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ABSTRACT 
 
 

The goal of this study was to assess the effect of residence time on the chemical and 

microbial quality of reclaimed water in two distribution systems located in southern 

Arizona. Utility A produced Class A water and utilized chlorine as a means of 

disinfection whereas Utility B produced Class A+ water and utilized UV radiation as a 

means of disinfection. Water-based pathogens were consistently detected in both 

distribution systems beyond the point of compliance, while microbial indicators like 

Escherichia coli was only detected in Utility B suggesting that treatment eliminated 

waterborne pathogens. Heterotrophic plate concentrations in samples from both utilities 

initially increased rapidly with increased distance from the point-of-compliance and were 

as high as 109 CFU/100ml. Regardless of the initial level of treatment, the microbial 

quality deteriorated with increased residence time in the distribution systems. 

 The second study was designed to evaluate the effect of reclaimed water storage on 

microbial and chemical quality of two classes of reclaimed water (Class A and Class A+). 

In Class A water, nitrification was observed during both field scale trials resulting in 

concentrations greater than 10mg/L while nitrification was not observed in Class A+.  

Chlorine residuals rapidly decreased within 48hours of storage. HPC concentration were 

as high as 107 – 108 /100ml. In both field scale trials, there was no observed growth of 

HPC during storage and waterborne indicator bacteria were rarely detected, and if 

detected, only at low concentrations. Based on this data, deterioration of microbial water 

quality during storage is minimal. 
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PROBLEM DEFINITION 

 

Population growth, scarce potable resources, and an inadequate supply of new water 

resources have led to the development of an array of water management practices in 

recent years, including the use of reclaimed water for non-potable purposes. Harwood et 

al., (2005) described reclaimed water as municipal wastewater that has undergone a 

series of treatment steps (biological, physical and chemical disinfection) for control of 

pathogens. The aim of reclamation facilities is to reduce the incidence of pathogens that 

are present in reclaimed water in order to reduce public health risks during exposure 

(Harwood et al., 2005).  Water management practices include, but are not limited to; 

processing and reusing highly treated municipal wastewater, which is intended to 

augment and conserve the potable supply (Lu et al., 2003).  Reclaimed water is typically 

reused in urban environments for landscape irrigation and pollution impoundments, for 

fire protection and toilet flushing, and as industrial and commercial process water (Asano 

and Levine 1998). In the U.S., most of the wastewater produced is treated to some degree 

via primary and secondary (biological) processes and finally disinfected (Hermanowicz et 

al., 2001) prior to discharge or combined with additional treatments. Despite the presence 

of pathogens present in reclaimed water, no outbreak of disease caused by the indirect 

use of adequately treated and managed reclaimed water has been documented (Asano et 

al., 2007). The microbial quality of reclaimed water is currently monitored for 

waterborne pathogens using indicator bacteria such as; coliforms, Escherichia coli, 
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Enterococcus (USEPA 2004, WHO 2006, Asano et al., 2007, Constan-Longares et al., 

2008).  

In this study the influence of residence time within distribution systems, and storage prior 

to use, on microbial and chemical quality of reclaimed water was evaluated. 
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LITERATURE REVIEW: 

 

History of Reclaimed Water 

 

Angelakis and Spyridakis (1996) documented   that wastewater reuse for agriculture dates 

as far back as 5000 years ago and was evidenced by elaborate sewerage systems 

associated with ancient places and cities of the Minoan civilization. However, during the 

nineteenth century, the introduction of large-scale wastewater systems for discharge into 

surface waters led to the unintended reuse of sewage and effluents for potable water 

supplies. This unplanned reuse coupled with lack of adequate potable water supplies and 

inadequate potable and wastewater treatment led to epidemics of waterborne disease 

outbreaks in the 1840s and 1850s. Young (1985) and Barty-King (1992) documented that 

when it became clear that there was a link between water supply and waterborne disease, 

engineering solutions were implemented. For example, relocating potable water intakes 

upstream and wastewater discharges downstream, the development of alternative water 

sources using reservoirs, and finally the progressive introduction of water filtration in the 

1950s and 1960s. 

During most of the 20th century, wastewater treatment focused on pollution 

abatement, protection of public health, and prevention of environmental degradation 

through removal of biodegradable contaminates, nutrients, and pathogens (Rogers et al., 

2004). In recent years, however, the potential benefits of wastewater reuse have been 

recognized by both the European Union and State legislators in the United States (Asano 
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and Levine 1996, Rogers et al., 2004). This is due to the increased response to growing 

pressures for high quality, dependable water for agriculture, industry, and the public a 

situation instigated by drought (Asano and Levine 1996). Weber et al., (2006) reported 

that water reuse is being promoted as a means of limiting wastewater discharge to aquatic 

environments. The sustainability of water resources due to population expansion and 

globalization is of significant interest. Elamari and Saini in 2008, reported that 

industrialization has resulted in increased urbanization, which has resulted in an increased 

volume of wastewater around the world at locations where they were used. Asano and 

Levine (1996) reported that technological advances in physical, chemical, and biological 

processing of waste and wastewater during the early part of the 20th century gave birth of 

the “Era of Wastewater Reclamation, Recycling and Reuse”.  

The use of “water recycling”, “water reclamation”, and “reclaimed water”, 

evolved from sanitary and environmental engineering practice. “Water reclamation” 

involves treatment of wastewater to make it reusable. “Water reuse” is the beneficial use 

of treated wastewater. “Reclamation and reuse of water” refers to conveyance facilities 

for delivering reclaimed water and might sometimes require intermittent storage of 

reclaimed water prior to reuse (Rogers et al. 2004). 

Conventional Wastewater Treatment Technologies 

 

Jjemba et al., 2010 defined reclaimed water as effluents that have undergone a 

combination of physical, chemical, and biological treatment technologies to remove 

suspended solids, dissolved solids, organic matter, nutrients, metals, and pathogens. 
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The primary aim of wastewater treatment is to remove and degrade organic matter under 

controlled conditions (Pepper et al., 2006). The treatment process for the production of 

reclaimed water involves three major steps: primary, secondary, and tertiary treatment. 

Primary treatment involves the physical removal of large solids from the waste stream. 

The use of a moving screen removes items like bottles and diapers that might accompany 

the wastewater. Short residence time allows sand and gravel to settle out. The wastewater 

is then pumped into a sedimentation tank and at this stage some of the suspended solids 

settle to the bottom and creating primary sludge. At this stage, microbial pathogens are 

reduced in concentration, but not effectively removed. Secondary treatment involves a 

biological process. This process treats the remaining suspended solids with the use of 

microorganisms, and effluent from the primary treatment is decomposed using a trickling 

filter bed, an aeration tank, or a sewage lagoon. Tertiary treatment is a physico-chemical 

process that involves further treatment of the effluent from the secondary state to reduce 

chemical and microbial constituents that may have survived secondary treatment (Pepper 

et al., 2006, Maier et al., 2009). Usually a disinfection step is added at the end of this 

stage. Tertiary treatment could also involve advanced treatment process of the treated 

effluent to produce a high grade of reclaimed water.  These advanced treatments 

processes include: reverse osmosis, microfiltration, and membrane bioreactor. 

Membrane Bioreactor 

A membrane bioreactor (MBR) combines membrane based separation technology with a 

high level of biological treatment (Jjemba et al., 2010). This process is based on the 

development of appropriate bacterial aggregates and other associated organisms in the 



	   16	  

aeration process; these organisms are easily separated from the aqueous phase during 

subsequent sedimentation (Papadimitriou et al., 2007). The MBR can be considered as a 

modified activated sludge that uses membrane filtration instead of sedimentation (Lerner 

et.al.,2007), thus utilizes direct sludge filtration. This system combines suspended growth 

treatment with membrane filtration, removing a high percentage of particles and 

pathogens without the need for secondary clarification facilities. This produces  high-

grade water (Asano et al., 2007). The membranes are immersed in wastewater, drawing 

wastewater through hollow fibers with microscopic pores small enough to filter out 

particulate matter and even individual bacteria, thus combining the biological step and 

solid-liquid separation into a single step (Achilli et al., 2009). One of the reclamation 

utilities involved in this dissertation, is associated  the use of the membrane bioreactor to 

produce Class A reclaimed water. 

Conventional Chlorine Treatment 

Chlorine and monochlorines are the most widely used disinfectants in the United States 

(AWWA 2000).  Early use of chlorine for wastewater treatment was documented in 

France in 1825 (AWWA 1999). Chlorine gradually gained attention due to its 

bactericidal effect and low cost (Rodriguez and Serodes 2001). Nikolaou and Lekkas 

(2001) reported that chlorine reacts with high levels of organic matter present in 

reclaimed water, causing the production of toxic carcinogenic by-products. As a result, 

other disinfectants such as ozone and ultraviolet light are being considered as alternatives 

to chlorination. Free chlorine is widely used as a primary disinfectant following filtration 

and also as a secondary disinfectant in distribution systems. The mechanism of bacterial 
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inactivation using chlorine has been well documented.  Venkobachar et al.(1997), Shang 

et al. (1999), and Virto et al.( 2005) documented that chlorine is a non-selective oxidant 

that reacts with a variety of cellular components that affect metabolic processes. The 

cytoplasmic membrane was proposed as the target involved in bacterial inactivation. 

Ultraviolet Light 

The use of UV irradiation in water and wastewater disinfection has increased over the 

years because UV typically inactivates viruses, bacterial spores, and parasite spores 

without producing disinfectants by-products (DBP) or other chemical residues 

(Oppenheirmer et al., 1997; Lazarova et al., 1998; Liberti et al.,2000; Rajala et al., 

2003). The production of disinfectant by products from the use of chlorine makes 

Ultraviolet (UV) radiation seem a potential alternative to chlorine.  

The use of UV as a disinfection process gained attention in the US and Europe after the 

discovery of its efficacy against Cryptosporidium and Giardia (Clancy et al., 1998; 

Hijnen et al.2005). Kang et al. (2004) and Lazarova and Savoye (2004) documented that 

UV disinfection is a growing technology for wastewater treatment. The mechanism of 

disinfection by UV light differs from that of chemical disinfection and involves 

photochemical damage to nucleic acids. In 1992, von Sonntag and Schuchmann, reported 

that UV is absorbed by nucleotides at a wavelength of 200-260 nm, resulting in the 

formation of inactivation by UV does not only cause the formation of pyrimidine dimers, 

but also photoproducts of nucleic acid and nucleic acid lesions (von Sonntag et al. 2004). 

The formation of dimers prevents the replication of DNA or RNA, thus preventing the 

organism from reproducing and rendering it from reproducing and incapable of infecting 
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a host.   Viruses are the most resistant to UV disinfection, followed by bacteria, then 

Cryptosporidium and Giardia cysts (USEPA 2003). 

Jagger (1967) reported that many microbes have a metabolic system that can 

repair damaged nucleic acids by photoreactivation. On the other hand, Wright and Cairns 

(1998) documented that viruses have no repair mechanism to reverse the damage created 

by UV light and that the ability of a microbe to photo repair is related to the extent of UV 

damage, pH, and temperature of the water. Knudson (1986) reported that bacteria were 

able to repair in light and dark condition suggesting that bacteria may have enzymes 

necessary for photo repair and dark repair. However, Linden et al. (2002a) did not 

observe photoreactivation and dark repair in Giardia using UV doses applied in 

disinfection practices. Also Shin et al., (2001), reported that Cryptosporidium did not 

regain infectivity after inactivation with UV light. In 2001, Oguma et al. documented that 

Cryptosporidium had the capability to undergo DNA repair, however, infectivity was not 

restored. There is ongoing research to experimentally observe if photo repair can be 

overcome by increasing damage to DNA by higher doses (USEPA 2003). 

