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Abstract 

 

The Effect of Treatment on the Quality of Harvested Rainwater 

 

Sarah Elizabeth Keithley, M.S.E. 

The University of Texas at Austin, 2012 

 

Supervisor:  Mary Jo Kirisits 

 
 Harvested rainwater is an alternative water resource that can be utilized to help 

meet the world’s growing demand for fresh water. Although harvested rainwater is often 

considered to have adequate physical and chemical qualities, its microbial quality has 

been found lacking. This study sought to better understand the effect of common 

treatment processes on the quality of harvested rainwater for potable use by examining 

two treatment processes: (1) batch chlorination followed by filtration, and (2) filtration 

followed by ultraviolet (UV) irradiation.  

The batch chlorination studies used rainwater harvested from four pilot-scale 

roofs in Austin, Texas with different roofing materials: concrete tile, green, Galvalume® 

metal, and asphalt-fiberglass shingle. Chlorine tends to react with natural organic matter 

and produce disinfection byproducts (e.g., trihalomethanes (THMs)) that are harmful to 

human health. Chlorinating rainwater harvested from the metal and concrete roofs 

achieved adequate disinfection (total coliforms less than 1 colony forming unit per 100 

mL) without forming THMs that exceed the United States Environmental Protection 

Agency (USEPA) limit of 80 µg/L for public water systems. Chlorinating rainwater 

harvested from the shingle roof achieved adequate disinfection but had the potential to 

form excessive THMs. Chlorinating rainwater harvested from the green roof, which had 

the highest concentration of dissolved organic carbon, did not achieve adequate 
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disinfection and formed THMs that were four times higher than the USEPA limit. 

Filtering the chlorinated rainwater from every roofing material with a block activated 

carbon filter generally resulted in increased bacteria concentrations and decreased THM 

concentrations. 

To study the effect of UV irradiation, cistern-stored and treated rainwater were 

sampled from a full-scale residential system in Austin, Texas, where the owner uses 

rainwater as his primary potable water supply. UV irradiation at the full-scale system 

effectively disinfected rainwater when the turbidity and total coliform concentrations 

were low, but disinfection was compromised as these two parameters increased as the 

drought progressed in 2011 and the ambient temperature increased.  

This research suggests that under certain conditions, treatment by either 

chlorination or UV irradiation can improve the quality of harvested rainwater so that it 

conforms to drinking water standards for public water systems.  
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Chapter 1: Introduction 

1.1 BACKGROUND 
 Rainwater harvesting is an alternative water resource that is receiving increased 

attention in response to growing concerns of water scarcity. It is a local water resource 

that can be used for outdoor non-potable purposes like irrigation, indoor non-potable 

purposes like toilet flushing and clothes washing, and potable purposes like cooking, 

bathing, and drinking. 

 The quality of harvested rainwater has been studied in locations around the world, 

and the findings suggest that cistern-stored rainwater often has acceptable physical and 

chemical qualities but unacceptable microbial quality for potable use (Mendez et al., 

2011b). Factors that affect the quality of harvested rainwater include meteorological 

conditions, such as temperature and the number of antecedent dry days (Despins et al., 

2009), and system components, such as roofing material (Yaziz et al., 1989), first-flush 

diversion (Mendez et al., 2011b), and cistern material (Despins et al. 2009).  

 While many rainwater harvesting manuals suggest treatment prior to potable use, 

limited research has examined the efficacy of various harvested rainwater treatment 

systems. Some have suggested that a hot water heater sufficiently inactivates bacteria 

(Coombes et al., 2000). Only one study has examined the effectiveness of chlorine as a 

disinfectant for rainwater and the potential formation of disinfection byproducts (DBPs) 

(Lantagne et al., 2008). Previous research studying rainwater collected from the same 

pilot-scale roofs used in the current study found that the concentration of dissolved 

organic carbon (DOC) in the rainwater varied depending on roofing material (Mendez et 

al., 2011b), and those harvested rainwaters with high DOC concentrations might form 

unacceptably high DBP concentrations during chlorination. A few studies have inspected 

the disinfection efficacy of ultraviolet (UV) irradiation on rainwater and have found that 

achieves good disinfection (Jordan et al., 2008). 
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Trihalomethanes (THMs) form when chlorine reacts with natural organic matter 

(NOM) present in the water, and they were the first identified group of chlorine DBPs 

(Rook, 1974). THM formation increases with increasing chlorine concentration (Morris 

and Baum, 1978), DOC concentration (Stevens et al., 1976), fraction of humic and fulvic 

acids (Peters et al., 1980), pH (Rook, 1977), and temperature (Stevens et al., 1976). The 

USEPA regulates their total concentration in municipal drinking water systems because 

of their probable carcinogenicity (reviewed by Richardson et al., 2007). Correlations 

between THMs in drinking water and low birth weight and stillbirths have been made 

(Nieuwenhuijsen et al., 2009).  

 Although chlorination and UV irradiation have been studied extensively in 

drinking water applications treating surface water and groundwater, little work has been 

done to date investigating their application to harvested rainwater. It is important to 

examine various treatment scenarios for harvested rainwater so that their effect on its 

quality can be better understood. 

1.2 OBJECTIVES 
 The primary objective of this research was to examine the effect of typical 

consumer treatment methods on the quality of rainwater harvested for potable use. The 

treatment scenarios studied were (1) batch chlorination followed by filtration and (2) 

filtration followed by UV irradiation. The efficacy of disinfection and the formation of 

THMs were of primary interest.  

 This research investigated bench-scale treatment of rainwater harvested from 

pilot-scale roofs and full-scale treatment of rainwater at a private residence. The 

experiments using rainwater harvested from the pilot-scale roofs offered a comparison of 

different roofing materials. Sampling from the full-scale system provided the opportunity 

to characterize the rainwater harvested by an individual user for potable use. 

Overall the research was motivated by the desire to protect human health through 

a better understanding of harvested rainwater treatment processes. 



  3 

1.3 THESIS OVERVIEW 
 This thesis focuses on the effect of treatment on the quality of harvested rainwater 

for potable use. The two treatment scenarios studied were (1) chlorination followed by 

block activated carbon filtration and (2) sediment filtration followed by UV irradiation. 

The balance between adequate disinfection and DBP formation was of primary interest. 

 Chapter 2 presents a review of the literature on the quality of harvested rainwater, 

the use of activated carbon filters, chlorination, and UV irradiation in water treatment, 

and the formation and toxicity of THMs. Chapter 3 details the materials and methods 

used in the study. Chapter 4 presents the results and discusses their implications. Finally, 

Chapter 5 summarizes the findings of this research and suggests areas for future work. 
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Chapter 2: Literature Review 
  

This chapter begins by reviewing the literature on the use of harvested rainwater 

as an alternative water resource. Then, the physical, chemical, and biological qualities of 

harvested rainwater are summarized, and factors that affect the quality are explored. 

Finally, the application of different treatment techniques to harvested rainwater is 

discussed. 

2.1 HARVESTED RAINWATER AS AN ALTERNATIVE WATER RESOURCE 
In 2000, the World Health Organization (WHO) estimated that 1.1 billion people 

lacked access to improved water supplies and 2.4 billion people lacked adequate 

sanitation. One of the UN Millennium Development Goals is to reduce by half the 

proportion of people without access to improved water supplies. Roof-based rainwater 

harvesting represents an alternative water resource that can help achieve these goals. 

Many countries are actively pursuing rainwater harvesting as an alternative water 

resource and are actively studying its quality and its ability to meet water demand in a 

region. The countries include, but are not limited to, Australia (e.g., Coombes et al., 

2000), Canada, (e.g., Despins et al., 2009), Jordan (e.g., Abdullah and Al-Shareef, 2009), 

Malaysia (e.g., Yaziz et al., 1989), South Korea (e.g., Lee et al., 2012), and the United 

States of America (US) (e.g., Lye, 2002). 

Within the US, each state has different laws regarding rainwater harvesting. 

Arizona, for instance, offered a maximum tax credit of $1000 to individuals and $200 per 

new home built by corporations that installed rainwater harvesting systems on their 

property between 2006-2011 (Arizona Revised Statutes, 2007). The city of Tucson, 

Arizona issued an ordinance, effective 6/1/10, requiring that 50% of irrigation water 

budgets for commercial developments be supplied by harvested rainwater (City of 

Tucson Code, 2008). Hawaii does not offer any tax incentives to capture rainwater, but 

some people in rural areas who lack access to municipal water harvest rainwater because 
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drilling wells can be prohibitively expensive. A Hawaiian rainwater harvesting manual 

exists to guide consumers in the design and operation of rainwater harvesting systems 

(Macomber, 2010). Ohio has extensive regulations for individual rainwater harvesting 

systems, which include regulations for roof washers, cisterns, pumps, and disinfection 

(Ohio Department of Health, 2012). These examples, and their recent publication dates, 

demonstrate the attention rainwater is receiving in states across the US. 

Water resources are an important issue in Texas where the population is expected 

to grow from 21 million to ~46 million people between 2000 and 2060 while the water 

supply decreases from 5800 billion gal to 4760 billion gal (TWDB, 2006). Rainwater 

harvesting has significant potential to generate additional water supplies in Texas. If 10% 

of the existing roof footprints across the state were equipped to capture rainwater, 38 

billion gal could be collected annually (TWDB, 2006). Recognizing this potential, the 

state promotes rainwater harvesting through policy initiatives like tax incentives. Texas 

Tax Code §151.355 (1) exempts rainwater harvesting equipment and supplies from sales 

tax and §11.32 exempts water conservation projects from property tax (Texas Tax Code, 

2012). Additionally, both the Texas Water Development Board (TWDB) and the Texas 

Commission for Environmental Quality (TCEQ) have published manuals that include 

recommendations for homeowners who will implement rainwater harvesting systems. 

These manuals include guidelines on system sizing, roof and tank materials, and 

treatment practices. Texas has recognized its water resources challenges and uses policy 

and information initiatives to encourage rainwater harvesting as a partial means to 

address these challenges. 

2.2 QUALITY OF HARVESTED RAINWATER 
Harvested rainwater is often perceived as a clean water supply, and the WHO lists 

it as an improved source of water. It can contain, however, high levels of bacteria. The 

microbial quality of harvested rainwater is often a greater concern than is the 

physical/chemical quality. There is significant variability in its quality, particularly with 

respect to metals, organic pollutants, and bacteria. As discussed below, many factors 

contribute to this variability. While this discussion of rainwater quality will reference 
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drinking water standards set by the United States Environmental Protection Agency 

(USEPA), those standards only apply to public water systems, i.e., systems with more 

than 15 connections or regularly serving more than 25 individuals. These standards 

provide a quality benchmark, but rainwater harvested for individual potable use at a 

residence does not have to comply with USEPA regulations. 

2.2.1 Physiochemical Quality 

Many studies have found the physical and chemical qualities of rainwater to meet 

standards set by the WHO or their particular governmental organization (e.g., USEPA) 

(Coombes et al., 2000; Abdullah and Al-Shareef, 2009; Despins et al., 2009; Mendez et 

al., 2011b). The pH of harvested rainwater is close to neutral (Yaziz et al., 1989; Jordan 

et al., 2008; Abdullah and Al-Shareef, 2009; Mendez et al., 2011b), or slightly acidic 

(Despins et al., 2009; Kus et al., 2010; Lee et al., 2012). Nitrogen species, including 

nitrate and nitrite, often are present in low concentrations (Evans et al., 2006; Despins et 

al., 2009; Kus et al., 2010; Mendez et al., 2011b; Lee et al., 2012). The concentrations of 

mineral salts (e.g., sodium, calcium, and potassium) resemble those found in municipal 

water supplies (Kus et al., 2010). 

Heavy metals have been monitored in harvested rainwater because of their 

possible health effects. Iron and lead concentrations can exceed the WHO limits, which 

are 0.3 mg/L and 0.01 mg/L, respectively (Yaziz et al., 1989; Kus et al., 2010; Mendez et 

al., 2011b; Lee et al., 2012). Other heavy metals such as arsenic, cadmium, chromium, 

mercury, and zinc are either rarely detected or are below drinking water limits (Despins 

et al., 2009; Kus et al., 2010; Mendez et al., 2011b; Lee et al., 2012). 

Organic compounds, such as volatile organic compounds (VOCs) and semi-

volatile organic compounds, including polycyclic aromatic hydrocarbons (PAHs) and 

pesticides, also have been monitored in harvested rainwater. Their detection depends on 

the location/orientation of the roof and the surrounding land use. Mendez et al. (2011b) 

only detected two such compounds (2,4-dinitrophenol and benzyl alcohol), and they were 

only detected in the first-flush rainwater at µg/L concentrations at two sites in Central 
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Texas. Despins et al. (2009) tested for 20 PAHs but did not detect any in samples 

collected over six months from five sites in the City of Guelph in Ontario, Canada. 

2.2.2 Microbial Quality 

Conversely, microbial quality has often been found lacking in harvested rainwater 

(as reviewed by Lye, 2002). Some studies have evaluated the microbial quality of 

rainwater immediately after it has been harvested. Coombes et al. (2000) measured total 

coliforms (TC), fecal coliforms (FC), heterotrophic plate counts (HPC), and 

Pseudomonas spp. and found that there was considerable variability over time at one 

location and over space at a given point in time. Mendez et al. (2011b) studied raw water 

quality before and after a first-flush device, and found that all samples from five different 

roofing materials exceeded the USEPA drinking water standards for TC and FC.  

Other studies have monitored the microbial quality of harvested rainwater at 

cistern effluents and at the point of use (POU). Despins et al. (2009) found that 114 of the 

360 samples collected had TC concentrations greater than 1 colony forming unit per 100 

mL (CFU/100 mL), but only 52 of the 360 samples had FC concentrations greater than 1 

CFU/100 mL. At each of the 7 sites from which the samples were taken, the geometric 

means for TC and FC were <1 CFU/100 mL. Ahmed et al. (2012) sampled 24 systems at 

the outlet of the cistern and at a POU within the house. They determined that there was 

no significant difference between the number of Escherichia coli, enterococci, 

Campylobacter spp., and Giardia lamblia at the two locations within a system. Either E. 

coli or enterococci were detected at either location at every site and were on the order of 

100 or 101 CFU/100 mL. The detection of Campylobacter spp., Salmonella spp., and G. 

lamblia was more sporadic, and their concentrations ranged from 100-103 organisms/L. 

As the references above illustrate, the concentrations of indicator organisms are 

often higher than the limit for public water systems, which is zero for TC (including FC 

and E. coli) (USEPA, 2012). There is some controversy, however, regarding the ability of 

these organisms (e.g., TC, FC, and E. coli) to accurately indicate the presence of 

pathogenic bacteria. Despins et al. (2009), for instance, did not detect Legionella or 

Campylobacter in samples with FC concentrations greater than 50 CFU/100 mL. To 



  8 

investigate these types of discrepancies, Wu et al. (2011) reviewed the literature of 

pathogen-indicator incidence from recreational, agricultural, and aquaculture waters. 

Their purpose was to examine if correlations existed between indicators and pathogens. 

They compiled a dataset that included 540 pairings of pathogens and indicators and found 

that the two groups were only correlated in 223 (41%) of the cases. While no indicator 

was best, coliphages, F-specific coliphages, Clostridium perfringens, fecal streptococci, 

and TC were more likely than other indicators to correctly indicate the presence of 

pathogens (Wu et al., 2011). The finding that TC was a better indicator than FC or E. coli 

was unexpected, but the higher incidence of TC was likely a positive factor in the 

statistical analysis because there were more opportunities when a correct indication could 

be made. 

Since indicator organisms are a conservative measure of the microbial quality and 

weakly correlate to pathogens, some studies have probed for specific pathogens in 

rainwater. Pathogens such as Aeromonas spp., Pseudomonas aeruginosa, Legionella 

pneumophila, Campylobacter spp., Salmonella spp., G. lamblia, Cryptosporidium 

parvum, Echinococcus granulosus, and Clostridium botulinum have been detected in 

harvested rainwater (Alrechtsen, 2002; Ahmed et al., 2008; Ahmed et al., 2012). 

Pathogens were not detected in every harvested rainwater sample, and the number of 

samples in which one or more pathogens were detected in each study was 12 of 27 

(Alrechtsen, 2002), 25 of 27 (Ahmed et al., 2008), and 15 of 35 (Ahmed et al., 2012). 

Thus, pathogens can be present, but they are not ubiquitous in harvested rainwater.  

The actual health risk of untreated harvested rainwater is difficult to determine 

since an instance of disease would be limited to the users of a particular system. 

However, disease outbreaks such gastroenteritis (Merritt et al., 1999; Franklin et al., 

2009) and Legionnaires’ disease (Simmons et al., 2008) have been documented and have 

been tied to Campylobacter, Salmonella Typhimurium definitive phage type 9, and L. 

pneumophila, respectively, which were detected in the systems. In contrast, a study 

conducted in Australia found no difference in the risk of gastroenteritis in children who 
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regularly drink untreated rainwater and children who drink mains water (Heyworth et al., 

2006). 

Overall, the microbiological quality of rainwater, as indicated by TC, FC, E. coli, 

or specific pathogens, is highly variable. Classic indicator organisms might not correlate 

well with the presence of pathogens. Although some documented cases show people have 

become ill from drinking untreated harvested rainwater, one epidemiological study 

suggests no significant risk (Heyworth et al., 2006). 

2.2.3 Factors Affecting the Quality of Harvested Rainwater 

Numerous factors affect the quality of harvested rainwater, including 

meteorological conditions (Evans et al., 2006; Despins et al., 2009), use of a first-flush 

diversion device (Mendez et al., 2011b), roofing material (Yaziz et al., 1989; Mendez et 

al., 2011b), cistern material (Despins et al. 2009), and residence time in the cistern 

(Coombes et al., 2000; Han and Mun, 2008; Evans et al., 2009).  

2.2.3.1 Meteorological Conditions 

The ambient temperature affects bacteria concentrations in raw harvested 

rainwater. In samples collected from rainwater cisterns, Despins et al. (2009) noted a 

significant correlation between TC or FC and temperature, with higher TC/FC 

concentrations during the summer (17 °C) and lower concentrations during the winter (-5 

°C). They posited that this trend could be a result of either decreased microbial activity or 

decreased animal presence during colder months. 

The number of antecedent dry days affects water quality because the amount of 

debris that accumulates depends on the frequency of rain events (Yaziz et al., 1989). 

Similarly, the intensity of the event is significant because it influences the transport of 

debris in the harvested rainwater. Wind speed and direction can affect the bacterial 

loading of the water. Evans et al. (2006) found that strong wind speeds during a rain 

event increased HPC in the harvested rainwater but did not affect TC or FC. In contrast, 

prevailing wind direction during dry periods affected TC but not HPC (Evans et al., 

2006). They concluded that weather patterns are more significant than animal deposition 



  10 

when considering bacterial loading of harvested rainwater, so although meteorological 

trends likely vary by region, their influence is non-negligible.  

