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ABSTRACT

INVESTIGATION OF PATHOGEN DISINFECTION AND REGROWTIHOR A LOW COST

GRAYWATER REUSE TREATMENT SYSTEM FOR TOILET FLUSHIB

Population growth in arid regions is causing watgwplies to become increasingly
stressed. Water conservation measures such asdewittures provide some relief, but water
savings are limited and relatively small. Graywatarse is gaining attention as a way to ease the
water stress. Graywater is ideal for reuse beciduseonstantly available, generated on site and
requires less treatment than wastewater. Reusagvaiter for toilet flushing could reduce total
household potable water demands by ~25%. To promidiespread adoption and therefore
maximize water savings, graywater treatment teadmes must be effective, low-cost, and
simple to operate without compromising public heak treatment system comprised only of
filtration and disinfection could meet these coaistts; however, because such a system involves
minimal organics removal, research is needed teldp\a treatment system that effectively
inactivates pathogens and prevents regrowth. Teldp\a treatment system, three filter types
(coarse, sand and cartridge) were tested in cormbmaith three disinfectants (chlorine,
ultraviolet radiation, and ozone). Raw graywatenfrthe showers and hand basins of 14 student
dorms was filtered and then spiked whitcherichia coli, Salmonella enterica, Pseudomonas
aeruginosa or the bacteriophage MS2 (virus surrogate). Theréalyiction was quantified for
each filter and disinfectant combination. Chlonpmevided consistent log reductions of all
bacteria and viruses. Chlorination post-sand fittraresulted in log-reductions of 6.5, >7.8 and

>7.4 forE. cali, S. enterica, andP. aeruginosa, respectively. UV radiation post-sand filtration



provided 5.5, >8.3 and >7.1 log-reductiong€otoli, S enterica andP. aeruginosa,

respectively. No significant bacterial disinfectimas achieved with ozone post-sand filtration.
However, ozone did achieve a log-reduction of 8r"MS2. Chlorine post-sand filtration and
UV achieved log-reductions of 3.8 and 2.7 for MB&infection results were found to be
generally similar for the coarse, cartridge, antbisiiters. Chlorination post-coarse filtration
achieved log reductions of >7.1 and >8.0Eocoli andS. enterica. Chlorination post-cartridge
filtration provided log reductions of only 5.2 and.8 forE. coli andS enterica. UV achieved

log reductions between 5.5 and 5.7 Eocoli with all filters, and between >7.4 and >8.3 &r
enterica. These batch studies supported the selection ofinhtion and a coarse filtration far
demonstration graywater treatment system curremshalled in one of the campus residence
halls at Colorado State University. Additionallggrowth studies were conducted on graywater
disinfected with chlorine. In these tedtscoli and total coliforms were monitored for up to
seven days. Studies indicate that regrowth of tmibdorms ancE. coli can be prevented for at
least two days with adequate chlorine residualg»2g/L) and a TOC less than approximately
50 mg/L. Spiked regrowth studies support the reaflinitial regrowth studies. Graywater
spiked withE. coli, P. aeruginosa, andS. enterica was disinfected with chlorine and a residual of
2.75 mg/L total chlorine prevented regrowth ofathanisms for four days. Lastly, the
demonstration unit was monitored and maintainea thescourse of the school year.
Maintenance activities and observations were resmbfdr the development of a standard
operating procedure (SOP). The SOP allows maintsnand testing to be completed by a non-

professional, which was one of the criteria of deenonstration unit.
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1.0INTRODUCTION

1.1 Background and Motivation

Water supplies in arid regions are becoming streasepopulations continue to grow.
The traditional solution for stressed water supigeto build new infrastructure, but this method
is reaching its “economic, ecological and socialits” (Cooley et al. 2010). The Colorado River,
for example, is a large source of water for sevates (including Arizona, California, Colorado,
New Mexico, Nevada, Utah and Wyoming) and is cutyeover-allocated (U.S. Bureau of
Reclamation 2012). The states that share water fin@enColorado River include some of the
“fastest growing urban and industrial areas” (B8reau of Reclamation 2012). According to
the Bureau of Reclamation, recent scientific stsidie climate variability and the Colorado
River are predicting a decrease in water yield ftbheriver, which will worsen the supply and
demand imbalance that the Colorado River Basintigeatly facing (U.S. Bureau of
Reclamation 2012). This issue is not limited to @worado River however. Many states in the
arid western United States are facing future wsigiply insecurity due to variable climate and
growing populations.

Water conservation techniques such as low-flow ifataires and xeriscaping, are
currently being implemented by municipalities, th& water savings from these techniques are
limited. Additionally, large water projects are hgiproposed and built in an attempt to increase
future water supply security. The city of Auroral@ado recently completed the Prairie Water
Projects, which reuses reclaimed water (Aurora W2(40). The project treats 50 million
gallons per day (gpd) and cost almost $650 mil{darora Water 2010). The city of Highlands
Ranch, Colorado, has taken a slightly differentrapph to securing water for future needs,

through aquifer storage and recovery (CentennigeWand Sanitation District 2012). A more



cost effective solution to large water projectslddae through wide-spread adoption of
graywater reuse for toilet flushing.

Graywater reuse for toilet flushing can reducegbtble water demand, as well as
reduce the wastewater produced in a household watay is suitable for reuse because it is
consistently produced on site and contains relgtiitde organics and pathogens compared to
other household water sources such as wastewaterkitchen sinks and toilet wastewater. In
order to promote widespread adoption of graywaase systems, the treatment process must be
easy to maintain by a non-professional, inexpengivmiild and maintain, consume minimal
amounts of energy and most importantly, proteclipuit@alth by inactivating pathogens.
Although some studies have quantified select pahegn graywater from various sources, more
information about the microbiological quality ofagwvater is needed, specifically, information
about pathogens and human viruses.

Currently, complicated graywater treatment scheimgading biological treatment or
membrane filtration techniques have been studiethioreuse of graywater. Biological
treatment processes and membrane filtration tealesigave been shown to treat graywater to
near potable water quality, but both treatment wds$hare expensive and would require a trained
operator. A more cost-effective approach woulddoese a combination of coarse filtration and
disinfection. However, in order to implement th&sg&-cost treatment systems, additional study
on their ability to remove pathogens and prevegitawth must be done in order to insure that

public health is protected.

1.2 Project Objectives
The objective of this research project was to aeitee the best combination of filtration

and disinfection for treating graywater for reugetbilet flushing. Three disinfectants were



tested in combination with three filters to detarenthe most efficacious process with respect to
inactivation of fecal indicator bacteria (FIB), wges, and bacterial pathogens as well as with
respect to preventing regrowth. In addition, theeeof use and long-term performance of the
graywater treatment process selected was evaluaieg a demonstration graywater treatment
unit installed in Aspen Hall. Maintenance proceguaad observations were documented in
order to provide a standard operating procedurd?}Skat can be used by non-professional
operators. A sub-objective of this work, in colladtmon with the Environmental Protection
Agency (EPA), was to determine the microbiologmadlity of graywater, particularly with

respect to pathogens and human viruses.

1.3 Thesis Overview

Chapter 3 provides a review of current literatusgogiated with graywater
characteristics, regulations associated with regugmaywater, graywater treatment technologies
and disinfection technologies. Analysis of inadtiva of FIB, pathogens, and viruses for
filtration and disinfection combinations, as wedlthe results of regrowth studies is presented in
chapter 4. Chapter 4 is prepared in the form ohaumscript for publication. Chapter 5 includes
information about the demonstration graywater tneait system currently in use at Aspen Hall
on campus at Colorado State University. Informa#ibout system design, system operation and
experiences and knowledge gained through operaéinrbe found in chapter 5. The attached
appendices provide the standard operating procddutbe demonstration graywater treatment
system. Information about the role this projecypthin collaboration with the EPA to

investigate pathogens and viruses in graywateogsishiented in the appendices.



2.0 BACKGROUND AND LITERATURE REVIEW

Water supply concerns, aging water and wastewatiesiructure and changing and
variable climate have led to concern about the water is currently managed (Mehan 2010).
Additionally, growing populations in arid regionaue begun to put a strain on water resources.
In order to ensure clean drinking water in the fefit may be necessary to change the way
water is used and managed. Figure 2.1 shows tipatiggeons in the western United States are

expected to grow in the next 15 years, particularigtates such as Arizona, Nevada and Texas.

Domestic Water Use in Gallons per Day per Person and
Projected Percent population Change by 2030

NH 33%
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DE 29%
MD 33%
DE -24%

Domestic Water Use
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Figure 2.1 Domestic Water Use in Gallons per DayR®son and Projected Percent Population Change
by 2030. (WaterSense, 2012). http://www.epa.govANBdnse/our_water/tomorrow_beyond.html

Water use is higher in the west, due to a greated ifior outdoor irrigation in arid

regions. A growing population and a relatively higmand for water have already led to a need



for increasing water efficiency. Water saving measwsuch as low-flow fixtures, xeriscaping,
and occasionally water restrictions (for domestigation) are already being promoted, and a
decrease in water use has been seen as a restha(i®y et al. 2011). However, these water
saving techniques have a limited potential for dasmg water use (Rockaway et al. 2011).
Graywater reuse for toilet flushing could be a solufor easing the strain on water resources
without developing new water supplies, which arstlgoand unsustainable. This chapter
provides background on the characteristics of gedguy in addition to a brief summary of
graywater reuse regulations. Several techniquethéotreatment of graywater and specifically,
the ability of each technique to inactivate baelguathogens and viruses will also be discussed.

Finally, an overview of disinfection methods islumted.

2.1 General Characteristics of Graywater

Graywater is defined as all wastewater collectdtiiwia home except blackwater from
toilets (Christova-Boal, Eden, and Mcfarlane 19%&wever, wastewater from kitchen sinks
and laundry water are often excluded in graywaseduor reuse because the organic content
from these sources is high. Therefore, graywated @isr reuse, which will be referred to simply
as graywater throughout this document, will onlglule wastewater originating from baths,
showers and bathroom sinks unless specificallgdtatherwise (e.g., in the discussion of
previous studies that included kitchen sink wat€igure 2.2 shows the amount of water
typically used in a household by water use. Gragmwedmposes ~25% of household indoor
water use. Water used for toilet flushing also aots for ~25% of household indoor water use,

indicating that sufficient graywater is typicallyalable for reuse for toilet flushing.
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Figure 2.2 Typical Residential Indoor Water Use
Adapted from Rockaway et al., 2001
*Faucets interpolated assuming 1/3 of faucets fmelbathroom washbasins and 2/3 of faucet wated use
for kitchen (Bergdolt et al., 2011)

The characteristics of graywater are highly vagablut may be related to graywater
source, personal hygiene habits and season. Tabjg@ides a summary of typical graywater
characteristics in comparison with municipal wastew. A few generalizations about the
characteristics of graywater can be made basedunces Graywater collected from kitchen and
laundry facilities has a higher organic content whempared to graywater from bathroom
showers and sinks (Li, Wichmann, and Otterpohl 20G®aywater collected from bathroom
showers and sinks is referred to as light grayw@eedler et al. 2011). The high organic
content in kitchen graywater is due to the dispo$&bod waste. Because of the high organic
content of kitchen and laundry graywater, it regsiimore extensive treatment and is generally
considered less desirable for reuse. Light graywhiecontrast, is normally low in organic
content, making it ideal for reuse. However, itidlddoe noted that light graywater is usually

higher in fecal coliforms than laundry water (LijaWmann, and Otterpohl 2009).
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Table 2.1 Typical Characteristics of Graywater loyi8e

Domestic
Parameter Units Shower/Batlf  Laundry® Kitchen®  Wastewater
pH 6.4-8.1 8.1-10 6.3-7.4 -
Suspended mg/L 40-120 68-250 4-185 100-360
Solids
Turbidity NTU 28-240 14-296 - -
BODs* mg/L 76-200 48-380 536-1460 100-400
Total Nitrogen mg/L-N 5.0-17 6.0-21 0.37-74 16-75
Ammonia mg/L <0.1-15 0.7-11.3 0.2-23 8.0-35
Total mg/L 0.11-2 0.2-57 0.1-74 4.0-15
Phosphorous
Total cfu/l00 mL  70-2.4x10  85-3.3x16 - -
Coliforms
Fecal cfu/00 mL  1.0-3.3x16  35-1.09x18 - -
Coliforms

4Compiled from Eriksson et al., 2002
Reynolds and Richards, 1996
‘5-day Biochemical Oxygen Demand

Although toilet waste is not included in graywatanall amounts of fecal contamination
may occur in graywater. One survey of the charaties of graywater found that graywater
contains fecal coliforms up to 3 x 3€olony-forming units (cfu)/100 mL and total colifos up
to 2.4 x 10 cfu/100 mL (Eriksson et al. 2002). Additionallizetlevels of contamination have
been correlated to the age of the residents. Fample, families with small children and
households consisting of older couples producevgaitsr with higher concentrations of fecal
coliforms than households with young couples (Raisd. 1991). Rose et al. (Rose et al. 1991)
reported that families with children had total dedal coliform counts averaging 3.2 x>&hd
1.5 x 16 cfu/100 mL, respectively, and families withoutldnén had low total and fecal
coliform counts with both types of coliforms averragbetween 6 and 80 cfu/100 mL.
Additionally, fall and winter seasons are oftencasated with a greater risk for illnesses such as
influenza or the common cold, which are causedituses. During these seasons of increased

illnesses, the microbiological contamination levialgraywater may be different than during



times with fewer illnesses, however, there aretndiss to date that have examined levels of

bacteria and viruses in graywater as a functioseason.

2.2 Indicator Organisms and Pathogens in Graywater

Water quality regulations are often based on irtdrcarganisms. Indicator organisms
such as total coliforms artel coli are commonly used for monitoring the water quality
reclaimed water before and after disinfection (@eteOlivares et al. 2011). Several studies on
graywater reuse have used these indicator organsesluate microbiological content of
influent graywater and the efficiency of graywareatment processes (Birks et al. 2004; Rose et
al. 1991; Friedler and Gilboa 2010; Friedler e8i11; G. P. Winward, Avery, Stephenson, et
al. 2008; O'Toole et al. 2012). Typical influenhges of total coliforms and fecal coliforms can
be seen in Table 2.1.

