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ABSTRACT

The sustainability of water resources is an international and national concern. With
increased human activity, water distribution on a global, regional, and local scale has been
negatively impacted. Managing water resources also includes managing wastewater. A promising
solution to the issues of water scarcity and distribution in the environment is the reuse of
wastewater. Wastewater is produced from various sources (domestic, industrial, and commercial);
however, if this water is able to be reused closer to the source of generation it could positively
impact water distribution. In the United States, approximately 25% of domestic wastewater is
treated in onsite wastewater treatment systems OWTS (mainly septic tanks and drainfields).
However, septic systems are not efficient at removing nitrogen and pathogens, making them a risk
to public health and the environment.

In recent years, advanced onsite wastewater treatment systems have been developed to
reduce contaminants into the environment. These systems are effective at removing contaminants
but often require many mechanicals parts and have high energy requirements. These additional
components require homeowners to perform more maintenance on advanced OWTS than
conventional systems or pay for maintenance to be performed. Passive Nitrogen Reduction
Systems (PNRS) are being developed that provide high levels of nutrient removal while keeping
maintenance requirements and costs low for the homeowner. (PNRS) use two-stage packed bed
bioreactors to remove nitrogen from wastewater via nitrification (Stage I) and denitrification
(Stage I1). Our laboratory has developed a two-stage bench scale PNRS that uses ion exchange

(IX) materials, clinoptilolite and scrap tire chips, to enhance the removal of nitrogen from
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wastewater by buffering transient loads to the biological processes. Pathogens can be present in
domestic wastewater and if untreated can be released to groundwater and open water bodies
endangering the health of the public. PNRS have the potential to reduce pathogenic
microorganism released into the environment, however; the reduction of pathogens in PNRS that
include 1X media had not previously been studied.

In this research, E. coli was used as a fecal indicator bacteria (FIB) because of its simplicity
and national and worldwide acceptance. In our study, the performance of a PNRS with and without
IX media was evaluated. Hourly studies were performed to determine the removal efficiency of
E. coli from the system under varying hydraulic loading rates. Biofilm detachment experiments
were conducted to measure E. coli adsorption and growth patterns within the column reactors.
Batch adsorption experiments were completed to determine the effect of different types of media
with and without 1X material on E. coli growth over extended time periods.

E. coli enumeration data from the hourly experiments demonstrated that there was a 0.84
log reduction of E. coli throughout the PNRS from the septic tank effluent to the final effluent
released from the system. The evening and afternoon periods showed a higher reduction of E. coli
compared with the morning period. Removal efficiencies were greater in the first stage of
treatment (nitrification) as compared to the second stage treatment (denitrification). However,
these variances did not result in significant differences in overall E. coli removal efficiency.
Adsorbed E. coli were evenly distributed in the column containing 1X media, while a decrease in
adsorbed E. coli with depth was observed in the column without IX media. Batch adsorption
studies revealed that when E. coli are present in wastewater solution with media, E. coli are initially
adsorbed but can grow in the system after 6-12 hours. This growth indicates that other FIB should

also be used to determine the fate of pathogens in PNRS. Based on all E. coli enumeration
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experiments, the PNRS developed reduce E. coli by almost 85%; however, this reduction is not
adequate to meet onsite water reclamation regulations. Further studies are needed to develop

tertiary treatment for pathogen reduction and wastewater reuse.



CHAPTER 1 INTRODUCTION

In nations across the world, clean water and sanitation have become leading concerns, and
solutions must be developed for complex problems related to water scarcity and wastewater
management. As climate is changing and natural resources are being depleted, solutions are
needed to reduce harmful anthropogenic impacts on public health and the environment and to
conserve water resources. Water scarcity and distribution of water in the environment is a problem
plaguing the entire world. In recent decades, anthropogenic forces have changed climate patterns,
thereby affecting water distribution on a global, regional, and local scale (World Health
Organization, 2003). The United Nations has generated a list of seventeen sustainable
development goals. Three of these goals are addressed in this research: 1) clean water and
sanitation, 2) improve industry, innovation and infrastructure, and 3) sustainable communities and
cities (United Nations: General Assembly, 2015). In addition, the National Academy of Engineers
has listed 14 problems that are of utmost concern for the next generation of engineers (National
Academy of Engineering, 2016). Three of the challenges listed are addressed in this research: 1)
managing the nitrogen cycle, 2) providing access to clean water, and 3) improving urban
infrastructure.

To devise a solution to these complex problems, water resources need to be managed to
improve water sustainability. Reuse of wastewater is a promising practice to deal with water
scarcity nationally and internationally (Echart et al., 2012; Verbyla et al., 2016). One of the
foremost benefits of wastewater reuse is water conservation. By reusing wastewater, potable water

resources can be reserved for drinking and wastewater can be reused for irrigation (agricultural,



landscape, and residential), toilet flushing, fire protection, dust suppression, street cleaning,
fountains, wetlands, cooling towers, vehicle washing, and mixing of pesticides (WRF, 2003). One
major advantage of water conservation through wastewater reuse near the source of production is
local groundwater recharge, conserving the hydrogeological cycle. As water reuse is growing in
popularity there are new concerns surrounding the topic. Some of the greatest concerns are health
risks associated with treated water reuse and the quality of the water (Angelakis and Snyder, 2015).
New standards and regulations are helping to avert the risk of illness from non-potable reuse of
wastewater while ensuring the quality of water is safe for the public health (USEPA, 2012).
Along with managing water resources, the sustainability of infrastructure should be
addressed as well. In nations such as the United States, population densities are increasing in urban
areas, while infrastructure has continued to fail and been unable to meet the needs of the growing
population (Daigger, 2009). Wastewater treatment systems are included under the umbrella of
failing infrastructure (ASCE, 2017). Wastewater can be treated at different scales, including
centralized, decentralized, and onsite wastewater treatment systems (OWTS). In the United States,
approximately 25% of domestic wastewater is treated in OWTS (mainly septic tanks and
drainfields) especially in rural, semi-rural, or suburban areas (USEPA, 2002a). The United States
Environmental Protection Agency defines an OWTS as “a system relying on natural processes
and/or mechanical components to collect, treat, and disperse or reclaim wastewater from a single
dwelling or building” (USEPA, 2012). OWTS collect waste from the household which is then
distributed to a septic tank. In septic tanks, water is held for 2-5 days allowing solids to settle,
while fats, oils, and grease (FOG) float on the surface of the water. After water exits the septic
tank, it is released into the drainfield where it is percolated and purified as it passes through soils

and then reaches groundwater as shown in Figure 1.1. Septic systems have many advantages, such



as wastewater treatment close to the source, low maintenance requirements, relatively low costs,
and effectiveness at removing most solids and organic matter prior to release of effluent into the

environment.

1o

Septic tank
Drainfield

Groundwater

Figure 1.1 Diagram of an OWTS (septic tank and drainfield)
(USEPA, 2002b).

When septic systems are not functioning properly, they can release contaminants, such as
pathogens and nutrients (nitrogen and phosphorous), into subsurface soils, posing environmental
and public health risks. In 1995, the U.S. Census Report stated that over 50% of septic systems
were constructed during the 1960’s when regulations were not as stringent or strongly enforced
(USEPA, 1996). The USEPA National Water Quality Inventory 1996 Report states that,
“improperly constructed and poorly maintained septic systems are believed to cause substantial
and widespread nutrient and microbial contamination to groundwater” (USEPA, 1996).

In subsurface soils, pathogens can mobilize, contaminate groundwater and eventually
travel into open bodies of water or private drinking water wells (USEPA, 2002a). This pathogenic

contamination from OWTS into open bodies of water contributes to outbreaks of illnesses (USEPA



1996). Many types of microorganisms are present in wastewater, some of which are pathogenic
and can cause illnesses such as diarrheal infections, gastroenteritis, and dysentery, which induce
dehydration, vomiting, dizziness and even death in some cases (O'Reilly et al., 2017).

To address the problem of failing wastewater treatment infrastructure in Florida, Passive
Nitrogen Reduction Systems (PNRS) are being developed as a part of the Florida Onsite Sewage
Nitrogen Reduction Strategies Study (FDOH, 2015). PNRS are designed to use bioreactors packed
with media to enhance biological processes that convert ammonium to nitrogen gas (N>).
Advantages of these PNRS include their similarity to conventional septic systems in their operation
and maintenance, low energy costs, and elimination of chemical feed systems. Our research group
is currently comparing the performance of two bench-scale PNRS for nitrogen removal in reactors
with and without an ion exchange (IX) processes under intermittent flow conditions (Hirst and
Anderson, 2014; Krayzelova et al., 2014; Rodriguez-Gonzalez et al., 2015). The PNRS were
designed to remove nitrogen but their potential for reuse of effluents and reduction of pathogens
with ion exchange material has not been extensively studied. This study looks at the potential of
the PNRS to improve the microbiological quality of septic tank effluents for fecal indicator
bacteria (FIB) removal.

Pathogenic bacteria are often difficult to detect in the environment and not easily
quantifiable, thus the use of fecal indicator bacteria (FIB) has emerged as a way to detect fecal
contamination. FIB can be defined as, “a group of organisms that indicate the presence of fecal
contamination” (WHO, 2001). FIB are typically used as surrogates for pathogenic bacteria,
because they present less risk, are easier to enumerate, and are less costly to quantify in a laboratory
than pathogens (National Research Council, 2004). The U.S. EPA recommends the use of

Escherichia coli (E. coli) and Enterococci as FIB. For this research, E. coli were used as FIB in



wastewater because of its ease of detection, and widespread use and acceptance globally and
nationally (WHO, 2001).