2.2.3.2 First-Flush Device 

The use of a first-flush device affects the quality of harvested rainwater. This 

device diverts the initial rainfall, usually 1-2 gal per 100 ft2, before the subsequent roof 

runoff is directed to a cistern (TWDB, 2005). This first-flush volume is intended to divert 

pollutant spikes from the cistern so that the collected rainwater is of higher quality. 

Turbidity, nitrate, nitrite, metals, and bacterial concentrations, as measured by TC and 

FC, have been shown to decrease after the first-flush (Kus et al., 2010; Mendez et al., 

2011b; Lee et al., 2012). 

The use of first-flush diverters in the US is variable. In northern Kentucky, first-

flush devices are extremely rare (Lye, 2011). In a survey of members of the American 

Rainwater Catchment Systems Association (ARCSA), Thomas et al. (2012) found that 

51% of residential rainwater harvesters used a first-flush device. 

2.2.3.3 Roofing Material 

Roofing material can influence harvested rainwater quality. Texture, for instance, 

affects the efficiency of collection and the transport of debris (TWDB, 2005). Solar 

reflectance of the roofing material influences the surface temperature on the roof; several 

researchers have hypothesized that this phenomenon might influence the survival of 

microorganisms and the microbial quality of the water, but this hypothesis has not yet 

been tested. While some have not found a correlation between microbial quality and 

roofing material (Despins et al., 2009), others have detected fewer indicator organisms 

and fewer pathogens in water from metal roofs (Mendez et al., 2011b; Lee et al., 2012). 

Metal roofs are a commonly recommended material for rainwater harvesting (TWDB, 

2005; Mendez et al., 2011b); many studies have found that metal roofs produce water of 

higher physical, chemical, and biological quality as compared to other roofing materials 

(Yaziz et al., 1989; Despins et al., 2009; Mendez et al., 2011b; Lee et al., 2012), which 

seems to support this recommendation. 



  11 

One concern with metal roofs is that they will leach metals into the harvested 

rainwater. They can corrode to form metal oxides in the presence of moisture, especially 

if salts are also present, but the corrosion potential depends on the surface coating 

(Berdahl et al., 2008). Studies have found elevated zinc concentrations in rainwater 

harvested from metal roofs, but the concentrations were an order of magnitude below the 

USEPA drinking water standard (Yaziz et al., 1989; Mendez et al., 2011b). 

2.2.3.4 Cistern Processes 

In addition to factors that affect harvested rainwater quality immediately after it is 

harvested, the storage system influences harvested rainwater quality. The cistern material 

can affect the pH and potentially leach metals into the water (Despins et al., 2009), but it 

also can be a site of passive treatment. Physical processes like settling remove particles 

from suspension. Han and Mun (2008) found that turbidity decreased with cistern 

residence time and was reduced by 20-40% after a stagnant retention time of 105 h.  

The potential for passive biological treatment within the cistern has been studied. 

In 2000, Coombes et al. examined the quality of rainwater harvested and stored at a 

residential development in Newcastle, Australia. They found that the concentration of 

bacteria in the cistern-stored rainwater was typically two orders of magnitude less than in 

rainwater entering the tank. They analyzed samples from the sludge settled at the bottom 

of the tank and found that chemical and microbial concentrations were higher in the 

sludge than in the water column. They hypothesized that physical settling and uptake into 

biofilms contributed to this phenomenon. 

Evans et al. (2009) further investigated the ability of a cistern to serve as a 

location of passive microbial treatment by examining the composition and diversity of the 

microbial community in 22 samples taken from taps fed by rainwater tanks in eastern 

Australia. They determined that the microbial community resembled a natural aquatic 

system. They also found that species associated with fecal matter constituted less than 

15% of the identified species and less than 1.5% of the total average abundance. Two 

hypotheses for these low fractions were that the deposition of enteric organisms was low 

compared to that of other microorganisms that can be deposited by wind (Evans et al., 
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2006) and that enteric organisms might be less tolerant of oligotrophic tank conditions 

and might decline in population size because of competition. The authors also note that 

some of the bacterial groups identified in harvested rainwater have the ability to 

transform pollutants that have been found in rainwater (e.g., halogenated compounds and 

heavy metals), but their activity within a tank has not been studied.  

2.3 TREATMENT OF HARVESTED RAINWATER 
Given the potential for illness and the variability in the microbial quality of 

harvested rainwater, manuals and many studies suggest treating water in some way prior 

to potable use. Filters are recommended for the removal of physical and some chemical 

components, but the types of filters usually used in residential installations would not be 

effective at removing bacteria (Jordan et al., 2008; Macomber, 2010; Ahmed et al., 

2012). Chlorination or ultraviolet (UV) irradiation is commonly recommended for 

disinfection (TWDB, 2005; Macomber, 2010; Ahmed et al., 2012). Ozonation and 

ultrafiltration are other treatment options, but they generally receive less attention 

(TWDB, 2005; Ahmed et al., 2012). 

Despite the risk, not all potable users disinfect their water. Ahmed et al. (2012) 

conducted a survey of 24 systems in Southeast Queensland, Australia. They found that 10 

houses filtered the water before it was used, 9 of which used an under-the-sink filter with 

a pore size of 0.5 µm, but the filters were not effective at removing fecal indicators. Only 

one system used any sort of disinfection (UV) after filtration.  

Another treatment option that has received attention is pasteurization. Coombes et 

al. (2000) tested the quality of rainwater that had been heated to 55-63 °C, and found that 

the concentrations of TC, FC, and Pseudomonas spp. were <1 CFU/100 mL for all 

samples. The HPC were on the order of 100 CFU/mL, which was much lower than the 

concentrations found in the cisterns. They concluded that this pasteurization sufficiently 

reduced bacterial contamination. Evans et al. (2008) conducted a similar study and found 

that while the concentrations of HPC, E. coli, enterococci, and TC were lower in hot 

water than in cold water, the TC concentration in the hot water ranged from <1 CFU/100 

mL to 817 CFU/100 mL, which is still unacceptably high. Pasteurization depends on 
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temperature and time, so if this treatment method is to be employed, it must be designed 

so that the appropriate exposure times are achieved. 

Spinks et al. (2006) studied the thermal resistance of 8 non-spore forming bacteria 

that were either pathogens that had been detected in rainwater catchment systems or were 

indicator organisms. The bacteria were exposed to temperatures of 55, 60, and 65 °C, and 

a wide range in the time necessary for 1-log inactivation at 55 °C was observed among 

the 8 bacteria. The necessary time and the range decreased for all organisms at 60 °C, and 

that trend continued at 65 °C where 1-log inactivation could be achieved between 7-19 s 

for all species tested. This work supported the Australian standard of T " 60 °C for hot 

water systems. It noted that more species relevant to harvested rainwater should be tested, 

but it seems to support the possibility of pasteurization as a means of disinfecting 

rainwater. 

Despins et al. (2009) monitored the quality of harvested rainwater before and 

after treatment by three different systems: UV lamp, slow sand filter, and hot water tank. 

They found that treatment, regardless of the system, reduced the TC/FC concentration to 

<1 CFU/100 mL for more than 95% of the samples in which TC/FC had previously been 

detected. 

2.3.1 Rainwater Treatment Systems in the US 

 There appear to be two common types of treatment systems in the US: (1) batch 

chlorination followed by filtration, and (2) filtration followed by UV irradiation. Dennis 

Lye at the USEPA in Cincinnati, Ohio works with rainwater harvesters in northern 

Kentucky and has observed common practices in the region (Lye, 2011). He estimates 

that 50% of residential rainwater harvesters in the area use an activated carbon filter to 

reduce taste and odor problems. Only 20% disinfect their rainwater, and within that 

population, 50% batch chlorinate and 50% use UV. When batch chlorination is used, an 

activated carbon filter is placed downstream to remove nuisance taste and odor 

compounds associated with chlorination. When UV disinfection is used, filtration occurs 

upstream of the UV lamp.  
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 Thomas et al. (2012) conducted a survey of members of the American Rainwater 

Catchment Systems Association (ARCSA). Respondents were mainly from coastal and 

southern states in the US. Among respondents who use rainwater for potable purposes 

(n=36), 68% use some type of filtration device and 98% disinfect in some way. Only 5% 

batch chlorinate in the cistern and 22% use chlorine in some other manner. If chlorine is 

used, filtration occurs after chlorination, which agrees with the finding of Lye (2011). UV 

was the most common type of disinfection, with 75% of users employing it. Some 

respondents used both chlorine and UV. 

2.3.2 Filtration 

Activated carbon filters can adsorb contaminants, such as trihalomethanes 

(THMs), and reduce contaminants, such as chlorine. Tobin et al. (1981) tested 3 POU 

granular activated carbon (GAC) filters and found they removed 50-70% of the total 

chlorine and 4-33% of the TOC from municipal tap water. Increasing flow rate negatively 

impacted chlorine removal. THMs can be adsorbed on GAC filters and thereby be 

removed from the water, but the adsorption capacity of GAC for THMs decreases with 

increasing temperature (Aiben et al., 1988). Adsorption tends to increase with increasing 

bromine substitution (Aiben et al., 1988). 

GAC filters adsorb organic matter, which can then support microbial life. 

Bacterial shedding from POU filters has been studied to ascertain the risk to human 

health. Tobin et al. (1981) found that HPCs in POU filter effluent increased over time, 

and TCs were detected in the effluent for almost 2 weeks after an incident in which they 

were detected in the influent. They also detected P. aeruginosa in the filter effluent. 

Snyder et al. (1995) studied the effect of POU powdered activated carbon (PAC) filters 

on the bacteriological quality of groundwater that had not been disinfected. They found 

that HPCs in the filter effluent ranged between 101 and 103 CFU/mL. HPCs in the water 

drawn after an overnight period of stagnation tended to be 1-2 orders of magnitude higher 

than in filtered water drawn after the tap had received significant use, and they were also 

higher than in the filter influent. Additionally, TCs were detected in the majority of 
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filtered water samples, but the concentrations were reduced from those in the filter 

influent. 

Although GAC filters are not particularly effective at removing bacteria, they can 

remove protozoan cysts. Hijnen et al. (2010) found that filtration through a fresh GAC 

filter with 32% porosity achieved minimal (#0.1-log) removal of E. coli but considerable 

removal of C. parvum and G. lamblia (2.7-log and 2.1-log, respectively). This removal 

capacity is important because protozoan cysts are resistant to chlorination. Rainwater 

harvesting manuals, therefore, recommend using this type of filter in conjunction with 

chlorination (TWDB, 2005; Ohio Department of Health, 2012). 

2.3.3 Chlorination 

Chlorine is a common disinfectant that is often recommended for potable water 

production. The USEPA Surface Water Treatment Rule (SWTR) requires 99.9% 

reduction in G. lamblia concentrations. When chlorine is used as the disinfectant, 

drinking water treatment plants need to achieve a CT between 44 and 182 mg!min/L, 

depending on the pH and temperature of the water (Droste, 1997). This CT range covers 

a pH range from 6 to 8 and a temperature range from 10 to 20 °C. 

The chlorine dose needed to achieve a particular CT depends in part on the 

organic load of the water. Virto et al. (2005) found that with 150 mg/L of tryptic soy 

broth in the water, a chlorine dose of 30 mg/L was necessary to achieve a 5-log 

inactivation of E. coli, compared to a dose of 0.7 mg/L in the absence of tryptic soy 

broth. Using propridium iodide, they determined that the cell membrane remained intact 

even when exposed to high chlorine concentrations in the presence of tryptic soy broth. 

Since all experiments were conducted in an excess of chlorine, it was hypothesized that 

rather than simply exerting a chlorine demand, the tryptic soy broth worked to stabilize 

cellular structures and prevent chlorine from acting on the cell membrane. 

Chlorine is inexpensive and easy to use, making it suitable for developing or 

lower-income areas. The Hawaii rainwater harvesting manual recommends routinely 

adding a sodium hypochlorite solution to a rainwater cistern to maintain a chlorine 

concentration of 1 mg/L (Macomber, 2010). Weekly application is likely necessary but 
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could vary depending on the volume of the water and the ambient temperature, among 

other things. In northern Kentucky, batch chlorination is the most common chlorination 

method, and users are advised to chlorinate until they can taste or smell it in the rainwater 

(Lye, 2011). Others discourage the batch chlorination method because the chlorine in the 

tank decays with time and it would be ineffective for new influent into the tank (Cunliffe, 

2004).  

In addition to this sort of batch chlorination, in-line chlorination is another way to 

dose chlorine. Ohio requires that rainwater receive continuous disinfection, and when 

chlorine is used, a chlorine concentration of at least 0.4 mg/L must remain after 8 min of 

chlorine contact time (Ohio Department of Health, 2012). Rainwater harvesting 

guidelines from Georgia recommend in-line chlorination to maintain a residual of 0.2 

mg/L (Georgia Rainwater Harvesting Guidelines, 2009), which is the minimum residual 

required in municipal distribution systems (USEPA, 2004). The necessary amount of 

chlorine to be dosed depends on contact time, concentration of organic matter in the 

water, pH, and temperature. Achieving the appropriate residual requires monitoring the 

chlorine concentration at the POU or knowing the physical and chemical properties of the 

water. 

2.3.3.1 Trihalomethanes  

One concern regarding the use of chlorine as a disinfectant is its tendency to react 

with organic matter in the water and produce disinfection byproducts (DBPs), which can 

be carcinogenic, mutagenic, and/or teratogenic. Rook (1974) identified the first group of 

chlorine DBPs, THMs, which consists of trichloromethane (chloroform, TCM), 

dichlorobromomethane (DCBM), chlorodibromomethane (CDBM), and tribromomethane 

(bromoform, TBM). The formation of THMs depends on temperature, pH, chlorine 

concentration, bromide concentration, and the type and quantity of natural organic matter 

(NOM). 

THM formation increases with increasing pH and temperature (Stevens et al., 

1976; Rook, 1977; Morris and Baum, 1978; Peters et al., 1980; Liang and Singer, 2003). 

A higher chlorine concentration results in higher total THM (TTHM) formation but does 
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not affect speciation (Morris and Baum, 1978; Luong et al. 1982; Adin et al., 1991). The 

speciation of THMs largely depends on the bromide concentration in the water, where a 

high bromide concentration causes a shift towards brominated THMs (Luong et al., 

1982). High TOC and chlorine concentrations can limit the formation of brominated 

THMs even at high bromide concentrations as the rate of oxidation of bromide becomes 

limiting (Luong et al., 1982). 

Humic and fulvic acids have been identified as the organic compounds that react 

most with halides as a result of their high aromatic content (Reckhow et al., 1990). 

Humic acids tend to produce higher THM concentrations than do fulvic acids (Peters et 

al., 1980; Reckhow et al., 1990). The specific ultraviolet absorbance at 254 nm 

(SUVA254) is a bulk parameter that indicates the aromatic content of a water and 

therefore is frequently used to predict THM formation. Weishaar et al. (2003) found a 

strong correlation (R2=0.97) between percent aromaticity as measured by carbon-13 

nuclear magnetic resonance spectroscopy and SUVA254 from a variety of surface water 

sources, suggesting SUVA254, which is easier to measure, could be used to measure the 

percent aromaticity of a water. They found only a weak correlation between SUVA254 

and specific total THM (TTHM) formation at 24 h, however, indicating that other 

compounds react with chlorine to form THMs (Weishaar et al., 2003). TOC is another 

way to measure NOM, and higher TOC concentrations lead to higher TTHM formation. 

Luong et al. (1982) chlorinated two waters from the same source, one of which had a 

TOC concentration of 12.7 mg/L and the other of which had been diluted to a TOC 

concentration of 2.5 mg/L. They found that for an initial chlorine concentration of 8 

mg/L, all chlorine was consumed within 3-6 h at a TOC concentration of 12.7 mg/L, but 

chlorine was detected after 24 h at a TOC concentration of 2.5 mg/L.  

The USEPA regulates TTHMs, which is the sum of all 4 THMs. When the 

USEPA began regulating TTHMs in 1979, the maximum contaminant level (MCL) was 

100 µg/L, but in 1998 it was reduced to 80 µg/L (USEPA, 2012). THMs are regulated in 

the US and other countries because of their potential negative health effects. All 4 THMs 

are carcinogenic, and DCBM, CDBM, and TBM are genotoxic (as reviewed by 
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Richardson et al., 2007). Cantor et al. (1998) found little evidence of an increased risk of 

bladder cancer from chlorinated drinking water, but other human epidemiological studies 

have found correlations between THMs and bladder, colorectal, and kidney cancers 

(King and Marrett, 1996; King et al., 2000; Villanueva et al., 2007; reviewed by 

Richardson et al., 2007). Dermal and inhalation exposures tend to be more hazardous 

than oral exposures (Villanueva et al., 2007). Human epidemiological studies have 

suggested that THMs in drinking water can have adverse reproductive and developmental 

effects, including low birth weight and stillbirths (Dodds et al., 1999; Toledano et al., 

2005; Nieuwenhuijsen et al., 2009). 

Only one other study was found that has examined THM formation in chlorinated 

rainwater. Lantagne et al. (2008) studied THM formation 1, 8, and 24 h after the addition 

of sodium hypochlorite to rainwater harvested from a roof in Kenya. The maximum 

possible CT after 30 min was 56.25 mg!min/L. The average turbidity of the rainwater 

was 4.2 NTU, and the TOC was 2 mg/L. TC and E. coli were detected in the raw 

rainwater, but neither was detected at 1, 8, or 24 h following chlorination. The TTHM 

concentration at 24 h was 47.4 µg/L for rainwater that had been chlorinated in a plastic 

bottle, but was 78.2 µg/L for rainwater that had been chlorinated in a ceramic container. 

This study suggests that chlorinating rainwater could produce TTHM concentrations 

close to the USEPA MCL of 80 µg/L, which indicates the potential for risk to human 

health.  

2.3.4 UV 

UV treatment is becoming more popular among rainwater harvesters in the US, 

but it is more expensive than chlorine (Macomber, 2010). Some authorities recommend it 

because it does not involve the addition of chemicals and has little potential to form 

DBPs (Zoeteman et al., 1982). UV does not leave a residual disinfectant in the 

distribution system, but this fact is not a significant concern in an individual residence 

where treated rainwater will have a limited residence time in the distribution system. 