However, public health risk is driven by the presenf human pathogens rather than
indicator organisms. Graywater quality is a funeted human behavior and human health, and
therefore, graywater can and typically does corttaiman pathogens. According to Friedler et
al. (2011), graywater may contain bacteria inclgdkin pathogens (e.Bseudomonas
aeruginosa), respiratory pathogens (elgegionella pneumophila) and enteric pathogens (e.g.
Escherichia cali). The protozo&ryptosporidiumandGiardia, and the bacteria. pneumophila
and Fecal enterococaiere all found in at least 2 of 3 graywater sampigaywater from
handbasins only) at the Millenium Dome in LondoirkB et al. 2004). In a study conducted by
Burrows et al. (1991 &taphylococcus aureus was found in the shower graywater of a U.S.
military camp in concentrations ranging from 1.G6#d.0 cfu/mL. HoweverP. aeruginosa and
the fungusCandida albicans were not detected in that study (Burrows et al.1)9® a separate

study,Salmonella spp.,Campylobacter spp.,Giardia andCryptosporidium were not detected in



graywater samples from showers, baths and laundghimes (Christova-Boal, Eden, and
Mcfarlane 1996). Although graywater may contairhpgens, disinfection practices can be
sufficient to produce graywater of suitable qualdyreuse in toilets. However, studies directly
measuring pathogen inactivation, as opposed tdiuadion of indicator organisms, as a function

of graywater treatment technologies are lacking.

2.3 Water Reuse Regulations

Although graywater reuse has been investigataskghne 1970’s, there are no federal
guidelines or regulations for the reuse of watéddR et al. 2007). However, 20 states allow
graywater reuse of some form. These states haatedrendividual regulations or guidelines for
non-potable water reuse based on drinking wateootact water standards. Regulations put in
place by the states are not consistent with onthancand often do not specify limits for the
same parameters. For example, some regions re@iladli, some regulate fecal coliforms, and
some regulate only total coliforms. In additiorg ttefinition of graywater is not always
consistent; states may define graywater as beuigsive or exclusive of kitchen wastewater
(Glenn 2012). Table 2.2, below, provides a sumnothe states that allow graywater reuse,
categorized by how the graywater reuse is regulated

Some states (e.g., Arizona) have tiered regulati@sed on scale and application. The
amount of graywater being reused and what the gagnis being used for dictates whether or
not a permit is needed, and whether or not theeceuster needs to comply with certain water
quality standards (Glenn 2012). For example, Ar&zdoes not require a permit for graywater

reuse systems that treat less than 400 gpd andeadefor irrigation.



Table 2.2 Summary of States that Allow Graywatensee(adapted from Glenn, 2012)
Water Quality Regulations?

Regulation Toilet
Type State Irrigation Flushing
Arizona No NR
Tiered Californig No Yes
Regulations* New Mexico Yes Yes
Oregon Yes Yes
Washington Yes Yes
Florida Yes Yes
Georgia Yes Yes
Massachusetts Yes Yes
. Montana No No
Rl\:e(;rlj-lg?ii)er?s North Carolina No Yes
not based oﬁ South Dakota No No
scale Texas Yes Yes
Utah Yes Yes
Virginia Yes Yes
Wisconsin Yes Yes
Wyoming No No
Regulations Hawail No NR
(residential Idaho No NR
subsurface Maine No NR
only) Nevada No NR

*Regulations depend on volume of water reused.
NR denotes Not Regulated

Small scale residential systems are not regulateduse the risk from “exposure to
graywater is limited to homeowners” (Glenn 2012)eend use for recycled graywater also
affects regulations because graywater reused ilet fushing is perceived to have a higher risk
than graywater reused for irrigation. All statesgsa tiered regulation scheme require permits
for multi-residential or commercial treatment sys$e or reuse applications that are considered
high exposure (e.g. toilet flushing) (Glenn 2012).

Other states (e.g., Montana) have implemented ieoeet regulations that do not depend

upon the scale of the system. Some of these stateschosen to apply existing regulations for
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reclaimed water to graywater reuse applicationstiEDakota, for example, allows the reuse of
graywater, but does not provide water quality regaents or require permits. The remaining
states, Hawaii, Idaho, Maine and Nevada have peavidgulations for graywater reuse for
residential subsurface irrigation applications gi@yenn 2012). Almost all states require that
best management practices (BMPs) are followed.xamgple of some common BMPs include:
e Graywater tanks must be equipped with three-wagrdien devices connected to
approved sewer systems
e Graywater cannot be used to irrigate edible plants
e Graywater cannot be spray irrigated, but only agapthrough drip or subsurface
irrigation systems (Glenn 2012)
Because it is difficult to find a standard defiaitifor graywater, and therefore understand the
associated risk with its reuse, regulations conngrgraywater reuse often have limited
scientific basis. While current graywater reuseaufatjons often serve as important guidelines,

the current regulations are not based on risk ass&#s associated with graywater reuse.

2.4 Treatment Processes for Graywater Reuse

Many treatment technologies have been studiechtorduse of graywater, depending on
the amount of water that needs to be treated,ntiaise of the treated graywater, and regulations
in the region where graywater is being reusedelimegal, treatment technologies seek to remove
organics (e.g., Total Organic Carbon (TOC)), padmsg and contaminants that may affect the
aesthetic quality of the graywater (e.g., suspersdéids). Treatment technologies can be based
on biological processes or physical/chemical preegsBiologically based treatment

technologies are typically higher in cost and regaitrained operator. Simple physical/chemical
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treatment processes are generally composed ofecbltiration and disinfection. The

corresponding types of systems are discussed ifollog/ing sections.

2.4.1 Biologically Based Treatment Technologies
Types of biological processes for the treatmemgrafwater include membrane
bioreactors (MBRS), rotating biological contact(lRBCs), and constructed wetlands. MBRs
combine bioreactors typically used in wastewatsgtinent with a membrane process (e.g.
micro- or ultrafiltration) to achieve high qualigffluent. RBC technology allows wastewater to
contact disks containing biological media, whicmoxe contaminants. Biologically based
processes typically utilize several processes thotyfiltration, settling, biological treatment and

disinfection (Figure 2.3).

o . ) Treated
Raw == Filtration [ Settling > Biological —>» Disinfection > Gravwater
Graywater Treatment yw

Figure 2.3: Schematic of a Typical Biological Treant Process

The biological treatment shown in the schematiddbe either an MBR or RBC. Other
processes such as filtration and settling allowtlierremoval of large particles such as hair,
while disinfection ensures that pathogens are ivatetd. Biological treatment processes are used
in wastewater treatment, and therefore are an abwandidate for graywater treatment. For
example, an MBR studied by Winward et al. (2008ated graywater from baths, showers and
sinks from 18 student dormitories of Cranfield Usrsity. The MBR had average removal
efficiencies of 95% for biochemical oxygen demaB®D), 45% for chemical oxygen demand

(COD), >99% for total suspended solids (TSS), a&@&b $or turbidity (G. P. Winward, Avery,
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Frazer-Williams, et al. 2008). The average influetdl coliform count was 5.4 log cfu/100 mL
while the effluent was 0.6 log cfu/100 mL. The stulid not involve a discussion of a
disinfection process and regrowth was not examikaddler et al. (2011) studied an RBCs that
treated graywater from 14 flats and included desstibn with Ultraviolet (UV) radiation. When
using UV as a disinfectant, the treatment processred 96% of BOD, 95% of turbidity, 98%
of fecal coliforms, and 96% . aeruginosa. Winward et al. (2008) studied a vertical flowdee
bed (VFRB) wetland for the treatment of graywaldre VFRB had removal efficiencies of 95%
of BOD, 76% of COD, 93% of TSS, and 59% of turbidithe VFRB also had a 4.7 log
reduction of total coliforms and a 2.8 log remow8E. coli.

Biological treatment technologies are more effiti@removing organics than simple
filtration methods, thereby reducing chlorine dechand turbidity. However, organics and
turbidity pose no direct human health threat amdr ttemoval is not paramount for most reuse
applications. In addition, the lack of nutrientggraywater due to the exclusion of blackwater
may inhibit biological processes (Jefferson eR@D1). Therefore, the graywater sources best-
suited for biological treatment are kitchen sinkd dishwashers because of the abundance of
biodegradable organic substances and particulategen (Li, Wichmann, and Otterpohl 2009).
However, the graywater from kitchen sinks and desivers is highly contaminated with thermal
tolerant coliforms due to this organic matter, #merefore, is not a good candidate for water
reuse (Li, Wichmann, and Otterpohl 2009).

Furthermore, although biologically based treatnpentesses produce a higher quality
effluent than physically based processes alongjmportant to consider cost and sustainability
when choosing a treatment system. Low cost systeenespecially desirable in the United

States where water is relatively inexpensive ande@pplications must be low in cost to be
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economically feasible. Homeowners in the UnitedeSthave not been polled about what
payback period they would be willing to accept idery to adopt graywater reuse systems.
However, in a study conducted in Guelph, Canadaygoovners wanted a payback period of ten
years or less in order to strongly consider impleting a graywater reuse system (City of
Guelph 2012). A survey conducted in Melbourne riagkéhat residents would only consider
reusing graywater if the reuse system has a payeotd of 2-4 years (Christova-Boal, Eden,
and Mcfarlane 1996). However, graywater treatmgsitesns that rely on biological treatment
are costly to construct and maintain. These systeohsde many of the processes used in
centralized wastewater treatment facilities, remgdethem too costly and large for all but very
large applications. Lastly, biological treatmergquges regular monitoring, and most households
do not have the knowledge or motivation to perfoegular maintenance and monitoring of a
biologically based treatment system. A trained wegehnician is needed for the upkeep of
biologically based treatment technologies, addmthé cost of these systems. Thus, for the
aforementioned reasons, biologically based treatmemtesses are not likely to be the most
suitable approach to treating the graywater consdlkerein (e.g., graywater excluding kitchen

wastewater).

2.4.2 Physical/Chemical Based Treatment Technologies
An alternative approach to biologically basedttreant is to utilize physical/chemical
based treatment technologies, such as membraraidift with disinfection or coarse filtration
with disinfection. Membrane filtration for the tte@ent of graywater is effective at removing
turbidity and organics, but requires more mainteeahan a coarse filtration system, as

membranes are subject to fouling. Li et al. (26818lied an ultrafiltration membrane system that
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treated graywater from all household sources (ohaly laundry machines, dishwashers and
kitchen sinks in addition to baths, showers andlbasins). On average, turbidity was reduced
from 140 NTU to 0.5 NTU, and TOC was reduced fradi ing/L-C to 28.6 mg/L-C (Li et al.
2008). Despite the high removal rates, the membsgsEem requires maintenance that would
require a knowledgeable technician. The membraméined cleaning every two weeks with an
alkaline cleaning product, and the membrane fitiratank increased in suspended solids to
approximately 3,000 mg/L at the end of each filtnatcycle (approximately 14 days) (Li et al.
2008). Thus, membranes are a technically viabrtrent option, but are cost prohibitive in
most cases, limiting the widespread adoption of brame technologies for graywater reuse (Li,
Wichmann, and Otterpohl 2009).

Burrows et al. (1991) also studied a physical tnesit system for the recycle of shower
water for military applications. The treatment gystwas comprised of coagulation, flocculation,
and a filter consisting of diatomaceous earth (&) activated carbon. The treatment system
removed 53-86% of TOC, and effluent turbidity waow the limit of 5 NTUs as specified by
the Department of the Army (Burrows et al. 199T)e Thlorine demand was below 3 mg/L, and
microbiological tests were negative fdraeruginosa, S aureus andC. albicans (Burrows et al.
1991). However, a drawback of diatomaceous edtdrdiis that they must be frequently
backwashed and maintained much like sand filters.

Another physical-based process is coarse filtrafimifowed by disinfection. Although
treatment technologies consisting of coarse fiiratnd disinfection do not remove organic
content and turbidity from graywater, they are galheinexpensive, easy to maintain and
capable of providing an effluent free of pathogétws. example, Brac Systems (acquired by

Greyter Systems of Ontario, Canada in 2012) ofiezemmercial graywater recycling system

15



with treatment consisting of coarse filtration &lled by disinfection with a chlorine puck (City
of Guelph 2012). The City of Guelph, Canada conetiet pilot study in which 24 homes were
equipped with the Brac treatment system and sysfté@oacy was evaluated based on Health
Canada guidelines for domestic reclaimed wateirugalets (City of Guelph 2012). The system
achieved sufficient removal of turbidity to meeg tHealth Canada guideline maximum effluent
turbidity of <5 NTU for only 15.3% of samples, bkt coli levels were below the maximum limit
(200 cfu/100mL) for 90.3% of samples. It is impaoittéo note that the Brac treatment system
uses chlorine pucks as a disinfectant, which ctandde unreliable in achieving a consistent
dose. Only 38.1% of samples from the City of Gugdpbt study had at least a minimum of 0.5
mg/L free chlorine residual (City of Guelph 201&}ich can explain the presence of samples
that did not meet disinfection requirements. Timste research is needed to develop treatment
technologies consisting of coarse filtration arglrdection that result in effluent that is

consistently free of microbiological contaminants.

2.5 Disinfection

Following biological treatment or physical treamedisinfection is needed to insure
pathogen inactivation. Although all disinfectants ased to inactivate pathogens and prevent
microbial growth, disinfectants use different medkms to inactivate pathogens and the
effectiveness of disinfectants may be dependem wader quality. Disinfectants commonly
used in water and wastewater treatment includeicleloUV light, and ozone. These

disinfectants are discussed further in the follaysections.
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2.5.1 Chlorine Disinfection

Chlorine has often been used as a graywater diganit due to its prevalence in water
and wastewater disinfection in the United Statddofhe is the primary chemical used for the
disinfection of water because it is effective, ipersive, and provides a measurable residual
(Reynolds and Richards, 1996). Chlorine is a pawexidizing agent that oxidizes enzymes of
microbial cells that are necessary for the celletabolic processes (Reynolds and Richards,
1996). A common form of chlorine used for graywatmsinfection is sodium hypochlorite
(NaOCl).

Chlorine disinfection of water is affected by thrganic content of the water, turbidity,
and biofilms formed in tanks and plumbing. LeChégakt al. (1981) found that coliforms were
more resistant to chlorine disinfection in turbidters. Some bacteria in the turbid water were
embedded into particles or surrounded by a protectaterial, making the bacteria less exposed
to oxidation (LeChevallier, Evans, and Seidler )98&Chevallier et al. (1981) also showed that
as TOC in a water source increases so does therehtbemand (the amount of chlorine that
reacts with substances in the water, and is thnswoed). However, Winward et al. (2008)
observed that as the TOC concentration of graywateeased, survival of total coliforms did
not increase for a constant chlorine residual @fglL. With TOC concentrations of 65 mg/L-C
and 153 mg/L-C, the concentrations of total cofiisrpresent after disinfection were 2.28 log
cfu/100 mL and 1.86 logfu/100 mL, respectively (G. P. Winward, Avery, @tenson, et al.
2008). The findings of the study conducted by Wirthet al. (2008) suggest that an increase in
organics simply increases the chlorine demandefuhter but does not necessarily result in less
effective pathogen inactivation, as observed presiipby LeChevallier et al. (1981). It must

also be noted that chlorine consumption in a fatlls graywater reuse system will be higher
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than in a bench-scale study due to consumptiorceed with biofilms in the plumbing (March,

Gual, and Orozco 2004).