PNRS have the potential to reduce pathogen and nutrients released to water bodies, hence
minimizing public health risks. If these advanced OWTS can reduce the release of nitrogen and
pathogens into the environment, the effluent has the potential for reuse. Implementation of water
reuse at the household level could provide the solution to many of the problems of water scarcity
and distribution, waste management, failing infrastructure and management of the nitrogen cycle,
while protecting public health and the environment.

1.1 Research Objectives and Tasks

The goal of this research is to investigate pathogen removal in PNRS. Specific objectives

and tasks include:
1) Assess the reuse potential of PNRS effluent for onsite irrigation:

Task A: Measure E. coli removal in bench-scale PNRS with and without IX medium.
2) Investigate removal mechanisms for E. coli in PNRS:

Task A: Measure adsorption of E. coli onto medium in PNRS columns with and without

IX medium in the nitrification stage.

Task B: Conduct batch E. coli adsorption studies with different types of media used in the

nitrification stage of PNRS.



CHAPTER 2 LITERATURE REVIEW
2.1 Onsite Wastewater Treatment Systems (OWTS)

In densely populated urban areas in the United States, wastewater is typically collected in
sewer systems and treated in centralized wastewater treatment facilities. However, in less densely
populated areas without centralized systems or without access to sewer lines, OWTS are used.
OWTS can be used for a single household, a cluster of homes, entire neighborhoods, or
commercialized areas (USEPA, 2002a). In Florida, approximately 25% of homeowners treat
wastewater from their home using OWTS (WRF, 2003; USEPA, 2002a).

Septic systems are types of OWTS and are designed to remove solids and FOG. Heavy
solids settle to the bottom of the septic tank while FOG float, leaving a middle layer of water that
is discharged to the drainfield. Septic tanks are typically designed for a hydraulic retention time
of 2-5 days (Buchanan, 2014). In the drainfield, wastewater is distributed through perforated pipes
that percolate wastewater into underlying soils or water is evapotranspired into the atmosphere as
shown in Figure 2.1 (USEPA, 2002a). In the drainfield and underlying soils, organics, nutrients,
and pathogens can be removed. In the infiltration zone, organics are degraded and nitrification
occurs if enough oxygen is present. In the unsaturated (vadose) zone, pathogens and phosphorous
are removed (USEPA, 2002a). Water then flows to the saturated zone where groundwater flows.

OWTS require user maintenance and must be designed and operated properly to ensure
maximum performance as shown in (Table 2.1). Every 3-5 years the homeowner must remove the
solids and FOG that accumulate in the septic tank by pumping the solids and FOG through the

access ports. Older septic tanks were designed with a single compartment while modern septic



tanks are comprised of two compartments for greater solids and organics removal. In the U.S.,
many OWTS fail to provide adequate treatment because they are improperly designed, past their
design life, overloaded, or not properly maintained. Failing septic tanks are considered a nonpoint
source of pollution in watersheds. The discharges of pollutants from nonpoint sources can lead to
contamination of surface water or groundwater (USEPA, 2002a). Nonpoint source contaminants
of concern from OWTS include solids, organics, nutrients (nitrogen and phosphorous), pathogens,
and trace organics such as pharmaceuticals and personal care products (PPCP’s) (USEPA, 2002a).
OWTS also pose a risk of drinking water contamination since many homes use onsite groundwater

wells without treatment or disinfection as a drinking water source (WRF, 2003; USEPA, 2002a).
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Figure 2.1 Schematic of an OWT with flow of water in subsurface soils
(USEPA, 2002a, pg 1-7)



Table 2.1 Advantages, disadvantages, and other considerations for OWTS
(adapted from Buchanan, 2014; WRF, 2003; Conboy and Goss, 2001)

Advantages

Disadvantages

Other Considerations

Recharge groundwater
within local watershed

Groundwater contamination if
not properly maintained

Useful in rural or peri-urban
communities

Simple user maintenance

Improper maintenance

OWTS performance depends
on the type of soil.

Low energy consumption

Transient loading from systems
i.e. user’s absence from their
homes

Limited use when in proximity
to a wetland or sensitive
ecosystems

Little or no odor

Sludge can escape the tank and
clog the pipes preventing water
absorption by the soil

Not recommended when there
are abnormal wet seasons and
high water table

Relatively low cost

Does not effectively remove
contaminants (nutrients,
pathogens, and trace organics)

Should not be used near
drinking water sources (i.e.
groundwater wells)

Eliminates long distance
transport of wastewater

Can’t handle high capacity if
there is excessive water usage or
the tank size is too small

2.2 Pathogens in Wastewater

Many types and species of microorganisms are present in wastewater and these organisms

can be pathogenic or non-pathogenic. Bacteria are released into onsite wastewater systems via

urine and feces. Concentrations of E. coli excreted through feces in septic systems can range from

approximately 108 to 10 per gram of fecal matter (Lusk et al., 2017; Tenaillon et al., 2010).

However, if an individual is sick, their excreted feces can contain pathogenic microorganisms

which can cause illnesses such as gastrointestinal infections, mild to severe diarrhea, vomiting,

dehydration, and in some cases death (Table 2.2).




Table 2.2 Pathogenic microorganisms found in septic systems
(adapted from Lusk et al., 2017; O'Reilly et al., 2017; Gerardi, 2006))

Bacteria Disease Symptomology
Legionella pneumophila Legionnaires’ Malaise, respiratory illness
Disease
Shigella Shigellosis Dysentery
Vibrio Cholerae Cholera Diarrhea, dehydration
Salmonella spp. Salmonellosis Diarrhea, fever, abdominal cramps
Salmonella typhii Typhoid fever Headache, stomach pains,

constipation, diarrhea, nausea,
vomiting, fatigue, fever, chills, skin
rash

Leptospira interrogans

Leptospirosis

Fever, headache, jaundice, kidney
damage, liver damage

Campylobacter jejuni

Gastroenteritis

Abdominal pain, fever, bloody
diarrhea

Escherichia coli (E. coli)
enteroinvasive (EIEC)

Gastroenteritis

Diarrhea, high fever

Escherichia coli (E. coli)
enteropathogenic (EPEC)

Gastroenteritis

Severe watery diarrhea, bloody
diarrhea (common in infant cases of
diarrhea in developing countries)

Escherichia coli (E. coli)
enterotoxigenic (ETEC)

Gastroenteritis

Watery diarrhea

Escherichia coli (E. col)
enteroaggressive (EAEC)

Gastroenteritis

Watery Diarrhea, bloody diarrhea,
persistent diarrhea in children

Shiga toxin-producing E. coli
(STEC)

Gastroenteritis

Watery diarrhea, defecation pain,
abdominal tenderness

Yersinia enterocolitica

Yersinosis/
Gastroenteritis

Abdominal pain, fever, diarrhea




2.3 Fecal Indicator Bacteria

Pathogenic microorganisms may be difficult to detect in the environment and are not
always easily quantifiable in a laboratory. The use of Fecal Indicator Bacteria (FIB) has emerged
as a way to detect fecal contamination. FIB can be defined as “a group of organisms that indicate
the presence of fecal contamination, such as the bacterial groups thermotolerant coliforms or E.
coli...they only infer that pathogens may be present” (WHO, 2001). The Clean Water Act was
amended by the BEACH Act Rule, which defined a pathogen indicator as, “a substance that
indicates the potential for human infectious disease” (CWA, 502(23) BEACH Act [33 U.S.C.
1362(23)]) because pathogen indicators can refer to either biological or chemical agents (USEPA,
2014). Characteristics that are desired of FIB are (National Research Council, 2004; Myers et al.,

2014):

Rapid results

Can be easily tested in a laboratory

Broad application to many pathogenic organisms

Precision and sensitivity in enumeration measurement

Are present in a sample with a similar density to fecal concentrations

Survival in environment is similar to that of pathogens

e Transport in environment similar to pathogen
2.4 E. coli as a Fecal Indicator Bacteria

E. coli has been recognized as an international and national standard for fecal
contamination (WHO, 2001). E. coli is a gram-negative bacterium found in the gut of mammalian
species and is released into the environment through feces. E. coli is a rod shaped, negatively

charged bacterium that replicates using binary fission. Most forms of E. coli are non-pathogenic
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and can aid in digestion. Due to its abundance in the environment and similarity to pathogenic
microorganism, E. coli is useful as an FIB especially in temperate climates (WHO, 2001;
Crittenden et al., 2012). A limitation to using culture dependent methods for indicating the
presence of pathogens is that the organism may be alive but not culturable due to injury or stress.
This is referred to as viable but nonculturable (VBNC) (Oliver, 2005). Critiques of using E. coli
as an FIB stem from its variability in the environment or its ability to adapt and persist in an
environment (Ishii and Sadowsky, 2008).
2.5 E. coli Standards

The Florida Department of Health has standards for fecal coliforms in OWTS effluent and
the U.S. EPA has regulations for E. coli concentrations for reuse in wastewater effluent (Tables
2.3 & 2.4). The standards for wastewater effluent are based on the quality of the system and are
called Performance Based Treatment Systems (FDOH, 2013). These systems are classified either
as Secondary Treatment, Advanced Secondary Treatment or Advanced Wastewater Treatment
when they are designed. Wastewater reuse regulations vary from state to state, but the USEPA
has a guideline for reuse based on the National Sanitation Foundation 40 rule (USEPA, 2012). For
onsite wastewater reuse, effluent must reach a quality classified as Class R (residential) or Class
C (commercial), which includes multi-family dwellings. Classes R & C include restricted indoor
reuse or unrestricted outdoor reuse, as shown in Table 2.4.