UV irradiation inactivates microorganisms by altering their DNA, preventing 

reproduction (Droste, 1997). Typical UV doses in residential systems are 16 mJ/cm2 for 
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polishing treated water and 40 mJ/cm2 for disinfecting untreated water (National 

Sanitation Foundation, 2004). Chang et al. (1985) tested the UV dose necessary for 

inactivation of bacteria, viruses, and protozoa in water. They determined that greater than 

3-log inactivation of E. coli, Staphylococcus aureus, Shigella sonnei, Salmonella typhi, 

and Streptococcus faecalis could be achieved with a UV dose of 15 mJ/cm2 (Chang et al., 

1985). Viruses were more resistant to UV than were bacteria, but a 3-log reduction for 

poliovirus type 1 and simian rotavirus SA11 was observed at a UV dose of 30 mJ/cm2 

(Chang et al., 1985). They found that spores and cysts were very resistant to UV, where a 

dose of 60 mJ/cm2 only achieved a 3-log inactivation of Bacillus subtilis spores and a 

1.5-log reduction of Acanthamoeba castellanii cysts (Chang et al., 1985). Later studies 

showed that UV could be effective against cysts. For instance, Craik et al. (2001) studied 

inactivation of C. parvum oocysts by UV radiation using a neonatal mouse infectivity 

assay. They found that a 3-log inactivation of C. parvum was consistently achieved at a 

UV dose greater than or equal to 25 mJ/cm2. Linden et al. (2002) studied UV disinfection 

of G. lamblia cysts by a gerbil infectivity assay and found that greater than 4-log 

reduction could be achieved at a UV dose of 1 mJ/cm2. They also found that G. lamblia 

could not repair their DNA and become infectious again after receiving a UV dose of 16 

or 40 mJ/cm2 (Linden et al., 2002). In summary, UV is most effective against bacteria 

and protozoa, but higher UV doses are necessary to inactivate viruses. 

The efficacy of UV does not depend on temperature or pH, unlike chlorine 

(Severin et al., 1983). It is, however, affected by turbidity. When particles reflect or 

scatter light, that light is still available in the system to disinfect bacteria, but when 

particles absorb light, they reduce the effective UV dose. Particles can also harbor 

bacteria and shield them from the UV light. Qualls et al. (1983) found that removing 

particles led to increased inactivation of coliforms at lower UV doses. When the water 

was filtered through an 8-µm filter, a 4.5-log inactivation of coliforms was observed at a 

dose of 10 mJ/cm2. The sample filtered with a 70-µm filter and the unfiltered sample (3.8 

NTU) reached a maximum reduction between 2 and 3 log at a dose above 12 mJ/cm2. A 

pilot study at a wastewater treatment plant showed a significant difference between the 
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inactivation of fecal coliforms in unfiltered and filtered water. The turbidity in the 

unfiltered water was 4.9 NTU and a 3.08-log reduction of fecal coliforms was observed, 

and a 3.88-log reduction was observed in the filtered water, which had a turbidity of 2.1 

NTU (Qualls et al. 1983). These tests were conducted at the same flow rate and voltage, 

but the UV dose was slightly different between the two because of their different particle 

loads. Similarly, Christensen and Linden (2003) found that UV dose decreased as 

turbidity and mean particle size increased. Adequate filtration is therefore necessary to 

ensure effective UV disinfection. 

Two studies were found that examined UV treatment of harvested rainwater. 

Ahmed et al. (2012) studied one household that treated rainwater for potable use with a 

cartridge filter (pore size less than 0.5 µm) and a UV bulb. E. coli, enterococci, 

Campylobacter spp., Salmonella spp., and G. lamblia were not detected in the treated 

water, but the raw water was fairly clean with 3 CFU/100 mL of enterococci as the only 

microorganism detected among the five tested. 

Jordan et al. (2008) conducted lab treatment studies to determine the efficacy of 

UV treatment for harvested rainwater. They used a 20 W UV bulb that delivered a 

minimum dose of 16 mJ/cm2. They found that although HPC counts increased by 530% 

after filtration, there was a significant (98.6%) decrease in HPC counts from the raw 

rainwater to the disinfected water. No TCs were detected after disinfection. To further 

assess the efficacy of UV treatment, they also conducted a controlled spike test that 

created an E. coli concentration of 10 ! 106 most probable number per one hundred 

milliliters (MPN/100 mL) and an MS2 bacteriophage concentration of 5.9 ! 105 plaque 

forming units per milliliter. UV disinfection resulted in a 6-log reduction of E. coli and a 

5-log reduction of MS2 bacteriophage. Its efficacy against the virus is important and 

suggests that filtration followed by UV irradiation is a viable treatment for harvested 

rainwater. 

2.4 CONCLUSION 
Numerous studies have found harvested rainwater to be of high physical and 

chemical quality, but the microbial quality often has been found to be lacking. Indicator 
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organisms are frequently detected and pathogens have been detected in freshly captured 

and cistern stored rainwater. The quality of harvested rainwater is affected by 

meteorological conditions, the use of a first-flush diversion device, the roofing material, 

cistern material, and residence time in the cistern. A variety of treatment methods are 

used on harvested rainwater, including pasteurization, filtration, chlorination, and UV 

irradiation; furthermore, some households do not treat rainwater prior to potable use. 

There is some concern that chlorinating rainwater could produce excessive THMs. 

Pasteurization, chlorination, and UV irradiation have been shown to reduce bacterial 

concentrations to potable standards, but proper operation and maintenance is necessary to 

ensure the efficacy of these processes.  
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Chapter 3: Materials and Methods 
 

This chapter details the collection and chlorination of rainwater harvested from 

the pilot-scale roofs. It then describes the full-scale residential rainwater harvesting 

system and the sampling scheme. It concludes by explaining the water quality analyses. 

3.1 LADY BIRD JOHNSON WILDFLOWER CENTER 
 Rainwater was collected from four pilot-scale roofs at the Lady Bird Johnson 

Wildflower Center (WFC) in Austin, Texas. Below, the roofs and the collection method 

are described. 

3.1.1 Site Description  

Each of the four pilot-scale roofs had a different roofing material: concrete tile, 

green, Galvalume® metal, and asphalt fiberglass shingle. These roofs are the same as 

those used by Mendez et al. (2011b), who provide a detailed description of their size and 

construction. The concrete, metal, and shingle roofs were constructed in 2009 and were 

two years old when the current study began. The green roof was constructed in 2006 and 

was five years old when this study began. 

3.1.2 Collection  

The collection system used in this study was the same as that used in Mendez et 

al. (2011b). Before a rain event, clean polyvinyl chloride gutters and pipes were installed 

to direct water into autoclaved collection bottles. The entry point into each bottle was 

sealed with silicone (Household Adhesive Sealant, DAP Products Inc., Baltimore, MD). 

A 2-L Pyrex® bottle collected the first-flush, and subsequent water filled two 10-L 

Nalgene® bottles, in series (Figure 3.1). Alternatively, one 20-L polypropylene (PP) tank 

was used to collect all the water. Collected water was stored at 4 °C until it was used in 

the experiments. Rainwater was not collected from the green roof on the last rain event 

(1/25/12) because it was under construction as part of another project at the WFC.  
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Figure 3.1. Schematic of sampling system from pilot-scale roofs. 

 

3.2 CHLORINATION EXPERIMENTS 
 The chlorination experiments involved batch-chlorination of rainwater that was 

collected from the pilot-scale roofs at the WFC. Two chlorine residuals were targeted for 

each harvested rainwater: 0.2 and 2 mg/L chlorine residuals after 10 min. Trihalomethane 

(THM) formation was monitored over time and bacterial concentrations were measured 

in the raw, chlorinated, and filtered rainwater. The storage time between rainwater 

collection and laboratory experiments varied from 4 d to 3 months. This range was the 

result of time constraints. Each experiment lasted 24 h, simulating daily batch 

chlorination. 

3.2.1 Sample Water  

Rainwater from the first-flush, Tank 1, and Tank 2 (Figure 3.1) were combined in 

an autoclaved 20-L PP bottle. The combined water was allowed to settle for at least 12 h 

or its full storage time at 4 °C (unless otherwise noted), and the supernatant was siphoned 
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into another autoclaved 20-L bottle. The supernatant was mixed and then divided into 2 

autoclaved 10-L bottles. One 10-L bottle was set out overnight in the lab to come to room 

temperature before the experiment began and the other was stored at 4 °C until it was 

used in a later experiment. 

3.2.2 Chlorine Demand 

A chlorine stock solution (SS) was prepared using commercially available bleach 

(Clorox® Ultra, The Clorox Company, Oakland, CA) by diluting 7 mL of bleach to 500 

mL with distilled deionized water (DDI). It was stored at 4 °C in a brown glass bottle, 

and its concentration was measured before each experiment. To determine the 

concentration of the SS, it was diluted 1000-fold by partially filling a 100-mL volumetric 

flask with DDI water, adding 100 µL of SS, and diluting to volume. The volumetric flask 

was not pretreated to remove its chlorine demand. The concentration of the SS was then 

measured. The chlorine demand curve was generated the morning before an experiment 

began using rainwater that had come to room temperature. One hundred and fifty mL of 

rainwater were added to a 1-L Nalgene® bottle (which was not wrapped in foil, but could 

have been to prevent photo reactions) and 20-700 µL of the chlorine SS was added. The 

water was mixed slowly on a stir plate for 10 min, at which point 10 mL was extracted 

for analysis. The chlorine residual after 10 min was measured for at least four different 

chlorine doses, spanning a 10-min residual chlorine concentration of 0-2 mg/L. A plot of 

dose vs. 10-min residual was generated and the linear regression curve was used to 

determine the dose (mg/L) needed to achieve a particular 10-min residual (mg/L). Figure 

3.2 shows the chlorine demand curve for rainwater harvested from the shingle roof on 

1/25/12 as an example.  
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Figure 3.2. Chlorine dose versus chlorine residual after 10 min in rainwater harvested 
from the shingle roof on 1/25/12. 

 

Once the chlorine dose to achieve the target residual was determined, Equation 

3.1 was used to calculate the volume of stock solution to be added for the experiment: 
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Equation 3.1 

  

Only one chlorine demand curve was generated for each roofing material per rain 

event because the two experiments (targeting 0.2 and 2 mg/L chlorine residuals after 10 

min) were conducted within a few days of each other except on one occasion. 

In general neither the Nalgene® bottles, which were used in making the chlorine 

demand curve, nor the headspace-free tank, which was used in the experiment, were 

washed to remove their chlorine demand, and the chlorine residual in the headspace-free 

tank at 10 min was often lower than the target. On one occasion, all of the Nalgene® 

bottles were filled with 200 mL of DDI water with a chlorine concentration of 2 mg/L; 

these sat overnight at room temperature to remove the chlorine demand of the plastic 

y = 1.516x - 0.0749 
R! = 0.99399 

0 

0.5 

1 

1.5 

2 

2.5 

3 

0 0.5 1 1.5 2 

D
os

e 
(m

g/
L

) 

Residual (mg/L) 



  26 

before making the chlorine demand curve. The headspace-free tank was pretreated in an 

analogous method, using 11 L of DDI water. Rainwater from the green roof was used in 

the experiment and the chlorine residual at 10 min was 1.75 mg/L, which was still below 

the target of 2 mg/L. Since the pretreatment process did not appear to improve the 

accuracy, experiments were continued without attempting to remove the chlorine demand 

of the bottles or tank. 

3.2.3 Reactor 

The reactor consisted of a 10-gal Nalgene® tank with a floating head cover (i.e., a 

headspace-free tank). The tank sat on a large stir plate and was wrapped in aluminum foil 

to exclude light. Downstream of the tank was a valve, followed by a T-sampler with a 

septum, a peristaltic pump, a filter, another T-sampler with a septum, and finally a bucket 

(Figure 3.3). Most elements were connected using polytetrafluoroethylene tubing with an 

inner-diameter (ID) of 6.4 mm (Cole-Parmer, Vernon Hills, IL), which was resistant to 

THM diffusion; however, the pump had MasterFlex® L/S® Precision Viton® FDA tubing 

with an ID of 9.5 mm (Cole-Parmer, Vernon Hills, IL). Swagelok® (Swagelok, Solon, 

OH) components were used for the valve, T-samplers, and connectors. A MasterFlex® 

pump (Cole-Parmer, Vernon Hills, IL) was set to achieve a flow rate of 0.86 L/min. The 

filter was an American National Standards Institute (ANSI)-53 certified carbon block 

filter with a nominal pore size of 0.5 µm (D-40A, Culligan, Rosemont, IL), and it was 

held in a Culligan® US-600A housing (Culligan, Rosemont, IL). Rainwater harvesting 

manuals recommend an activated carbon filter be used in conjunction with chlorination 

because the activated carbon removes the nuisance taste and odor of chlorine (TWDB, 

2005). An ANSI-53 certified carbon block filter is recommended because it can remove 

protozoan cysts (e.g., Cryptosporidium) that are resistant to chlorination (TCEQ, 2007; 

Macomber, 2010). This reactor configuration was chosen because it simulates consumer 

treatment where the rainwater is chlorinated either in batch or in an in-line chlorination 

chamber and then pumped through an activated carbon filter before it is consumed.  
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Figure 3.3: Schematic of bench-scale reactor configuration. 

 

Each roofing material had a separate filter and set of tubing. The tubing was 

stored at room temperature, and the filter was stored partially wet at 4 °C between uses. 

One exception was that the same tubing was used in the experiments conducted on 

1/19/12, 2/5/12, and 2/14/12, which treated rainwater from the concrete, shingle, and 

metal roofs. That tubing was washed with soap and water and autoclaved before each 

experiment. Roof-specific filters were still used during these experiments. Before each 

experiment was started, the system was flushed with DI, either for 15 min if the filter was 

new or 10 min if it had been previously used. 

3.2.4 Experiments 

First, 9 or 10 L of collected rainwater was added to the headspace-free tank, 

leaving 0.5-1 L of raw water for water quality analyses. This raw water sat next to the 

reactor during the experiment and was thus exposed to the same temperature conditions 

as the treated water. Glass volumetric pipettes or a glass beaker containing the 

predetermined pipetted volume of chlorine SS were used to chlorinate the sample water. 

All glassware was rinsed briefly with the chlorine SS before it was used. In both methods 

the chlorine was delivered below the surface of the water. The floating head cover was 
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placed on the surface of the water, the stir plate was turned to a low setting so as to avoid 

a vortex below the cover, and a clock was started to mark the beginning of the 

experiment.  

Sampling to measure the chlorine and THM concentrations was conducted at 10 

min, 2, 4, 8, 12, 18, and 24 h. At these points, the valve was opened, and the system was 

flushed for approximately 15 s. Samples were extracted from Sampler #1 (Figure 3.3) 

using a 50-mL gas-tight syringe (Hamilton Company, Reno, NV). The first 50-mL 

aliquot was dispensed to a flask and used to measure the chlorine concentration. The 

second 50-mL aliquot was transferred to a prepared 40-mL volatile organic analysis 

(VOA) vial (Thermo Fisher Scientific, Waltham, MA) by removing the needle and 

dripping the water slowly down the side of the bottle. This transfer method was chosen 

because it minimized turbulence and time, thereby minimizing the potential for volatile 

losses. Piercing the VOA vial septum with the syringe was also attempted, but pressure 

differences in the vial could not be overcome since it was not possible to draw a vacuum 

in the vial before inserting the water. The bottle was filled to slightly over-full, and the 

cap was screwed on so that no headspace existed in the bottle. At the 24-h time point, one 

THM sample also was taken from Sampler #2 (Figure 3.3). Samples were stored in the 

dark at 4 °C for a maximum of 14 d before the THMs were extracted (USEPA, 1995). 

Measuring the chlorine concentration over time produced a chlorine decay curve 

like that shown in Figure 3.4.  
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Figure 3.4. Chlorine decay curve for rainwater harvested from the shingle roof on 
1/25/12. 

 

This curve was integrated using a trapezoidal approximation to calculate the 

chlorine contact time (CT) at each time point (Equation 3.2). This approximation assumes 

a linear decay of chlorine, which could be an over approximation. Only measured 

chlorine residuals, which began at 10 min, were used to calculate CT, so the first CT was 

at 2 h. 
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Equation 3.2 

When the chlorinated rainwater was pumped through the filter at 24 h, 

approximately 7 L were pumped through the filter before 1 L of water was collected in an 

autoclaved Pyrex® bottle at the end of the treatment train for analysis. After the run, 1 L 

of water was collected in an autoclaved Pyrex® bottle from the headspace-free tank for 

analysis. Sodium thiosulfate was added to the chlorinated, unfiltered water as a 

quenching agent if chlorine was still present at 24 h, in accordance with Standard Method 

4500-NH3 B (APHA, 2005). The quenching agent was prepared by dissolving 0.1115 g 
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Na2S2O3 in 50 mL of DI water and kept for 1 wk (APHA, 2005). Two mL of reagent was 

used to remove 1 mg/L of chlorine in a 1-L sample. It was assumed that the chlorine 

concentration in the filtered water was less than 0.02 mg/L. The analyses conducted at 24 

h were pH, turbidity, dissolved organic carbon (DOC), nitrate, nitrite, total coliforms 

(TC), fecal coliforms (FC), and heterotrophic plate counts (HPC); the analytical methods 

are described below (Section 3.5). 

3.3 RESIDENTIAL SYSTEM 
A residential dwelling in Austin, Texas, for which harvested rainwater is the 

primary potable water supply, was studied. It is located 27 km from the pilot-scale roofs 

at the WFC. Below, the rainwater collection and treatment system as well as the method 

for collecting samples are described. 

3.3.1 Site Description  

The residence has a Galvalume® metal roof with an effective catchment area of 

2826 ft2. The system does not have a first-flush mechanism, so all harvested water is 

diverted to one of two 5000-gal PP cisterns. Due to an elevation difference between them, 

they are operated separately until they are at the same level, at which point the overflows 

are adjusted to maintain equilibrium and maximize storage capacity. A severe drought 

forced the owner to have water delivered in September 2011. After that point, the two 

cisterns were operated separately so that trucked water filled one tank and the level in the 

other tank remained low. A schematic of the collection and storage system is presented in 

Figure 3.5. A suction intake pump (1SC Submersible Water Pump, Goulds Pumps, 

Xylem Inc., White Plains, NY) in the tank draws rainwater from 6 in below the water 

surface and pumps it through the treatment system and into the residence.  
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Figure 3.5. Schematic of the rainwater collection and storage system at the full-scale 
residence. 

 

A schematic and photo of the treatment system is given in Figure 3.6. The 

treatment system consists of two PP sediment filters in series, with nominal pore sizes of 

25 µm and 5 µm, respectively (Polydepth® PD-25-934 and PD-5-934, Pentair Water, 

Milwaukee, WI). The water was then disinfected with a ultraviolet (UV) lamp that emits 

light at 254 nm and delivers a dose exceeding 40 mJ/cm2 at a flow rate of 6.5 gal/min 

(Trojan UVMax™ C, Trojan Technologies, London, Canada). The owner of this system 

installed a flow restrictor that limits the maximum flow rate to 5 gal/min, so that this UV 

dose is exceeded. 
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Figure 3.6. A) Schematic and (B) picture of the treatment train at full-scale system. 

