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ABSTRACT

Indirect potable reuse has been practiced with potential to enhance sustainability of water
resources if planned accordingyepending on the pretreatment implemented for potable reuse,
emerging ontaminants such as pharmaceuticals, personal care products, industrial splvents
bacterial/viral pathogensnd disinfection byproductsnight be present in source waitand
difficult to remove via various water treatment technologlesy molecular weigt organic
compoundsare especially challenging to remove and may require treatment optimiZait®n
overarching purpose of this study waslemonstrate the feasibility af carborbased advanced
treatmenttrain; including ozonation, biological activatetirbon (BAC) filtration and granular
activated carbon (GAC) adsorptitm achieve water quality suitable for potable reuse and assess
the impact of a range of operating conditions for emerging contaminant removal-ataiéot

The results from this stly showed that carbelmased treatment train is equally effective as more
commonly usedand more costlymembranebased treatment trann terms of pathogen and
disinfection byproduct removal. A multiplearrier approach was implementedith each
treatmat stage capable of removing total organic carfb®C). GAC was responsible for
removal of most of the TOC and emerging contaminants and this removal depended on the
number of bed volumes of water processed by GAC. Empty bed contact time was another facto
that dictated thextent of TOCremoval inthe BAC and GACunits as the carbon media was
exhausted. Among the emerging contaminants detected, sucralose, iohexol and acksulfame
were present in the highest concentrations in the influent and were detecsistently in the

GAC effluent, thus making them good indicators of treatment performance. Apart from organics
removal, BAC played an important role in removal of nutriersisch as ammonia via
nitrification.

N-Nitrosodimethlyaming(NDMA) was formed inthe treatment process by ozormit was
shown to beeffectivelyremoved by BAC. EBCT, temperature, ozone dose and presence of pre
oxidants such as monochloraminglayed an important role in determining the amount of

NDMA removed. These factors can bether optimized tamprove NDMA removal.Sodium



bisulfite was used for dechlorinating monochloramine residual post ozone. Nitrification in the
BAC was shown to be inhibited by excess of sodium bisulfite dose. Thus monochloramine
residual needs to be decohhated with sodium bisulfite to help with NDMA degradation but at
the same time the sodium bisulfite dose needs to be monitored to allow complete nitrification in
the BAC.1,4-dioxane another contaminant of emerging congevas monitored in the treatmie
processBiodegradation of 14lioxane wagnhanced via addition ¢étrahydrofuran as growth
substrate. Biodegradation of igibxane can help reduce energy and capital costs associated
with advanced oxidation processes that are currently used 4afiakane removal. Further,
relying on biodegradation for the removal of -tlig¢xane can help avoid the formation of
disinfection byproductsassociated withadvanced oxidation processes such as ozone with
peroxide or ultraviolet disinfection with peroxide.

The results from thigroject can be useful for designing potable reuse treatment trains and
provide a baseline for removal of organic carbon and emerging contaminBms.
conventionally used reverse osmosis and ultrafiltration approach is usefugémias removal

in areas where the rationale behind potable reuse is water sc@pgyational difficulties
encountered during this study can prove to be important as this treatment process is scaled up to
treat a total of 120 MGD of water for managed itgrurecharge. Overall the lessons lg¢drom

this study can give a better understanding of a cabaged treatment and further the

advancement of reuse projects that have drivers other than water scarcity.
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GENERAL AUDIENCE ABSTRACT

The increased growth in urban areas has been accompanied by an increase in potable water
demand, leading to depletion of surfacd gnoundwaterFurther, the discharge of nutriestsch

as nitrogen and phosphorugo some of these water bodies can lead to algal blo@aser
reuseinvolves treating used water and discharging into either a surface or groundwater body.
Water reusdnasbeen sought after as a solution to prevent these nutrients being discharged into
surface water and to provide a sustainable solution for depletion of water sources. Direct or
indirect potable reuse can include a combination of advanced treatment meticbdsiss
membrane filtration using ultrafiltration and reverse osmosis, biological filtration, granular or
powdered activated carbon adsorption and disinfection methods such as ozonation and ultraviolet
disinfection

This studyfocused on Hampton Roads Sard t i 0 n raraget aquifert réclsarge project
6sustainabl e wat er \WIRT), ttwo alifferenteadvdnced wateotraamento w 6
strategies, namely carbdrased and membraif@ased were implemented on a p#oale(20,000

L/day). The driver or indirect potable reuse in this study was not related to water shortage but
aimed at reducing the nutrients discharged into the Chesapeake Bay. Other reasons for
implementing reuse included recharging the depleting groundwater levels, land subsidgnce, an
preventing flooding and seawater intrusion near the coastal areas.

Membranebased treatmesit such as reverse osmosiayebeen well established and studied for
potable reuse. The less frequently used calased treatmenthat includes used of actited

carbon for adsorption and biodegradation of orgamos ifivolving any membrane barrjewas

shown to be costffective and provided equal protection as that of the memiirased system

in terms of removal of pathogerfsurther, since there is noembrane involved in the carbon

based treatment the energy requirements are less than that of the mdmbeghreatment and
concentrated brine solution is not producedhich makes it favorable for potable reuse where
water scarcity is not an issudhis carbonbased treatment which included ozonation and

activated carbon filtration and adsorption was further monitored and optimized for removal of



organic contaminants and disinfection byproducts. Emerging mamats such as
pharmaceuticals, industriablsents andpersonal care productain be harmful to human health

and water ecology even at low concentrations. These contaminants are often present in
wastewater effluent and can enter drinking water sources if untreated. These emerging
contaminantsvereshown to beeffectivelyremoved by ozonation and granular activated carbon
adsorption. The formation of disinfection byproducts such astidsadimethylamine in the
treatment process and its removal in the biological activated carbon filtration was also
monitored. The impact of temperature, presence cbpigants and design factors such as ozone
dose and empty bed contact time affected the removal of all these contaminants.

This study provided an understanding of implementing cabdased treatment fomanaged
aquifer recharge for optimizing removal of bulk organic carbon and emerging contaminants. The
results from this study can be utilized for designing advanced water treatment systems and can

prove to be a guideline for monitoring and removing emegrgontaminants.
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AUT HOFRREFACE

The data covered in all chapters was focused on optimizing ozone biologically activated carbon
(BAC) filtration and granular activated carbon (GAC) adsorption process for managed aquifer
recharge. Chapterd, 3, 5, 6 and 7 include data collected
pilot-scale facility at York River treatment plant. Chapters 4,5,7 and 8 include data collected
from a combination of HsRak: Dawikty atd pildEzdle faciiynab n st r a |
Nansemond treatment plant. Data from chaptessahd 78 was included in Water Research
Foundation project ULR16.
Pruden, A., C. Bott, M. Blair, J. Miller, and R. Vaidya. Forthcoming. Characterization of
Organic Carbon and Microbial Communities fbe Optimization of BiologicallhActive Carbon
(BAC) Filtration for Potable Reuse. Project ULR16. Alexandria, VA: The Water Research
Foundation.
CHAPTER 1 provides introduction to potable reuse and gives background of the project. This
chapter also provies a brief literature review of potable reuse projects and knowledge gaps
about removal of emerging contaminants in these applications.
CHAPTER 2 gives a comparison between the carbased and membrafased approach for
indirect potable reuse. A compson between removal of bulk organics, pathogens, emerging
contaminants and disinfection byproducts is made between the two treatment strategies.
Depending on the goals of indirect potable reuse, a choice between either of these two processes
or a combinatin of the two can be implemented.
Vaidya, R., Buehimann, P. H., SalaBenites, G., Schimmoller, L., Nading, T., Wilson, C. A.,
Bott, C., Gonzalez, R., & Novak, J. T. (2019). Pilot Plant Performance Comparing Babed
and Membrandased Potable ReusgchemesEnvironmental Engineering Sciencd6, 11,
13691378.

1 Vaidya: Data collection, analysis and writing

1 Buehlmann and Salaz&enites: Data collection and analysis

1 All other coauthors reviewed the manuscript
CHAPTER 3 gives a brief overview of thef @merging contaminants present in the source
water and removed through the advanced water treatment process. Certain emerging

contaminants can prove to be indicator compounds for public health safety and for optimizing
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treatment process. This study alsoydes a correlation analysis between total organic carbon
and emerging contaminants. Total organic carbon (TOC) can be a useful surrogate for some of
the emerging contaminants such as sucralose, iohexol and aceskilfantk is an important
parameter fordesigning GAC columns. It was also shown that these emerging contaminants
were detected in the effluent after the TOC concentrations increased above 3 mg/L.
This Chapter is submitted tBnvironmental ScienceWater Research and Technolofpyr
publication Authors include Ramola Vaidya, Christopher Wilson, Charles Bott, Germano
SalazaBenites, Larry Schimmoller, Tyler Nading, and Amy Pruden.

1 Vaidya: Data collection, analysis and writing

1 SalazaiBenites and Nading: Data analysis

1 All other coauthors revieveethe manuscript
CHAPTER 4 provides a summary of removal of emerging contaminants in BAC and GAC with
a different water source and with varying ozone doses. The importance of ozone for removal of
emerging contaminants was demonstrated by removing ozgnendtee treatment process. The
removal of emerging contaminants in GAC depended on the bed volumes. This is an important
factor to consider while designing the GAC columns for removal of emerging contaminants and
replacing activated carbon media which bancost prohibitive.
This Chapter is submitted tAWWA Water Sciend®r publication. Authors includ®amola
Vaidya, Christopher Wilson, Germa&alaarBenites, Amy Pruden, Charl&®tt

1 Vaidya: Data collection, analysis and writing

1 All other coauthorsaviewed the manuscript
CHAPTER 5 includes nitrification data obtained from BAC and GAC. Residual ammonia in the
source water or part of the monochloramine addition for bromate control in ozone can cause
chlorine demand during final disinfection. This amnaonan be removed via nitrification in
BAC and GAC. Results showed that there was no correlation between TOC removal and
ammonia removal but there are factors such as temperature and empty bed contact time that can
impact both mechanisms. Presence of gpstr preoxidants such monochloramine residual can
delay nitrification. A sufficient empty bed contact time needs to be provided for removal of
ammonia in this case.

Data from this chapter was used for modelling headloss accumulation in biofilters.
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Sun, Y,; Vaidya, R.; Khunjar, W.; Rosenfeldt, E.; Selbes, M.; Wilson, W.; Bott. C. B.; Titcomb,
M.; Wang, Z. Mathematical modeling of biologically active filtration (BAF) for potable water
production applications (201%yater Researcli67, 115128.
CHAPTER 6 includes lessons learnt while using sodium bisulfite for dechlorination upstream of
a nitrifying biofilter. Sodium bisulfite concentrations above 5 mg/L inhibited nitrification by
inhibiting ammonia removal. However, at the same time removal of TOC wasfectedf by
residual sodium bisulfite. Ammonia removal in biofilters can be important during initial startup
of the biofilter as nitrifiers gets acclimated. A control strategy for bisulfite addition needs to be
implemented for projects relying on biofiltefiee removal of ammonia.
This Chapter will be submitted t@/ater Science and Technolofyr publication. Authors
include Ramola Vaidya, Christopher Wilson, Germa8alazarBenites, Amy Pruden, Charles
Bott

1 Vaidya: Data collection, analysis and writing

1 All other coauthors reviewed the manuscript
CHAPTER 7 highlights different factors that affect the formation and removal of
Nitrosodimethlyamine (NDMA), a carcinogen that is a disinfection byproduct formed due to
ozone and combined chlorine. NDMA was removedAC and the removal was impacted by
temperature, EBCT and the monochloramine residual fed to the influent of the BAC. Results
from this study can be used for better controlling NDMA formation and removing NDMA
concentrations below 10 ng/L levels. Cortiela between NDMA and ammonia removal was
also studied in this chapter, which showed that these two mechanisms might be affected by
similar environmental factors and can be used as indicators for poor performance in the BAC.
This Chapter is submitted tGhemospherdor publication. Authors include Ramola Vaidya,
Christopher Wilson, Germano SalaBenites, Amy Pruden and Charles Bott.

