transportation, Safety, Infrastructure Security, and Water 

Quality), and California Senator Barbara Boxer’s vocal insistence that water utilities 

monitor for and remove EDCs all highlight the growing public and political concern 

over these chemicals. Clearly, water utilities need tools to continue providing safe, 

sustainable water that not only protects public health but also meets public approval.  

Conventional wastewater treatment removes a substantial portion of EDCs 

from influent streams, but even trace levels can cause physiological changes in 

impacted populations in the environment (Rosenfeldt, 2004). One proven method of 

destroying chemical contaminants is through advanced oxidation processes (AOPs), 

including UV/H2O2, O3/H2O2, and O3/UV. These AOPs generate highly reactive, 

unselective oxidants, such as hydroxyl and superoxide radicals, thereby 

simultaneously destroying chemicals (Gültekin et al., 2007; Ning et al., 2007; Linden 

et al., 2007), reducing estrogenicity (Linden, 2007), and providing substantial 

disinfection (Wolfe, 1989a; Wolfe, 1989b; Ferguson, 1990). Since many of these 

recalcitrant organic compounds are not photoliable and/or react slowly with 

molecular ozone, advanced oxidation is an attractive option for utilities that want to 

remove a broad range of chemical contaminants. The decomposition of ozone is 

rapid in wastewater due to its high organic content, and when H2O2 is added, the 

formation of hydroxyl radicals during O3 decomposition is promoted (Glaze, 1987a). 

The objectives of this chapter are 1) to compare the performance of the base 

technologies (UV and O3) to the tested AOPs (UV/H2O2, UV/PAA, and O3/H2O2) to 
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determine whether enhanced disinfection of indigenous and spiked microorganisms 

is achievable, 2) to demonstrate that AOPs simultaneously destroy microconstituents 

and inactivate indicator organisms, providing a multiple-use barrier to chemical and 

microbial human health threats, and to investigate the degree of microconstituent 

destruction that can be met at disinfection doses (which are typically lower than 

doses used in advanced oxidation systems), and 3) to correlate disinfection 

performance and important water quality parameters.  

Although previous research on AOPs have focused on their ability to 

degrade photostable or recalcitrant organic pollutants, pilot-scale work also funded 

by this WRF study and previous bench-scale work suggest that the addition of 

peroxide to ozone systems does not improve disinfection efficiency for spiked 

viruses, indigenous coliform, or aerobic spores (Ishida et al., 2008; Sommer, 2004). 

However, other pilot-scale work found that the combination of UV and PAA was 

more effective than UV alone for bacterial inactivation (Koivunen et al., 2005). Since 

advanced oxidation processes are simply different methods of generating hydroxyl 

radicals, and the promotion of hydroxyl radical formation did not affect disinfection 

rates in that case, a synergistic affect by the combination of UV and peroxide or PAA 

is not anticipated, but the lack of agreement in the literature justifies continued 

investigation, especially with respect to UV/PAA inactivation of total coliforms.  

The application of AOPs at disinfection doses (100 mJ/cm2 for UV disinfection 

of media filtered wastewater, as opposed to about 500 mJ/cm2 in the case of most 

AOP drinking water systems) is expected to provide a significant boost to 
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contaminant destruction over the base technologies, although not as much oxidation 

can be expected as at higher doses. Finally, since pretreatment has a major impact on 

how these disinfection technologies perform, particulate concentration (which 

interferes with indigenous bacteria disinfection in a variety of ways), alkalinity 

(which rapidly scavenges hydroxyl radicals), and pH (which determines the 

speciation of carbonate species, thereby affecting the hydroxyl radical scavenging 

rate) are expected to be consequential water quality parameters. 

With the exception of Clostridium perfringens, a fecal bacterial indicator in 

drinking water, the O3 disinfection kinetics for fecal coliform are slower than other 

pathogens including enterococci, salmonella, enterovirus, seeded poliovirus, 

indigenous somatic coliphage, and F-specific coliphage (Lanao et al., 2008). Similar 

log reduction rates for ozonation of total and fecal coliform have been reported (von 

Gunten, 2003; Janex, 2000). Indigenous total and fecal coliform bacteria and aerobic 

spores were microbial targets for the UV and O3-based disinfection methods for the 

same reasons as in the preceding chapter: coliform bacteria are the indicator 

microorganism that are the primary disinfection targets for water and wastewater 

disinfection, and aerobic spores present a challenge to chemical disinfectants that 

resembles the wide range of microbial targets in disinfection systems. For instance, 

in the case of ozonation, B. subtilis spores are acceptable surrogates for 

Cryptosporidium and a conservative surrogate for Giardia. Models can be utilized to 

estimate Giardia muris and Cryptosporidium reduction or removal based upon B. 

subtilis inactivation (Facile, 2000; Kaymak, 2005). 
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Enteric and respiratory viruses present a continued challenge to water 

utilities. Their presence even in low levels in drinking water pose a threat to human 

health (WHO, 1979). Adenovirus is responsible for 5-20% of acute gastroenteritis in 

infants and children, and several recreational outbreaks due to adenovirus types 3 

and 4 have been reported (Martone, 1980; D'Angelo, 1979). MS2 bacteriophage 

(ssRNA, φ=30 nm) is a commonly used virus for bioassay testing, but it is not a 

conservative surrogate for poliovirus in UV systems, therefore less reduction of 

poliovirus would be expected when using MS2 to determine poliovirus kill, as 

would be expected in attaining Title 22 certification in California (Cooper, 2000). 

Coxsackievirus B5 (CoxB5) is a single-stranded RNA (ssRNA, φ=30 nm) that is 

slightly more resistant to chlorine and UV than other enteric viruses.  (Gerba, 2002). 

Respiratory adenovirus (Ad4, double-stranded DNA (dsDNA), φ=60-100 nm) is a 

challenge microbe for UV treatment, as it is much more resistant to UV inactivation 

than other viruses. Reovirus type 3 (Reo3, double-stranded RNA (dsRNA), φ=70-80 

nm) is an infectious enterovirus with a double capsid. The three human infectious 

viruses being tested span a range of sizes, physiology, and genomic makeup. 

UV and ozone dosing schemes were designed to be relevant to wastewater 

disinfection applications. Previous studies suggest that contact time may be less 

important than O3 concentration with respect to indigenous coliforms once an initial 

amount of ozone is transferred to the wastewater (Tyrrell, 1995; Janex, 2000). Typical 

Ct ozone doses for wastewater disinfection are usually 1 to 5 mg-min/L ozone 

(resulting in 2 to 3 log inactivation of fecal coliform and slightly higher levels of 
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inactivation of MS-2) (Gehr, 2003). Contact time can vary, from seconds to tens of 

minutes (Sommer, 2004; Ishida et al., 2008; Ternes et al., 2003). For these reasons, a 

single contact time (30 sec) was chosen for this work, and ozone dosing was 

designed to include O3 concentrations insufficient to form an ozone residual (to 

measure disinfection potential below the initial ozone demand), concentrations 

slightly past the initial ozone demand (to generate results that can be compared to 

existing ozone disinfection systems), and high O3 concentrations (to determine 

whether the addition of peroxide to ozone systems can improve the disinfection 

rates of challenge microbes such as aerobic spores). 

The advanced oxidation process dosing schemes were modeled after existing 

and pilot-scale O3/H2O2 and UV/H2O2 systems. The Orange County Water Districts’ 

Groundwater Recharge utility follows reverse osmosis with UV/H2O2 system that 

uses a peroxide dose of 3 mg/L and a UV fluence of about 500 mJ/cm2. Typical doses 

for drinking water disinfection are about 40 mJ/cm2 (which meets bacterial and 

protozoan disinfection goals), and the UV fluence required under California Title 22 

certification for media filtered wastewater is 100 mJ/cm2. These three values 

determined the range of UV fluences tested during the course of the bench-scale tests 

reported here. Pilot scale testing of O3/H2O2 also funded under WRF 02-009 and 

published by Ishida et. al. found that H2O2 addition (ranging from 2.5 to 5 mg/L) had 

no impact on MS2, poliovirus, or total coliform inactivation for media- or 

microfiltered effluent. Furthermore, significant virus inactivation was achieved prior 

to the formation of an ozone residual (4.5 log MS2 reduction in media filtered 
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wastewater and 5.5 log MS2 reduction in microfiltered wastewater) (Ishida et al., 

2008). The H2O2 and PAA concentrations added for both the UV and O3-based AOPs 

were 5 mg/L, based on these and similar studies. 

Ozone doses greater than or equal to 2 mg/L have a removal efficiency of 

over 90% for antibiotics, estrogens, and pharmaceutically-active compounds (PhAC) 

including diclofenac, naproxen, roxithromycin, sulfamethoxazole, EE2, and 

indomethacin in wastewater effluent (Huber, 2004). Westerhoff et al. observed that 

the addition of H2O2 enhanced target compound oxidation by 5-15% over ozone 

alone (Westerhoff, 2005), but recalcitrant micropollutants such as iodinated X-ray 

contrast media are only moderately removed by ozonation, with or without 

peroxide, at high doses (14% removal at 15 mg/L O3, 18 minute contact time) (Ternes 

et al., 2003). Ozone oxidizes >80% of most EDCs and PPCPs in drinking water, 

except for those compounds without aromatic groups or those with electron-

withdrawing aromatic substitutions such as chlorine (Westerhoff, 2005; Benotti, 

2009). Based on these studies, ozonation with or without peroxide addition is 

expected to effectively reduce EDCs, PPCPs, and overall estrogenic activity, but is 

expected to be less effective in the case of some herbicides (such as atrazine), NDMA 

(which reacts slowly with molecular ozone), and TCEP (a recalcitrant flame 

retardant). In these cases, adding peroxide is expected to improve degradation. 

NDMA degradation by O3 and O3/H2O2 has been studied in studies involving 

simulated surface water, but its removal by these processes in wastewater treatment 

applications has not yet been explored. 
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The efficacy of UV and O3 disinfection depends in large part on the water 

quality and pretreatment steps, especially particulate removal in the case of UV 

(Asano et al., 2007). While increasing temperature will increase disinfection 

efficiency of ozone in drinking water for protozoan cysts, and similar findings have 

been shown for poliovirus, all the bench-scale experiments for this study were 

performed at 25 oC (Camel, 1998). Additionally, a high pH (>10) will increase the 

decomposition rate of ozone and promote hydroxyl radical formation, but the utility 

waters included in this study only varied slightly between pH 7 and 8. Although 

turbidity does not impact Giardia disinfection efficiency (Scott, 1989), others 

concluded that particulate matter in wastewater likely contributes to a disinfection 

“shoulder” at low ozone doses (Warriner, 1985; Janex, 2000).  In media filtered 

wastewater, microfiltration prior to ozonation improves virus inactivation, but only 

slightly (Ishida et al., 2008). Overall, suspended solids appear to be less 

consequential than organic content (BOD, DOC) for both disinfecation and oxidation 

of pharmaceuticals (Huber, 2005; Sung, 1974). Therefore, TSS and turbidity are not 

expected to play a large role in O3 performance, while BOD may be an important 

water quality parameter. However, particulate content is expected to play a 

significant role in determining UV performance. Finally, since carbonate species 

scavenge hydroxyl radicals, alkalinity is expected to impact the oxidation rate of 

spiked micropollutants in AOP systems. 

These results will contribute to a growing body of knowledge that will be 

used to ultimately help draft standardized requirements for the design of advanced 
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oxidation systems to allow utilities to acquire disinfection credit, eliminating the 

need for redundant wastewater disinfection systems and alleviating both the capital 

and carbon costs of such systems. This chapter presents the results from bench scale 

testing of the various technologies for inactivation of target microbes and 

degradation of spiked microconstituents in water from various reuse utility partners. 

4.24.24.24.2 Methods 

4.2.1 UV, UV/H2O2, and UV/PAA AOPs 

UV radiation was delivered to continuously stirred 100 mL samples in open 

Petri dishes using both low pressure (LP) and medium pressure (MP) quasi-

collimated beam (QCB) UV systems (Figure 4.1): a 1 kW mercury vapor MP UV 

lamp (Hanovia Co., Union NJ) in a QCB housing (Calgon Carbon Corporation 

(CCC), Pittsburgh, PA) and a LP QCB system consisting of four LP mercury lamps 

(#G15T8 USHIO ozone free, 15W). Fluence calculations are described in Appendix A. 

A UV radiometer (International Light Inc., Model 1700/SED 240/W), calibrated at 2 

nm intervals in the range of 200 to 300 nm, was used to measure incident UV 

irradiance. For the LP UV system, the irradiance was calculated as the radiation 

emitted at 253.7 nm, and for the MP UV system, the irradiance was calculated as the 

total UV output between 200 and 300 nm. pH was measured using an electronic pH 

meter (Cole Parmer pH 100 series), calibrated daily using pH 4, 7, and 10 bu�ers. UV 

absorbance (200-300 nm) of the spiked test water was measured in a 1 cm quartz 

cuvette using a Cary Bio 100 spectrophotometer (Varian Inc., Palo Alto, TX). 

Hydrogen peroxide concentration was determined by the Ghormley method, 
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detailed in Appendix A (Klassen, 1994). Catalase was added directly following 

sample collection to quench the excess H2O2 prior to analysis (Liu, 2003).  

 

 

Figure 4.1: Quasi-collimated beam apparatus 

4.2.2 O3 and O3/H2O2 AOPs 

All tests were performed using 20 oC secondary treated, post-filtration, pre-

disinfection secondary wastewater effluent, spiked with saturated ozone solution 

(O3/O2 gas mixture bubbled into 4 oC lab-grade water via coarse diffuser) generated 

by an ITT/Wedeco EFFIZION (GSO Series) ozone generator. Ozone residual was 

measured by the indigo colorimetric method (Standard Method 4500-O3 B), which 

observes the decolorization of an indigo reagent by ozone as determined by the 
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absorbance at 600 nm. After a contact time of 30 seconds, the residual ozone was 

quenched by excess sodium thiosulfate (which quenches ozone on a 1:1 (w/w) basis). 

Since wastewater contains high levels of organics (for instance, LACSD and 

91st Ave. waters had TOC values of 3.05 and 5.18, respectively), the constituents exert 

an oxidant demand, which was determined by measuring the residual ozone 

concentration remaining after 30 seconds at ozone doses that exceeded the initial 

ozone demand.  This IOD varied depending on the tested water.   

4.34.34.34.3 Results: UV Based Technologies 

4.3.1 Chemical Photolysis and Oxidation 

Following treatment with LPUV, MPUV, LPUV + 5 ppm H2O2, or LPUV + 5 

ppm PAA over a UV dose range relevant to both disinfection and advanced 

oxidation applications, samples were processed and analyzed using GC-MS and 

YES, following methods described above and in Appendix D. Complete water 

quality data for the received waters is shown in Table 3.3; select water quality 

information is shown in Table 4.1. This information was provided directly by the 

partner utilities.  
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Table 4.1. Water Quality Data from Several Reuse Facilities 

 TampaManateeBradentonLargo

NO2 + NO3 (mg/L) 2.13 0.275 0.55 1.20 

NH4 (mg/L) 0 25.4 1.11 0.58 

BOD5 (mg/L) 2.2 2.3 2.0 2 

Turbidity (NTU) 0.73 2.1 0.56 0.40 

Alkalinity (mg/L) 195 206 136 210 

TSS (mg/L) 0.9 1.25 0.57 0.40 

 

For the UV/H2O2 AOP tests, several quality control tests were performed, 

including “dark” experiments to confirm the lack of reactivity between the target 

compounds/microorganisms and H2O2, the H2O2 demand of the reuse waters (none 

was observed), and the residual H2O2 following the highest LPUV fluence (only 

about 3% was consumed during treatment).  

Table 4.2 reports all the UV- and O3-based chemical degradation and EEQ 

reduction experiments performed over the course of this study. 
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Table 4.2: Utility waters and bench-scale chemical destruction tests 

Utility LP UV MP UV UV/H2O2 UV/PAA O3 O3/H2O2 

Manatee County   X X X X 

City of Bradenton X  X X   

City of Tampa   X    

LACSD     X X 

Pinellas County     X X 

91st Ave. X X X    

 

As illustrated in Figure 4.2, 75% reduction in EE2 is achieved at 500 mJ/cm2, 

with similar results for other steroid hormones (E3, E2, PS). EEQ reduction was 

similar to oxidation of the estrogens determined individually by GC-MS. Results for 

all analytes evaluated in this run are presented in Table 4.3. The 91st Ave. facility had 

a higher BOD5 and nitrates compared to the other utilities. A comparison of the EEQ 

reduction by all the combinations of UV radiation source and H2O2 addition is 

shown in Figure 4.3. MP UV is polychromatic from 200-350 nm, whereas LP UV is 

monochromatic at 254 nm. The broad emission spectrum is absorbed by many of the 

chromophores in the target analytes that do not fall into the 254 nm band. This 

higher incidence of absorbance by MP means greater rates of direct photolysis are 

observed for MP lamps as compared to LP lamps. 
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Figure 4.2: Removal of spiked ATZ, TCS, EE2 and MET and EEQ reduction 

in 91st Ave. facility water by LP UV + 5 mg/L H2O2 
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Figure 4.3: EEQ reduction by four UV technologies in 91st Ave. water 
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Table 4.3: Relative changes in the concentrations of spiked contaminants 

and EEQ in 91st Ave. water, LPUV and 5 mg/L H2O2 

Compound 

UV fluence 

(mJ/cm2) 

0 20 71 127 500 

NDMA 1 1.00 0.91 0.76 0.09 

DEET 1 1.00 0.22 0.14 0.10 

ATZ 1 1.00 1.00 0.68 0.78 

TCEP 1 1.00 1.00 1.00 1.00 

OP 1 1.00 0.60 0.50 0.63 

NP 1 0.52 0.24 0.29 0.11 

MET 1 0.85 0.83 0.38 0.19 

TCS 1 0.63 0.72 0.47 0.23 

BPA 1 0.65 0.72 0.50 0.40 

E2 1 1.00 0.22 0.32 0.22 

E1 1 0.14 0.12 0.15 0.07 

TT 1 1.00 1.00 0.12 0.40 

EE2 1 0.59 0.59 0.69 0.23 

E3 1 0.14 0.13 0.19 0.10 

PS 1 0.17 0.14 0.23 0.18 

EEQ 1 1.00 0.81 0.31 0.28 

 

The results for the Manatee Co. bench scale testing are summarized in Figure 

4.4 and Table 4.4. The water was treated with LP UV+ 5 mg/L H2O2 as described 

above. The results are graphed on a log removal basis to allow for comparative 

evaluation of all facilities, as discussed below.  

As illustrated in Figure 4.4a, high removal (>90%) of both EE2 and triclosan is 

achieved at 500 mJ/cm2 and significant removal was seen at doses typically utilized 

for UV disinfection of recycled water (100 mJ/cm2 for media filtered wastewater). 

TCS is readily degraded by direct photolysis, so its removal during UV AOP 
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treatment is to be expected (Snyder, 2007). Similar results are observed with other 

steroid hormones (e.g., E3, E2), which is expected with AOP processes (Huber, 2003; 

Rosenfeldt, 2004). The YES bioassay results (Figure 4.4b) illustrate that removal of 

estrogenic activity was slower than that of the estrogens determined individually by 

GC-MS. 

Results of the bench scale experiments with utility water from the City of 

Tampa are summarized in Figure 4.5 and Table 4.5. The water was treated with LP 

UV+ 5 mg/L H2O2 as described above. As illustrated in Figure 4.5a, >75% removal of 

EE2 and triclosan is achieved at 500 mJ/cm2 and significant removal was seen at 

typical recycled water disinfection doses (100 mJ/cm2). Similar results were observed 

with E3 although some other steroid hormones showed lower removals. EEQ 

reduction results illustrate that removal of estrogenic activity tracked the removal of 

EE2 and E3 as determined by GC-MS (Figure 4.5b).  