 

3.3.2 Sample Collection  

For the study, water was collected four times during a one-year period in 

autoclaved 2-L Pyrex® bottles or 10-L Nalgene® bottles, depending on the subsequent 
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analyses in the lab. The tap was wiped with 70% ethanol and the water was run for 

several seconds before it was collected. Typically only raw and treated rainwater were 

collected. Raw rainwater was obtained from a point just upstream of the treatment train 

(Sampling Point (SP) 1, Figure 3.6A), and treated rainwater was obtained from a tap in 

the kitchen (SP 3, Figure 3.6A). On one occasion, sampling occurred before and after the 

filters and UV bulb were replaced. At this residence, filters are changed every few 

months when water pressure inside the house starts to decrease (because the filters have 

become clogged); the UV bulb is changed annually. Water samples were taken of the 

cistern water and within the treatment train before and after the filters and UV bulb were 

changed: post-filters and post-disinfection. First, samples were collected at SP 1 (cistern 

water), SP 2 (post-filters), and SP 3 (post-disinfection) (Figure 3.6A). Then the filters and 

UV bulb were replaced and two more samples were collected at SP 2 (post-filters) and SP 

3 (post-disinfection) (Figure 3.6A). Collected water was transported back to the lab at 

room temperature, stored at 4 °C, and analyzed within 24 h of collection. 

3.4 METEOROLOGICAL DATA COLLECTION 
 Precipitation and temperature data were collected from the National Oceanic and 

Atmospheric Administration (NOAA). Daily precipitation data from NOAA station 

GHCND:US1TXTV0060 at Tanglewood Forest, which is approximately 3 km from the 

WFC, was used to characterize rain events at the WFC. Daily maximum temperature data 

from NOAA station GHCND:USW00013958 at Camp Mabry, which is 18 km from the 

WFC, was gave the temperature on the day of a rain event. These stations were chosen 

because they were the closest stations to the WFC with precipitation and temperature 

data. Meteorological conditions at the full-scale residential rainwater harvesting system 

were described using daily precipitation and maximum temperature data collected from 

NOAA station GHCND:USC00410433 at Great Hills, Austin, Texas (30.414,-97.766), 

which is approximately 3 km away from the system site. 
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3.5 ANALYSES 
 This section details the analytical methods used to measure the physical, 

chemical, and biological quality of the harvested rainwater. 

3.5.1 Chlorine 

Total chlorine was measured colorimetrically using Hach® DPD reagent packets 

per manufacturer instructions (Hach, Loveland, CO). Reacted samples were measured 

using an optically clear 96-well plate with 200 µL of sample in triplicate by reading the 

absorbance at 530 nm on a microtitre plate reader (Bio-Tek Synergy HT, BioTek, 

Winooski, VT). Total chlorine was measured immediately after the sample was drawn. 

The detection limit stated by the manufacturer is 0.02 mg/L. 

3.5.2 Dissolved Organic Carbon 

To measure DOC, samples were filtered through a 0.45-µm syringe filter (Fisher 

33-mm nylon non-sterile, Thermo Fisher Scientific, Waltham, MA). Two mL were 

wasted before 40 mL were dispensed into a clear 40-mL VOA vial (Thermo Fisher 

Scientific, Waltham, MA) that had been acid-washed and baked at 550 °C. Filtered 

samples were acidified to a pH < 2 using concentrated H3PO4. Acidified samples were 

stored at 4 °C for up to 14 d before they were analyzed using an Aurora 1030 TOC 

Analyzer (OI Analytical, College Station, TX) or an Apollo 9000 TOC Analyzer 

(Teledyne Tekmar, Mason, OH). Each sample was measured five times on the Aurora 

1030 and in triplicate on the Apollo 9000. 

3.5.3 Heterotrophic Plate Counts 

HPCs were conducted according to Method 9215 C (APHA, 2005). Samples were 

serially diluted in sterile phosphate buffered saline (PBS), and 100 µL were spread-plated 

on R2A agar plates in triplicate. Raw rainwater was serially diluted to 10-5, rainwater that 

had been chlorinated but was unfiltered was diluted to 10-2, and rainwater that had been 

chlorinated and filtered was diluted to 10-3. Two dilutions were plated for each sample. 

Samples were plated within 24 h of collection, and plates were incubated for 6 d at room 

temperature (~25 °C) in the dark. 
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3.5.4 Nitrate 

Nitrate was measured colorimetrically using Test ‘N Tube™ NitraVer® X 

Reagent per manufacturer instructions (Hach, Loveland, CO). Absorbance of reacted 

samples was measured using a 1-cm quartz cuvette at 410 nm on an Agilent 8453 UV-

Visible Spectrophotometer (Agilent Technologies, Santa Clara, CA). Samples were 

analyzed within 7 d of collection. The detection limit stated by the manufacturer is 0 

mg/L. 

3.5.5 Nitrite 

Nitrite was measured colorimetrically using Test ‘N Tube™ NitriVer® 3 Reagent 

per manufacturer instructions (Hach, Loveland, CO). Absorbance of reacted samples was 

measured using a 1-cm quartz cuvette at 507 nm on an Agilent 8453 UV-Visible 

Spectrophotometer (Agilent Technologies, Santa Clara, CA). Samples were analyzed 

within 7 d of collection. The detection limit stated by the manufacturer is 0 mg/L. 

3.5.6 PBS 

A stock of 10X PBS was prepared by dissolving 80 g NaCl, 2 g KCl, 11.5 g 

Na2HPO4!7H2O, and 2 g KH2PO4 in DDI water to a final volume of 1 L (Ausubel et al., 

2002). A solution of 1X PBS was prepared by diluting 100 mL of the 10X PBS to 1 L 

with DDI water. The 1X solution was autoclaved and stored at room temperature. 

3.5.7 pH 

pH was measured in triplicate using a combination electrode and meter (Model 

720A, Orion Research Inc., Boston, MA). 

3.5.8 Total Coliforms 

TC were measured in triplicate via a membrane filtration method according to 

Method 9222 B (APHA, 2005). The volume of rainwater filtered was dependent on the 

expected bacterial concentration: 200 µL to 2 mL for raw rainwater, 20 mL to 100 mL for 

rainwater that had been chlorinated but was unfiltered, and 2 mL to 100 mL for rainwater 

that had been chlorinated and filtered. Two volumes were chosen for the filtration of each 
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sample. In conjunction with absorbent pads in the petri dishes, ampules containing 2 mL 

of m-Endo broth were used (Millipore, Billerica, MA). Alternatively, ampules containing 

2 mL of m-ColiBlue24 medium, for the joint detection of TCs and Escherichia coli, were 

used (Millipore, Billerica, MA). Plates were incubated for 24 h at 35 °C in a water-

jacketed incubator. 

3.5.9 Trihalomethanes 

THM samples were prepared and analyzed according to USEPA Method 551.1 

(USEPA, 1995) with modifications as described in Wahman (2006), using pentane as the 

extractant.  

3.5.9.1 Vial Preparation 

Forty-mL VOA vials with screw caps and septa were used to collect THM 

samples. These vials were acid-washed in a 10% HNO3 bath for at least 2 h, rinsed 6 

times with DDI water, and baked at 550 °C for 1 h. The vials with their caps were then 

weighed to the nearest 0.01 g. A stock of THM preservative with a dechlorinating agent 

was prepared; the stock consisted of 5 g Na2HPO4, 195 g KH2PO4, and 1.2 g NH4Cl, and 

was stored in a glass bottle in the dark. Na2HPO4 and KH2PO4 were added to lower the 

pH to reduce base-catalyzed degradation of haloacetonitriles. NH4Cl was used to convert 

the free chlorine to monochloramine. It is not a typical dechlorinating agent, but this 

sample preservative is specified in the USEPA method (USEPA, 1995). The stock was 

shaken to ensure good mixing, and 0.75 g of this preservative was added to each vial, 

which would create a concentration of 100 mg NH4Cl/L when 45 mL of sample was 

added. The nominal volume of the VOA vial was 40 mL, but it was previously measured 

to be 45 mL (Wahman, 2006). 

Brown 2-mL gas chromatography (GC) vials (National Scientific, Thermo Fisher 

Scientific, Waltham, MA) were acid-washed in a 10% HNO3 bath for at least 2 h, rinsed 

6 times with DDI water, and baked at 400 °C for 1 h. 
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3.5.9.2 Sample Extraction 

THMs were extracted from samples within 14 d of collection (USEPA, 1995). 

First, 15 mL of sample were removed and discarded using a 50-mL gas-tight syringe 

(Hamilton Company, Reno, NV). The sample vial was then weighed to the nearest 0.01 

g, and this weight minus the dry vial weight gave the liquid weight in the vial. Pentane 

("99% GC grade, Fluka Analytical, Sigma Aldrich Co., St. Louis, MO) was used as the 

extractant and 1,1,1-trichloroethane (1,1,1-TCA) (99%, Sigma Aldrich Co., St. Louis, 

MO) was used as the internal standard. Three mL of pentane with 0.53 mg 1,1,1-TCA/L 

was added using a 5-mL gas-tight syringe (Hamilton Company, Reno, NV), followed 

quickly by 12 g Na2SO4. The cap was replaced and the sample was shaken vigorously to 

help the salt to go into solution. Samples were then shaken horizontally on a shaker table 

for 30 min. After shaking, the layers separated and the organic layer was transferred to a 

2-mL GC vial (National Scientific, Thermo Fisher Scientific, Waltham, MA) using a 

Pasteur pipette. The GC vials were sealed with a crimp cap containing a septum and 

stored at -20 °C for a maximum of 14 d before analysis (USEPA, 1995). 

3.5.9.3 Standard Preparation 

Standards were prepared in 40-mL VOA vials using 30 mL of buffered water. The 

chemicals used to prepare the standards were trichloromethane (TCM) (99% ACS 

Reagent Grade, Thermo Fisher Scientific, Waltham, MA), dichlorobromomethane 

(DCBM) (99.3%, Chem Service Inc., West Chester, PA), chlorodibromomethane 

(CDBM) (98.9%, Chem Service Inc., West Chester, PA), and tribromomethane (TBM) 

(99.4 %, Chem Service Inc., West Chester, PA). The buffered water was prepared in a 

500-mL volumetric flask by adding 8.3 g of sample preservative to DDI water and 

diluting to volume. It was stored in a glass bottle in the dark at 4 °C. A set of calibration 

standards ranging from 0-100 µg/L for each THM was prepared for each GC run. 

Calibration checks (40-60 µg/L for each THM) were also prepared, and they were run 

after every 10 samples and at the end of the run.  
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3.5.9.4 Standard Extraction 

Standards were extracted in the same way the samples were.  

3.5.9.5 Analysis 

Extracted samples were analyzed on an Agilent 6890 Gas Chromatograph 

(Agilent Technologies, Santa Clara, CA) equipped with a Gerstel MultiPurpose Sampler 

MPS2 (Gerstel Inc., Linthicum, MD). First a nominal 60-m DB-5 column with an ID of 

0.25 mm and film thickness of 25 µm (J&W Scientific, Folsom, CA) was used with 

splitless injection and the following temperature program: hold at 34 °C for 7 min, 10 

°C/min ramp to 40 °C, and hold for 3 min; 15 °C/min ramp to 55 °C and hold for 2.5 

min; 15 °C/min ramp to 75 °C and hold for 3.75 min; and 15 °C/min ramp to 90 °C and 

hold for 5.5 min. The total run time was 25.68 min. Later a nominal 30-m DB-5 column 

with an ID of 0.25 mm and film thickness of 25 µm (J&W Scientific, Folsom, CA) was 

used with split injection with a split ratio of 5:1 and the following temperature program: 

hold at 34 °C for 3.5 min, 20 °C/min ramp to 72 °C, and hold for 3.5 min. The total run 

time was 8.9 min. Both methods gave comparable results. Helium was used as the carrier 

gas at a constant pressure of 16 psi. The inlet temperature was 200 °C. A micro electron-

capture detector was used at a temperature of 315 °C with N2 as the make-up gas. 

3.5.10 Turbidity 

Turbidity was measured in triplicate using a Hach Turbidity Meter 2100A (Hach, 

Loveland, CO). 
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Chapter 4: Results and Discussion 
  

In this chapter, the results from the treatment studies are presented and discussed. 

The first section summarizes the bench-scale chlorination experiments using rainwater 

harvested from the pilot-scale roofs. Here the disinfection efficacy of chlorine, the 

formation of trihalomethanes (THMs), and the effect of the block activated carbon filter 

on the physical, chemical, and biological qualities of treated rainwater are examined. The 

second section focuses on a full-scale residential rainwater harvesting system that treats 

cistern-stored rainwater with filtration and ultraviolet (UV) irradiation for potable use. 

4.1 CHLORINATION EXPERIMENTS 
Four rain events were collected from the Lady Bird Johnson Wildflower Center 

(WFC) for this study: two in the summer, one in the fall, and one in the winter. Table 4.1 

describes the rain events using data from the National Oceanic and Atmospheric 

Administration (NOAA). In 2011, the temperature was above 37.8 °C for 85 days and the 

Palmer Drought Severity Index for Texas was -3.70, which indicates severe drought 

(NOAA, 2011). Table 4.2 lists the dates for which water was harvested and indicates 

when events were processed in the laboratory. The storage time at 4 °C for each batch of 

harvested rainwater varied from 4 d to 3 months. Rainwater was not collected from the 

green roof on 1/25/12 because it was being modified as part of other research conducted 

at the WFC. 
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Table 4.1 Characterization of rain events captured from the pilot-scale roofs. 

Date Rainfall (mm) Max Temp (°C) Number of preceding dry daysa 

5/12/11 201 24.4 0 

6/22/11 589 28.8 31 

10/8/11 310 25.9 0 

1/25/12 925 19.7 14 
a A dry day is a day when the measured precipitation was 0 mm. 

Table 4.2. Dates on which laboratory experiments were conducted for each harvested 
rainwater. Dates of rainwater collection are listed at the top and experimental dates fill 
the table. 

Roofing 

Material 

Target Cl2 conc. 

at 10 min (mg/L) 

Sample Collection Date 

5/13/11 6/22/11 10/8/11 1/25/12 

Concrete 
2 7/26/11 

 
11/22/11 1/30/12 

0.2 7/27/11 
 

12/8/11 
 

Green 
2 5/31/11 6/27/11 

  
0.2 6/1/11 6/26/11 

  

Metal 
2 6/7/11 6/30/11 

 
2/14/12 

0.2 6/9/11 7/1/11 
  

Shingle 
2 7/21/11a 

 
12/17/11 2/11/12 

0.2 7/22/11a 
 

12/22/11 
 

a No THM data were acquired from these experiments. 

4.1.1 Physical and Chemical Quality of Raw Water 

A summary of the physical and chemical characteristics of the raw rainwater 

harvested from each roofing material is presented in Table 4.3. While the discussion of 

the data references standards set by the United States Environmental Protection Agency 

(USEPA) for public water systems, individual rainwater harvesters do not have to comply 

with these standards. The standards are presented solely for comparative purposes. 

Comparisons are made to the work of Mendez et al. (2011a), who analyzed rainwater 
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collected from the same pilot-scale roofs during the two years before the current study 

began. Except where explicitly stated, the measurements presented here are from 

untreated settled rainwater after a chlorination/filtration experiment was completed. 

 

Table 4.3. Physical and chemical characteristics of raw rainwater harvested from each 
roofing material over all rain events. Mean (min-max) are shown. 

Roofing 

Material 
pH 

Turbidity 

(NTU) 

DOC 

(mg/L) 

NO3
--N 

(mg/L) 

NO2
--N 

(mg/L) 

Concrete 
7.34  

(7.14-7.48) 

2.3  

(1.4-4.0) 

0.97 

(0.50-1.29) 

0.55 

(0-1.83) 

0.03  

(0-0.06) 

Green 
7.49  

(7.28-7.73) 

1.8a  

(1.4-2.2) 

23.1  

(17.9-27.8) 

3.25 

(0-7.93) 

0.03 

(0-0.05) 

Metal 
6.41  

(5.79-7.09) 

1.3a  

(1.0-1.5) 

2.79  

(0.95-5.61) 

0.35 

(0-1.41) 

0.02 

(0-0.11) 

Shingle 
7.27  

(6.73-7.82) 

4.7  

(2.2-12.3) 

6.76 

(1.56-10.88) 

0.01 

(0-0.01) 

0.09 

(0-0.19) 
a Excludes turbidity of unsettled rainwater. 

The pH of the raw water was close to neutral. The USEPA secondary standard for 

pH is 6.5-8.5 (USEPA, 2012), and all of the raw rainwater samples complied with this 

standard except for rainwater harvested from the metal roof in June. The observed values 

fell within the range observed by Mendez et al. (2011a) for each roofing material. The 

only difference was that the pH of rainwater from the shingle roof was slightly higher 

than the 6.7 measured by Mendez et al. (2011a). Many studies from a variety of rainwater 

collection and storage systems have found the pH of rainwater to be between 6.5 and 8.5 

(Yaziz et al., 1989; Jordan et al., 2008; Abdullah and Al-Shareef, 2009; Mendez et al., 

2011b), but others have found pH to be less than 6.5 in some instances (Despins et al., 

2009; Kus et al., 2010; Lee et al., 2012). Additionally, studies have noted that rainwater 

collected from a metal roof tends to have a lower pH as compared to rainwater harvested 

from other roofing materials (Mendez et al., 2011b; Lee et al., 2012). 
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The turbidities of the unsettled rainwater harvested from the metal and green roofs 

from May fell within the range found by Mendez et al. (2011a). The turbidities of 

unsettled water from the other roofing materials were not measured and thus could not be 

compared. Table 4.3 shows the turbidity of the rainwater after settling. In all cases, the 

turbidities of the settled raw rainwater were above the limits set by the USEPA Surface 

Water Treatment Rule (SWTR), which requires the turbidity to always be less than 1 

nephelometric turbidity unit (NTU) and to be less than 0.3 NTU for at least 95% of the 

samples (USEPA, 2012). The turbidities of the settled raw rainwater harvested from each 

roofing material were, on average, less than those measured in the post first-flush 

rainwater collected by Mendez et al. (2011a), suggesting that passive settling processes in 

a rainwater cistern decrease the turbidity. The turbidities of settled raw rainwater were 

similar to those that others have measured in cisterns (Han and Mun, 2007; Despins et al., 

2009).  