2.5.2 UV Disinfection

UV radiation as a disinfectant is sometimes prefitover chemical disinfectants (e.qg.
chlorine) because there is no need for chemicehgéoand replenishment and no harmful
disinfection by-products are created. Also, UVdiegion has been shown to be more effective
against viruses and pathogens than chlorine (FemteKomvuschara 2005). UV works as a
disinfectant through photochemical damage to RNARNA, which renders viruses non-
infective and disrupts microbial reproduction preses resulting in inactivation (Metcalf and
Eddy, 2003). Disinfection by UV radiation is mosnaemonly accomplished with lamps that
operate at a wavelength of 254 nm (U.S. EPA 1999&).UV dose is related to the intensity of
the UV radiation and the exposure time to the asggas (U.S. EPA 1999a). Water quality
parameters such as UV transmittance (UVT) andditgbinfluence the efficacy of UV
disinfection (U.S. EPA 1999a).

UV has proven effective for eliminating pathogemsrinking water applications;
however, the turbidity of graywater may limit thii@acy of UV disinfection. Large particles in
the graywater hinder disinfection by UV because thave the ability to shield pathogens from
UV light. In a study of the effect of graywater pele size on disinfection efficacy, particles
larger than 2622m were found to be “more likely to have regionscressible to UV light” (G.
Winward, Avery, Stephenson, et al. 2008). Sevdtalies have also examined UV disinfection
in various graywater treatment schemes. Santds @04 1) studied a graywater reuse system

comprised of a storage tank, filtration, and disatiion by UV irradiation. The filter used in the
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study was a stainless steel screen with a mesl®250nm (Santos et al. 2012). The filter
effluent had a TSS of 15 mg/L and a COD of 46 mg/hich corresponded to removals of 82%
and 72%, respectively (Santos et al. 2012). Theaastreported that no coliforms were detected
in samples taken after disinfection; however, rituent coliform values were reported. Friedler
and Gilboa (2010) studied a graywater treatmerntsysomposed of a biological treatment
(RBC) followed by UV disinfection. Influent quangés of BOD and turbidity were 95 mg/L and
33 NTU, respectively (Friedler and Gilboa 2010).efage RBC effluent quantities of BOD and
turbidity were 3.7 mg/L and 1.5 NTU (Friedler andb@a 2010). The authors observed that UV
reduced fecal coliforms from 2.1 x4€fu/100 mL in the RBC effluent to 3.8 x “1€fu/100 mL

in the toilet bowl ands aureus from 2.4 x 16 cfu/100 mL to 5.5 cfu/100 mL (Friedler and
Gilboa 2010)P. aeruginosa and heterotrophic plate count (HPC), however, wete

significantly reduced in the UV-disinfected effliexs compared to the un-disinfected effluent
(Friedler and Gilboa 2010). Although some inacimatof pathogens can be achieved using UV,
UV does not provide a residual disinfectant to prévthe regrowth of surviving organisms.

Also, additional information is needed about thiecaty of UV disinfection in turbid water.

2.5.3 Ozone Disinfection
Ozone has been used as a disinfectant by wastetnedément plants since the 1970s, but
fewer than 10 plants in the United States curramtly ozone due to issues with reliability and
maintenance (Oneby et al. 2010). Ozone as a desarfeworks in the same way as chlorine:
through oxidation of the cell membrane and enzymg®rtant for the cell’'s metabolic
processes (U.S. EPA 1999b). Ozone is an attrachioee for a disinfectant because it is

considered a more effective oxidant than chlor@mone is also more effective than chlorine at
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removing viruses. CT values (the product of contiace and residual disinfectant) for 99%
inactivation ofE. coli are 0.034-0.05 for free chlorine, but only 0.02daone (Siemens 2009).
Similarly, CT values for 99% inactivation of rotavs are 0.01-0.05 for free chlorine and 0.006-
0.06 for ozone (Siemens 2009).

Ozone is not only a powerful disinfectant, butas been shown to reduce suspended
solids, turbidity, and COD in wastewaters that handergone primary and secondary treatment
(e.g., roughing filter, desanding-degreasing, sediation, biological treatment and secondary
sedimentation) (Martinez, S.B., Perez-Parra, ay2011). A study completed by Martinez et
al. (2011) concluded that primary and secondaatéewastewater from the city of Almeria,
Spain, which uses ozone as a tertiary disinfeatastsuitable for irrigation of food crops. The
ozone treatment (a dose of 11-13 mg/L) produce@sdamum reduction of COD of 88%, and a
maximum removal of 75% of suspended solids (SSYtiNez, S.B., Perez-Parra, J., Suay 2011).
Influent water to the ozone treatment plant hagrlidity of less than 25 NTU (Martinez, S.B.,
Perez-Parra, J., Suay 2011).

Although ozone is often considered a more effeatisinfectant than chlorine, it is
difficult to maintain residual ozone due to rap&tdmposition, thus requiring an additional
disinfectant such as chlorine (U.S. EPA 1999bhaddition, ozone is an unstable compound and
must be generated on site. Ozone generators aggeomnd often require a skilled technician

for maintenance (U.S. EPA 1999b).

2.6 Regrowth
Storage (both pre- and post-disinfection) is dagral part of graywater reuse. Because
water use follows a diurnal pattern, a large voluhgraywater storage is needed for flow

equalization to increase the efficiency of graywateatment systems and facilitate process
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design and control (Dixon et al. 2000). Additiogalitorage pre-disinfection or post-disinfection
is needed to ensure that graywater is availablegerwhen needed and that a maximum volume
of graywater can be reused (Tal, Sathasivan, arghia 2011). However, long-term storage of
graywater can degrade water quality by leadinggtwawth of microorganisms. Dixon et al.
(2000) performed a study in which characteristicsrdreated bath water and laundry water
were recorded for up to 25 days. They found thatgie for up to 24 hours could be beneficial
due to settling of suspended solids and a correipgrlecrease in COD; however, untreated
graywater decomposes rapidly and should not bedtor more than 24 hours to prevent
regrowth of organisms. Studies have found thateatéd graywater stored for more than 24
hours decreased in dissolved oxygen and increasedal coliforms (Rose et al. 1991; Dixon et
al. 2000).

Regrowth can also occur in post-disinfection grawaand factors affecting regrowth
include chlorine dose and contact time, residusihtkctant, suspended particle levels and
organic content. For example, Huang et al. (20aahd that for a constant CT, regrowth and
reactivation of antibiotic-resistant bacteria isdéikely with a higher concentration chlorine dose
and a shorter contact time than with a lower chigoncentration and a longer contact time
(Huang et al. 2011). It has also been suggestédtspended particles may shield bacteria
attached to those particles from disinfectants,@ndd thus lead to higher regrowth potential for
a given disinfectant dose (G. Winward, Avery, Seapon, et al. 2008). Suspended particles, or
turbidity, may also carry nutrients that supportmbial regrowth after disinfection
(LeChevallier, Evans, and Seidler 1981). Regrovthathogens may occur when a disinfectant
residual is depleted. For example, Jjemba et @lLdRstudied the effluent of three wastewater

treatment plants utilizing chlorine as a disinfattdt was observed that although indicator

21



bacteria and pathogens were inactivated followisgqtection, both indicator bacteria and
pathogensAeromonas spp.,Legionella spp.,Pseudomonas spp., andMycobacterium spp.) were
present in the distribution system when the chorasidual was depleted (Jjemba et al. 2010).
Regrowth of pathogens and indicators in graywagese systems on a residential or
multi-residential scale has not been thoroughlgstigated. March et al. (2004) studied a
graywater reuse system in a hotel on Mallorca tsl&@pain) with 81 rooms. The graywater
consisted of water collected from bathtubs andrbath sinks only, and was treated by filtration
(nylon sock filter, 0.3 mm mesh), sedimentation ehidrination. Residual chlorine and
indicator bacteria were not measured in the eftloerat the point of use, but a retention time of
less than 48 hours was used for the purpose o&pteng regrowth (March, Gual, and Orozco
2004). Friedler et al. (2011) studied the regropdtential of bacteria in graywater treated by an
RBC and disinfected by either chlorination or U¥adiation. Fecal coliformss. aureus, P.
aeruginosa and HPC were monitored for up to six hours afteinfection, and none of the
bacteria exhibited regrowth during this short tipegiod (Friedler et al. 2011). A recent study by
Beck et al. (2013) examined the effect of long té#® hours) storage on regrowth: however, it
was concluded that the low organic content of thégewwould not support bacterial growth even
without disinfection. The graywater studied by Betlal. (2013) had an influent turbidity
ranging from 13-26 NTU, which was reduced to 1.M98J following filtration through a 10
micron filter. All samples contained less than Yi;eG TOC and total nitrogen (TN) (Beck et al.
2013). The organic content and turbidity in theygrater studied by Beck et al. (2013) is low
compared to typical values (Table 2.1). Therefthrere is a need to investigate long term

regrowth in graywater reuse systems that do natigecsignificant organics removal.
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3.0 INVESTIGATION OF PATHOGEN DISINFECTION AND REGBRWTH IN A SIMPLE

GRAYWATER REUSE TREATMENT SYSTEM FOR TOILET FLUSHIB

3.1 Introduction

Fresh water supplies are becoming increasingbgséd as populations grow, and
alternative water supplies are beginning to gaienéibn as a way to accommodate population
growth worldwide (City of Guelph 2012; Nolde 19%9dou et al. 2007; Ward and Michelsen
2002). Thus, new ways of using and managing exjstiater resources will be key to
accommodating population growth and to satisfyiogpeting demands for water. Water
conservation measures such as low-flow fixturesasgaping and water restrictions imposed by
municipal water utilities have been implementedaatous levels; however, the water savings
through such approaches have almost been fullizeshlReusing graywater has been gaining
attention, as graywater is a large source of whtgris constantly available and relatively low in
organic content, and therefore easier to treat thanicipal wastewater (G. P. Winward, Avery,
Stephenson, et al. 2008). In a study conducteddaw®& Water assessing household water use,
light graywater (water from showers, baths, andhtoetm washbasins) generation was reported
to be approximately 15.6 gallons per capita per(dagd). Thus, over 5,600 gallons per person
of graywater is available for reuse each year (Roely et al. 2011; Bergdolt, Sharvelle, and
Roesner 2011). In another study, the toilet wagenahd was reported to be approximately 15.4
gpcd (Rockaway et al., 2011). Therefore, light grater can meet toilet flushing demands and
graywater production including laundry water wedteeds toilet demand. However, graywater
reuse has not been widely implemented, in partusecaf the cost of graywater treatment

systems. Thus, low-cost treatment systems need tie¥eloped.
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Historically, various ways of treating graywater feuse have been investigated, from
complex biological treatment processes to simpigsigal treatment coupled with disinfection.
Biological processes provide good removal of organivith effluent BOD quantities often
below 10 mg/L (Pidou et al., 2006). However, theseesses are more expensive, and a trained
technician would be needed to monitor the treatmpestess, making biological treatment of
graywater impractical for household applicationkefatively, the simplest treatment
comprising of coarse filtration and disinfectioropides little removal of organics but can
theoretically provide good inactivation of organssin the disinfection process (Pidou et al.,
2006). Simple treatment systems are advantageousdidential graywater reuse systems
because they are low-cost and easy to maintainidaadly would only require a manual to guide
non-technical homeowners on maintenance. Howevere mesearch is needed to fully develop
these technologies and ensure that simple treatsystems meet water quality goals for
protection of public health. Currently, water qtyajoals for total and fecal coliforms range
from 2.2-500 cfu/100 mL and 14-200 cfu/100 mL, esdpvely (Glenn 2012).

To protect public health, microorganisms in grayvahust be inactivated. Indicator
organisms such as total coliforms dadoli are commonly used for monitoring the
microbiological quality of reclaimed water aftesutifection (Coronel-Olivares et al. 2011), but
public health risk is driven by the presence of harpathogens rather than indicator organisms.
Graywater is known to contain pathogens includtsgudomonas aeruginosa, Escherichia coli,
Legionella pneumophila, andSalmonella enterica (Friedler et al. 2011; Rose et al. 1991).
However, studies directly measuring pathogen imatiin, as opposed to inactivation of

indicator organisms, as a function of graywateattreent technologies are lacking.
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After primary treatment or filtration, disinfectanguch as chlorine, UV, or ozone can be
used to inactivate pathogens. Chlorine, commongyg uis water and wastewater disinfection, is a
simple and inexpensive method for disinfecting gratgr. UV is sometimes preferred over
chemical disinfectants because there is no neestdoaige and replenishment. Ozone is a
powerful disinfectant, requiring lower CT values thsinfection ofE. coli, Rotavirus and
Giardia cysts than chlorine (Siemens 2009). Although seh\studies have examined
disinfection of graywater after biological treatrhen membrane filtration (Beck et al. 2013;
Friedler et al. 2011; Kim et al. 2009), little raseh has been done to investigate the efficacy of a
range of disinfectants on pathogens in graywatetacoing organics.

A large concern with graywater systems is regravfthathogens along the distribution
system and at the point of use, the toilet. Houlslshmay remain empty during the workday or
when residents are traveling. If graywater is mopprly disinfected, regrowth of pathogens and
bacteria could occur due to increasing residemsegias homeowners are away. In addition,
regrowth of bacteria could increase the risk oécircontact with graywater, either through
splashing or aerosolizing of pathogens during tdileshing (Christova-Boal et al., 1996).
Inexpensive treatment methods provide little rerho¥arganics, but complete disinfection may
prevent regrowth of organisms. Though regrowthraftéorine disinfection has been studied, the
data has been limited to regrowth occurring in tees 24 hours (Friedler et al. 2011).
Additionally, a recent study investigated regrowtlorganisms in graywater after filtration and
disinfection; however, it was determined that lagamic content limited the regrowth potential
of the organisms (Beck et al. 2013). Relativalydihas been done regarding the long-term

regrowth of organisms in disinfected graywater aormihg organics.
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This study aims to evaluate the efficacy of codisation methods in combination with
UV, ozone and chlorine disinfection for inactivatiof pathogens and bacterial and viral
indicators to produce treated graywater suitabdedase in toilets. This study also examines the
regrowth potential of pathogens in graywater tr@atging a simple treatment process of
filtration and disinfection where little organiasmoval might increase the potential for regrowth

of pathogens.