1 Vaidya: Data collection, analysis and writing

1 All other coauthors reviewed the manuscript
CHAPTER 8 includes preliminary mlts from cemetabolic degradation of tdioxane in
BAC using tetrahydrofuran as a-eabstrate. The concerns regardingdi@gxane are emerging
and at the same time the regulations fordigkane in treated water are getting stringent. The
results fromthis Chapter show that biological removal of-@ljdxane can be achieved and can
prevent the energy costs associated with use of advanced oxidation treatment. This can also

XVi



prevent formation of disinfection byproducts. Further research is needed to idetd¢ha
effectiveness of using a less toxicsabstrate such as propane, in order to implement biological
degradation of 14lioxane in indirect potable reuse.
Authors include Ramola Vaidya, Christopher Wilson, Charles Bott, Germano SBtxates.

1 Vaidya: Data collection, analysis and writing

1 All other coauthors reviewed the manuscript

CHAPTER 9 provides concluding remarks on the overall study. It also provides the significance
of these results to other potable reuse studies and broader impacts séahs learnt.
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CHAPTER 1. INTRODUCTION

The drivers for water reuse can vary depending on the location and the issues faced by the
community. Indirect potable reuse is one type of water reuse that involves discharging treated
water to a surface water body groundwater. With a view to reducing the nutrients being
discharged into the Chesapeake Bay in Eastern Virginia, reduce land subsidence and to mitigate
declining ground water levels, Hampton Roads Sanitation District adopted a sustainable
approach of idirect potable reuse by adding advanced water treatment to their existing
wastewater utilities. The treated effluent is then injected in the local Potomac aquifer as part of
managed aquifer recharge. A cardmased treatment which is the focus of this gtudas
implemented post secondary wastewater treatment. The treatment process included coagulation,
flocculation and sedimentation followed by ozonation, biologically activated carbon filtration
(BAC), granular activated carbon adsorption (GAC), ultravtialésinfection and a final
disinfection using combined chlorine.

Treatment goals might differ based on the motivation for indirect potable reuse and thus a
knowledge base needs to be developed for every advanced water treatment unit used. Although
some ofthese treatment processes have been used in drinking water treatment, there is a lack of
understanding of how to optimize these treatment processes for water reuse and achieve the reuse
water quality goals that might differ from the conventional drinkiveger quality goals. This

lack of understanding combined with the varying source water and upstream wastewater
treatment can prove to be challenge for utilities opting for water reuse. Thus, a comprehensive
database for indirect potable reuse with diffete@atment processes needs to be developed as
newer reuse technologies are being tested.

In the carborbased treatment, removal of total organic carbon (TOC) is mainly removed by
biodegradation and adsorption in the BAC and GAC (U.S. EPA, 2017). Ozorsegplatal role

by breaking down the organics and making them more bioavailable for the BAC (Levine at al.,
2000). TOC removal by BAC and GAC under varying ozone doses needs to be better
documented. Along with TOC, understanding the removal of emergingmorants is also
important. The poor removal of these compounds during wastewater treatment combined with

the low concentrations and detection limitations makes it vital to study the removal of these



compounds by ozone, BAC and GAC in the carbased tratment (Ilbanez et al., 2013;
Roccaro 2018; Acero et al., 2012).

Ozone being a disinfectant can result in the formation of disinfection byproducts. Bromide
present in the source water can react with ozone to form bromate which is a carcinogen and has a
drinking water regulation of 10 ug/L (Kirisits et al., 2001; U.S. EPA, 2020). Bromate formation
pathway has been studied in literature and has shown to be formed primarily by the indirect
pathway where bromide first reacts with hydroxyl radical to form bromadesal which is then
oxidized by ozone to form hypobromite radical and further to form bromite and then bromate
(Buffle et al., 2004). Bromate control strategies such as pH suppression, chloramine addition,
free ammonia addition to form bromamines andittah of hydrogen peroxide have been studied
(Pinkernell and Gunten, 2001; Buffle et al., 2004; Wang et al., 2014). With high concentration
(>400 ug/L) of bromide present in the source water in the current study, a strategy of adding
preformed monochloraime prior to ozone was adopted.

The addition of monochloramine decreased bromate formation below 10 ng/L and proved to be
an effective solution for source waters with high bromide concentrations. However, this
monochloramine addition can create otheresstrirstly, the chlorine residual post ozone can be
detrimental to biological filtration and might affect the overall performance of the BAC
(Stoddart and Gagnon, 2015). This impact of residual chlorine on removal of TOC and emerging
contaminants is not @l studied. Nitrosodimethylamine (NDMA) is another disinfection
byproduct formed by ozone and combined chlorine and can be biodegraded and thus removed in
the BAC (Krauss et al., 2009). The presence of aogmant might negatively impact the
biodegradabn of NDMA in BAC. The formation and removal of NDMA under these residual
chlorine conditions is another area that needs further research. Thus, this residual chlorine post
ozone needs to be dechlorinated using a dechlorinating agent such as sodiute. [Bsalium

bisulfite is an oxygen scavenger and has antimicrobial properties (U.S. EPA 2000; Vally and
Misso, 2012., 2018). The impact of excess sodium bisulfite addition on BAC needs to be studied
better and thus an operational control to balance tidusdschlorine and sodium bisulfite needs

to be implemented.

Another disadvantage of using monochloramine prior to ozone is that monochloramine can act as
a hydroxyl radical scavenger (Johnson et al., 2002). The primary mechanism of removal of

emerging cotaminants by ozone is via hydroxyl radical oxidation. This monochloramine can



limit the ability of ozone to remove emerging contaminants-diggane is an example of a
carcinogenic emerging contaminant that can be removed by hydroxyl radical oxidatzoyVe

et al., 2010). With the presence of monochloramine, an alternate route for removat of 1,4
dioxane needs to be sought after. Biological degradation afid&xne has been studied in batch
cultures obtained from groundwater sites contaminated witkdibydne (Sun et al., 2011).
However, these concentrations of -tlidxane are much higher than those observed in the
indirect potable reuse studies and hasswabstrates naturally present for -m@tabolic
degradation of 1 4lioxane. There are very few stesl implementing 14lioxane biodegradation

in BAC filters and its application in indirect potable reuse. Theulustrates necessary for-1,4
dioxane degradation and the impact of addition of externaubstrates on BAC performance
needs to be documenttat indirect potable reuse.

Monochloramine addition to the treatment process results in addition of nitrogen in the form of
ammonia. This residual ammonia in addition to the ammonia present in the source water can
pose a challenge for final disinfectiasing chlorine in the treated effluent (Chen and Jensen,
2001). Nitrification of this ammonia in the BAC is one way to remove ammonia prior to chlorine
contact. BAC filters need to be optimized to achieve complete nitrification in indirect potable
reuse, ten the limited nutrient sources in the BAC influent. Additionally, the presence -of pre
oxidants such as chlorine or ozone residual, high dissolved oxygen and sodium bisulfite might
affect nitrification. The acclimation period for nitrifiers to grow in 8/Aand impact of extended
shutdown on BAC performance is not well understood. Incomplete nitrification in the BAC can
lead to nitrite formation which can lead to chlorine demand and has a drinking water regulation
of 1 mgN/L (U.S. EPA, 2020). Hence, nititfation in BAC filters optimized for indirect potable
reuse needs to be well understood.

Given these challenges associated with addition of monochloramine in an indirect potable reuse
system, a comprehensive study on the factors affecting the performianzene biofiltration

might provide better understanding of this treatment process. Ozone biofiltration needs to be
retrofitted for indirect potable reuse, in a way to achieve maximum removal of organic carbon

and emerging contaminants, while still megtihe water quality targets.
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CHAPTER 2. PILOT PLANT PERFORMANCE COMPARING CARBON -BASED AND
MEMBRANE -BASED POTABLE REUSE SCHEMES
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Abstract
Two pilot-scale advanced watdreatment plants using tertiary treated biological nutrient

removal wastewater effluent were operated simultaneously to demonstrate and compare
treatment performances and process operations. The final effluent from both the plants was
compared for its suability to recharge a potable water supply aquifer. The two treatment
approaches included a carboased treatment process (flocculation/sedimentation, ezone
biofiltration, granular activated carbon adsorption, ultraviolet disinfection; 20,000 L/day) and a
membranebased treatment process (ultrafiltration, reverse osmosis, ultrakyaetgen
peroxide advanced oxidation; 160,000 L/day). Both processes were found to be reliable in
producing water that met all United States Safe Drinking Water Act primayinmam
contaminant levels (MCLs). The carbbased process often exceeded the secondary MCL for
total dissolved solids due to background salinity in the source water. Results showed that both
systems performed comparably with respect to removal of pathpdecal indicators, and
contaminants of emerging concern. Total organic carbon (TOC) was removed to below 0.5 mg/L
by the membranbased process. For the cardmased process, granular activated carbon (GAC)
media exhaustion over the course of the mla¢ration resulted in an increase in finished water
TOC from less than 0.5 mg/L to approximately 4 mg/L. Disinfection byproducts including
trihalomethanes and haloacetic acids were not measured above their respective MCL after 8
hours of free chlorine cdéact in a simulated distribution system testNNrosodimethylamine

was removed below 10 ng/L by the GAC with 20 minutes of empty bed contact time after 20,000

bed volumes.



Introduction
Indirect potable reuse has been practiced in Occoquan (Virginialaiidrnia, and parts of the

arid southwest of the United States. Potable reuse often includes membrane processes such as
microfiltration or ultrafiltration (UF), followed by reverse osmosis (RO) (Cetteal, 2005;
Wintgenset al, 2005; Drewest al, 2003). Managed aquifer recharge (MAR) involves using
natural processes such as soil aquifer treatment (SAT) as a final step for augmenting drinking
water in an environmental buffer (Radéfilliams et al, 2010). The source water for MAR can

be reused waterdm wastewater utilities, treated to potable standards before being discharged
into the aquifer. This serves as a sustainable source of water and reduces the nutrient load
discharged into surface water bodies under conventional wastewater practices.

Membrmanebased treatment has been used conventionally to remove total organic carbon (TOC),
pathogens and contaminants of emerging concern (CECs), but might not be necessary in cases
where salt removal is not a priority or if very low dissolved solids condenisa are
incompatable with native water in the environmental buffer. In addition, the concentrated brine
solution generated by RO needs further treatment in inland locations where direct discharge to
the sea is not feasible. An alternative to membrankentdogy is the use of ozonation and
biologically activated carbon filtration and adsorption (referred to as the ehesaal approach).

The capital, operation and maintenance, and environmental cost for merhasadetreatment

are generally higher thanahof the carboibased treatment. Even with ocean discharge of the

RO concentrate, the membrapased treatment has higher capital and maintenance cost
compared to that of the carbbased treatment (Schimmoller and Kealy, 2014).

Advanced oxidation usingzone followed by biofilters containing either anthracite sand or
granular activated carbon media has been shown to remove trace organic contaminants and
pathogens (Knoppet al, 2016; Reungoaet al, 2010; Urferet al, 1997). In an ozonre
biofiltration dudy total trihalomethane (TTHM) and five haloacetic acids (HAA5) formation
potential was reduced 26% and 51%, respectively. The same study identified a maximum
effluent TOC of 2 mg/L to prevent formation of disinfection byproducts (DBPs) for potable
reuse This is much higher than 0.5 mg/L TOC required in California (Arreilcl, 2018).
Although bromate is formed during ozonation, free ammonia and chloramine have shown to be
effective for inhibiting bromate formation (lkehagtal, 2013; Buffleet al, 2004). Membrane

based processes such as RO and UF are known to be effective for removal of CECsetSnyder



al., 2007). The removal of TOC, CECs, DBPs and pathogens in the dasbed approach needs

to be compared to that in a membrdrased process to ter understand the operation and
suitability of the carboibased process.