Several studies have documented the production of disinfectant by-products by 

UV light. Zeoteman et al. (1982) reported the formation of a few disinfectant-by-

products.  Awad et al. (1993) observed the formation of aldehyde, glyozal, and 

acetaldehyde when irradiating reclaimed water. However, the USEPA (1996) 

documented that the amount of formaldehyde produced was insignificant to pose health 

risk. Oppenheimer et al. (1997) compared DBP produced by chlorine and UV when 

disinfecting reclaimed water and concluded that UV produced no DBP. Wright and 
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Cairns (1998) also summarized that DBP formed from UV disinfection was negligible in 

drinking water and no measurable toxicity effect has ever been attributed to DBP formed 

by UV disinfection. 

  

Water Reuse and Reclamation Regulations 

 

National Regulations 

Population increase and growth of cities during the 20th century increased the 

development of wastewater systems and the use of wastewater for crop irrigation in the 

arid and semi-arid regions revived the need for alternative sources of water for 

agriculture. The first set of reuse water quality criteria was set in 1918 by the California 

State Health Department. Several revisions have made this legislation into one of the 

most complete and restrictive criteria in use today (Hespanhol and Prost 1994). Large 

emphasis on water reuse as an important part of the water cycle has led the USEPA and 

US Agency for International Development in 1992 to publish Guidelines for Water Reuse 

(USEPA 1992).  

Water quality limits and treatment processes may be linked because the 

combination of treatment and water quality requirements is known to produce reclaimed 

water of acceptable quality and reduce the number of criteria to be monitored (Hammer 

and Hammer 2008). These guidelines were adapted from previously existing water reuse 

state guidelines. The EPA agreed that water reuse standards at the national level were not 

necessary but concluded that comprehensive guideline and flexible state regulations 

would increase considerations and implementations of water reuse projects (AWWA 
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2005). Water Reclamation for indirect reuse has been adopted in the U.S and many 

nations around the world, though a cohesive set of regulations and standards are yet to be 

implemented. The World Health Organization (WHO) has guidelines for reclaimed water 

use for irrigation in agriculture. Currently, water reuse practices are not governed at the 

federal level, but individual states have water reuse guidelines and regulations 

(www.usepa.gov). Twenty-five states currently have regulations regarding water reuse in 

the United States; 16 states have guidelines and 9 states have neither as of 2002. These 

regulations and treatment guidelines are required in order to prevent the distribution of 

reclaimed water that may not have been adequately treated. 

The monitoring requirement for reclaimed water varies from state to state and is 

also dependent on its intended use. Reclaimed water quality regulations and guidelines 

are geared towards the protection of public health primarily against infectious diseases. 

Certain parameters are imposed on reclaimed water facilities to ensure the production of 

good quality reclaimed water. The most common microbial and chemical parameters 

monitored under the state reuse regulations include biological oxygen demand (BOD), 

total suspended solids (TSS), turbidity, and total and fecal coliforms. Although reclaimed 

water quality requirements are not well defined, the type and level of treatment is 

dependent on several factors, which include the source and quality of reclaimed water, 

site-specific conditions, groundwater quality, surface water quality, the reuse application, 

and dilution factor. The required treatment types are used to remove pathogens, nutrients, 

trace organics, trace metals, total dissolved solids (TDS), and micro-constituents (WEF 

2008; AWWA 2008).  
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Arizona Regulations 

State standards more often than not may be more restrictive than federal 

regulations. Reclaimed water quality standards for direct reuse are expressed in terms of 

different classes of reclaimed water in Arizona. In the State of Arizona, permits are 

required by all wastewater treatment facilities providing reclaimed water for reuse, as 

they must possess the Aquifer Protection Permit (APP). This permit requires monitoring 

and reporting of reclaimed water quality in order to ensure that effluent limitations for 

reclaimed water quality classes are met. The APP permit also covers groundwater 

recharge, water storage, and groundwater-storage facility permits under the Arizona 

Department of Water Resources. Arizona codes and statutes do not address augmentation 

of potable water resources but the regulatory framework does (AWWA 2008). The type 

of permit issued depends on the ultimate goal of reclaimed water reuse. Arizona 

regulations require all sites with reclaimed water to install backflow prevention 

assemblies to protect the potable water system from contamination in the event of a cross 

connection between the reclaimed and potable water systems (adeq.gov).  

Arizona Water Quality Classification 

Five classes of reclaimed water have been established by the Arizona Department 

of Environmental Quality (ADEQ), Classes: A+, A, B+, B, and C. These classes are 

based on potential exposure to humans. Class A is required where the potential for human 

exposure is higher. It is important that Class A water is colorless, odorless, and clear, and 

thus acceptable to the public, while Classes B and C are used where human exposure is 

lower.  Classes A+ and B+ have a strict nitrogen requirement of less than 10mg/L of total 



	   22	  

nitrogen content. The aim of the restriction is to minimize concern of nitrate 

contamination in the environment via leeching (adeq.gov). Table 1 shows a list of classes 

of reclaimed water and their requirements for the state of Arizona. For the current study, 

only class A and A+ were monitored. 

Regulated Contaminants 

Physical Parameters 

 

The effects of physical parameters (e.g., pH, color, temperature, and particulate matter) 

are well known and the recommended limits have been established for many of these 

constituents. The effectiveness of any treatment plant should consider these factors that 

are important in determining microbial quality in reclaimed systems (AWWA 2005) 

Chemical Parameters 

 

Most states, including the State of Arizona, regulate the chemical quality of reclaimed 

water using Biological Oxygen Demand (BOD), nitrate, and turbidity as standards. 

However, there is a need to find a universal predictive tool that can reveal the presence of 

some low-level health significant chemical that may result in acute or chronic disease 

(Asano 2007). Elevated salinity levels in reclaimed water used for irrigation can damage 

landscape plant and crops; this could be directly through damage from chlorides on the 

plant or indirectly via salinization of soils. 

Statistical analysis of water quality parameters conducted by Haas et al. (1983) to 

compare microbial and physic-chemical data and determine if microbial variations were 
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related to physico-chemical parameters. They documented after 18 months that (1) total 

organic carbon (TOC) was not an important parameter in monitoring microbial 

populations, (2) that there was no consistent relationship between residual chlorine and 

microbial densities, and (3) that total coliform variations were not observed to be related 

to physico –chemical parameters (AWWA 2005).  

 

Unregulated Contaminants 

 

Koplin et al., (2002) reported that even following tertiary treatment, not all 

contaminants are removed via standard treatment although they might meet the required 

regulatory standards. These include emerging chemical contaminants such as steroids, 

hormones, drugs, diagnostic products, antiseptics, and personal care products (PCP). 

Little information is available with regards to the transport, occurrence, and fate of many 

synthetic organic chemicals within wastewater, particularly hormonal active chemicals 

(NRC 1999). The potential health hazard derived from either exposure to or consumption 

of these contaminants is still not well understood, but the exotoxological effect on human 

health is potentially a concern (Calderon-Preciado et al 2011). Fent et al. (2006) and 

Jjemba (2008) reported that there is evidence to show that the occurrence of some of 

these compounds in small quantities can lead to chronic health effects especially when a 

possible synergistic effect, of pharmaceutical mixtures can occur.  

Biological Parameters 
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The aim of biological treatment is to reduce biological oxygen demand (BOD). Despite 

the rigorous treatment process (primary, secondary and tertiary) that wastewater is 

exposed to, some of the pathogens do survive and can be aerosolized during irrigation 

which may be transported to areas allowing public exposure. Exposure to the pathogens 

in reclaimed water could be via consumption of food crops irrigated with reclaimed 

water, contamination of potable water with reclaimed water or inhalation via aerosols 

during irrigation (Yates 1997).  

Crook and Surampalli (1996) and USEPA (1992) both reported that the quality of 

discharged wastewater effluent is evaluated based on the concentration of fecal coliform 

bacteria.. Waterborne pathogens by definition are infectious agents found in warm 

blooded animal feces that are responsible for disease via the fecal oral route, or including 

the ingestion of contaminated water (Pepper et al., 2006). Examples of waterborne 

pathogens include Vibrio, Salmonella, and Giardia and Cryptosporidium... Water-based 

pathogens are organisms that grow, metabolize and spend part of their life cycle in water 

(Pepper et al., 2006). These are often opportunistic pathogens and are not currently 

monitored since they are not listed under the state’s regulations. Host- parasite 

relationships exist for some organisms in this group, which enhances their survival in the 

environment. The high organic matter present in reclaimed water supports their growth.. 

For this study, the following water-based pathogens were monitored: Aeromonas, 

Mycobacteria, Legionella and Amoeba. While, microbial indicators; total coliforms, 

Enterococcus and Escherichia coli were also monitored. 

Reclaimed Water Quality Management 
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Reclaimed Water Distribution System 

The quality of reclaimed water produced at the treatment plant is usually under scrutiny, 

as this is the point of compliance for the state’s regulations and guidelines. However, the 

quality of water can deteriorate along the distribution system pipelines following 

treatment but prior to its end use. Studies have shown that the regrowth of 

microorganisms, rapid dissipation of disinfectant residual, and increased concentration of 

biodegradable organic carbon allow for the growth of opportunistic microorganisms. 

(Weinrich et al. 2010, Narasimham et al., 2005; Ryu et al. 2005). It is critical to maintain 

each facility’s process control and disinfection procedures so that irregularities with these 

have a tendency to enhance microbial growth. The presence of large populations of 

microorganisms in reclaimed water has resulted in the need to super-chlorinate in order to 

meet the required reclaimed water quality at the point of compliance (Weinrich et 

al.2010; Narasimham et al., 2005). This in turn can lead to fluctuations in quality of 

water along the distribution systems prior to its end use. Liu et al. (2002) reported that 

high chlorine residual does not always completely eliminate bacterial growth. The 

presence of organic matter in the distribution system promotes bacterial regrowth and 

consequently leads to deterioration of water quality.  It can also decrease the 

effectiveness of the chlorine while promoting disinfection by-products. Bacterial 

regrowth between the point of compliance and point of use is one of the main concerns of 

water quality to water experts. The type and duration of storage and if there is an open or 

closed reservoir can impact the quality of reclaimed water as photosynthesis can occur 
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with the presence of algae by fixing available carbon (van der Kooij et al., 1982; 

Weinrich et al., 2009; Jjemba et al., 2010). 

 

Reclaimed Water Storage 

 

Most states do not have requirements or regulations for the storage of reclaimed water; 

however, at times, excess reclaimed water must be stored when quantities available 

exceed the amount needed for targeted use.  In 2002, Xu et al. (1995) documented the use 

of tertiary lagoons as a means of storing wastewater to meet peak, seasonal, or long-term 

need and to provide reliable irrigation supplies. Reservoirs may be used to store water for 

a few days or even months (Wilenson et al., 2002). The need to store reclaimed water is 

based on a number of factors; climate conditions, geographic locations, and site 

conditions (Asano 2007). Storage of reclaimed water could be either long term or short 

term, where short term is defined as one day to a week. Short term storage is used 

typically for landscape and agricultural irrigation, while long term storage is used for 

seasonal storage of recycled water during the winter to meet irrigation demand in the 

warmer months (Lazarova and Bahri 2004). Prolonged residence time of reclaimed water 

during storage or in the distribution system has been shown to cause regrowth of 

microorganisms, nitrification, and odor problem (USEPA 2002), and eventually leads to 

degradation of water quality (Narasimhan et al., 2005). Lazarova (2004) however, stated 

that significant physicochemical and biological improvement may occur during long term 

storage (Lazarova 2004). Regulations have been implemented to monitor the storage of 
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reclaimed water over time and these regulations vary from state to state. For example, 

Florida requires a minimum of three days storage volume while South Dakota requires a 

storage volume of 210 days depending on the cooler temperatures and lower irrigation 

required in the winter. 