3.2 Materials and Methods
3.2.1 Graywater Collection and Treatment System Description

The graywater used throughout this study was deltefrom a graywater collection and
demonstration treatment system installed at a studtemitory (Aspen Hall) on the campus of
Colorado State University. Graywater was colledtech 28 students in 14 dorm rooms. The
average flow rate through the system was 300 galp@n day. The system consisted of storage
before treatment, which provided settling of sobdswell as storage for equalizing diurnal flow
patterns. The pre-treatment storage tank was 2khgaFollowing pre-treatment storage, water
passed through a filter. Each of the followinggiitt was tested separately: a 16” long Matala
medium density filter (Matala USA, Laguna Hills, £@&1 days of operation), a pool sand filter
with a pore size of 100 mm (Hayward, Elizabeth, (L8 days of operation), and a cartridge
filter with a pore size of 20-40 microns containgr@nular activated carbon (PurFlo, Chicago,
IL) (13 days of operation). The treatment systers ofgerated with the three different filters for
a total period of ~3 months. During this time, 9dbagtudies were conducted using water
collected from this demonstration treatment syspest-filtration (see Section 3.2.3). For non-
spiked regrowth studies (see section 3.2.5), gregiweas disinfected post-filtration with

chlorine in-line. Chlorine was dosed by volume gsinStenner 85MP1 peristaltic pump, Stenner

26



PCM pump control module (Stenner, Jacksonville, Bod Seametrics MJ 1 gallon pulse water
meter (Seametrics, Kent, WA). After each gallomater passed through the flow meter, a pre-
specified chlorine concentration was dosed iniatore the disinfection tank with the peristaltic
pump. Then the treated graywater entered the disioh contact tank where it was stored prior
to flowing into a toilet plumbed to the system. Tdisinfection contact tank was 45 gallons,
sized to provide a contact time of at least 1 hAuhlorine residual of 2-4 mg/L was desired in
the graywater effluent, and therefore, a dose pf@pmately 20-22 mg/L was used. The
graywater treatment system also had a potable mplsefoply to ensure water was always

available for toilet flushing.

3.2.2 Chemical and Indicator Organism Monitoring

Standard chemical and biological parameters wewesnored for raw and treated
graywater. Total organic carbon (TOC) was measwidda Shimadzu TOC-V CSH/CSN
analyzer (Shimadzu, Japan), which utilizes a conntrusnd acidification process. Turbidity
was analyzed using a Hach 2100N nephelometricdimigiter (Hach, Loveland, CO). Total
chlorine was measured using a Hach total chloesekit (Method 8167) with a Hach DR2500
spectrophotometeE. coli and total coliforms were enumerated using the Bpproved
Colilert-24 Quanti-Tray® method (IDEXX, WestbrodWE). Colilert-24 powder pillow
indicators were added to 100-ml samples and s@al@d@uanti-Tray® and incubated for 24
hours at 35°C. After incubatiok, coli and total coliforms were enumerated following
manufacturer’s instructions. The %UVT at 254 nnthaf graywater was determined using a

Thermo Scientific Genesys Spectrophotometer (TheBmentific, Waltham, MA).
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3.2.3 Laboratory Disinfection Sudy Set-up

Laboratory-scale disinfection studies were usedketermine the potential log
inactivation of pathogens using the three diffefdtrtation methods (see section 3.2.1) in
conjunction with three different disinfectants. Tdisinfection systems were constructed using 5-
gallon buckets and were plumbed for disinfectica ahlorination, UV treatment or ozonation
(Fig. 3.1). Graywater was collected post-filtratioom the demonstration graywater treatment
system and was then immediately spiked with higiceatrations of pathogens or bacteriophage
prior to disinfection tests. For each disinfect@sted, two-gallon aliquots of graywater were
spiked with approximately 8 log/100 niL coli (American Type Culture Collection [ATCC]
25922),S enterica (ATCC 14028) andP. aeruginosa (ATCC 27853) or MS2 bacteriophage
(ATCC 15597-B1). For each filter and disinfectaoimbination, all bacteria into one two-gallon
aliquot.E. coli was selected for testing in the laboratory-scamfitction studies because it is
often included in graywater reuse regulations aralknown pathogen in graywater (G. P.
Winward, Avery, Frazer-Williams, et al. 2008 .enterica was selected because it is an enteric
pathogen and has previously been examined in gtaywhudies (Nolde 1999; G. P. Winward,
Avery, Frazer-Williams, et al. 2008}. aeruginosa was selected because it is a known biofilm
former and is a skin and mucus pathogen previdosiyd in graywater (Friedler and Gilboa
2010). MS2 bacteriophage was selected for laboratcale disinfection studies because it is a
useful surrogate for poliovirus, which is regulatedhe California Title 22 requirements for
graywater reuse. MS2 is a non-enveloped virus amaoire difficult to inactivate than enveloped

viruses, such as influenza, making it a consereathoice for disinfection studies.
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Figure3.1 Batch Reactor Diagrams

For the chlorine batch reactor, chlorine was daBegttly into the top of the bucket usi
a 6% solution of NaOCI (Chlorox, Oakland, CA). Qi@ demand was estimatprior to each

study.Chlorine demand was found by dosing chlc into graywateat an amount slightl
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higher than the estimated chlorine demand andreasuring chlorine consumption over time.
A chlorine residual of approximately 3 mg/L wasides, so the total chlorine dose for each
study was the chlorine demand plus 3 mg/L for ates. A contact time of 60 minutes was
chosen based on typical literature values rangioim 30 minutes to 90 minutes (Lechevallier,
Cawthon, and Lee 1988; Burrows et al. 1991; U.SA EB04). Samples were collected for
pathogen and bacteriophage enumeration immediatiyto chlorination, and then post-
treatment samples were collected from the samplarg(Fig. 3.1) 60 minutes after chlorine
addition. It should be noted that due to high amimonncentrations in the raw graywater,
chloramine likely was formed leaving minimal fredarine.

For the ozone batch reactor, ozone was generatée laboratory using an aquarium air
pump (Petco, San Diego, CA) and an advanced plgamapa ozone generator (Del Ozone, San
Luis Obispo, CA). An air flow rate of approximatelyL./min was chosen because it resulted in a
maximum ozone generation rate of 1 mg/min (assumsiagdard temperature and pressure).
Slower air flow rates generated greater percentafjesone from air; however, the slower air
flow rate provided lower ozone mass flow overaltoBe dose was calculated using the ozone
generation rate and the flow rate of graywateruglothe contact tube (Fig. 3.1). The graywater
was re-circulated through the contact tube unéldbsired dose was achieved. The ozone dose
used was 5 mg/L. Samples were collected for pathagd bacteriophage enumeration
immediately prior to ozone disinfection, and th@stgtreatment samples were collected from the
sampling port (Fig. 3.1) after ozone addition.

For the UV batch reactor, a Sterilight Copper SGAI&mp was used for in-line
disinfection (R-can, Guelph, Canada). To deterndimee, the %UVT at 254 nm of each 2-gallon

water aliquot was determined as described in Se@id.2. %UVT typically ranged from 35-
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41%. Dose was calculated using the graywater fete through the UV lamp and the %UVT of
the graywater based on the lamp manufacturer'sfegmons. The dose for these studies was 28
mJ/cnf. A dose of 28 mJ/cfrwas used because it was the highest achievabéetidascould be
applied given the %UVT of the graywater used amdniimimum flow rate through the UV

lamp. This dose was within the range of dosesdastprevious studies; Hijnen et al. (2006)
reported a range of UV doses from 5-50 m3famthe inactivation of polivirus. Samples were
collected for pathogen and bacteriophage enumeratimediately prior to UV disinfection, and
then post-treatment samples were collected fronsangpling port (Fig. 3.1) after passing

through the UV lamp.

3.2.4 Micraobiological Culturing and Analyses for Batch Studies

For each pathogenic bacterium, pure cultures wdtsvated on a nutrient rich media the
night before the laboratory-scale disinfection sadvere conducted. A small amount of each
microorganism was scraped from a pure culture dtate80°C and placed into a test tube
containing 5 mL of growth media. The cultures wiren incubated aerobically at 37°C
overnight. The growth media used tércoli, P. aeruginosa, andS. enterica were Luria broth
(LB) (BD, Franklin Lakes, NJ), tryptic soy broth$B) (BD, Franklin Lakes, NJ) and nutrient
broth (NB) (BD, Franklin Lakes, NJ), respectiveBell concentration for each bacterium was
estimated using a standard curve relating optieatdy (600 nm) to the concentration of
bacterial colony forming units (cfu). The volumeanifiture needed to produce a final
concentration of log 8/100 mL in the graywater wWatermined based on estimated culture cfu.

Prior to use for spiking the filtered graywaterclea&ulture was centrifuged at 4,000 rpm for 5
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minutes, and the supernatant was poured off. Thet peas re-suspended by vortexing in 5 mL
of graywater and then used to spike the filteregater.

Selective plating methods were used to detectdlotebal pathogens pre- and post-
disinfection treatment<. coli and total coliforms were enumerated using membifiéiregion
and the EPA approved m-ColiBlue24® broth (Hach,lamd, CO). 100-ml samples were
filtered through a 0.45 micron glass-fiber filterdathe filter was incubated on the m-
ColiBlue24® broth for 24 hours at 35°C. After ination, red and blue colonies were counted as
total coliforms and blue colonies were counte@asoli. Three different dilutions were plated
for each sample collection event to assure reagdhles.S. enterica were enumerated using SS
agar (Sigma-Aldrich, St. Louis, MO), aid aeruginosa were enumerated using commercially
available mPa agar plates (Hardy Diagnostics, Sdatéa, CA). Serial dilutions were prepared
for each sample, and then 50 pL or 100 pL of dilg@mple were spread onto an agar plate
using 6-mm sterilized glass beads (Fischer ScienWaltham, MA). Following incubation,
plates with fewer than 300 colonies were counted.

MS2 coliphage was propagated and enumerated aslaespreviously (Fortier and
Moineau 2009; Mamane, Shemer, and Linden 2000ri&f, MS2 was propagated by
incubating MS2 on a plate & coli host (ATCC 700891) overnight. Then, an MS2 plagune
agar from the plate were scraped off and placedliftmL of TSB supplemented with 50 pg/mL
each of ampicillin and streptomycin (Thermo Fis8erentific, Waltham, MA) andE. coli host.
Following incubation overnight, cell debris and tagre removed from MS2 in TSB by
centrifugation for 10 minutes at 8,000 x g followgdfiltration through a 0.45um syringe filter.
The resulting MS2 stock was then stored in a 50¢¢éaybl solution. The titer of the MS2 stock

was found to be 1.45x1bpfu/mL; therefore, 2 mL of MS2 stock was spiketbigraywater to
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produce a concentration of log 8/100 mL. MS2 wameerated for the laboratory-scale
disinfection studies using a plaque-clearing asaaylescribed previously (Mamane et al., 2007).
E. coli host was grown for 3-6 hours before each disirdacttudy to assure the host was in
exponential growth phase for the plaque-clearisgasPrior to disinfection studies, bottom agar
was prepared using commercially available trypbig agar (TSA) supplemented with 50 pg/mL
each of ampicillin and streptomycin (Thermo Fis8erentific, Waltham, MA). The purpose of
the antibiotics was to select for tRecoli host. Top agar was prepared using 6g of bacto agar
added to 1L of TSB. Top agar was stored in glasks wontaining 3.5 mL aliquots. For
enumeration, serial dilutions of each graywateramere prepared. Then top agar was heated
until fluid, and 3.5 pL of streptomycin and amgiailand 100 pL oE. coli host were added just
prior to adding 100 pL of the graywater sampledescribed previously in Mamane et al.

(2007). Soft agar was then poured onto the TSRpland incubated inverted for 24 hours at
35°C (Mamane, Shemer, and Linden 2007). Plaques grermerated after the incubation period

and reported as plaque-forming units (pfu)/mL.

3.2.5 Regrowth Studies
For non-spiked regrowth studies, treated graywaser allowed to sit in a 1.6-gallon
toilet for seven days with the lid closed. Samplese taken each day and total chlorigegoli
and total coliforms were measuréd.coli and total coliforms were quantified using the noeth
described in Section 3.2.2. An additional non-spikegrowth study was conducted in a 5-gallon
bucket. For the laboratory-scale pathogen-spikgbreth study, graywater was collected after
the pre-treatment storage tank to equalize vaitgloil graywater quality. 1-L aliquots of raw

graywater were spiked with log 6 cfu/100 mL eaclP.odieruginosa, E. coli andS enterica.
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Each aliquot was then dosed with chlorine to attaial chlorine residuals of 1.5 mg/L and 2.75
mg/L. Chlorine doses for these residual concemtnativere 45.3 mg/L and 49.5 mg/L,
respectively. These chlorine doses are much hitjiaer the chlorine dose used in the
demonstration treatment unit, presumably due tatithtion of such high concentrations of
bacteria. Organic content of the graywater wasmedsured prior to spiked regrowth studies.
After one hour of contact time and then daily tlaéter, the chlorine residual was measured.
Samples were collected for bacterial enumeratianeghately prior to chlorine addition,
immediately after chlorine addition, after 6 howasd then each day for 4 days. Temperature

throughout the laboratory-scale pathogen-spiketbretlp study was 27°C.

3.3 Results and Discussion
3.3.1 Raw Graywater Quality and Impact of Filtration
Average raw graywater characteristics for the destration graywater system during the
batch studies are shown in Table 3.1. These valterelevant only to the batch disinfection
studies conducted during the Spring 2012 semeRtese values are typical of graywater
collected from showers and sinks (Eriksson et@022.