The primary goal of this project was to compare the performance of chased advanced
treatment as an alternative to the traditional membbaised treatment used as a contrble T

feed was tertiary treated (Total Nitrogen < 3 mg/L as N, Total Phosphorus < 0.3 mg/L as P)
wastewater effluent from an existing fgitale biological nutrient removal treatment plant. This
study was focused on the application of carbamsed treatmenhiareas where acute water
supply needs are not the driver for MAR and use of RO is not practical due to the difficulty of
brine disposal. The performance of both treatment processes was compared on the basis of

removal of TOC, CECs, microbial contaminarsisd DBP formation potential.

Materials and Methods
Source Water

A pilot advanced water treatment plant was operated using tertiary treated effluent from
Hampt on Roads Sanitation Districtds ( HRSD)
traditionally usedmembranebased treatment process was used as a control and compared to the
carbonbased process. The feed water to both the memibased and carbemased processes

was denitrified filter effluent. The source water characteristics can be found in Supfgme
TableAl.

Design Criteria

A side-by-side comparison of carbdrmased and membraased treatment was carried out for a
period of six months. The design criteria for both the processes are shown in Rigarasd

2.1b. Detailed information can bednd in Supplementary Tablé2 andA3

Membrane-based process

UF, RO, Ultraviolet Advanced Oxidation Process (UVAOP).

The Wi gen Wat er Technol ogi e s-Based @ibtapgaktanas MN,
operational at YRTP for a period of six months from June62fil December 2016. The
ultrafiltration skid consisted of two different filtration modules in parallel, Dow 2BB0 and

Toray HFU2020N with pore sizes of 0.03 and 0.Qdn respectively. 3 mg/L of preformed

monochloramine was used to minimize biologicalvgth and fouling of both the UF and RO

Ssystems. Ultrafiltration was foll owed by Hydr



el ements in a 2:1 array. The UV system UV MA
Ontario Canada), consisting of one lovegsure UV lamp rated for 200W lamp power. UVAOP

was operated at 3.78 L/min to achieve 0.5 log removal oflibdane with 5 mg/L hydrogen
peroxide addition. A dose of 5 mg/L of hydrogen peroxide concentration was needed to achieve
advanced oxidation (Roskidt et al., 2006; Keen et al., 2012). The 5 ppm dose was selected
during early testing as this was the lowest dosage observed to achieve 0.5 log removal of 1,4
dioxane.

Carbon-based process

Coagulation, Flocculation, and Sedimentation (floc/sed), Ogbridation, Biologically Active

Carbon (BAC) Filtration, Granular Activated Carbon (GAC) Adsorption, Ultraviolet (UV)
Disinfection.

The I ntuitechE ( Sal t-basedpila was startgd,in JWyr2016. P@fprmeda r b o
monochloramine with a stocloncentration of 550 mg/L €lvas diluted with softened water to

have a dose of 3 mg/L £bprior to ozonation for bromate control as described elsewhere
(Buehlmannet al, 2017.). A fine bubble diffuser was used to feed ozone in the ozone reactor.
Ozone gasinalyzers (IN USA, Inc, San Diego, CA, USA) were used to determine the feed and
the off gas ozone concentration and determine the gas transfer efficiency. Ozone dose was
controlled by dissolved ozone probes measuring the ozone residual to have avenegt 0zo
TOC ratio of 1. The media used in the BAC filter was Calgon F816 while that used in GAC was
Calgon F400M. The BAC media was supported on 0.3 m of sand to enhance filtration and was
preexhausted using membrane bioreactor effluent offsite to the pbisteady state TOC
removal prior to pilot operation. This helped in exhausting the adsorptive capacity of the
activated carbon media and ensured that TOC removal was largely due to biological growth on
the media. As shown in Figurzlb, a total of fourcolumns were operated in two identical
parallel trains differentiated only by flow rate, as follows: a BAC column with 5 minute empty
bed contact time (EBCT) followed by a GAC column with a 10 minute EBCT (GAC10), and a
BAC column with a 1@minute EBCT (BAC10) followed by a GAC column with a 20 minute
EBCT (GAC20), respectively. Combined GAC effluent was used as the backwash water for all
the filters and was chlorinated to have a free chlorine residual of 0.2 mg/L. Turbidity above 0.1
NTU or a headloss abev3 m was used as the criteria for backwashing. The typical run times for

BACS5 and BAC10 were 2 and 4 days, respectively while the average unit filter run volume was



900,000 L/m for both. UV disinfection system was the same as described for the membrane
based process and was operated at 75.6 L/min to achieve greater than 4 log removal of male

specific 2 bacteriophage (MS2).

a) ULTRAFILTRATION REVERSE OSMOSIS UVAOP
Antiscalant
H,0,
NH,CI f
Cartridge

’ Pilot Feed Filter

Pilot Feed
Strainer

Flow 60.6 Lpm Flow 58.3Lpm Flow 3.78 Lpm

Flux 47-51 LMH Flux 20 LMH

TMPmax 172-206Kpa  FeedPressure 896 Kpa Chemical dosage:

Backflushfrequency 30 min Recovery 83% HydrogenPeroxide 5mg/L

Backwashes frequency RO array 2:01 UV dose ~1000 mJ/cm?

Acid mini-CIP 7 days Chemical dosage:

Alkaline mini-CIP 3 days AntiscalantVitec 4000 216 mg/L

COAGULATION, OZONE BIOFILTRATION GRANULAR ACTIVATED uv
b) FLOCCULATION, CONTACT CARBON ADSORPTION DISINFECTION
AND SEDIMENTATION
ACH
I I '“ //// BACS GAC10
Feed
Floc-aid
polymer Solids to waste
BAC10 GAC20

Flow 16.65 Lpm Flow 12.1Lpm BACS: GAC10: Flowrate 75.7
Rapid Mix HRT 35sec./stage 0, TOCratio 1:1 Flowrate 5.56Lpm Flowrate 3.33Lpm Lpm
Rapid Mix No. Stages 2 Chemical Dosage: Loading rate 305.5Lpm/m? |oading rate 183.3 Lpm/m? UV Dose >140
Rapid Mix G 1000/sec. NH,CI 3mgCl,/L Mediadepth 1.5m Mediadepth 1.8 m mJ/em?
Flocculation HRT 18.7 min./stage EBCT 5 min EBCT 10 min
Flocculation No. Stages 3 Chemical Dosage:
FlocculationStage1G ~ 40/sec. NaOCI 0.2mg/L
FlocculationStage2G ~ 20/sec. Backwash water
Flocculatiqn Stage3G  10/sec. . BAC10: GAC20:
Plate Loading Rate 4.07 Lpm/m Flowrate 2.76 Lpm Flowrate 1.66 Lpm

Chemical Dosage:
Aluminum chlorohydrate (ACH) 25 mg/L
Floc-aid polymer (cationic) 0.75mg/L

Loading rate 150.7 Lpm/m? Loading rate 105.9 Lpm/m?

Mediadepth 1.5m
EBCT 10 min
Chemical Dosage:
NaOocl 0.2mg/L
Backwash water

Mediadepth 1.8 m
EBCT 20 min

Figure 2.1 Design Criteria a) Membrane-based process b) Carboibased process

Chemical Analyses Methods
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Online monitoring

The pilot skids were equipped to have continuous monitoring of operational parameters such as
flowrate, turbidity, pH, temperature, ozone dose and residual, filter headloss, and transmembrane
pressure.

pH, Total and free chlorine, monochbramine

The pH was measured using an Orion STAR series Thermo Fisher Scientific, Waltham (MA,
USA) pH meter. Total, free chlorine and monochloramine were analyzed with a HACH Pocket
Col orimeterE |1, HACH, Loveland (CO, USA).
TOC, CEC and UVa2s4

TOC and DOCwere analyzed using standard methods (APHA 2012). TOC was analyzed five
times per week from floc/sed, ozone, BAC, and GAC effluents. CECs including NDMA were
analyzed monthly using liquid chromatography with tandem mass spectrometiLaIS) by
Eurofins Eaton Analytical (Monrovia, CA), U4 was measured using a fluorescence
spectrophotometer Aqual8drom Horiba Scientific, Edison (NJ, USA).

Microbiological Methods and Challenge Testing

Quantification of the indigenous fecal tracer Pepper mild moities \(PMMoV; Kuroda et al.,

2015; Kitajima et al., 2014) and MS2 from challenge testing was used to evaluate both AWTP
treatment trains.

Droplet digital polymerase chain reaction (ddPCR) was used to quantify PMMuoMdkhly.
Sample volumes (up to 40L) werconcentrated using dead end ufiiteation according to
methods in Polaczyk et al. (2008) and Kaltd¢ral. (2015) and eluted with 200 mL elution
solution. Mixed cellulose ester HA filters (HAWP04700; Millipore, Billerica, MA, USA) were
used for secoraty concentration. Prior to HA filtration, Mg&€lwas added to a final
concentration of 25 mM and the samples were acidified to a pH of 3.5 with 20% HCI.
Immediately after filtration, filters were stored in& °C freezer until total nucleic extraction
using NUucliSENS easyMag (bioMerieux, Inc., Durham, NC, USA) was completed. Prior to
extraction, 10 pL of 1 x 10copies/uL Hep G Armored RNA (Asuragen, Austin, TX, USA) was
spiked in the lysis buffer with the electronegative filter to evaluate inhibitiosingle stranded

RNA custom oligo (Integrated DNA Technologies, Skokie, lllinois, USA) was created for use as
a PMMoV positive control based on the replicatassociated protein region PMMoVgp2

(NCBI Gene ID 1724829). All samples, no template controlsGNTiegative extraction controls

11



( NEC) , and positive controls were extracted
Primers and probes used in this study can be found in SupplementaryARal3amples were
analyzed in triplicate on a BiBad QX200 (BioRad, Hercules, CA, USA) combing reverse
transcription and PCR using the Gaep RTFAdPCR Advanced Kit for Probes (BRad)
according to manufacturerdés recommendati on.
droplets (out of a minimum 100 droplets) were identified as positive. Inhibition issues were
resolved by the combination of magnetic bead extraction and ddPCR.

To determine virus log removals in each treatment process a virus challenge test was performed
by using a stock solution @3 x 13° PFU/mL) of MS2, diluted to a final concentration of 9.18 x

10° PFU/mL in the pilot feed tank. Samples collected at locations from pilot feed to final
effluents of both treatment trains were analyzed for MS2 by serially diluting samples ahead of
the single agar layer procedure in EPA method 1602.

Disinfection Byproducts

DBP simulated distribution system (SDS) test involved addition of free chlorine to GAC and
UVAORP effluent (20L). Samples from GAC10 and GAC20 were adjusted to a pH of 7.5 using
NaOH and were then spiked with 3 mg/L 2Qlsing NaOCI in order to obtain a target free
chlorine residual of 0.5 mg/L after 8 hours. For UVAOP, before adjusting the pH to 7.5,
hydrogen peroxide residual was quenched using bisulfite followed by @ddition, which was

then followed by addition of sodium carbonate to maintain an alkalinity of 75 mg/L aszCaCO
The water was aerated gently to reach equilibrium with atmosphess@@ that the aeration

did not bring about vigorous mixing. Samples were collebtfdre adding chlorine and after 30

min, 2 hours, 8 hours and 3 days of chlorine addition. These samples were analyzedsfor UV
absorbance, dissolved organic carbon (DOC) and free chlorine. Samples were also collected for
TTHM analysis by method EPA 624, Nitrosamines using method EPA 521, total organic
halide (TOX) using SW 9020/SM 5320 and 9 haloacetic acids (HAA9) using EPA 552.2/SM
6251B (APHA 2012). Supplementary Tal#i& provides more information on the methods used

and the reporting limits for DBRend CECs.