 

Figure 4.4. a: Removal of spiked ATZ, TCS, EE2, and MET and b: removal 

of total estrogenic activity from Manatee Co. water with LPUV and 5 mg/L 

H2O2. 
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Table 4.4. Relative Changes in the Concentrations of Spiked Contaminants 

in Manatee Co., FL Water Following Treatment with LP UV and 5 mg/L 

H2O2 

 UV fluence (mJ/cm2) 

Compound 0 18 61 220 500 

NDMA 1 0.91 0.81 0.44 0.06 

DEET 1 0.72 0.60 0.38 0.28 

ATZ 1 0.85 0.68 0.59 0.63 

TCEP 1 0.65 0.60 0.54 0.46 

OP 1 1.07 0.31 0.19 0.24 

NP 1 0.91 0.50 0.39 0.21 

MET 1 0.91 0.69 0.56 0.28 

TCS 1 0.72 0.47 0.24 0.09 

BPA 1 0.69 0.58 0.48 0.29 

E2 1 0.58 0.39 0.19 0.07 

E1 1 0.39 0.23 0.21 0.13 

EE2 1 0.89 0.25 0.20 0.14 

E3 1 0.71 0.19 0.10 0.05 

CBZ 1 1.12 1.05 0.55 0.74 

EEQ 1 0.76 0.62 0.42 0.34 
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Figure 4.5. a: Removal of spiked ATZ, TCS, EE2, and MET and b: removal 

of total estrogenic activity from City of Tampa water with LPUV and 5 

mg/L H2O2 
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Table 4.5. Relative Changes in the Concentrations of Spiked Contaminants 

into City of Tampa, FL Water Following Treatment with LPUV and 5 mg/L 

H2O2 

Compound 
UV fluence (mJ/cm2) 

0 40 140 500 

DEET 1 0.85 1.10 0.36 

ATZ 1 1.78 0.81 0.32 

TCEP 1 0.95 0.66 0.62 

OP 1 0.89 0.46 0.37 

NP 1 0.68 0.39 0.47 

MET 1 1.66 1.35 0.68 

TCS 1 0.59 0.25 0.10 

BPA 1 0.58 0.45 0.59 

CBZ 1 1.48 0.93 0.62 

DHEA 1 0.76 0.60 0.69 

E2 1 0.72 0.54 0.26 

E1 1 0.68 0.41 0.35 

DHT 1 0.36 0.46 0.26 

EE2 1 0.79 0.44 0.20 

E3 1 0.69 0.42 0.08 

EEQ 1 0.65 0.31 0.10 

 

Representative data from the results of the bench scale experiment with City 

of Bradenton water are summarized in Figure 4.6 and Table 4.6. The water was 

treated with LP UV+ 5 mg/L H2O2 as described above. Greater than 90% removal of 

EE2 and triclosan is achieved at 500 mJ/cm2 and significant removal was seen at 

recycled water disinfection doses (100 mJ/cm2) (Figure 4.6a). Similar results are 

observed with other steroid hormones (E3, E2, PS) (Table 4.6), which confirms 

previous research that these compounds are treatable with AOP processes 

(Rosenfeldt, 2004; Huber, 2003). The results of total estrogenicity as determined by 

the YES assay (estradiol equivalent quotient, EEQ) (Figure 4.6b) illustrate that 
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removal of estrogenic activity was similar to that of the estrogens determined 

individually by GC-MS.  

 

 

Figure 4.6: Removal of spiked ATZ, TCS, EE2, and MET and b: removal of 
total estrogenic activity from City of Bradenton water with LPUV and 5 mg/L 
H2O2. 
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Table 4.6. Relative changes in the concentrations of spiked contaminants in 

Bradenton water by UV/H2O2 

 UV fluence (mJ/cm2) 

Compound 0 40 140 500 

DEET 1 0.60 0.59 0.13 

ATZ 1 0.87 0.48 0.30 

TCEP 1 1.00 1.00 1.00 

OP 1 0.58 0.22 0.11 

NP 1 0.58 0.44 0.17 

MET 1 0.62 0.54 0.24 

TCS 1 0.65 0.40 0.06 

BPA 1 0.47 0.46 0.19 

CBZ 1 0.72 0.69 0.76 

DHEA 1 0.32 0.34 0.16 

E2 1 0.42 0.35 0.16 

E1 1 0.32 0.15 0.08 

DHT 1 1.00 1.00 1.00 

EE2 1 0.50 0.22 0.07 

E3 1 0.69 0.66 0.18 

PS 1 0.43 0.37 0.17 

EEQ 1 0.69 0.30 0.09 

 

As noted in Table 3.3, many water quality parameters in the waters of three 

plants evaluated are similar. However, in the case of Manatee Co. water, estrogenic 

activity was only reduced by about 65%, in spite of 90% removal of measured 

estrogens (E2, EE2, etc).  The concentration of ammonia in this case was much higher 

than other tested waters (25 mg NH4-N/L), but there are no indications why the 

performance would be negatively impacted by ammonia levels. It is possible that the 

daughter compounds retained their parent compounds’ estrogenic activity, which 

may explain why the estrogenicity only marginally decreased following treatment. 
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In all waters, removal of more recalcitrant compounds such as TCEP was 

limited. Chlorinated flame retardants such as TCEP are generally difficult to oxidize 

(Snyder, 2006; Westerhoff, 2005; Watts, 2008).  Improved water quality parameters 

(i.e. low nitrites/nitrates and turbidity) in the water from the City of Bradenton 

reduced scavenging and could account for a comparatively greater removal of 

estrogens and androgens, as well as a modest removal of metolachlor and atrazine.  

UV/PAA experiments involved employing initial PAA concentrations of 5 

mg/L and immediately exposing the solutions to LP UV light in a collimated beam 

apparatus. Fluences of 40, 140 and 500 mJ/cm2 were evaluated. Results for selected 

contaminants and estrogenic activity for UV/PAA are presented in Figure 4.7. 

Relative concentration changes of all contaminants are reported in Table 4.6. In the 

UV/PAA AOP cases, the UV fluences employed (40, 140, 250, 500 mJ/cm2), which 

corresponded to a PAA contact time of about 0.75, 2.5, 4.3, and 9 minutes 

respectively.  
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Figure 4.7: Concentrations of selected contaminants and estrogenic activity 

in Manatee Co. water following UV/PAA advanced oxidation (5 mg/L PAA) 

 

Table 4.7. Relative changes in the concentrations of spiked contaminants in 

Manatee water by UV/PAA advanced oxidation (5 mg/L PAA) 
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UV fluence (mJ/cm2) 

0 40 140 500 

DEET 1 0.62 0.55 0.52 

ATZ 1 0.62 0.48 0.46 

TCEP 1 0.74 0.77 0.87 

OP 1 0.76 0.35 0.21 

NP 1 0.57 0.15 0.12 

MET 1 0.63 0.56 0.52 

TCS 1 0.57 0.33 0.21 

BPA 1 0.76 0.69 0.58 

CBZ 1 0.20 0.22 0.23 

DHEA 1 0.82 0.45 0.30 

E2 1 0.77 0.70 0.53 

E1 1 0.66 0.52 0.38 

DHT 1 0.57 0.47 0.33 

TT 1 0.75 0.68 0.51 

EE2 1 0.74 0.62 0.47 

E3 1 0.63 0.51 0.42 

PS 1 0.36 0.30 0.30 

EEQ 1 0.43 0.39 0.31 

 

Experiments with water from the City of Bradenton facility were conducted 

with LP UV and UV/PAA, similar to those conducted for Manatee Co. water.  Data 

illustrating reduction in concentrations of selected contaminants and endocrine 

activity following UV exposure at fluences of 40, 140 and 500 mJ/cm2 with 5 ppm 

PAA are illustrated in Figure 4.8. Relative removal of all contaminants is listed in 

Table 4.8 and Table 4.9. 
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Figure 4.8. Removal of spiked contaminants (BPA, TCS, DEET, E2, ATZ) 

and estrogenic activity from Bradenton water with a: LPUV photolysis and 

b: LPUV and 5 mg/L PAA. 
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Table 4.8. Relative changes in concentration of spiked contaminants and 

estrogenic activity in Bradenton water by LPUV  

 UV fluence (mJ/cm2) 

 0 40 140 500 

DEET 1 0.90 0.70 0.44 

ATZ 1 0.68 0.62 0.31 

TCEP 1 1.00 0.96 0.94 

OP 1 0.91 0.56 0.34 

NP 1 0.92 0.62 0.37 

MET 1 0.69 0.66 0.37 

TCS 1 0.73 0.54 0.11 

BPA 1 0.84 0.76 0.49 

CBZ 1 0.89 0.81 0.31 

DHEA 1 0.81 0.78 0.64 

E2 1 0.76 0.63 0.47 

E1 1 0.86 0.68 0.31 

DHT 1 0.81 0.85 0.55 

TT 1 0.74 0.61 0.21 

EE2 1 0.86 0.71 0.45 

E3 1 0.73 0.68 0.33 

PS 1 0.79 0.68 0.21 

EEQ 1 0.8 0.7 0.52 
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Table 4.9. Relative changes in concentration (µg/L) of spiked contaminants 

and estrogenic activity in Bradenton water by UV/PAA 

 UV fluence (mJ/cm2) 

 0 40 140 500 

DEET 1 0.70 0.55 0.33 

ATZ 1 0.62 0.48 0.29 

TCEP 1 1.06 1.02 0.94 

OP 1 0.43 0.35 0.23 

NP 1 0.50 0.44 0.41 

MET 1 0.55 0.39 0.23 

TCS 1 0.60 0.28 0.06 

BPA 1 0.79 0.62 0.56 

CBZ 1 0.58 0.38 0.27 

DHEA 1 0.75 0.56 0.56 

E2 1 0.86 0.61 0.55 

E1 1 0.78 0.52 0.34 

DHT 1 0.69 0.53 0.57 

TT 1 0.59 0.40 0.22 

EE2 1 0.86 0.59 0.55 

E3 1 0.64 0.51 0.42 

PS 1 0.69 0.42 0.22 

EEQ 1 0.74 0.64 0.45 

 

The reduction in estrogenic activity and spiked contaminants in water from 

the City of Bradenton plant by UV alone, as illustrated in Figure 4.8, is modest. Even 

at 500 mJ/cm2, greater than 50% of the initial estrogenic activity remains with or 

without addition of PAA, and the concentration of most of the spiked contaminants 

are not reduced by greater than 50 or 60%, with the exception of triclosan (96% 

removal) (Table 4.9). Triclosan is relatively photoliable: according to EAWAG, direct 

photodegradation by sunlight accounts for 80% of its loss in Lake Griefensee 

(Switzerland) (Tixier et al., 2002). Overall, in Manatee Co. water, the combination of 

LPUV and PAA results in increased degradation of of NP, TCS, DHET, and DEET. 
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4.3.2 Disinfection of Spiked and Indigenous Microbes by UV-based 
Technologies 

Germicidal UV light rapidly inactivates indigenous coliforms and provides 

substantial disinfection of spores and MS2 coliphage (Table 4.10).  The presented 

results are the averages and standard deviations of the log reduction observed at 

each experimental condition, with triplicate experiments and triplicate platings of 

dilutions (or duplicate in the case of MS2).  Total coliform bacteria are quickly 

inactivated by germicidal UV radiation at low doses. Aerobic spores and spiked MS2 

coliphage inactivation follow log-linear kinetics, and addition of hydrogen peroxide 

to the irradiated sample does not alter the inactivation kinetics of the target microbes 

in every case (Figure 4.11).  Indigenous aerobic spore inactivation by UV processes 

was the slowest of the three tested microorganisms, with 40 mJ cm-2 only resulting in 

about a 0.6 log reduction, which is similar to previously reported UV dose-response 

results (Mamane-Gravetz, 2004), while MS2 inactivation by UV was slightly more 

rapid. 

Some variation in indigenous coliform disinfection by bench-scale UV was 

observed.  For instance, a LPUV fluence of 40 mJ cm-2 resulted in a 2.6 log reduction 

for water from the City of Tampa, the same fluence in the case of Bradenton water 

resulted in a 3.9 log reduction of coliforms.  These inconsistent results could be 

attributed to particle-associated microorganisms or aggregation: the total suspended 

solids are higher for the Tampa water than the Bradenton water (0.9 ppm vs. 0.57 

ppm), as are nitrate/nitrate (2.1 ppm vs. 0.55 ppm) and total phosphorus (3 ppm vs. 
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0.26 ppm), all indicating that water from the City of Tampa utility was of a lower 

quality than Bradenton water. 

The combination of PAA and UV generates hydroxyl radicals, which quickly 

react with the varied constituents in wastewater.  Although advanced oxidation 

processes are geared towards microconstituent oxidation, there may be a synergistic 

disinfection effect as well.  However, results show that LPUV/PAA is not 

significantly more effective than LPUV alone.  In the case of water from LACSD, 30 

minutes of contact time with 5 ppm PAA only brought about a 50% reduction in 

coliform was achieved, but after 40 mJ/cm2 LPUV, 2-log reduction was achieved, 

with or without 5 ppm PAA. 
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Table 4.10. Select UV disinfection results, given as log-reduction values 

and average standard deviations 

Manatee 25 mJ cm-2 +/- 75 mJ cm-2 +/- 140 mJ cm-2 +/- 

LP – Coliforms 3.24 0.48 >4.56 0.15 >5.07 0.18 

LP – Aerobic Spores 0.57 0.07 1.81 0.06 >2.68 0.29 

LP – MS2 0.99 0.06 2.66 0.10 >4.31 0.23 

MP – Coliforms 3.19 0.49 4.85 0.17 >4.85 0.17 

MP – Aerobic Spores 0.63 0.04 1.92 0.06 >2.64 0.04 

MP – MS2 0.82 0.09 2.12 0.02 >3.17 0.17 

Bradenton 25 mJ cm-2 +/- 75 mJ cm-2 +/- 140 mJ cm-2 +/- 

LP – Coliforms 3.86 0.15 >4.39 0.13 >4.75 0.17 

LP – Aerobic Spores 0.78 0.07 2.33 0.07 2.39 0.06 

LP – MS2 0.98 0.02 3.01 0.11 >3.67 0.25 

MP – Coliforms 3.49 0.26 3.66 0.15 >4.43 0.17 

MP – Aerobic Spores 0.66 0.04 2.12 0.15 >3.43 0.00 

MP – MS2 0.84 0.08 2.61 0.08 .>3.77 0.00 

Tampa 25 mJ cm-2 +/- 75 mJ cm-2 +/- 140 mJ cm-2 +/- 

LP – Coliforms 2.60 0.02 >3.22 0.10 >3.74 0.10 

LP – Aerobic Spores 0.68 0.06 1.84 0.08 >2.57 0.06 

LP – MS2 1.27 0.09 3.04 0.25 >3.81 0.00 

MP – Coliforms 2.74 0.09 >3.12 0.02 >3.12 0.02 

MP – Aerobic Spores 0.69 0.13 1.79 0.02 >2.61 0.30 

MP – MS2 1.06 0.08 2.69 0.08 >3.81 0.00 

LPUV/H2O2 – Coliforms 3.14 0.01 3.43 0.26 >4.19 0.24 

LPUV/H2O2 – Aerobic 
Spores 0.67 0.12 1.67 0.02 2.17 0.12 

LPUV/H2O2 – MS2 1.26 0.09 3.04 0.25 >3.80 0.00 

91st Ave 25 mJ cm-2 +/- 75 mJ cm-2 +/- 140 mJ cm-2 +/- 

LP -- Coliforms 3.40 0.30 3.98 0.09 4.83 0.09 

LP -- Aerobic Spores 0.45 0.07 1.51 0.08 1.92 0.21 

LP -- MS2 0.97 0.05 3.36 0.24 >3.36 0.00 

MP -- Coliforms 2.73 0.15 3.80 0.24 3.80 0.24 

MP -- Aerobic Spores 0.65 0.24 1.47 0.14 1.68 0.00 

MP -- MS2 0.71 0.08 2.47 0.11 >3.36 0.00 

Note: Log reduction values with a “>” indicate non-detectable count values.   

 

Of these waters, the City of Tampa reuse water absorbs much more strongly 

below 235 nm than Manatee County or City of Bradenton.  However, since the 

absorbance spectrum of the water is used to determine the time required to meet a 
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target fluence, the absorbance cannot be related to UV performance when fluence, 

not time, is the controlling variable, although a high absorbance can indicate lower-

quality water (i.e. a high specific UV absorbance (SUVA, UVA254/DOC), indicating a 

high amount of natural organic matter).  

Figure 4.9 show the log-linear inactivation of indigenous aerobic spores and 

spiked MS2 bacteriophage and the rapid inactivation of total coliforms by LPUV. 

 

Figure 4.9: LPUV inactivation of indigenous and spiked waterborne 

microorganisms in City of Bradenton water (non-detectable total coliform 

at all doses) 

As can be seen in Figure 4.9, UV doses typically used in wastewater 

disinfection resulted in good inactivation of coliform organisms but less disinfection 

of indigenous spores or spiked MS2 coliphage. Higher UV doses proved to be better 

for inactivation of these other indicators. Combining H2O2 and UV does not appear 

to have an effect on aerobic spore or MS2 inactivation, but adding 5 ppm H2O2 

results in a slight improvement in coliform inactivation compared to LP alone. 
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Figure 4.10 compares coliform inactivation between all the tested UV technologies 

including LP, MP and UV/H2O2 AOP. 

 

Figure 4.10: Inactivation of indigenous coliforms using bench-scale UV and 

UV/H2O2 (5 ppm) in City of Tampa water 

Figure 4.10 shows that when comparing different UV technologies for 

meeting coliform disinfection needs, there was no practical difference between MP 

and LP UV.  For water from City of Tampa, adding 5 ppm H2O2 slightly increased 

coliform inactivation at all doses; however, this marginal improvement was not seen 

in all tested waters. Similarly, there is no significant difference between MPUV, 

LPUV, or LPUV + 5 ppm H2O2 with respect to aerobic spores in water from the City 

of Largo (Figure 4.11). 
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Figure 4.11: Aerobic spore inactivation by UV technologies, City of Largo 

water (CO: 2.4·103 CFU/100 mL) 

 

 
Figure 4.12: LPUV and LPUV/PAA AOP inactivation of total coliforms in 

Manatee Co. and City of Largo water (Co: 1.13·104 CFU/100 mL (Manatee), 

6.39·104 CFU/100 mL (Largo)) 

 
The combination of UV and PAA as an advanced oxidation process, forming 

hydroxyl radicals in situ, was compared to LPUV (Figure 4.12).  An apparent very 
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slight synergistic effect was observed by combining UV and PAA in the case of the 

reuse water from Largo (3.59 log reduction of indigenous coliform by 40 mJ/cm2, 3.78 

log reduction of indigenous coliform by 40 mJ/cm2 UV254 + 5 ppm PAA). Coliform 

counts were below the enumeration limit (20 cfu/100 mL) but nonzero after 140 

mJ/cm2, and total inactivation was seen after 250 mJ/cm2 in both tested waters. 

 

Figure 4.13: LPUV and UV/PAA disinfection of total coliform bacteria in 

DSRSD water 

Since higher UV fluences brought about almost total inactivation, lower 

fluences were tested for the UV/PAA AOP for water from the DSRSD (Figure 4.13). 

More than 50 cfu/100 mL remained in water from DSRSD after 40 mJ/cm2 with or 

without PAA. UV/PAA AOP tests showed no consistent synergistic effect as 

compared to LPUV alone. The substantial coliform inactivation at 20 mJ/cm2 but 

marginal increase in log reduction at 40 mJ/cm2 typifies the “tailing” effect observed 

when coliform are particle-associated. Free-floating bacteria are rapidly inactivated, 
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but those that are shielded by or embedded in particulate matter are more difficult to 

kill. In  

 

Figure 4.14: LP and UV/H2O2 inactivation of MS2 in City of Bradenton and 

City of Largo waters 

Advanced oxidation seems to provide some added benefit over the base 

technology in the case of spiked MS2, in two of the test waters: at low doses, the 

performance is equal, but at moderate doses (140 mJ/cm2), the addition of 5 ppm 

H2O2 resulted in total inactivation, while LPUV alone did not (about 200 PFU/mL 

remained) (Figure 4.14). As suggested earlier, this effect may be due to the small size 

of MS2 and the fact that reaction with hydroxyl radicals is diffusion controlled, as 

previous research that isolated hydroxyl radical reactions in LPUV/H2O2 systems by 

screening out germicidal UV light showed that MS2 was susceptible to attack by 

radicals. (Mamane, 2007). For all UV-based AOPs, the base technology (in this case, 

LPUV) provides a robust disinfection barrier, so disinfection and microconstituent 

destruction happen simultaneously. At fluences often used for AOP applications, 
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which can be hundreds of mJ cm-2, complete inactivation of nearly all indigenous 

microorganisms can be expected. 

4.44.44.44.4  Enteric Viruses 

Advanced oxidation disinfection may be more important for viruses than for 

bacteria: hydroxyl radicals have such a short half-life that their reactivity is 

diffusion-controlled. Viruses are much smaller than bacteria and their larger overall 

surface area may make them more available for attack by radicals (Mamane, 2007). 

Enteric virus inactivation studies on CoxB5, Ad4, and Reo3 (supplied by Dr. 

Jeanette Thurston at USDA-ARS) were performed in the 91st Ave. reuse water using 

LPUV, MPUV, and LPUV + 5 ppm H2O2 (and 10 ppm H2O2 in the case of Ad4 to 

evaluate two different AOP setups). The viruses were spiked at ~106/mL titers, and 

several controls were included: the utility water without viruses, the working stock 

of utility water and viruses without irradiation, the utility water with viruses and 

peroxide but no UV, and the reuse water with viruses and catalase (the H2O2 

quenching agent). The samples at each treatment condition were returned to Dr. 

Thurston for processing and enumeration.  