Table 2.3 FDOH standards for OWTS effluent

(FDOH, 2013)
Treatment Level Fecal Coliform Concentration

Secondary Treatment Annual mean of less than 200 CFU/100mL
fecal coliform

Advanced Secondary Treatment Annual mean of less than 200 CFU/100mL
fecal coliform

Advanced Wastewater Treatment <25 CFU/100mL for one sample

11



Table 2.4 Wastewater reuse guidelines for E. coli
(USEPA, 2012)

Class R Class C
Average Single Sample Average Single Sample
Maximum Maximum
E. coli 14 MPN/100mL 240 E. coli 2.2 E. coli 200
MPN/100mL MPN/100mL MPN/100mL MPN/100mL

2.6 E. coli Removal in OWTS

In conventional OWTS, E. coli can be removed throughout different stages of the system.
When solids settle, some microorganisms are removed from the suspension while some remain
until the water exits into the drainfield where most inactivation occurs in the soils. Advanced
OWTS can help reduce E. coli concentrations by providing additional treatment. Some advanced
OWTS have achieved approximately 3-5 log reductions of E. coli throughout the system as shown
later in Chapter 4. However, most effluents do not comply with standards for E. coli or other fecal
indicator bacteria as shown in Table 2.3 and 2.4. The fate of E. coli in OWTS is affected by
physical, chemical and biological factors (Engstrém et al., 2014; Stevik et al, 2004, Lusk et al.,
2017). Depending on these factors, E. coli removal efficiencies can either increase or decrease.
2.7 Physical Factors Affecting the Fate of E. coli
2.7.1 Temperature

The ideal temperature for E. coli in the environment is approximately 36-40°C similar to
that of temperature in the mammalian intestine (Jang et al., 2017). Brooks and Field, (2016)
reviewed the decay rates constants for E. coli using a statistical model developed to investigate
contributing environmental factors such as water type, light, sediment type, and temperature. It
was determined that the greatest factor that contributed to decay was temperature with a 95%
confidence level. Changes in seasonal temperatures can affect the performance of OWTS allowing

for less E. coli removal in colder seasons (Pundsack et al., 2001). Park et al., (2016) reported that
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during the winter and spring E. coli removal was four times lower than in the summer and autumn.
This correlates to an average 4-6 log reduction in summer and autumn and 2-5 log reduction of E.
coli in the spring and summer. Olson et al., (2005) reported that temperature changes had minimal

effect on E. coli removal efficiencies.

2.7.2 Media Properties

E. coli removal in OWTS is dependent on media size. Relatively small sand particle sizes
are effective at removing bacteria, viruses and protozoa. Advantages of a smaller grain size are
increased surface area and greater contact time. Disadvantages of small grain sizes are increased
clogging and headloss in a reactor resulting in more required backwashes and potentially more
maintenance for the user (Crittenden et al., 2012). Media and bacteria such as E. coli are usually
negatively charged; these charges can induce repulsion and prevent E. coli from adhering to the

media surface (Engstrom et al., 2014).

2.7.3 Straining in Media

Straining is considered a prominent physical factor that aids in the removal of E. coli from
wastewater and increases their retention in reactors. Straining can include clogging, bridging, and
wedging of E. coli between media and biofilm (Stevik et al., 2004; Lusk et al., 2017). Straining
happens when a particle in solution is larger than the pore opening of medium (Stevik et al., 2004;
(Yavuz Corapcioglu and Haridas, 1984). For sandy type material, straining is more effective when
the media size is approximately the same size or smaller than the bacteria and is enhanced with
biofilm development (Stevik et al., 2004). For coarse granular media, bacteria adhere to the
surface to develop biofilm, but heterogeneity in the surface area may result in preferential flow
paths of wastewater (Crittenden et al., 2012). An excess of biofilm growth can also lead to

clogging of systems.
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2.7.4 Adsorption onto Media

Adsorption of bacteria onto media occurs by three different mechanisms and is also
referred to as attachment (Yavuz Corapcioglu and Haridas, 1984). The first adsorption mechanism
is physical adsorption (physi-sorption) due to Van der Waals forces between the microorganism
and the surface of the media. The second adsorption mechanism is chemical adsorption (chemi-
sorption), which occurs when there is a chemical reaction between the adsorbent and the adsorbate.
The last mechanism is ion exchange where ions from the surface of an adsorbent are exchanged
for ions in solution based on concentration or electrostatic charges (Yavuz Corapcioglu and
Haridas, 1984). In PNRS the most prominent mechanism of adsorption is likely physi-sorption,
where E. coli is physically adsorbed onto media.
2.8 Chemical Factors Affecting the Fate of E. coli
2.8.1 pH

E. coli can have a tolerance for low pH environments because the intestine of humans is a
low pH environment (Jang et al., 2017). Under the high pH environment typical of domestic
wastewater, E. coli die off rapidly and they cannot grow at pH values above 9.2 ((Parhad and Rao,
1974, ,). Heistad et al. (2006) reported that in their advanced OWTS filtration system, E. coli was
not found in the effluent due to high pH values of 9.5-13. Yavuz Corapcioglu and Haridas (1984),
reported that E. coli are able to survive in media at a pH below 8.0. This is relevant to PNRS
because pH values reported in these systems are generally in neutral range 6.8-7.7 and within the
suggested standard range by National Sanitation Foundation 40 range of 6.0-9.0 (Chang et al.,

2010; NSF 40, 2009).

14



2.8.2 lonic Strength

In a review by Stevik et al. (2004) it was noted that the presence of the cations Na*, Ca?
and Mg?* enhanced bacterial adsorption onto the media while anions in the solution (Cl-, SO4%,
and NOz3") had a negligible impact on adsorption. The ionic strength could prove to be especially
important for FIB survival in PNRS because it has been reported that the affinity for bacteria to
adhere to a surface depends on the ionic strength of the solution or molar concentration of the
cations (Stevik et al., 2004). Kauppinen et al. (2014) reported that although there was no
correlation in the removal of E. coli and nutrients (phosphorous and nitrogen) in their sand and
gravel filters; however, filters that removed more E. coli also removed more nutrients. Similarly,

sand filters that were less effective at removing microbes, were less effective at removing nutrients.

2.8.3 Disinfection

E. coli concentrations can be reduced in advanced OWTS; however, the reduction needed
to meet standards of effluent quality does not always occur. If E. coli is not removed in advanced
OWTS, tertiary treatment with disinfection is employed to ensure that pathogens are inactivated
in the final effluent (Crittenden et al., 2012; Agidi et al., 2013; Park et al., 2016).
2.9 Biological Factors Affecting the Fate of E. coli

E. coli may have to compete with other microorganisms for substrate and places to adhere
to the surface of media. Nitrifying bacteria can survive in wastewater on media because they
develop close to the media surface and other heterotrophs may grow on top of the nitrifiers to
develop their biofilm, limiting the surface area for E. coli (Rittmann and McCarty, 2001). An
adsorption study involving E. coli and other pathogens showed that E. coli could grow faster under

sterile conditions, inferring that other microorganisms are competing with E. coli for substrates
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and space (Ishii et al., 2010). E. coli can also face predation in the environment from protozoa
(Lusk et al., 2017; Chabaud et al., 2006; Wanjugi et al., 2016).
2.10 Advanced Onsite Wastewater Treatment Systems

The emergence of advanced OWTS to remove nutrients, pathogens, and chemicals has
been increasing in recent years. Advanced OWTS include but are not limited to (USEPA, 20023;
Park et al., 2016; Darby and Leverenz, 2004; Chang et al., 2010):

e Suspended growth aerobic and anaerobic systems

e Recirculating sand filters

e Sequencing batch reactors

e Moving bed biofilm reactor

e Sequencing batch reactors

With increased energy inputs the costs associated with the system are more expensive for
homeowners than conventional OWTS. Some of these systems can include multiple pumps,
mechanical aeration components, and chemical feed systems that increase the overall energy inputs
on the system.

Park et al. (2016) investigated peat biofilters as an advanced OWTS followed by a
disinfection chamber with sodium hypochlorite tablets (NaClO) with a 2-hour HRT. This system
treated septic tank effluent before it was released for irrigation onsite at the household. The
irrigation and sprinkler system could hold 360 gallons of effluent and would spray over a 280 m?
lawn. The results from the study indicate that peat biofilters had on average a 4 log reduction of
E. coli and a 2 log reduction of Clostridium perfringens (which is also a gram negative, rod-shaped
bacteria). After disinfection, E. coli concentrations had an additional 1.9 log reduction and

Clostridium perfringens had 0.5 log reduction before it was used for irrigation. After chlorination
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E. coli was effectively removed and inactivated, however Clostridium perfringens remained in the
system. This study investigated removal of FIB, viruses and antibiotic resistance but did not
encompass the removal of other contaminants of concerns such as nitrogen. Agidi et al (2013)
also used a peat biofilter combined with disinfection but experienced different results. The
reduction of E. coli after the peat biofilter was 2 log compared to a 4-log reduction in the Park et
al. (2016) study. Enterococci was also enumerated throughout the system and only experienced
0.3-0.5 log reduction in the peat biofilters and with 2 hours of a chlorine disinfection there was a
total log reduction of 2.05, which was measured using two methods (IMS/ATP and gPCR).
2.11 Passive Nitrogen Reduction Systems