Table 3.1 Raw Graywater Characteristics
Parameter Average Standard ‘

Deviation
TOC (mg/L-C)? 44 12.2
Turbidity (NTU) 32 4.2
NH3-N (mg/L-N)? 8.4 2.2
Total Coliforms (log cfu/100 mL)? 8.4 0.6
E. coli (log cfu/100 mLY 4.2 2.5

®Hodgson, 2012

Graywater for the laboratory-scale disinfectiordsts was collected post-filtration, and
although the filters were not expected to removsstantial levels of pathogens, it was
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considered possible that filtration would changeewguality parameters that would affect
disinfection efficacy. The coarse and cartridgef were found previously not to provide
significant removal of organics or solids from tir@aywater or result in any significant change in
water quality (Hodgson 2012). The coarse filtenvted a 15+10% removal of TOC and a
-1+7% reduction in turbidity. This was expected thoe coarse filter because it only provides
removal of very large solids, such as hair. Théericlye filter provided a 5+20% removal of TOC
and a 5+10% reduction in turbidity. The sand fjlteswever, provided a statistically significant
removal of TOC and turbidity, with reductions off37% and 13+11%, respectively (Hodgson
2012). Although the sand filter provided slight emtjuality improvements, it was noted that
chlorine demand after sand-filtration increasedsgay due to biological growth on the sand

indicated by a decrease in TOC (Hodgson 2012).

3.3.2 Disinfection of Pathogens
The inactivation of three bacteria and one baghiage was quantified for each filter
and disinfectant combination (Fig. 3.2). Chlordiginfection provided consistent disinfection
across all filters for all bacteria tested (Fi®)3ForE. cali, chlorination post-coarse filtration
resulted in the greatest measured log reductidr),(@nd the actual achievable log reduction
could be higher because this reported number weedb@an completE. coli inactivation of the
initial spike (Fig. 3.2A). Interestingly, chlorinah post-coarse filtration resulted in complete

disinfection ofE. coli andS enterica after only a 15-minute contact time (Appendix D).
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Figure 3.2 Disinfection Efficacies for Chlorine, Uinnd Ozone for 3 Bacteria and 1
Bacteriophage. AlE. coli B) S enterica C) P. aeruginosa D) MS2 bacteriophage Chlorine
results represent a contact time of 60 minutes.rkedgction of pathogens with ozone was not
detected where not shown.
* indicates complete disinfectiomj chlorine, @) UV, (' ) ozone
Table 3.1 shows average water quality parameteithése tests.
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ForE. coali, the chlorination post-sand and -cartridge filmatachieved log reductions of
6.5 and 5.2, respectively (Figure 3.2A). Chlorioatachieved log reductions of indigenous total
coliforms of 6.4, 6.7 and 4.7 for the coarse, samd cartridge filters, respectively (Appendix A).
Chlorine also was patrticularly effective at disitfen of S. enterica. Chlorine post-coarse, -sand
and -cartridge filtration provided complete disictien of S enterica, with log reductions of
>8.0, >7.8 and >7.8, respectively (Figure 3.2B)lo@ihe post-sand filtration achieved a >7.4 log
inactivation ofP. aeruginosa. Log reductions noted by > indicate that the leductions
achieved through disinfection were limited by tineoaint of pathogens spiked into the
graywater. It should be noted that chlorine was@néin the graywater as chloramines due to
high ammonia levels in the graywater.

In comparison to other previous studies of chlodrsnfection of graywater or
wastewater, the chlorination treatments studiedihetemonstrated high log reductions of both
indicators and pathogens. For example, the restittss study indicate that a log reduction of
>7.1 could be achieved f&: coli with a CT of 100 mg/L-min, and a log reductionéod could
be achieved for total coliforms with a CT of 297/mgnin. In comparison, Beck et al. (2013)
reported that a log reduction of total coliforms>@t5 could be achieved with a CT of 68 mg/L-
min. Measured inactivation was limited due to thwe Hensity of total coliforms in the graywater
(Beck et al. 2013). Furthermore, it is difficultdoectly compare log removals for these two
studies because the graywater studied by Beck €Ci3) had an organic content that was
approximately 8 times lower than the graywater igitherein; the graywater used by Beck et al.
(2013) had a post-filtration (10 um) turbidity o &§iTU and a TOC of less than 5 mg/L-C.
Additionally, high log reductions d?. aeruginosa were achieved although past studies have

demonstrated thd. aeruginosa can be resistant to disinfection. For example, gtudy
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evaluating the suitability of surrogates such &l twoliforms,E. coli, Enterococcus faecalis, and
P. aeruginosa for monitoring secondary effluent from a wastewateatment plant?.

aeruginosa was found to have the lowest removal percenta®®,/% with a chlorine dose of 30
mg/L for a 30 minute contact time (Coronel-Olivaetsl. 2011). Additionally, in a study of
chlorine disinfection oP. aeruginosa in graywater treated with a rotating biologicahtactor
that had a relatively high organic content (aver@fjeent COD of 40-50 mg/L), Friedler et al.
(2011) only achieved an 88.5% removal efficiency oheruginosa when the average influent
concentration was 2.6 logor the same system, Friedler et al. (2011) acdiev@9.6% removal
efficiency for fecal coliforms with an average iréht concentration of 1.5x1(2.2 log). Based
on these results, Friedler et al. (2013) stateahegatment system producing a high quality
effluent is necessary for effective disinfectioowever, by contrast, the laboratory-scale
disinfection study results reported herein showaive disinfection even with a relatively high
organic content for all bacteria tested includih@eruginosa (7.4 log).

For the bacteriophage MS2, chlorination post-sdtrdtion achieved a 3.8 log reduction
after a 60 minute contact time. In a similar stuBlgck et al. (2013) observed a 5-log inaction of
MS2 with a CT above 100 mg/L-min, resulting fromantact time of 90 minutes. California
Title 22 requires a 5-log poliovirus inactivatianr (-specific bacteriophage MS2 as a surrogate),
which the treatment system studied herein wouldikely meet. If a requirement for a 5-log
reduction of viruses is widely adopted, treatmeatlifications, such as a longer contact time,
might be able to achieve the greater required virastivation.

Generally, UV was nearly as effective as chlorgwen though the maximum achievable
UV dose was limited slightly by the low %UVT of tigeaywater (between 36 and 41% UVT).

UV achieved approximately a 5.5 log reductioriEo€oli for all filters. UV was also effective at
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disinfecting total coliforms with all filters, acdwing log reductions ranging between 5.2 - 5.8
log (Appendix A). UV was slightly more effective iactivatingS. enterica, achieving log
reductions of >7.4 for all filters. UV post-santtriition provided a >7.1 log inactivation Bf
aeruginosa.

In comparison to other previous studies of UV desttion of graywater or wastewater,
the UV treatments studied herein demonstratedddgations of both indicators and pathogens
as high as other studies despite the higher tuybidor example, Beck et al. (2013) observed a
3.5 log inactivation of total coliforms using a W\se of 10 mJ/cfrpost filtration (10 um),
although the reported inactivation was limited bg tow density of total coliforms in the
influent graywater (Beck et al. 2013). The UV treant in the study herein achieved log
reductions of total coliforms greater than 5.0 ewdh a turbidity over 5 times greater
(Appendix A). Similarly, Friedler et al. (2011) absed a 98.2% removal efficiency of fecal
coliforms (2.8 log) and a 96.4% removal efficierdyP. aeruginosa (2.0 log) with an average
turbidity of 1.5 NTU and a UV dose of 44 mJfcrAdditionally, UV disinfection of filtered-
clarified treated wastewater effluent (TSS of 3Im@&OD of 10 mg/L) was shown previously to
achieve a 5-log reduction Bf aeruginosa with a UV dose of 100 mWs/cnfLorenzo Liberti et
al. 2001). By contrast, in the study herein, a Wéelof 28 mJ/cfachieved a >7.1 log reduction
of P. aeruginosa post-sand filtration despite a greater turbiditjthAugh our study showed that
UV has a disinfection rate similar to that of clmer, additional disinfectant would be needed to
provide a residual in the distribution system.

In comparison to chlorination, UV post-sand filioat achieved a lower log reduction of
MS2 (2.7). Beck et al. (2013) reported a 5-log tivation of MS2 for two of four samples

following exposure to a UV dose of 100 mJfcifhe UV treatment studied herein would likely
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not meet California Title 22 requirements for 5-tegnoval of poliovirus or MS2 due to the
limited UV dose. However, because an additionahtestant is required to provide a
disinfectant residual, this additional disinfectaatld provide further inactivation of MS2.

Results indicate that ozone is a less effectivefdistant than both UV and chlorine in
graywater with a high organic content. An ozoneedois5 mg/L was insufficient to provide any
measurable reduction & coli post-coarse filtration (Fig. 3.2A). No measureaklguction ofP.
aeruginosa with ozone occurred post-sand filtration. Ozone alshieved poor inactivation of
total coliforms post-sand and -cartridge filtrationith log reductions of 0.7 and 3.5, respectively
(Appendix A). By contrast, ozone disinfection poatiridge filtration provided substantial
inactivation ofE. coli (5 log) andS. enterica (6.7 log). The cartridge filter provided some
removal of solids and organics (TOC), which mayehkad to the more effective ozone
disinfection (Hodgson, 2012). Overall, ozone wasfibto be ineffective due to size of ozone
generator and high organic content in the graywater

In comparison to other studies, the ozone treatimergin provided little inactivation of
pathogens, likely due to the high organic conténihe graywater. In treated wastewater with
low organic content, (TDOC 7 mg/L), a 98% removaPoaeruginosa was achieved with an
ozone dose of 15 ppm when the pre-disinfection eotnation ofP. aeruginosa was 8-28
cfu/100 mL (1.4 log) (L. Liberti, Notarnicola, ah@pez 1999). By contrast, no measureable
reduction ofP. aeruginosa was achieved in the study herein. For the studgihgethe organic
content of the graywater was 6 times larger thanathter studied by Liberti et al. (1999), and an
ozone dose 1/3 of that in the study conducted betrti et al. (1999) was used. In addition, Beck
et al. (2013) found that low concentrations of totdiforms (90-440 cfu/100 mL) could be

disinfected to California Title 22 standards (20@/£00 mL) at a CT of 0.4 mg/L-min (Beck et
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al. 2013). The successful inactivation of bactageng ozone in waters with low organic content
indicates that the relatively high organic containthe water in this study inhibited effective
ozone disinfection.

Although MS2 inactivation was only tested post-shltigition, it is likely that the
efficacy of each disinfectant on the inactivatidrMs2 would be similar for the coarse filter and
cartridge filter because the quality of the fil@iggraywater did not vary significantly between
filters. Ozone disinfection post sand-filtratiorhaved a 3.7 log reduction of MS2, which was
comparable to chlorination. This result indicatest bzone may be as effective as chlorine and
UV for disinfecting viruses in graywater with aaglely high organic content. Like the UV
treatment, the ozone treatment was insufficiemhéet California Title 22 requirements for virus
removal and treatment modifications would likelyrimeded to achieve the required virus
inactivation.

Based on the results of the laboratory-scale stumiel economic feasibility analysis
conducted as part of a separate study (Hodgsor) 28lorination was investigated further to

determine how effective it is with respect to preueg regrowth.

3.3.3 Regrowth

Regrowth of total coliforms was observed for gratevaollected on some of the days
tests were conducted (Figures 3.3B, C and D), fimglzhue to thénigher concentrations of
organics irthe filtered graywater on those days. For exanthkeraw graywater TOC for Fig.
3.3D was 85 mg/L-C, which is much higher than therage TOC of approximately 51 mg/L-C
(+/-14.5 mg/L€) observed for the period during which the regrotets were conducted
(Spring, 2012 to Spring 2013). This TOC was thénbgy TOC observed over that period, and
the second highest TOC measured was 68.2 mg/L-6f@& samples.
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Figure 3.3 Regrowth of Total Coliforms akdcoli Over 7 Days. Graphs A-D represent separate

collection events. Table 3.2 includes the TOC ambiidity of the raw graywater for each regrowthdstu
() chlorine residual,4) total coliforms, ') E. coli
The raw TOC of the graywater for Figures A-D areb2745.0, 49.2 and 85.3 mg/L-C, respectively. *The
TOC for the regrowth study in graph A was measaredraywater collected 1 day prior to the beginning
of the study.

TOC values for graywater originating from bathrosources has been reported higher
than 100 mg/L-C (Surendran and Wheatley 1998)patth other sources report an average of
40 mg/L-C or less (Eriksson et al. 2002). Figueeshows the results of the regrowth study
conducted in a 5-gallon bucket. The influent TOCthos study was 27.5 mg/L-C and the results
are consistent with the regrowth study conductedl tivilet with the same TOC (Fig 3.3A).
However, these five studies show that while thera potential for regrowth of total coliforms

when the organics content of the graywater is higgrowth of bacteria can be prevented with a

chlorine residual of >2.4 mg/L for lower TOC levélsg. 3.3A).
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Figure 3.4 Regrowth Stuc(*) chlorine residual,4) total coliforms, ) E. coli
This regrowth test is shown separately becausastperformed with approximately 3 gallons
graywater in a 5-gallon bucké&tOC of the graywater used in this experiment wa$s 27g/L-C.

Table 3.2 Influent Graywater Quality for Regrowitudies

Graph TOC Turbidity
mg/L-C NTU
A? 27.5 28.4
B 45.0 25.8
C 49.2 30.7
D 85.3 36.8

AWater quality test date was 1 day prior to begigrifiregrowtl

Findings of this study are consistent with previgusported studies. March et al. (20(

observed that regrowth of HPC, fecal coliforiP. aeruginosa, andS. aureus did not occur witt
a chlorine residual above 0.5 mg/L for up to 6 ls in treated grayater with an average TC
of 39.9 mg/LE, although regrowth was not examined for longeiopls of time in that stuc. In
another study of chlorination following graywatsgdtment by an RBC, no regrowth for HF
fecal coliformsP. aeruginosa, andS. aureus were observed for 6 hours following chlorinat
(Friedler et al. 2011)Beck et al. (2013) reported that a chlorine CR&8 mg/l-min was
sufficient to prevent regrowth (E. coli and total coliforms for up to 15 dafBeck ¢ al. 2013);

however, total coliforms were found to be -detect after 15 days in a naisinfected contrg

43



sample suggesting that the low TOC graywater tedittdot contain enough nutrients to support
bacterial regrowth (Beck et al. 2013). Thus, tineliings reported herein expand upon previous
studies by demonstrating that regrowth can be pitedein treated graywater with a high organic
content (TOC > 27.4 mg/L-C) over extended periddsae. This study indicates that despite
the lack of removal of organics achieved by a sari@atment system consisting of only
filtration and chlorination, disinfection in conjation with a sufficient chlorine residual can

prevent regrowth of indicator organisms in storealyg/ater for at least 2 days (Fig. 3.3).