The dissolved organic carbon (DOC) concentrations fell within the range 

observed by Mendez et al. (2011a) and the trends were similar among the roofing 

materials, with rainwater harvested from the metal roof having the lowest DOC and 

rainwater harvested from the green roof having the highest DOC. Other studies also have 

found that rainwater collected from a metal roof had a lower total organic carbon (TOC) 

concentration than did rainwater collected from other roofing materials (Despins et al., 

2009; Lee et al., 2012). Lee et al. (2012) measured TOC concentrations ~15 mg/L in 

rainwater collected from a wooden shingle roof that had lichen growing on it. It is not 

surprising that rainwater harvested from organic roofing materials, like a green roof or a 

wooden shingle roof, has higher DOC/TOC concentrations than does rainwater harvested 

from inorganic materials. 

The nitrate and nitrite concentrations were very low. The USEPA maximum 

contaminant level (MCL) for NO3
--N is 10 mg/L and for NO2

--N is 1 mg/L (USEPA, 

2012). The raw rainwater exceeded neither of these limits. The nitrate concentrations 

were lower than and the nitrite concentrations were similar to those that have been 

observed previously in rainwater harvested from these roofs (Mendez et al., 2011a). 
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Other studies have reported nitrate and nitrite concentrations similar to those measured 

here (Kus et al., 2010; Lee et al., 2012). 

4.1.2 Bacteriological Quality of Raw Water 

Table 4.4 summarizes the bacteriological quality of the raw harvested rainwater 

from each roofing material. Since these bacteria concentrations in the raw rainwater were 

not measured right after rainwater collection, but were measured 4-90 d after collection 

(when the chlorination/filtration experiments were run), these data cannot be considered 

representative of bacteria concentrations in fresh, harvested rainwater. 

 

Table 4.4. Summary of bacteriological quality of raw rainwater from each roofing 
material measured 4-90 d after collection. Mean (min-max) are shown. 

 Roofing Material TC (CFU/100 mL) HPC (CFU/mL) 

Concrete 1.7!104 (5.0!101-6.0!104) 3.39!106 (1.0!105-9.8!106) 

Green 3.3!105 (1.6!104-7.8!105) -a 

Metal 2.0!104 (6.0!101-8.8!104) 4.93!105 (1.7!104-1.3!106) 

Shingle 3.0!103 (<1-4.1!103) 7.66!105 (1.4!105-1.5!106) 
a The decision to measure HPCs was made after the experiment using rainwater harvested on 
5/13/11from the green roof, and the plates from the experiments using rainwater harvested on 
6/22/11 were contaminated. 

 

Heterotrophic plate counts (HPCs) in raw water from all roofing materials ranged 

between 104-106 CFU/mL. HPC concentrations were similar across all roofing materials. 

The USEPA SWTR specifies #500 CFU/mL be present in drinking water (USEPA, 

2012). The HPCs in raw rainwater from all of the pilot-scale roofs exceeded the SWTR.  

Total coliform (TC) concentrations were substantially higher than the USEPA 

limit of <1 colony forming unit per 100 mL (CFU/100 mL) (USEPA, 2012) in raw 

rainwater from each roof. One exception was that the TC concentration in rainwater 

harvested from the shingle roof on 10/8/11 was <1 CFU/100 mL.  

Escherichia coli was measured for the October and January events, but none were 

detected in the raw rainwater harvested from any roofing material. 
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4.1.3 Efficacy of the Treatment System 

 This section discusses the effects of bench-scale chlorination and filtration on the 

quality of rainwater collected from the pilot-scale roofs. 

4.1.3.1 Chlorination 

The addition of chlorine did not significantly affect the pH, turbidity, DOC, 

nitrate, or nitrite of the water (data not shown). 

Although the samples were dosed to target a chlorine residual of 2 or 0.2 mg/L at 

10 min, the persistence of chlorine in the system depended on the chlorine demand of the 

water. In all experiments, the chlorine dose was less than 4 mg/L, which is the USEPA 

MCL for chlorine (as Cl2) (USEPA, 2012). Table 4.5 summarizes the persistence of 

chlorine in the system, showing the chlorine dose (calculated) and the residual after 10 

min and 24 h (measured) for each disinfection experiment. The 10-min residual was 

usually lower than the targeted residual likely because of unaccounted sources of error in 

the method (e.g., not pretreating the bottles and glassware to remove their chlorine 

demand) or poor mixing in the headspace-free tank. One exception is the experiment 

using rainwater harvested from the concrete roof on 10/8/11. The 10-min residual was 

3.13 mg/L when 2 mg/L was targeted because the added volume of chlorine stock 

solution was calculated incorrectly.  
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Table 4.5. Chlorine dose and residuals at 10 min and 24 h after dosing. Data from all 
experiments from each roofing material are shown. 

Roofing 
Material 

Collection 
Date 

Target Cl2 10 min 
(mg/L) 

Cl2 dose 
(mg/L) 

Cl2 10 min 
(mg/L) 

Cl2 24 h  
(mg/L) 

Concrete 

5/13/11 2 2.22 1.84 1.50 
0.2 0.22 0.24 0.02 

10/8/11 2 4.32 3.13 2.75 
0.2 0.27 0.19 0.16 

1/25/12 2 2.54 1.61 0.96 

Green 
5/13/11 2 11.10 1.53 0.02 

0.2 1.11 0.15 0.02 

6/22/11 2 7.93 2.09 0.02 
0.2 2.24 0.20 0.02 

Metal 

5/13/11 2 2.40 1.92 1.52 
0.2 0.24 0.13 0.02 

6/22/11 2 2.67 1.56 0.72 
0.2 0.27 0.13 0.02 

1/25/12 2 2.91 1.78 1.26 

Shingle 

5/13/11 2 2.67 1.53 0.40 
0.2 0.27 0.10 0.02 

10/8/11 2 3.24 2.06 0.97 
0.2 0.20 0.12 0.05 

1/25/12 2 2.96 2.04 1.28 
 

Rainwater harvested from the green roof required the highest chlorine dose, 

indicating it had the highest chlorine demand. LeChevallier et al. (1981) found a positive 

correlation between chlorine demand and soluble TOC. Rainwater harvested from the 

green roof had the highest DOC concentration (Table 4.3), so this result was expected. 

Rainwater harvested from the concrete, metal, and shingle roofs exerted similar chlorine 

demands even though rainwater harvested from the shingle roof generally had a higher 

DOC concentration. The necessary dose varied by rain event. No chlorine was detected in 

rainwater harvested from the green roof at 24 h, regardless of dose. Chlorine remained in 

rainwater harvested from the concrete, metal, and shingle roofs at 24 h when a 10-min 

residual of 2 mg/L was targeted. Conversely, chlorine was detected in rainwater 

harvested from the concrete and shingle roofs on only one occasion when a 10-min 
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residual of 0.2 mg/L was targeted. The USEPA requires that a chlorine residual of at least 

0.2 mg/L be present throughout the distribution system (USEPA, 2004); only rainwater 

harvested from the concrete, metal, and shingle roofs that had a target 10-min residual of 

2 mg/L would consistently be in compliance after 24 h. This finding suggests that 

consumers who batch chlorinate their rainwater cisterns need to chlorinate frequently, 

perhaps daily, in order to maintain disinfectant in the system. However, the continued 

need to disinfect would depend on new inputs into the system. 

 Figure 4.1-Figure 4.4 show the chlorine decay curves from all experiments using 

rainwater harvested from each roofing material. For all figures, experiments using 

rainwater collected on the same date are shown in the same color. The solid points and 

solid line signify a target 10-min residual of 2 mg/L, and the hollow points and dashed 

line signify a target 10-min residual of 0.2 mg/L. The legend gives the month of 

rainwater collection and the target 10-min chlorine residual. The chlorine concentration at 

t=0 was calculated and then was measured at the subsequent time points. The chlorine 

concentrations decreased most rapidly in the first 4 h, after which time it tended to 

decrease slightly. Rainwater harvested from the green roof consumed all chlorine within 

8 h, regardless of the applied dose. In contrast, chlorine was present at 24 h in rainwater 

harvested from the other roofs when the target 10-min residual was 2 mg/L. The chlorine 

concentration was much lower when the target 10-min residual was 0.2 mg/L, as 

expected, and chlorine was not detected at 24 h in many of these experiments. 
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Figure 4.1. Chlorine decay curves using rainwater harvested from the concrete roof. Solid 
line is 2 mg/L target 10-min residual; dashed line is 0.2 mg/L target 10-min residual. 

 

 
Figure 4.2. Chlorine decay curve using rainwater harvested from the green roof. Solid 
line is 2 mg/L target 10-min residual; dashed line is 0.2 mg/L target 10-min residual. 
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Figure 4.3. Chlorine decay curve using rainwater harvested from the metal roof. Solid 
line is 2 mg/L target 10-min residual; dashed line is 0.2 mg/L target 10-min residual. 

 

 
Figure 4.4. Chlorine decay curve using rainwater harvested from the shingle roof. Solid 
line is 2 mg/L target 10-min residual; dashed line is 0.2 mg/L target 10-min residual. 
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4.1.3.2 Disinfection Efficacy of Chlorine 

The efficacy of chlorine as a disinfectant depended on the contact time (CT) that 

was achieved. The CT at each time point was calculated by integrating the chlorine decay 

curve using only measured chlorine concentrations, omitting the calculated dose 

(Equation 3.2). The SWTR requires a 3-log inactivation of Giardia lamblia (USEPA, 

2012), which necessitates a CT of 56 mg!min/L at pH 7 and 20 °C (TCEQ, 2007). Since 

the pH of most samples was close to neutral and the temperature in the lab was close to 

20 °C, this CT serves as a reasonable disinfection guideline for this study. Disinfection 

efficacy was measured via TC measurements (TC in the raw rainwater and TC in the 

rainwater 24 h after chlorine dosing), but HPCs through the treatment system were also 

monitored.  

Figure 4.5-Figure 4.7 show HPCs at each point in the treatment system for 

rainwater harvested from the concrete, metal, and shingle roofs. The labeling convention 

is the same as that used in the above figures. HPCs were always detected at every point in 

the treatment system, but they are not regulated by the USEPA because they include 

bacteria that are ubiquitous in the environment (USEPA, 2012). Chlorination reduced the 

HPC concentration in every instance. Combining data from the two target residuals, the 

percent reduction in HPC from the raw to the chlorinated/unfiltered rainwater was 

99.47% for rainwater harvested from the concrete roof, 99.42% from the metal roof, and 

99.98% from the shingle roof. 
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Figure 4.5. HPC (CFU/mL) in raw, chlorinated/unfiltered, and chlorinated/filtered 
rainwater harvested from the concrete roof. Error bars show one standard deviation. 

 
Figure 4.6. HPC (CFU/mL) in raw, chlorinated/unfiltered, and chlorinated/filtered 
rainwater harvested from the metal roof. Error bars show one standard deviation. 
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Figure 4.7. HPC (CFU/mL) in raw, chlorinated/unfiltered, and chlorinated/filtered 
rainwater harvested from the shingle roof. Error bars show one standard deviation. 
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Table 4.6. CT at 2 and 24 h after chlorine addition and the log reduction in TC 
concentration from the raw rainwater to the chlorinated/unfiltered rainwater harvested 
from each roofing material. 

Roofing 
Material 

Collection 
Date 

CT2h 
(mg!min/L) 

CT24h 
(mg!min/L) 

Log Reduction 
in TC at 24 h 

Concrete 

5/13/11 195 2318 4.08a 
16 26 2.15 

10/8/11 347 4230 3.18a 
21 248 2.00a 

1/25/12 163 1797 2.30a 

Green 
5/13/11 111 294 2.27 

6 12 0.17 

6/22/11 132 255  15 32 -b 

Metal 

5/13/11 454 2442 5.25a 
14 47 3.70a 

6/22/11 145 1205 3.85a 
13 69 4.15a 

1/25/12 180 1933 2.08a 

Shingle 

5/13/11 149 1077 4.40a 
7 8 2.65 

10/8/11 205 1833 -c 
12 110 -c 

1/25/12 209 2116 2.00a 
a No TCs detected in chlorinated/unfiltered rainwater. 
b TCs increased relative to raw rainwater. 
c No TCs detected in raw or chlorinated/unfiltered rainwater. 
 

For rainwater harvested from all roofing materials, CT2h was greater than 56 

mg!min/L when the target 10-min residual was 2 mg/L. No TCs were detected in the 

chlorinated/unfiltered rainwater harvested from the concrete, metal, and shingle roofs 

when the CT24h was greater than 56 mg!min/L, which occurred in every experiment when 

the target 10-min residual was 2 mg/L and in one experiment per roof when the target 10-

min residual was 0.2 mg/L. When the target 10-min residual was 0.2 mg/L, a CT24h 

greater than 56 mg!min/L corresponded to chlorine remaining at 24 h for the concrete and 

shingle, but not the metal, roofs (Table 4.5). The effect of chlorine on rainwater harvested 

from the green roof was different. TCs were detected after chlorination even when CT24h 
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was greater than 56 mg!min/L. LeChevallier et al. (1981) found that the chlorine demand 

exerted by organic matter can reduce the chlorine available for disinfection, and Virto et 

al. (2005) found that organic matter appeared to protect the cell membrane against 

chlorine. Rainwater harvested from the green roof had the highest DOC concentration 

(Table 4.3), and the high organic load might explain why adequate disinfection was not 

achieved even when a CT of 56 mg!min/L was exceeded.  

The fate of TC through the treatment system is shown for each roofing material in 

Figure 4.8-Figure 4.11. Raw is rainwater that has not received any treatment, 

chlorinated/unfiltered is rainwater in the headspace-free tank that is the influent to the 

filter, and chlorinated/filtered is the filter effluent. For all figures, experiments using 

rainwater collected on the same date are shown in the same color. The darker color 

signifies the CT24h when the target 10-min residual was 2 mg/L. The legend gives the 

month of rainwater collection and the actual CT24h for each experiment. CT24h is 

presented because TC concentrations in the raw, chlorinated and unfiltered, and 

chlorinated and filtered rainwaters were measured 24 h after the experiment began. The 

TC concentration is presented on a log scale. 

Figure 4.8 shows the TC concentration at different points in the treatment train 

(see Figure 3.3) for rainwater harvested from the concrete roof. The figure shows 

variation in TC between experiments that used rainwater from the same event, which 

could be the result of different storage times. The October rainwater from the concrete 

roof, for instance, was processed three weeks apart for the two chlorine dosages, with the 

water that was stored longer having an order of magnitude lower TC concentration in the 

raw rainwater. The addition of chlorine caused a reduction in TC concentrations in all 

five experiments, which included both high and low CT targets. The only experiment for 

which TC in the chlorinated/unfiltered water was not <1 CFU/100 mL was with water 

harvested on 5/12/11 when CT24h was 26 mg!min/L. Even in that experiment, the TC 

concentration was reduced by two orders of magnitude. The influence of the filter on the 

microbial quality of the water will be discussed further below (Section 4.1.3.4), but it 

should be noted that in two experiments the TC concentration increased after the filter.  
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Figure 4.8. TC (CFU/100 mL) in raw, chlorinated/unfiltered, and chlorinated/filtered 
rainwater harvested from the concrete roof. TC concentrations were measured 24 h after 
chlorination. Error bars show one standard deviation and * signifies <1 CFU/100 mL. 
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(LeChevallier et al., 1981), or it could have stabilized the cell membrane to make the 

chlorine less effective (Virto et al., 2005). In three of the four experiments, the TC 

concentration decreased after the filter. 

 

 
Figure 4.9. TC (CFU/100 mL) in raw, chlorinated/unfiltered, and chlorinated/filtered 
rainwater harvested from the green roof. TC concentrations were measured 24 h after 
chlorination. Error bars show one standard deviation and * signifies <1 CFU/100 mL. 
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lowest pH (Table 4.3), which could have positively influenced the disinfection efficacy of 

chlorine. Between pH 6-9, chlorine is present in water as hypochororous acid and the 

hypochlorite ion, and their distribution depends on pH and temperature. At pH 6.4 (the 

average pH of rainwater harvested from the metal roof), 94% of the chlorine is present as 

HOCl, which is 80-200 times more powerful as a disinfectant as compared to OCl- 

(Droste, 1997). At pH 7.3 (the next lowest pH measured in this study, from the shingle 

roof), only 66% of the chlorine is present as HOCl. Understanding the speciation of free 

chlorine in rainwater harvested from the metal roof compared to the other roofs helps 

explain the good disinfection consistently observed in chlorinated rainwater harvested 

from the metal roof. Three of the five samples showed detectable TC concentrations (5 to 

29 CFU/100 mL) in the chlorinated/filtered samples; these results are discussed in 

Section 4.1.3.4. 
 

 
Figure 4.10. TC (CFU/100 mL) in raw, chlorinated/unfiltered, and chlorinated/filtered 
rainwater harvested from the metal roof. TC concentrations were measured 24 h after 
chlorination. Error bars show one standard deviation and * signifies <1 CFU/100 mL. 
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 Figure 4.11 shows the TC concentration at different points in the treatment train 

for rainwater harvested from the shingle roof. No TCs were detected in the raw water or 

at any point in the treatment system in the rainwater harvested on 10/8/11 for either of the 

chlorine doses. The concentration of TCs in the chlorinated/unfiltered water was <1 

CFU/100 mL for four experiments but was 5 CFU/100 mL for the experiment from May 

that had a CT24h of 8 mg!min/L. These two samples are markedly different from the 

chlorinated/unfiltered waters harvested from the green roof in May and June that had 

CT24h of 12 and 32 mg!min/L, respectively, where the high organic load might have 

reduced the efficacy of chlorine (LeChevallier et al., 1981; Virto et al., 2005). TCs were 

detected in the filtered rainwater in one instance; this result is discussed in Section 

4.1.3.4. 

 

 
Figure 4.11. TC (CFU/100 mL) in raw, chlorinated/unfiltered, and chlorinated/filtered 
rainwater harvested from the shingle roof. TC concentrations were measured 24 h after 
chlorination. Error bars show one standard deviation and * signifies <1 CFU/100 mL. 
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In summary, chlorine added as bleach was an effective disinfectant (TC <1 

CFU/100 mL) when the CT24h was greater than 56 mg!min/L for rainwater harvested 

from the concrete, metal, and shingle roofs. A target 10-min residual of 2 mg/L always 

produced a CT24h greater than 56 mg!min/L in experiments using these rainwaters, but a 

target 10-min residual of 0.2 mg/L only achieved that CT24h in half of the experiments. 

Chlorine never produced adequate disinfection in rainwater harvested from the green 

roof, regardless of the target 10-min residual or CT24h. The low pH in rainwater harvested 

from the metal roof likely improved the disinfection efficacy of chlorine, while the high 

DOC concentration in rainwater harvested from the green roof likely decreased its 

efficacy. 