Results and Discussion
The data for both treatment approaches show that drinking water quality standards were met and

the final effluents were below the primary maximum contaminant levels (MCLs). Bromate was

formed by ozone but was controlled ¢concentrations below the MCL by use of preformed
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monochloramine. Prior to monochloramine addition, the bromate values were often above MCL
of 0.01 mg/L with average values of 0.04 mg/L during 30 sampling events. This average value
dropped reduced to 0.007g/L after monochloramine addition during 157 sampling events. The
secondary MCL for total dissolved solids (TDS, 500 mg TDS/L) was routinely exceeded by
water produced from the carbtased treatment process. During the comparative experimental
period fom July 7 to December 14, 2016, TDS from the catased treatment process had an
average of 598.7 £ 71.1 mg/L TDS. Although the secondary MCL for TDS was exceeded in this
case, the suitability of carbdrased treatment for indirect potable reuse islzigependent on

the insitu characteristics of the environmental buffer (i.e. background TDS eaugmented
waters), and the expected TDS of the source water. In cases such as the Potomac Aquifer System
where background characteristic TDS can range tem® than 200 to greater than 30,000 mg/L
(Focazioet al, 1993; McFarland, 2010), depending on depth and location, managed aquifer
recharge with waters having higher than Safe Drinking Water Act recommended concentrations
of salts may be desirable or essary to avoid destabilization of-situ aquifer formation
interstitial clays and mobilization of undesirable metal ions.

Total Organic Carbon

Figures2.2a and2.2b shows the TOC data for both pilot systems. The median influent TOC was
value was 7.71 mify. For the membrane process the difference in the UF and influent median
TOC values was 1.25 mg/L while the difference for RO was 7.59 mg/L. In the carbon process,
the difference in median TOC values for floc/sed was 1.51 mg/L while that for BAC5 and
BAC10 were 1.23 mg/L and 1.73 mg/L, respectively. The TOC concentrations from the two
BAC filters were significantly different with a (f< t) one tail value of 1.7464 for the paired
sample ttest. This difference can be attributed to the diffeleBCTs. The median TOC
concentration for UV effluent was 3.7 mg/L from Dec 2016 to April 2017. UV received a
combined flow from GAC10 (66.7%) and GAC20 (33.3%), causing the final UV effluent to be
higher than the GAC20 effluent TOC concentration.

The effuent TOC values in GAC10 and GAC20 are shown in Figute The effluent TOC in
GAC10 started to stabilize at 20,000 BV around 4 mg/L apart from a few outliers. These outliers
could be due to other factors such as upsets in the upstream processes AChopsration.

The effluent TOC in GAC20 seemed to follow the same trajectory relative to total bed volumes

passed as GAC10 and was below 4 mg/L. The average effluent TOC of the membrane process
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on the other hand was 0.43 mg/L. Due to the significant diffex in the final TOC values, the

type of treatment process (carbon or membrane or a combination of two) will be determined on
the basis of water reuse application and the source water. Additional TOC removal might be
achieved by SAT and is being currerglyaluated for the carbdmased process.
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Figure 22 TOC in a) Carbon-based process b) Membrandased process
Figure2.3 shows TOC (C/g) in GAC with increasing BV, where C is effluent TOC from GAC

and G is effluent TOC fromBAC. During startup of the carbdyased process, virgin activated
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carbon media was added to the GAC columns resulting in the effluent TOC from both the
columns to be below 1 mg/L but above the quantitation limit of 0.1 mg/L. This phase lasted for a
BV of 2,000 for GAC10 and 3,000 for GAC20 with an average TOC remox@l@) of 87.0%

and 83.9%, respectively. The TOC removal in BAC5 and BAC10 for the same time periods was
37.0% and 44.8%, respectively. The difference in GAC TOC removal shows the implaet of
upstream BAC process on the downstream GAC operation regardless of the GAC EBCT,
especially when the media was new (less than 3000 BV). TOC removal appeared to be linear
with respect to BV in GAC10 until a BV of 11,000 with a removal of 36.0%, whi#eTt@C
removal in GAC20 seemed to follow the same trajectory as GAC10, with 45.0% TOC removal
for the same 11,000 BV. The carbon media continued to get exhausted resulting in increasing
C/Co. TOC removal was 30% in both GAC columns at 20,000 BV. TOC removafAC was a
function of the BV, irrespective of the EBCT and dependent on other factors such as upstream
BAC operation.
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Figure 2.3 C/Co TOC and UVT for GAC10 and GAC20 with respect to bed volumes
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Steadystate removal of TO if attained is indicative of biological activity within the carbon
media and the GAC would perform as a seestadje biofilter. As discussed previously, there
was a significant (p<0.05) difference in TOC removal by biofiltration when comparing EBCTs
of 5and 10 minutes. The TOC goal in the final effluent will determine the choice of EBCT for
BAC and the need for carbon regeneration. A higher EBCT in BAC might result in lower TOC
in the GAC effluent, resulting in longer carbon life for the GAC media, butcaeased capital

cost. Regenerating the carbon can prove to be the most costly step in thebemsdxbprocess,

thus a right balance between EBCT and regeneration is important for designing a GAC column.
UV transmittance or UVT was 100% up to 1000 B¥ 6GAC10 and up to 6000 BV for GAC20.

UVT was maintained at 93% and 91%, respectively for GAC10 and GAC20, after 20,000 and
10,000 BV and was not a good indicator of the carbon exhaustion for this dataset. The average
UVT values for GAC10 after 20,000 BVas 91.72 + 0.69% and was higher than GAC20 after
10,000 BV (93.97 £ 1.38%) with a(p < t) one tail value of 3.6923. This shows that the GAC

with a longer EBCT was able to achieve greater UVT and might have a separate trajectory even
after atieving the same BV as that of a shorter EBCT GAC. This confirms the importance of
EBCT while designing a GAC column for organics removal.

Table2.1 shows the min, max and average concentrations of the CEC indicator compounds in
the GAC10, GAC20 and UVAOleffluents. All the CECs below the method reporting limits
were considered to be zero. The pilot influent CEC concentrations are presented iA@able
Table2.1 shows that with the exception of NDMA, all CECs measured were below action levels
(as definedoy NWRI, 2013) at all points in both trains. NDMA levels were above the 10 ng/L
action level in the lower EBCT carbdrased train (BAC5 and GAC10), but values were well
below the action level (10 ng/L) in the higher EBCT train (BAC10 and GAC20). This ghatvs

even though the TOC in the carbbased process finished water was allowed to rise to as high
as 4 mg/L, the public health and treatment effectiveness indicators could be maintained below
their action levels by both the membraaad carborbased tratment approaches. The NDMA
concentrations were higher in BAC5 and GAC10 due to temperatures béléwnlthe winter

and the presence of monochloramine residual. Thus the ehdsaa process might not provide
similar TOC removal as the membrap@&sed proess but can provide similar treatment with

respect to CECs.
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Table 21 Indicator compounds in carbon and membranebased processes

Carbon-based process

Membrane-based process

CECs Action GAC10 GAC20 UVAOP
(ng/L) level
(ng/L)
Sampling Min Max  Average Sampling Min Max  Average Sampling Min Max Average
events n events n events n
Public Health
Indicators
Estradiol * 12 0 0 0 12 0 0 0 9 0 0 0
Ethinyl * 12 0 0 0 12 0 0 0 9 0 0 0
Estradiol
DEET 200,000 12 0 0 0 12 0 0 0 9 0 12 1.3
TCEP 5,000 12 0 36 6.8 12 0 0 0 9 0 0 0
NDMA 10 18 2.1 36 155 18 0 28 7 20 0 8 1
Treatment
Effectiveness
Estrone 320,000 12 0 0 0 12 0 0 0 9 0 0 0
Sucralose 150,000 12 0 61,000 12,866 12 0 6,000 1,492 9 0 390 86
Triclosan 2,100,000 12 0 0 0 12 0 0 0 9 0 0 0
Atenolol 4,000 12 0 0 0 12 0 0 0 9 0 0 0
Carbamazepine 10,000 12 0 0 0 12 0 0 0 9 0 0 0
Cotinine 1,000 12 0 15 14 12 0 0 0 9 0 0 0
Dilantin 2,000 12 0 0 0 12 0 0 0 9 0 0 0
(Phenytoin)
Meprobamate 200,000 12 0 9.8 14 12 0 0 0 9 0 0 0
Primidone 10,000 12 0 21 4.3 12 0 5.2 0.4 9 0 0 0

*None established yet but will be in the low ng/L limit
Action levels defined biNational Water Research Institute (NWRI), 2013



Virus inactivation and removal

MS2 challenge testsalie been used to determine virus log removal in membrane and slow sand
filters (Andersoret al, 2009; Langleet al, 2009). Like the bacteriophage MS2, PMMoV is a
nonpathogenic fecal indicator (Rosagbal, 2009) that is useful for assessing virusctivation

and removal in advanced water treatment systems. The log reduction values (LRV) from the
MS2 challenge test and measured PMMoV values through the pilot are shown ir2 Zablee

MS2 results show that BAC and GAC together had a MS2 LRV of e\l LRV for RO was

>4.5. Similar data were obtained for PMMoV. California regulations requirod.2sirus
removal between raw wastewater and recycled water used for groundwater augmentation by
direct injection into a drinking water aquifer. Texas apples direct potable reuse differently,
requiring a minimum of 8og virus removal between treated effluent and finished drinking water
(State Water Resources Control Board, 2016; Texas Water Development Board, 2015). The
carbon process was able to achieveotal of 7 log removal for MS2 and >6 log removal for
PMMoV, which was comparable to the membrane process. Complete removal of both PMMoV
and MS2 were achieved in the carbon process (achievingetectable levels of both indicators
following GAC); however, as the influent concentrations of PMMoV (7.48 X ddpies/mL,
naturally present) and MS2 (9.18 x*>1PFU/mL, spiked from concentrated stock) were lower
than 12log, removal of viruses equivalent to the California standard were not demonstrated in
the pilot study. Further, California has a rule of 1 LRV credit for one month of travel time in the
aquifer up to a total of 6 months of travel time (State Water Resources Control Board, 2016).
Thus additional LRV can be achieved through SAT.

The data for fhc/sed, combined GAC effluent with chlorine and UF were not available since
these sample ports were not included in the analyses. Virus was already completely removed
from the system before reaching the UV and UVAOP sample locations, thus no additional
removal was demonstrated through these processes. However, UV and chlorine are established
disinfection process and additional LRV can be built into a future design prior to injection into
groundwater. Both membrane and carbased treatment processes désatiin this paper were
designed for and expected to achieve virus disinfection, not including upstream wastewater
treatment and prior to SAT. This also highlights the importance of documenting additional virus
removal using SAT. Pathogenic human enterimises such as human polyomavirus, human

adenovirus 41, norovirus Gl and GIlI enumerated by ddPCR were below detection in the final



effluent for both processes (data not shown; UV n=12, UVAOP n=11). Enterovirus was detected
in both the final effluents (0.28nd 0.06 copies/mL for UV and UVAOP, respectively) during

one out of twelve sampling events, likely due to sample contamination. The upstream process
samples were below the detection limit.