Many advanced OWTS include multiple mechanical systems such as pumping, mixing and
aeration to achieve higher removal efficiencies for solids, organics, nutrients and pathogens than
conventional septic systems. In contrast, PNRS can achieve similar effluent water quality with
lower complexity, capital and operating costs and maintenance requirements. PNRS include but
are not limited to:

e Secondary soil treatment

e Constructed wetlands

e Biofilm reactors

e Peat biofilters

e Composting toilets

In Florida, there is a push to develop advanced OWTS that remove nutrients but do not
require large amounts of energy or maintenance (FDOH, 2015). PNRS are a part of the Florida
Onsite Sewage Nitrogen Reduction Strategies (FOSNRS) to remove nitrogen with low overall

energy inputs and chemical requirements (FDOH, 2015). PNRS can be defined as “a type of onsite
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sewage treatment and disposal system that excludes the use of aerator pumps and includes no more
than one effluent dosing pump with mechanical and moving parts and uses reactive media to assist
in nitrogen removal” (FDOH, 2015). PNRS were designed as low cost advanced OWTS that could
be retrofitted to existing septic systems or added to new ones. PNRS function by using biofilters
filled with media to aid in nitrification and denitrification. In the first stage of the system, medium
such as expanded clay, zeolite, sand, or expanded polystyrene is used to aid in nitrification where
water trickles over unsaturated media allowing for aeration. In the second stage, a reactive media
such as zeolites, lignocellulose, sulfur or oyster shells are used for denitrification (Chang et al.,
2010; FDOH, 2015). A summary of FIB removal results for different types of PNRS is provided
in Chapter 4.

2.12 Hybrid Adsorption and Biological Treatment System (HABITS)

An 18-month study was conducted by contractors at Hazen and Sawyer on the use of media
in different types of PNRS (Hirst et al., 2014). In the first stage of the system, nitrification was
facilitated using expanded clay, clinoptilolite and sand media in a biofilter with a recirculation tank
for increased pre-denitrification. In the first stage of treatment, natural zeolite (clinoptilolite)
served as a cation (NH4") exchange material. Clinoptilolite is able to rapidly reduce the ammonium
concentration in the bulk liquid thereby reducing the free ammonia concentrations, aiding in
nitrification. When ammonium concentrations in the bulk water are low, clinoptilolite is able to
desorb ammonium into the liquid allowing time for nitrifying bacteria to oxidize ammonium to
nitrate NH4*-N. Effluent concentrations were less than 4mg/L and average TN concentrations was
31mg/L (Hirst et al., 2014). The research conducted by Hirst et al. (2014) was the motivation for
the first stage of a Hybrid Adsorption Biological Treatment Systems (HABITS) developed by

Rodriguez-Gonzalez et al. (2015). HABITS are PNRS that combine two stages of packed bed
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reactors after the septic tank for secondary treatment. HABITS, like PNRS include nitrification
(in the first stage) and denitrification (in the second stage).

In the first stage, the first biological process of nitrogen transformation is nitrification,
where ammonium (NH4") is oxidized to nitrite (NO2) and nitrite is converted to nitrate (NO3)
under aerobic conditions, as shown in Equation 2.1 and 2.2. Although nitrification converts
ammonium to nitrate, nitrate in high quantities is harmful to the environment and the process of
nitrification consumes alkalinity (7.05 mg/L CaCOz/g per NH4*-N) and has a high oxygen demand
of 4.14 mg/L Oz per mg/L of NH4*-N oxidized. (Rittman and McCarty, 2001).

2NH4"+ 302 — 2NOz+ 4H* + 2H,0  (2.1)
NO2 +% 0, — NO3  (2.2)

In the second stage of the PNRS, the biological process involved in the conversion and
removal of nitrogen is denitrification. Denitrification is the reduction of nitrate or nitrite to
nitrogen gas (N2). Denitrifying bacteria that are facultative aerobes facilitate the stepwise process
of denitrification. Nitrate or nitrite is converted to nitric oxide (NO), then to nitrous oxide (N20)
and finally to nitrogen gas (N2) as shown in Equation 2.3.

NOz or NO2” - NO — N0 - N2 (2.3)

Denitrification can be carried out either by heterotrophic or chemolithotrophic bacteria.
Chemolithotrophic denitrifying bacteria use an inorganic electron donor, such as elemental sulfur
(S°) or hydrogen (Hz). Sulfur Oxidizing Denitrification (SOD) is shown in Equation 2.4 (Rittmann
and McCarty, 2001).

55S5% + 20CO; + 50NOs™ + 38H20 + 4NHs* — 4CsH702N + 555047 + 25N, + 64H*  (2.4)
SOD bacteria are autotrophs that produce small amounts of biomass compared with

heterotrophic denitrifying bacteria. The use of sulfur as an electron donor for denitrification has
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Figure 3.7 Modified mTEC plates with magenta E. coli

Figure 3.8 A PNRS column with indicated port collection sites
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3.5 Statistical Analysis

Comparison of E. coli concentrations in HABITS and BNR were analyzed using the F-test
with an alpha value of 0.05 to determine unequal or equal variance for the two-sample t-test. T-
tests were completed with a 95% confidence level, an alpha value of 0.05, and varying degrees of
freedom for each experiment. All statistical analyses were done using XLMiner Analysis ToolPak

in Excel and Google Sheets.
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CHAPTER 4 RESULTS AND DISCUSSION
4.1 E. coli Removal in PNRS with and without IX Media
Four hourly studies were conducted to quantify E. coli removal during Phase | (high
nitrogen loading) and Phase Il (low nitrogen loading). Three hourly studies were conducted during
Phase I, and one hourly study was conducted in Phase Il. Samples were collected along the
treatment train: STE, effluent from Stage | (HABIiTS and BNR), and effluent from Stage 1l

(HABITS and BNR).

4.1.1 Hourly Studies

Overall log reductions of E. coli with standard deviations for the morning, afternoon and
evening periods for all hourly studies are presented in Table 4.1. The log reductions in Stages |
and Il for all hourly studies are displayed in Table 4.2. Tables 4.1 and 4.2 summarize all data from
the hourly studies during Phase | and Phase Il. A box and whisker plot showing the E. coli results
from the first hourly study is shown in Figure 4.1. Additional box and whisker plots from the
remaining hourly studies are located in Appendix D. Data from the additional hourly studies are
tabulated in Appendix E.

In a comparison of the morning, afternoon, and evening periods for the 1% hourly study,
the reduction of E. coli throughout the system was highest in the evening (Table 4.1). The evening
period of HABITS and BNR both had an average 1.0 log reduction of E. coli, as shown in Table
4.1. Initial STE values were approximately 1.3 x 10* - 2.0 x 10* E. coli CFU/100mL and the
average E. coli concentration in the final effluent was 2.0 x 102 CFU/100mL. Between Stages |

and Il for HABITS and BNR, a higher removal efficiency of E. coli was observed in Stage I. In
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HABITS Stage I, there was a 10 times greater reduction in E. coli as compared to Stage 1. In BNR
Stage 11, there was an increase in the concentration of E. coli (Table 4.2). Overall BNR showed a
greater log removal of E. coli because of the initial high E. coli reduction in Stage I; however, the

overall removal efficiencies were not significantly different between HABITS and BNR.
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Figure 4.1 Box and whisker plots showing E. coli concentrations in the effluent for each stage in
the 1% hourly study totaling 75 samples

Table 4.1 Overall average log reductions of E. coli with standard deviations in HABITS and
BNR for the morning, afternoon and evening periods

Hourly Study Morning Afternoon Evening

HABITS 1st 0.93+0.05 0.96+0.07 1.01+0.22
2nd 0.65 +0.16 - 0.96+0.21

3rd 0.78+0.06 0.94+0.10 1.13+0.11

4th 0.76+0.06 0.96+0.23 1.02+0.45

BNR 1st 1.02+0.14 0.96+0.03 0.99+0.08
2nd 0.40+0.05 1.04+0.03 0.96+0.57

3rd 0.80+0.06 0.98+0.07 1.05+0.14

4th 0.88+0.02 0.98+0.34 0.97+0.34
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Table 4.2 E. coli Log reductions in Stage | & Il for all hourly studies

HABITS BNR
Stage | Stage Il | Overall | Stage | | Stage Il | Overall
0.71 0.07 0.78 0.92 -0.11 0.81
0.78 0.00 0.78 0.49 0.21 0.70
0.67 0.26 0.93 0.63 0.30 0.93
0.84 0.03 0.87 0.67 0.24 0.91
Averages
075 | 009 | 084 | 0.68 0.16 0.84

For the morning, afternoon, and evening periods for the 2" hourly study, the reduction of
E. coli throughout the system was highest in BNR Stage Il afternoon sample notwithstanding the
fact there was no data presented for HABITS, due to technical difficulties. The reduction of E.
coli in the evening also reached an almost 1-log reduction of E. coli. The morning period showed
the least reduction, averaging 0.53 log removal between HABITS and BNR. Similar, to the first
hourly study, the removal efficiency was greater in Stage I, with no reduction in HABITS Stage 11
and only a 0.21 log reduction of E. coli in BNR Stage 1I. HABITS showed a greater log removal
of E. coli; however, the overall removal efficiencies were not significantly different between
HABITS and BNR.