All 3 UV-based technologies performed equally well in the case of Reo3 and 

CoxB5 (Figure 4.15 and Figure 4.16). However, Ad4 is notably more UV resistant 

than many other viruses, so the comparison of different lamp types (monochromatic 

low pressure UV and polychromatic medium-pressure UV), as well as the possibility 

of a synergistic effect by the addition of H2O2, was of particular interest. Table 4.11 
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reports the high UV fluences required for significant inactivation of enteric and 

respiratory adenoviruses. 

 

Figure 4.15: Reo3 inactivation via UV-based treatment in 91st Ave (AZ) 

reclaimed water (Co: 9.30·103 MPN/mL). 

 

Figure 4.16: CoxB5 inactivation via UV-based treatment in 91st Ave (AZ) 

reclaimed water (Co: 7.24·104 MPN/mL). 
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Table 4.11. UV Fluences (mJ/cm2) Required for Adenovirus Inactivation 

Pathogen 1 log 2 logs 3 logs 4 logs Source 

Adeno 40 50 109 167 226† 
(Thurston-Enriquez, 

2003b) 

Adeno 40 30 62†† 93†† 124 (Meng, 1996) 

Adeno 41 23.6 55†† 83†† 111.8 (Meng, 1996) 

Adeno 2 40 78 119 160 (Gerba, 2002) 

Adeno 2 30 (1.5-1.8 log) 60 (2.2-2.4 log) - 120 (>4.25 log) (Shin et al., 2001) 

†Extrapolated 
††Interpolated 

 
At the two lowest UV fluences (40 and 100 mJ/cm2), MPUV seemed to 

outperform LPUV, and increasing the H2O2 concentration from 5 to 10 ppm seemed 

to bring about a slight improvement. At the highest fluence (140 mJ/cm2), LPUV 

outperformed MPUV, and the additional H2O2 seemed to hinder disinfection. 

However, some of these variations can be explained by the error bars as shown in 

Figure 4.17. 

 

 

Figure 4.17. Adenovirus type 4 inactivation via UV-based treatment in 91st 

Ave (AZ) reclaimed water (Co: 1.35·103 MPN/mL). 
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LPUV, MPUV and LPUV/H2O2 were tested against Ad4, Reo3, and CoxB5. 

For all technologies, Ad4 was the most resistant followed by Reo3 and CoxB5, as has 

been reported in the literature (Meng, 1996). The arrows in the charts indicate that 

amount of inactivation at that particular dose was equal to or greater than what 

could be measured by the assays. Table 4.13, and Table 4.14 list the doses required for 1- 

to 4-log inactivation of each of the studied viruses. In all cases, MPUV is the most 

effective for inactivation of the study viruses. The LPUV results for all three study 

viruses are similar to what has been reported previously by our and other research 

groups. For comparison between LPUV and LPUV and 5 ppm H2O2, results vary 

between the viruses. It appears as though H2O2 increases inactivation for 

coxsackievirus but does not enhance inactivation of reovirus. Conversely, 

adenovirus type 4 appears to be more resistant to this combination of disinfectants.  

Table 4.12: LPUV Doses at which 90-99.99% of the study viruses were 

inactivated 

Virus 90 % 
Reduction 

99% 
Reduction 

99.9% 
Reduction 

99.99% 
Reduction 

Adenovirus type 4 

Coxsackievirus type B5 

Reovirus type 3 

42 

8 

27 

84 

17 

54 

126 

25 

80 

167 

34 

107 
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Table 4.13: MPUV Doses at which 90-99.99 of the study viruses were 

inactivated 

Virus 90 % 
Reduction 

99% 
Reduction 

99.9% 
Reduction 

99.99% 
Reduction 

Adenovirus type 4 

Coxsackievirus type B5 

Reovirus type 3 

30 

10 

18 

59 

19 

37 

89 

29 

55 

118 

38 

74 

 

Table 4.14: LPUV/5 ppm H2O2 doses at which 90-99.99% of the study viruses 

were inactivated 

Virus 
90 % 

Reduction 
99% 

Reduction 
99.9% 

Reduction 
99.99% 

Reduction 

Adenovirus type 4 

Coxsackievirus type B5 

Reovirus type 3 

47 

4 

26 

95 

8 

51 

142 

12 

77 

190 

17 

103 

 

4.54.54.54.5 O3 and O3/H2O2 Advanced Oxidation 

4.5.1 Chemical Oxidation 

As was the case with the UV and UV AOP experiments, a suite of chemicals 

was spiked into utility waters at concentrations ranging from 5-100 µM and treated 

with O3 or O3/H2O2 at a concentration of 5 ppm H2O2. All experiments were 

conducted in duplicate. In these experiments, dose-response data is reported as a 

function of ozone dose. It is suggested that an ozone system for reclaimed water be 

operated to maintain an ozone residual, thus breaking through the ozone demand 

and accounting for fluctuations in water quality. Ozone residual was not measured 

at each testing condition, but Figure 4.18 shows the decomposition of ozone in one of 

the tested waters.  This decomposition profile, characterized by a rapid breakdown 

of molecular ozone followed by slower, continued breakdown, was typical for all the 

tested waters, with some variation in the initial ozone demand (IOD), which is the 
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amount of ozone that must be added before a residual is detected after 30 seconds 

reaction time. 

The first step in performing ozonation tests on the received utility water was 

to first measure the initial ozone demand (IOD, that amount of ozone that is 

consumed within the first 30 sec of reaction) with a HACH residual ozone kit on 

loan from WEDECO. Molecular ozone was then added as a supersaturated aqueous 

solution. If the amount of ozone added (the applied ozone dose, mg/L) exceeded the 

IOD, residual ozone remained. Ozone decomposes rapidly in treated wastewater, as 

shown in Figure 4.18. 

 
Figure 4.18: Ozone decomposition in Manatee Co. reuse water. 

As illustrated in Figure 4.19 and from the data in Table 4.15 and Table 4.16, 

O3 and O3/H2O2 removed over 99.0% of estrogenic activity in water from Manatee 

Co. at low doses (3 mg/L O3). Organic contaminants, with the exception of TCEP, 

DEET, ATZ and MET, are removed with similar efficiency under both O3 and 

O3/H2O2 treatment, whereas O3/H2O2 appeared to be a more effective treatment of 



 

 126

TCEP, DEET, ATZ, and MET at low doses. The combination of O3/H2O2 improves 

destruction of contaminants and estrogenic activity at 1 mg/L of O3, which is most 

evident in the rapid reduction of estrogenic activity by 90% at this level. However, at 

higher concentrations of ozone, the differences between O3 and O3/H2O2 are less 

significant. Relative standard deviations for all measurements ranged from 5-35% 

RSD.  

Table 4.15. Relative changes in concentration (µg/L) of spiked 

contaminants and estrogenic activity in Manatee water by O3  

 O3 (mg/L) 

 0 1 3 5 10 

DEET 1 0.88 0.52 0.23 0.10 

ATZ 1 0.69 0.50 0.24 0.19 

NDMA 1 0.77 0.73 0.54 0.56 

TCEP 1 0.88 0.89 1.09 0.95 

OP 1 0.43 0.05 0.00 0.01 

NP 1 0.39 0.06 0.01 0.01 

MET 1 0.61 0.64 0.12 0.16 

TCS 1 0.34 0.01 0.00 0.01 

BPA 1 0.37 0.00 0.00 0.00 

CBZ 1 0.62 0.01 0.02 0.03 

DHEA 1 0.72 0.40 0.10 0.04 

E2 1 0.27 0.03 0.00 0.00 

E1 1 0.45 0.02 0.01 0.00 

DHT 1 0.43 0.03 0.06 0.02 

TT 1 0.35 0.16 0.00 0.00 

EE2 1 0.39 0.01 0.01 0.01 

E3 1 0.40 0.03 0.00 0.02 

PS 1 0.73 0.61 0.33 0.05 

EEQ 1 0.40 0.00 0.01 0.00 
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Figure 4.19: Removal of spiked BPA, TCS, DEET, E2, and ATZ from 

Manatee Co. water via a) O3 and b) O3/H2O2, and c) EEQ reduction by O3 

and O3/H2O2 

 

Table 4.16. Relative changes in concentrations of spiked contaminants and 

estrogenic activity in Manatee Co. water by O3/H2O21  

 O3 (mg/L) 

 0 1 3 5 10 

DEET 1 0.39 0.25 0.19 0.18 

ATZ 1 0.66 0.39 0.23 0.13 

NDMA 1 0.80 0.77 ND2 ND2 

TCEP 1 0.96 0.86 0.78 0.84 

OP 1 0.27 0.06 0.02 0.02 

NP 1 0.50 0.06 0.02 0.02 

MET 1 0.87 0.42 0.42 0.37 

TCS 1 0.30 0.01 0.01 0.01 

BPA 1 0.45 0.00 0.00 0.00 

CBZ 1 0.65 0.00 0.00 0.00 

DHEA 1 0.51 0.11 0.06 0.00 

E2 1 0.47 0.01 0.00 0.00 

E1 1 0.48 0.02 0.02 0.02 

DHT 1 0.54 0.26 0.14 0.06 

TT 1 0.52 0.18 0.10 0.09 

EE2 1 0.46 0.01 0.01 0.00 

E3 1 0.54 0.01 0.01 0.00 

PS 1 0.64 0.00 0.00 0.00 

EEQ 1 0.10 0.03 0.01 0.00 
1 H2O2 = 5 mg/L; 2 ND = not determined 

 

Contaminants were spiked into LACSD utility water and treated with O3 or 

O3/H2O2. The reduction in several of the analytes and estrogenic activity for both 

treatments are presented in Figure 4.20. As was the case in O3 experiments 

conducted with Mantee County water, removal of over 90% of estrogens was 

achieved during ozonation at 3 mg/L. However, higher concentrations of O3 were 
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necessary in AOP treatment to achieve removal of estrogens and other contaminants. 

It appears water quality or OH-radical scavenging may have been a factor in slower 

degradation of contaminants in this case (e.g. NP, MET, E2, and TT). Relative 

removal of all contaminants is presented in Table 4.18 and Table 4.19.  
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Figure 4.20. Removal of spiked BPA, E2 and ATZ spiked into water from 

the LACSD W facility via a) O3 and b) O3/H2O2, and c) EEQ reduction by O3 

and O3/H2O2 
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Table 4.17. Relative changes in concentration of spiked contaminants and 

estrogenic activity in LACSD water by O3 

 O3 (mg/L) 

 0 mg/L 3 5 7 12 

DEET 1 0.65 0.23 0.18 0.15 

ATZ 1 0.82 0.48 0.25 0.23 

NDMA 1 ND 0.85 0.78 0.69 

TCEP 1 1.03 0.91 0.97 1.06 

OP 1 0.02 0.01 0.01 0.00 

NP 1 0.03 0.02 0.02 0.00 

MET 1 0.11 0.12 0.11 0.08 

TCS 1 0.02 0.01 0.02 0.00 

BPA 1 0.00 0.01 0.00 0.04 

CBZ 1 0.00 0.00 0.00 0.00 

DHEA 1 0.39 0.01 0.01 0.01 

E2 1 0.01 0.02 0.00 0.00 

E1 1 0.01 0.02 0.01 0.01 

DHT 1 0.20 0.15 0.30 0.03 

TT 1 0.03 0.12 0.04 0.04 

EE2 1 0.01 0.03 0.01 0.02 

E3 1 0.03 0.04 0.05 0.04 

PS 1 0.17 0.09 0.06 0.01 

EEQ 1 0.78 0.28 0.19 0.14 
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Table 4.18. Relative changes in concentration of spiked contaminants and 

estrogenic activity in LACSD water by O3/H2O2 

 O3 (mg/L) 

 0 mg/L 3 5 7 12 

DEET 1 0.24 0.11 0.06 0.02 

ATZ 1 0.71 0.45 0.13 0.03 

NDMA 1 0.95 0.85 0.61 0.49 

TCEP 1 1.00 1.00 0.50 0.67 

OP 1 0.30 0.10 0.00 0.00 

NP 1 0.30 0.13 0.05 0.00 

MET 1 0.35 0.17 0.03 0.03 

TCS 1 0.23 0.05 0.02 0.01 

BPA 1 0.24 0.02 0.01 0.00 

CBZ 1 0.22 0.02 0.00 0.00 

DHEA 1 0.35 0.03 0.01 0.00 

E2 1 0.23 0.02 0.01 0.00 

E1 1 0.24 0.03 0.01 0.01 

DHT 1 0.52 0.14 0.20 0.05 

TT 1 0.44 0.16 0.09 0.04 

EE2 1 0.17 0.02 0.01 0.02 

E3 1 0.22 0.03 0.02 0.00 

PS 1 0.38 0.11 0.04 0.00 

EEQ 1 0.53 0.23 0.11 0.06 

 

The Pinellas Co. South Cross Bayou (SCB) ozone and O3/AOP tests employed 

delivered O3 concentrations of 1, 3, 5 and 10 mg/L, similar to the Manatee Co. 

ozonation experiment. Results for GC-based analytes and YES-screen are presented 

in Figure 4.4. Data for all contaminants under both experimental conditions is 

presented in Table 4.19 and Table 4.20. 
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Table 4.19: Relative changes in concentration (µg/L) of spiked 

contaminants and estrogenic activity in Pinellas Co. SCB water by O3 

 O3 (mg/L) 

 
0 mg/L 1 3 5 10 

DEET 1.00 0.96 0.81 0.39 0.13 

ATZ 1.00 0.87 0.67 0.60 0.30 

NDMA 1.00 0.95 0.97 0.86 0.66 

TCEP 1.00 0.96 1.07 1.14 1.00 

OP 1.00 0.72 0.30 0.13 0.11 

NP 1.00 0.45 0.34 0.26 0.20 

MET 1.00 0.90 0.80 0.64 0.28 

TCS 1.00 0.68 0.16 0.14 0.04 

BPA 1.00 0.80 0.55 0.22 0.17 

CBZ 1.00 0.96 0.76 0.30 0.00 

DHEA 1.00 0.25 0.18 0.08 0.12 

E2 1.00 0.49 0.01 0.00 0.00 

E1 1.00 0.34 0.08 0.00 0.00 

DHT 1.00 0.00 0.00 0.00 0.00 

TT 1.00 0.58 0.23 0.10 0.04 

EE2 1.00 0.27 0.01 0.00 0.00 

E3 1.00 0.52 0.05 0.08 0.01 

PS 1.00 1.08 0.64 0.16 0.00 

EEQ 1.00 0.49 0.02 0.00 0.00 
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Figure 4.21: Removal of spiked BPA, TCS, DEET, E2 and ATZ spiked into 

water from the Pinellas Co. SCB facility via a) O3 and b) O3/H2O2, and c) 

EEQ reduction by O3 and O3/H2O2 

 

Table 4.20: Relative changes in concentration of spiked contaminants and 

estrogenic activity in Pinellas Co. SCB water with O3/H2O2 

 O3 (mg/L) 

 0 mg/L 1 3 5 10 

DEET 1.00 0.51 0.37 0.42 0.16 

ATZ 1.00 0.87 0.51 0.46 0.23 

NDMA 1.00 0.86 0.86 0.75 0.72 

TCEP 1.00 0.95 0.741 0.82 0.76 

OP 1.00 0.24 0.03 0.02 0.00 

NP 1.00 0.29 0.05 0.03 0.01 

MET 1.00 0.67 0.36 0.29 0.11 

TCS 1.00 0.14 0.00 0.01 0.00 

BPA 1.00 0.17 0.00 0.01 0.00 

CBZ 1.00 0.30 0.00 0.00 0.00 

DHEA 1.00 0.27 0.00 0.00 0.00 

E2 1.00 0.20 0.01 0.01 0.00 

E1 1.00 0.21 0.03 0.02 0.01 

DHT 1.00 0.87 0.59 0.32 0.10 

TT 1.00 0.80 0.55 0.26 0.04 

EE2 1.00 0.18 0.01 0.01 0.00 

E3 1.00 0.19 0.01 0.03 0.02 

PS 1.00 0.83 0.55 0.24 0.01 

EEQ 1.00 0.26 0.01 0.01 0.00 

 

O3 and O3/H2O2 effectively removed most spiked contaminants to low levels 

in Pinellas County South Cross Bayou (SCB) water. At 1 mg/L O3, estrogenic activity 

decreased by 75%, and at 5 mg/L O3, over 90% of estrogens and estrogenic activity 

were removed (Figure 4.21 and Table 4.19 and Table 4.20).  More recalcitrant 

compounds such as DEET and atrazine are only removed to 80 or 90% at 10 mg/L O3, 

but higher removal is observed with advanced oxidation.  
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Overall, the results outlined in this research highlight quite good 

performance of ozone-based treatment processes for removal of microconstituents in 

water reuse.  Ozonation and ozone/peroxide treatment provides removal of 90% or 

greater of these compounds at 5 mg/L of O3, with especially good performance for 

hormones and estrogenically active compounds (e.g., BPA, OP, NP). More 

recalcitrant compounds (e.g., DEET and TCEP) are not completely removed with 

ozone, nor with any other technology evaluated.  

Ozonation rapidly reduces estrogenic activity and ozone is known to rapidly 

degrade most natural steroidal hormones (Deborde, 2005).  Therefore, molecular 

ozone is an effective treatment option for many of common contaminants and 

endocrine disruptors in reuse water. TCEP is more difficult to treat, as has been 

noted in earlier reports, and comparable results have been observed here. While 

some oxidation of TCEP occurs during treatment, we observed higher variability in 

TCEP extractions, possibly due to its higher solubility, which makes the compound 

less amenable to solid phase extraction. 

4.5.2 Disinfection of Spiked and Indigenous Microbes by O3-based 
Technologies 

An overview of the disinfectant capacity of molecular ozone for three target 

microorganisms at Pinellas County (indigenous total coliforms, indigenous aerobic 

spores, and spiked MS2 bacteriophage) is shown in Figure 4.22. When there was 

sufficient ozone to form a residual, and the coliform counts at 6 and 8 ppm applied 
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O3 doses were between 10 and 20, which is approaching the enumeration limit for 

the membrane filtration/enumeration technique (Standard Method 9222). 

4.5.3 Total Coliforms 

Significant coliform inactivation is achieved by molecular ozone at all tested 

residual ozone concentrations (Fig. 4.20).  Increasing contact time from 30 seconds to 

120 seconds does not seem to result in improved disinfection, as shown in Figure 

4.24.  Adding hydrogen peroxide prior to ozonation did not result in a synergistic 

effect for coliform inactivation; in fact, at low ozone doses it appears that some of the 

ozone is preferentially consumed by hydrogen peroxide, depressing coliform 

inactivation kinetics, but past about 3 mg/L O3, both the O3 and O3/H2O2 systems 

perform equally, suggesting that O3/H2O2 adds little to disinfection of these 

microbes, compared to O3. 

Some disinfection of total coliforms was observed at ozone doses that were 

less than the IOD (that is, at ozone doses that were insufficient to result in residual 

ozone after 30 seconds), as can be seen in Figure 4.23, where the enumeration limit 

corresponded to 4.88 log reduction; coliform bacteria were still measurable up to 7.3 

ppm O3. However, this figure confirms previous work that observed bacterial 

reduction by ozone in wastewater prior to the formation of an ozone residual (Absi, 

1993; Janex, 2000; Lazarova, 1999; Paraskeva, 2002). As Figure 4.25 shows, O3/H2O2 

provides slightly greater inactivation of fecal coliforms than O3 alone at ozone 

concentrations sufficient to form a residual, in the case of NDWRF water, as 3.4 ppm 

O3 with 5 ppm H2O2 resulted in non-detectable levels of total coliform bacteria, while 
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detectable levels of coliform remained without the addition of H2O2. However, H2O2 

appears to slightly impair disinfection of total coliforms (Figure 4.27). No consistent 

benefit from the O3 AOP over simple ozonation was observed. 

 

 

 

Figure 4.22: Applied ozone dose vs. log reduction of target microorganisms 

in Pinellas County reuse water 
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Figure 4.23: Ozone dose vs. log total coliform inactivation in Manatee 

County water (IOD: 3.5 ppm) 

 

 

 

Figure 4.24: Total coliform inactivation by O3 in Pinellas County water 

(IOD: 2.7 ppm), varying contact time 
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Figure 4.25: Inactivation of fecal coliform in NDWRF water via O3 and 

O3/H2O2. O3 concentrations are residual O3. Non-detect coliform was met by 

O3/H2O2 at 3.4 ppm O3. 

 

Figure 4.26: Total coliform inactivation in City of Largo water by O3 and 

O3/H2O2. Counts were <20 at 7 ppm by O3 alone, and >20 by O3/H2O2 

Water from LACSD contained lower indigenous coliform and spore counts 

than the other received waters received, which made determining coliform and 

spore inactivation kinetics difficult because of non-detect results at low doses. The 
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IOD for LACSD water was about 2 mg/L. At 1 mg/L residual O3, coliform counts 

were reduced to below the enumeration limit. 

4.5.4 Aerobic Spores 

In Pinellas Co. (South Cross Bayou) reuse water, 10 ppm residual O3 only 

brought about 0.5 log reduction in aerobic spore counts after a contact time of 30 sec.  