The quality of reclaimed water also varies depending on its intended use, as 

reclaimed water for non-restricted recreational impoundments should not contain toxic 

chemicals that are harmful to public health in case of accidental splash to the eyes or 

ingestion. Clarity of reclaimed water also add to recreational enjoyment and visual 

appeal, however, absence of microbiological pathogens and heavy metal are important 

for recreational impoundments where fishing and boating are allowed as this might 

impact the quality of fish which will ultimately affect public health (Asano 2007). 

The use of open ponds as reservoirs for seasonal storage is a cost effective means 

of retaining large volumes of reclaimed water as documented by the USEPA in 1992. 

However, it was reported that this type of storage results in water quality degradation. 

The growth of algae is the most common problem in any exposed water body but due to 

the increased levels of nutrients in reclaimed water, this process is accelerated which in 

turn makes such water unable to meet water quality criteria (USEPA 1992). Utility B, one 

of the reclamation facilities taking part in this current study employs this means of 

storage of reclaimed water to meet seasonal variation and demand. 

Closed reservoirs can also be used for storage. Lazarova and Bahri (2004), discussed the 

main advantages of closed reservoirs as the reduced potential for algal growth, and 



	   28	  

prevention of contamination from birds, and other animals, and run off. Utility A, another 

utility involved in this current study utilizes closed storage systems. 

Alternative Disposal Facilities 

Despite the beneficial uses of reclaimed water, supply usually exceeds demand. 

Therefore, there is a need to find alternative ways of disposing available excess reclaimed 

water. This could be in the form of land application, injection wells, or surface water 

discharge. 

The main aim of land application of reclaimed water is to avoid hazardous impact 

to groundwater due to the presence of nutrients and toxic compounds that could be 

present during application. Allhands and Overman in 1989 reported that the application 

of reclaimed water for agriculture does not have significant detrimental impacts on crops. 

Agassi et al 2003 stated that from an environmental perspective, irrigation of crops is an 

efficient disposal system.  

Injection Wells transport reclaimed water into subsurface formations for future 

use as groundwater recharge. Under suitable conditions, reclaimed water produced in 

excess can be stored in aquifers for future reuse. The use of injection wells can result in 

the migration of reclaimed water either horizontal or vertically into near-by surface water 

thus causing contamination. 

 The use of surface water discharge is beneficial especially during seasonal variations. 

This is because during the wet seasons, surface waters are better able to assimilate the 

nutrients present in reclaimed water as opposed to the warmer months. This is beneficial 
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because the demand for reclaimed water is low during the wet season, thus excess can be 

stored without causing detrimental effect on water quality (USEPA, 2004). 

 

 

Water Reuse Applications 

 

Advancements in water reclamation technologies allows for the provision of any quality 

of reclaimed water to be produced and used for non-potable uses (Asano 2007). 

Wastewater reuse has a long history of application primarily in agriculture and still 

consumes the bulk of reuse volume and is expected to increase, especially in developing 

countries as documented by UNEP (2002a). Reclaimed water can be used for a variety of 

non-potable uses, which has been well documented (Asano 1996; AWWA 2005; USEPA, 

2002; AWWA and WEF 2000). These include urban, industrial, and agricultural reuse, 

environmental and recreation, groundwater recharge, and augmentation of water supplies. 

There are several reasons for reusing reclaimed water including opportunity, need, 

conservation, public policy, and pollution abatement (USGA, 1994). 

In the U.S, most of the wastewater produced is at least treated to the secondary 

process and disinfected. In California, the effluent can be used for irrigation of urban sites 

with restricted public access such as golf course or cemeteries (Hermanowicz et al, 

2001). Landscape irrigation provides an ecosystem that supports animal and vegetal 

species in areas that suffer from water scarcity. Also, fire protection, construction, 

ornamental fountains, recreational impoundments, and in-building uses would save 
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scarce water resources (Meneses et al; 2010). The replacement of fertilizers with 

reclaimed water for irrigation of crops would benefit edible crops due to the high nutrient 

content present in reclaimed water. This reduces dependence on fertilizer requirements, 

which in turn saves energy consumption and reduces environmental impact (Meneses et 

al; 2010). With increased agricultural activities it is paramount to protect natural 

ecosystem with non-sustainable forms of human use (Verhoeven and Setter 2010). 

Asano and Cotruvo (2004) and Metcalf and Eddy (1991) highlighted the 

advantages of groundwater recharge and including lower cost, advantages of 

underground storage, and the aesthetic benefits as a result of transition between reclaimed 

municipal wastewater and groundwater. The aquifer can function as subsurface storage 

and a conveyance system without pipelines providing lateral movement. Concerns about 

reclaimed water quality in any storage system either surface or aquifer discharge are well 

documented by the AWWA (2008). The aim of indirect aquifer recharge is to provide 

further treatment for future reuse, to augment potable or non potable aquifers, to provide 

storage of reclaimed water for reuse, and control or prevent ground subsidence. 

 Reclaimed water reuse has expanded internationally. Asano et al. (1996) documented 

that contrary to arid and semi-arid regions of the world where agricultural and landscape 

irrigation are the major beneficial use of reclaimed water, the reuse of wastewater in 

Japan is for various non-potable urban reuse such as toilet flushing, industrial use, stream 

restoration and flow augmentation to create urban amenities. 
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DISSERTATION FORMAT 

 

The appendices of this dissertation report the findings of two studies undertaken by the 

candidate: 1) Effect of Residence Time on Chemical and Microbial Quality of Reclaimed 

Water in Distribution Systems. 2) Characterizing the Effects of Storage and Water Age 

on Reclaimed Water. A literature review related to the candidate’s research is also 

included. This dissertation format offers the advantage of including material ready for 

submission to peer- reviewed scientific journals (Appendices A and B). 

 The dissertation author was in part responsible for the research presented in the 

manuscripts in appendices A and B. 
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PRESENT STUDY 

 

The objective of the present study was to evaluate the chemical and microbial quality of 

reclaimed water in urban infrastructures. This involved the evaluation of residence time 

of reclaimed water in distribution systems as well as the characterization of chemical and 

microbial quality of reclaimed water in storage systems. 

 The methods, results and conclusions of this study are presented in the manuscripts 

appended to this dissertation. The following is a summary of the most important findings: 

 The manuscript entitled, “Effect of Residence Time on Chemical and Microbial Quality 

of Reclaimed Water in Distribution Systems” is found in Appendix A.  This study was 

conducted to evaluate the presence of water-based pathogens and microbial indicators in 

reclaimed water distribution systems. Two wastewater reclamation facilities located in 

Southern Arizona were monitored for 15 months and evaluated for physical, chemical 

and microbial parameters. The two systems differ in geographic location, age of the plant, 

and treatment and disinfection means. Utility A utilizes chlorine as a means of 

disinfection and utility B utilizes ultraviolet light. In both systems, microbial 

concentrations increased with distance from the point of compliance. This is related to the 

residence time as this is the time it takes a liter of water to travel from the point of 

compliance to the point of use (USEPA, 2002). However, in Utility A, re-chlorination at 

a booster station further reduced the microbial numbers, indicating that maintenance of 
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disinfectant residual will minimize the occurrence or prevent regrowth of 

microorganisms. This implies that the microbial quality of recycled water following 

treatment is not necessarily the same as the quality delivered to the end users. Also, the 

microbial indicators monitored did not show a relationship with the incidence of water-

based pathogens concentration therefore suggesting a need for new indicators. 

The manuscript, “Characterizing the Effect of Storage and Water Age on 

Reclaimed Water” is found in Appendix B. The aim of this study was to evaluate the 

effect of static conditions and storage of two classes of reclaimed water (Class A and 

Class A+) over time. This is because irrigation is less in the winter. A bench scale study 

was conducted to determine a sampling regime for the subsequent field studies (Phase I 

and Phase II). Heterotrophic plate count, Aeromonas, and the microbial indicators 

Escherichia coli, enterococcus and total coliforms were monitored. Physical and, 

chemical parameters were also monitored. Chlorine dissipation was rapid, and the 

chemical and microbial quality of the stored reclaimed water changed over time. 

Microbial indicator organisms were low in concentration and Escherichia coli was rarely 

detected during the course of the study. 
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Abstract 

 

This study assesses the effect of residence time on the chemical and microbial quality of 

reclaimed water in two distribution systems located in southern Arizona. Utility A 

produced Class A water and utilized chlorine as a means of disinfection whereas Utility B 

produced Class A+ water and utilized UV radiation. This study was conducted over 15 

months and consisted of periodic sampling of reclaimed water at defined points within 

the distribution systems, which provided samples with differing residence times.  

Microbial assays focused on heterotrophic plate count bacteria (HPC), indicator bacteria 

and water-based pathogens. In addition, the samples were analyzed for several physico-

chemical parameters. Seasonal distribution of microorganisms in both distribution 

systems showed no statistically significant differences among the microorganisms 

monitored (P ≤ 0.05). The water-based pathogens were consistently detected in the 

distribution systems of both utilities beyond the point of compliance. Microbial indicators 

like Escherichia coli and Enterococcus were only occasionally detected at ~1 Log10 

/100mL, and E.coli was only detected in Utility B suggesting that treatment effectively 

eliminated waterborne pathogens. Amoebic activity was detected in one-third of all the 

samples from both utilities. HPC concentration in samples from both utilities initially 

increased rapidly with increased distance from the point-of-compliance, and 

concentrations were as high as 109 CFU/100 ml. Following the initial increase, 

concentrations remained relatively constant, suggesting that a maintenance population at 

a pseudo-equilibrium had been reached based on available carbon resources.  
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1. Introduction 

 

Increased demand for water resources due to rapid globalization, population growth, 

changing precipitation patterns, and decreased per capita use of water to meet higher 

standards of living has made water reuse a significant global concern. Reclaimed water 

can be defined as domestic wastewater that has undergone a combination of physical, 

chemical, and biological treatments in engineered systems that utilize wastewater 

treatment technologies to remove suspended solids, dissolved solids, organic matter, 

nutrients, metals, and pathogens (Jjemba et al., 2010). In recent years, improved 

wastewater treatments provide treated effluent of such quality that it can be put to 

beneficial reuse. To date, there are no federal regulations governing the use and quality of 

non-potable reclaimed water in the United States. Individual states are responsible for the 

development and implementation of water reuse criteria; however, the United States 

Environmental Protection Agency (USEPA) has published this information in the 

Guidelines for Water Reuse (USEPA, 1992; Tanaka et al., 1998; USEPA, 2004) 

Residence time is a major factor in water quality deterioration due to interactions 

within the pipe wall and reactions within the bulk water itself. These reactions can be 

chemical, physical, or aesthetic transformations as the water travels along the distribution 

system impacting the quality of water prior to end use (USEPA, 2002). Residence time or 

water age is primarily a function of water demand, system operation, and system design. 

This implies that as the demand for water increases, the amount of time a given liter of 
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water is resident in the distribution system decreases.  The use of reclaimed water on-site 

or through separate distribution systems will increase water age if other conditions are 

constant (USEPA, 2002). The importance of water age is therefore a significant driver for 

water quality conditions and varies from system to system. However, increased concerns 

about the quality of reclaimed water at the point of use could be due to source water 

quality, treatment processes, or distribution network operation and maintenance 

(Geldreich, 1996). Similar problems have been noted in potable distribution networks and 

within reclaimed water distribution networks. Increased organic and high nutrient levels 

present in reclaimed water provide an environment suitable for bacterial regrowth and 

activities including nitrification (Narasimhan et al., 2005).  This can result in the rapid 

consumption of chlorine, thus creating an environment conducive for bacterial growth 

(Ryu et al., 2005). Maintaining disinfectant residual throughout a distribution system 

helps to control bacterial population (Narasimham et al., 2005). 