In the 3" hourly study, a maximum 1.13 log reduction of E. coli was observed in HABITS
and a 1.05 log reduction in BNR. Stage | data were not recorded for the afternoon period in both
HABITS and BNR. However, with the data from Stage II, it was observed that the afternoon
period experienced an E. coli reduction removal at 0.94 and 0.98 for HABITS and BNR
respectively. As with the first two hourly studies, the removal efficiency was greater in Stage 1.
Both systems experienced 67% of the removal in Stage I, with the remaining 33% removal in Stage
Il. The final removal efficiencies were the same for HABITS and BNR and the total removal

efficiencies were not significantly different between the HABITS and BNR systems.
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Combined results of all hourly studies show an average 0.84 log reduction of E. coli
throughout Stages | and 11 of HABITS and BNR, including the morning, afternoon, and evening
periods. The amount of E. coli in STE varied for each hourly study, however; HABITS and BNR
showed consistent removal of E. coli averaging between 0.95 t01.03 log removal in the evening
and afternoon periods. A comparison of the performance in HABITS and BNR to other studies
including PNRS is shown in Table 4.3.

Several factors may have contributed to the relatively low removal of E. coli compared to
other studies. The media used in the columns was larger than what is typically used in wastewater
applications (Crittenden et al. 2012). Had smaller sized media been used in the columns, more
clogging would have occurred, resulting in more frequent required backwashes. However, for
PNRS, backwashes should be limited to keep maintenance requirements for the homeowners
infrequent. Prior studies have reported a 2-5 log reduction of E. coli in advanced OWTS (Chang
et al., 2010; FDOH, 2015; Park et al., 2016).

Another reason for the low retention of E. coli in the column is the low contact time within
the bed of the system. Due to the high hydraulic flow of wastewater pumped into Stage I, the
contact time of the wastewater in the media was relatively low. High loading rates contribute to
sloughing of biofilm, which could have expelled biomass and E. coli and contributed to
remobilization of solids. Other factors that may have contributed to low E. coli removal but are
not definitive based on this research are competition and predation from protozoa, ionic strength
of the wastewater, and media properties (Lusk et al., 2017).

4.1.2 Biofilm Detachment
Biofilm detachment experiments were completed after Phase Il when the flow into the

septic tank and Stage | was terminated. Media were extracted only from the Stage I column of
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HABITS and BNR and loaded into centrifuge tubes. E. coli CFU results corresponding to the ports

on the column are shown in Figures 4.2 and 4.3.

Table 4.3 Treatment and removal efficiency of FIB in PNRS studies

Treatment Fecal Log Final effluent Reference
System Indicator Removal concentration
Bacteria
Modified E. coli 5-6 100-10,000 Chang et al.,
Drainfield CFU/100mL 2010
Modified Total coliform 5-6 100-10,000 Chang et al.,
Drainfield 2010
Prototype PNRS | Fecal coliform 5-6 1-1,838 CFU/100 FDOH, 2015
mL
Peat biofilter E. coli 4 8.4 x 10! CFU/100 | Park et al. 2016
mL
Peat biofilter Clostridium 2 6 CFU/100 mL Park et al. 2016
perfringens
Peat biofilter E. coli 2 2.46 x 10* Agidi et al.
CFU/100mL 2013
Peat biofilter Enterococci 0.5 1.0 x 10° Agidi et al.
RLU/100mL 2013
Constructed E. coli 2.5-4.7 220-1,060 Tanner et al.,
wetlands CFU/100mL 2012
Biofilter and E. coli 5-6 0 CFU/100mL Heistad et al.,
upflow filter 2006
Peat filter Fecal coliform 4.5-4.8 Not reported Olson et al.,
2005
Sand filter Fecal coliform 2.0-2.9 Not reported Olson et al.,
2005
Sand filter Fecal coliform 3.3-4.1 110-200 Pundsack et al.,
and Salmonella CFU/100mL 2001
Sand filter E. coli 6.9 100-1,100 Kauppinen et al.
CFU/100mL 2014
PNRS with IX E. coli 0.84 33-2.7 x 10* This study
media (HABITS) CFU/100mL
PNRS without IX E. coli 0.84 84-2.7 x 10* This study
media (BNR) CFU/100mL
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Figure 4.2 Ports on HABITS column and the corresponding E. coli concentrations from the
detached medium

BNR
0 4,000 8,000 12,000 16,000

E. coli CFU/100 mL

Figure 4.3 Ports on BNR column and the corresponding E. coli detached from the medium

The results from the HABITS biofilm detachment study show that there is a relatively even
distribution of E. coli attached to the media throughout the column (Figure 4.2). E. coli
concentrations in HABITS had little variation, ranging from 1.2 x 10* to 1.5 x 10* CFU/100mL.

It was expected that there would be an exponential decrease in attached E. coli in the column as
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the depth increased due to clogging at the top of the column, however; this was not observed
(Crittenden et al., 2012; Gerba et al., 1975). At any point in time in the HABITS Stage | column
the clinoptilolite may carry a positive or negative charge due to the presence of cations and anions
on the surface of the media. The positive charge of the clinoptilolite may decrease the repulsion
of the negative charges associated with the clay particles and the E. coli surface. Clinoptilolite
was evenly distributed with the expanded clay media throughout the column, which may account
for the even spread of E. coli attached to the media.

The results from the BNR biofilm detachment study, show an exponential regression of E.
coli adsorbed to the media as the column depth increases with an R? value of 0.9075. The initial
E. coli values in the top layer of the media were approximately the same for HABITS and BNR.
Nonetheless, E. coli concentrations in the BNR ranged from 1.3 x 10* CFU/100mL to 5.1 x 103
CFU/100mL which is a large variation as compared to the HABITS column. Less E. coli were
adsorbed to media as the column depth increased. More attached E. coli at the top of the HABITS
and BNR columns implies that there may have been more clogging at the top of the reactor (Gerba
etal., 1975). Clogging may also have helped to facilitate in the removal of bacteria by providing
more surface area for attachment (Stevik et al., 2004). The BNR bioreactor may have had more
homogeneity in the surface charge than the HABITS system because of the lack of IX media.

To determine if the attachment of E. coli in Stage | of HABITS and BNR were statistically
different, a t-test was applied to both groups of data. The results demonstrated that the attachment
of E. coli in HABITS and BNR were statistically different with a 95% confidence interval.

4.2 Adsorption Experiment
Three batch experiments were performed to observe E. coli concentrations in wastewater

over extended periods of time when combined with adsorptive and IX media. E. coli
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concentrations were measured in the wastewater solution based on time intervals shown in Table
3.2. Three Erlenmeyer flasks served as batch reactors to compare E. coli concentrations: control
(STE [no media]), BNR (expanded clay), and HABITS (expanded clay and clinoptilolite). Results
from the first batch experiment are shown in Figures 4.4. Figure 4.5 exemplifies the first 12 hours
of the 1% batch adsorption experiment. The corresponding E. coli CFU/100mL data for 2" and 3
batch adsorption experiments are in Appendix E. Data aggregated by time of collection are in

Appendix D.
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Figure 4.4 E. coli CFU in wastewater from the first batch adsorption experiment aggregated by
time
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Figure 4.5 A logarithmic decline of E. coli during the first hourly experiment showing adsorption
in the flask.

For the control flask (STE), BNR and HABITS, during the first 12 hours of the experiment
there is a logarithmic decline in the amount of E. coli in solution as shown in Figure 4.5. The
corresponding R? values were (STE: 0.9675, HABITS: 0.9581, BNR: 0.9321). One explanation
for this decrease is the rapid adsorption of E. coli onto the media or organic matter. It is expected
that with a longer contact time, E. coli will be adsorbed onto the media in the HABITS and BNR
flasks. Although there was no media present in the control flask containing only STE there is
some suspended organic matter present. This organic matter may have provided some sites for
bacterial adhesion. The second observable pattern was the increase in the E. coli CFU after 12
hours. This increase was likely attributed to exponential microbial growth (Rittman & McCarty,
2001). The first phase is a lag period with no increase or decrease in E. coli in the system and the

bacteria became acclimated to a new environment. This period was probably coupled with the

rapid adsorption of E. coli onto the media, thereby decreasing the E. coli concentration in the
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APPENDIX A MATERIALS FOR USEPA METHOD 1603
The data presented in this appendix are materials, chemicals, and equipment used in
USEPA Method 1603 (E. coli in Water by Membrane Filtration using Modified membrane-
thermotolerant Escherichia coli Agar [Modified mTEC].
A.1 Materials for EPA Method 1603

e Difco modified mTEC agar: 100g

e Membrane filters: sterile, white, grid marked, 47 mm diameter, with 0.45 um pore
size (Fisherbrand Water-Testing Membrane Filters)

e Pipet tips for sample collection 0.5-200 micron tips; 101-1000 micron tips, 1-5 mL
tips

e Petri dishes, sterile, plastic, 9 x 50 mm, with tight-fitting lids; and 15 x 100 mm with
loose fitting

e Concentrated Bleach diluted to 10% bleach, 90% deionized water

e Pall and Gelman 47 mm Magpnetic filter funnel

e Magnifying glass 2-5x magnification

e Glassware: 100-1000 mL flasks, Erlenmeyer flasks, Borosilicate filtering flasks

e Graduated cylinders

e Aluminum foil

e Ethanol, methanol or isopropanol for sterilizing forceps

e Forceps/Tweezers

e Glass alcohol burner

e Electric incinerator

e Small sealable plastic bags.

e Large plastic bags for the water bath.

e Flasks, borosilicate glass, screw-cap, 250-2000 mL volume

e Platinum wire inoculation loops, at least 3 mm diameter in suitable holders; or sterile
plastic loops

e Autoclave or steam sterilizer capable of achieving 121°C [15 Ib. pressure per square
inch (PSI)]

e Nitrile Gloves

e KimTECH wipes
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e BOD bottles (glass)