Due to their physiology, aerobic spores and protozoa such as Cryptosporidium parvum 

and Giardia lamblia are protected against chemical oxidants (Venczel, 1997), which 

limits ozone as an effective disinfectant for these types of pathogens. 

H2O2 was added to the reaction vessel in some tests to determine the 

contribution of hydroxyl radicals to disinfection of aerobic spores, but as Figure 4.27 

shows, neither molecular ozone alone nor hydroxyl radicals formed during the 

enhanced decomposition of molecular ozone were an effective disinfectant in the 

case of aerobic spores. Despite low inactivation rates, the addition of H2O2 seemed to 

adversely affect disinfection, as available O3 was diverted from the microbial targets 

to reaction with H2O2. 



 

 142

 

Figure 4.27: Residual ozone dose vs. log spore inactivation Pinellas County, 

with and without 5 ppm H2O2. 

4.5.5 MS2 Bacteriophage 

Molecular ozone caused substantial inactivation when the ozone dose 

exceeded the initial ozone demand. For instance, in water from LACSD, 1 mg/L 

residual O3 reduced MS2 to below the enumeration limit. Performance varied, with 

total inactivation at all tested ozone doses in several waters (LACSD and Manatee 

Co.), with dose-dependent performance in other cases.  MS2 inactivation in water 

from the City of Largo increased proportionally with O3 concentration, with 

detectable phage remaining at 8.5 ppm O3 (Figure 4.28). As is the case with aerobic 

spores, the addition of H2O2 seems to adversely affect the disinfection capacity of 

ozone with respect to spiked MS2, when performance was dose-dependant.  
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Figure 4.28: Residual O3 vs. MS2 inactivation in City of Largo water: 

comparison of O3 and O3/H2O2 (2.5 ppm IOD). 

4.5.6 Enteric Viruses 

CoxB5 was spiked into LACSD water, and O3 was added at 3, 6.3, and 9 ppm; 

all doses resulted in total inactivation. At ozone doses lower than the initial ozone 

demand – that is, at ozone doses insufficient to form a residual O3 concentration, 

measured after 30 seconds – cox B5 was completely inactivated, which supports 

previous results that show coliform inactivation at ozone doses lower than the IOD. 

O3 effectively inactivated Ad4, with about 1.5 log reduction at an applied O3 

dose of 2.3 ppm (which is less than the IOD of 2.7 ppm) and about 3 log reduction at 

7.6 ppm O3. At the highest dose (7.6 ppm), the addition of 5 ppm H2O2 seems to 

slightly diminish the virucidal effect of O3, although at the other tested doses the 

addition of H2O2 had no significant impact (Figure 4.29) The aforementioned O3 and 

O3/H2O2 disinfection tests also showed a slight antagonistic effect at high O3 doses 

with respect to total coliforms. 
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Figure 4.29: Ad4 inactivation via O3-based treatment in Pinellas Co (FL) 

reclaimed water (Co: 1.35·103 MPN/mL, IOD: 2.7 ppm). 

4.64.64.64.6 Discussion 

The wide variety of results generated on the bench scale for this chapter are 

separated by application: disinfection and chemical oxidation. In each section, the 

results are summarized and compared to previous studies. The hypotheses 

presented in the introduction are evaluated, and an engineering context is provided, 

with an emphasis on the novel aspects of the study. 

Both low- and medium-pressure UV radiation are effective methods of total 

coliform inactivation, resulting in complete bacterial inactivation at 100 mJ/cm2 in all 

the tested waters. UV also reduces aerobic spores and MS2 in a log-linear fashion, 

resulting in approximately a 3 log reduction in MS2 and approximately a 1.5-2 log 

reduction in aerobic spores at 100 mJ/cm2. This degree of MS2 inactivation supports 
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evidence that UV provides a robust viral barrier, since MS2 is a conservative 

surrogate for most pathogenic viruses (Chevrefils, 2006).  

In 2003, the National Water Research Institute set recommended doses for 

reclaimed water disinfection by UV, based on the level of pretreatment. The 

recommended doses – 100 mJ/cm2 for granular media filtration effluent, 80 mJ/cm2 

for membrane filtration effluent, and 50 mJ/cm2 for reverse osmosis effluent – were 

designed to provide 4-log poliovirus inactivation (with a safety factor of 2). Since 

MS2 is a conservative surrogate for poliovirus type 1, the degree of MS2 inactivation 

met at 100 mJ/cm2 shows that the NWRI’s treatment goal for viral inactivation was 

met in these waters (Shin et al., 2005). 

Although UV inactivation is especially effective for inactivation of indicator 

bacteria and parasitic protozoa, adenovirus inactivation requires much higher 

fluences (see Table 4.11). One of the goals of this study was to determine whether 

UV/H2O2 could reduce the fluence required to inactivate adenovirus type 4, but all 

four UV methods (LP, MP, and LPUV/H2O2 using 5 or 10 mg/L peroxide) were 

equally as effective. None of the advanced oxidation Ad4 inactivation results 

suggested that the fluences recommended by the USEPA would need to be lowered 

if UV systems were converted to AOP systems. The addition of peroxide had no 

discernable effect on MS2 or aerobic spores, but in water from the City of Tampa, the 

addition of 5 mg/L peroxide resulted in a 0.54 log increase in coliform kill at 40 

mJ/cm2. This water contained an average particulate concentration (TSS and 

turbidity of 0.90 mg/L and 0.73 NTU), an average alkalinity (210 mg/L as CaCO3), 
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and an average BOD (2.2 mg/L O2). At higher fluences, total coliform inactivation 

was met, and at similar fluences PAA addition had no effect, but these results 

support not only the disinfecting capacity of UV-based advanced oxidation but also 

the need for continued research into hydroxyl radical-mediated disinfection. 

Indigenous aerobic spore inactivation by UV processes was the slowest of the 

three tested microorganisms, with 40 mJ cm-2 only resulting in about a 0.6 log 

reduction. These germicidal UV disinfection results are similar to previously 

reported dose-response results (Mamane-Gravetz, 2004). Although UV AOP 

inactivation of aerobic spores had not been previously reported in literature, neither 

water quality parameters (within the observed ranges) nor hydroxyl radical 

generation by peroxide or PAA addition improved the UV disinfection. These results 

suggest that wastewater treatment utilities that implement UV for Crypto, Giardia, 

and other pathogenic protozoa that are similarly shielded from oxidative 

disinfection would not see a benefit with UV AOP over UV alone. 

Pilot-scale testing of O3/H2O2 disinfection found that an ozone concentration 

of 4.4 mg/L and a 93 second contact time was sufficient in some cases to reduce total 

coliform below the Title 22 certification limit (2.2 MPN/100 mL) (Ishida et al., 2008). 

In another pilot-scale study, 3.6 mg/L O3 and a contact time of 13 minutes reduced 

fecal coliforms by 4 logs, and 4.6 mg/L O3 and a contact time of 13 minutes reduced 

total coliforms by 5.5 logs. In this case, the TSS varied from 1.6 to 3 mg/L, the TOC 

varied from 4.7 to 5.7 mg/L, and the turbidity varied from 1.5 to 2 NTU; that is, the 
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reported water quality was similar to the wastewaters tested for this study 

(Mezzanotte, 2007). 

Ozone and O3 AOP treatment showed some variation between utility waters 

in the current study. Since the contact time used in these experiments was 30 

seconds, an O3 residual of 2 mg/L would equate to the Ct of 1 mg-min/L required for 

“tertiary recycled” water. At an O3 residual of 2.4 mg/L (past the initial ozone 

demand of Pinellas Co. water), total inactivation of coliform bacteria was observed. 

At a lower ozone dose past the IOD of Manatee Co. water, (0.75 mg/L), about 4 log 

redution in coliform was observed, but high counts remained (~200 CFU/100 mL).  

The addition of H2O2 did not have a consistent impact on total coliforms: in the case 

of NDWRF water, this addition brought about total inactivation at a O3 dose of 3.7 

mg/L and a H2O2 dose of 5 mg/L, whereas without the H2O2 addition, about 40 

CFU/100 mL remained at an ozone dose of 3.4 mg/L. In the case of the City of Largo 

water, the addition of H2O2 appeared to slightly reduce the total coliform 

disinfection efficacy, compared to ozone alone.  Based on these results, O3 and 

O3/H2O2 systems should be tested on a site-by-site basis to confirm that the NWRI 

recommended dose of 1 mg-min/L provides the high degree of coliform inactivation 

required by California’s Title 22 certification.  

Spiked MS2 was completely inactivated by O3 at all doses in all waters except 

for the NDWRF water, making O3 a good candidate for meeting the Title 22 5-log 

virus treatment goal. Like the other oxidative treatments, O3 was largely ineffective 

against indigenous spores: even at very high doses (16 mg/L), spore counts were 
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only reduced by about 50%. It is unlikely any effect on aerobic spores will be seen at 

1 mg-min/L O3. However, as was previously mentioned, aerobic spores are a 

conservative surrogate for Giardia. These results suggest that a) partial coliform 

inactivation is met before the formation of residual zone, b) rapid coliform kill is 

achievable at ozone doses just past the IOD, as the aforementioned studies have 

shown, and c) peroxide addition does not improve disinfection kinetics. Title 22 

certification requires an ozone Ct of 1 mg-min/L, and these results support previous 

studies that have shown 5-log virus inactivation at these doses (Ishida et al., 2008). 

The combination of H2O2 and LPUV as a source of in situ hydroxyl radicals 

promoted the destruction of the spiked contaminants as predicted. At UV fluences 

common to recycled water disinfection (~100 mJ/cm2), the addition of 5 mg/L H2O2 

caused a ~50% reduction in estrogenic activity, and reduced nearly 70% of the spiked 

contaminants by at least 50%. Aromatic hydrocarbons, such as the estrogenic 

disrupting compounds (E1, E2, EE2, E3), phenolic compounds (OP and NP), and 

DHEA, DEET, and TCS were susceptible to oxidation via radicals. Electron-

withdrawing aromatic substitutions, such as chlorine, impeded radical attack for 

those compounds that are traditionally difficult to oxidize (TCEP, DHT). At high UV 

fluences, EEQ was greatly reduced in UV AOP systems (2 log reduction in the 

Tampa and Bradenton waters). 

As Figure 4.31 shows, the addition of PAA slightly improved degradation 

kinetics for many of the target compounds over LPUV alone but underperformed in 

most instances compared to UV/H2O2. In the case of triclosan (Figure 4.30), UV/H2O2 
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and UV/PAA perform equally as well, which is due to the photoliability of triclosan 

compared to most other target microconstituents (Tixier et al., 2002). In the case of 

E2, the former is much less effective than the latter. UV/PAA seemed to be much 

more effective than UV/H2O2 in the case of carbamazepine, but more tests will be 

needed to corrorborate this observation. With regards to EEQ reduction, PAA 

seemed to slightly outperform peroxide at lower UV doses (<100 mJ/cm2) (Figure 

4.31). Until more UV/PAA studies are performed, utilities that plan to implement UV 

AOP systems for contaminant oxidation and EEQ reduction should continue using a 

more established AOP approach such as UV/H2O2, based on the current results. 
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Figure 4.30: UV/H2O2 AOP vs. UV/PAA AOP for reduction of E2 and TCS. 

Red bar denotes NWRI media filtered wastewater fluence 

 
Figure 4.31. UV/H2O2 AOP vs. UV/PAA AOP for reduction of EEQ. Red bar 

denotes NWRI media filtered wastewater fluence 

TCEP, a flame retardant, is designed to be resistant to oxidation. Therefore, it 

comes as no surprise that none of the tested technologies appreciably reduced the 

concentration of spiked TCEP. However, while TCEP is neither photoliable or 

susceptible to degradation by molecular ozone, the addition of 5 ppm H2O2 resulted 
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in about 15-25% removal at high ozone doses (12 mg/L) (Figure 4.32). Watts et al. 

reported that the hydroxyl radical rate constant for TCEP (kOH,TCEP) was 7.4 x 108 M-1 

s-1 (Watts, 2008). Previous results have shown that O3/H2O2 is more effective than O3 

alone for chlorinated flame retardants such as TCEP (Snyder, 2006). UV-based 

treatment is only moderately effective, and only with the addition of H2O2 (Figure 

4.33). UV/H2O2 reduced TCEP by 25-35% in water from Manatee Co. and Tampa. 

Although there is not an apparent controlling water quality parameter for TCEP 

susceptibility by UV AOP in these tests, the results show that TCEP is unaffected by 

either molecular ozone or direct UV photolysis. Therefore, if TCEP removal from 

wastewater is a concern, utilities should consider advanced oxidation over their base 

technologies, as neither UV nor O3 is expected to have an appreciable impact. 

NDMA is one of the most challenging targets for water treatment utilities. 

Since it is extremely hydrophilic, non-volatile, small, and resistant to oxidation, 

neither granular activated carbon adsorption, air stripping, reverse osmosis, nor 

traditional oxidative degradation are useful. Since it is amenable to direct UV 

photolysis (Φ = 0.30 (Sharpless, 2003)), either by LP or MPUV, it is a technology 

driver for UV and UV AOP projects. Although it reacts slowly with molecular ozone 

(kO3 = 0.052 M-1 s-1 (Lee, 2007)), it reacts more quickly with hydroxyl radicals (kOH = 

3.3 x 108 M-1 s-1 (Wink, 1991)). For example, conventional ozonation with up to 3.3 

mg/L ozone causes less than 25% NDMA oxidation in natural waters, but O3/H2O2 

oxidation with 3.3-6.6 mg/L ozone and a 2:1 O3:H2O2 ration can achieve 50-75% 

NDMA removal in natural waters (Lee, 2007). In the current study, NDMA removal 
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by O3 technologies was not as effective as in simulated natural waters: the addition 

of 5 mg/L H2O2 resulted in an approximately 5% improvement across all three tested 

waters and all dose ranges, with the maximum NDMA removal approaching about 

40% after an O3 dose of 10 mg/L. Although NDMA reacts more quickly with 

hydroxyl radicals than molecular ozone, the degree to which H2O2 increases radical 

formation during the decomposition of ozone does not appear to be sufficient to 

substantially improve NDMA removal in O3 AOP wastewater treatment over O3 

alone. 

 

Figure 4.32: TCEP oxidation by O3 and O3/H2O2 in three utility waters 
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Figure 4.33: TCEP reduction by UV technologies in four utility waters 

Figure 4.34 shows that in reclaimed water, the combination of O3 and H2O2 

causes slightly greater NDMA reduction than O3 alone across all dose levels; 

however, UV-based treatment is more effective, albeit at high fluences. About 50% 

reduction in spiked NDMA is met by UV/H2O2 at 200 mJ/cm2, and after long UV 

exposure times (500 mJ/cm2), >90% NDMA reduction can be met. The current results 

mirror previous work with synthetic natural water, which showed similar NDMA 

removal at similar UV fluences (Sharpless et. al., 2003). 90% NDMA removal is not 

achievable at economically-viable ozone doses, so UV systems are still the best 

options for water or wastewater utilities interested in NDMA removal. 
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Figure 4.34: O3 and O3/H2O2 degradation of NDMA in three utility waters 

The endpoint of advanced oxidation is complete mineralization of 

micropollutants; however, the high doses of oxidant and long UV exposure times 

required for mineralization make it an unrealistic option. Instead, AOPs reduce the 

estrogenic, androgenic, or mutagenic properties of the bulk water by reacting with 

the structure or moieties of the target contaminants responsible for their action in the 

body or the environment. To this end, bioassays such as the YES bioassay, which 

measures the total estrogenic activity of the treated water sample, provide a valuable 

assessment of the efficacy of AOPs. Figure 4.35 summarizes the EEQ reduction by 

UV-based treatment for three utility waters, and Figure 4.36 shows the EEQ 

reduction by O3 and O3 AOP disinfection. The reduction in estrogenic activity is 

dose-dependant in the case of UV technologies, and as the results for the City of 

Bradenton water in Figure 4.35 show, LPUV and UV/PAA perform equally as well, 

but UV/H2O2 is much more effective. At 500 mJ/cm2, the addition of 5 ppm H2O2 
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reduces EEQ by 90% as opposed to about 50% by direct photolysis. Likewise, at UV 

fluences relevant for reuse water applications as opposed to AOP applications (140 

mJ/cm2), indirect photolysis by UV/H2O2 reduces EEQ by 70%, whereas direct 

photolysis only results in a 30% reduction. Ozone, on the other hand, completely 

eliminates the estrogenic activity of the spiked micropollutants, with or without the 

addition of H2O2, when the ozone dose exceeds the initial ozone demand. At low 

ozone doses (<2 mg/L, which is less than the initial ozone demand), the addition of 

peroxide improves EEQ reduction: in Manatee Co. water, EEQ reduction was 

improved 30% (from 60% reduction to 90% reduction) by the addition of 5 mg/L 

H2O2, and the same peroxide addition improved EEQ reduction in water from 

Pinellas Co. by 25% (50% to 74%) (Figure 4.36). These results support previous 

studies that shows >90% EEQ reduction in wastewater after the formation of 0.1 

mg/L O3 residual (Kamiya et al., 2005; Snyder, 2006; Onda et al., 2002). Wastewater 

effluents carry a much higher potential for reproductive and sexual abnormalities in 

aquatic wildlife than drinking water effluents, so reduction of estrogenic activity is a 

major concern for recycled water systems. Based on this study and previous 

literature, the Title 22 certified dose for ozone systems (1 mg-min/L) would be 

sufficient to reduce EEQ by >90%. 
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Figure 4.35: EEQ reduction (as fraction remaining) by UV technologies in 

three utility waters 

 

Figure 4.36: EEQ reduction by O3 and O3/H2O2 in three utility waters 

4.74.74.74.7 Conclusions 

The objectives of this chapter were to compare the performance of the base 

technologies (UV and O3) to the advanced oxidation processes, including UV/H2O2, 
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UV/PAA, and O3/H2O2, especially with regards to the potential for enhanced 

disinfection of indigenous and spiked microorganisms. In doing so, this study was 

intended to demonstrate that AOPs are multiple-barrier systems that simultaneously 

destroy microconstituents and inactivate indicator organisms.  Additional objectives 

included an investigation of the degree of microconstituent destruction that can be 

met at lower than typical doses for AOP systems, and the correlation of disinfection 

performance and important water quality parameters. The bench-scale tests 

performed to this end resulted in the following conclusions, practical suggestions for 

engineering applications, and suggestions for further research: 

1. Indigenous microorganisms: UV irradiation is a proven disinfectant, with 

consistent, complete inactivation of indigenous bacteria at 100 mJ/cm2 and 

log-linear inactivation of aerobic spores, which are conservative surrogates 

for parasitic protozoa. The addition of 5 mg/L peroxide resulted in a 0.54 log 

increase in total coliform kill at 40 mJ/cm2 in water from Tampa, FL, 

suggesting a synergistic effect from the combination of UV and H2O2, while 

no benefit was seen from the addition of PAA. Ozone disinfection past the 

initial ozone demand resulted in high coliform kill, with significant tailing, 

and little to no impact on aerobic spores, with or without peroxide addition. 

At high O3 doses, the addition of peroxide had an antagonistic effect on total 

coliform inactivation in water from Largo, FL. For utilities whose primary 

goal is to meet coliform bacteria and protoza disinfection regulations, the UV 

fluences that have been recommended by the NWRI are sufficient, while the 
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NWRI’s recommended O3 dose (1 mg-min/L) did not consistently meet the 

total coliform goal of 2.2 MPN/100 mL. 

2. Bacteriophages and human viruses: Spiked MS2 bacteriophage disinfection 

by UV followed log-linear inactivation kinetics, and the order of 

susceptibility to UV inactivation for the human infectious viruses from 

highest to lowest was coxsackievirus type B5, reovirus type 3, and 

adenovirus type 4. All four UV methods (LP, MP, and LPUV/H2O2 using 5 or 

10 mg/L peroxide) were equally as effective for all four viruses. Low doses of 

residual ozone (2 mg/L, 30 sec contact time) completely disinfected MS2, 

CoxB5, and Reo3, while the addition of peroxide appeared to have an 

antagonistic effect on Ad4 inactivation at relatively high doses (8 mg/L O3, 5 

mg/L H2O2) in limited testing. Overall, both UV and ozone are effective 

disinfectants with regards to viruses, and advanced oxidation processes 

provide no measureable improvement over their base technologies. 

3. Chemical micropollutants: Chemical destruction by UV/H2O2 outperformed 

both direct UV photolysis and the combination of UV and PAA, meeting 

approximately 50% reduction in estrogenic activity, and >50% reduction of 

nearly 70% of the spiked contaminants at UV fluences commonly used for 

wastewater disinfection. Photoliable compounds (such as triclosan) showed 

approximately equal removal by both UV AOP methods, while UV/PAA 

reduced estrogenicity more effectively than UV/H2O2 at the disinfection-level 

fluences described above. Ozonation was the most effective method of 
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reducing estrogenicity, with >99% EEQ reduction at the lowest tested doses 

and effective, if selective, removal of most of the individual spiked 

compounds. The combination of O3 and peroxide improved the removal rates 

of compounds that react slowly with molecular ozone (e.g., TCEP and 

NDMA). Ozonation is an attractive option for wastewater utilities that are 

interested in reducing the overall ecological impact of their effluents, while 

UV/H2O2 advanced oxidation can provide similar benefits at UV fluences that 

exceed what is commonly employed for disinfection alone. 