Concern about the microbial concentrations present in reclaimed water has limited 

its use over the years. This is due to the presence of a wide variety of pathogens that may 

be present in wastewater (Bitton 1999; Asano et al., 1992; Jolis et al., 1999; Rose et al., 

1996; Yanko 1993) that creates a potential hazard to public health due to various routes 

of exposures including the consumption of food crops irrigated with reclaimed water and 

exposure to aerosols generated during spray irrigation with reclaimed water (Yates, 

1997).  In 1990, Stewart reported that after tertiary treatment including disinfection, total 

microbial pathogens are not completely eradicated; however, Mancino and Pepper (1997) 

documented that the possibility of human disease occurring through the use of treated 
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wastewater for turf grass irrigation is low, hence microbial water quality and bacterial 

regrowth in reclaimed water needs to be considered (Ryu et al., 2005). Despite this, the 

applications of reclaimed water are numerous and include; landscape and recreational 

ground irrigations, agricultural crop irrigation, commercial uses (air conditioning, vehicle 

washing) industrial process (boiler feed water, process water), toilet flushing in 

commercial, industrial and residential building, water features like fountains and 

reflecting ponds, constructive activities (concrete mixing and dust control), firefighting, 

and preserving stream flows (Narasimhan et al., 2005). 

There is increased interest on microbial surveillance in reclaimed water 

distribution systems for bacterial growth and regrowth. It has been well documented that 

the presence of suspended bacterial counts in distribution systems is a result of biofilm 

cell detachment rather than growth of organisms in water. As a result of increased interest 

in water reuse initiatives and water recycling technology, it is paramount to gather data to 

assist in water quality assessments (Birks et al., 2004). The present study investigates the 

influence of residence time on chemical and microbial water quality of reclaimed water 

in the distribution systems of two wastewater reclamation facilities, which utilize 

different methods of treatment and disinfection.  
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2. Methods 

 

Water Quality Monitoring: site description and sampling strategy 

 

 

The distribution system of two Wastewater Reclamation Facilities (WWRF) located in 

semi-arid Southwestern Arizona were sampled monthly over a 15-month period from 

November 2009 to February 2011. At both facilities, samples were collected from the 

point-of-compliance (POC) (at the plant directly after disinfection) and at strategic 

distances along the distribution system. The distance between sampling locations varied 

for each reclamation facility due to the differences in the length and design of each 

distribution system.  Utility A has over 100 miles of pipelines that supplies reclaimed 

water to golf courses, parks, and schools for irrigation; however, only about 25 miles 

were monitored in this study.  The distribution pipelines in Utility B cover a distance of 

approximately eight miles. Five sampling locations were analyzed long this stretch. 

Sample Collection 

 

Samples were collected and analyzed for physico-chemical characteristics such as pH, 

temperature, and total chlorine by the utilities. Samples for bacterial analyses were 

collected in sterile 1L polypropylene wide mouth Nalgene bottles (Nalge Nunc 

Corporation, Rochester, NY). A volume one ml of sterile 10% sodium thiosulfate was 

added to the polypropylene bottles prior to sampling to neutralize residual chlorine. The 
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bottles were filled to the top precluding headspace according to Standard Method 9060A 

(APHA et al., 2005). Samples were transported on ice in a cooler to the laboratory within 

12 hours for analyses with the exception of samples for amoebic activity that were 

transported at room temperature. 

Bacterial Analyses 

 

Samples were analyzed for Aeromonas, heterotrophic plate count bacteria (HPC), total 

coliforms, Enterococcus, Escherichia coli, Legionella, and Mycobacterium. 

Total coliforms, E.coli, and Enterococcus were identified using defined substrate 

technology, colilert and enterolert systems (IDEXX laboratories, Westbrook ME, USA). 

In both systems a packet of substrate powder is added to 100 ml of sample and shaken to 

dissolve. The sample is then poured into a sterile quantitation tray and is mechanically 

sealed with heat using a quanti-tray sealer and the tray is then incubated at 37°C for 

colilert and 41°C for enterolert. The quanti- tray (a 51-well tray designed for bacterial 

enumeration) is a colometric method for the detection and enumeration of coliforms and 

E.coli with a maximum counting range of 200/100ml without dilution. The number of 

positive wells (bright yellow wells for coliforms, fluorescent blue for E.coli and 

Enterococcus) are counted and referred to a table to obtain a Most Probable Number 

(MPN) per 100ml. For E. coli, only fluorescent wells after exposure to 365 nm UV light 

with prior incubation at 35° ± 0.5°C for 25 ± 2 hours are considered positive. For the 

Enterolert system, fluorescent wells were only counted after incubation at 41 ± 0.2°C for 

18-24 h and exposure to UV light at 365 nm.  
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Heterotrophic bacteria were enumerated using the spread plate method according 

to the Standard Method 9215C (APHA et al., 2005). Serial dilutions (0.1 ml volumes  

were spread on pre-dried R2A agar plates and incubated for 7 days at 27°C. Bacteria 

were enumerated after seven days and recorded as colony forming units/100 ml. 

Aeromonas measurement was both qualitative and quantitative using ampicillin dextrin 

agar (ADA) (Havelaar et al., 1987). Serial volumes of 100 ml, 10 ml, 1 ml and 0.1 ml 

were filtered through a 0.45 µm pore size filters (Millipore Corporation, Bedford, MA) as 

outlined in EPA Method 1605 (EPA, 2001). The genera of the colonies were identified 

using API 20NE (Biomerieux, Durham, NC) tests. The API 20NE is used to confirm and 

identify the presence of non-Enterobacteriaceae in reclaimed water samples according to 

the manufacturer’s instructions. 

Samples for Legionella were analyzed according to Standard Method 9260 J (APHA et 

al., 2005). Briefly, the samples were spread on BCYE agar (Becton, Dickinson and 

diagnostics, MD, USA) with Legionella supplements (cysteine). A portion of the sample 

was treated with acid, incubated for 15 minutes, neutralized, and spread on BCYE agar. 

Plates were incubated for up to 7 days and colonies enumerated.  Presumptive Legionella 

colonies were streaked on BCYE agar without cysteine and no growth indicated a 

positive Legionella colony.  

Samples for Mycobacteria were analyzed according to Standard Method 9260 M 

(APHA et al., 2005). Briefly, 250 ml samples were treated with 10 ml of 0.04% 

cetylpridinium chloride (CPC) and incubated for 24 hours at room temperature, filtered 

and grown on Middlebrook 7H10 agar plates containing OADC enrichment, glycerol, 
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sodium propionate, and a 5ml antibiotic cocktail suspension containing 0.25g of nalidixic 

acid, 250000units of penicillin and 500,000units of nyastatin (to reduce fungal growth). 

Presumptive colonies were confirmed by acid-fast staining. 

Water Quality Analyses 

The two reclamation facilities being studied differed by age, geographic location, means 

of treatment, disinfection and quality of water produced as shown in Table 1.The Arizona 

Department of Environmental Quality (ADEQ) has established five classes of reclaimed 

water (Table 2). Utility A produces Class A water and is an older facility of 

approximately 25 years of age and utilizes chlorine as a means of disinfection. Utility A 

is authorized to operate a tertiary treatment wastewater treatment facility plant (WWTP) 

consisting of an effluent booster station, a 10 million gallon per day (MGD) tertiary 

filtration plant, a chlorine contact chamber, and a reclaimed chlorine booster station. 

Utility B produces Class A+ reclaimed water, is about 6 years of age, and uses ultraviolet 

light as a means of disinfection. The chemical qualities of both types of reclaimed water 

studied have been summarized in Table 3 and 4. 

The major difference in reclaimed water quality class between Class A+ and Class 

A reclaimed water is the nitrogen content. ADEQ requires that Class A+ has a total 

nitrogen concentration of less than 10 mg/L and can be used for any type of direct reuse. 

Class A on the other hand has no such nitrogen requirement and can be used for any type 

of direct reuse except those that require Class A+ such as irrigation of food crops, 

residential, school ground and open access landscape irrigation, and toilet and urinal 

flushing. 
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3. Results 

 

The chemical water quality data was summarized using mean and standard deviation for 

both utilities. Mean values of physico-chemical parameters were calculated at each of the 

sampling sites based on seasonal variation (Tables 5 and 6) for each distribution system. 

Seasonality was grouped as follows: Summer (June - August), Spring (March- May), Fall 

(September - November), and Winter (December - February). Mean temperatures were 

highest in the summer and lowest in the winter for both utilities.  

Stability of Chlorine  

 

In Utility A, total chlorine levels dissipated rapidly with increased distance away from the 

point of compliance (POC) and more rapidly during the summer. A chlorine booster is 

located within the distribution system 11.74 miles away from the plant.  This results in 

increased total chlorine at that location of 0.7 mg/L.  Total chlorine levels in Utility A 

decreased starting with an average of 3.9 mg/L at the source to point 0.7mg/L at the 

booster station, to 0.1 mg/L at the furtherest end of the sampling location within the 

distribution system (Table 5). As a result, the total chlorine level was not consistently 

maintained throughout the distribution system.  

Utility B had no disinfectant residual due to the use of ultraviolet light as the 

means of disinfection; however a chlorine injection pump was installed in the fall and 

winter without the knowledge of the investigators and was therefore not measured. This 

implies combined use of disinfectants in Utility B. 
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Physico-chemical Parameters 

 

Average turbidity levels over the four seasons were typically less than 2 nephelometric 

turbidity units (NTU) as required by the ADEQ guidelines for reclaimed water 

distribution systems. Turbidity is usually low for reclaimed waters. The maximum mean 

value was 2.4 NTU at 9.11 miles from the POC in Utility A (Table 5) and 3.2 NTU in 

Utility B (Table 4) at 2.47 miles away from the recycling plant depending on the season.  

The average pH of reclaimed water in both distribution systems were generally neutral to 

slightly alkaline; pH levels were within the neutral range in Utility A, while pH in Utility 

B was slightly alkaline as shown in Table 5and 6.  

 

Presence of Microorganisms 

 

For both distribution systems, the effects of seasonality on the microorganisms were 

monitored. In Utility A, HPCs were highest in the fall (108 Log10/100 ml), E. coli was not 

detected during any of the seasons, and Enterococci were detected in very low 

concentrations (<1 Log10 /100 ml) in the summer and fall. Aeromonas and Legionella 

concentration were highest in the summer (~3 Log10 /100 ml and 4 Log10 /100 ml 

respectively). Mycobacterium concentrations were maintained at ~2 Log10 /100 ml all 

throughout all seasons (Figure 1). In the spring, microorganisms monitored were lowest 

except for Mycobacterium (Figure 1). Nevertheless, despite some of these differences, 
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there were no statistical significant differences between the microorganisms monitored in 

relation to seasonality (P > 0.05). 

            Mean values of water-based microorganisms (Aeromonas, Legionella, and 

Mycobacterium) in relation to distance travelled were used to estimate water age. At 

11.74 miles away from the recycling plant in Utility A (booster station), Aeromonas 

concentration were the lowest, (<1 Log10 /100 ml) but a 2 log increase was observed prior 

to and after this location. Similar effects of the chlorine level were observed for both 

Mycobacteria and Legionella (Figure 3). 

              At the origin, booster station, and ~2 miles away from the booster station, E. coli 

and Enterococci were not detected but with increased residence time/ loss of disinfectant 

level these microbial indicators were found at a concentration of < 1 Log10 /100 ml. HPC 

concentrations remained stable at 108 Log10 /100 ml, but decreased by 2 logs at the 

booster station before reaching a pseudo-equilibrium (Figure 4). In Utility B, HPC were 

as high as 108 Log10 /100 ml. Similar to Utility A, E. coli and Enterococci were detected 

in low concentration of < 1 Log10 /100 ml. Aeromonas, and Legionella concentrations 

were as high as 3 Log10 /100 ml irrespective of the season. Mycobacteria, however, were 

highest in the spring (2 Log10 /100 ml) (Figure 2). However, there were no statistically 

significant differences between the microorganisms due to seasonality (P> 0.05). The 

water-based pathogen concentrations were ~2 Log10 /100 ml at the origin but increased 

with distance from the origin (Figure 5). A steady increase was also observed with 

Aeromonas concentration as reclaimed water travelled through the distribution system. 