4.1.3.3 Formation of THMs 

THMs are a class of disinfection byproducts (DBPs) formed by the reaction of 

chlorine with NOM (Rook, 1974). The USEPA regulates the sum of the four THMs, and 

the MCL for total THMs (TTHM) is 80 µg/L. The USEPA has set maximum contaminant 

level goals (MCLGs) for the individual compounds, which are 0 for 

dichlorobromomethane (DCBM), 0 for tribromomethane (bromoform, TBM), 60 µg/L for 

chlorodibromomethane (CDBM), and 70 µg/L for trichloromethane (chloroform, TCM) 

(USEPA, 2012). In this study, the chlorinated/unfiltered water in the headspace-free tank 

was sampled over time (10 min to 24 h) to measure the THM and chlorine 

concentrations. The discussion will focus primarily on TTHM, but Table 4.7 gives the 

relative distribution of THMs for each roofing material. The distribution was different for 

each roofing material, but chloroform tended to be dominant. Bromoform never 

represented the largest fraction of TTHMs for any roofing material, and DCBM did so 

only for the metal roof. Speciation shifts towards brominated THMs when bromide is 

present in the water. Bromide concentrations were not measured in this study, and thus 

could not be used to explain the different distributions. 
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Table 4.7. Average composition (%) of TCM, DCBM, CDBM, and TBM relative to 
TTHM for each roofing material for all rain events at all time points. 

 Roofing Material TCM (%) DCBM (%) CDBM (%) TBM (%) 
Concrete 31 26 19 26 
Green 72 16 7 4 
Metal 29 32 13 26 
Shingle 49 9 20 21 

 

Figure 4.12, Figure 4.13, Figure 4.15, andFigure 4.17 show TTHM (µg/L) versus 

CT (mg!min/L) for each roofing material. For all figures, rainwater harvested on the 

same date is shown with the same symbol in the same color. The filled-in symbol 

signifies a target 10-min chlorine residual of 2 mg/L, which corresponds to a higher 

CT24h, for each experiment. The legend gives the month of collection and the DOC of the 

raw water for each experiment. The USEPA TTHM limit and the CT necessary for 3-log 

inactivation of G. lamblia (56 mg!min/L) at pH 7 and 20 °C also are presented on the 

plots. 

Figure 4.12 shows TTHM (µg/L) versus CT (mg!min/L) for rainwater harvested 

from the concrete roof. The legend does not give the DOC concentration for rainwater 

harvested in October because there was great variability among replicate injections when 

the samples were analyzed. The TTHM concentration increased with CT, as expected. 

None of the rainwater samples from the concrete roof exceeded the USEPA MCL for 

TTHM at any point. The highest TTHM concentration was 64 µg/L from the rainwater 

collected on 10/8/11 that was dosed for a target 10-min residual of 2 mg/L. As shown in 

Table 4.6, experiments in which a 10-min residual of 2 mg/L was targeted a CT24h of 56 

mg!min/L was achieved in every instance and no TCs were detected in the 

chlorinated/unfiltered rainwater. Since the samples that had a target chlorine residual of 2 

mg/L did not exceed the USEPA TTHM limit but did consistently achieve the CT 

necessary for a 3-log inactivation of G. lamblia, targeting a higher chlorine residual 

(around 2 mg/L) appears acceptable in terms of disinfection and DBP formation for 

rainwater collected from the concrete roof. 
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Figure 4.12. TTHM (µg/L) vs. CT (mg!min/L) from the concrete roof. 

 

 Figure 4.13 shows TTHM (µg/L) versus CT (mg!min/L) for rainwater harvested 

from the green roof. The two experiments that had 10-min target chlorine residuals of 2 

mg/L far exceeded the USEPA TTHM MCL, reaching a TTHM concentration of 419 

µg/L for the rainwater collected in May and 334 µg/L for the rainwater collected in June, 

both 24 h after chlorination. The lower TTHM concentration in rainwater harvested in 

June is likely due to a lower DOC concentration compared to the rainwater harvested in 

May (Stevens et al., 1976). These samples were always above the guideline CT of 56 

mg!min/L, but adequate disinfection (TC <1 CFU/100 mL) was not achieved in either 

experiment (Figure 4.9). The TC concentration in the chlorinated/unfiltered rainwater 

harvested in June was not measured. For the two samples that had target chlorine 

residuals of 0.2 mg/L at 10 min, the TTHM concentration never exceeded the USEPA 

limit. Although the samples with the low target 10-min chlorine residual did not have 

excessively high TTHM concentrations, the TC concentration did not decrease 
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appreciably and the CT necessary for a 3-log inactivation of G. lamblia was not reached 

(Figure 4.9). 

 

 
Figure 4.13. TTHM (µg/L) vs. CT (mg!min/L) from the green roof. 

 

A spike in the TTHM concentration was observed in the sample taken at 4 h from 

the June experiment with a target chlorine residual of 0.2 mg/L (Figure 4.14). The TTHM 
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concentrations. The reason for this spike is unknown and requires further investigation. 
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Figure 4.14. THM (µg/L) over time for rainwater harvested from the green roof on 
6/22/11. Water was chlorinated with a target 10-min residual of 0.2 mg/L. 
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formation; since none were examined in this study, no recommendations about alternative 
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THM formation is lower at lower pH (Stevens et al., 1976; Rook, 1977; Morris and 

Baum, 1978). DOC is also proportional to THM formation, with lower formation 

occurring at lower organic carbon concentrations (Stevens et al., 1976). Rainwater 

harvested from the concrete and metal roofs had similar DOC concentrations, but the pH 

was higher in rainwater harvested from the concrete roof (Table 4.3). TTHM 

concentrations in rainwater harvested from the metal roof were approximately half those 

detected in chlorinated rainwater harvested from the concrete roof (Figure 4.12). The low 

pH and low DOC of rainwater harvested from the metal roof likely limited THM 

formation after chlorination.  

 

 
Figure 4.15. TTHM (µg/L) vs. CT (mg!min/L) from the metal roof. 
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CDBM and TBM concentrations. The origin of this spike requires further investigation, 

but similar spikes occurred in experiments using rainwater harvested from the green and 

shingle roofs (Figure 4.14, Figure 4.18).  

 

 
Figure 4.16. THM (µg/L) over time (h) in rainwater harvested from the metal roof on 
6/22/11. Water was chlorinated with a target 10-min residual of 2 mg/L. 

 

Although no TCs were detected in the chlorinated/unfiltered rainwater for any of 

the experiments, experiments with a target 10-min residual of 2 mg/L always exceeded 

the CT necessary for 3-log inactivation of G. lamblia. G. lamblia were not measured in 

this study, so their actual inactivation is unknown. Since the risk for exceeding the 

USEPA TTHM limit appears low, the higher target chlorine residual of 2 mg/L appears 

acceptable to adequately disinfect rainwater harvested from the metal roof.  

Figure 4.17 shows TTHM (µg/L) versus CT (mg!min/L) for the shingle roof. The 

legend does not give the DOC concentration for rainwater harvested in October because 

there was great variability among replicate injections when the samples were analyzed. 
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For the experiments that had a target 10-min chlorine residual of 2 mg/L, the TTHM 

concentration in rainwater collected in January was lower than that in October at every 

CT. The sample from January did not exceed the USEPA TTHM MCL, whereas the 

sample from October did at 24 h. THM formation was likely greater in the rainwater 

harvested in October because it had a higher DOC concentration, and there is a positive 

association between DOC concentration and THM formation (Stevens et al., 1976). 

Rainwater collected from the concrete and metal roofs had lower DOC concentrations in 

January than during the summer, but the lower DOC concentrations did not result in 

lower TTHM concentrations as it did here with rainwater from the shingle roof. Mendez 

et al. (2011a) found the average DOC concentration in rainwater harvested from the same 

shingle roof to be 10 mg/L, but there was a considerable range. It is possible that the 

temperature on the roof was high enough during the summer to volatilize organics and/or 

soften polymers in the asphalt-fiberglass shingles, which could then leach into the 

harvested rainwater (Berdahl et al., 2008). This variation in DOC, which could be 

seasonal (Despins et al., 2009), causes variations in TTHM concentrations, and the 

USEPA TTHM MCL could be exceeded if a 10-min chlorine residual of 2 mg/L is 

targeted. 

 



  66 

 
Figure 4.17. TTHM (µg/L) vs. CT (mg!min/L) from the shingle roof. 

 

A spike in the TTHM concentration occurred at 4 h in the experiment targeting a 

10-min residual of 0.2 mg/L in rainwater from October because of high CDBM and TBM 

concentrations (Figure 4.18). Similar spikes were detected at 4 h in experiments using 

rainwater harvested from the green and metal roofs (Figure 4.14, Figure 4.16). 
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Figure 4.18. THM (µg/L) over time (h) in rainwater harvested from the shingle roof on 
10/8/11. Water was chlorinated with a target 10-min residual of 0.2 mg/L. 
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inactivation of G. lamblia and no TCs were detected in the chlorinated/unfiltered 

rainwater. In all instances, regardless of the target residual, TCs were detected in the 

chlorinated/unfiltered rainwater harvested from the green roof. In rainwater from all 

roofing materials, a CT of 56 mg!min/L was often reached before 24 h, but TC 

concentrations were only measured at 24 h, so the disinfection could not be characterized 

by TCs before that time point.  

Lantagne et al. (2008) examined the application of chlorine to harvested 

rainwater. The rainwater they tested had a pH of 6.9, a turbidity of 4.2 NTU, and a TOC 

concentration of 2 mg/L. E. coli was present on the order of 102 CFU/100 mL. Twenty-

four hours after applying a chlorine dose of 1.9 mg/L to the rainwater, there was a 

residual chlorine concentration of 0.3 mg/L, no E. coli was detected, and the TTHM 

concentration was 47 µg/L. Although the roofing material was not stated, the quality of 

the raw rainwater is similar to the quality of rainwater from our concrete and metal roofs. 

The effect of chlorine on the quality of rainwater determined by Lantagne et al. (2008) is 

similar to what was measured in this study in rainwater from the concrete and metal pilot-

scale roofs. These results support the findings of the current study.  

The formation of THMs appeared to depend on the chlorine dosage, the DOC 

concentration, and the pH of the rainwater. While TTHM concentrations in the 

experiments with a 10-min target residual of 0.2 mg/L Cl2 rarely exceeded the USEPA 

MCL, the TTHM concentrations in experiments with a 10-min target residual of 2 mg/L 

varied by roofing material. THM formation was affected by the pH and DOC 

concentration in the rainwater. The roofing material and meteorological conditions can 

affect the DOC concentration, and DOC concentrations greater than or equal to those 

measured here have been detected in harvested rainwater (Jordan et al., 2008; Despins et 

al., 2009; Lee et al., 2012). The roofing material can also affect the pH, and the pH of 

harvested rainwater in many studies has been close to neutral (Yaziz et al., 1989; Jordan 

et al., 2008; Abdullah and Al-Shareef, 2009; Mendez et al., 2011b), or slightly acidic 

(Despins et al., 2009; Kus et al., 2010; Lee et al., 2012), although the pH of rainwater 

will certainly be geographically variable. These data suggest that in rainwater harvested 
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from green or shingle roofs, there is the potential to form unacceptably high 

concentrations of THMs if chlorine is used as the disinfectant.  

4.1.3.4 Block Activated Carbon Filtration 

Block activated carbon filtration affected the physical, chemical, and microbial 

qualities of the rainwater. Because nitrate and nitrite concentrations were quite low in the 

raw water (see Table 4.3), they will not be discussed in detail here. The average nitrate 

concentration in the chlorinated/filtered water was 0 mg/L NO3
--N for all roofing 

materials except the green roof, which had an average concentration of 0.98 mg/L NO3
--

N. The average nitrite concentration in the chlorinated/filtered water was less than 0.02 

mg/L NO2
--N for all roofing materials except the green roof, which had an average 

concentration of 0.32 mg/L NO2
--N. The pH, turbidity, and DOC of the 

chlorinated/filtered rainwater as well as the (percent) change in these values from the raw 

rainwater for each roofing material are presented in Table 4.8. 

 

Table 4.8. Physical and chemical characteristics of the chlorinated/filtered water from 
each roofing material. The mean (max-min) and the (percent) change from raw to 
chlorinated/filtered rainwater are shown. 

Roofing 

Material 

pH Turbidity (NTU) DOC (mg/L) 

Mean Change Mean % Change Mean % Change 

Concrete 
7.47 

(7.36-7.71) 
0.13 

1.42 

(0.73-2.77) 
-39 

1.14 

(0-2.58) 
-33 

Green 
7.83 

(7.47-8.22) 
0.34 

1.28a 

(1.47-1.53) 
-27 

3.97 

(2.70-6.66) 
-83 

Metal 
7.15 

(6.44-7.77) 
0.74 

0.92a 

(0.80-1.07) 
-29 

1.93 

(0-3.98) 
-31 

Shingle 
7.28 

(7.00-7.50) 
0.01 

1.01 

(0.61-1.47) 
-79 

1.33 

(0-2.90) 
-83 

a The data from experiments that used unsettled raw water have been excluded 



  70 

pH increased after the filter, as indicated by a positive change from the raw 

rainwater to the filtered rainwater for every roofing material (Table 4.8). This increase 

was greatest in rainwater from the metal roof, which is important since the metal roof 

tended to have the lowest pH in the raw water. All but one of the chlorinated/filtered 

samples complied with the USEPA secondary standard for pH (6.5 # pH # 8.5) (Metal 

June pH = 6.44) (USEPA, 2012).  

The filter effectively removed particulate matter, as indicated by a decrease in 

turbidity from the raw water across all roofing materials (Table 4.8). The USEPA SWTR 

requires the turbidity to always be less than 1 NTU and to be less than 0.3 NTU for at 

least 95% of samples (USEPA, 2012). This treatment system failed to meet that 

requirement even though the filter was American National Standards Institute (ANSI)-53 

certified.  

The filter decreased the DOC concentration in rainwater harvested from each 

roofing material (Table 4.8), as expected (Tobin et al., 1981). After chlorination and 

filtration, rainwater harvested from the green roof still had the highest DOC (3.97 mg/L), 

but the average DOC concentrations from the other roofs were less than 2 mg/L.  

The filter also influenced the microbial quality of the rainwater. HPCs were 

detected in every sample (Figure 4.5-Figure 4.7). Their concentration was lower than in 

the raw rainwater, but higher than in the chlorinated/unfiltered rainwater in all but two 

experiments (Concrete May CT24h = 2318 mg!min/L, and Metal May CT24h = 47 

mg!min/L). This finding suggests that bacteria colonized the filter and then were shed 

from it. Previous studies have found that filters shed bacteria and that they shed more 

after a period of stagnation (Tobin et al., 1981; Snyder et al., 2005). Although there was a 

period of stagnation in the current study (24 h at room temperature with little flushing), 7 

to 8 L of rainwater passed through the filter before the chlorinated/filtered sample was 

collected, so the sample was not a first draw. 

While HPCs do not indicate a human health risk, the presence of TCs in the 

chlorinated/filtered water is more concerning. Figure 4.8-Figure 4.11 show the TC 

concentrations in the raw, chlorinated/unfiltered, and chlorinated/filtered rainwater for 
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each roofing material. The effect of the filter on microbial quality varied within and 

across roofing materials. Of the five experiments with rainwater harvested from the 

concrete roof, TCs were detected in the chlorinated/filtered rainwater for three (60%) 

experiments (Figure 4.8), two of which had residual chlorine at 24 h (Table 4.5). In the 

one experiment in which TCs were detected in the chlorinated/unfiltered rainwater (May 

CT24h=26 mg!min/L), filtration reduced the TC concentration. Of the four experiments 

with rainwater harvested from the green roof, TCs were detected in the 

chlorinated/filtered rainwater for three (75%) experiments (Figure 4.9); no residual 

chlorine was present in any of them (Table 4.5). TCs were detected in the 

chlorinated/filtered water for three of the five (60%) experiments with rainwater 

harvested from the metal roof, even though the TC concentration in the 

chlorinated/unfiltered rainwater was <1 CFU/100 mL for every experiment (Figure 4.10) 

and residual chlorine was present at 24 h in two of the experiments (Table 4.5). TCs were 

only detected in the chlorinated/filtered rainwater for one of the five (20%) experiments 

with rainwater harvested from the shingle roof; there was residual chlorine at 24 h (Table 

4.5) and the TC concentration in the chlorinated/unfiltered water from that experiment 

was <1 CFU/100 mL (Figure 4.11). TCs were thus detected fairly frequently in the filter 

effluent, even when residual chlorine was present in the filter influent. Their 

concentration varied widely, largely depending on the TC concentration in the 

chlorinated/unfiltered water.  

The apparent discrepancy of detecting TCs in the chlorinated/filtered but not in 

the chlorinated/unfiltered rainwater might be because rainwater was flushed through the 

filter periodically before the chlorinated/filtered water was analyzed at 24 h. The pump 

was run briefly at each sampling time (i.e., 10 min, 2, 4, 8, 12, 18 h) so that chlorine and 

THM samples could be taken from the first tee (see Figure 3.3); therefore, chlorinated 

rainwater with lower CT values (e.g., Figure 4.17) was run through the filter prior to the 

24-h sampling point. It is possible that some TCs were still in the chlorinated water 

during those early samplings and flowed into the filter (where the activated carbon would 

have reduced the chlorine residual), but that all TCs in the chlorinated water were 
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inactivated after 24 h. When the remaining chlorinated water was pumped through the 

filter at 24 h (7 to 8 L), some of the TCs that were already present in the filter could have 

been shed, thereby leading to the presence of TCs in the chlorinated/filtered water. Tobin 

et al. (1981) detected TCs in filtered water two weeks after an insult, indicating that TCs 

can persist in and be shed from filters. No trend across roofing materials was observed. 

No E. coli was detected (when measured) in the chlorinated/filtered water from 

any roofing material, but neither were they detected in the raw rainwater. 

The filter also had a considerable influence on the TTHM concentration. 

Activated carbon can adsorb volatile organic compounds (VOCs), including THMs 

(Aiben et al., 1988), and the filter used in this study demonstrated this capacity. Table 4.9 

presents TTHM data from the chlorinated/unfiltered and the chlorinated/filtered water 

from the green and metal roofs. These two roofing materials were chosen because they 

both showed very low TTHM concentrations after filtration even though the influent 

TTHM concentrations were at opposite extremes. Results from the concrete and shingle 

roofs showed adsorption capacities and TTHM concentrations in the filtered water that 

were similar to those presented here. 

Table 4.9. TTHM (µg/L) before filtration 24 h after chlorination and immediately after 
filtration, and the percent change in concentration between the two for rainwater 
harvested from the green and metal roofs in May and June 2011.  