3.3.4 Spiked Regrowth

Because pathogens are the actual risk driversaywgater reuse, this study examined
how the regrowth of pathogens compared to the veprof indicator organisms. The results
indicate that a chlorine residual concentratio®.@5 mg/L (Figure 3.5A) prevented regrowth of
all pathogens tested for at least 4 days even thpathogens were all spiked at an extremely
high concentration (log 6/100 mL). Thus, this résido indicates that a residual of 2.75 mg/L
can prevent regrowth even during a high-contanonagvent (e.g., when residents of a building
are experiencing a high level of iliness). By caatr it was found that a chlorine residual of 1.5
mg/L (Figure 3.5B) was not sufficient to preverg tiegrowth of total coliformsS. enterica or E.
coli.

The results of the spiked regrowth studies areisterg with the unspiked regrowth
studies. A chlorine residual of 1.5 mg/L was ndfisient to completely prevent regrowth of
bacteria for both the spiked and unspiked regratadies. A chlorine residual of 2.5 mg/L or
higher, however, was sufficient in both the spikegrowth and unspiked regrowth to prevent

regrowth for at least four days as long as the 28 relatively low (e.g., 27.5 mg/L-C).
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Figure 3.5 Regrowth of Spiked Pathogens in Graymaitt Two Different Chlorine Residual
Concentrations, 2.75 mg/L (A) and 1.5 mg/L (B) ¢hlorine residual,{) E. coli, (0) S
enterica, (¢) total coliforms, %) P. aeruginosa. Influent TOC was not measured for these tests.
For graywater originating from the same source giaene group of students), the range of TOC
was 45.0 to 85.3 mg/L-C. The average TOC was 6316 with a standard deviation of 8.3
mg/L-C.

Although the TOC of the graywater used for the sdikegrowth tests was not measured,
the range of TOC found for the graywater origingtirom the same source as the graywater
used for the spiked regrowth test was 45.0 to B8fA.-C, with an average of 61.6 mg/L-C and
a standard deviation of 8.3 mg/L-C. The chlorinmded of the sample in Figure 3.5A was 46.8
mg/L and the chlorine demand of the sample in lE@ubB was 43.8 mg/L. The typical chlorine
demand for the graywater collected in the demotistraystem was approximately 17 mg/L
during the Fall 2012 and the Spring 2013 semesiées.chlorine residual in the demonstration
system on the day of sampling was 1.6 mg/L. Theaaeechlorine residual for the week of
sampling was 2.4 mg/L. Generally, it was found thiaén indicator regrowth was prevented,
pathogen regrowth was also prevented for the dpespécies tested. Additionally, it should be
noted that the pathogen-spiked regrowth studies wenducted at a relatively high temperature

(27°C), and given that bacterial growth rates galhemcrease with temperature, the results of

this study represent a conservative measure obgathregrowth.
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Because many pathogens are not considered in gquaddéty regulations and it is not
currently possible to monitor all known pathogeandjcators that accurately represent the
behavior of pathogens in graywater are needededigirlevels of pathogens in graywater.
Interestingly,S enterica and total coliforms exhibited a similar regrowttgern, indicating that
total coliforms may be a good indicator farenterica. These findings are consistent with
previous studies comparing indicator organismaia®gates for pathogenSalmonella spp.
have previously been shown to be significantly elated to fecal coliforms in stream samples
(Krometis et al. 2010). Regrowth Bf coli andP. aeruginosa was low compared to regrowth of
S enterica and total coliforms under the low chlorine residofal.5 mg/L. BecausE. cali is a
coliform bacteria, it would be expected to exh#@gimilar regrowth pattern as total coliforms.
However, it is possible that the laboratory stfiwoli used in these studies may be less
resistant to disinfection and therefore less ablegrow than wildtype strains. Studies
examining the regrowth &?. aeruginosa in reclaimed water systems have not revealed a
systematic regrowth pattern. Jjemba et al. (20&ppnted that 60% of reclaimed water samples
were positive foP. aeruginosa with high levels of assimilable organic carboi®@), but Wang
et al., (2012) found less than 10% of reclaimedewsamples containd®l aeruginosa. Both
studies also examineédycobacterium spp. and_egionella spp., finding both bacteria more
prevalent tharP. aeruginosa in reclaimed water systems (Jjemba et al. 201§\ al. 2012).
Additionally, the results of this study are limitexlthe bacteria tested, and future work should be
conducted to determine the regrowth potential bépbacteria in graywater, specifically gram-

positive bacteria which may be more resistant sesnégction.
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3.4 Conclusions

Graywater reuse for toilet flushing is gaining atien as a way to ease the water stress
created by growing populations in arid regions. fiélatively high cost and high maintenance
requirements of biological treatment systems maibihwidespread adoption and limit the
potential water savings of graywater. Simple treathsystems, however, are low cost and can
be maintained without a trained operator. In ofdesimple graywater reuse systems to be used
to meet water demand for toilet flushing, publialie must be protected. The results of this
study indicate that a simple treatment system stingi only of filtration and disinfection can be
effective at inactivating indicators and pathogengraywater and preventing regrowth. Overall,
chlorine could provide disinfection of bacteria afi®2 bacteriophage, prevent the regrowth of
bacteria for at least 2 days, and provide a distafé residual that can be monitored in the
system effluent. Although UV has a removal rateilsinto that of chlorine, additional
disinfectant would be needed to provide a residDabne was ineffective due to the size of the
ozone generator and organic content in the graywate

In addition, residents using graywater could altosated graywater to stay in their toilets
without flushing for at least 2 days if sufficiestilorine residual is present. Based on these
results, an operational recommendation is thatleess switch toilets to potable water before
longer absences. Finally, our results indicate ahasidual chlorine level of at least 2.75 mg/L
can still ensure a safe effluent with no regrowtbreduring a high contamination event when

organics are not removed from graywater.
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4.0 ASPEN HALL DEMONSTRATION GRAYWATER TREATMENT SSTEM

4.1 Introduction

Following laboratory-scale disinfection studiesl dittration studies (Chapter 4;
Hodgson, 2012), a modified demonstration graywaéatment system was designed for Aspen
Hall. The system treats an average of 300 gallbgsaywater from 28 students in 14 dorm
rooms on the first floor of Aspen Hall. The goaltbé demonstration unit is to prove that a low-
cost, simple graywater treatment system can prodancfluent suitable for reuse in toilets
while protecting public health. Through operatidrihee demonstration unit during the Fall 2012
and Spring 2013 semesters, long-term system peafozenwas evaluated and the use of

graywater in one toilet temporarily plumbed in thepen Hall graywater room was observed.

4.2 Materials and Methods
4.2.1 System Description

Criteria for the design of this treatment systeniuded a low operating cost, easy to
maintain, and most importantly, capability to paevian effluent safe for toilet flushing
(Hodgson, 2012). Through experiments and experiesttefiltration and disinfection
alternatives (Chapter 4; Hodgson, 2012), coaratibn and chlorine disinfection were selected
for the treatment system. The coarse Matala medemsity filter, the cartridge filter (100 um)
with granular activated carbon (GAC) and the saltet {20-40 um) did not have a significant
effect on chlorine consumption (Hodgson, 2012). S&ed filter did provide better removal of
organics than the coarse and cartridge filters;évan, the sand filter required more

maintenance, and could have adverse effects onimdldemand due to biological growth in the
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filter (Hodgson, 2012). Therefore, the coarse Matdiler was selected for implementation in the
current treatment system due to its ease of uséoandost (Hodgson, 2012).

Chlorine disinfection was selected over UV and @zdisinfection for the current
graywater treatment system. Chlorine generally iplexv the greatest inactivation Bf coli, S,
enterica, P. aeruginosa, and MS2. Chlorine is also a low cost disinfectaiat provides a
disinfectant residual that is easy to monitor ia dhistribution system or toilet to prevent
regrowth. Figure 4.1 is a picture of the currenhdastration graywater system. Figure 4.2 is a
picture of the graywater treatment process.

Graywater is collected in the storage tank wherapositing of the graywater as well as
settling of larger solids occurs. The tank is sigedh that storage is limited to 24 hours to
prevent growth of organisms and deterioration afygrater quality. From the storage tank,
“graywater gravity flows through the coarse filgerd is dosed in-line with sodium hypochlorite
before entering the disinfection contact tank” (gsoih 2012). The treatment system also
includes a potable water make up supply if graymatdepleted, and vents and overflow lines
per plumbing code (IPC Appendix C). The graywagasteam was not hooked up to student
toilets during the period of study so treated gratgwwas released on a flush timer. To simulate
a flushing event, an electronic valve opens angthssure booster pump (Grundfos, Olathe,
KS) pulls water from the disinfection tank. An alsonic float switch (Flowline, Los Alamitos,
CA) controls the electronic valve that releaseyweder from the disinfection tank and allow

water from the storage tank in to the disinfectimk.
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Figure 4.1 Schematic of Demonstration Graywateaffinent System
Gray arrows indicateaw graywater, purple arrows indicateated graywater.
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Figure 4.2 Schematic of the Graywater Treatemm

When the ultrasonic float switch senses a low wlateel (Level 2; Fig 4.3) in the
disinfection tank, an electronic valve opens, alfg\graywater to enter the disinfection tank. At
a lower water level (Level 3; Fig. 4.3), an elentoovalve is opened to allow potable water to
enter the tank. Water level 4 is the level at wigciyywater is pulled out of the disinfection tank.
To document maintenance and testing proceduréSOé&hwas written for the graywater
treatment system. The SOP contains information tedymiem start-up, shut-down and regular

maintenance. The SOP for the current graywateinieat system can be found in Appendix B.
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Details about system components and operationrasept in the SOP, which can be found in

Appendix B.

1 \ 4
2
3
4
45 gallons

Figure 4.3 Ultrasonic Water Level Sensor Desigragaeld from Hodgson, 2012) Volume
between each level is approximately 3.7 gallongrajwater.

Additionally, a demonstration toilet was plumbedise the treated graywater from the
demonstration unit. The toilet flushed 5 times ¢y to simulate actual use of a toilet. The toilet
was cleaned once per week using the same clearodgg used for cleaning student dorms,
which are also cleaned once per week. Toilet corapisnwere monitored for unusual wear on

components such as the toilet flapper.

4.2.2 Chemical and Biological System Performance Monitoring
Water quality parameters including TOC, total rg&a (TN), ammonia, turbidity, total chlorine,
E. coli and total coliforms were monitored. Influent graer samples were taken before

treatment but after the storage tank (where soitiéngeoccurs). Effluent samples were taken
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after a combination of filtration and chlorinatidiiL. effluent samples were collected from a
sampling port that leads out of the disinfectiomkté=ig. 4.1), where treated graywater was
stored. Samples were also collected from the tpllenbed to use graywater. Samples were
taken from the toilet bowl with a sterile pipettalditionally, three samples from a toilet
containing potable water were analyzed for chigria&l coliforms andk. coli. It should be
noted that the demonstration toilet containing grater and the potable toilet used for sampling
were cleaned at the same frequency and with the séaning product provided by CSU
Housing Facilities. Water quality parameters weeasured generally as described in section
3.2.2; however, details are repeated here for cuamee. TOC and TN were measured with a
Shimadzu TOC-V CSH/CSN (Shimadzu, Japan), whidizes combustion and acidification
process. Ammonia was quantified using an ion-sekeemmonia electrode (Fisher Scientific,
Waltham, MA). Turbidity was analyzed using a Hadl®@N nephelometric turbidimeter. Total
chlorine and was measured using a Hach total ctddast kit with a Hach DR2500
spectrophotometeE. coli and total coliforms were quantified using Coliléa-Quantitray
method approved by the EPA (IDEXX, Westbrook, Mair@lilert-24 powder pillows were
added to 100 mL samples of graywater, the sampéesealed in a Quantitray and incubated at

35°C for 24 hours before quantification.

4.2.3 Threshold Chlorine Residual for Preventing Pathogen/Indicator Growth
Chlorine residual was to be used as a surrogateréalicting whether or not bacterial
regrowth was occurring because monitoring microbagicentrations in graywater often involves
overnight culturing. Chlorine was dosed into 300-atiquots of graywater into 500-mL glass

flasks to obtain chlorine residuals between 0.5Lnagyd 2.0 mg/L. After a contact time of 1

56



hour, chlorine residual was measured and 3 sany@es chosen for microbiological monitoring.
The three samples chosen had chlorine residu@ls@fmg/L, 0.93 mg/L and 1.67 mg/L. Total
coliforms andE. coli were monitored at O hours (after 1 hour contace}jré hours, 24 hours

and 72 hours.

4.2.4 Interaction of Dye with Disinfected Graywater

Where graywater reuse is allowed, regulations reguire that graywater be dyed blue in
order to visually communicate to toilet users thatwater in the toilet is non-potable (Bergdolt,
Sharvelle, and Roesner 2011). To insure that tlegiok residual would not interfere with the
dye, and vice versa, a simple dye experiment waduied to test if the dye would increase the
chlorine demand of the graywater.

Graywater from Aspen Hall was disinfected with ¢hie and the residual total chlorine
was measured after ~1 hour of contact time. Brae Blye (Brac Systems, Ontario) was added
after disinfection at concentrations of 0.5, 25310uL dye/mL graywater. Basic food coloring
was also tested at concentrations of 1, 5, 1, Apl2lye/mL graywater. Chlorine residual was
measured for the Brac Blue sample dosed,dt 8ye/mL graywater after addition of dye, at 1
day, 3 days and 14 days. Because Brac Blue proadedre economic dye alternative than food

coloring, only samples dyed with Brac Blue were sugad for chlorine residual.

4.3 Results and Discussion
4.3.1 Demonstration Unit Effluent Water Quality
Figure 4.4 shows the average influent and efflueater quality parameters during 12
weeks of sampling over the Fall 2012 and SpringB2Emesters. For each parameter, a

Student’s t-test was performed to determine ifitiflent and effluent were significantly
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different. Filtration and disinfection did not aekie statistically significant removal of organics

(TOC) or nitrogen compounds (TN and ammonia) (prO-here was a statistically significant

increase in turbidity after filtration and disinfem (p<0.05).
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Table 4.1 shows the average water quality parasetegraywater in the demonstration
toilet during the Fall 2012 and Spring 2013 senrasiEhe water quality in the toilet was not
found to be significantly different from the effiuewater quality. Note that the graywater quality
for the Fall 2012 and Spring 2013 semesters igmifft than the graywater quality in the Spring

2012 semester.