A.2 Reagents

e Monopotassium phosphate (KH2POa)
e Reagent-grade water 500.0 mL

e 1N NaOH

e Magnesium chloride (MgCl>)

A.3 Equipment

e Fisher Scientific Isotemp 220 water bath

e Incubator maintained at 35°C £ 0.5°C

e Gast Vacuum pump: DOA-P704-AA Diaphragm Air Compressor / Vacuum Pump
.33 HP 1.55 CFM-50HZ 1.90 CFM-60HZ 25.5 IN-HG

e Hirayama Hiclave HV-50 Autoclave

e Inoculation loops

e Thermo Scientific Biosafety Cabinet 1300 Series A2 with Ultraviolet unit for
sanitization (Biological Safety Cabinet with UV light feature)

e Thermo Scientific Orion 5 Star pH/Conductivity/DO Benchtop meter

e Oakton pH 2700 pH meter

e lon Chromatograph, 881 Compact IC pro — Cation

e lon Chromatograph 881 Compact IC pro — Anion

e VWR OS-500 Orbital Shaker

e 250 um Standard Test Sieve No. 60

e Koflo calibration column: 2000 mL

e Koflo calibration column: 500 mL
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APPENDIX B PROCEDURE FOR USEPA METHOD 1603

B.1 Phosphate Buffered Dilution Water

Approximately 34.0 grams of Monopotassium phosphate were dissolved into 500
milliliters of deionized water to create a stock phosphate solution. The pH was then adjusted 7.2
with 1N sodium hydroxide (NaOH) and autoclaved at 121°C for 15 minutes at 15 PSI. For the
stock solution of magnesium chloride (MgCl), 38.0 grams of MgCl, were added to one liter of
deionized water and autoclaved at 121°C for 15 minutes at 15 PSI. After both stock solutions were
sterilized in the autoclave they were stored for at 4°C. To create the phosphate buffered saline,
1.25 mL of stock phosphate solution and 5.0 mL of magnesium chloride stock solution were
combined and filled to 1L with deionized water to complete the solution. The phosphate buffered
saline was then autoclaved at 121°Cfor 15 minutes. The final pH was tested to ensure a range of
6.8-7.2. This solution was used both as a rinsing agent and as a sample diluent.
B.2 Agar Preparation

For agar synthesis Difco (Sparks, Maryland) modified mTEC agar was used.
Approximately 22.8 grams of dry agar were added to 500mL of deionized water in an Erlenmeyer
flask. The agar mixture was brought to a boil for approximately one minute and then autoclaved
at 121°C for 15 minutes and allowed to cool at 50°C in a waterbath. An aliquot of the sample was
then separated and poured into a small beaker for pH analysis. The pH was adjusted to 7.3 £ 0.2
with 1.0 N sodium hydroxide (NaOH). The agar was then poured off into 50 mm petri dishes, left

to solidify and then placed in the refrigerator.
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B.3 Membrane Filtration

Approximately 0.5-50 ml of sample were collected and filtered through the 47-mm
membrane filter funnel (Pall or Gelman magnetic filter funnels). The sample was filtered and
placed onto a sterile modified mTEC agar plate. Filter funnels were rinsed with phosphate buffered
saline in between each sample. The plate was then incubated for 2 + 0.5 hours at 35°C The plates
were then flipped upside down with the filter bottom faced upwards in sealed plastic bags and
incubated in a waterbath at 44.5°Cfor 22+2 hours. All samples were processed immediately after
collection or within 2 hours of collection.
B.4 Filter Sterility Check/Method Blank

Prior to and alongside the experiments a sterility check of the filters was conducted. A
blank filter was placed on the filter funnel and washed out with phosphate buffered saline solution.
The filter was placed on a modified mTEC agar plate and the plate was then incubated for 22+2
hours. All samples were processed immediately after collection or within 2 hours of collection.
B.5 Positive Controls

E. coli ATCC #11775 was used as a positive control. After the agar plates were solidified
an inoculating loop was used to scratch E. coli ATCC #11775 from the stock culture of the agar
plate and placed on the newly formed agar plates and left to incubate at 35°C for 24 hours.
B.6 E. coli Counts

For some experiments, E. coli concentrations were above or below the recommended 20-
80 CFU count per plate. This was due in part to the dilution factors and inability to test a wide
range of dilutions during sampling campaigns. However, E. coli enumeration with plate counts
less than or greater than the recommended amount are important results to observe patterns and

changes in wastewater collection and are indicated in the results in Appendix F.
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APPENDIX C EXPERIMENTAL DESIGN

Table C.1 Synthetic wastewater composition for batch adsorption media conditioning.
(derived from Rodriguez-Gonzalez et al. 2015)

Solute for Molecular | MW (g/mol) (mg/L) (g)forlL (g) for 2L
solution formula
Ammonium (NH4)2SO04 132.140 234.916 0.235 0.470
Sulfate
Potassium KH2PO4 174.180 27.511 0.028 0.055
Phosphate
Calcium CaCO3 100.090 132.355 0.132 0.265
Carbonate
Sodium Na>,COs 105.990 149.834 0.150 0.300
Carbonate
Magnesium MqgCl; 203.300 142.168 0.142 0.284
Chloride *6H2.0
Potassium KHCO3 100.120 38.409 0.038 0.077
Bicarbonate

Table C.2 Weight in grams of media and mass percentage in each flask for Batch Experiment 1

and 2
(derived from Rodriguez-Gonzalez et al., 2015)
Sample BNR HABITS
Weight Mass % Weight Mass %
(grams) (grams)
Expanded Clay 0.32-0.51 mm 8 40% 6.4 32%
Expanded Clay 0.51-0.58 mm 12 60% 9.6 48%
Clinoptilolite 0 0% 4 20%
Total 20.0g 20.0g
Volume of Media 34.0 m® 31.0m3
Volume of STE 100 mL 100 mL
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Table C.3 Weight in grams and mass percentage of media in each flask for Batch Experiment 3
(derived from Rodriguez-Gonzalez et al., 2015)

Sample STE BNR HABITS
Weight Mass % Weight | Mass Weight Mass %
(grams) (grams) | % (grams)
Expanded Clay 0 0% 2.0 40% 1.6 32%
0.32-0.51 mm
Expanded Clay 0 0% 3.0 60% 2.4 48%
0.51-0.58 mm
Clinoptilolite 0 0% 0.0 0% 1.0 20%
Total 0.0g 50¢9 50¢9
Volume of STE 30 mL 30 mL 30 mL

Table C.4 Collection of E. coli during hourly studies

Collection Time

Day 1: Stage Il Collection

Day 2: Stage | Collection

6:00 AM

X

X

7:00 AM

8:00 AM

X

X

9:00 AM

10:00 AM

11:00 AM

12:00 PM

1:00 PM

2:00 PM

3:00 PM

4:00 PM

5:00 PM

6:00 PM

7:00 PM

8:00 PM
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APPENDIX D HOURLY STUDIES AND BATCH ADSORPTION PLOTS
The data presented in this Appendix are box and whiskers plots for the 2", 3™ and 4%
hourly studies and data charts from the 2" and 3" batch adsorption experiments.
D.1 Hourly Study Plots
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Figure D.1 Box and whisker plots showing E. coli concentrations in the effluent for each stage in
the 2" hourly study totaling 72 samples
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Figure D.2 Box and whisker plots showing E. coli concentrations in the effluent for each stage in
the 3" hourly study totaling 64 samples
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Figure D.3 Box and whisker plots showing E. coli concentrations in the effluent for each stage in
the 4™ hourly study totaling 79 samples
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D.2 Batch Adsorption Plots
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Figure D.4 E. coli CFU in wastewater from the second batch adsorption experiment aggregated

by time
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Figure D.5 E. coli CFU in wastewater from the third batch adsorption experiment aggregated by
time
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APPENDIX E DATA FIGURES
The data presented in this Appendix are E. coli CFU/100mL results from the hourly studies,
biofilm detachment experiments, and batch adsorption experiments as previously mentioned in
Chapter 4.
E.1 Hourly Studies Data

Table E.1 1st hourly study E. coli CFU counts for STE, HABITS (Stage | and Il), BNR (Stage |

and Il
Sample Sample Name E. coli %ample Sample Name E. coli
analysis CFU/100 | analysis CFU/100
date mL date mL
10.13.16 STE 6300 10.12.16 STE 18714
10.13.16 STE 6700 10.12.16 STE 21429
10.13.16 STE 6400 10.12.16 STE 20571
10.13.16 Habits 1 (6am) 3433 10.12.16 Habits 2 (6am) 2070
10.13.16 Habits 1 (6am) 3600 10.12.16 Habits 2 (6am) 2060
10.13.16 Habits 1 (6am) 3967 10.12.16 Habits 2 (6am) 2590
10.13.16 Habits 1 (8am) 3800 10.12.16 Habits 2 (8am) 2430
10.13.16 Habits 1 (8am) 3533 10.12.16 Habits 2 (8am) 2390
10.13.16 Habits 1 (8am) 3833 10.12.16 Habits 2 (8am) 2770
10.13.16 Habits 1 (11am) 2700 10.12.16 Habits 2 (11am) 2480
10.13.16 Habits 1 (11am) 2550 10.12.16 Habits 2 (11am) 2340
10.13.16 Habits 1 (11am) 2500 10.12.16 Habits 2 (11am) 2610
10.13.16 Habits 1 (2pm) 2450 10.12.16 Habits 2 (2pm) 1670
10.13.16 Habits 1 (2pm) 1100 10.12.16 Habits 2 (2pm) 2090
10.13.16 Habits 1 (2pm) 2550 10.12.16 Habits 2 (2pm) 2080
10.13.16 Habits 1 (6pm) 1750 10.12.16 Habits 2 (6pm) 1350
10.13.16 Habits 1 (6pm) 1300 10.12.16 Habits 2 (6pm) 1230
10.13.16 Habits 1 (6pm) 1200 10.12.16 Habits 2 (6pm) 1260
10.13.16 Habits 1 (8pm) 1700 10.12.16 Habits 2 (8pm) 2650
10.13.16 Habits 1 (8pm) 2700 10.12.16 Habits 2 (8pm) 2680
10.13.16 Habits 1 (8pm) 1800 10.12.16 Habits 2 (8pm) 2760
10.13.16 BNR 1 (6am) 2533 10.12.16 BNR 2 (6am) 1480
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Table E.1 (continued)