Sampling month: May June 
Target Cl2 residual at 10 min (mg/L): 2 0.2 2 0.2 

Green 

CT24 h (mg!min/L) 294 12 255 32 

TTHMs before filtration (µg/L) 418.7 43.5 333.8 45.1 

TTHMs after filtration (µg/L) 14.8 16.1 11.5 3.4 

% Removal 96.5 62.9 96.6 92.5 

Metal 

CT24 h (mg!min/L) 2442 47 1205 69 

TTHMs before filtration (µg/L) 6.3 3.1 8.1 5.2 

TTHMs after filtration (µg/L) 2.4 2.9 3.3 2.2 

% Removal 61.2 3.5 58.7 59.0 
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 The activated carbon filter was effective at adsorbing THMs since the TTHM 

concentration decreased after filtration in each of the eight experiments shown here 

(Table 4.9). When rainwater collected from the green roof was chlorinated for a target 

residual of 2 mg/L at 10 min, the TTHM concentration at 24 h was four to five times 

higher than the USEPA MCL of 80 µg/L (USEPA, 2012), but the THM concentrations 

were well below the limit after filtration (Table 4.9). The TTHM concentrations at 24 h in 

chlorinated rainwater from the metal roof were below 10 µg/L for all experiments, and 

the filter reduced the concentrations further (Table 4.9). 

 Overall, the activated carbon filter influenced water quality similarly across the 

five roofing materials used in this study. The pH (Table 4.8) increased slightly and all 

samples were within the range set by the USEPA (USEPA, 2012). The turbidity (Table 

4.8) decreased and was less than 5 NTU for all samples, but the filtered water did not 

comply with the SWTR, which specifies that all samples have turbidity <1 NTU and 95% 

of samples have turbidity <0.3 NTU (USEPA, 2012). The DOC concentration in the 

chlorinated/filtered rainwater (Table 4.8) was low for all experiments, and it is not 

regulated by the USEPA. Looking at the biological quality of chlorinated and filtered 

rainwater, HPCs increased from before filtration to after filtration in 83% of the 

experiments. TCs were detected in 52% of the chlorinated and filtered samples and 

increased from before filtration to after filtration in 38% of the experiments. Although the 

filter shed bacteria and released indicator organisms into the effluent, it also adsorbed a 

large fraction of the THMs that had formed during chlorination. 

 Users typically filter after chlorination to remove chlorine for nuisance taste and 

odor reasons (TWDB, 2005; Lye, 2011). Filtering removes chlorine DBPs, but if 

rainwater were filtered before chlorination, filtering might remove DBP precursors (i.e., 

NOM), in which case DBP formation would be reduced from what was observed in this 

study (Stevens et al., 1976). Additionally, the filter would not jeopardize the microbial 

quality of the disinfected rainwater. 
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4.1.4 Conclusion 

 The roofing material affected the pH and the concentration of DOC in the 

harvested rainwater, which in turn influenced the efficacy of the treatment system. 

Adequate disinfection (TC <1 CFU/100 mL) was achieved and TTHM formation was 

low in all experiments using rainwater harvested from the metal roof, likely because it 

had the lowest pH and a low DOC concentration. In rainwater harvested from the 

concrete roof, which also had a low DOC concentration, chlorination targeting a 10-min 

residual of 2 mg/L achieved sufficient disinfection after 24 h of contact time (TC <1 

CFU/100 mL) without forming excessive concentrations of THMs. The DOC 

concentration in rainwater harvested from the shingle roof was quite different for the two 

rain events analyzed, but when it was high (10.9 mg/L), the TTHM concentration 

exceeded the USEPA MCL 24 h after chlorination. In contrast to rainwater harvested 

from the metal, concrete, and shingle roofs, adequate disinfection was never achieved and 

TTHM formation was excessive when the target 10-min chlorine residual was 2 mg/L in 

rainwater harvested from the green roof. Its high DOC concentration likely negatively 

affected chlorine disinfection. This study illustrated that the balance between adequate 

disinfection and DBP mitigation applies to harvested rainwater harvested from green and 

shingle roofs. The block activated carbon filter removed THMs but shed bacteria, so its 

placement within the treatment train should be investigated further so that it can be better 

utilized. 

 

4.2 FULL-SCALE RAINWATER HARVESTING AND TREATMENT SYSTEM 
 This section presents data from the full-scale system, which is located in Austin, 

Texas and has a Galvalume® metal roof. Samples of the raw rainwater from the cistern 

and of treated water were collected on four dates: 10/27/10, 2/18/11, 7/12/11, and 

9/23/11. On 10/27/10, multiple samples were taken at different points within the 

treatment train as the filters and UV bulb were replaced. 
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4.1.1 Meteorological Conditions 

Figure shows the daily maximum temperature and the daily precipitation for the 

year of sampling using data obtained from NOAA. During this period, central Texas 

experienced the hottest summer on record with the temperature reaching 37.8 °C on 85 

days. This period was also one of severe drought. In September 2011, the system owner 

had water delivered into one of the two cisterns because his stored rainwater could no 

longer meet his water needs. 

 

 
Figure 4.19. Daily maximum temperature (°C) and precipitation (mm) with the 4 
collection dates indicated. 

 

4.1.2 Effect of Treatment  

Table 4.10 summarizes the physical and chemical quality of the raw and treated 

water from each collection date. 
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Table 4.10. pH, turbidity, DOC, NO3
-, and NO2

- for the raw and treated (filtered and UV 
irradiated) rainwater collected from the full-scale system for each collection date. Mean 
(standard deviation) are shown for measurements made in triplicate. 

Sampling 
Date 

Sampling 
Point pH Turbidity 

(NTU) 
DOC 

(mg/L) 
NO3

-  
(mg N/L) 

NO2
-  

(mg N/L) 

10/27/10 
Raw 6.33 2 1.88 (0.4) - 0.18 (0.19) 

Treated 6.31 1.3 2.00 (0.55) - 0.14 (0.24) 

2/18/11 
Raw 6.01 2.6 - 20.6 0 

Treated 5.99 0.8 - 16.6 0.04 

7/12/11 
Raw 6.43 (0.07) 10 (0.0) 2.22 (0.41) - 0.02 

Treated 6.29 (0.02) 0.65 (0.13) 1.85 (0.19) - 0 

9/23/11 
Raw 7.21 (0.01) 25 (0.6) 0.71 (0.44) -  

Treated 6.41 (0.05) 3.4 (0.1) 0.95 (0.47) -  

Average 
Raw 6.49 (0.51) 9.8 (10.5) 1.61 (0.78) 20.6 0.07 (0.1) 

Treated 6.25 (0.18) 1.5 (1.3) 1.60 (0.57) 16.6 0.06 (0.1) 
 

The average pH in the raw rainwater was 6.49 ± 0.51, and in the treated rainwater 

was 6.25 ± 0.18. These averages were slightly below the USEPA secondary standard, 

which states that pH should be between 6.5 and 8.5 (USEPA, 2012). Despins et al. (2009) 

found that rainwater stored in plastic cisterns, as for this system, had a lower pH than 

rainwater stored in concrete cisterns. The pH values measured in this study fell within the 

range observed in other studies for rainwater stored in plastic cisterns (Despins et al., 

2009; Kus et al., 2010). Jordan et al. (2008) found that disinfecting rainwater with UV 

decreased the pH by 0.5. In this study, the pH decreased after treatment, but the 

difference was smaller. 

The turbidity of the raw cistern rainwater ranged from 2-25 NTU, with the highest 

turbidity occurring on 9/23/11 when the rainwater level in the cistern was very low (water 

from each collection date. 

Table 4.10). The turbidities measured on 10/27/10 and 2/18/11 were similar to the 

average turbidities found in other studies of cistern-stored rainwater, but high turbidities 

like that measured on 7/23/11 have been detected (Jordan et al., 2008; Despins et al., 

2009; Kus et al., 2010). The turbidity measured on 9/23/11 was higher than others have 
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observed (Jordan et al., 2008; Despins et al., 2009; Kus et al., 2010), but that sampling 

event was an extreme case where the water level in the cistern was so low that it was no 

longer used for water supply. Positive correlations between turbidity and temperature and 

turbidity and length of the antecedent dry period have been demonstrated (Jordan et al., 

2008; Despins et al., 2009), which might explain the higher turbidities from the last two 

sampling dates. The treatment system removed particulate matter from the water, as 

indicated by a decrease in turbidity from the raw to the treated rainwater. The average 

turbidity of the treated water was 1.5 ± 1.3 NTU, which exceeded the USEPA SWTR 

requirement that turbidity be less than 1 NTU in all samples and less than 0.3 NTU in 

95% of samples.  

The DOC concentration in the raw cistern water was very low, averaging 1.6 ± 

0.8 mg/L, and it was not significantly altered by treatment; the DOC concentration of the 

treated water was 1.6 ± 0.6 mg/L. The DOC concentration of the raw water in the full-

scale study was similar to that in the raw rainwater from the pilot-scale metal roof in this 

study, as well as to that observed by Mendez et al. (2011a) in the post-first-flush water 

from another Galvalume® full-scale system in the Austin, Texas area. Other studies have 

observed DOC concentrations in this range from rainwater that has been stored in a 

cistern (Despins et al., 2009).  

The average nitrite concentration in the raw water was 0.07 ± 0.06 mg N/L, 

approximately one order of magnitude below the USEPA limit of 1 mg N/L (water from 

each collection date. 

Table 4.10) (USEPA, 2012). The nitrite concentrations were similar to those 

observed from the metal pilot-scale roof in this study (Table 4.3) and in other studies 

(Kus et al., 2010; Mendez et al., 2011a). 

TCs were detected in the raw water at each sampling date (Figure 4.20). The 

concentration increased over time, as the drought progressed and the ambient temperature 

increased (Figure 4.20). The temperature of the water was measured on 7/12/11, and it 

was above 32 °C, indicating that the hot summer temperatures significantly affected the 

temperature of the water in the cistern. The TC concentrations were highest during the 
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summer months and lower during winter months, as previously observed in the literature 

(Jordan et al., 2008; Despins et al., 2009). 

 
Figure 4.20. TC (CFU/100 mL) in the raw and treated (filtered and UV irradiated) 
rainwater from the full-scale system for all 4 collection dates. Error bars represent one 
standard deviation and * signifies <1 CFU/100 mL. 

 

For the first two sampling dates (10/27/10 and 2/18/11), the treatment system 

showed effective disinfection, as no TCs were detected in the treated water on those dates 

(Figure 4.20). For the second two sampling dates (7/12/11 and 9/23/11), however, TCs 

were detected in the treated water. The concentration detected on 9/23/11 was two orders 

of magnitude higher than on 7/12/11 even though TCs were present at similar 

concentrations in the raw rainwater (Figure 4.20). A new UV bulb was installed on the 

first sampling day, 10/27/10, so the UV bulb was within the 1-y lifetime prescribed by 

the manufacturer. On 7/12/11, the turbidity in the treated water was 0.65 NTU, which 

was similar to the previous events (water from each collection date. 

Table 4.10). On 9/23/11, the turbidity of the treated water was 3.5 NTU, 

suggesting that the filters did not sufficiently reduce the turbidity, which likely 
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compromised the efficacy of UV disinfection. UV disinfection depends on the percent of 

incident light transmitted through the water column, and it should be greater than 75% 

(USEPA, 1999). UV transmittance (UVT) largely depends on the concentration and size 

distribution of the particles, but compounds that absorb light in the UV band, such as 

nitrite and organic compounds, can also reduce UVT (Qualls et al., 1983; USEPA, 1999; 

Christensen and Linden, 2003). In addition to reducing the available UV energy by 

scattering and absorbing light, particles to which bacteria are attached can further reduce 

UV efficiency by presenting a physical barrier between the bacteria and UV light (Qualls 

et al., 1983; Christensen and Linden, 2003). Effective UV disinfection depends, 

therefore, on adequate filtration.  

The sample collected on 9/23/11 represented an extreme event where the volume 

of rainwater in the cistern was very low. During the fall of 2011, the owner had water 

delivered into one of his cisterns, but he left the other cistern with a small volume of 

rainwater in it. The sample collected on 9/23/11 was from the cistern containing the small 

volume of rainwater. Some studies have not found TC concentrations this high in 

rainwater cisterns (Abdullah and al Shareef, 2009; Despins et al., 2009), but Jordan et al. 

(2008) did in samples collected from cisterns during the summer in Tucson, Arizona. The 

turbidity in the raw rainwater was significantly higher than in any other sample (water 

from each collection date. 

Table 4.10), and as discussed above, the high TC concentration and high turbidity 

negatively affected the performance of the treatment system. The system owner no longer 

used rainwater from that cistern, but he did use the treatment system to the delivered 

water in the other cistern. The quality of that raw and treated water should have been 

measured to better understand the effect of raw water quality on the treatment system on 

that day.  

4.2.3 Effect of System Age 

The physical and chemical properties of the rainwater at various points in the treatment 
system before and after the filters and UV bulb were changed on 10/27/10 are 
summarized in  
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Table 4.11. 

 
 
 
Table 4.11. pH, turbidity, and DOC at each point in the full-scale treatment system 
immediately prior to and following the treatment components were changed on 10/27/10. 
Samples were collected in the following order: raw, post-filters (old filters), post-UV 
bulb (old bulb), post-filters (new filters), and post-UV bulb (new bulb). 
 

 Sampling Location pH Turbidity 
(NTU) 

DOC 
(mg/L) 

Raw 6.33 2.0 1.9 (0.4) 
After filtration (old filters) 6.60 1.2 2.0 (0.7) 
After filtration (new filters) 6.29 1.7 2.4 (0.3) 
After UV disinfection (old bulb) 6.26 1.4 2.1 (0.3) 
After UV disinfection (new bulb) 6.31 1.3 2.0 (0.6) 

 

The owner changes the filters when water pressure decreases noticeably in his 

house, which amounts to changing them every 3-4 months. The pH increased after 

filtration through the old filter (6.60) but was similar to the pH in the raw water when the 

filter was changed (6.29), suggesting that changing the filters affected the pH. The 

turbidity of the filtered water using the old filters was 1.2 NTU, and using the new filters 

it was 1.7 NTU. The DOC concentration increased slightly after the filter was changed, 

but the DOC of the rainwater filtered with the new filter was within one standard 

deviation of the rainwater filtered with the old filter. Overall, replacing the filter appeared 

to only slightly affect the physical and chemical qualities of the filtered rainwater. 

The UV bulb is changed once annually, per manufacturer instructions. Within the 

treatment system, UV irradiation appeared to affect the pH but not the turbidity or DOC 

concentration. The pH was similar in rainwater collected after treatment with the old and 

new UV bulbs. This system showed lower pH in filtered and UV irradiated rainwater 

than in cistern-stored rainwater for all sampling events (water from each collection date. 

Table 4.10). Jordan et al. (2008) found that the pH of rainwater dropped from 7.2 

to 6.8 after filtration by two sediment filters and one activated carbon filter, and to 6.3 
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after UV irradiation, which supports this study’s finding that the pH of harvested 

rainwater decreases after UV irradiation. The turbidity of the treated rainwater was not 

affected by UV irradiation or changing the bulb. The DOC concentrations in the 

rainwater sampled after UV disinfection with the old and new bulbs were within one 

standard deviation. UV irradiation did not affect the DOC concentration, as the DOC 

concentrations in the rainwater sampled after the old and new bulbs were within one 

standard deviation. Overall, UV irradiation lowered the pH, but it did not affect the 

turbidity or DOC concentration.  

Figure 4.21 presents the TC concentrations at each point within the treatment 

system, before and after the components were replaced. The filters reduced the TC 

concentration slightly, and the new filters appear to have reduced the TC concentrations 

more than did the old filters. In the chlorination studies using rainwater harvested from 

the pilot-scale roofs, filtration after disinfection lowered the TC concentration if TCs 

were detected in the chlorinated/unfiltered rainwater (Figure 4.8, Figure 4.9, Figure 4.11). 

Jordan et al. (2008) also found that filtration reduced TC concentrations prior to 

disinfection. TCs were not detected in the irradiated rainwater before or after the UV bulb 

was replaced. These results suggest that the old bulb was still effective when it was 

changed and that there was no lag period for the new bulb, which was as expected.  
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Figure 4.21. TC (CFU/100 mL) at each point within the treatment system, before and 
after components were replaced on 10/27/10. Error bars represent one standard deviation 
and * signifies <1 CFU/100 mL. 

4.2.4 Conclusion  

Sampling from a full-scale system once per quarter over one year suggested that 

temperature and rainfall frequency influence the quality of cistern-stored rainwater, 

particularly TC concentration and turbidity, but sampling over multiple years would be 

necessary to confirm this hypothesis. When the volume in the cistern was very low 

because of the severe drought, the turbidity was high (25 NTU). The treatment system 

consisting of two sediment filters with nominal pore sizes of 25 µm and 5 µm and a UV 

lamp appeared to adequately disinfect rainwater (TC <1 CFU/100 mL) (USEPA, 2012) 

when the TC concentration was less than 104 CFU/100 mL and the turbidity was less than 

10 NTU in the cistern-stored rainwater, but disinfection was compromised when these 

values were exceeded. Within the treatment system, the filters reduced turbidity and the 

TC concentration, and UV disinfection lowered the TC concentration and the pH.  
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Chapter 5: Conclusions 

5.1 SUMMARY OF FINDINGS 
This research studied the effect of treatment on the quality of harvested rainwater. 

Chlorine bleach and a block activated carbon filter were used to treat rainwater collected 

from four pilot-scale roofs located at the Lady Bird Johnson Wildflower Center in Austin, 

Texas. Each pilot-scale roof was constructed of a different material, which were concrete 

tile, green, Galvalume® metal, and asphalt fiberglass shingle. Mendez et al. (2011b) 

previously analyzed the quality of rainwater harvested from these roofs. Additionally, a 

full-scale system at a residence in Austin, Texas where sediment filters and UV-

irradiation were used to treat rainwater for potable use was sampled. Measured qualities 

were compared to United States Environmental Protection Agency (USEPA) regulations 

for public water systems, but individual rainwater harvesters do no have to comply with 

these regulations. Below, the major findings of this research are summarized. 

 

• The physical and chemical qualities of the rainwater harvested from the pilot-scale 

roofs were similar to those found by Mendez et al. (2011b). 

• Total coliforms (TCs) were detected in raw rainwater harvested from the pilot-scale 

roofs in all instances but one. TCs were detected in cistern-stored rainwater at the 

full-scale site on all occasions. 