Table 4.1 Graywater Quality in Demonstration Toilet
Parameter Average Standard

_ ~ Deviation
TOC (mg/L - C) 59.0 8.8
Turbidity (NTU) 42.6 10.1
TN (mg/L — N) 15.6 6.4
NH3+NH* 8.8 3.9

Differences in graywater quality could be due tifeting personal hygiene habits and
personal care products used by the students wiadbitteal the dormitories in the 2011-2012
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school year versus 2012-2013 school year. Infltatat coliforms were greater than log 7.4
cfu/100 mL for all samples. Effluent total colifosmvere not detected in 5 out of 7 samples, and
the greatest number of total coliforms measuredWasfu/100 mL. Similarly, total coliforms
were not detected in 5 out of 7 samples from tlag\gater demonstration toilet. The maximum
number of total coliforms detected in the toiletswg®.3 cfu/100 mL. N&. coli were detected in
any of the effluent or graywater demonstrationetiosiamples. Influert. coli ranged from 0 to
1,179.5 cfu/100 mL, with a median of 41 cfu/100 rf.the three samples collected from a
potable water toilet, one of the three samplespuastive for total coliforms an#. coli, with

counts of 31.3 cfu/100 mL and 3.1 cfu/100 mL, resipely.

4.3.2 Operational Experiences

During the Fall 2012, unstable chlorine residuas whserved (Fig 4.5). Abrupt losses of
chlorine residual were causing growth of bactarithe disinfection tank (Fig. 4.5). In an effort
to resolve the unstable chlorine residual, thelgetavater make-up line was turned off because
it was believed that the potable water, which hadneasurable residual chlorine, might be
“diluting out” the chlorine residual. In additioblack particles that were large in size were
observed in the graywater samples taken afterttnage tank and before treatment. The pre-
treatment storage tank, which had a black biofiearrthe bottom of the tank due to settling of
solids during storage, had not been cleaned sistaliation in 2010. Therefore, the pre-
treatment storage tank was cleaned during FalllBfdav. 19-23, 2012) by power washing and
flushing with potable water. Prior to cleaning fire-treatment storage tank, the average chlorine

residual was 1.6 mg/L. After cleaning, a stableghk residual was observed for the remaining
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3 weeks of the fall semester and again in the g@mest¢ (Fig. 4.5).The average chlorir

residual after cleaning was >3 mg
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Figure4.5 Chlorine Residual, Total Coliforms aE. coli During Operation; black vertical lir
indicates cleaning of p-treatment storage tank
(#) chlorine residual,A) total coliforms, and ) E. coli
During the stable operation, total coliforms webserved in 2 of 6 samples (0.3 and
log cfu/100 mL), andE. coli was not detected in any samp The potable water supply w
turned back on in March 2013, and no change irsthigility of the chlorie residual or systel

performance was observdegure 46 shows the inside of the storage tank before area

cleaning.A cleaning frequency of once per semester was afidéet SOP (Appendix E
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) !\;iéjure 4.6StorageTank fore (Ieft)' and After (right) Iing
No adverse effects on the toilet flapper and otbiégt components were noticed 08
months (September 20, 20t#zougt May 16, 2013pf operation with graywat (Figure 4.7).
Average chlorine residual was 1.8 mg/L, rangingrfi@to 15 mcL. Some discoloration of tr
toilet flapper may have occurred due to chlorimatiout no shrinkage or cracking was obser
Although some blackening of the film appeared anftappe (Figure 4.7) the flapper was sti
in working order. In addition, high organic load is usually noticed at the enthefSprinc
semester as students leave the d, and it is possible that the blackening of the flaps a
result of the high organic load. A report Kuru and Luettgen (2012pr Kohler Co reported
deteriorations of toilet flappers such as stiffenofghe elastomer and geometric shrinkage
deformation on toilets using treated graywi(Kuru and Luettgen 2012)bservations from th
demonstration toilet at Aspen Hall do i1suggest problems as obsenmdKuru & Luettger
(2012) likely a result of the use of a highly controll@dse of chlorine in the treatment sys.
In the study by Kuru and Lttgen (2012 some deterioration of the toilet flapper occurneal
toilets; howeverthe graywater effluent from the advanced oxidagid,O, and UV) treatmen
system caused the greatsistinkage and deformation of the toilet flap(Kuru and Luettgel

2012).
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Figure 4.7 Toilet Flapper Monitoring; March 3, 20(1&ft), approximately 5 months after
operation started. Toilet flapper on May 16, 20d&h{).
Factors such as periodic cleaning of the toilek &@md chlorine residual may have an
effect on the rate of deterioration of toilet compnts. In practice, it would be recommended

that homeowners periodically check the state af thdet flapper for failure.

4.3.3 Threshold chlorine residual for preventing pathogen/indicator growth

Although a simple graywater reuse system does mwige removal of organics,
inactivation of pathogens can still be achievedulgh disinfection. Monitoring microbial
concentrations in graywater often involves overhgiituring, which is impractical for
operating a treatment system where quick changésimfectant dose might be necessary.
Additionally, most homeowners do not have accesslédboratory and culturing supplies. To
overcome these challenges, chlorine residual isqe®d as a surrogate for predicting whether or
not bacterial regrowth is occurring.

A minimum threshold chlorine residual is necessamsure complete disinfection and
prevent regrowth. In this bench-scale study, it elaserved that a chlorine residual of 1.67 mg/L
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in raw graywater (with a contact time of 1 hour)svaafficient to disinfect the graywater and
prevent regrowth of total coliforms for two daysdire 4.8). Influent TOC for the graywater

used in this experiment was 85.3 mg-C/L.
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Figure 4.8 Regrowth of Total Coliforms at Threeibisctant Residual Concentrations.
E. coli in influent graywater was measured to be 100 OuithL; however, regrowth @. coli
was not observed for any sample.
Chlorine residuals ar@) 0.77 mg/L, @) 0.93 mg/L, and { ) 1.67 mg/L
E. coli was present in the influent water at 100 cfu/10(®ut.was not detected in

disinfected samples. The results of this studycaresistent with the regrowth studies presented
in Chapter 3, where high organic content and loleraie residual in the graywater resulted in
the regrowth of bacteria after approximately twgdd he results of this study are also similar
to the trend observed in the full-scale systemsyeh Hall, where a chlorine residual of less

than 1 mg/L tended to result in an increase ofdgialal growth and loss of chlorine residual

altogether (data not shown).
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4.3.4 Interaction of Dye with Disinfected Graywater
Results of the dye test indicate that dye may Isawee effect on the disinfected
graywater. Table 4.2 shows the residual totalramomeasurements of the Brac Blue sample
(concentration 3L dye/mL graywater) after 1 hour, 1 day, 3 daysl 44 days. Figure 4.9

shows the Brac Blue dye samples at 1 hour and day4 after addition of dye.

Table 4.2 Chlorine Residual Over Time oa@vater Dyed with Brac Blue

_ Chlorine Residual (mg/L)

Initial (no
15.0 12.5 10.3 5.38

BracBlue 15.4

\ . . <
= - g .—ﬂ
Figure 4.9 Graywater with Brac Blue Dye; 1 houern#iddition of dye (top) and 14 days after
addition of dye (bottom)

64



The photographs show that the dye is stable imféisied graywater, even after 14 days,
which is much longer than a typical residence tiordreated graywater in a household.
Although the dye did not react completely with tesidual chlorine (Table 4.2), the chlorine
residual was much higher than operating residuabtider test is recommended in which
residual chlorine is closer to the operating resida determine the effects of the dye on the

disinfected graywater.

4.4 Summary

A standard operating procedure was created basegpmriences with the demonstration
graywater treatment system at the Aspen ResidealiéAppendix B). Interestingly, unstable
chlorine residuals in the Fall 2012 semester wigetyl due to settled material built up in the
composite tank. Following cleaning, a stable cneniesidual was observed along with a
decrease in total coliforms agidcoli in the treated graywater. Although solids and picgare
not removed through the coarse filtration and desition treatment, chlorine disinfection was
shown to be effective at inactivating indicatoramgms. Additionally, a preliminary study
suggests that Brac Blue dye does not interfere etitbrine residual, which is important to

ensure protection of public health while complywigh plumbing code for graywater reuse.
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5.0 CONCLUSION

Water supplies in arid regions of the United Statesbecoming stressed as populations
continue to grow, particularly in seasons of drau@ecause almost all water supplies are fully
developed in arid regions such as the western t§tates, new conservation techniques and
water management practices will be needed to inbatevater is available for growing
populations. Low-flow fixtures have already playetble in reducing the potable water demand,;
however, water shortages persist due to the limiar savings of these technologies.
Graywater reuse for toilet flushing is now gainattention as a way to decrease household
potable water demand by approximately 25%. If @rpywater from showers, baths, and
bathroom washbasins were to be reused, that pmwader 10,000 gallons per person of
graywater available for reuse each year (Rockaway €011; Bergdolt, Sharvelle, and Roesner
2011). Graywater from showers, baths, and bathrasastibasins provides a constant source of
water that is relatively low in organics and therefeasy to treat on-site for reuse. Additionally,
unlike irrigation, the reuse of graywater for toilieishing can be taken advantage of year-round
to maximize water savings. In order for graywaterse to be widely adopted, however, the
treatment systems for graywater must be simplepi@esive, and capable of consistently
providing an effluent free of pathogens to progadblic health.

The laboratory-scale disinfection studies (ChaBjeand filtration studies (Hodgson
2012) allowed for the investigation of the optimambination of filtration method and
disinfection method. Three filtration methods (s®arsand and cartridge) in combination with
three different disinfectants (chlorine, UV and nepwere tested. Coarse filtration was selected
as the best filtration alternative due to the l@mstand ease of maintenance of the filter. The

cartridge filter was more costly than the coarkerfbut did not provide substantial
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improvements in water quality or potential disirtfen efficacy (Hodgson 2012). The sand filter
provided some removal of solids and organics; h@wnete minor water quality improvement
was not considered worth the increased cost andtem#ince associated with this filter
(Hodgson 2012). Chlorine provided the most effioasiinactivation of both indicator organisms
and pathogens. UV was only slightly less effeciivenactivating pathogens; however, UV does
not provide a residual disinfectant for preventiagrowth and quick monitoring of system
performance. Ozone was found to be ineffectiveastigyen inactivation, likely due to the
limited size of the ozone generator tested anéitheunt of organics in the graywater.

Following the implementation of coarse filtrationdachlorination in a demonstration
unit in Aspen Hall, regrowth studies were condugcted toilet plumbed with graywater to
determine if public health could be protected estays after disinfection occurred. The results of
the regrowth studies indicate that a chlorine redidf at least 2.75 mg/L should be maintained
in the disinfection tank to insure that regrowttpathogens does not occur. Even when the
performance was challenged through spiking of pghe into graywater at concentrations
exceeding 6 log cfu/100 mL, the regrowth of pathnsde coli, S. enterica andP. aeruginosa
and indicator total coliforms was prevented foradslwhen the chlorine residual was 2.75 mg/L.
Thus, given the collective results of spiked andpiked tests, with a residual of 2.75 mg/L, it
was observed that regrowth of indicators and pahsgan likely be prevented for at least 2
days with a TOC of less than 50 mg/L-C. A duratd2 days represents a short trip where
homeowners may leave their houses without flushitglet.

Based on the results of this study, the demonstrathit appears to be practical for use at
the multi-residential scale. Although the systemvpdes little removal of organics, disinfection

can still provide complete inactivation of indicet@nd pathogens for the protection of public
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health. Operation and maintenance of the desigeathtent system is both simple and low cost.
Further studies will be conducted with studentagishe graywater in toilets in the residence
hall to determine public perception of the treagemlywater. Operation and maintenance of the
graywater treatment system in Aspen Hall will ben&d over to certified plumbers in Spring

2014, no longer requiring engineering student acdlfy expertise.
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APPENDIX A: TOTAL COLIFORM DISINFECTION RESULTS

Table A.1 Disinfection Study Results for Total Gotims

Filter and Disinfectant Log Reduction of
Total Coliforms
Chlorine 8.0*
Coarse Matala Filter uv 55
Ozone -
Chlorine 6.7
Sand Filter uv 5.8
Ozone 0.7
Chlorine 4.7
Cartridge Filter uv 5.2
Ozone 3.5

*indicates complete disinfection
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APPENDIX B: STANDARD OPERATING PROCEDURE: OPERATIOAND
MAINTENANCE OF A GRAYWATER REUSE FOR TOILET-FLUSHIS SYSTEM AT

THE ASPEN RESIDENCE HALL

A. Purpose and Applicability.
The purpose of this Standard Operating Proced®®]$s to provide guidance for the
operation and troubleshooting of a graywater réoistilet flushing system at the Aspen
Residence Hall. The SOP is necessary to ensureipsgptem operation of the
collection, treatment and distribution of graywdtartoilet flushing. This manual
provides information on system start-up, routinenemance and system monitoring.
Figure 1 provides a schematic of the graywatetrreat process. Figure 2 provides a
schematic of the graywater treatment process.

B. Definitions
Refer to Figure 1 for labeled components of they@eder Treatment System

1) Influent Graywater — Untreated graywater from shiewand sinks

2) Coarse Filter — The coarse Matala filters the getgwafter the composite tank
before the disinfection tank

3) Disinfection Tank — 65 gallon tank stores treatetlyg/ater for toilets

4) Chemical Tank — 7 gallon chemical tank stores 8. N&9CI (Clorox Bleach)

5) Master Pump — Grundfos pressure booster pumplalisds treated graywater to
toilets

6) Chemical Pump — Stenner fixed output peristaltitemieg pump doses chemical
into graywater

7) Pump Control Module (PCM) — Stenner control modukters chemical dose of
peristaltic pump

8) Freshwater Solenoid Valve — Electronic solenoidi@alontrols influent
freshwater into the disinfection tank (not pictyred

9) Graywater Ball Valve — Electronic ball valve consranfluent graywater from
composite tank into the disinfection tank

10)Ultrasonic Level Sensor — Flowline ultrasonic legentrols the graywater ball
valve and freshwater solenoid valve to refill disstion tank when necessary

11)Composite Tank — 250 gallon tank collects, compssiind settles initial
graywater (not pictured)

12)Pulse Water Meter — Records the amount of watesipgshrough the meter and
works with chemical pump to dose volumetrically

13)Chemical Injection — Point at which chlorine is ddsn-line

14)Treated Effluent — Graywater that has been filtened disinfected and is ready to
be used for toilet flushing
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Figure B.1: Aspen Graywater Treatment System Dragi@ot pictured, 4. Chemical Tank)

C. Health and Safety Warning
1) Contact with untreated graywater presents potehéalth risks due to possible
pathogens in the water. Minimize contact with usiteel graywater.
2) Sodium hypochlorite (NaOCI) poses health risksighmandled. Follow proper
storage and handling outlined on chemical label.
3) Wear gloves and safety goggles to minimize heaithsafety risks.