4. Water quality effects: As expected, particulate matter interfered with UV 

inactivation of indigenous coliforms, while other water quality parameters 

either had minimal impact (BOD, alkalinity etc.) or were taken into account 

when calculating average irradiance (absorbance). In the case of ozonation, 

the most important aspect of water quality is the amount of readily-oxidized 

material, as illustrated by the initial ozone demand: when a high IOD was 

measured, more ozone was required to overcome this demand and provide a 

residual. A combination of particulate interference and hydroxyl radical 

scavenging by alkalinity can negatively impact ozone AOP systems. As is 

often the case with advanced treatment technologies, the better the 

pretreatment (especially with regards to particulate removal) the more 

efficient the advanced treatment process. 

Based on these results, ozonation is an effective bactericide and viricide, but 

ineffective for aerobic spores. Since aerobic spores are a conservative surrogate for 
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parasitic protozoa such as Giardia and Crypto, more inactivation of these 

microorganisms should be expected. Ozonation at the NWRI recommended dose of 

1 mg-min/L, which corresponded to an ozone concentration of 2 mg/L in this case, 

did not consistently meet the Title 22 goal of 2.2 MPN/100 mL. O3/H2O2 

underperformed compared to O3 alone at high ozone doses in the case of total 

coliform disinfection, and UV/H2O2 was more effective than UV alone at low UV 

doses. These limited results substantiate the need for further research in the area of 

advanced oxidation disinfection and a continued investigation into ozone 

performance for Title 22 certification. UV AOP inactivation of Ad4 was more 

conclusive in that no synergistic effect was seen at any of the tested conditions. UV 

AOP provided a moderate barrier to organic micropollutants, but ozonation, with or 

without peroxide, quickly reduced the estrogenicity in all the tested conditions. 

Based on this research study, the UV fluences and O3 doses suggested by the NWRI 

provide a good microbial barrier and, in the case of O3, a robust method of 

destroying micropollutants. However, much higher UV fluences would be necessary 

to substantially remove NDMA.  

5. Multilevel modeling: an alternative to reporting log 
reduction in wastewater disinfection 

5.15.15.15.1 Problems with traditional reporting methods 

Traditional inactivation studies report log reductions in microbial counts. The 

observed variable (the number of colonyviru forming units, CFU) is divided by the 

dilution factor or volume, and the difference between the logarithm of these 
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concentration values is the log reduction (or log inactivation). When a surrogate 

variable, such as the log inactivation, is substituted for an observed variable, 

statistical errors are introduced (Qian et al., 2005). These include (1) inflated 

uncertainty, leading to a higher disinfectant dosage for a given log-inactivation, and 

(2) the censoring of observed zero values, and (3) the output variable is not actually 

observed. Using an observed fraction as an estimate of the unknown probability will 

result in varying variances, which violates a key assumption of linear regression 

(constant variance) and produces misleading results (Mezzanotte, 2007). Model 

selection can profoundly affect the operating conditions of disinfection systems: one 

example is a study by Qian et al. (2005) that used Bayesian analysis instead of logistic 

modeling or the MPN approach to develop UV dose-response relationships for 

Cryptosporidium parvum inactivation. By streamlining the formation of a dose-

response relationships from two separate steps to one, both the inherent uncertainty 

and the suggested dose for 3-log inactivation were reduced (Qian et al., 2005). 

When complete inactivation takes place, the log-inactivation values that are 

often the benchmark for the performance of a disinfectant cannot be calculated (e.g., 

Mezzanotte, 2007). That is to say, log survival ratios are upper-limited by the initial 

concentration of microbes. When log-inactivation results are presented as “greater 

than” the upper limit, the effectiveness of the disinfectant dose is underestimated, 

and the recommended treatment level is inflated. Zero counts are censored because 

zero counts cannot be included in the log-inactivation, as the logarithm of zero is 

undefined. 



 

 162

The example used in this chapter is limited to the total coliform inactivation 

results for UV-based technologies (LPUV, MPUV, and UV AOPs). Although these 

tests are only a subset of the disinfection work reported above, the goal for this 

chapter is to provide a complete example of this approach. This chapter includes (1) 

the rationale for using multilevel linear regression, (2) the statistical and mechanical 

methods to perform this regression in R, and (3) a discussion of the results for one 

particular set of tests, coliform inactivation by UV technologies, the goal being to 

provide a template for further similar analyses. 

The objectives of this chapter are twofold. First of all, partial 

pooling/multilevel modeling will be used to address these systemic problems with 

traditional reporting methods. To meet this goal, the observed enumeration data will 

be visualized, and the appropriate data transformations will be performed in order 

to verify that the order of the disinfection process is correct. The three 

aforementioned limitations will be addressed by moving from basic linear modeling 

(by either completely pooling the results or generating a unique linear model for 

each utility) to partial pooling, which generates average predictor variables as well 

as variations that account for differences between the tested utility waters. 

Secondly, group level predictors in the form of measured water quality 

parameters will be used to improve the accuracy of the multilevel model. Simply 

adding more predictor variables to a model does not necessarily improve the model 

accuracy, but an assessment of the deviance of the model (in the form of the Akaike 

Information Criterion (AIC)) will be used to demonstrate an improvement in 
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accuracy. This chapter will not only show that this unique approach is applicable for 

this type of data but also that it can be used to rapidly assess whether or not water 

quality parameters have a mechanistic impact on disinfection rates. 

5.25.25.25.2 Working with observed variables 

The data shown here are the results from UV inactivation tests, including 

low-pressure (LP) UV, medium-pressure (MP) UV, the UV/hydrogen peroxide 

(H2O2) advanced oxidation process (AOP), and the UV/peracetic acid (PAA) AOP, 

using secondary treated, media-filtered water from nine North American water 

reclamation facilities: the City of Largo Wastewater Treatment Facility (Largo) 

(Largo, FL), City of Bradenton Water Reclamation Facility (Brad) (Bradenton, FL), 

City of Tampa WWTF (Tampa) (Tampa, FL), Manatee County Southwest Regional 

Wastewater Treatment Plant (Manatee) (FL), 91st Ave. WWTP  (91st) (Phoenix, 

AZ), Dublin San Ramon Services District (DSRSD) (Dublin, CA), and the Pinellas 

County South Cross Bayou WRF (Pinellas) (St. Petersburg, FL). Table 3.3 shows 

the water quality measurements of each of the test waters.  

Counts (c), which are the number of colony forming units (CFU) counted on 

an agar plate in the membrane filtration (MF) method, follow a Poisson distribution. 

The same is true for plaque forming units (PFU) in the case of the MS2 bacteriophage 

method. 
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Equation 1:  Count = Poisson(λ) 

Equation 2:   λ = cv  

Equation 3:  log(λ) = log(c) ⋅ log(v)  

The expected number of counts given a certain concentration of CFU bacteria and a 

given volume of water is λ, which is also the mean of the distribution. The variables 

that are observed in this set of equations are count (the number of enumerated 

colonies) and v (the volume of water for the membrane filtration method), while c 

(the concentration of bacteria per 100 mL) is of interest but not observed. 

The goal of this chapter is to accurately model the linear relationship between 

concentration of target microorganisms and disinfectant dose, whether it is UV 

fluence, ozone concentration in ppm, or Ct value. The water quality parameters 

include turbidity (NTU), ammonia (ppm), nitrite (ppm), nitrate (ppm), phosphorous 

(ppm), alkalinity (ppm), total suspsended solids (TSS, ppm), and 5-day biological 

oxidant demand (BOD, ppm). The goal is to determine whether or not the tested 

water quality parameters affect the rate of inactivation, and if so, which of those 

parameters is most important for each technology.  

Coliform bacteria are rapidly killed by germicidal UV light at low UV 

fluences, but some tailing occurs due to particle-associated bacteria, which are 

shielded from UV. Figure 5.1 shows the results of all the UV-based total coliform 

inactivation tests on a UV fluence (“dose,” 0-250 mJ/cm2) vs. log concentration basis. 

This representation of the coliform inactivation results is identical to the previous 
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chapters. These results show a >2 log reduction at low UV doses and continued 

inactivation as UV dose increases. 

 

Figure 5.1: Results of UV inactivation tests, grouped by technology 

5.35.35.35.3 Common applications of log inactivation in modeling 

Current methods of analyzing disinfection data, as presented in the literature, 

follow one of a handful of models, all of which use a measure of disinfectant dose, 

which is given as some combination of concentration of disinfectant and contact 
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time, to model the log inactivation of a target microorganism. The Hom model 

(Hom, 1972) is often used for chlorination and ozonation: 

Equation 4:  log
N

No

 

 
 

 

 
 = −k ⋅ Cn ⋅ t m  

This model has three parameters, k, n, and m. The magnitude of n and m can 

illustrate the relative importance of concentration of disinfectant and contact time, 

respectively. An example of an alternate linear modeling approach that also uses log 

inactivation values is the “S” model (Profaizer, 1998): 

Equation 5:  log
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This model has four model parameters (k, m, n, and h) and can account for the lag 

that often occurs during disinfection, producing an “S”-shaped dose-response curve 

when m is greater than 1. Once again, this approach fits log inactivation values based 

on concentration of disinfectant and contact time. One of the most common and 

simplest models for UV disinfection of bacteria is the Chick model (Chick, 1908):  

Equation 6:  log
N

No

 

 
 

 

 
 = −k ⋅ D 

However, this model only applies at low UV doses, during inactivation of free-

floating bacteria: past about 20 mJ/cm2, the Chick model no longer applies, 

suggesting that UV inactivation of coliform is no longer first-order (Mezzanotte, 

2007).  The Oppenheimer model involves the log transformation of both variables 

(Oppenheimer, 1993): 
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Equation 7:  log
N

No

 

 
 

 

 
 = a + b ⋅ log D( ) 

This simple model is simple is capable of illustrating the shift from log-linear 

inactivation to a non-linear trend at higher UV fluences due to particulate 

interference. Once again, this model uses log inactivation as the response variable. 

5.45.45.45.4 Simple linear modeling, complete pooling and no pooling 
approaches 

The first step in the progression from linear modeling to multilevel modeling 

is to make a simple linear model by pooling all the inactivation results together. A 

simple linear regression equation has the form: 

Equation 8:  c ij = β0 j + β1 jdoseij + εij  

Utilities are indexed by j and UV technologies tested for each utility are indexed by i. 

This notation means that the ith observation belongs to the jth utility. The slope and 

intercept are the model coefficients. The most basic linear regression is a complete 

pooling approach, which assumes that all the utilities share the same model 

coefficients: 

###### R Code ####### 
uv.lm1 <- lm(count/vol~dose, data=test) 
display(uv.lm1, 4) 
 
lm(formula = count/vol ~ dose, data = test, offset = log10(vol)) 
            coef.est   coef.se    
(Intercept) 25420.1391  4006.1164 
dose         -167.8774    40.9108 
--- 
n = 272, k = 2 
residual sd = 50325.3008, R-Squared = 0.06 
 

Although this model does show that the concentration of coliform bacteria decreases 

with increasing UV dose, the very low R2 value (0.06) shows that this linear model is 

unsatisfactory. According to this first pass model, the average concentration of total 
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coliform bacteria for all the utilities (β0) is 2.54·104 CFU/mL, and for every unit 

increase in dose, there is a -167 change in the number of coliform per 100 mL (β1). 

Pooling all the data together does not provide any useful information beyond the 

obvious fact that dose affects coliform concentration.  

The next step is to separate the data by utility, which begins to sort the results 

by water quality, since each utility has a unique set of water quality parameters. This 

no-pooling approach generates a different model for each utility. 

###### R Code ####### 
 
uv.lm3 <- lm(number~dose*factor(util)-1-dose, data=test) 
display(uv.lm3, 0) 
lm(formula = number ~ dose * factor(util) - 1 - dose, data = test) 
                          coef.est coef.se 
factor(util)91st          111168    10406  
factor(util)Brad           15287     7395  
factor(util)DSRSD          77490    20281  
factor(util)Largo          26789     9154  
factor(util)Manatee         2913     7636  
factor(util)Pinellas        3800    18045  
factor(util)Tampa          13756     8813  
dose:factor(util)91st       -652       86  
dose:factor(util)Brad        -98       75  
dose:factor(util)DSRSD     -2420      841  
dose:factor(util)Largo      -149       80  
dose:factor(util)Manatee     -18       75  
dose:factor(util)Pinellas   -187     1276  
dose:factor(util)Tampa      -124      109  
--- 
n = 272, k = 14 
residual sd = 44201, R-Squared = 0.36 
 

Using this approach allows the slope and intercept to change for each utility. 

This no pooling model accounts for the differences between the tested waters by 

allowing the slope and intercept to be sampled from different distributions. The 

coefficients vary widely because within each “util” category, there is variation in 

water quality parameters and the types of UV technologies being tested. The 

complete pooling model is related to the no pooling model in that the former is the 

average of the latter. The complete pooling model cannot make predictions about 
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coliform inactivation, and the variability in the no pooling model suggests that there 

are important predictor variables that are not being taken into account. 

5.4.1 Simple linear modeling: variable transformation 

The UV inactivation results presented in Chapter 4 show that the inactivation 

of indigenous aerobic spore-forming bacteria and spiked MS2 bacteriophage is log 

linear; that is, as the UV fluence increases, the log concentration of these target 

microorganisms decreases linearly. However, in the case of indigenous total coliform 

bacteria, the log concentration of the microorganisms is linearly related to the log of 

the dose, as best described by the Oppenheimer model. This behavior is due to the 

tailing effect discussed above. As Figure 5.2 shows, log-log transformation of the 

data results in a much better fit. 

The log-log plot loses the zero dose concentration data and the zero count 

values, but by adding 1 to the dose (an experimentally valid step, because a UV 

fluence of 1 mJ/cm2 and a UV fluence of 0 mJ/cm2 are indistinguishable) and 1 to the 

counts, this plot is possible (Figure 5.2). The log-transformed data can be completely 

pooled and linearly modeled in R as follows: 

###### R Code ####### 
 
uv.lm2 <- lm(log10(numberadd)~log10(doseadd), data=test) 
display(uv.lm2, 4) 
 
lm(formula = log10(numberadd) ~ log10(doseadd), data = test) 
               coef.est coef.se 
(Intercept)     4.4601   0.0608 
log10(doseadd) -1.6887   0.0387 
--- 
n = 272, k = 2 
residual sd = 0.5204, R-Squared = 0.88 

 
The R2 value of this complete pooling model (0.88) confirms that log-log 

modeling is appropriate for this data set. Additionally, this high R2 suggests that the 
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differences in slope between the utilities are moderate; otherwise, the complete 

pooling model would be much less accurate. Once again, the data can be separated 

by utility using a no-pooling approach: 

###### R Code ####### 
 
lm(formula = log10(numberadd) ~ log10(doseadd) * factor(util) -  
    1 - log10(doseadd), data = test) 
                                    coef.est coef.se 
factor(util)91st                     5.5105   0.1266 
factor(util)Brad                     4.5013   0.0811 
factor(util)DSRSD                    4.9301   0.1651 
factor(util)Largo                    4.6563   0.1015 
factor(util)Manatee                  4.1258   0.0877 
factor(util)Pinellas                 3.5902   0.1360 
factor(util)Tampa                    4.4633   0.0908 
log10(doseadd):factor(util)91st     -1.8561   0.0727 
log10(doseadd):factor(util)Brad     -1.8314   0.0519 
log10(doseadd):factor(util)DSRSD    -2.1308   0.1424 
log10(doseadd):factor(util)Largo    -2.0828   0.0638 
log10(doseadd):factor(util)Manatee  -1.4026   0.0545 
log10(doseadd):factor(util)Pinellas -1.4137   0.1454 
log10(doseadd):factor(util)Tampa    -1.7288   0.0571 
--- 
n = 272, k = 14 
residual sd = 0.3330, R-Squared = 0.98 

 

As was the case with the complete pooling model, the log-log transformation 

clearly makes the data linear, and it comes as no surprise that generating different 

model coefficients for each utility improves the fit (R2=0.98). These model coefficients 

are plotted in Figure 5.3; the “All” coefficients are for the complete pooling 

approach. 
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Figure 5.2: Log-log plot of total coliform inactivation by UV technologies 
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Figure 5.3: LM coefficients for log-log model, no pooling 

5.55.55.55.5 Partial pooling/Linear mixed-effects modeling 

5.5.1 Separating fixed and group effect coefficients 

Sections 5.4.1 and 5.4.2 outlined how linear model coefficients could be 

obtained for the UV inactivation tests, with and without transforming the predictor 

and response variables of dose and number. Another approach is to use multilevel 

modeling, which is a compromise between no pooling and complete pooling. In this 

case, the observed variable is count, which follows a Poisson distribution. Since the 
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water quality parameters that affect the counts at each UV fluence are unknown, one 

can assume that all the slopes and intercepts come from the same a priori 

distribution. The informal form of this model is 

Equation 9:  y ij = (β0 + δ0 j ) + (β1 + δ1 j ) ⋅ x ij + εij ,
 

where β0 and β1 are the average intercept and slopes, or the “fixed effects,” and the δ 

values are the “group effects”: changes in intercept and slope due to the variations in 

water quality nested within each class of utility. In R: 

y ~ x + (1+x|group) 

The fitted partial pooling model (performed by lmer, which is short for linear mixed 

effects modeling) for the change in count as modeled by dose, cycling through the 

utility waters, is below. Note that the model is offset by log(vol) because the 

concentration (count/vol, cfu/100 mL) is the variable being modeled, not λ, which is 

concentration times volume, as shown in Eq. 3. Once again, the dose term must be 

made greater than or equal to 1 before it is log-transformed: 

Equation 10:  log c ij( )= β0 j + β1 j log doseij +1( )+ εij  

 In R, the generalized linear model is coded as follows: 

###### R Code ####### 
 
uv.lmer1 <- lmer(count~log(dose+1)+(1+log(dose+1)|util), 
offset=log(vol), data=test, family=poisson, 
control=list(maxIter=5000)) 
 
Generalized linear mixed model fit by the Laplace approximation  
Formula: count ~ log(dose + 1) + (1 + log(dose + 1) | util)  
   Data: test  
  AIC  BIC logLik deviance 
 4511 4529  -2251     4501 
Random effects: 
 Groups Name          Variance Std.Dev. Corr    
 util   (Intercept)   1.935    1.391            
        log(dose + 1) 0.147    0.383    -0.683  
Number of obs: 272, groups: util, 7 
 
Fixed effects: 
              Estimate Std. Error z value Pr(>|z|)     
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(Intercept)     10.464      0.526    19.9   <2e-16 *** 
log(dose + 1)   -1.796      0.145   -12.4   <2e-16 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 
 
 

The estimated means for intercept and slope (10.464 and -1.769) are the fixed 

effects (β0 and β1 respectively), which means that for every 1% change in UV fluence, 

the concentration of total coliforms decreases by 1.769%, which explains the tailing 

effect.and they are both significant to the 99.9th percentile (as indicated by the 

Pr(>|z|) column. Additionally, the variance-covariance matrix is provided by this 

model: the variances of β0 and β 1 (1.935 and 0.147, respectively) and their correlation 

coefficient (-0.683). This model output also includes the estimated intercept and 

slope for each group, in two parts: the estimated group-specific slope and intercept 

include the coefficients that are common to all the utilities (fixed effects ˆ β 0 and ˆ β 1) 

and the utility-specific coefficients (random or group effects, δ0j and δ 1j). The 

command in R to extract the fixed effects is fixef(), the output of which are the 

estimated means for the intercept and slope as previously described. 

The commands in R to extract the random effects (those effects that are due to 

variations between utilities) and their standard errors are ranef() and 

se.ranef() (Table 5.1). 

Table 5.1: Random effects and standard errors (in parentheses) 

 Intercept log(dose+1) 

91st 2.24 (0.067) -0.0046 (0.017) 

Brad 0.20 (0.038) -0.0383 (0.013) 

DSRSD 0.91 (0.053) -0.4110 (0.022) 

Largo 0.67 (0.040) -0.5665 (0.018) 

Manatee -1.47 (0.041) 0.628 (0.012) 

Pinellas -2.22 (0.066) 0.3861 (0.028) 

Tampa -0.33 (0.056) 0.0131 (0.018) 
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These error terms describe whether the differences between the predictor variables 

for each utility and the average coefficients is significant: for instance, the error 

associated with the slope for 91st Ave. is 0.017, and its associated the random effect is 

-0.0046, which well within 2 times its error (95% confidence interval), so it is not 

significantly different from the average slope. However, the remaining predictor 

variables are significant by the same argument. The predictor variables can also be 

plotted for this partial pooling approach, as shown in Figure 5.4. Once again, “All” 

represents the coefficients generated by the complete pooling approach. 
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Figure 5.4: Model coefficients from partial pooling approach 

 

5.5.2 Partial pooling with group level predictors 

One of the advantages of multilevel modeling is that it provides the 

estimated correlation between intercept and slope, which allows one to generate 

random pairs of intercepts and slopes when used for prediction, reducing the 

predictive uncertainty. However, as can be seen from Figure 5.4, there is still 

unexplained variation in the slopes. These differences between model coefficients 
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can be addressed by adding a group-level predictor, which characterizes some 

quality of the groups of results: in this case, the group level predictors at our 

disposal are the water quality parameters measured at each water reuse facility. For 

instance, high levels of total suspended solids (TSS) can hinder UV disinfection. 