Table 22 LRV for MS2 (culture -based meéhod) and PMMoV (ddPCR)

Virus MS2 Challenge Test PMMoV

Location LRV n (Sample size) LRV n (Sample size)

Carbon-based Process

Floc/sed 1 2 N/A N/A
Ozone 2 2 3 5
BACS5 and 3.5 2 2 5
BAC10
GAC10 and >0.5 2 >1" 5
GAC20
Combined
GAC N/A 2 N/A N/A
effluent with
chlorine
UV N/A 2 N/A 12
Membrane-based Process
UF 3 2 N/A N/A
RO >4.5 2 >5 4
UVAOP N/A 2 N/A 11

* These LRVs denote that the virus concentration was below the detection limit.

Disinfection Byproducts

Results from the DBP SDS test can be saefableA7 and FigureA2. The concentrations that
were below the method reporting limit were presented as half the concentration of the reporting
limit. Table A5 shows the reporting limits for all the DBPs. A dose of 3 mg/L of free chlorine
was used foboth GAC effluents while a dose of 6 mg/L was used for UVAOP effluent, to
achieve a chlorine residual of 0.5 mg/L after 8 hours of chlorine contact. A higher dose of
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chlorine was needed for UVAOP to quench the 2 mg/L of hydrogen peroxide residual. UVAOP
effluent was analyzed for the same DBPs as GAC10 and GAC20 and wedeteatable which

is in agreement with TOC data (<0.5 mg/L) post RO and UVAOP. For the carbon process, the
formation of brominated DBPs, bromodichloromethane, bromoform, dibromochloramegth
bromochloroacetic acid, bromodichloroacetic acid, dibromoacetic acid and monobromoacetic
acid were observed, probably due to the higher bromide concentrations in the pilot influent
(average of 0.43 mg/L). Figu4 shows the TTHM, HAA5, NDMA and Mitrosomorpholine
(NMOR) concentrations during the SDS test along with the regulatory and health advisory limits
indicated by the dashed line. The results for HAA5 for GAC20 could not be analyzed due to
insufficient chlorine quenching of the samples. Witk #xception of the 3 day samples for
TTHMSs, the remaining TTHM and HAAS values were under the MCL specifications. The
TTHMs for 3 day samples were greater than the MCL ofi@Q for both GAC columns. It is
expected that the DBPs formed by final disinfectstep will be degraded by SAT (Lim et al,

2011). To prevent DBP formation in the aquifer and to investigate whether the chlorine is
dissipated sooner than 3 days, a monitoring well will be located 50 feet from the injection well
forthe IMGD (3.78mga L/ day) demonstration facility
NDMA is a disinfection byproduct formed either by ozonation, chlorination of aivsed
polymer, chloramination or photolysis (Krasner et al., 2013; Selbes et al., 2014; Mitch et al.,
2003; Najm and Trussell, 2001). NDMA concentrations can be effectively reduced by
biodegradation (Gerritet al, 2015), making this a biological process which could be sensitive
to temperature and disinfectants such as monochloramine. Although thece NKCih for
NDMA, the California drinking water notification level for NDMA is 10 ng/L (California EPA,
2017).

During the DBP SDS test, out of the 9 different nitrosamines analyzed, only NDMA and NMOR
were above the reporting limit in the GAC effluent. Exbough there was 23% increase in
NDMA in GAC10 effluent after 3 days, the initial values were already above the California
notification limit of 10 ng/L due to colder temperatures and presence of a monochloramine
residual of 2.5 mg/L in the BAC influenthiis the NDMA values in GAC10 were already higher
than the notification limit before the chlorine was added to this sample water, ruling out the
possibility of significant additional NDMA formation due to chlorination in the final disinfection
step. The inease in NDMA values for GAC20 after three days was 7.7% and all values were
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below 10 ng/L. The important observation to be made with respect to NDMA is that
concentrations can be effectively controlled to well below the 10 ng/L target within the BAC
process at a 10 minute EBCT, even under the-temperature conditions experienced during the
pilot testing. A sufficient EBCT is effective in controlling NDMA formation given the
environmental conditions and presence of inhibitory condition such as monodhenasidual

to the biofilters.

Total trihalomethanes (ug/L) Five Haloacetic acids (pg/L)
100 50 o

80

60

40

. : n i
0—‘-| . i . o N : :

Initial 30 min 2 hours 8 hours 3 days Initial 30 min 2 hours 8 hours 3 days

NDMA (ng/L) N-Nitrosomorpholine (ng/L)

18 5
16
14 4
12
10

o N B O 0
T
-

Initial 30 min 2 hours 8 hours 3 days Initial 30 min 2 hours 8 hours 3 days

B GAC10 m GAC20

Figure 24 Disinfection byproduct formation using chlorine during simulated distribution
system test.

*Dashed line indicates the regulatory limit for TTHMs and HAAS5 and CA notificatioit flor NDMA.

Conclusions
Two different treatment systems were operated simultaneously and were compliant with primary

and secondary MCLs except for TDS in the carbased process. The average TDS in the
carbon process effluent was 598+71.1 mg/L. Howetrex TDS in the Potomac aquifer ranges
from less than 200 to greater than 30,000 mg/L, avoiding the necessity of TDS removal. The data
obtained from carbon and membrane processes shows that apart from TOC, the performance of

both the treatment processesomparable. The conclusions are summarized as:
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1 TOC was removed below 0.5 mg/L (July 20m6cember 2016) in the membrabased
process while approximately 4 mg/L of TOC was present (July-2@tib 2017) in the final
effluent of carborbased process. Thgpstream TOC removal in BAC is an important factor
in terms of the required and observed TOC removal in GAC and needs further optimization.
Regardless of the increase in TOC, the indicator CECs (except NDMA in lower EBCT GAC)
were below the action levelefined by NWRI.

1 >8 log removal of MS2 (challenge test) and >6 log removal of PMMoV virus was achieved
in both the treatment processes. These removals were limited in both cases by concentrations
of MS2 and PMMoV in the pilot influent.

1 The DBP SDS test fahe final effluents of both treatment processes showed that the DBPs
were below the MCL after 8 hours of free chlorine contact time.

1 NDMA was well below the 10 ng/L CA limit in GAC20. Although there was a 23% increase
in the NDMA after the DBP SDS teshe NDMA was already above 10 ng/L in GAC10.

1 This study provides a novel side by side comparison of two different treatment processes for
MAR where scarcity of water is not the driver for water reuse. This information will be
useful for implementing advaed water treatment projects where desalination is not

required.
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2

Table Al Source Water Characteristics

Parameter Min Max Average
pH 6.25 7.73 7.19
Temperature (°C) 14.8 303 21.5
Bromide (mg/L) 0.238 0.7 0.433
Alkalinity (mg/L) 78.7 160 126.2
TKN (mg-N/L) 0.96 6.27 1.77
Ammonia (mg-N/L) 0.22 5.45 0.95
Nitrite (mg/L) 0.03 3.32 0.504
Nitrate (mg/L) 0.2 9.01 0.91
TOC (mg/L) 5.72 12.9 8.03
TDS (mg/L) 237 764 542
Viruses (copies/100 mL)
Human polyomavirus 0.00E+00  2.76E+03 2.76E+02
Human adenovirus 0.00E+00  3.56E+03 6.19E+02
Enterovirus 0.00E+00  8.67E+02 7.22E+01
Norovirus Gl 0.00E+00  6.87E+02 1.29E+02
Norovirus GlI 0.00E+00  1.38E+03 2.80E+02
Table A2 Design criteria for carbebased process
Floc/Sed
Flow 16.65 L/min
Rapid Mix design 2 stages (35 seconds each stage)
Rapid mix G value 1000/sec
Floc basin design 3 stage flocculation (18 min each)
Floc stage 1 G value 40/sec
Floc g¢age 2 G value 20/sec
Floc stage 3 G value 10/sec
Lamella plate loading rate 4.07 L/min/n%

Coagulant Aluminum chlorohydrate (25 mg/L)
Polymer Cationic polymer (0.75 mg/L)
Ozone
Flow 12.1 L/min
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Ozone:TOC ratio

1:1

Chemicals Preformed monochloramir(@ mg/L)
BAC5
Media Depth 15m
Empty bed contact time 5 min
Loading Rate 305.5 L/min/nd
Flow 5.56 L/min

Chemicals (backwash water)

Sodium hypochlorite 0.2 mg/L

BAC10

Media Depth
Empty bed contact time
Loading Rate
Flow
Chemicals (backwash water)

1.5m
10 min
150.7 L/minfr?

2.76 L/min
Sodium hypochlorite 0.2 mg/L

GAC10

Media Depth 1.8m
Empty bed contact time 10 min
Loading Rate 183.3 L/min/m
Flow 3.33 L/min
GAC20
Media Depth 1.8m
Empty bed contact time 20 min
Loading Rate 105.9 L/min/n
Flow 1.66 L/min

UV Disinfection

Lamp supplier
Lamp power
Flow
UV dose

Target

Trojan (UV MAX Pro30)
200W (low pressure lamp)
75.7 L/min
>140 mJ/crh

>4 log removal of makspecific 2 bacteriophag
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Table A3 Design criteria for membrargased process

Ultrafiltration

Supplier DOW & TORAY
Flow 60.6 L/min
Flux 47-51 L/hr/n?
Trans membrane pressure (max) 172206 Kpa
Backflush frequency 30 min
Mini CIP (Acid) 7 days
Mini CIP (Alkaline) 3 days
Chemicals Preformed monochloramine (3 mg/
RO
Supplier Hydranautics
Flow 58.3 L/min
Flux 20 L/hr/n?
Recovery 83%
Feed pressure 896 Kpa
RO array 2:1
Chemicals Antiscalant Vitec 4000 (2.16 mg/L)
UVAOP
Lamp supplier Trojan (UV MAX Pro30)
Lamp power 200W (low pressure lamp)
Flow 3.78 L/min
UV dose ~1000 mJ/crh
Target 0.5 log removal of 14lioxane
Chemicals Hydrogen peroxide (5 mg/L)

Table A4 Primers and probes used in Pepper Mild Mottle Virus enumeration

Forward Reverse Anne LOD
Virus Primer Primer Probe aling  copies/ References
Temp rxn
()

GAGTGGTTTG FAM- Racki et al. 2014;
PMMoV  ACCTTAACGTT T/IETTSSE/I;?C CCTACCGAAGCAAATG- 55 89 Haramoto et al.
TGA MGB-NFQ 2013
N FAM-
Hepatits CGGCCAAAAG CGACGAGCCT Cashdollar et al.
AGGTCCCTCTGGCGCTTG 55  NIA ’
G GTGGTGGATG GACGTCGGG e I s o, 2013
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Table A5 Method reporting limits for different analytes

Analyte Method Method Reporting Limit Units
TOC SM 5310 B 0.5 mg/L
Bromodichloromethane EPA 624 2 pg/L
Bromoform EPA 624 2 pg/L
Dibromochloromethane EPA 624 2 Mo/l
Chloroform EPA 624 2 pg/L
N-Nitrosodimethylamine EPA 521 2 ng/L
(NDMA)
N-Nitrosomorpholine EPA 521 2 ng/L
Bromochloroacetic acid EPA 552.2 1 po/L
Bromodichloroacetic add EPA 552.2 1 pg/L
Chlorodibromoacetic acid EPA 552.2 2 pg/L
Dibromoacetic acid EPA 552.2 1 po/L
Dichloroacetic acid EPA 552.2 1 pg/L
Monobromoacetic acid EPA 552.2 1 po/L
Monochloroacetic acid EPA 552.2 2 po/L
Tribromoacetic acid EPA 552.2 4 pg/L
Trichloroacetic acid EPA 552.2 1 po/L
Total Organic Halides SW 9020/SM 5320B 50 pg/L
Estradiol Eurofins LGMS-MS 5 ng/L
Ethinyl Estradiol Eurofins LGMS-MS 5 ng/L
DEET Eurofins LGMS-MS 10 ng/L
TCEP Eurofins LGMS-MS 10 ng/L
Estrone Eurofins LGMS-MS 5 ng/L
Sucralose Eurofins LGMS-MS 100 ng/L
Triclosan Eurofins LGMS-MS 10 ng/L
Atenolol Eurofins LGMS-MS 5 ng/L
Carbamazepine Eurofins LGMS-MS 5 ng/L
Cotinine Eurofins LGMS-MS 10 ng/L
Dilantin (Phenytoin) Eurofins LGMS-MS 20 ng/L
Meprobamate Eurofins LGMS-MS 5 ng/L
Primidone Eurofins LGMS-MS 5 ng/L
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Table A6 Influent CEC concentrations (ng/L)