D. System Start-Up
1) Collect graywater in the composite tank. This wdke approximately 24 hours.
Close the valve directly ahead of the filter toyenet graywater from flowing into
the disinfection tank at this time.
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2) Prime master pump. If the pump has been primedtigcand still has water in
the pump no re-priming is necessary. It is bestt@to drain pump during
periods of prolonged downtime.

3) Ensure that the chemical tank is full of 8.15% Na(&Jorox Bleach). If a
different concentration is used the chemical dodleneed to be adjusted based
on selected NaOCI concentration.

4) Provide power to the treatment system (Do Not Opeywater Influent Line!).
This provides power to all system components. Tibaf@ction tank will fill with
freshwater.

5) Prime the chemical pump. Unplug the chemical purapmfthe PCM and provide
the chemical pump with power until the NaOCI hasrbpumped from the
chemical tank into the dose-line. This should bgeolable through the clear
pump tubing.

6) Plug the peristaltic pump back into the PCM anduemshat the dose level of the
PCM is set according to the predetermined chlodivge. Setting should be 40%
on the PCM dial. Note that this may change basegraywater composition but
should remain relatively constant throughout theeser. All necessary chlorine
dose adjustments are controlled with the PCM.

7) Turn on the master pump. The indicator light wilbage from red to green and
the pump will complete the priming process.

8) Open the manual valve directly ahead of the fditethis time. Once the pump
turns on and distributes water to toilets, the Voater level will signal the
electronic valve to open and allow graywater tovfloom the composite tank into
the disinfection tank.

9) At this time the system is primed and ready torihiste treated graywater to the
toilets. Open the distribution valve and the systemperating normally.

E. Maintenance
Table 1 provides a list of monitoring and mainteseactivities, the frequency at which
they should be performed, the duration of eaclviéigt@and who should perform the
activity.
1) Weekly monitoring

i. Itis paramount to maintain chlorine in the cherhreaervoir. The
chemical reservoir should be checked on a weeldiskaand refilled if half
empty. The reservoir must be refilled with 8.15% G (Clorox Bleach).
Do not refill with a different concentration of kleh, this will require a
dose a change on the PCM.

il. Check the residual chlorine in the disinfectionktdy opening the sample
port to the left of the toilet. Be sure to flushemsonable amount
(approximately 1 liter) of water to get a represéine sample from the
disinfection tank. A sample can also be taken tscrtewing the lid on the
disinfection tank, but the lid must be replaced iedmately to assure the
Echopod reads the proper water level. Test thewaktchlorine using the
Colorimetric Chlorine Test Kit from Hach (Model #G®6T). Chlorine
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residual should be at least 1.5 mg/L. If belowrhd/L, increase the dose
slightly on the PCM.
2) Periodic cleaning of coarse filter

i. The coarse filter should be removed and cleanedsomaally. This should
be done every three months or as needed. Additad@ahing may be
necessary when the graywater fill rate betweerctineposite tank and
disinfection tank is significantly slower then iaitsystem start-up or if a
spike in chlorine demand is observed or largedsadire seen in the
disinfection tank. Cleaning of the filter is necasswhen the rate of water
moving through the pulse water meter (see #12,rEigjuis noticeably
slower than the initial rate. Under normal operati@ small white dial
with a silver dot on the pulse water meter willrspery quickly. If the
filter is clogged, this white dial will spin veryosvly, indicating that very
little water is passing through the filter. In tlo@se remove the filter and
backwash by rinsing the filter with freshwater istalrain. If the filter is
not cleaned after backwashing dispose of the tikel fand install a new
one.

3) Short-term System Downtime

i. If the student body is going to be gone for a kn®hart period of time
(<2 weeks, ex. Fall break) temporarily shut dowa $listem. Three days
before the break stop collecting graywater and grtig composite tank.
Close the influent graywater valve to the disinf@ttank and open the
valve for bypass to sewer. The system will now afgeon freshwater only
and prevent prolonged storage of graywater indhetttanks over the
break.

4) Long-term System Downtime

i. If the student body is going to be gone for a lpegod of time (>2
weeks, ex. winter break) shut down the system aawgito the short-term
procedure outlined above. Additionally, once thgtem is no longer in
use turn off the system and empty the disinfedizmk and master pump.
It is a good practice to remove and clean the eoftsr at this time.

5) Cleaning of composite tank

I. The composite tank should be cleaned before thmhieg of each
semester. This should be done when graywater ibaing collected.
Empty the composite tank, use fresh water to ringeside walls of the
tank and wash settled solids out of the tank diglhthe composite tank
with fresh water, add 180 mL of bleach and lebs#rnight. The next day,
drain and rinse the composite tank.

6) Building a new filter

i. Components needed: 2x 3" to 1.5” PVC reducing dagpPx 1.5” PVC
threaded pipe fitting, 3" PVC (16" length), 1.5” B\for connecting
coupling and fitting), Matala filter material.

ii. Fill 3" PVC with Matala filter material, prime arglue reducing couplings
to the end of the Matala filled PVC. Use the 1.¥CPto prime and glue
the reducing coupling to the pipe fitting. Onceeassbled, connect the
threaded pipe fitting to the existing plumbing.
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F. System Monitoring
1) Low water level in the disinfection tank
i. If water is below the low water level then therausissue with water
supplies to the disinfection tank. Check to sehefe is graywater in the
composite tank, if so then there is an issue vighultrasonic switch or
graywater ball valve. A low water level also indesan issue with the
freshwater make up supply this could result fronel@atrical or
mechanical issue in the ultrasonic switch or fresiewsolenoid valve.
2) Master pump working properly
i. A green ready light indicates the pump is on anerajing under normal
conditions. A red light indicates an issue has aecland the pump shut
off. This will occur if insufficient water was sujigd to the disinfection
tank or if the electrical connection to the pumpswaerrupted. If there is
a red light, check if there is sufficient watetthe disinfection tank and
that nothing is blocking the master pump water suppif the electrical
supply was interrupted from the plug or breakerc®the error is resolved
turn the pump on and ensure that a green inditigtdris achieved.
3) Empty chemical reservoir
i. Inthe case that the chemical reservoir is empgnassue occurred with
the delivery of chlorine to the graywater, immeeiaturn off all power to
the system, close the influent graywater valve ftbexcomposite tank to
the disinfection tank and drain the disinfectionkiaOnce the disinfection
tank is empty, leave the influent graywater supallve closed and restore
power to system. The system is now flushing towdgth freshwater.
Refill the chemical reservoir and make sure theribal pump is primed.
Open the influent graywater valve between the caigdank and
disinfection tank to restore system to normal opena.

G. Quality Control and Quality Assurance
Periodic testing of total chlorine residual andatabliform levels should be performed to
ensure that the quality of treated water is sudfitifor use for toilet flushing. The
frequency of testing should be in accordance afirements by the Colorado State
University Health Department. All tests should leefprmed in accordance to Standard
Methods for the Examination of Water and Wastewater

H. System Shut Down

1) Close the valve above the composite tank and dpewualve to sewer to stop
collecting graywater in the composite tank.

2) Shut off the power to the potable water valve ®vpnt potable water from
entering the disinfection tank.

3) Empty the composite tank by opening the valve atiibttom of the tank. Be sure
to close the valve at the bottom of the disinfattiank to prevent any backflow
from the composite tank into the disinfection tank.

4) Once the composite tank is empty, open the valvdweaottom of the
disinfection tank and let the water empty to theese
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5) Close the valve at the bottom of the disinfectiamnkt but leave the valve to sewer

open. This should allow water from the filter tauirto the sewer.
6) Close the valve to sewer.
7) Open the sampling port between the composite tadklze filter and use a
bucket to collect any water left in the line.

8) Close the valve between the toilet and the pumpoget the sampling port near

the toilet and allow water to drain from the line.

9) If the graywater system is to be left empty, tutinadl power to the system and
stop at this step. If potable water is to be usetieé system, continue to step 10.
10)Turn the power to the potable water valve backmhallow the disinfection tank

to fill with potable water. At this point the systewill now operate with City

water. However, it is not considered potable beedasks and lines have not

been disinfected and tested. Non-potable signs reastin at each toilet.

Chlorine
Storage

Filter

Stored GW

e

N

Disinfection
Tank

Dye Injection

To Toilets

Residual
Chlorine
Monitor

Figure B.2: Graywater Treatment Process Schematic

Table B.1: Monitoring and Maintenance Activities

Activity

Frequency

Duration

Assigned to

Clean composite tank

Twice per year

1-1.5 hour

mBéar

\*2)

Check chlorine residual

Once per week

5 minutes desstPlumbel

Clean coarse filter

4 times per year

20 minutes mBker

Fill chemical reservoir

Once per week

5 minutes dent/Plumbel

General system monitoring

Once per week

5 minutes| tude®t/Plumber

System start up

Twice per semester

1 hour Plumber

System shut down

Twice per semester

1 hour Plumber
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APPENDIX C: COLLABORATION WITH EPA TO INVESTIGATE RTHOGENS AND

VIRUSES IN GRAYWATER

Bacteria and Virus Sample Collection

In collaboration with the U.S. EPA to investigathogens and viruses present in
graywater, graywater samples were collected fraamtrdatment system in Aspen Hall and sent
to the EPA to identify the bacteria and virusespng via pyrosequencing. In addition to
characterizing the raw graywater, the temporalakality of bacteria species and viruses across
seasons was investigated. Knowledge about basieeiges and viruses present in raw
graywater will help guide further studies on whirdcteria species are important to monitor.
Raw graywater samples for bacterial and viral aialywere collected during March/April 2012
and May 2012. Additional samples of bacterial DN#yowere collected December 2012 and
April 2013. For each bacterial DNA and virus callen period, a total of 12 samples (6 bacterial
DNA, 6 viruses) were collected and processed dugingllection events in two weeks. For
bacterial DNA collection, at least 50 L of raw gnater was collected during each sampling
event in a large 35 gallon tank in order to obtanmepresentative mixed sample. 1-L samples
were obtained from the mixed sample and takenedath for processing. For each collection
event, bacterial DNA was extracted from each of3l®0-mL aliquots of a raw graywater
sample using a PowerWater DNA extraction kit (MaBIarlsbad, CA). DNA from the 3
extractions was pooled after elution. The elutiolumne for each extraction was 100; thus,
the total volume of each DNA sample sent to the ERA 30QuL.

Viruses were concentrated from raw graywater Withg an ultrafiltration protocol

provided by the EPA. In brief, 5.0 g of sodium paiigsphate was added to 50 L of raw,
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unstored graywater. Using a peristaltic pump, @lL%f raw graywater was processed through a
Rexeed 25S hollow-fiber ultrafilter (Dial Medicaligply, Chester Springs, PA), and retentate
was collected in a sterile 1-L bottle. After all BQvere processed, the direction of pumping was
reversed and 500 mL of an elution solution wasutated back through the hollow-fiber
ultrafilter. Elution solution was made with 0.1 @dsum polyphosphate (Sigma Aldrich, St.
Louis, MO), 0.1 mL Tween-80 (Sigma Aldrich, St. isuMO) and 0.01 mL Y-30 antifoam
emulsion (Sigma Aldrich, St. Louis, MO) added th fieagent grade water. Samples were
shipped overnight on dry ice to the EPA (Cincinn@t) for processing the following day.

In addition to DNA extraction and virus concentat an experiment was conducted to
determine if the source of the bacteria found sygrater was bacteria in collection pipe
biofilms or the students using the showers. Thoeens from the student dormitories plumbed to
the graywater collection system were chdsersampling. Room 1 was a model room and
students had never used the shower. Rooms 2 amde3oecupied during the semester. First, 10
L of potable water from one showerhead was coltectéen, three simulated showers were
conducted. Next, one simulated shower was conductedch of the three rooms. A collection
tank was used to collect the graywater from theutated showers before entering the
compositing tank. Due to the large size of theemibn tank used for compositing the simulated
showers, it was unable to be autoclaved or acskdrbetween samples (simulated showers).
Instead, the collection tank was thoroughly ringgéith potable water and a small amount of
chlorine between samples. To simulate a showesstibeierhead was turned on for 8 minutes,
and a nickel sized amount of Tresemme Natural sbarapd two minutes of hand washing with
Dove body soap were mixed with the shower wateltofmng the simulated shower, 2 L of

water from the collection tank were taken immedyate the laboratory for DNA extraction.
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DNA was extracted using a PowerWater DNA extracki (MoBio, Carlsbad, CA).
DNA was extracted from 7 L of the potable watelexted from the showerhead. For each
simulated shower experiment, 1 L of graywater wsedun the DNA extraction. The elution

volume of the DNA sample was 1QQ.
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APPENDIX D: CHLORINE DISINFECTION BATCH STUDY RESULS

Results of the chlorine disinfection batch studitter 15 minutes of contact time. Results
reported in Chapter 3 are after 60 minutes cottiiaet.

Table D.1 Chlorine Disinfection Batch Study Data

Filter and Organism Log Reduction |
E. coli 7.1
P. aeruginosa NQ
Coarse Matala Filter S enterica 8.0
MS2 NQ
Total Coliforms 4.1
E. coli 5.7
P. aeruginosa 5.7
Sand Filter S enterica 7.8
MS2 1.7
Total Coliforms 5.9
E. coli NQ
P. aeruginosa NQ
Cartridge Filter S enterica 0.4
MS2 NQ
Total Coliforms NQ

NQ indicates not quantified
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LIST OF ACRONYMS AND ABBREVIATIONS

ATCC: American Type Culture Collection
BOD: biochemical oxygen demand

cfu: colony-forming unit

COD: chemical oxygen demand

CT: chlorine contact time, the product of chloriesidual concentration and contact time
DE: diatomaceous earth

EPA: Environmental Protection Agency
FIB: fecal indicator bacteria

GAC: granular activated carbon

gpcd: gallons per capita per day

gpd: gallons per day

HPC: heterotrophic plate count

LB: Luria broth

MBR: membrane bioreactor

NB: nutrient broth

NTU: Nephelometric Turbidity Units
pfu: plaque-forming unit

RBC: rotating biological contactor
SOP: standard operating procedure
TDOC: total dissolved organic carbon
TN: total nitrogen

TOC: total organic carbon

TSB: tryptic soy broth

TSS: total suspended solids

UV: ultraviolet

UVT: ultraviolet transmittance
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