10.13.16 BNR 1 (6am) 2600 10.12.16 BNR 2 (6am) 1340
10.13.16 BNR 1 (6am) 2800 10.12.16 BNR 2 (6am) 1630
10.13.16 BNR 1 (8am) 2467 10.12.16 BNR 2 (8am) 2560
10.13.16 BNR 1 (8am) 3333 10.12.16 BNR 2 (8am) 2200
10.13.16 BNR 1 (8am) 2767 10.12.16 BNR 2 (8am) 2410
10.13.16 BNR 1 (11am) 1050 10.12.16 BNR 2 (11am) 2140
10.13.16 BNR 1 (11am) 900 10.12.16 BNR 2 (11am) 2320
10.13.16 BNR 1 (11am) 900 10.12.16 BNR 2 (11am) 2410
10.13.16 BNR 1 (2pm) 1000 10.12.16 BNR 2 (2pm) 2080
10.13.16 BNR 1 (2pm) 900 10.12.16 BNR 2 (2pm) 2150
10.13.16 BNR 1 (2pm) 1000 10.12.16 BNR 2 (2pm) 2300
10.13.16 BNR 1 (6pm) 350 10.12.16 BNR 2 (6pm) 1780
10.13.16 BNR 1 (6pm) 400 10.12.16 BNR 2 (6pm) 1690
10.13.16 BNR 1 (6pm) 450 10.12.16 BNR 2 (6pm) 1740
10.13.16 BNR 1 (8pm) 1800 10.12.16 BNR 2 (8pm) 2420
10.13.16 BNR 1 (8pm) 1700 10.12.16 BNR 2 (8pm) 2410
10.13.16 BNR 1 (8pm) 2200 10.12.16 BNR 2 (8pm) 2260
Table E.2 2" hourly study E. coli CFU counts for STE, HABITS (Stage | and 1), BNR (Stage |
and 1)
Sample | Sample Name E. coli Sample | Sample Name E. coli
analysis CFU/100 | analysis CFU/100
date mli date ml
11.15.16 STE 1200 11.15.16 STE 1200
11.15.16 STE 700 11.15.16 STE 700
11.15.16 STE 600 11.15.16 STE 600
11.16.16 Habits 1 (6am) 33 11.15.16 Habits 2 (7am) 120
11.16.16 Habits 1 (6am) 33 11.15.16 Habits 2 (7am) 120
11.16.16 Habits 1 (6am) 100 11.15.16 Habits 2 (7am) 168
11.16.16 Habits 1 (8am) 100 11.15.16 Habits 2 (8am) 260
11.16.16 Habits 1 (8am) 67 11.15.16 Habits 2 (8am) 216
11.16.16 Habits 1 (8am) 100 11.15.16 Habits 2 (8am) 240
11.16.16 | Habits1 (11am) 0 11.15.16 Habits 2 (11am) N.R.
11.16.16 Habits 1 (11am) 0 11.15.16 Habits 2 (11am) N.R.
11.16.16 | Habits1 (11am) 50 11.15.16 Habits 2 (11am) N.R.
11.16.16 Habits 1 (2pm) 50 11.15.16 Habits 2 (2pm) N.R.
11.16.16 Habits 1 (2pm) 50 11.15.16 Habits 2 (2pm) N.R.
11.16.16 Habits 1 (2pm) 200 11.15.16 Habits 2 (2pm) N.R.
11.16.16 Habits 1 (6pm) 50 11.15.16 Habits 2 (6pm) 60
11.16.16 Habits 1 (6pm) 200 11.15.16 Habits 2 (6pm) 96
11.16.16 Habits 1 (6pm) 300 11.15.16 Habits 2 (6pm) 48
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Table E.2 (continued)

11.16.16 Habits 1 (8pm) 350 11.15.16 Habits 2 (8pm) 116
11.16.16 Habits 1 (8pm) 400 11.15.16 Habits 2 (8pm) 84
11.16.16 Habits 1 (8pm) 400 11.15.16 Habits 2 (8pm) 140
11.16.16 BNR 1 (6am) 0 11.15.16 BNR 2 (6am) 304
11.16.16 BNR 1 (6am) 33 11.15.16 BNR 2 (6am) 312
11.16.16 BNR 1 (6am) 0 11.15.16 BNR 2 (6am) 336
11.16.16 BNR 1 (8am) 100 11.15.16 BNR 2 (8am) 296
11.16.16 BNR 1 (8am) 167 11.15.16 BNR 2 (8am) 400
11.16.16 BNR 1 (8am) 233 11.15.16 BNR 2 (8am) 332
11.16.16 BNR 1 (11am) 150 11.15.16 BNR 2 (11am) 84
11.16.16 BNR 1 (11am) 200 11.15.16 BNR 2 (11am) 72
11.16.16 BNR 1 (11am) 150 11.15.16 BNR 2 (11am) 72
11.16.16 BNR 1 (2pm) 300 11.15.16 BNR 2 (2pm) 80
11.16.16 BNR 1 (2pm) 300 11.15.16 BNR 2 (2pm) 72
11.16.16 BNR 1 (2pm) 150 11.15.16 BNR 2 (2pm) 80
11.16.16 BNR 1 (6pm) 0 11.15.16 BNR 2 (6pm) 28
11.16.16 BNR 1 (6pm) 0 11.15.16 BNR 2 (6pm) 32
11.16.16 BNR 1 (6pm) 0 11.15.16 BNR 2 (6pm) 36
11.16.16 BNR 1 (8pm) 1150 11.15.16 BNR 2 (8pm) 144
11.16.16 BNR 1 (8pm) 1150 11.15.16 BNR 2 (8pm) 136
11.16.16 BNR 1 (8pm) 800 11.15.16 BNR 2 (8pm) 176
Table E.3 3™ hourly study E. coli CFU counts for STE, HABITS (Stage | and I1), BNR (Stage |
and 1)
Sample Sample Name E.coli | Sample Sample Name E. coli
analysis CFU/100 | analysis CFU/100
date mli date ml

12.12.16 STE 7000 12.12.16 STE 7000
12.12.16 STE 5500 12.12.16 STE 5500
12.12.16 STE 7500 12.12.16 STE 7500
12.13.16 Habits 1 (7am) 1467 12.12.16 Habits 2 (6am) 1020
12.13.16 | Habits 1 (7am) 2133 12.12.16 Habits 2 (6am) 900
12.13.16 | Habits 1 (7am) 2467 12.12.16 Habits 2 (6am) 760
12.13.16 | Habits 1 (8am) 867 12.12.16 Habits 2 (8am) 1520
12.13.16 | Habits 1 (8am) 1400 12.12.16 Habits 2 (8am) 1240
12.13.16 | Habits 1 (8am) 1333 12.12.16 Habits 2 (8am) 1140
12.13.16 | Habits 1 (11am) N.R. 12.12.16 | Habits 2 (11am) 840
12.13.16 | Habits 1 (11am) N.R. 12.12.16 | Habits 2 (11am) 640
12.13.16 | Habits 1 (11am) N.R. 12.12.16 | Habits 2 (11am) 960
12.13.16 | Habits 1 (2pm) N.R. 12.12.16 Habits 2 (2pm) 860
12.13.16 | Habits 1 (2pm) N.R. 12.12.16 Habits 2 (2pm) 720
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Table E.3 (continued)

12.13.16 Habits 1 (6pm) 1500 12.12.16 Habits 2 (2pm) 540
12.13.16 | Habits 1 (6pm) 1500 12.12.16 Habits 2 (6pm) 280
12.13.16 | Habits 1 (6pm) 700 12.12.16 Habits 2 (6pm) 460
12.13.16 | Habits 1 (8pm) 800 12.12.16 Habits 2 (6pm) 460
12.13.16 | Habits 1 (8pm) 1100 12.12.16 Habits 2 (8pm) 600
12.13.16 | Habits 1 (8pm) 1500 12.12.16 Habits 2 (8pm) 460
12.13.16 | Habits 1 (8pm) 1800 12.12.16 Habits 2 (8pm) 680
12.13.16 BNR 1 (7am) 1533 12.12.16 BNR 2 (6am) 660
12.13.16 BNR 1 (7am) 2733 12.12.16 BNR 2 (6am) 960
12.13.16 BNR 1 (7am) 1800 12.12.16 BNR 2 (6am) 1000
12.13.16 BNR 1 (8am) 2400 12.12.16 BNR 2 (8am) 1340
12.13.16 BNR 1 (8am) 1933 12.12.16 BNR 2 (8am) 1200
12.13.16 BNR 1 (8am) 1867 12.12.16 BNR 2 (8am) 1240
12.13.16 BNR 1 (11am) N.R. 12.12.16 BNR 2 (11am) 780
12.13.16 BNR 1 (11am) N.R. 12.12.16 BNR 2 (11am) 680
12.13.16 BNR 1 (11am) N.R. 12.12.16 BNR 2 (11am) 620
12.13.16 BNR 1 (2pm) N.R. 12.12.16 BNR 2 (2pm) 540
12.13.16 BNR 1 (2pm) N.R. 12.12.16 BNR 2 (2pm) 740
12.13.16 BNR 1 (2pm) N.R. 12.12.16 BNR 2 (2pm) 820
12.13.16 BNR 1 (6pm) 300 12.12.16 BNR 2 (6pm) 380
12.13.16 BNR 1 (6pm) 300 12.12.16 BNR 2 (6pm) 540
12.13.16 BNR 1 (6pm) 900 12.12.16 BNR 2 (6pm) 360
12.13.16 BNR 1 (8pm) 2000 12.12.16 BNR 2 (8pm) 800
12.13.16 BNR 1 (8pm) 1600 12.12.16 BNR 2 (8pm) 1000
12.13.16 BNR 1 (8pm) 1400 12.12.16 BNR 2 (8pm) 500