Influent CECs (ng/L) Sampling events (n)  Min Max Average
Public Health
Indicators
Estradiol 14 0 0 0
Ethinyl Estradiol 14 0 0 0
DEET 14 0 310 49
TCEP 14 0 140 90.3
NDMA 36 1 15 3
Treatment
Effectiveness
Estrone 14 0 16 2.6
Sucralose 14 14000 260000 63285.7
Triclosan 14 0 92 33.9
Atenolol 14 0 340 68.1
Carbamazepine 14 0 250 152.1
Cotinine 14 0 150 35
Dilantin (Phenytoin) 14 0 190 23.3
Meprobamate 14 0 26 6.9
Primidone 14 0 130 49.9
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Table A7 Disinfection byproduct formation in GAC10 and GAC20

GAC10 GAC20

Initial  30min 2 hours 8hours 3days Initial 30min 2hours 8hours 3days

Free Chlorine residual (mg/L) 0.1 1.3 1 0.3 0.1 0.1 1.6 1.1 0.8 0.1
DOC (mg/L) 3.7 3.7 3.6 3.6 3.7 25 24 25 25 2.6
UVT (%) 86.3 86.8 86.8 86.9 87.4 89.3 89.5 89.5 89.6 90.1

Trihalomethanes (ug/L)

Bromodichloromethane 1 21 3.8 6.7 7.7 1 1 ND 34 5.1
Bromoform 1 7.8 15.1 30.5 47.2 1 54 10.5 19.6 60.8
Dibromochloromethane 1 6.2 11.9 21.8 31 1 4 7.6 13.4 27.5

Chloroform 1 1 1 1 2 1 1 1 1 1
TTHM's (MCL: 80 ug/L) 4 17.1 31.8 60 87.9 4 11.4 19.1 374 94.4

Nitrosamines (ng/L)
NDMA 13 12 13 14 16 2.6 2.6 2.7 2.9 2.8
N-Nitrosomorpholine 3.8 4.4 3.6 3.7 3.3 3.9 3.8 3.4 3.6 2.9
9 Haloacetic Acids (HAA9) (ug/L)

Bromochloroacetic acid 0.5 1.9 2.3 2.8 5.3 * * * * 4.3
Bromodichloroacetic acid 0.5 6.6 11 15 0.5 ok o o o 0.5
Chlorodibromoacetic acid 1 1 1 2.6 2.7 o ki * *x 2.3
Dibromoacetic acid 0.5 8.5 10 12 14 ok b o b 15
Dichloroacetic acid 0.5 1.6 1.8 1.9 2.2 * > * * 0.5
Monobromoacetic acid 0.5 0.5 15 2.3 14 ok b o b 16

Monochloroacetic acid 1 1 1 1 1 o > * > 1

Tribromoacetic acid 2 2 4.7 54 2 ok b o b 2
Trichloroacetic acid 11 1.2 13 13 0.5 *x ** *x *x 0.5
HAA5 (MCL: 60 ug/L) 3.6 12.8 15.6 18.5 19.1 *x *x *x *x 18.6
Total Organic Halides (ug/L) 42 170 160 260 180 30 180 240 220 140

**Data not available

31



10

GAC effluent TOC (mg/L)

04— : : : : :

0 5 10 15 20 25
Bed Volumes/1000

KGAC10 © GAC20

Figure Al Effluent TOC for GAC10 and GAC20

32

30

35

40

45



Free Chlorine residual (mg/L)
2
1.5
1 1
0 : _ m——
Initial 30 min 2 hours 8 hours 3 days
DOC (mg/L)
4
3.5
3 1
2.5
2 I T T
Initial 30 min 2 hours 8 hours 3 days
UVT(%)
91
90
89
88
87
86 -
85 -
84 T T
Initial 30 min 2 hours 8 hours 3 days
B GAC10 mGAC20

Figure A2 Free Chlorine residual, DOC and UVT in GAC10 and GAC20 during DBP SDS test
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CHAPTER 3. REMOVAL OF EMERGING CONTAMINANTS BY OZONE-BAC-GAC
PROCESS USED FOR WATER REUSE AND CORRELATION TO TOTAL ORGANIC
CARBON

Ramola Vaidya, Christopher Wilson, CharleBott, Germano SalazarBenites, Larry

Schimmoller, Tyler Nading, Amy Pruden

Abstract
Removal of 96 contaminants of emerging concern (CECs) and total organic carbon (TOC) was

monitored in an advanced water treatment process used for indirect potable reuse consisting of
ozone, biologicallyactivated carbon (BAC) filtration, and granulactimated carbon (GAC)
adsorption. The use of two parallel GAC columns with different empty bed contact times
(EBCTSs) enabled the study of CEC removal at different bed volumes (BVs). Out of 22 sampling
events over 2 years, an average of 25 CECs (81 pgiLaeerage concentration) were detected

in the source water. These CECs decreased to 7 (25 pg/L) and 4 (11 pg/L) in the 10 and 20 min
EBCT GAC column effluents after a total of 100,000 and 50,000 BVs, respectively. Predominant
CECs in GAC effluent includeducralose, acesulfankeand iohexol, making up 94% and 78%

of the total CEC concentration in the 10 and 20 min EBCT GAC, respectively. Further, removal
of iohexol and sucralose decreased with increasing BV, while there was desorption of
acesulfame. Theflame retardants tris {Rarboxyethyl) phosphine and tris-§hloro-2-propyl)
phosphate were adsorbed well by the GAC until 2540000 BV, after which desorption
occurred. Thus, these CECs can be important indicators of GAC media exhaustion. Finally,
sweralose, acesulfarde and iohexol correlated with TOC in the GAC effluent (when TOC > 3
mg/L), thus making TOC a good surrogate for evaluating CEC removal for -&20eGAC

applications for water reuse purposes.

Introduction
Wastewater effluents are a mable resource and there is growing interest in water reuse to

expand water supplies, while also protecting sensitive ecosystems from nutrients and other

contaminants present in effluents. Various advanced water treatment (AWT) configurations are
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under deelopment and going into practice, including applications for indirect potable reuse.
Typical AWTs include multiple barriers, such as ozonation, reverse osmosis, ultrafiltration,
granular activated carbon (GAC) adsorption and advanced oxidation procegsiadsg ut
ultraviolet light. Designing an effective water reuse treatment scheme is challenging, especially
for potable reuse, given the myriad of contaminants of emerging concern (CECs) commonly
present in wastewater effluents. CECs in wastewater streamgmate from various
anthropogenicsources including agriculture,use of personal care products, consumption of
pharmaceuticals andischarge of chemicals from industrié&orldwide, the consumption of
pharmaceuticals such as antibiotics, -amtammatol drugs, analgesics has increag€duto et

al., 2019) Further, the improvement in analytical techniques and ability to detect extremely low
concentrations of contaminants accompanied by the knowledge of their toxic effects has led to
the greater awarene®f these CEC6Amy Sagers et al., 2017; Glassmeyer et al., 2017; Snyder,
2008). Wastewater treatment plantre not generally designed for CEC removal and,
consequently, they have been increasingly detected in surface and ground{Patees al.,

2014; Nguyen and Westerhoff, 2019; Margot et al., 2088)) are sometimes detected in
drinking water sourcenopp et al., 2016).

For some CECs, even very low concentrations can present human health or ecological concerns,
especially those witlstrogenic actity or that act agndocrine disruptorgBolong et al., 2009;

Pal et al., 2010Wwhich have been shown to Wmrmful to aquatic life(Knopp et al., 2016;
Reungoat et al., 2012; Sundaram et al., 20Thg need to achieve such low concentrations
makes theai treatment and management especially challenghthough most CE€ are not
regulated by the EPAseveralare included in the Contaminant Candidate Lissi&h as 146
estradiol, 1,4 dioxane, -Nitrosodimethylaminge perchlorate,and formaldehyde (U.S. EPA
2018).Several specific AWT treatment techniques have been evaluated in terms of their capacity
to remove CECs. These include advanced oxidation usingpkbheperoxide or UV persulfate
(Benner et al., 2013; Gerrity et al., 2011; Zhang et al., 2@M®3. drawback is that many of the
treatments that tend to be most effective for CEC destruction are also susceptible to disinfection
byproducts, in additionot incurring greater maintenance and operation cdtrgot et al.,
2013).Membrane filtration with small pore sizes, such as reverse osmosis or nanofiltration, have
shown promise for CEC removéDrewes et al., 2003)ut have the disadvantage of prodgcin

concentrated brine, which itself poses treatment and disposal challenges. Most recently, there is
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interest in normembranebased AWTS, which utilize sequential ozone (to break up CECs and
make them more biodegradable), biologicalbtive GAC (BAG to biodegrade CECs), and
GAC (to adsorb recalcitrant, ndnodegradable CECs) to produce a high quality water that is
more compatible for downstream reuse without production of bringretds also less costly
(Zoumpouli et al., 2019; Liu et al., 2019; Donga., 2018; Ma et al., 2018 ost of GAC
regeneration and replacement is a key limiting factor for the eB&@&GAC configuration,

thus emphasizing the need to predict removal capacity, optimize performance, and effectively
judge when GAC has been furmtally exhausted and must be replaced.

The overwhelming and growing list of CECs, characterized by a vast and diverse array of
properties, is a critical challenge for effective water reuse design. Yet, it is not reasonable to
monitor every known CEC dut cost and methodological feasibility. One approach is to
categorize CECs according to various properties and selectsesftr monitoring purposes.
Table 3.1 classifies the CECs that were the focus of the present study in terms of. known or
potentialhuman healthrisk, ecological impactspr tendency to amwr at high concentrations
which facilitatesmonitoring. With respect to the latter category, sucralose, iohexol, acesulfame,
hydrochlorothiazide anttis (1-chloro-2-propyl) phosphatéTCPP) were dtected in wastewater
effluents at four different wastewater treatment plants and are thought to be good indicators of
other CECs belonging to the same class of compo(&asmol et al., 2015)However, there is

not yet agreement in the scientific or regoly communities regarding which CECs are the most
meaningful monitoring indicators for evaluating AWT performance when applied for water
reuse, especially systems such as the oB#@-GAC processes that incorporate biological
removal. In particular, tal organic carbon (TOC) is an attractive indicator because it
theoretically captures all organic compounds in the water, requires instrumentation that is widely
available, and is cost effective. However, TOC removal is fundamentally different in membrane
based versus ozor@AC-GAC-based processes and there is need to establish understanding of
the relationship with CEC removal in the latter adentify appropriately protective limits for

TOC as an indicator of sufficient CEC remo{daidya et al., 2019).

The main objective of this study was to evaluate the removal of CECs by -aqaletozone
BAC-GAC AWT processntended for indirect potable reuse, comparing parallel streams with
two different empty bed contact times (EBCTShis study sought to evaligaa wide range of

specific CECs as indicators of process performance and GAC exhaustion. In doing so, various
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CEC properties and their primary removal mechanisms were considered. Finally, correlations
between CECs and TOC and the overall potential foCT® serve as a general indicator of
performance of this AWT processyveevaluated.