Higher concentrations of microbial indicators were observed in the distribution system of 
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Utility B than Utility A.  Enterococci concentrations were as high as 1 Log10 /100 ml after 

0.55 miles away from the origin, but were lower than that measured at the origin. (Figure 

6). 

Figure 7 shows the average monthly distribution of the amoebic activity in the 

reclaimed water distribution systems of both utilities. In October, amoebic activity was 

not detected. In May and July 60 percent of the samples tested positive and ~20 percent 

of the samples tested positive in August and December. In April, the presence of 

amoebae was highest (~70 percent positive) and lowest in September (~10 percent) of the 

samples were positive in Utility B. Table 7 shows the percentage of samples that tested 

positive for Amoeba in both utilities. 

Pearson correlation was used to determine if a there was a relationship between 

any of the parameters monitored. The relationship is strong if r (-1 - 0.9), weak, if r = 0.6 

and there is little or no relationship if r (0 – 0.6). In Utility A, stronger negative 

correlations were more prominent, Total chlorine and HPC (r = -0.8) in the winter, 

Mycobacterium and Legionella ( r = -0.8) in the fall, while in the summer HPC and 

Legionella (r = 0.8). However, in Utility B in the Fall, a strong positive correlation 

existed between E.coli and Legionella (r =0.8), E.coli and Aeromonas (r = 0.8), and 

Aeromonas and HPCs (r = 0.8), E.coli and Mycobacterium (r = 0.7), HPC and Legionella 

(r = 0.8), Aeromonas and Legionella (0.9) in the Fall. In the Winter, HPCs and Legionella 

were strongly correlated (r = 0.9), Aeromonas and Legionella (r =0.9), and Aeromonas 

and HPC (r= 0.8).  In the spring, Legionella and Mycobacterium (r = 0.8), HPC and 

Legionella (r = 0.9), Aeromonas and Legionella (r = 0.9), Aeromonas and HPC (r = 0.9). 
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In the Summer Enteroccocus and E. coli (r = 0.9), HPCs and E.coli (r = 0.7), Aeromonas 

and Mycobacterium (r = 0.7).   

 

4. Discussion 

 

Guidelines for class A and class A+ water in Arizona require an average turbidity of no 

greater than 2 NTU (USEPA 2004). Reclaimed water samples collected at varying 

distances along the distribution systems met this criterion in both utilities. However, at a 

distance of 11.61 miles in Utility A and at 0.55 miles in Utility B, turbidity levels were 

twice the required guideline but less than the maximum required limit of <5 mg/L. The 

required pH levels for class A and class A+ reclaimed water is a range of pH 6-9. The 

reclaimed waters in both utilities were within this range. In Utility A, the water was fairly 

neutral throughout the study, while in Utility B, the water was slightly alkaline therefore 

meeting stipulated requirements. Rates of chemical reactions and biological activity in 

the distribution system depend on factors such as water temperature  (Heraud et al., 

1997), which is prone to seasonal variability; chlorine concentration may also decline at 

different rates depending on the season (Egorov et al., 2002). Loss of chlorine 

disinfectant in Utility A was accompanied by an increase in the level of HPC bacteria, 

indicating a need to maintain a sufficient and consistent disinfectant level to control such 

populations. Rapid disinfectant loss may in part have been due to the presence of organic 

carbon within the distribution system. It has been well documented that the concentration 

of chlorine in distribution systems dissipates rapidly due to chemical reactions in the 
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water and interactions with interior pipe surfaces (Ford, 1993; Heraud et al., 1997; Piriou 

et al., 1997). Interestingly, following regrowth, HPC levels remained fairly consistent, 

indicating that the population attained an equilibrium level due to the amount of 

bioavailable carbon that may be present. 

             There was no statistical significant difference between the levels of 

microorganisms monitored between different seasons (P > 0.05). However, microbial 

concentrations were lower in Utility A than in Utility B. This is likely attributed to the 

effect of chlorine present in Utility A’s distribution system.  

          Increased research on the fate of microbial pathogens is needed due to increased 

exposure to reclaimed water during application (Rose et al., 1996). Increases in bacterial 

levels in distribution systems have been reported (Jjemba et al., 2010). This has been 

attributed to a loss of residual disinfectant in the distribution system. Microbial quality of 

water is a reflection of those organisms introduced in source waters, modified in 

composition through treatment processes, and colonized in the distribution system 

(Geldreich, 1996). Several studies have reported Log10 reductions in microbial indicators. 

This is because organisms and pathogens are reduced in concentrations by 2 - 3 orders of 

magnitude with initial high concentrations being reduced due to disinfectants levels 

(Rose et al., 1996; Rose et al., 2001, Harwood et al., 2005). This is consistent with this 

study, microbial reductions were observed at the booster station where re-chlorination 

occurred in Utility A (Figure 3 and Figure 4). E. coli and Enterococcus were found more 

frequently in Utility B than Utility A, suggesting the effectiveness of chlorine for 

microbial indicators over UV.  The low concentration of microbial indicators in Utility B 
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could be partially attributed can be attributed to the introduction of a chlorine injection 

pump at the facility unknown to the investigators. Nevertheless, indicator organisms 

occurred less frequently than water-based pathogens (Mycobacterium, Aeromonas, and 

Legionella), which were consistently found regardless of the type of disinfectant used. 

Water-based pathogen regrowth was higher in both utilities than the indicator bacteria. 

Bacterial regrowth is undesirable as it may cause odor and aesthetic problems in 

reclaimed water, leading to degradation of the water quality in the distribution system 

(Jjemba et al., 2010). In Utility B, Aeromonas seemed to have a positive correlations with 

water-based pathogens thus suggesting that Aeromonas will serve as a source of nutrient 

to these organisms and thus if controlled can eliminate water-based pathogens and can be 

suggested as a microbial indicator.  

An average of 29% of the samples collected tested positive for amoebic activity in 

both distribution systems regardless of the type of disinfected used Water-based 

pathogens particularly Mycobacterium and Legionella, have been associated with ciliated 

amoeba.  

The most studied free-living amoeba (FLA) - resistant bacterium is Legionella, 

which is known to survive, and even reproduce within amoebae, including Naegleria 

(Declerk et al., 2007; Greub and Raoult, 2003). Amoebas are known to cause serious 

diseases and are found in natural and engineered aqueous environments (Hsu et al., 2009; 

Morio et al., 2008). Huang and Hsu (2010) documented a symbiotic relationship between 

Legionella and amoebae particularly Naegleria.  The primary route of infection for the 

disease Legionellosis caused by Legionella is via inhalation (Pastoris et al. 1997) and 
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epidemiologic evidence is convincing that water aerosols from evaporative condensers, 

cooling towers, spas, and public water fountains have been implicated in Legionellosis 

(Rusin et al. 2003) 

               Mycobacterium, is widely studied due to its high level of resistance to most 

chemical disinfectants in water treatment processes and the fact that it can tolerate wide 

temperature and pH ranges in distribution systems (Taylor et al., 2000; September et al., 

2007). This is due in large part to the presence of the mycolic cell wall coupled to a 

symbiotic relationship with amoebae. 

5. Conclusions 

 

The number of indicator organisms found increased during the early residence period 

within the system. Beyond this initial increase, microbial numbers remained relatively 

constant, suggesting that maintenance populations become established with growth 

and cell death compensating each other. Water-based pathogens were detected in both 

systems and concentrations slightly increased with distance (water age), indicating 

growth of the organisms. Microbial indicator concentrations were low and E. coli was 

rarely detected. Control of pathogens is of importance even though reclaimed water 

may meet microbiological standards set for drinking water (e.g., no detectable E. 

coli/100ml). The microbial concentrations are usually high in reclaimed water 

because it is derived from municipal wastewater that contains high levels of 

pathogens; therefore, typical microbial indicators are not sufficient to suggest the 

presence of water-based pathogens (Asano and Cotruvo 2004). This suggests the need 
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for new indicators of water-based pathogens in reclaimed water. Re-chlorination of 

the distribution system reduced the concentrations of both pathogens and indicators. 

Although some die-off occurred, rapid dissipation of chlorine proved problematic and 

allowed for growth and regrowth of pathogens and indicators. Amoebic activity was 

detected in approximately one third of all samples from systems tested, indicating the 

ineffectiveness of disinfectant at both utilities. Amoebas did not correlate with any of 

the waterborne microbial indicators as well as the water-based pathogens. 
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Table 1. Facility description of wastewater reclamation facilities (WWRF)  

 

 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Facilities 

Parameters Utility A Utility B 

Population 72,7392 43,482 

Age of plant 25 years old 6 years old 

Water Quality Class Class A Class A+ 

Type of Disinfection Chlorine Ultraviolet light 
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Table 2. Classes of reclaimed water and their acceptable uses according to the Arizona 

Department of Environmental Quality 

 

	  

	  
	  
	  
	  
	  
	  
	  
	  

Water Quality 
Class 

Requirements USES 

Class A+ a. The 24-hour average turbidity is two NTU 
or less.                          

b. There are no detectable fecal coliform 
organisms.                                    

c. A+ reclaimed water has been denitrified so 
as not to exceed 10mg/L total nitrogen. 

Irrigation of food crop, 
residential, school ground and 
open access landscape irrigation, 
toilet and urinal flushing 

Class A a. The 24-hour average turbidity is two NTU 
or less.                                 

b. There are no detectable fecal coliform 
organisms.                               

c. Includes requirements for nitrogen 
management and lining of impoundments. 

Fire protection systems, Vehicle 
and equipment washing, snow 
making and spray irrigation of 
vineyard 

Class B+ a. The concentration of fecal coliform 
organisms is less than 200 CFU/100 ml.                             

b. B+ reclaimed water has been denitrified so 
as not to exceed 10 mg /L total nitrogen. 

Golf course irrigation, dust 
control, pasture for milking 
animals 

Class B a. The concentration of fecal coliform 
organisms is less than 200 CFU/100 ml.                             

b. Includes requirements for nitrogen 
management and lining of impoundments. 

Concrete and cement mixing, 
street cleaning, pasture for 
milking animals 

Class C a. The concentration of fecal coliform 
organisms less than 1000 CFU/100 ml.                           

b. Includes requirements for nitrogen 
management and lining of impoundments. 