Since each utility provided one value for TSS, there is no within-group variability: 

each utility has one TSS value associated with it. Using group-level predictors in 

multilevel modeling provides a concrete means by which changes in model 

coefficients can be explained. An informal form of this approach would be: 

Equation 11:  y ij = (a0 + δ0 j ) + (b0 + δ0 j )x ij + a1G1 j + b1G2 j x ij + εij ; 

alternately, 

Equation 12: log c ij( )= a0 + a1G1 + δ0 j( )+ b0 + b1G2 + δ1 j( )log doseij +1( )+ εij  

which is the same model as before but with two additional terms for a group-level 

predictor. In order to use a group-level predictor in R, it must be a vector of the same 

length as the response variable. Essentially, this multilevel modeling approach 

produces a linear model of the model coefficients themselves (intercept and slope). 

In this case, the slope and intercept are modeled using the group-level predictor TSS.  

In R, the multilevel model with a group-level predictor is written as: 

y ~ x + G1 + G2:x + (1+x|group) 

Therefore, since the group-level predictor chosen for this example is TSS, in R: 

### R Code ### 
uv.lmer3 <- lmer(count~log(dose+1)+log(TSS)+log(dose+1):log(TSS)+ 
                (1+log(dose+1)|util), offset=log(vol), 
                data=test, family=poisson, 
control=list(maxIter=5000)) 
 
summary(uv.lmer3) 
Generalized linear mixed model fit by the Laplace approximation  
 
Generalized linear mixed model fit by the Laplace approximation  
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Formula: count ~ log(dose + 1) + log(TSS) + log(dose + 1):log(TSS) + 
(1 +      log(dose + 1) | util)  
Data: test  
  AIC  BIC logLik deviance 
 4504 4529  -2245     4490 
Random effects: 
 Groups Name          Variance Std.Dev. Corr    
 util   (Intercept)   1.624    1.274            
        log(dose + 1) 0.133    0.365    -0.928  
Number of obs: 272, groups: util, 7 
 
Fixed effects: 
                       Estimate Std. Error z value Pr(>|z|)     
(Intercept)              10.385      0.487   21.34   <2e-16 *** 
log(dose + 1)            -1.812      0.139  -12.99   <2e-16 *** 
log(TSS)                  0.786      0.678    1.16     0.25     
log(dose + 1):log(TSS)    0.166      0.194    0.86     0.39     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 
 

Adding a group-level predictor does not necessarily mean the model will be a better 

fit. One way to evaluate the goodness of fit between two models is to compare the 

Akaike Information Criterion (AIC) produced by the model with and without a 

group level predictor. The AIC is a way of balancing the precision and complexity of 

the model and is defined as 

Equation 13:  AIC = 2k − 2ln(L) 

where k is the number of parameters in the statistical model, and L is the maximized 

value of the likelihood function for the estimated model. 

Without a group-level predictor, the AIC is 4511; with TSS, it is 4504, 

indicating the use of TSS as the group level predictor is supported by the data. The 

model coefficient associated with TSS – G2, which is in this case a positive value 

(0.796) – shows that as TSS increases, the slope of the dose-response curve (i.e. the 

rate of coliform inactivation by UV systems) increases, or becomes less negative, 

hindering the inactivation rate. Figure 5.5 shows this linear relationship between 

dose-response slope and TSS. However, despite the fact that TSS improves the model 
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by virtue of decreasing the AIC, the standard error for TSS (0.678) is still quite large, 

which suggests that TSS is unlikely to be the only group level predictor. 

The plot of regression slopes vs. log TSS in Figure 5.5 evidences an apparent 

grouping: clearly the relationship between log TSS and slope is different for results 

from the Largo, DSRSD, and 91st Ave. utilities. Compared to the other utilities 

included in this example, log TSS has a much smaller effect on the rate of coliform 

disinfection for these three utility waters. There is no obvious water quality 

parameter to explain this phenomenon. This complication in the data, along with the 

high standard error on TSS, supports further investigation of this data set, which will 

proceed as this portion of the research study is prepared for publication. 

5.65.65.65.6 Discussion 

Common methods of data reporting inflate uncertainty and censor valid 

measurements by reporting disinfection results as log-inactivation values instead of 

the observed values, such as enumerated colonies in the membrane filtration method 

or the number of infected mice in a live animal study. In this case, multilevel 

modeling, using Poisson-distributed integers as the response variable, remedies 

these systemic problems. Additionally, partial pooling via multilevel modeling 

provides a way to examine the differences between model coefficients using 

measured parameters that vary between groups. In this example, water quality 

characteristics can be included in the multilevel modeling of UV coliform 

inactivation results to help determine which parameters are more or less important 

for each application. 
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One of the values of multilevel model over simple linear modeling its 

effectiveness as a hypothesis generator, as opposed to hypothesis testing. By adding 

group level predictors and observing whether the model fit improves, new insights 

into the mechanisms behind observed data can be made. This example provides 

evidence that water quality (e.g. TSS) affects the effectiveness of UV disinfection and 

suggests that other group level predictors may be important as well.   

Ultimately, the goal of this type of approach is to use observed data to 

develop a robust, predictive model that can quickly and easily estimate the 

disinfection rates for a given process, target microorganism, and water quality 

matrix. Further work will be necessary to not only improve the predictive value of 

the model discussed above by investigating other water quality effects but also to 

assess the reliability and reproducibility of this approach. With multilevel modeling, 

properly formatted raw data and water quality information can be quickly 

evaluated, and the importance of a variety of group-level predictors can be included 

in a critical discussion of the efficacy of the disinfection method with respect to 

presumably any target microorganism, depending on the type of assay.  

5.75.75.75.7 Conclusions 

The objective of this chapter was to illustrate the benefits of and methods 

behind multilevel modeling in R for a subset of the disinfection results gathered 

during this study. The conclusions of this process were the following: 

1. Log-log linear variable transformation: Coliform inactivation by UV at the 

fluences tested here follows log-log linear kinetics; that is, the mechanism of 
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inactivation is not first-order at these fluences. The proper variable 

transformations dramatically improve the linear modeling when pooling all 

the results together. 

2. Multilevel modeling using observed variables: Multilevel modeling 

generates average predictor variables – the “fixed effects,” and the “group 

effects” – which are the changes in predictor variables that result from the 

differences between utilities. The water quality effects are nested within these 

group effects. 

3. Group predictors improve accuracy: By adding group-level predictors (e.g., 

water quality parameters) the intercept and slope of the multilevel model 

themselves become linear models. The Akaike Information Criterion can be 

used to assess whether a group level predictor improves the accuracy of the 

model. Particulate matter, as defined by total suspended solids (TSS), causes 

the slope of the UV dose-response to become less negative, and including it 

as a group level predictor reduces the AIC, confirming that TSS is an 

important water quality parameter for UV disinfection with respect to 

indigenous coliform bacteria. 

This specific example shows the applicability of multilevel modeling to the 

type of disinfection data generated by membrane filtration tests; that is, raw count 

data and the volume of water can be quickly combined and the importance of a 

variety of water quality parameters can be assessed. Further analysis of this data set 
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and its implications for modeling other data sets will be explored as this material is 

prepared for publication. 

 

Figure 5.5: TSS as a group-level predictor for coliform inactivation by UV, 

separated by utility 
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6. Conclusions 

The previous chapters describe the disinfection and oxidation capacity of a 

variety of recycled water treatment technologies, from established methods such as 

chlorination to innovative approaches such as UV/PAA advanced oxidation. The 

previous chapters presented the rationale for selecting the microorganisms, spiked 

chemical contaminants, and dosing schemes, the hypotheses being tested, and 

results of the bench-scale tests, in the context of previous studies. This chapter 

reemphasizes the novel aspects and findings of the study, weighs some practical 

considerations for utilities, and makes recommendations for future studies. 

Table 6.1: Qualitative evaluation of available disinfection technologies 

 Bacteria Viruses Spores EPoCs 

UV + + + - 

O3 + + - + 

UV AOP + + + + 

O3 AOP + + - + 

Chlorine + + - +/- 

NH2Cl +/- +/- - - 

PAA + +/- - - 

 

Table 6.1 represents the sort of qualitative evaluation that would be useful as 

a first pass to wastewater utilities weighing treatment options, strictly on the basis of 

performance. Other key factors, which were outlined during the technology selection 

portion of the study, include cost and safety concerns. However, this table quickly 
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illustrates the strengths and weaknesses of each technology, such as the protozoan 

pathogen inactivation by UV and the selective destruction of environmental 

pollutants of concern (EPoCs) and 99% reduction in estrogenic activity by ozonation. 

This table is not intended to highlight the contributions of the work presented in this 

dissertation; rather it highlights the broad differences between the technologies. 

One of the primary goals of this research study was to evaluate advanced 

oxidation processes from a different perspective than most AOP projects – as a 

wastewater treatment alternative as opposed to a drinking water treatment option, 

and with regards to its disinfecting capacity as well as its ability to oxidize organic 

pollutants. The specific gaps in previous studies included UV/PAA treatment of a 

range of microbial and chemical targets and UV/H2O2 treatment of UV-resistant 

human infectious viruses, particularly adenovirus type 4. The addition of PAA did 

not appear to improve disinfection rates of any of the tested microorganisms, and in 

most cases, the combination of UV and peroxide was a more effective method of 

generating hydroxyl radicals and degrading spiked contaminants than PAA 

addition, except in the case of carbamazepine. In contrast to these results, reduction 

of estrogenicity by UV/PAA was more effective than UV/H2O2 in water from the City 

of Bradenton utility. UV/H2O2 appeared to boost coliform disinfection rates at low 

UV fluences (25 mJ/cm2), but the addition of peroxide made no measureable impact 

on the disinfection rates of Ad4 or any other microbial target. These results provide a 

basis on which further studies on UV/H2O2 disinfection of coliforms and UV/PAA-

mediated contaminant destruction/EEQ reduction should continue. 
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With regards to ozone-based treatment, bacteria and virus kill are its primary 

strengths, along with a rapid reduction in EEQ. The combination of ozone and 

peroxide does not result in improved disinfection, although NDMA and TCEP 

destruction are slightly increased; on the contrary, it appears as though H2O2 may 

consume ozone or otherwise divert it from intended reaction pathways. 

Approximately 3 log reduction of Ad4 is achievable by 8 mg/L ozone, but the 

addition 5 mg/L peroxide only results in approximately 2.5 log reduction. Similarly, 

for approximately equal ozone doses, ozone alone was able to completely disinfect 

indigenous total coliforms, but when peroxide was added about 40 cfu/100 mL 

remained. Further study into the disinfection efficacy of the O3/H2O2 AOP with 

respect to coliform and adenovirus inactivation, in a wide variety of wastewaters, 

will be needed to corroborate previous studies on which the NWRI based their 

recommended dose for ozone disinfection systems. 

PAA alone has not been evaluated past coliform disinfection, mostly in pilot-

scale disinfection or UV/PAA systems, but since it is being considered as a 

replacement for chlorination, additional aspects of PAA treatment were of interest. 

The current study found that PAA and free chlorine performs similarly with regards 

to indigenous coliforms, but PAA is a much less effective virucide, as has been 

previously shown. However, PAA was as effective against total and fecal coliforms 

at the lower doses and contact times tested in this study as at the higher doses 

previously reported, which suggests that future research should continue 

investigating lower Ct values, especially considering the high cost of PAA compared 
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to chlorine gas. Within the range of these waters, TSS was not as important a 

consideration as BOD, and although PAA disinfection avoids the buildup of solids 

that results from dechlorination, it can contribute to regrowth in distribution systems 

due to the additional acetic acid. 

Despite the substantial disinfection performance of the base technologies in 

both UV- and O3-based AOPs, water treatment plants that use AOPs for taste and 

odor (T&O) and EDC/PPCP reduction must disinfect their treated water elsewhere 

in the treatment train to fulfill their disinfection credit requirements. Since the 

promulgation of the Long Term 2 Enhanced Surface Treatment Rule (LT2ESWTR), 

these requirements have been expanded to include chlorine-resistant pathogenic 

protozoa, such as Cryptosporidum parvum and Giardia lamblia. Both Crypto and Giardia 

present a continued human health threat: between 1998 and 2002, 19,700 to 24,200 

annual cases of giardiasis were reported (Hlavsa et al., 2005). UV disinfection is not 

only much more effective than chlorination with regards to these protozoa, but it 

also requires no chemical addition, so UV disinfection has become a frequent choice 

for water recycling utilities. 

All of the aforementioned advanced oxidation processes are similar in that 

they are designed to generate hydroxyl radicals in situ, but the efficiency of the 

system is still mediated by the particulars of the base technology. Table 6.2 illustrates 

how competing water quality and cost considerations factor into the advantages and 

disadvantages of several advanced oxidation processes. Cost considerations are 

always a primary concern for wastewater utilities, and advanced oxidation processes 
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are among the most expensive treatment options. While electrical costs are 

substantial for UV disinfeection systems, most of the costs for UV/H2O2 systems 

comes from peroxide costs: for instance, energy costs from the UV lamps in UV AOP 

treatment of lake water with 2 mg/L H2O2 was less than 10% of the total energy costs 

(Rosenfeldt et al., 2006).  

Overall, for equal hydroxyl radical exposure, O3/H2O2 is the most energy 

efficient method of producing hydroxyl radicals and, depending on the target 

contaminant, by far the most energy efficient: the EEO for atrazine for O3/H2O2 is an 

order of magnitude lower than UV/H2O2 (Muller et al., 2001). Only at low hydrogen 

peroxide levels and long UV exposure times are the energy costs for UV/H2O2 

comparable to O3/H2O2.(Rosenfeldt et al., 2006; Ishida et al., 2008). 

Table 6.2: Advantages and disadvantages of UV- and O3-based AOPs 

AOP Disadvantages Advantages 

UV/ H2O2 
Less efficient radical formation than 

O3/H2O2 (Rosenfeldt et al., 2006) 
No bromate formation, no off gas handing 

O3/UV 
Expensive, impacted by turbidity, 

lamps must be cleaned and replaced 

Effective when turbidity is low and target 
compounds are photoliable (Latifoglu et al., 

2003) 

O3/H2O2 Increased chemical costs 
Enhanced radical production, less sensitive to 

water quality than UV, controls bromate 
formation (Ishida et al., 2008) 

O3 
Selective oxidation, bromate 

formation potential, requires pure O2 
or dry air 

High estrogenicity reduction, proven 
technology, readily available 

 

Recent Associated Press (AP) reports of hormones and pharmaceuticals in 

drinking water and wastewater supplies have increased public concern over the 

safety of conservation-driven water treatment applications like recycled water. 
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Pathogenic protozoa, 1,4-Dioxane, NDMA, and many other hydrocarbons, 

chlorinated solvents, pesticides, and herbicides also present a continued challenge to 

both drinking water and IPR projects as they attempt to meet changing and 

tightening regulations and communicate with a public who may not always be well 

informed. The advanced treatment methods for recycled water disinfection, 

specifically AOPs, are promising ways to address both regulatory and public 

concerns, but the base of knowledge for AOP treatment of drinking water is much 

better established than the base of knowledge for wastewater.  

One of the primary strengths of AOPs is the fact that their base technologies 

provide a proven, robust disinfection barrier. However, USEPA does not currently 

grant disinfection credit for AOP processes.  Additionally, there is no currently 

accepted method to continuously measure AOP disinfection performance. In order 

for advanced oxidation processes to move forward, in context of both drinking water 

and wastewater treatment, the industry and regulatory bodies will need to agree on 

standards for designing systems and monitoring performance. 

Technology selection will always depend on the application and 

pretreatment available at individual wastewater utilites. If AOP disinfection gained 

regulatory approval, then a new tool could be available to the public that would 

reduce the financial and environmental costs of wastewater disinfection. An 

additional (and fully redundant) disinfection process would not be needed at 

drinking water treatment plants, resulting in a decrease in energy use and carbon 

emissions, along with reduced installation and operating costs. However, there is a 
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continued need for additional research into the performance, limitations, and 

acceptance of alternate disinfection technologies. 

In closing, the major findings and implications of this study were the 

following: 

• PAA may be a good substitute for chlorine if coliform bacteria is the primary 

target; otherwise, its poor performance against bacteria, high cost, and slow 

reactivity with EDCs compared to chlorine limit its applicability to instances 

where limiting DBPs supercedes these issues. 

• Ultrafiltration is a total barrier to the microorganisms tested in this study, 

and sorption of hydrophobic micropollutants to particulate matter improves 

their removal by UF. 

• UV and O3 are robust disinfectants, with particularly high effectiveness 

against parasitic protozoa in the former case and viruses in the latter. The 

combination of H2O2 and these base technologies in advanced oxidation 

processes had no consistent synergistic or antagonistic effect, although the 

addition of 5 mg/L H2O2 improved indigenous coliform inactivation at low 

UV fluences in one instance. Human enteric and respiratory virus 

disinfection by the candidate technologies was unaffected by the addition of 

H2O2. 

• Ozonation quickly mitigates the overall estrogenic effect of EDCs, but its 

selectivity also means that it reacts slowly with NDMA, TCEP, and other 

compounds with electron-withdrawing characteristics. In these cases, the 
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addition of H2O2, which promotes the formation of hydroxyl radicals, 

improves the degradation of such compounds. 

• UV photolysis is an especially important component of UV/H2O2 advanced 

oxidation when target compounds are photoliable, such as NDMA and 

triclosan. When direct photodegradation is not a feasible option, indirect 

photolysis via hydroxyl radicals can destroy target compounds. At UV 

fluences more relevant to disinfection of wastewater than advanced oxidation 

processes, an approximately 70% decrease in EEQ can be met. 

This dissertation contributes to the growing body of knowledge on advanced 

treatment of wastewater, but it is only part of a broader effort to not only 

substantiate the need for and applicability of advanced wastewater treatment but 

also balance out the environmental and global costs of such treatment. Through a 

combination of watershed protection, an informed selection of treatment targets, and 

transparency with the public, IPR will continue to grow and provide a safe and 

increasingly valuable source of water. 
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APPENDIX A 

EQUIPMENT 

 

A.1 Ultrafiltration 

The ZW1000 Jr. Pilot Scale UF system was delivered to Duke University labs in July 

2007. On-site setup and training was provided by a Zenon field service 

representative (Jaime Yeung), and the system was modified to accommodate the 

small water volumes that will be used (original feed tank was removed and a 2 L 

feed tank was constructed using PVC pipe). The unit runs at about 30-40 L/hr, with a 

trans-membrane pressure (TMP) of about -0.5 bar. During this setup period, several 

operating parameters are recorded (including TMP, flow rate, and temperature), 

which can be correlated to permeability. The cleaning procedure consists of a 

chemical clean with bleach (25-50 ppm NaOCl) for disinfection, followed by a 5 hour 

soak with citric acid (MC-1). Each UF test was run using 4 L of water, passed 

through the UF membrane a single time and collected for testing. 

A.2 Ultraviolet Radiation 

Both of the medium- and low-pressure (MP and LP) bench-scale quasi-collimated 

beam (QCB) UV systems at Duke are capable of delivering precise UV fluences of 

monochromatic or polychromatic UVC radiation, taking into account the lamp 

emission spectra and the absorption spectrum of the water sample.  

The important components of our bench-scale systems are the light source, a 

collimating device such as an aperture, a support stand, and an exposure control 
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system such as a shutter, which is manual in the case of the LP QCB systm and 

pneumatic in the case of the MP QCB system. UV fluence (mJ cm-2) is defined as the 

average irradiance (E’avg) multiplied by the exposure time, and the shutter system 

allows precise control over the duration of exposure. A UV radiometer (International 

Light Inc., Model 1700/SED 240/W) calibrated at 2 nm intervals in the range of 200 to 

400 nm will be used to measure incident UV irradiance. For the LP UV system, the 

fluence is calculated as the radiation emitted at 253.7 nm, and for the MP UV system, 

the fluence is calculated as the total UV output between 200 and 300 nm.  

UV irradiation is most commonly represented by two complementary factors: 

irradiance and fluence rate.  The irradiance (E, W/m-2) is defined as the total radiant 

power incident from all directions on one face of a surface area element dA, divided 

by the target surface area dA, and the UV fluence rate (E', W/m-2)) is defined as the 

total radiant power incident onto a sphere of infinitesimally small cross-sectional 

area dA, incident from all directions, divided by dA.  For a parallel beam of UV 

radiation, perpendicular to the target surface, these two quantities are identical 

(Verhoeven, 1996; Bolton, 2002). 