• Chlorinating rainwater harvested from the metal roof achieved adequate disinfection 

with the TC concentration less than 1 colony forming unit per 100 mL (CFU/100 mL) 

in every experiment, regardless of the targeted 10-min chlorine residual. Total 

trihalomethane (TTHM) formation was limited, remaining below 20 µg/L in all 

experiments except for one spike. The low pH and low dissolved organic carbon 

(DOC) concentration of the raw rainwater likely contributed to the sufficient 

disinfection with limited trihalomethane (THM) formation.  

• The qualities of chlorinated rainwater harvested from the concrete and metal roofs 

were similar. Rainwater harvested from the concrete roof was sufficiently disinfected 
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when the target 10-min chlorine residual was 2 mg/L, but a target residual of 0.2 

mg/L did not always achieve adequate disinfection. Trihalomethane (THM) formation 

was low, regardless of the targeted chlorine residual. 

• Adequate disinfection (TC <1 CFU/100 mL) occurred in rainwater harvested from the 

shingle roof when the target 10-min chlorine residual was 2 mg/L. The variable DOC 

concentration in the rainwater led to variable THM formation, and in one instance the 

TTHM concentration exceeded the USEPA maximum contaminant level (MCL) of 80 

µg/L (USEPA, 2012). Rainwater harvested from the shingle roof demonstrated that 

there can be a balance between disinfection and disinfection byproduct (DBP) 

formation in harvested rainwater. 

• Chlorination did not adequately disinfect rainwater harvested from the green roof, and 

TTHMs exceeded the USEPA MCL when the target 10-min chlorine residual was 2 

mg/L. The high DOC concentration in this rainwater likely limited disinfection and 

led to high THM formation. Chlorine did not appear to be a good disinfectant for 

rainwater from the green roof. 

• The activated carbon block filter reduced the TTHM concentration to well below the 

MCL, regardless of the influent concentration, but it often shed heterotrophic bacteria 

and TCs. 

• The treatment system at the full-scale rainwater harvesting site, which was composed 

of two sediment filters and a UV bulb, effectively treated cistern-stored rainwater 

when the turbidity of the raw water was low, i.e., below 3 nephelometric turbidity 

units (NTU). As the turbidity of cistern-stored rainwater increased as the drought 

progressed, the microbial quality of the treated water was compromised (TC >1 

CFU/100 mL). A UV system can adequately disinfect harvested rainwater, but high 

turbidity can limit its efficacy. 

• Replacing the filters and UV lamp as part of routine system maintenance did not 

noticeably affect the physical, chemical, or microbial quality of the treated rainwater 

at the full-scale site. Filters are replaced every 3-4 months and the UV lamp is 

replaced once per year. It is likely that they were replaced before they failed.  
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The microbial quality of harvested rainwater is often lacking, indicating treatment 

should be performed to protect human health. Both chlorination followed by activated 

carbon filtration and sediment filtration followed by UV irradiation were demonstrated to 

be effective treatments for harvested rainwater under certain conditions. 

5.2 RECOMMENDATIONS FOR FUTURE WORK 
Future work should include looking more carefully at chlorine contact times 

(CTs) closer to the target of 56 mg!min/L, which is necessary for a 3-log inactivation of 

Giardia lamblia at pH 7 and 20 °C. The investigation should include trying 10-min 

chlorine residuals other than 0.2 and 2 mg/L, and it should include monitoring the TC 

concentration in the chlorinated rainwater at time points before 24 h. 

The microbial community at each point in the treatment system should be better 

characterized by including analyses other than TC and Escherichia coli enumeration. 

Samples should be interrogated for community composition and the presence of specific 

pathogens so that the microbial risk of harvested rainwater can be better understood. The 

microbial community in the activated carbon filter should also be interrogated so its 

capacity to compromise the microbial quality of treated rainwater through bacterial 

shedding is better understood. 

Although some studies have examined passive treatment processes in rainwater 

cisterns (Han and Mun, 2007; Evans et al., 2009), such processes, particularly microbial 

ones, are not well understood. The microbial community and biological activity in 

rainwater cisterns should be examined through the interrogation and quantification of 

DNA, RNA, and proteins. A better understanding of passive processes in the cistern can 

help improve design and operation of rainwater harvesting systems. Currently the 

appropriateness of batch chlorinating is under debate; some recommend this disinfection 

method because it is relatively inexpensive (Macomber, 2010), but others worry it might 

result in rainwater of lower quality by harming natural microbial processes (Cunliffe, 

2004). A targeted analysis of microbial activity could help resolve this debate and lead to 

best-practice recommendations. 
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Future studies of chlorinated disinfection byproducts (DBPs) in harvested 

rainwater should include studying THM concentrations in a closed system with 

headspace, which more closely resembles a cistern. If rainwater is collected from the 

same pilot-scale roofs, the bromide concentration in the rainwater should be measured so 

that the differences in speciation from each roofing material can be better understood. 

Additionally, the natural organic matter (NOM) present in the rainwater should be 

characterized by measuring the specific UV absorbance at 254 nm (SUVA254) so that the 

effect of roofing material on THM formation can be better understood. Full-scale cisterns 

that are batch-chlorinated and systems that use in-line chlorination should be sampled for 

comparison to bench-scale studies. 

The performance of the filter over its stated lifetime, specifically with respect to 

its capacity to adsorb THMs and its tendency to shed bacteria, should be examined in 

detail. A treatment system in which rainwater is filtered before it is chlorinated should be 

studied. This arrangement might mitigate THM formation by removing DBP precursors 

such as NOM without compromising the microbial quality of the chlorinated rainwater. 

Currently activated carbon filters are placed after chlorination to remove the nuisance 

taste and odor of chorine (Lye, 2010), so this issue would need to be addressed. 

Work in these areas will further improve the understanding of harvested rainwater 

and will produce recommendations for best practices. Such developments would promote 

the use of harvested rainwater as an alternative water source, which could help meet the 

growing global demand for fresh water. 
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Appendix A: THM Measurements 
 

 
Figure A.1. Example chromatogram for 80 µg/L standard using the 60-m column. 

 

 
Figure A.2. Example chromatogram of 80 µg/L using the 30-m column. 
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Figure A.3. Example standard curve for TCM (30-m column). 

 

 
Figure A.4. Example standard curve for DCBM (30-m column). 

y = 303.263x - 12.558 
R! = 0.995 

0 

20 

40 

60 

80 

100 

120 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

T
C

M
 (µ

g/
L

) 

TCM/TCA 

y = 48.315x + 2.421 
R! = 0.994 

0 

20 

40 

60 

80 

100 

120 

0 0.5 1 1.5 2 2.5 

D
C

B
M

 (µ
g/

L
) 

DCBM/TCA 



  89 

 
Figure A.5. Example standard curve for CDBM (30-m column). 

 

 
Figure A.6. Example standard curve for TBM (30-m column). 
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Appendix B: Chlorination Data 
Table B.1 pH of rainwater harvested from the pilot-scale roofs for all experiments. Mean (standard deviation) are shown. 

Month of Collection: May June Oct Jan 

Target Cl2 at 10 min (mg/L): 2 0.2 2 0.2 2 0.2 2 

Concrete 

Cl2 at 10 min (mg/L) 1.84 0.24 - - 3.13 0.18 1.62 

Raw 7.33 (0.02) 7.31 (0.01) - - 7.42 (0.03) 7.48 (0.00) 7.14 (0.01) 

Chlorinated/Unfiltered 7.38 (0.02) 7.31 (0.04) - - 7.46 (0.01) 7.32 (0.02) 7.19 (0.01) 

Chlorinated/Filtered 7.36 (0.01) 7.50 (0.05) - - 7.71 (0.01) 7.36 (0.01) 7.42 (0.02) 

Green 

Cl2 at 10 min (mg/L) 1.53 0.05 2.09 0.20 - - - 

Raw 7.37 (0.06) 7.73 (0.02) 7.58 (0.00) 7.28 (0.01) - - - 

Chlorinated/Unfiltered 7.47 (0.06) 7.56 (0.01) 7.56 (0.01) 7.44 (0.01) - - - 

Chlorinated/Filtered 7.90 (0.00) 8.22 (0.00) 7.72 (0.01) 7.47 (0.01) - - - 

Metal 

Cl2 at 10 min (mg/L) 1.92 0.13 1.56 0.13 - - 1.78 

Raw 7.09 (0.04) 6.84 (0.07) 5.79 (0.11) 5.84 (0.02) - - 6.50 (0.01) 

Chlorinated/Unfiltered 6.88 (0.09) 6.77 (0.06) 5.10 (0.03) 5.63 (0.02) - - 6.52 (0.00) 

Chlorinated/ Filtered 7.77 (0.00) 7.60 (0.13) 6.44 (0.06) 6.91 (0.05) - - 7.04 (0.02) 

Shingle 

Cl2 at 10 min (mg/L) 1.53 0.10 - - 2.06 0.12 2.04 

Raw 7.15 (0.02) 7.24 (0.00) - - 7.82 (0.03) 7.39 (0.01) 6.73 (0.01) 

Chlorinated/Unfiltered 7.04 (0.01) 7.42 (0.01) - - 7.36 (0.01) 7.38 (0.01) 6.83 (0.00) 

Chlorinated/Filtered 7.31 (0.03) 7.30 (0.05) - - 7.50 (0.01) 7.28 (0.01) 7.00 (0.02) 
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Table B.2. Turbidity (NTU) of raw, chlorinated/unfiltered, and chlorinated/filtered rainwater harvested from the pilot-scale 
roofs for all experiments. Mean (standard deviation) are shown. 

Month of Sampling: May June Oct Jan 

Target Cl2 at 10 min (mg/L): 2 0.2 2 0.2 2 0.2 2 

Concrete 

Cl2 at 10 min (mg/L) 1.84 0.24 - - 3.13 0.18 1.62 

Raw 1.43 (0.06) 1.57 (0.12) - - 1.90 (0.53) 2.77 (0.40) 4.00 (0.10) 

Chlorinated/Unfiltered 1.40 (0.17) 1.47 (0.06) - - 2.33 (0.95) 1.40 (0.17) 2.13 (0.68) 

Chlorinated/Filtered 1.03 (0.06) 

 

- - 2.77 (0.21) 1.13 (0.12) 0.73 (0.10) 

Green 

Cl2 at 10 min (mg/L) 1.53 0.05 2.09 0.20 - - - 

Raw 4.77 (0.15) 5.67 (0.29) 2.17 (0.29) 1.37 (0.23) - - - 

Chlorinated/Unfiltered 2.87 (0.06) 2.10 (0.00) 1.53 (0.06) 1.47 (0.06) - - - 

Chlorinated/Filtered 0.59 (0.01) 0.53 (0.01) 1.43 (0.12) 1.13 (0.15) - - - 

Metal 

Cl2 at 10 min (mg/L) 1.92 0.13 1.56 0.13 - - 1.78 

Raw 73.3 (2.89) 50.0 (2.00) 1.37 (0.12) 1.50 (0.00) - - 1.03 (0.06) 

Chlorinated/Unfiltered 5.23 (0.25) 25.7 (0.58) 1.40 (0.10) 1.28 (0.20) - - 0.83 (0.08) 

Chlorinated/Filtered 7.53 (0.45) 0.62 (0.03) 0.90 (0.10) 1.07 (0.15) - - 0.80 (0.23) 

Shingle 

Cl2 at 10 min (mg/L) 1.53 0.10 - - 2.06 0.12 2.04 

Raw 12.33 (2.52) 4.83 (0.86) - - 2.00 (0.36) 2.17 (0.31) 2.33 (0.12) 

Chlorinated/Unfiltered 11.00 (1.00) 3.43 (1.29) - - 1.77 (0.38) 1.43 (0.21) 1.80 (0.44) 

Chlorinated/Filtered 0.89 (0.29) 0.61 (0.06) - - 1.47 (0.12) 1.23 (0.21) 0.85 (0.31) 
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Table B.3. DOC (mg/L) of raw, chlorinated/unfiltered, and chlorinated/filtered rainwater harvested from the pilot-scale roofs 
for all rain events. Mean (standard deviation) are shown. 

Month of Sampling: May June Oct Jan 

Target Cl2 at 10 min (mg/L): 2 0.2 2 0.2 2 0.2 2 

Concrete 

Cl2 at 10 min (mg/L) 1.84 0.24 - - 3.13 0.18 1.62 

Raw 1.29 (0.25) 1.12 (0.08) - - - - 0.50 (0.41) 

Chlorinated/Unfiltered 1.41 (0.23) 1.12 (0.29) - - - - 0.73 (0.40) 

Chlorinated/Filtered 1.47 (0.22) 0.49 (0.07) - - - - 0 

Green 

Cl at 10 min (mg/L) 1.53 0.05 2.09 0.20 - - - 

Raw 25.2 (1.3) 27.8 (3.0) 21.4 (0.32) 17.9 (0.21) - - - 

Chlorinated/Unfiltered - - 21.9 (0.43) 17.0 (0.31) - - - 

Chlorinated/Filtered 2.7 (0.3) 3.3 (0.5) 6.66 (0.04) 3.2 (0.04) - - - 

Metal 

Cl2 at 10 min (mg/L) 1.92 0.13 1.56 0.13 - - 1.78 

Raw 5.61 (0.07) 3.88 1.79 (0.02) 1.72 (0.03) - - 0.95 (0.08) 

Chlorinated - - 2.69 (0.05) 2.20 (0.03) - - 0.61 (0.21) 

Chlorinated/ Filtered 3.98 (0.75) 3.13 (0.07) 1.00 (0.01) 1.52 (0.03) - - 0 

Shingle 

Cl2 at 10 min (mg/L) 1.53 0.10 - - 2.06 0.12 2.04 

Raw 10.9 (4.28) 7.83 (0.41) - - - - 1.56 (0.39) 

Chlorinated/Unfiltered 9.77 (1.14) 8.50 (0.39) - - - - 0.99 (0.28) 

Chlorinated/Filtered 1.67 (0.22) 1.22 (0.51) - - - - 0 
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Table B.4. NO3
--N (mg/L) of raw, chlorinated/unfiltered, and chlorinated/filtered rainwater harvested from the pilot-scale roofs 

for all rain events.  

Month of Sampling: May June Oct Jan 

Target Cl2 at 10 min (mg/L): 2 0.2 2 0.2 2 0.2 2 

Concrete 

Cl2 at 10 min (mg/L) 1.84 0.24 - - 3.13 0.18 1.62 

Raw 0.00 0.00 - - 1.83 0.94 0.00 

Chlorinated/Unfiltered 0.00 0.00 - - 0.00 1.10 0.00 

Chlorinated/Filtered 0.00 0.00 - - 0.00 0.16 0.00 

Green 

Cl at 10 min (mg/L) 1.53 0.05 2.09 0.20 - - - 

Raw 5.08 7.93 0.00 0.00 - - - 

Chlorinated/Unfiltered 4.52 4.49 0.00 0.00 - - - 

Chlorinated/Filtered 2.21 1.72 0.00 0.00 - - - 

Metal 

Cl2 at 10 min (mg/L) 1.92 0.13 1.56 0.13 - - 1.78 

Raw 1.41 - 0.00 0.00 - - 0.00 

Chlorinated 1.60 1.64 0.00 0.00 - - 0.00 

Chlorinated/ Filtered 0.00 0.00 0.00 0.00 - - 0.00 

Shingle 

Cl2 at 10 min (mg/L) 1.53 0.10 - - 2.06 0.12 2.04 

Raw 0.01 0.01 - - - - 0.00 

Chlorinated/Unfiltered 0.01 0.00 - - - - 0.00 

Chlorinated/Filtered 0.00 0.00 - - - - 0.00 
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Table B.5. NO2
--N (mg/L) of raw, chlorinated/unfiltered, and chlorinated/filtered rainwater harvested from the pilot-scale roofs 

for all rain events. Mean (standard deviation) are shown. 

Month of Sampling: May June Oct Jan 

Target Cl2 at 10 min (mg/L): 2 0.2 2 0.2 2 0.2 2 

Concrete 

Cl2 at 10 min (mg/L) 1.84 0.24 - - 3.13 0.18 1.62 

Raw 0.05 0.03 - - 0.06 0.01 0.00 

Chlorinated/Unfiltered 0.00 0.03 - - 0.03 0.00 0.00 

Chlorinated/Filtered 0.00 0.00 - - 0.07 0.02 0.00 

Green 

Cl at 10 min (mg/L) 1.53 0.05 2.09 0.20 - - - 

Raw 0.00 0.04 0.05 0.02 - - - 

Chlorinated/Unfiltered 0.03 0.03 0.01 0.00 - - - 

Chlorinated/Filtered 0.00 0.77 0.11 0.41 - - - 

Metal 

Cl2 at 10 min (mg/L) 1.92 0.13 1.56 0.13 - - 1.78 

Raw 0.11 0.01 0.00 0.00 - - 0.00 

Chlorinated 0.04 0.01 0.00 0.00 - - 0.00 

Chlorinated/ Filtered 0.01 0.00 0.00 0.00 - - 0.00 

Shingle 

Cl2 at 10 min (mg/L) 1.53 0.10 - - 2.06 0.12 2.04 

Raw 0.19 0.19 - - 0.04 0.04 0.00 

Chlorinated/Unfiltered 0.02 0.17 - - 0.02 0.05 0.00 

Chlorinated/Filtered 0.00 0.00 - - 0.03 0.02 0.00 
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Table B.6. TTHM (µg/L) before filtration at 24 h and immediately after filtration, and the percent removal for all experiments. 

Sampling month: May June Oct Jan 

Target Cl2 residual at 10 min (mg/L): 2 0.2 2 0.2 2 0.2 2 

Concrete 

CT24 h (mg!min/L) - 

 

- - 

   TTHMs before filtration (µg/L) - 7.7 - - 64.4 7.5 26.0 

TTHMs after filtration (µg/L) - 9.9 - - 10.7 6.5 1.5 

% Removal - 28.6 - - 83.4 13.8 94.2 

Green 

CT24 h (mg!min/L) 

    

- - - 

TTHMs before filtration (µg/L) 418.7 43.5 333.6 44.9 - - - 

TTHMs after filtration (µg/L) 14.8 16.1 0.2 0.2 - - - 

% Removal 96.5 62.9 99.9 99.6 - - - 

Metal 

CT24 h (mg!min/L) 

    

- - - 

TTHMs before filtration (µg/L) 5.7 2.5 8.1 5.2 - - - 

TTHMs after filtration (µg/L) 1.8 2.3 0.9 2.2 - - - 

% Removal 67.6 4.4 88.3 59.0 - - - 

Shingle 

CT24 h (mg!min/L) - - - - 

   TTHMs before filtration (µg/L) - - - - 81.4 11.8 41.5 

TTHMs after filtration (µg/L) - - - - 12.1 144.9 3.2 

% Removal - - - - 85.2 -1127.3 92.2 
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