Pasture for non-diary animals, 
livestock watering (non-diary 
animals) irrigation of seed, fiber, 
forage and similar crops 
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Table	  3.	  Water	  quality,	  Utility	  A	  

	  

Parameter   Mean ±  SD Maximum 
value 

Minimum 
value 

Alkalinity as bicarbonate, 
mg/L 180.04 ± 41.08 270 102 

Nitrate – N, mg/L 5.08 ± 1.74 11 1.2 
Nitrite – N, mg/L 1.33 ± 1.11 < 1 0.1 

Orthophosphate – P, mg/L 1.73 ± 0.69 < 0.2 0.26 
Total Phosphate as P, mg/L 1.87 ± 0.98 8.9 0.12 

Total Dissolved Solids, mg/L 684.9 ± 64.79 845 547 
Total Kjedahl Nitrogen, mg/L 5.18 ± 4.19 < 0.2 0.35 
Total Organic Carbon, mg/L 5.28 ± 1.64 9.66 0.7 

Total Organic Carbon, 
Dissolved 5.13 ± 1.55 NA 0.658 

Total Suspended Solids, mg/L 3.35 ± 4.04 < 1 1 
Bromide, mg/L 0.28 ± 0.09 < 0.1 0.11 
Chloride, mg/L 131.88 ± 16.76 241 92 
Sulfate, mg/L 153.37 ± 11.10 194 116 
Calcium,mg/L 76.30 ± 9.37 99 54 

Mg, mg/L 12.54 ± 2.69 16 7.1 
Na, mg/L 130.05 ± 19.38 210 89 
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Table	  4.	  Water	  quality,	  Utility	  B	  

	  

Parameter 
 

Mean ±  SD 
Maximum 

value 
Minimum 

value 
Alkalinity as CaCO3, mg/L 315.37 ± 28.82 360 260 

Ammonia – N, mg/L 0.64 ± 0.08 0.58 0.69 
Bicarbonate Alkalinity, mg/L 313.41± 26.98 260 370 

Nitrate – N, mg/L 4.48 ± 4.50 0.33 18 
Nitrite – N, mg/L 0.81 ± 1.13 0.20 5.5 

Orthophosphate – P, mg/L 3.43 ± 0.92 1.9 18 
Phosphate, mg/L 10.84 ± 3.59 5.5 5.9 

Phosphorus. Total – P, mg/L 3.57 ± 1.19 1.8 5.9 
Total Dissolved Solids, mg/L 1438.10 ±139.60 1100 1800 
Total Kjedahl Nitrogen, mg/L 1.44 ± 0.38 1 2.6 

Total Organic Carbon – 
Dissolved, mg/L 5.05 ± 1.20 3.8 10 
Chloride, mg/L 409.67 ± 68.85 220 480 
Sulfate, mg/L 285.56 ± 29.94 260 350 

Calcium, mg/L 87.39 ±14.52 120 71 
Mg, mg/L 476.11 ± 48.28 560 400 
Na, mg/L 61.76 ± 6.83 70 48 

Calcium, mg/L 204.67 ± 46.27 510 310 
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Table 5. Mean and Standard Deviation (SD) values of Physicochemical Parameters at 
each Sampling Location for Utility A over four seasons. 
 
Distance 
(Miles) 

Temp(°C) 
±SD 

  
 

Total Chlorine 
(mg/L) ±  SD 

pH    ±  SD Turbidity  
(NTU)	  ±  SD	  

0 24.0 ± 1.7 3.9 ± 1.6 7.5 ± 0.2 1.6	  ± 0.8	  
5.05 21.8 ± 3.8 0.7 ± 0.5 7.4 ± 0.2 1.5	  ± 0.9	  
7.19 22.3 ± 1.2 0.1 ± 0.0 7.3 ± 0.1 1.1	  ± 0.2	  
9.11 25.6 ± 0.7 0.1 ± 0.1 7.3 ± 0.0 2.4	  ± 0.2	  
9.65 25.5 ± 2.8 0.1 ± 0.0 7.2 ± 0.1 1.3	  ± 0.5	  
11.61 23.6 ± 1.9 0.1 ± 0.1 7.2 ± 0.3 1.2	  ± 4.5	  
11.65 24.9 ± 2.7 0.1 ± 0.0 7.2 ± 0.1 1.1	  ± 0.2	  
11.74 27.5 ± 2.2 0.7 ± 0.5 7.3 ± 0.2 0.4	  ± 0.2	  
14.35 25.6 ± 1.7 0.1 ± 0.1 7.2 ± 0.0 1.4	  ± 0.4	  
14.35 23.5 ± 1.0 0.3 ± 0.0 7.4 ± 0.0 1.0 	  ± 0.4	  
14.7 23.9 ± 3.1 0.2 ± 0.2 7.3 ± 0.2 1.6	  ± 0.7	  
17.26 24.2 ± 3.3 0.1 ± 0.0 7.3 ± 0.1 0.9	  ± 0.6 
18.52 22.6 ± 5.1 0.1 ± 0.0 7.3 ± 0.1 1.6	  ± 0.7	  
21.48 21.6 ± 4.4 0.1 ± 0.0 7.3 ± 0.1 0.7	  ± 0.3	  
24.71 23.8± 3.1 0.1 ± 0.0 7.2 ± 0.0 0.8	  ± 0.5	  
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Table 6. Mean and Standard deviation (SD) values of Physicochemical Parameters at 
each Sampling Location for Utility B over four seasons 
 
Distance 
(miles) 

Temp (°C) ±  SD pH ±  SD Turbidity  
(NTU) ±  SD 

0 29.3 ± 2.0 8.0 ± 0.1 2.1 ± 1.5 
0.55 29.4 ± 2.3 8.1 ± 0.1 3.0 ± 4.3 
2.12 28.5 ± 2.7 

 
8.1 ± 0.1 

 
2.0 ± 2.3 

 
2.47 29.4 ± 2.5 8.1 ± 0.1 3.2 ± 1.9 
7.60 28.1 ± 2.0 8.1 ± 0.1 1.6 ± 1.2 
POD 26.0  ± 0.7 8.1  ± 0.1 1.9 ± 0.8 

POD = point of discharge 
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Table 7. Percentage of samples positive for amoebic activity in both reclaimed water 

distribution systems 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Number sampled Number positive %Positive 
Utility A 143 42 29.4% 

Utility B 135 39 28.8% 
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Figure 1.  Average seasonal distribution of microorganisms present in reclaimed water in 
Utility A 
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Figure 2. Average seasonal distribution of microorganisms present in reclaimed water in 
Utility B 
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Figure 3. Mean values of water-based pathogens (Log10 /100 ml) in reclaimed water 
distribution systems in Utility A 
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Figure 4. Mean values for microbial indicators (Log 10/100ml) in reclaimed water 
distribution systems in Utility A  
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Figure 5.  Mean values of water-based pathogens (Log10 /100 ml) in reclaimed water 
distribution systems in Utility B 
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Figure 6. Mean values for waterborne indicators (Log 10/100ml) in reclaimed water 
distribution systems in Utility B  
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Figure 7. Average monthly distribution of the percentages of samples positive for 
amoebic activity 
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APPENDIX B:  

CHARACTERIZING THE EFFECTS OF STORAGE AND WATER AGE ON 

RECLAIMED WATER QUALITY 

 

 

 

 

 

Materials in this appendix will be submitted to the journal of Applied and Environmental 

Microbiology, Washington, DC. 
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Abstract 

 

This current study was designed to evaluate the effect of reclaimed water storage on 

microbial water quality. Initially a bench scale study was carried out. The rationale for 

this bench scale study was to establish a sampling regime for two subsequent field scale 

studies (Phase I and Phase II). Our results shows that initial EC and TDS values of Class 

A water were higher than in Class A+. In Class A water, nitrification was observed 

during both field scale trials resulting in concentrations greater than 10 mg/l. No 

nitrification was observed in Class A+ water in either field scale trial. In both waters, 

chlorine residuals rapidly decreased within 48 hours of storage. In Class A water, HPC 

concentrations were initially close to 108/100 ml and remained at that level during storage 

in Phase I. In Phase II Class A water, HPC concentration were generally 107-108/100 ml, 

and on one occasion were as high as 1010/100 ml. In both field scale trials for Class A 

water, there was no observed growth of HPC during storage. In Class A+ water, in both 

field trials, HPC concentrations were initially lower at 104-106/100 ml, but then increased 

following growth to 107-108/100 ml. In both waters, waterborne indicator bacteria were 

rarely detected, and only at low concentrations. In contrast, in Phase I study, Aeromonas 

was frequently detected in Class A+ water. However, it was not detected in the Phase II 

study suggesting that more research in this area is needed. Based on these data 

deterioration of microbial water quality during storage is minimal. 
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1.	  Introduction 
 
 

Storage systems have been traditionally designed and operated to meet hydraulic 

requirements, providing storage and balancing daily water needs (Grayman et al., 2000). 

Covered storage systems are better protected than open reservoirs, although 

microorganisms can be introduced via open vents or poorly constructed sidewall joints 

(Grayman et al., 2000) or by air movement in and out of the vent as a result of water 

movement (Geldreich, 1996). Storage systems are an important component of a 

distribution system network as they provide storage during off periods to meet demand 

and supply (Geldreich, 1996). Therefore, water needs to be stored either prior to or after 

the treatment processes, thereby forming an important component in the hydraulic design 

of a system (Dixon et al., 1999). Longer residence time in a storage tank can influence 

bacterial regrowth and the deterioration of water quality (Jefferson et al., 2000). Thus, 

there is a need to choose a robust and effective treatment process that will limit reclaimed 

water quality degradation during, storage. The concern for the quality of reclaimed water 

after storage drives the need for an understanding of the chemical and microbial 

contaminants present prior, during, storage and at the point of use. Several water quality 

problems associated with the storage of finished water by the facilities was summarized 

by USEPA in 2004. These include chemical issues like disinfectant decay, biological 

issues like microbial regrowth and nitrification, and physical issues like temperature. 
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Due to inadequate and unclear water reuse guidelines about the storage process of 

reclaimed water for long or short term purposes, there is a need to find a balance for the 

length of storage that will minimize not only bacterial regrowth, but also the microbial 

and chemical quality changes of the stored reclaimed water prior to use.  

Studies have shown that there is a rapid loss of disinfectant in reclaimed water, 

elevated biodegradable carbon levels, and subsequent regrowth of microorganisms 

(Narasimham et al., 2005, Ryu et al., 2005, Jjemba, 2010). Biodegradable organic matter 

is used by heterotrophic bacteria for carbon and leads to high levels of bacterial growth. 

Assimilable organic carbon (AOC) is the fraction of natural organic matter that is most 

readily used by bacteria for multiplication (Weinrich et al., 2009). AOC levels in 

reclaimed water are five to ten times higher than in drinking water. This suggests a high 

bacterial regrowth potential in reclaimed water (Ryu et al., 2005; Weinrich et al., 2009; 

Jjemba et al., 2010) and less than 100 ug/L have been implicated in coliform regrowth in 

a study by Weinrich et al. (2009). In this study the AOC levels were over 10 times higher 

than those found typically in drinking water distribution systems and ranged from 100 

ug/L to 3680 ug/L. 

Class A reclaimed water had 13 mg/L of biological oxygen demand (BOD) and 

total suspended solids (TSS) of 19 mg/L with an annual average effluent flow of 21.1 

million gallons per day (MGD). Class A+, utilizes a modified Ludzack-Ettinger (MLE) 

membrane bioreactor (a system designed to use nitrate as a source of oxygen for 

facultative bacteria in the anoxic basin) of 3.0 MGD capacity with an annual effluent 

average of 1.94 MGD, a <2.0 mg/L BOD and < 2.4 mg/L of total suspended solids. 
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This study was undertaken to examine the effect of storage on two classes of reclaimed 

water in the State of Arizona as defined and established by the Arizona Department of 

Environmental Quality (ADEQ) in order to observe; 

(i) Changes in microbial and chemical quality of stored reclaimed water as a function 

of residence time 

(ii) To determine the driving forces that are likely to cause degradation of stored 

reclaimed water quality 

(iii)  To compare the microbial quality of two different classes of stored reclaimed 

water over time by monitoring microbial indicators 

(iv) To identify chemical and microbial parameters that can change during storage of 

reclaimed water and propose the processes that can cause these changes 

(v)  And to propose improvements for the management of stored reclaimed water 

quality in order to maximize its reuse potential 

 

2.  Methods 

 

Bench Scale Study 

 

Class A reclaimed water had 13 mg/L of biological oxygen demand (BOD) and 

total suspended solids (TSS) of 19 mg/L with an annual average effluent flow of 21.1 

million gallons per day (MGD). Class A+, utilizes a modified Ludzack-Ettinger (MLE) 

membrane bioreactor (a system designed to use nitrate as a source of oxygen for 
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facultative bacteria in the anoxic basin) of 3.0 MGD capacity with an annual effluent 

average of 1.94 MGD, a <2.0 mg/L BOD and < 2.4 mg/L of total suspended solids. 