While the fluence rate equals the UV radiation incident for an ideal quasi-

collimated beam (QCB) UV system, the appropriate variable for the fluence rate 

incident on a well-stirred volume of water is the volume averaged fluence rate (E'avg, 

W/m-2).  In order to produce a relevant measure of the volume averaged fluence rate, 

four factors must be included (Bolton, 2003; Morowitz, 1950): 
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1. Reflection Factor (RF) takes into account that portion of UV radiation that is 

reflected at the surface of the solution, based on Fresnell's law, which 

describes the reflectance coefficient at the interface of two materials with 

differing refractive indicies: 

RF =
n1 − n2( )2

n1 + n2( )2  

In the case of the interface between air (n1=1.000) and water (n2=1.372), the 

reflectance is 2.5%; therefore 97.5% of the light is transmitted across the interface.  

For the air/water interface relevent to this work, the RF is 0.975. 

2. Petri Factor (PF) takes into account the non-uniformity of radiation across the 

irradiation dish; that is, the beam is stronger in the center of the dish and less 

intense around the edges of the dish.  This factor is experimentally 

determined by averaging the radiometer readings of incident irradiance at 

varying distances from the center of the dish and dividing by the irradiance 

reading at the center of the dish.  The PF was found to be 0.96 for the low-

pressure UV lamp and 0.97 for the medium-pressure UV lamp. 

3. Water Factor (WF) takes into account the absorbance of UV radiation by the 

water in the irradiation dish, represented by an integrated form of the Beer-

Lambert law: 

WF =
1−10α ⋅z

α ⋅ z ⋅ ln(10)
, 



 

 194

where α is the absorption coefficient of the solution (cm-1) and z is the path 

length (cm), or the depth of the solution, which in this case is 3.3 cm (100 mL 

in a 70 x 35 mm glass irradiation dish).  Note that in the case of MP UV 

radiation, the water factor varies for each wavelength between 200 and 350 

nm based on the absorbance of the solution at that wavelength. 

4. Divergence Factor (DF) takes into account the divergence of the beam before 

it reaches the surface of the water.  When the distance between the lamp and 

the surface of the irradiated solution is more than four times the aperture 

width, the divergence of the beam follows the inverse square of the distance 

L from the top of the solution in the irradiation dish to the lamp.  After 

integrating over the path length, the DF is represented as 

DF = L/(L+z). 

Therefore, the average fluence rate (E'avg) for a water sample in a bench-scale 

QCB UV system can be written as 

E 'avg (λ) = Eo ⋅ PF ⋅ RF ⋅WF (λ) ⋅ DF , 

where Eo is the irradiance at the center of the dish as measured by a radiometer, 

where the detector head and the surface of the solution being irradiated are 

equidistant from the lamp. 

A.3 Peracetic Acid 

Peracetic acid is industrially available as an aqueous mixture of acetic acid, peracetic 

acid, and hydrogen peroxide, containing 10% to 15% PAA. These mixtures are more 

stable than high- and low-end strength solutions of PAA, but still less stable than 
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hydrogen peroxide (Kitis, 2004). It should be stored at ordinary, preferably cool 

conditions in its original container. At neutral pH ranges, PAA spontaneously 

decomposes into acetic acid and oxygen, which, along with hydroxyl radicals, is 

responsible for microbial inactivation. No halogenated DBPs are formed during 

disinfection with PAA, and it is effective within a large pH range and in a relatively 

short contact time. However, it introduces COD in the form of acetic acid, which can 

promote microbial growth if no PAA residual remains, and it is more expensive than 

chlorination ($3/gal for 12% PAA solution).  

It can be added directly to water at target doses, and little decomposition has 

been observed following treatment, regardless of PAA concentration (Dell'Erba, 

2004). PAA residual was measured spectrophotometrically at 530 nm using the 

following equation (Falsanisi, 2006): 

PAA(mg /L) = 2.91⋅ Abs530 

John Howarth at Enviro-Tech supplied a sample of PERASAN, a 15% quaternary 

solution of PAA, the appropriate reagents, a hand-held spectrophotometer, and an 

analytical colorimetric method for the determination of low levels of PAA that has 

been validated and accepted by the EPA. The PAA solution provided by Enviro-

Tech (Modesto, CA) consisted of PAA (15% w/w), acetic acid (15-17%), hydrogen 

peroxide (22%) and water (balance).  A colorimetic method of measuring PAA using 

a HACH total chlorine kit and DPD powder pillows. 
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A.4 Hydrogen Peroxide 

Hydrogen peroxide concentration was determined by the Ghormley method, which 

is a spectrophotometric method that observes a color change (as measured by the 

absorbance of the sample at 352 nm) via the formation of I-3 when H2O2 reacts with 

KI in a bu�ered solution containing an ammonium molybdate catalyst. The method 

is accurate to H2O2 concentrations as low as 1 µM and is easily duplicated. The KI 

bu�er (33 g KI, 1 g NaOH, and 0.1 g ammonium molybdate tetrahydrate, dissolved 

in 500 mL in DI water) and the KHP (potassium biphthalate, or potassium hydrogen 

phthalate) bu�er (10 g KHM in 500 mL DI water) were mixed in equal volumes, and 

the hydrogen peroxide sample was added. This method is most accurate when the 

absorbance reading is approximately 0.9, so in order to avoid overwhelming the 

spectrophotometer, the hydrogen peroxide sample must be diluted.  

Since a 1 cm cuvette was used for this work, the total sample volume was 1 

mL. 0.25 mL of both bu�er solutions were added, followed by the hydrogen 

peroxide sample and that amount of DI water needed to dilute the hydrogen 

peroxide sample to the desired concentration. Using a plastic cuvette top, the sample 

was gently mixed by hand, and three absorbance measurements were taken at 10 

second intervals. The average of these three samples was used to determine the 

molar concentration of hydrogen peroxide in the sample. By this method, the 

concentration of hydrogen peroxide is: 

[H2O2] =
a352nm cm−1( )

26,400M−1cm−1
D, 
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where 26, 400 M-1 cm-1 is the molar absorption coe�cient of I-3 at 354 nm and D is the 

dilution factor that correlates to the approximate concentration of H2 O2 in the 

system. Using the Klassen method, hydrogen peroxide use by the AOP was 

monitored. After an UV fluence of 500 mJ/cm2, the concentration of H2O2 in the 

sample decreased by roughly 1–4%.  

A.5 Ozonation 

An EFFIZON GSO 30 series ozonation system (Advanced Water Treatment, ITT 

Corporation) was supplied by ITT and installed with the help of Ronnie Bemus, an 

ITT Development Applications Engineer. 

Recent publications show that traditional methods of calculating ozone dose 

do not represent the true ozonation kinetics, especially in the case of wastewater. 

Low doses of ozone are almost entirely consumed within the first 20 seconds of 

treatment, and counting this loss as “wasted” ozone or interpolating a linear 

decrease in ozone between zero and 20 seconds underestimates or overestimates the 

delivered ozone dose, respectively. Therefore, ozonation was measured in terns of 

ozone dose, mg O3/L, not as mg-min/L (Buffle, 2006).  

All tests were performed using 20 oC reuse water, spiked with saturated 

ozone solution (O3/O2 gas mixture bubbled into 4 oC lab-grade water via coarse 

diffuser) generated by an ITT/WEDECO EFFIZION ozone generator. Ozone residual 

was measured by the indigo colorimetric method (Standard Method 4500-O3 B), 

which observes the decolorization of an indigo reagent by ozone as determined by 

the absorbance at 600 nm. 
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A.6 Chlorine/Chloramines 

Free and combined chlorine was measured by the DPD (N,N,-diethyl-p-

phenylenediamine) method, which measures the absorbance at 515 of the sample 

mixed with a buffer reagent and DPD, as detailed by Standard Method 4500-Cl G: 

DPD Colorimetric Method. A stock solution of about 100 mg/L monochloramine was 

prepared following methods by Örmeci et al. (Örmeci, 2005).  
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APPENDIX B 

ENTERIC/RESPIRATORY VIRUS METHODS (USDA LABS) 

 

B.1. General Laboratory Quality Control Measures 

1. All media and disposable supplies are autoclaved prior to use. 

a. Autoclave performance (sterility checks) are performed every week. 

This includes monitoring of high temperature and inactivation of 

bacterial spores. These checks are recorded in a quality control log 

book. 

2. Incubators & water baths are monitored and recorded in log books daily for 

temperature and percentage of CO2 (if applicable). 

3. BSL-2 and chemical hoods are annually calibrated by an outside professional. 

4. Micropipettors are calibrated every 6 months by an outside professional. 

5. All laboratory employees are properly trained prior to conducting any 

laboratory procedures. 

a. A training manual is maintained for each employee and paperwork is 

signed by the supervisor and employee for each laboratory procedure 

once the employee is able to carry out a laboratory procedure 

independently. 

6. Expiration dates of all reagents are monitored and reagents passed the date 

of expiration are disposed of. 
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7. All assays are recorded on pre-made data sheets and entered into a folder 

kept on the laboratory computer and the USDA-ARS server. All computers 

and the server are backed up daily. Laboratory assay sheets are photocopied 

and kept in the laboratory and in the supervisor’s office (two separate 

locations).  

B.2.1 Quality Control Measures for Cell Culture Maintenance 
and Viral Propagation 

1. Separate working areas and equipment is used for mammalian cell culture 

maintenance (cell stocks, cell culture media, etc) and viral assay (viral stocks, 

media used for viral propagation, etc). This includes incubators, BSL-2 hoods, 

media, storage areas (freezers and refrigerators), and smaller equipment such 

as micropipettors, pipetman, etc.  

2. Every batch of cell culture media undergoes a sterility check prior to use. If 

contaminated, media is disposed of.  

3. All equipment is wiped down with 10% bleach prior to, and after viral 

propagation and disinfection assays. 

4. Media is kept separate for each virus and cell line to avoid cross-

contamination. 

8. Mammalian cell culture lines are monitored and recorded to ensure healthy 

cell lines and that passage numbers do not exceed 200. 

9. All mammalian cell lines and viral stocks are purchased from the American 

Type Culture Collection (ATCC). 
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10. Positive (inoculation of a known concentration of virus) and negative 

controls (inoculation of only sterile buffer) are conducted for each batch of 

viral assays. A negative control is included in each 24-well tray.  

B.2.2 Quality Control Measures for Polymerase Chain 
Reaction (PCR) Methods 

1. Separate rooms are used for a) pre-PCR sample preparation and b) PCR 

thermocycling and gel electrophoresis of PCR products. 

2. Separate freezers limit contamination between unused PCR reagents and 

samples containing viral nucleic acid. 

3. Aerosol barrier tips are used for pre-PCR sample preparation. 

4. Negative (nuclease-free water to determine if PCR reagents are 

contaminated) and positive (PCR product to ensure PCR reagent 

performance) controls are run for every PCR batch. 

5. For each sample, a portion will be inoculated with the virus under study to 

determine PCR inhibition (PCR inhibition controls). 

a. If inhibition is determined, dilutions of the sample will be re-assayed and 

additional clean-up steps may be taken. 

B.2.3 Shipment of Infected Materials 

Shipment of infectious material will follow the federal standards as per 49CFR 

172.700/IATA 1.5, “Shipment of Infectious Substances and Diagnostic Specimens”.  

All samples will be sent priority overnight in ice-packed Styrofoam containers 

according to the federal regulations. 
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B.2 Viral Assay Methods 

B.2.1 Viruses under study 

• Respiratory adenovirus (types 1 or 4) (ATTC # VR-1 or VR-1572) or enteric 

adenovirus type 40 (Ad40) (ATCC # VR-931) (if high viral stock titers are 

achieved for Ad40 it will be used in all experiments) 

• Reovirus type 3 (Reo3) (ATCC # VR-824) 

• Coxsackievirus B5 (CB5) (ATCC # VR-30) 

B.2.2 Viral stock propagation and assay 

All procedures (viral propagation, concentration, purification and cell culture 

assay) will be followed according to our previously published protocols (Thurston-

Enriquez et al., 2003 a & b). The PLC/PRF5 cell line (ATCC # CRL-8024) will be used 

for propagation and assay of adenoviruses and the Vero cell line (ATCC # CCL-81) 

will be used for propagation and assay Reo3 and CB5. Enumeration of viral stocks 

will be accomplished through assay of stock dilutions in 24-well trays with the 

appropriate mammalian cells in suspension. Five replicate samples per dilution will 

enable quantification of viral stocks using the MPN assay as described previously 

(Thurston-Enriquez et al., 2003a). 

B.2.3 Bench-Scale Experiments 

All procedures for viral assay and enumeration of samples collected during 

bench scale disinfection experiments have been previously published (Thurston-

Enriquez et al., 2003). Of course, cell lines used for viral assay will differ between the 

adenoviruses (PLC/PRF5 cells) and reovirus and coxsackievirus (Vero cells). Each 
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sample will be filtered through a 0.45 µm filter pre-treated with fetal bovine serum to 

limit bacterial contamination in cell culture assays. All samples will be assayed on 

the same day and within 48 hr of arrival to the laboratory. 

B.2.3.1 PCR Detection of Viruses  

Integrated cell-culture PCR (ICC-PCR) or quantitative real-time PCR (QRT-

PCR) will be applied for the detection, identification, and enumeration of enteric 

viruses. 

Viral Screening using Molecular Methods 

Samples will first be screened using PCR detection methods described below. 

If samples are positive, samples will be diluted and assayed in 24-well cell culture 

trays containing mammalian cells in suspension (see below). If PCR inhibition is 

observed, these samples will also undergo cell culture assay. 

Cell Culture Assay for Infectious Virus 

Concentrated and purified samples will be assayed in both cell lines in 

combination with PCR detection methods for the specific detection and 

quantification of infectious enteroviruses, adenoviruses, and reoviruses in each 

wastewater sample. Cell culture assay will be similar to methods described above for 

bench-scale disinfection experiments. For each sample, five replicates per dilution 

will be inoculated into a 24-well tray containing cells in suspension. This will enable 

MPN quantification of infectious virus in every sample. Every well will be lysed 

(according to methods described by (Sedmak, 2005)). Supernatant from lysed wells 

will be assayed for enteroviruses, adenoviruses and reoviruses using PCR protocols 
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described by (Lee, 2004), and (Van Heerden, 2005), and Lee et al. (2004), respectively. 

Our choices in viral PCR detection methodologies may change if newer methods that 

enable a more rapid or specific detection of the studied viruses become available. 

However, only one method will be used for all analyses (we will not change 

protocols once the study has begun). 

The ability of our methods to detect specific infectious viruses at high and 

low viral concentrations will be determined prior to pilot scale tests. Recovery 

efficiency studies will be performed for each virus. Autoclaved wastewater samples 

(to inactivate viruses naturally present in the sample) will be inoculated with known 

concentrations of each virus and assayed for levels of infectious virus in the same 

manner as pilot scale samples.  

B.2.3.2 Assessment of Viral Inactivation 

All procedures will be followed according to Thurston-Enriquez et al. 

(Thurston-Enriquez, 2003b; Thurston-Enriquez, 2003a).  Briefly, first-order 

inactivation equations will be used to describe the kinetics of viral inactivation by 

UV technologies and the Efficiency Factor Hom Model will be used for other 

disinfection technologies that do not result in first-order inactivation. Statistical 

analysis, such as F tests, will be carried out to determine whether differences in viral 

inactivation were significant between different viruses, water conditions, and 

disinfection technologies. 
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APPENDIX C 

MICROBIOLOGICAL METHODS 

 

C.1 B. subtilis and Total Aerobic Spore Enumeration 

B. subtilis and total aerobic spore isolation and enumeration via indirect 
pasteurization (Nieminski, 2000): 

 
1. Collect 100 mL raw water.  

2. Incubate in a 35 oC water bath for 30 min without shaking.  

3. Pasteurize vegetative cells and induce germination of the aerobic spores by 
shaking at 150 rpm in a 60-65 oC water bath for 15 minutes.  

4. Place flasks on ice.  

5. Filter samples through 0.45 mm, 47 µm filter and place on a nonselective nutrient 
agar with 0.1% soluble starch (1 g in 1000 mL agar) and 0.01 g/L trypan blue, 
which distinguishes between B. subtilis and total aerobic spores.  

6. Incubate at 35 oC for 21 hr.  

Total count of indigenous spores that will germinate to vegetative cells is 
determined by enumerating all the colonies, and those colonies that are blue colored are 
specifically B. subtilis colonies.  

 
Tryptic Soy Agar for Bacillus subtilis (aerobic spore) enumeration 

• 20.0 g tryptic soy agar (tryptose) 

• 1.5 g NaCl 

• g sodium citrate 

• 0.65 g dextrose 

• 0.5 g soluble starch 

• 500 mL DI water 

Combine ingredients in 1 L media bottle, autoclave at 121oC for 15 minutes 
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C.2 MS2 Bacteriophage Enumeration 

Enumeration of F-specific RNA bacteriophages (adapted from International Standard 

method 10705-1): Somatic bacteriophages can transfer their RNA to bacteria through cell 

membranes, but F-specific RNA bacteriophages are male-specific; that is, they can only 

infect the pili, which are only expressed during log-phase growth of an appropriate 

strain of E. coli (C3000, or ATCC 15597) at 37 oC. Working stocks of useful E. coli bacteria 

are prepared by striking McConkey agar with stock bacteria the night before being used 

and putting 4-5 colonies of bacteria in 50 mL TYG broth to multiply in the morning. 

McConkey contains lactose, so it is selective for E. coli/fecal coliform. Log-phase (or lag-

phase) growth is reached after about 3.5 hours of incubation while shaking.  

The plates used for MS2 infection/enumeration consist of a bottom agar layer 

that provides nutrition for the E. coli and the top agar is a soft layer that provides good 

mixing of E. coli and the phage. The top agar should be prepared the night before (250 

mL) and either autoclaved or put in a 100oC water bath for an hour prior to plating. Top 

agar tubes should be autoclaved and tempered in a 45oC water bath before adding top 

agar. E. coli and phage are added to the top agar and poured/swirled onto plates, then 

allowed to solidify for 5-10 minutes before placing in the incubator for 18-48 hours.  
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1. Prepare equipment and autoclave solids and liquids, including TYGB (tryptone 
yeast extract-glucose broth), 500 mL TYGA (tryptone yeast extract-glucose agar), 
and 500 mL top agar (3.5 g agar + 2.5 g NaCl in 500 mL DI).  

2. Cool TYGB and TYGA to 50 oC and add 5 mL calcium glucose to each via 
disposable syringe and 0.2 micron filtration tip.  

3. Prepare 20-25 TYGA plates and store at 4 oC.  

4. Strike MacConkey agar plate with C3000 E. coli and incubate overnight.  

5. Start E. coli broth in the morning by dropping 4-5 colonies in 50 mL TYGB.  

6. Set top agar in 100 oC water bath for an hour to melt.  

7. Make 10x serial dilutions of the test water in 1.5 mL centrifuge vials, vortexing to 
mix.  

8. Set up the 5 mL glass culture tubes in 45oC water bath and aseptically add 4 mL 
of hot top agar into each tube.  

9. Mix the culture tubes by hand and pour and swirl over plates. Allow 10 minutes 
for plates to harden and set upside-down in 37 oC incubator. MS2 phage will 
form plaques after 24 hours.  

Several controls are used for MS2 analysis. The procedural control involves spiking the 
top agar with E. coli at the beginning and at the end of plating. The positive control is 
performed by plating the E. coli-inoculated top agar layer, allowing the agar to solidify, 
then adding two spots of virus stock to ensure that the both the E. coli and MS2 are 
viable. The negative control requires performing the serial dilution in PBS without any 
virus. This step shows there was no inadvertent infection during the course of the 
plating (by pulling the virus into the pipette, for instance).  

 
Tryptone-Yeast Extract-Glucose Agar (TYGA) for MS2 virus enumeration 

• 10 g tryptone 

• 1 g yeast extract 

• 8 g NaCl 

• 12 g agar 

• 1000 mL DI water 
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Combine ingredients and split between two 1 L media bottles, then autoclave at 121 oC 
for 15 minutes.  Remove from the autoclave, recombine the agar in the hood, tighten the 
lid and let cool until it reaches 45-50 oC (around 30 to 45 minutes). Aseptically add 10 mL 
of the calcium-glucose solution to the agar then pour into plates. 

 
Calcium Glucose solution for TYGA and TYGB 

• 3 g CaCl2 + 2 H2O 

• 10 g glucose 

• 100 mL distilled water 

Dissolve the ingredients in water while heating to combine. Cool to room temperature 
and filter-sterilize with a 0.22 µm membrane filter. 