Table 31 Candidate indicator compounds and criteria for selection

Indicator compounds Criteria for selection
X-ray contrast mediun©ccurring at high concentrations in
lohexol WWTP, groundwater and drinking water. Can contribute to
formation of toxic iodinated disinfection byproducts.

AcesulfameK Artificial sweetener. Occurring at high concentrations in WW1
Artificial sweetenerOccurring at high concentrations in WWTF

Sucralose

effluent

TCEP Flame retardant. Human health impact. Recalcitrant to oxidat
TCPP Flame retardant. Human health impact. Recalcitrant to oxidat
Primidone Prescription drug for epilepsy. Surrogate for low molacweight,

partially charged cyclics

Prescription drug for seizures. Surrogate for low molecular we|

Phenytoin partially charged cyclics
Cotinine Metabolite for nicotine. Surrogate for low molecular weight,
partially charged cyclics
Meprobamate Prescription drug. Occurring at high concentrations in WWTI
effluent
Atenolol Prescription drug. Occurring at high concentrations in WWT]
effluent
Nonviphenol Nonionic surfactant. Occurring at high concentrations. Hume
yip health impact.
Sulfamethoxazole Antibiotic. Human health impact
DEET Insect repellant. Human health impact
, Metabolite for nicotine. High reactivity with ozone. Potential
Caffeine

indicator for treatment effectiveness
Prescription drug. Human health impact and ecologicaaanp
Carbamazepine Occurring at high concentrations in surface and ground wate
impacted by wastewater
Biocide. High reactivity with ozone. Potential indicator for

Triclosan .
treatment effectiveness

Ethinyl estradiol 17 alpha Steroid Hormone. Human health and ecolabimpact
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Estrone Steroid Hormone. Human health and ecological impact

Materials and Methods
Advanced treatment process

A pilot-scale 0zondBAC-GAC-based AWT process was operated to treat 20,000 L/day of
tertiarytreated effluent from the 68 MLD Hamptého ads Sani t ati on Distric
The York River plant treatment consisted of primary clarification, secondary treatment with step
feed aeration and secondary clarification, and tertiary treatment for denitrification using
methanolfed, deegbed denitrification filters.The AWT process configuration was descrilied

a recent technical report and prior st@uden et al., 2020/aidya et al., 2019)In brief, the

process consisted of coagulation/flocculation/sedimentation followed by ozon&haG,
filtration, GAC adsorption, and UV disinfection. In the coagulation/flocculation/sedimentation
process, the tertiary treated effluent initially passed through two rapid mix stages, where the
coagulant aluminum chlorohydrate was dosed at 25 mg/L felioly cationic floeaid polymer
(Hyperfloc CE 824 at a dose of 0.75 mg/L. The G value in the rapid mix stages was 1000/sec.
The flocculation step consisted of three stages with tapered G values of 40/sec, 20/sec and
10/sec. The sedimentation step condisté lamella plate sette with a loading rate of 4.1
Lpm/n?.

Effluent following sedimentation was ozonated using gas bubble diffusionavt® minute

contact time in the ozone reactor. Four additional columns of the same dimensions as the reactor
were added following the ozone reactor to allow for a total contact tim2lofminutes The

ozone dose was controlled usidigsolved ozone probg3hermoScientific, Waltham, MA)o

measue the ozone residualhe ozone to TOC (IOC) ratio, corrected for nite, was varied

from 0.5 to 2 mg/L throughout this study. This correction factor was included because nitrite is
oxidized by ozone to nitrate and thus exerts ozone demand. Because bromide present in the
source water reacts with ozone to form bromate ppmefd monochloramine was added dbae

of 3 mg/L-Cl, prior to ozonation for controlling bromate formation below the drinking water
primary maximum contaminatitnit of 10 pg/L. The monochloramine residual post ozone was
dechlorinated using sodium bistéfiprior to BAC to avoid inhibiting microbial activity.

The ozone effluent was split into two BACs operating in parallel. The two BACs were operated
at EBCTs of 5 and 10 min, denoted as BAC5 and BAC10. The effluent from BAC5 and BAC10
was then fed to GAQLand GAC20, respectively, representing a 10 and 20 min EBCT. The
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activated carbon media used in the BAC filter was Calgtirasorb816 and was supported on

0.3 m of sand with 0.46.55 mm diameter and 1.6 uniformity coefficient, while the media used
in GAC was Calgon ifirasorb400. The BAC media was exhausted prior to installation in the
filters by using membrane bioreactor effluent offsite to the point of steady state TOC removal.
This helped in exhausting the adsorptive capacity of the media andngnthat there was
biological growth on the media during start of the experiment. BAC was backwashed using the
GAC effluent, when the headloss in the filter increased aboveBwhen the effluent turbidity
increased above 0.1 nephelometric turbidity sunfthis resulted in a typical run times of 2 days

for BAC5 and 4 days for BAC10. The backwash frequency for GACs was once every 3
months resulting in longer run times.

Analytical methods

TOC was analyzed using standard metB&b310B with a Shimadzu TOL analyzer(APHA,
2012).Samples were collectdtbm the effluents ofloc/sed, BAC, and GAQnits and analyzed

for TOC five times per week, while the pilot feed was analyzed for TOC once per GE€ls

were analyzedn the pilot feed and the effluents ozone, BAC, and GAC unitby Eurofins

Eaton Analytical (Monrovia, CA)The analysis was done using solid phase extraction high
performance liquid chromatography with tandem mass spectrometry @NF:-RIS). Samples

(2.5 mL) were extracted using Oasis HLBd phase extraction columithe HPLC columa

used vereKinetex, 1.7 um Fand Waters, XSelect HSS T3, 2.5uM, 2.1x75mm Column XP.
The flowrate in the HPLC column was maintained at 1.3 mL/min. The mobile phase used was
gradient organic solvent consigj of anmoniumfluoride,formic acid andacetonitrile. Analysis

was carried out by using electrospray ionization source in positive and negative ionization mode
and multiple reaction monitoring. Matrix effects on electrosprayM=3MS signals were found

to beadequately corrected by using isotopicddlipeled standardsvhen availableThe method
reporting limits for TOC and CECs are reported in Table The number of CEC sampling
events for pilot feed, ozone, BAC and GAC effluents were 22, 14, 15 and 2dctresly, over a
period of 2 years (TablB2). Floc/sed was analyzed for 6 sampling events.

Data Analysis and Statistics

All statistical analyses were performed by using SigmaPlot 12.5. To compare two data sets, a
nonparametric ManfWhitney rank sum teéswas used because the data were not normally

distributed. For correlation analyses between CEC and TOC, Pearson product moment
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correlation test was used to determine the p value. For data sets that were not normally
distributed Spearman rank order cortiela was used. A significance cutoff was selected of P >
0.05.

Results and Discussion
CEC removal

Figure 3.1 summarizes the observed removal of total CECs (sum of 96 CECs analyzed in this
study) by each stage of treatment through the oB#@-GAC proces over the Jear
monitoring period It was found that theozoration and GAC adsorption processes were
responsible fothe majority of totalCEC removal.
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Figure 3.1Total concentration (a) and number (b) of CECs detected ithe effluent of each

stage of treatment in the ozondBAC-GAC pilot.

5, 10, and 20 denote the empty bed contact times (minutes) for the BAC and GAC stages. CECs
are the 96 compounds listed in Table B1 measured by HPLC/MS/MS. Error bars represent
standard dviation over 2 years of operation. The number of sampling events are listed in Table
B2.

For the ozone stage, there was 16% CEC removal relative to the pilot feed (81+47 ug/L reduced
to 68+54 pg/L) with an average of 15 CECs detected. The pilot flow sydis at the BAC stage,

to BAC5 and BAC10, where there was further reduction in CEC concentration from the ozone
effluent to an average of 60+42 pg/L (12% removahd 58+34 ug/L (15% removal),
respectively The average number of CECs detected were 144618+5 in BAC5 and BAC10,
respectively.There was no significargffect of EBCT on CEC removalMannWhitney rank

sum testp = 0.868. This could be the result of varying concentration of CECs in the influent
(average influent CEC concentration 81+471)gICECs remainig in the water post ozorare

likely to also be recalcitrant to biodegradatidrhus, overall contribution of BAC to CEC
removal was small even with a higher EBCT BAC.

GAC further reduce the number of detecte@€ECs to7+4 and 43 in GACQ and GAC20,
respectively. TheaverageCEC concentrationvas 25+19 pg/L (58% removal) in GAC10 and
11+13 pg/L (81% removal) in GAC20 effluent. CEC removal was alemetion of BV treated

and is discussed lateRemoval of CEG by GAC20 wassignificantly greaterthan thatby
GAC10(MannWhitney rank sum tesp = 0.011)due to the lower BV of water treated

TOC removal

TOC removal followed a different pattern compared to CEC removal, with maximum removal
occurring via biodegradation in the BAC and by agson in the GAC treatment stag@sgure

B1). In general, there was greater total CEC and TOC removal with the higher EBCT GAC20
(80.9% and 59.7%, respectively) than with lower EBCT GAC10 (35.9% and 26.8%,
respectively).

For the Floc/Sed stage, only TO¥&s monitored, as it is not expected to contribute substantially
to CEC removal. Here8% of the influent TOC was removed, reducing the average influent of
7.921.3 mg/L to an average effluent of 6.4+1.0 mg/L. In the BAC, the higher EBCT did result in
significantly lower effluent TOC concentrations (BAC10 > BAC5; Mafihitney rank sum test,

p <0.001) The TOC removal by BAC5 and BAC10 was 18% and 28%, respectively, with
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average effluent TOC of 5.1+0.2 mg/L and 4.6+0.3 mg/L. This is on par with TOC removal
observed in a pilescale ozone biofiltration system used for potable reuse appli¢&itiard et

al., 2018) The source water to the pHstale ozone was biologically treated secondary effluent
from a fullscale membrane bioreactor, with a TOC & ®ig/L. The maximum TOC removal in

this study was 280% in BAC for an @TOC dose of 1.12 at an EBCT of 10 nfifford et al.,
2018).

TOC removal during theGAC stagedepended on theumulative BVs utilized, as shown in
Figure 3.2. TOC removal initially delined rapidly, starting with 95% removal and dropped
down to 40% removal at 10,000 BV. After 10,000 BV, TOC removal continued to decline
slowly, with 20% removal in GAC10 at the end of 48,000 BV and 15% removal in GAC20 at the
end of 96,000 BV. GAC20 hagreater TOC removal than GAC10 (Mawhitney rank sum

test, p <0.001). The difference in the two EBCTs can be attributed to biological growth in GAC
with increasing BV resulting in a combination of adsorption and biodegradation mechanisms for

TOC removal.
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Figure 3.2 TOC removed following GAC10 and GAC20 stages of treatment with increasing
bed volumes.

10 and 20 denote the empty bed contact time (minutes). Removal was calculated relative to
TOC of pilot influent (Co).

Potertial Indicators

Out of the total suite of 96 compound®, were not detected in the influent or any of the
intermediatetreatmentsteps.A detailed summary of all CECs and their average remisval
reportedin Table B3. Out of the detected CECs, 18 werkested for further analysis based on

their representation of a wide array of chemical classes and thus their potential to be used as
indicators for AWT treatment effectiveness (TaBlé). Figure3.3 shows the percentage of
number of sampling events duringhich these CECs were detected at different stages
throughout the treatment process. Similarly, Fidiereports the average concentration of these
CECs at each treatment stage. Ozone and GAC were responsible for majority of the CEC
removal, which is inagreement with other studi¢§atankhah et al., 2019%uillossouet al.,

2019; Ostman et al.,, 2018Yatankhah et al(2019) reported greater removal ofs (2-
carboxyethylphosphingd TCEP), meprobamate, and sucralose with a combination of ozone plus
GAC, compared to removal by ozone or GAC aloBeillossou(2019) demonstrated70%
removal of micropollutants such as diuron, imidacloprid, norfloxacin and propranolol by
adsorption on GAC. Similarly, Ostman (2018) achieved > 90% removal by ozonatiorsapl >
removal by adsorption on GAC for all detected CECs. Sucralose was detected at the highest
concentrations out of all CECs at all treatment stages and overall is judged to be a good surrogate
for uncharged chemicals with moderate molecular weight duks foersistence in wastewater
treatment plantgNWRI, 2013; Doummar and Aoun, 2018; Soh et al., 200dllefsen et al.,

2012. Overall the average CEC concentration and the number of CECs detected decreased with
each stage in the treatment process.