Reclaimed water (A and A+) were stored in two, 10 liter carboy containers, wrapped in 

aluminum foil, and placed on a stir plate in the laboratory, and monitored daily for one 

week. Sampling was done on a daily basis while stirring and the samples were monitored 

for physico-chemical and bacterial analyses as described under sample collection. 

Phase I and Phase II Field Scale Study 

 

Two classes of reclaimed water, A and A+, were filled in two 275 - gallon (1025 

L) tanks connected to a pump and purged for 5 minutes prior to sampling. The field tanks 

were stationary at the sampling site and the samples were monitored in the cooler months 

(September 2010 to January 2011) and the study was repeated for warmer months (April 

2011 to June 2011). 

Sample Collection 

 

 Samples were collected and analyzed for physicochemical characteristics such as pH, 

temperature, free and combined chlorine, total nitrogen, nitrate, nitrite, ammonia, total 

organic carbon, total dissolved solids, alkalinity, electrical conductivity and assimilable 

organic carbon using standard methods (APHA 2005). Samples for assimilable organic 

carbon were shipped to a laboratory in Delran, NJ on ice after pasteurization. Samples 

were pasteurized by heating at 70°C for 30minutes within 12hours after sampling to 

destroy vegetative cells and analyzed as previously described by Weinrich et. al (2009). 
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Samples for bacterial analyses were collected in sterile 1L polypropylene wide mouth 

Nalgene bottles (Nalge Nunc Corpo-ration, Rochester, NY). A volume of 1ml of 10% 

sodium thiosulfate was added to the polypropylene bottles prior to sampling to quench 

any residual chlorine according to Standard Method 9060A (APHA et al. 2005). Samples 

for total organic carbon and total nitrogen were collected in 40 ml glass vials without 

head space and transported on ice to the Arizona Laboratory for Emerging Contaminants 

(ALEC), at the University of Arizona within 6 hours of sampling for analysis. 

Samples for total dissolved solids, alkalinity, electrical conductivity, nitrite, nitrate and 

ammonia were collected in 250ml polypropylene bottles and transported on ice to the 

Water Quality Center at the Environmental Research Laboratory at the University of 

Arizona within 12 hours of sampling for analysis. 

Bacterial Analysis 

 

Samples were collected periodically and analyzed for Aeromonas, heterotrophic 

plate count (HPC) bacteria, total coliforms, Enterococcus, and Escherichia coli. Serial 

volumes of 100 ml, 10 ml, 1 ml and 0.1 ml were filtered through 0.45 µm pore membrane 

size filters (Millipore Corporation, Bedford, Mass) as outlined in EPA method 1605 

(USEPA 2001). The filters were then placed on ampicillin dextrin agar (ADA; Biolife 

sciences, Milan, Italy) ( Havelaar et al., 1987) and incubated at 35°C for 24 hours to 

recover  Aeromonas. Total coliforms, Escherichia coli, and Enterooccus were identified 

using defined substrate technology: Enterolert and Colilert systems (IDEXX laboratories, 

Westbrook Maine). Total coliforms and E. coli enumerations were performed using the 
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Colilert system (IDEXX laboratories, Westbrook Maine) according to the manufacturer’s 

instructions; Enterococci were enumerated using the Enterolert system (IDEXX 

laboratories, Westbrook Maine). In both systems, a packet of substrate powder is added 

to 100 ml of sample and shaken to dissolve. The sample is then poured into a sterile 

quantitation tray and is mechanically sealed with heat using a quanti-tray sealer and the 

tray is then incubated at 37°C for colilert and 41°C for enterolert. The quanti-tray (a 51-

well tray designed for bacterial enumeration) is a colometric method for the detection and 

enumeration of coliforms, E. coli, and Enterococcus with a maximum counting range of 

200/100 ml without dilution. The number of positive wells (bright yellow wells for 

coliforms, fluorescent blue for E. coli and Enterococcus) are counted and referred to a 

table to obtain a Most Probable Number (MPN) per 100 ml. For E. coli, only fluorescent 

wells after exposure to 365 nm UV light with prior incubation at 35° ± 0.5°C for 25 ± 2 

hours are considered positive. For the Enterolert system, fluorescent wells were only 

counted after incubation at 41 ± 0.2°C for 18-24 h and exposure to UV light at 365 nm.  

Heterotrophic bacteria were enumerated using the spread plate method according 

to the Standard Method 9215C (APHA 2005). A 0.1 ml sample was spread onto pre-dried 

R2A agar plates in duplicate using a sterile bent glass rod and then incubated for 7 days 

at 27°C. The colonies on the plates were then enumerated and recorded as colony 

forming units (CFU)/ml. 

Data analyses 
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Microbial data were reported as logarithmic concentration per 100 ml and analysis of 

variance was used to determine significant differences between the physicochemical 

parameters for Class A and Class A+ reclaimed water. Differences were considered 

significant if the resultant P value was ≤ 0.05. Microbial and chemical parameters were 

correlated using Pearson correlation tests to determine if a there was a relationship 

between any of the parameters. If r = 0.6 to 1.0 there is a positive correlation (with 1.0 

being the strongest possible value) and if r = -0.6 to -1.0 there is negative correlation 

(with -1.0 being the strongest possible value). 

 

3.Results 

 

Physicochemical characteristics of the water 

 

The mean values were calculated for all water parameters during the bench scale and 

field studies and are shown in Tables 1, 2 and 3. Of the physicochemical parameters, 

electrical conductivity, total dissolved solids, nitrate, nitrite, and pH showed statistically 

significant differences (P ≤ 0.05) between Class A and Class A+ waters studied during 

the bench scale study (Table 1). Both classes of reclaimed water sampled had a neutral 

pH. During phase I field scale study, electrical conductivity, total dissolved solids, 

nitrate, nitrite, total nitrogen, and alkalinity showed statistical differences between the 

two classes of reclaimed water monitored (Table 2). The average temperatures were 

about 28°C, which was higher than the bench scale study carried out in the laboratory at 
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room temperature ~ 25°C. Electrical conductivity, total dissolved solids, alkalinity, 

nitrite, nitrate, and total nitrogen values were higher in Class A than Class A+, and are 

typical for these types of water under study.  

             The study was repeated in the warmer months (Phase II, April to June 2011) and 

electrical conductivity, total dissolved solids, alkalinity, nitrite and total nitrogen, and pH 

also exhibited significant differences between both classes of reclaimed water (Table 3). 

During the time of storage, the effect of nitrification was observed, with diminishing 

levels of ammonia with the production of nitrate and nitrite after 501 days for Class A, 

whereas for Class A+, nitrite was less than the detection limit at all points throughout the 

study (Figures 11 and 12). Similarly, Figures 7, 8, 9, and 10 show the nitrogen species 

found in the water during storage. 

Both classes of reclaimed water initially had measurable chlorine during storage; 

however, the concentration of chlorine was rapidly reduced with time. Only the bench 

scale laboratory study maintained the disinfectant during the entire storage period. The 

chlorine diminished within 48 hours during the bench scale and field studies. In the 

Bench scale study chlorine concentrations were reduced from ~2 mg/l to < 1 mg/l. While 

in the field studies there was no detectable chlorine after 48hours. 

Stability of Residual Disinfectant  

 

Both classes of reclaimed water had chlorine residual during storage, but the 

concentration of residual chlorine was rapidly reduced at each stage of the study. Only 

the bench scale study in the laboratory maintained the residual disinfectant during the 
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entire study. However, residual chlorine diminished within 48hours during phase I, and 

phase II of the field scale study. 

Microbial Indicators 

 

Of the types of indicator bacteria monitored during the storage of Class A and Class A+ 

reclaimed water, E.coli was not detected and Enterococcus was only detected during 

phase II of storage (Figure 5 and Figure 6) with concentrations as low as 2 Log10/100ml. 

In contrast, HPCs, Aeromonas and total coliforms occurred more frequently at 

concentrations as high as 107 /100ml during storage. Total coliforms and Aeromonas were 

not detected in Class A+ water during the bench scale study Figure 2. In phase I field 

study, Aeromonas was detected only once after 837 hours of storage in class A water 

(Figure 3) compared to Class A+ in which Aeromonas was frequently detected. 

Frequency of occurrence and the concentration of total coliforms were higher in Class A 

than A+ water.  

In the phase II field study, the sampling regime was more intense and was carried 

out hourly for up to 48 hours. In the Class A+ water, Aeromonas was detected after 632 

hours (Figure 6). The total coliforms were found in higher concentrations during the 

phase II in Class A water than in the A+ water. HPC levels were constant all throughout 

the study for both types of water.  
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4.Discussion 

 

 Class A and Class A+ water qualities in the state of Arizona are similar to the standards 

required by California Title 22 with the “+” referring to de-nitrification to a level of less 

than 10mg/L. The field scale study was repeated twice (in the warmer and cooler months) 

in consideration of seasonal variation. Class A water showed significant changes in 

microbial and chemical quality compared to Class A+ which showed little or no changes 

during storage. Miller et al., (2003) documented that many reclaimed water reservoirs are 

similar than for freshwater reservoirs with the major difference being that reclaimed 

water contains higher nutrient levels that affect biological uptake and algae response. 

Miller et al., (2003) also noted that the sizes of the reservoirs are usually smaller for 

reclaimed water than freshwater reservoirs. Operational uses of reservoirs can also affect 

the quality of reclaimed water. This is due to seasonal demands as this affects the 

hydraulic residence time. The hydraulic residence time in turn affects some of the 

physicochemical water quality parameters such as pH and nutrient load (Miller et al., 

2003) 

  The biological stability of water is governed by prevailing low concentrations of growth 

promoting substances (Rittmann and Snoeyink 1984; van der Kooji et al., 1982) present 

as AOC and HPC bacteria. Other factors such as the water temperature and nutrient 

levels play an important role in the biological stability of the water (Storey and Ashbolt et 

al., 2002). Our results indicate that the presence of organic carbon drives microbial 

quality and has a significant impact on microbial growth. Therefore, the removal of 
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organic carbon substrate should prevent microbial growth or regrowth even in the 

absence of chlorine residuals as shown in Figures 3 and 4 with the resultant diminishing 

levels of total coliforms in Class A and the absence of microbial indicators in Class A+ 

reclaimed water during storage.  

Nitrification is a microbial process that involves the oxidation of nitrogen 

compounds (especially ammonia) nitrate and nitrite (USEPA 2002). According to 

Kimeryer et al. (1995), nitrification is more likely to occur during static conditions when 

sediments build up. Nitrification can lead to the adverse effects on reducing alkalinity and 

pH and promoting bacterial growth. Disinfectant depletion and an increase in HPC 

bacteria impact the water quality associated with nitrification. A reduction in total 

alkalinity can lead to a reduced buffering capacity, corrosivity of water, and the impact 

pH stability (USEPA 2002). The presence of nitrogen in the form of ammonia drives the 

nitrification process (Figure 9). However, the reverse was observed in the bench scale 

Class A+ study, as only nitrate was present. The presence of nitrate in Class A+ 

reclaimed water, provides an added advantage to agriculture as nitrate can be used 

directly by plants and algae as a nitrogen source. However, under the Safe Drinking 

Water Act (SWDA), the primary maximum contaminant levels have been established for 

nitrate as 10 mg/L. Although nitrate level in the Class A+ water was higher than in the 

Class A, it is still within the regulated limit. Higher nitrate levels in water have been 

known to impact the quality of reclaimed water due to algal blooms. 

In 2002, the EPA reported that loss of a disinfectant residual has been implicated 

with microbial growth within the bulk water. This is consistent with the present study. 
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The gradual loss of chlorine was observed significantly during the first 5.5 hours of 

storage and eventually dissipated after three days of storage during the bench scale study 

for Class A whereas for the Class A+, the loss of total chlorine was rapid and complete 

loss after one day of storage. Nitrite and nitrate values remained constant during storage, 

with ammonium concentration declining after 23 hours and finally leveling off after 95 

hours. Nitrification can degrade water quality, and the formation of nitrite/nitrate during 

nitrification can impact public health directly (USEPA 2002). 