 
Top Agar for MS2 enumeration 

• 3.5 g agar 

• 2.5 g NaCl 

• 500 mL DI water 

Autoclave and store in 4 oC. 
Tryptone-Yeast Extract-Glucose Broth (TYGB) for MS2 virus enumeration 

• 5.0 g tryptone 

• 0.5 g yeast extract 

• 4.0 g NaCl 

• 500 mL DI water 

Combine ingredients and autoclave at 121oC for 15 minutes. Remove from the 
autoclave and let cool until it reaches 45-50oC. Aseptically add 10 mL of the calcium-
glucose solution to the broth, and store in the 4oC fridge. 

C.3 Total/Fecal Coliform 

Coliform enumeration was carried out using the membrane filter procedure 

(Standard Method 9222D). 
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APPENDIX D 

CHEMICAL ANALYSIS METHODS 

 

EPoCs (shown in Table D1) were extracted from wastewater samples by solid 

phase extraction with C-18 extraction disks, concentrating the samples by a factor of 

1000. The extract was divided for GC-MS analysis and yeast estrogenic screen (YES) 

assay. For GC-MS analysis, the EDCs in the sample were derivatized with a sylilating 

reagent to make the compounds more volatile and thermally stable, which are necessary 

for GC-MS analysis (EPA, 1993). The GC-MS methods were adapted from previous 

literature, and a similar capillary column was employed (Jeannot, 2002; Hernando, 2004; 

Stehmann, 2004). Calibration of the gas chromatograph was conducted by using 

appropriate standards over a range of concentrations that reflect concentrations of the 

analytes in wastewaters.  

The GC oven temperature program employed was as follows: 3 min at 80 °C, 10 

°C/min to 150 °C, 10 °C/min to 260 °C, 0.5°C/min to 280 °C and then ramped at 20 

°C/min to 10 min at 325 °C and held for 4 minutes. Helium was used as the gas carrier at 

a constant flow of 1.1 mL/min. Injection was in splitless mode using silanized injector 

sleeves. The injection temperature was set to 260 °C, and the detector line was set to 300 

°C. The In unknown samples, analytes were detected by matching the retention time 
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and the ion abundance target and reference ions compared to the standards. The GC-MS 

software was set to identify detected compounds if the ion abundances of the 

compounds investigated fell within 40% of that observed with neat standards. The 

monitored ions are shown in Table D2. 

 

Table D1: Target analytes for bench-scale disinfection tests (from EPA’s 

EPISUITE software) 

Name Structure 
Physical 

Properties 

17α-Ethylnylestradiol 
(EE2) 

HO

OH

H H

H

 

MW = 296.41 
solubility = 11.3 

mg/L 
log kow = 3.67 
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Name Structure 
Physical 

Properties 

17β-Estradiol (E2) 

 

MW = 272.39 
solubility = 3.6 

mg/L 
log kow = 4.01 

4-nonylphenol (NP) 

 

MW = 220.36 
solubility = 7 

mg/L 
log kow = 5.76 
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Name Structure 
Physical 

Properties 

4-octylphenol (OP) 

 

MW = 206.33 

solubility = n/a 

log kow = 5.50 

Atrazine 

 

MW = 215.69 
solubility = 34.7 

mg/L 
log kow = 2.61 
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Name Structure 
Physical 

Properties 

Bisphenol-a 

 

MW = 228.29 
solubility = 120 

mg/L 
log kow = 3.32 

Carbamazapine 

 

MW = 236.28 
solubility = 17.7 

mg/L 
log kow = 2.45 

Dehydroepiandrosterone 
(DHEA) 

 

MW = 288.43 
solubility = 63.5 

mg/L 
log kow = 3.23 
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Name Structure 
Physical 

Properties 

Dihydrotestosterone 
(DHT) 

 

MW = 290.45 
solubility = 

525000 mg/L 
log kow = 3.55 

Estriol (E3) 

 

MW = 288.39 
solubility = 441 

mg/L 
log kow = 2.45 

Estrone (E1) 

 

MW = 270.37 
solubility = 30 

mg/L 
log kow = 3.13 
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Name Structure 
Physical 

Properties 

Metolachlor 

 

MW = 283.80 
solubility = 530 

mg/L 
log kow = 3.13 

N,N-diethyl-3-
methylbenzamide (DEET) 

 

MW = 191.28 
solubility = 912 

mg/L 
log kow = 2.18 

N-nitrosodimethylamine 
(NDMA) 

 

MW = 74.08 
solubility = 2.9 x 

105 mg/L 
log kow = -0.57 
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Name Structure 
Physical 

Properties 

Progesterone (PS) 

 

MW = 314.47 
solubility = 8.81 

mg/L 
log kow = 3.87 

Testosterone 

 

MW = 288.43 
solubility = 23.4 

mg/L 
log kow = 3.32 

Triclosan 

 

MW = 289.55 
solubility = 10 

mg/L 
log kow = 4.76 



 

 

218 

 

Name Structure 
Physical 

Properties 

Tris (2-chloroethyl) 
phosphate (TCEP) 

 

MW = 285.49 
solubility = 7000 

mg/L 
log kow = 1.44 

 

D.1 Solid Phase Extraction 

D.1.1 Hardware Needed  

• Extraction Manifold that can accommodate 47 mm extraction disks with 
300 mL wells (e.g., Kimble # KT971000-1090. 1, 3 and 6-port manifolds are 
available).  

• Vacuum pump capable of delivering 20 mm Hg vacuum.  
• Vacuum tubing (1/4” ID). Tygon tubing (1/4” and 1/2” ID) of various 

lengths.  
• 1-L amber sampling bottles.  
• Muffle furnace capable of providing 550 ˚C 
• Micropipette (100 µL) 
• Filtration funnels that can accommodate 47 mm filter disks and side arm 

flasks (1 or 2-L) 
• Forceps 

D.1.2 Consumables/Chemicals 

• Methanol 
• Acetone (all reagents to be HPLC grade or better) 
• Ethanol (200 proof) 
• Aluminum foil 
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• Empore C-18 disks, 47 mm diameter (VWR # 55004-098).  
• 40-50 – mL glass collection tubes with screw cap (Nalgene I-Chem VOA 

vials work well and are economical and can be reused).  
• 500 - mL glass graduated cylinders or volumetric flasks.  
• 50 and 10 - mL pipettes (glass) 
• micropipette tips (100-µL) 
• Glass fiber filters (1 µm nominal pore size (e.g., Pall # 66209). Turbid 

samples (WWTP influent, 1. clarifier, sludge dewatering processes) need 
to be pre-filtered with silanized glass wool (e.g., Sigma # 20411) and glass 
fiber pre-filters (e.g., Pall # 66224).  

• DI water (18 MΩ cm-1) 
• N2 and appropriate manifold or device to blow dry extracts(*) 
• Stock solutions of d4-E2 in MeOH (do not add d4-E2 if doing YES assays. 

Separate samples need to be prepared for GC or YES analysis) 
• Gloves, etc. 

D.1.3 SPE Procedure 

1) Measure 1.00 L of sample and add 100 µL of 1 mg/L d4-E2 recovery standard 
(GC-MS samples). It is convenient to collect the pre-measured sample in 1-L 
amber bottles.  

2) Assemble extraction manifold and install C-18 Empore SPE disk in clean 
extraction funnel. Do not manipulate with fingers (use forceps). Handle SPE 
disks gently. 

3) If sample was not filtered in step C.2 above, place 1 µm glass fiber filter on 
top of SPE disk to protect SPE disk from particulates. Ensure that only glass 
fiber filters are used (no acrylic filler). Assemble SPE filtration funnel.  

4) Activate SPE disk with 10 mL of acetone: 
o Add 10 mL of acetone on top of disk.  
o Start vacuum and pull ~1 mL of acetone through disk.  
o Vent vacuum and let disk soak for ~1 min. 
o  Start vacuum and pull remainder of acetone through disk (5-10 

drops/s) until dry. 
5) Wash disk with MeOH: 

o Add 10 mL of MeOH on top of disk.  
o Start vacuum and pull ~1 mL of MeOH through disk.  
o Vent vacuum and let disk soak for ~1 min. 
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o Start vacuum and pull remaining MeOH (5-10 drops/s) until there is a 
little MeOH (1-2 mm deep) on top of the disk. From now on until the 
end of extraction the disk must not be allowed to let go dry. 

o Rinse MeOH off disk by adding ~10 mL DI water and pull through 
disk until a little remains on top (1-2 mm deep) and repeat once to 
wash all MeOH away. 

6) Pour sample in funnel and pull sample through disk. Adjust vacuum to allow 
a flow rate of about ~10-15 mL/min or less. Do not use vacuum above 20 mm 
Hg. If flow slows to less than 1 drop/sec even at 20 mm Hg vacuum, the disk 
is overloaded and needs to be eluted (steps 8-10) and replaced with a new 
one (follow steps 4-6). For “dirty” samples (e.g., WWTP influent, primary 
clarifier, etc), a new disk is needed every 250-330 mL (all extracts need to be 
combined later). 

7) After the sample has been pulled through the disk, wash disk with 20 mL of 5 
% (v/v) MeOH solution.  

8) Dry disk by pulling vacuum through it for 15-20 min. Keep the vacuum at 15-
20 mm Hg to ensure maximum water extraction.  

9) Elute disk (and filter on top of disk, if applicable (step 3): 
o Place labeled collection vial under funnel and add 10 mL of MeOH to 

funnel. Carefully rinse off all funnel walls with MeOH when 
dispensing MeOH into funnel.  

o Start vacuum and pull ~1 mL of MeOH through disk.  
o Vent vacuum and let disk soak for ~1 min 
o Start vacuum and pull remaining MeOH until dry 
o Repeat 2 additional times (30 mL MeOH total). 

10) Repeat steps 3-10 until 1 L of water is extracted. Samples with high organic 
loads (e.g., WWTP influent) need a new disk every 250-300 mL. Cleaner 
samples (WWTP effluent and post filtration) typically need 1 disk for every 
0.5-1 L. If extraction is carried out in batches, combine extracts later (step 11). 

11)  Evaporate extract under N2 blowdown until and gentle warming in a water 
bath (40-60 °C) until dry. When combining extracts from several extractions, 
evaporate contents of one test tube and then add contents from second 
extraction and blow dry again, and so forth. Always ensure contents are 
quantitatively transferred by rinsing vials a few times with MeOH. 
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D.1.4 Derivatization Procedure for Analysis by GC-MS 

1) Blow down concentrated water or sludge extracts in GC autosampler vial under 
gentle N2 stream to complete dryness.  

2) For water extracts: Quantitatively transfer dried extract to 300-µL GC low 
volume insert (LVI) (use silanized glass inserts (National Scientific) with three 
washings of 110 µL of 50% (v/v) acetone/hexane and cap tightly. 

3) Blow down acetone/hexane solution in LOV by ~75% with gentle N2 flow or by 
leaving vials open to atmosphere in fume hood (loosely cover with Al foil to 
keep dust out). A small amount of solvent should remain.  

4) Derivatize:  
i) Add 100 µL BSTFA+ 1% TCMS solution to LVI vial 
ii) Add 100 µL Pyridine. 
iii) Add 20 µL of 5 mg/L HCB (hexachlorobenzene) internal standard 

(prepared in 50% (v/v) acetone/hexane). 
iv) If necessary, fill vial to near full (use consistent volumes) by adding a 

few drops of 50% (v/v) acetone/hexane. Fill all vials to the same final 
volume  

v) Cap vial and vortex. 
vi) Put in oven at 70 ˚C for 1 h.  
vii) Samples are now ready for injection.  
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Table D2: GC-MS retention times and ions monitored 

Name 
Retention 
time (min) 

Target Ion 
(m/z) 

Reference Ions (m/z) 

ATZ 13.0 200 215 173 

MET 14.7 162 238 140 

TCEP 13.1 249 143 251 

TCS 16.0 200 347 362 

BPA 16.5 357 358 372 

OP 13.2 179 278 180 

NP 13.9 179 292 180 

E1 25.0 342 257 218 

E2 24.9 416 285 196 

d4-E2 24.9 420 287 421 

EE2 26.3 425 285 300 

E3 28.5 73 311 129 

PS 31.3 124 229 91 

TT 24.1 129 147 270 

DHEA 22.7 129 73 304 

DHT 23 55 231 123 

 

D.2 Yeast Estrogen Screen (YES) Assay Procedure 

In vitro Recombinant Yeast Estrogen Screen (YES) Assay: The YES assay is 

performed according to the method by Routledge and Sumpter with some modification 

(Routledge, 1996). A serial dilution of E2 (17β-Estradiol) solution (12 concentrations 

between 0-100nM) is made in duplicate with each water sample. E2 dilutions for each 

water are prepared from the same E2 stock just before running the assays. 100 µL of each 

E2 dilution is added to the 96 deep-well plates containing 300 µL of diluted yeast 
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solution at an optical density (O.D.) of 0.06-0.07 at 630 nm. Plates are covered with 

sterilized paper and incubated at 30 for 3 days with gentle shaking. After 3 days of 

incubation, 400 µL of assay buffer containing ortho-nitrophenyl-beta-D-

galactopyranoside (ONPG) substrate and lysis buffer are added into each well for 30 

minute of enzyme/substrate reactions. β-galactosidase subsequently catalyses the 

cleavage of ONPG resulting in a colorimetric response at 420 nm. 200 µL of 1 M sodium 

carbonate solution is added to stop the reaction. Afterwards, plates are centrifuged at 

3,000 rpm for 10 minutes. Then, 100 µL of supernatant are taken from each well and then 

transferred to a new 96-well microtiter plate to determine O.D. at 420 nm and 630 nm. 

All values are presented as OD420 minus OD630.  

Dose response curves of YES assays are performed in duplicate for each water 

sample. Data analysis for YES assays is described in detail in Huber et al. [5]. Briefly, the 

sigmoid concentration-response curve of the E2 standard is fitted to a symmetric logistic 

function using software Prism (GraphPad, Sand Diego, USA). The response of the 

standard and the sample is expressed as percent of maximum response evoked by E2. 

Effective concentrations to half maximum response (EC50) for the E2 standard in water 

samples are fitted again with the software. The estrogenic activity of E2 in each water 

sample is expressed as 17µ-estradiol equivalent quotients (EEQs) as  
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EEQ (estrogen equivalent quotient)= EC50 / CF50 

Here CF50 represents EC50 of E2 in different water samples.  

EDCs were extracted from wastewater samples by solid phase extraction with C-

18 extraction disks. The extraction procedure concentrates the samples by a factor of 

1000. The extract was divided for either GC-MS analysis or yeast estrogenic screen assay. 

For GC-MS analysis, the EDCs in the sample were derivatized with a sylilating reagent 

to make the compounds more volatile and thermally stable, which is necessary for GC-

MS analysis (Danish EPA, 1993). The GC-MS methods will be adapted from previous 

literature, and a similar capillary column will be employed (Hernando, 2004; 2003; 

Jeannot, 2002). Calibration of the gas chromatograph will be conducted by using 

appropriate standards over a range of concentrations that reflect concentrations of the 

analytes in wastewaters.  

D.2.1 Yeast Cell Growth for Batch Samples  

I. Cell growth on solid Ura-Tryp media 
One colony of yeast from a previous plate or glycerol stock (15%) stored in the 
freezer (-20 °C) are streaked on the Ura-Tryp media plates, sealed with Parafilm 
and incubated at 30°C. Colonies can be picked after 48 hr before they can be picked 
for growth in liquid media. 
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D.2.2 Assay 

DAY 1 

II.  Preparation of sample plates1 
1) Prepare 96-deep well plates and map each well (see Figure 10). This 

description assumes DUPLICATE analysis for each sample, a calibration 
curve (E2), and a negative control on every plate, as in Figure. 10. 

2) Add 200 µL of sample extract in (sludge or water) in the first column (A 
through H) including standard solution of testing compounds in the first two 
rows (see figure 1). 

3) Place the plates in the fume hood for 24 h to completely evaporate solvent in 
the wells. (cover plates loosely with KimWipes to prevent dust from falling 
in) 
 

                                                      

 

1 If samples are prepared in the water, add the standard solutions prepared in solvent (usually MeOH is used) in first 
two (standard) rows 
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      1 2 3 4 5 6 7 8 9 10 11 12 

A 
E2 Calibration (Row A and duplicate in Row B, Columns 1-10) 

Negative 
control with 
4 % MeOH B 

C 
Sample 1 (Row C and duplicate in Row D) 

D 

E 
Sample 2 (Row E and duplicate in Row F) 

F 

G 
Sample 3 (Row G and duplicate in Row H) 

H 

Figure D1. General plate description for YES assay.  
  

III. Cell growth in liquid Ura-Tryp media 
1) Pick up one independent colony from a slide plate and inoculate in 50 mL 

sterile Falcon tube containing 5-7 mL of Ura-Tryp liquid Media and vortex 
the tube. 

2) Incubate Yeast cells at 30°C in a shaking incubator at ∼200 rpm for 24 h. 
 

DAY 2 

IV. Determination cell density and preparation of yeast cell solution for assay 
1) Vortex the Falcon tube containing the 24h-yeast suspension culture 
2) Place 100 µL of the yeast suspension on 96-well flat bottom microplate (YPS 

media in another well on the same plate). 
3) Read the plate at 630 nm in a plate reader. 
4) Calculate the total volume of yeast cell solution that is used for each set of 

experiments. 
5) Dilute the yeast suspension to 0.06-0.08 of optical density (O.D.) at 630nm 
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using YPS liquid media. 
6) Vortex the yeast solution and add 100 µL of 1.25 mM CuSO4 per 10 mL to the 

diluted yeast solution. 
V. Exposure of yeast cells to chemicals 

1) Prepare 96-deep well plates previously prepared in Day 1. 
2) Add 100 µL of 4% methanol (v/v) in each well (200 µL in first row). 
3) Seal plate with membrane (adhesive film) and mix by gently vortexing. 
4) Dilute each column serially in 1:2 dilutions2. 
5) Add 300 µL of yeast suspension (O.D.630 = 0.06-0.08) to each well 
6) Incubate at 30°C for 3 days with lid open but cover with sterile paper towel. 

 

DAY 5 

VI. Measurement of optical densities (endpoint) 
1) After 3 days of incubation, about 0.1 mL of supernatant remains in the wells. 
2) Add 50 µL of Z-buffer to each well. Seal each well with membrane and mix by 

gentle vortexing. 
3) Prepare assay buffer (ONPG solution)3. 
4) Remove the membrane cover and add 400 µL of assay buffer to each well. 

Reseal the well with the same membrane. 
5) Incubate the plate at 30°C for 20 min. 
6) Add 200 µL of 1 M sodium carbonate to stop reaction. 
7) Centrifuge the plates for 10 min at 3000 rpm using microplate centrifuge to 

remove cell debris. 
8) Withdraw 100 µL of clear supernatant (do not withdraw any cell debris) from 

each well and place on 96-well flat bottom microplate with duplicate. If 

                                                      

 

2 First two rows (A and B) should be included with standard solution (E2) for calibration in every plate from 2.5×10-8 
to 4.9×10-11 (columns 1-10) 

3 - Dissolve 40 mg ONPG (store in -20°C freezer) in 39 mL of Z-buffer solution, and add 500 µL of β-
mercaptoethanol.  

  - Vortex the solution until chemical is completely dissolved. 
  - Add 1 mL of 10% SDS 
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necessary, blow out bubbles using a gentle stream of air. 
9) Measure O.D.630 and O.D. 405 nm.  

D.2.3 Media and Buffer Solution Recipes 

Ura-Tryp media (500 mL) 
• 3.35 g of Yeast Nitrogen Base (YNB) w/o amino acids and ammonium 

sulfate 
• 2.5 g of ammonium sulfate 
• 1 ml of adenine sulfate (10 mg/ml) 
• 50 ml of dextrose (20%) 
• 50 ml of casamino acids (5%) 
• Enough water to make 500 mL 
• Dissolve and filter sterilize after preparation with a 0.22-µm filter 

 
Selection plates:  

• Add 8 g of bactoagar to 500 mL Ura-Tryp media 
• Autoclave and allow to cool till container can be handled without 

difficulty 
• Pour 15-20 mLs per 100 mm plate 
• Let stand at room temperature to harden 
• Store at 4°C 

 
YPS Media (500 mL): 

• 1% YNB 
• 0.5% Peptone 
• 10% Sucrose 
• Filter sterilize after preparation with a 0.22-µm filter 

Z Buffer (1 L):  
• 16.1 g Na2HPO4 × 7 H2O (60 mM final) 
• 5.5 g NaH2PO4 × H2O (40 mM final) 
• 0.75 g KCl (10 mM final) 
• 0.246 g MgSO4 × H2O (1 mM final) 
• 2.7 ml β-mercaptoethanol (50 mM final) 
• Adjust to pH 7.0. Do not autoclave. 

 
Other chemicals and solutions: 



 

 

229 

 

• ONPG – o-nitrophenyl-β-D-galactopyranoside (keep in -20 °C freezer) 
• 10% SDS – Sodium dodecyl sulfate 
• β-mercaptoethanol 
• 1.25 mM CuSO4 
• 1 M sodium carbonate 
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