Table E.4 4" hourly study E. coli CFU counts for STE, HABITS (Stage | and I1), BNR (Stage |

and 11
Sample Sample Name E. coli S;mple Sample Name E. coli
analysis CFU/100 | analysis CFU/100
date ml date ml

4.6.17 STE 17000 4.5.17 STE 17000
4.6.17 STE 19000 4.5.17 STE 19000
4.6.17 STE 16000 4.5.17 STE 16000
4.6.17 STE 11500 4.5.17 STE 11500
4.6.17 Habits 1 (6am) 1700 4.5.17 Habits 2 (6am) 2800
4.6.17 Habits 1 (6am) 1300 4.5.17 Habits 2 (6am) 3467
4.6.17 Habits 1 (6am) 1350 4.5.17 Habits 2 (6am) 2725
4.6.17 Habits 1 (8am) 2950 4.5.17 Habits 2 (6am) 3825

61




Table E.4 (continued)

4.6.17 Habits 1 (8am) 3400 45.17 Habits 2 (11am) 1933
4.6.17 Habits 1 (8am) 2950 45.17 Habits 2 (11am) 2433
4.6.17 Habits 1 (11am) 1050 4.5.17 Habits 2 (11am) 2025
4.6.17 Habits 1 (11am) 1200 4.5.17 Habits 2 (11am) 2450
4.6.17 Habits 1 (11am) 850 45.17 Habits 2 (2pm) 2700
4.6.17 Habits 1 (2pm) 950 4.5.17 Habits 2 (2pm) 767
4.6.17 Habits 1 (2pm) 1250 45.17 Habits 2 (2pm) 900
4.6.17 Habits 1 (2pm) 1450 45.17 Habits 2 (6pm) 567
4.6.17 Habits 1 (6pm) 1650 45.17 Habits 2 (6pm) 767
4.6.17 Habits 1 (6pm) 2050 4.5.17 Habits 2 (6pm) 733
4.6.17 Habits 1 (6pm) 2350 45.17 Habits 2 (8pm) 2733
4.6.17 Habits 1 (8pm) 4200 4.5.17 Habits 2 (8pm) 2567
4.6.17 Habits 1 (8pm) 4900 4.5.17 Habits 2 (8pm) 2667
4.6.17 Habits 1 (8pm) 5300 4.5.17

4.6.17 BNR 1 (6am) 5350 4.5.17 BNR 2 (6am) 2233
4.6.17 BNR 1 (6am) 6350 4.5.17 BNR 2 (6am) 2233
4.6.17 BNR 1 (6am) 5150 4.5.17 BNR 2 (6am) 2250
4.6.17 BNR 1 (8am) 3350 4.5.17 BNR 2 (6am) 2450
4.6.17 BNR 1 (8am) 3300 4.5.17 BNR 2 (11am) 2033
4.6.17 BNR 1 (8am) 3250 4.5.17 BNR 2 (11am) 2067
4.6.17 BNR 1 (11am) 1350 4.5.17 BNR 2 (11am) 1925
4.6.17 BNR 1 (11am) 1650 45.17 BNR 2 (11am) 2500
4.6.17 BNR 1 (11am) 1700 45.17 BNR 2 (2pm) 1367
4.6.17 BNR 1 (2pm) 1450 4.5.17 BNR 2 (2pm) 1600
4.6.17 BNR 1 (2pm) 2300 4.5.17 BNR 2 (2pm) 1267
4.6.17 BNR 1 (2pm) 1500 45.17 Habits 2 (6pm) 667
4.6.17 BNR 1 (6pm) 5600 4.5.17 Habits 2 (6pm) 667
4.6.17 BNR 1 (6pm) 3050 4.5.17 Habits 2 (6pm) 2000
4.6.17 BNR 1 (6pm) 3950 45.17 Habits 2 (8pm) 2400
4.6.17 BNR 1 (8pm) 4150 45.17 Habits 2 (8pm) 2267
4.6.17 BNR 1 (8pm) 3950 4.5.17 Habits 2 (8pm) 3233
4.6.17 BNR 1 (8pm) 3950
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E.2 Biofilm Detachment Experiment Data

Table E.5 E. coli CFU/100mL counts for the HABITS biofilm detachment study

Sample Name | E. coli E. coli
CFU/100 ml | Average
HP top 20,000 14,083
HP top 10,000
HP top 12,250
HP 1 29,000 15,375
HP 1 9,000
HP 1 16,500
HP 1 7,000
HP 2 12,250 12,375
HP 2 12,500
HP 3 29,000 12,750
HP 3 9,500
HP 3 6,500
HP 3 6,000

Table E.6 E. coli CFU/100mL counts for the BNR biofilm detachment study

Sample Name E. coli E. coli
CFU/100 ml Average

BP top 23,000 13,083
BP top 10,750
BP top 5,500

BP 1 8,750 8,417
BP 1 8,000
BP 1 8,500

BP 2 4,000 5,250
BP 2 1,250
BP 2 10,500

BP 3 4,500 5,125
BP 3 5,750
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E.3 Adsorption Experiment Data

Table E.7 1% Batch adsorption experiment CFU data
Sample | Hours | Sample E. coli Sample E.coli | Sample | E. coli
analysis | from | Name | CFU/100 ml Name CFU/100 | Name | CFU/100
date start ml ml
3.13.17 0 STE 8667 HABITS 8667 BNR 8667
3.13.17 0 STE 9667 HABITS 9667 BNR 9667
3.13.17 0.5 STE 3667 HABITS 3000 BNR 2333
3.13.17 0.5 STE 3000 HABITS 3333 BNR 2667
3.13.17 1 STE 1667 HABITS 2333 BNR 2667
3.13.17 1 STE 1667 HABITS 2667 BNR 3333
3.13.17 2 STE 1333 HABITS 1000 BNR 1000
3.13.17 2 STE 1667 HABITS 1333 BNR 1000
3.13.17 3 STE 1000 HABITS 1333 BNR 1000
3.13.17 3 STE 1667 HABITS 2667 BNR 3000
3.13.17 4 STE 1333 HABITS 1000 BNR 667
3.13.17 4 STE 2000 HABITS 2667 BNR 2667
3.13.17 6 STE 1333 HABITS 2000 BNR 1667
3.13.17 6 STE 1667 HABITS 2000 BNR 1000
3.13.17 12 STE 2000 HABITS 2000 BNR 2667
3.13.17 12 STE 1333 HABITS 2333 BNR 2333
3.14.17 24 STE 3000 HABITS 36400 BNR 29400
3.14.17 24 STE 6000 HABITS 30800 BNR 31600
3.15.17 48 STE 4200 HABITS 11333 BNR 40667
3.15.17 48 STE 5400 HABITS 9000 BNR 40667
3.16.17 72 STE 2800 HABITS 1333 BNR 20667
3.16.17 72 STE 1400 HABITS 2000 BNR 22667
Table E.8 2" Batch adsorption experiment CFU data
Sample | Hours | Sample E. coli Sample | E.coli | Sample | E.coli
analysi | from Name CFU/100 Name | CFU/1| Name | CFU/10
sdate | start ml 00 ml 0ml
4.14.17 0 STE 1750 HABITS | 1750 BNR 1750
4.14.17 0 STE 2250 HABITS | 2250 BNR 2250
41417 | 05 STE 2000 HABITS | 2000 BNR 2250
4.14.17 0.5 STE 1750 HABITS | 1250 BNR 1500
4.14.17 0.5 STE 2000 HABITS | 3000 BNR 2000
4.14.17 1 STE 2250 HABITS | 2000 BNR 1250
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Table E.8 (continued)

4.14.17 1 STE 750 HABITS | 1750 BNR 1250
4.14.17 1 STE 1000 HABITS | 1250 BNR 2500
4.14.17 2 STE 2000 HABITS | 1750 BNR 1000
4.14.17 2 STE 1250 HABITS | 1250 BNR 1750
4.14.17 2 STE 1750 HABITS | 1000 BNR 1000
4.14.17 4 STE 2000 HABITS | 1500 BNR 2000
4.14.17 4 STE 1250 HABITS | 2000 BNR 1000
4.14.17 4 STE 1750 HABITS | 750 BNR 1500
4.14.17 6 STE 500 HABITS | 1250 BNR 1750
4.14.17 6 STE 2750 HA