Although the level of alkalinity generated during storage did not show any 

significant differences between Class A and Class A+ (bench scale), there was a slight 

decrease in the average level of alkalinity in Class A+ waters presumably due to the 

acidity generated in the nitrification process. On the other hand, Class A+ water had no 

measurable ammonium content while nitrate values remained constant during storage. 

The mean value of TOC present in Class A was twice the amount present in Class A+ 

during storage Table 1. This could be due to the lower TDS values of the A+ water. 

The microbial quality changes between Class A and Class A+ (bench scale) were 

significantly different (P≤ 0.05). HPC levels increased 4 orders of magnitude after 5 

hours of storage in Class A water, while HPC levels remained fairly constant in the Class 

A+ water during storage. Aeromonas, a potential water-based pathogen, was detected at 5 

hours of storage and gradually increased 6 orders of magnitude during storage in Class A 

water as the level of chlorine residual decreased during. Aeromonas was not detected in 

the Class A+ water. Total coliforms, although present in the Class A water decreased 

proportionally with reduced total chlorine. Although E. coli and enterococcus were both 
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monitored, they were absent during the storage of both classes of reclaimed water (Bench 

scale and Phase I study).  The relationship between Aeromonas and temperature has been 

previously documented. Chauret et al. (2001) observed higher presumptive Aeromonas 

levels with increased temperature and Vilarruel-Lopez et al. (2005) also reported that 

Aeromonas in drinking water supplies reached its highest level in summer months when 

the temperature was high. With Pearson correlation (r), there was no correlation between 

chemical and microbial parameters monitored in (bench scale) Class A. However, there 

was a strong positive correlation between all the chemical parameters and Aeromonas in 

Class A+, similarly total coliforms had a strong positive correlation with all the chemical 

parameters. Only HPC did not correlate with any of the parameters monitored in Class 

A+ reclaimed water (Bench scale). This suggests that combined physicochemical 

parameters in the Class A+ water had a direct correlation with the presence of microbial 

indicators. 

 In this study, temperature had no effect on any of the microbial parameters monitored 

during the storage of reclaimed water and residual chlorine dissipated rapidly within 24 

hours of storage. Several studies (Alavandi et al., 1999; Gavriel et al., 1998; Kuhn et al., 

1997; Narasimhan et al., 2005) have compared the effect of chlorination on Aeromonas 

and E. coli, and it has been documented that Aeromonas is more susceptible to 

chlorination than E. coli. In the current study, the Class A water in the bench scale study 

had no Aeromonas initially at (time 0) with a disinfectant residual of ~ 2 mg/L. As the 

chlorine dissipated, the level of Aeromonas increased with time. Therefore, our study was 

consistent with previous studies. 
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The reclaimed water storage study was repeated in the field with larger volumes 

and subjected to environmental conditions with respect to temporal sampling at early 

stages during storage. In the Phase I (Class A), nitrification was observed till after 501 

hours. With nitrite levels lower than the detection limit and ammonia levels leveling off 

as well. On the other hand, with the Class A+ water, ammonia levels were low and nitrite 

was below the detection limit, while nitrate levels were consistently high. The mean 

temperatures were highest in Phase I (28°C) compared to the bench scale conducted at 

room temperature and Phase II field scale study, this could be attributed to seasonal 

variability. TDS, EC, and alkalinity were significantly different between the classes of 

reclaimed water monitored during the Phase I and Phase II field studies. Aeromonas 

concentrations were higher in Class A+ than in the Class A water. This is attributed to the 

effect of nitrification which has been well documented (USEPA 2001; Sisti et al., 1998) 

as affecting microbial growth. 

In the phase II, field samples were collected hourly for both types of reclaimed 

water for the first 48 hours. Jjemba et al. (2010) associated high levels of AOC 

concentration (>1350 ug/L) with an increased occurrence of coliforms in reclaimed 

water. In the phase II of our study, higher levels of AOC were indeed associated with 

higher coliform concentration.    Mazari- Hirirat et al. (2008), suggested Enterococcus, as 

an alternative water quality indicator due to its prevalence during the rainy season when 

the temperatures were cooler compared to E. coli. In this study, enterococcus was 

detected simultaneously after 297 hours in both types of water stored although higher 

levels were detected in phase II that had lower temperatures. E.coli was not detected at 
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other stages of storage therefore based on these results Enterococcus could be used as 

indicator for general water quality. After 800 hours of storage, only HPC were detected in 

both types of water in the phase II.  

In Phase I, only total coliforms showed a strong with all chemical parameters monitored r 

≤1, in both classes of stored reclaimed water, while other microbial parameters did not 

correlate with physicochemical parameters monitored. 

In Phase II, Aeromonas showed a positive correlation with all the chemical parameters 

monitored in Class A while in Class A+ enterococcus showed a strong correlation with 

all the chemical parameters monitored. AOC result did not correlate with any of the 

monitored parameters during storage (r ≤1), however AOC levels decrease progressively 

during storage (940 µg /L to 10 µg/L).  

 

5.Conclusions 

 

The rapid loss of disinfectant tends to result in an increase in the presence of microbial 

organisms over time during storage; therefore, the use of booster disinfection to restore 

disinfectant residual during storage (with consideration for seasonal demand) might 

reduce the presence of microorganism prior to use. Stored of Class A+ reclaimed water 

had better overall quality in comparison to stored Class A water. This is attributed to the 

strong positive correlation between microbial indicators and physico-chemical 

parameters. Increased turnover of reclaimed water reuse hence shorter time of storage 

(may be 1week) will provide better quality of reclaimed water.  
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The strong positive correlation between total coliforms and the chemical 

parameters monitored in Phase I for both classes of reclaimed water (r =1). This implies 

that controlling most of the chemical constituents reduces the presence of total coliform 

bacteria. This applies to similar chemical versus microbial correlations monitored. In this 

study, AOC did not show a direct correlation with any of the parameters monitored, this 

suggests competition for nutrients as its concentration decreased in increased residence 

time. 
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Table1. Mean values and standard deviations of physico -chemical parameters during 

bench scale study  

 Class A Class A+ 

Mean ± SD Mean ± SD 

EC (ms /cm) * 1.3  ± 0.06 0.96 ± 0.00 

TDS (mg/L) * 831.8 ± 33.26 614.8 ± 0.98 

 Alkalinity (mg/L) 171.5 ± 62.13 134.5 ± 1.51 

NO3-N (mg/L) * 1.37 ± 0.10 5.91 ± 0.00 

NO2-N (mg/L) * 12.71 ± 8.97 0.5 ± 0.00 

NH4-N (mg/L) 8.97 ± 9.29 0.01 ± 0.01 

TN (mg/L) 9.68  ± 13.24 2.52 ± 3.46 

TOC (mg/L) 7.72  ± 6.54 3.46 ± 3.12 

Temperature (°C) 24.5 ± 1.84 25.42 ± 3.38 

pH* 7.06 ± 0.41 7.8 ± 0.26 

Total CL2 (mg/L) 0.67 ± 0.77 0.11 ± 0.09 

Free CL2 (mg/L) 0.56 ± 0.68 0.06 ± 0.01 

*Statistically significant difference between Class A and Class A+ reclaimed water 

(P≤0.05) 
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Table 2. Mean values and standard deviations of physico - chemical indicators for phase I 

field scale study (Winter). 

 Class A Class A+ 

 Mean ± SD Mean ± SD 

EC (ms/cm) * 1.25 ± 0.09 0.95 ± 0.05 

TDS (mg/L) * 803.25 ± 55.82 607.66 ± 34.93 

Alkalinity (mg/L) * 169.67 ± 9.43 134.58 ± 9.73 

NO3-N (mg/L) * 9.12  ± 3.91 4.78 ± 0.21 

NO2-N (mg/L) * 5.34 ± 3.88 0.15 ± 0.00 

NH4-N (mg/L) 0.02 ± 0.92 0.12 ± 0.12 

TN (mg/L) * 13.35 ± 2.17 5.14  ± 0.22 

TOC (mg/L) 6.76 ± 4.81 6.47 ± 4.40 

AOC (mg/L) 0.40 ± 0.83 0.39 ± 0.23 

Temperature (°C) 28.38 ± 7.06 28.88 ± 7.31 

pH 7.37 ± 0.35 7.49 ± 0.27 

Total Cl2 (mg/L) 0.05 ± 0.00 0.05 ± 0.00 

Free Cl2 (mg/L) 0.05 ± 0.00 0.05 ± 0.00 

*Statistically significant difference between Class A and Class A+ reclaimed water  

(P ≤ 0.05) 

NA- Not available 

 



	   103	  

Table 3. Mean values and standard deviations of physico - chemical indicators for the 

phase II field scale study (Summer). 

 Class A Class A+ 

 Mean SD Mean SD 

EC (ms/cm) * 1.25 ± 0.02 1.03 ± 0.00 

TDS (mg/L) * 806.00 ± 10.37 661.78 ± 2.94 

Alkalinity (mg/L) * 174.00 ± 8.21 126.02 ± 3.02 

NO3-N (mg/L) 4.83 ± 2.99 5.33 ± 0.5 

NO2-N (mg/L) * 9.30 ± 3.85 0.35 ± 0.53 

NH4-N (mg/L) 0.05 ± 0.04 0.06 ± 0.04 

TN (mg/L) * 14.45 ± 0.52 6.01 ± 0.30 

TOC (mg/L) 5.20 ± 1.14 5.70 ± 3.12 

AOC (mg/L) 1.10 ± 0.41 1.32 ± 9.64 

Temperature (°C) 25.00 ± 2.39 25.24 ± 1.98 

pH* 7.20 ± 0.26 7.94 ± 0.46 

Total Cl2(mg/L) 0.09 ± 0.05 0.07 ± 0.05 

Free Cl2 (mg/L) 0.05 ± 0.03 0.03 ± 0.01 

*Statistically significant difference between Class A and Class A+ reclaimed water 

 (P ≤ 0.05) 
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Figure1. Microbial concentrations in Class A (bench scale) reclaimed water stored at 

room temperature 
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Figure 2. Microbial concentrations in Class A+ (bench scale) reclaimed water stored at 

room temperature 
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Figure 3. Microbial concentrations in Class A (Phase I field study) reclaimed water 

during storage  
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Figure 4. Microbial concentrations in Class A+ (Phase I field study) reclaimed water 

during storage  

*E.coli and Entercoccus were monitored, but were not detected 
*Total coliforms, E.coli and Entercoccus were monitored every other day until day 9 
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Figure 5. Microbial concentrations in Class A (Phase II, field study) reclaimed water 

during storage 
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Figure 6. Microbial concentrations in Class A+ (Phase II field study) reclaimed water 

during storage 
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Figure 7. Nitrogen species found in Class A reclaimed water during storage (Bench scale) 
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Figure 8. Nitrogen species found in Class A+ reclaimed water during storage (Bench 

scale 
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Figure 9. Nitrogen species found in Class A reclaimed water during storage (Phase I) 

* N02 –N  less than the detection limit after 501 hours 
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Figure 10.  Nitrogen species found in Class A+ reclaimed water during storage (Phase I) 

* N02 –N  less than the detection limit	  
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Figure11. Nitrogen species found in Class A reclaimed water during storage (Phase II) 

* N02 –N  less than the detection limit and present only between 152 and 415 hours	  
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Figure 12. Nitrogen species found in Class A+ reclaimed water during storage (Phase II) 

* N02 –N less than the detection limit and present only between 152 and 415 hours	  

 

 

 

 

 

 

 

 