Triclosan and estrone were not detected-pdst feed, showing that ozone was able to remove
these compounds even at lowest ozone dose$QC 0.1). Triclosan has a high reactivity with
ozone, with a ks of 4x10 Ms1 (Gerrity et al., 2012)Similar effectveness was shown in
removal of these compounds with ozofilackbeard et al., 2016; Sundaram et al., 2020).
Carbamazepine was detected in 18 sampling events (average 206 pg/L) in the pilmitfees
removed by ozone to an average concentration of 94, gptected only during 2 sampling
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eventsand subsequentigemoved bythe GAC stage Carbamazepine is polar and has shown to
be recalcitrant to biodegradation, requiring advanced oxidation such as UV/hydrogen peroxide
for its removalKeen et al., 2012\, N-Diethyl-metatoluamide(DEET) was detected in only 7
sampling events in ozone effluent and was removed by a combination of ozone and GAC. With a
kos of <10 Mls?, DEET is probably moderately reactive with ozone due to the presence of
amide group, bubnly 50-80% removal was achieved by ozonation in agallle ozonation plant
(Gerrity et al., 2012; Sui et al., 201@nother study found that DEET was mainly removed by
ozone and GAC adsorption, with-80% removal being driven by ozonation itself. Exkough
cotinine is not readily reactive with ozon&[.0+27.76 removal by ozone was observed in this
study (Sun et al., 2018)Cotinine was detected in ozone effluent for 11 sampling events,
compared to 15 events in the pilot influeBtlfamethoxazolesian antibioticandalthough only
partially removed in wastewater treatment plankere are a few studies that have shown
biodegradation of sulfamethoxazole using individual bacterial st(Biesg et al., 2018; Bouju

et al., 2012; Jiang et al., 2014)he concern with presence of antibiotics in reclaimed water is
that it canplace selection pressure on antibiotsistant bacterjamaking it imperative to
monitor the removal o&t least one representative antibiacc@mmpound(BengtssorPalme and
Larssm, 2016;Garner et al., 2018)Sulfamethoxazole was detected in all but two sampling
events in the influent at an average concentration of 0.8+0.8 hgtlwas removed by ozone
Knopp et al. (2016) achieved greater than 90% removal of sulfamethoxazoone and
complete removal after BAC and GAC with influent concentrations of 0.5+0.2 pg/L in the their
AWT plant (Knopp et al., 2016)Reungoat et al. (2011) found similar results with greater than
90% removal in ozone with influent concentrations of ug4.. On the other hand, Zearly and
Summers (2012) found sulfamethoxazole to be recalcitrant to removal by sand filters, thus
making ozone oxidation the primary removal mechanism for this comp@&umadidone with a

kos of 1 Ms® has a moderate reactivityith ozone (Gerrity et al., 2012put had an average

removal 0f34+46.P6 and was detected in 10 sampling events.

CECs removed by biodegradation in BAC

4-Nonylphenol was removed in BAC, with an average remova6d3+46.4%6 in BAC5 and
58+28% in BAC10.Nonylphenol is a degradation productrainylphenolpolyethoxylatesand
has been shown to be removed by biodegradation witHivedf ranging from a few days to a
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hundred yearéMao et al., 2012)Atenolol and flame retardants TCEP and TGRBwedbetter
removal in BAC5 than in BAC10, which could be due to greater biomass accumulation in BAC5

with a higher loading rate compared to BAC10. Overall, removal of CECs by BAC was poor and
did not contribute substantially towards CEC abatement.

Pilot Feed

o
-
3
T N
O o

GA

Figure 3.3 Percentage of sampling events for each stage of treatment process that indicator
CECs listed in Table 1 were greater than the detection limit.

The number of sampling events are listed in Table S2. (1. Sucralose 2. AcesIBarmEEP 4.
4-Nonylphenol 5. Atenolol 6. lohexol 7. TCPP 8. Sulfamethoxazole 9. @mbepine 10.
Triclosan 11. DEET 12. Cotinine 13. Primidone 14. Estrone 15. Meprobamate 16. Caffeine 17.
Phenytoin 18. Ethinyl Estradidl 7 U)
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Figure 34 Log of average concentrations (ng/L) of indicator CECs listed in Table for
each stage of treatment where indicator CECs were greater than detection limit.

The number of sampling events are listed in Table S2. (1. Sucralose 2. lohexol 3. AceBulfame
4.4-Nonylphenol 5. Sulfamethoxazole 6. TCPP 7. Carbamazepine 8. TCEP 8in€atD.

Primidone 11. Phenytoin 12. Atenolol 13. TCEP 14. DEET 15. Triclosa&théyl Estradiol
17U 17. Meprobamate 18. Estrone)

CECs removed by GAC

Carbamazepine was never detected in either of the GAC effludatapnstratinggood
adsorption of tls compound, even after 100,000 bed volumes in GAC10. This is in agreement

with othe studies(Sun et al., 2018; Sundaram et al., 201@affeine was not detected in
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GAC10, but was detected in 2 sampling events, with an average concentration of 0.1 pg/L in
GAC20. This could have been due to contamination during sample collection, siver fiiot
detected in ozone or BAC10 effluents in the first event and was not detected in the pilot feed and
ozone in the second event. There were no other subsequent events where caffeine was detected,
thus ruling out desorption from GAC media as the caafsdetection. Caffeine is primarily
removed by adsorption and was shown to desorb after spiking 1 pg/L of caffeine in a BAC filter
(Greenstein et al., 2018phenytoin, a prescription drug, was below detection limit in GAC20
throughout all sampling evenégd was detected in one sampling event in GAC10. Reungoat et
al. (2010) showed 95% removal of phenytoin by using a combination of 5 mg/L of ozone dose
and 18 minute EBCT GAC.

Meprobamatevas detected only during 3 events in GAC10 and once in GAC20GAXBYV.
Meprobamate is an ardinxiety drug and has shown to be removed by ozonation and adsorption
(Sundaram et al., 2019; Lee et al., 208)n et al. (2018) observed less than 60% removal by
ozonation, while Lee et al. (2012) achieved 80% removal am@at a dose of 8 mg/The ko3

for meprobamate is 1 %! and kn- is 4x10, making it weakly reactive with ozone and
moderately with hydroxyl radicalGerrity et al., 2012)Desorption in meprobamate occurred in
GAC10, which could be due to lows@OC of 0.2 due to high nitrite concentrations of
0.3620.11mgN/L during prior six days of the sampling event. Nonylphenol was detected in
GAC10 during 9 sampling events, as opposed to 3 events in GAJZH.mBximum
concentrations of CECs in the effluent aAG10 and GAC20 wersitill below the action limits

as defined by NWRI repofNWRI, 2013).Sulfamethoxazole haseenshown to be repeatedly
detected in other AWT studi¢Brewes et al., 2008and herevas completely remove@xcept

for one sampling eventni GAC10 after 80,000BV where removal was 75%Hence
sulfamethoxazole might not be a good performance indicator for GAC operation in this
particular study

Sucralose was detected in the pilot fée@1 out 22 sampling events and 20 times in GAC10
and 15 imes in GAC20 out of total 24 sampling events. The average concentration of sucralose
in the pilot feed was 58.8 pg/L, while it was 22.9 pg/L in GAC10 and 1 pg/L in GAC20.
Sundaram and Pagilla (2019) found similar results in their 10 and 20 min BAC &fi@0end
30,000 BV, using the same GAC media that was used in the current study (Calgon F400M).
They found average influent sucralose concentrations of 54 ug/L were reduced to 30.7 pg/L in a
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10 minute EBCT BAC and 1.6 pg/L in a 20 minute EBCT BAC. Iohexak removed by
greater than 50% of pilot influent concentrations in both GAC10 and GAC20 but was detected
consistently in the GAC effluent. Compounds such as cotinine, TCEP, TCPP, and primidone
were well removed in GAC, bishoweddesorption in GAC10 witlncreasing BV, as discussed

in the next section.

CEC breakthrough in GAC

Figure 3.5 shows breakthrough plo{€/Co) for GAC10 and GAQ0. There were 7 compounds

on the list in Table Hetected more than 5 times in GAC10 effluent of 24 sampling events.

The removain the GAC effluent was calculatdzhsed on the pilot influenthus estimating the
overall removal in the procesAll values below detection limit were consideredite zero for
calculating C/G. Desorption of a compound was defined as CGQ0.

lohexol

lohexol is typically found in hospital wastes, since it is present in an iodinateg ¥ontrast
medium(Doummar and Aoun, 2018pzone and chlorine have shown poor oxidation of iohexol,
whereas advanced oxidation with UV peroxide or UWrspHate has been effective in
mineralizing iohexo[Hu et al., 2019)Effluent iohexol concentrations increased with increasing
bed volumes in both GAC10 and GAC20. lohexol was detected in GAC10 and GAC20 after
11,000 and 10,000 BV, respectively. Remodabpped below 90% at 20,00630,000 BV
Although Knopp et al. (2016) showed slow decrease in iCX-ray contrasinedia diatrizoate

and iomeprotue to biological transformation in BAC, the adsorption of these compounds is also
poor due to high polaritfThomsen, 2006; Butzen, 2007).

Sucralose

Sucralose is an artificial sweetener known to be persistent in wastewater s@pplesheimer

et al., 2011).Sucralose is generally recalcitrant to biodegradation and ozone oxidation
(Sundaram et al., 2019; Grestain et al., 2018)Similar to iohexol, sucralose was detected in
GAC10 and GAC20 effluents at higher concentrations with increasing bed volumes. Sucralose
was > detection limit after 11,000 BV in GAC10 while in GAC20 it was detected once after
7,500 BV hut was below detection after 7,500 BV until 12,700 BV. Removal dropeéuiv

75% at 30,00040,000 BV. Desorption of sucralose was observed for one sampling event in
GAC10 on December 12, 2018. This desorption was not observed for GAC20 and resulted in a

C/Co ratio of 0.4. Because the GAC in GAC10 was exhausted sooner, this could have resulted in

48



desorption of sucralose that had been adsorbed earlier, while the breakthrough equilibria did not
cross the threshold needed for desorption in GAGRtce the medi was operated only for
35,000 BV as opposed to 70,000 BV in GAC10. Sundaram and Pagilla (2019) demonstrated
more than 90% removal in sucralose in BAC, where removal was primarily by adsorption onto
the GAC. Greenstein (2018) did not report any removauafalose by BAC, given that the

carbon was already exhausted and did not have additional sites for adsorption of sucralose.
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Figure 3.5 Breakthrough plots for CECs detected in GAC effluent (C) as a function of
number of bed wlumes (BVS) at that point in operation.

49



Removal is calculated relative to pilot influent (Co). TCEP and TCPP are two flame retardants
tris-(2-chloroethyl}yphosphate and tr&-chloropropyl}phosphate.
TCEP and TCPP

TCEP and TCPP are both flame retamtdahat are resistant to ozone, primarily because they are
completely oxidized and are primarily removed by adsorgi®m et al., 2018; Sundaram et al.,
2019).TCEP was not detected in GAC10 or GAC20 until 34,000 and 40,000 BV, respectively.
Similarly, TCPP was below detection in GAC10 and GAC20 until 25,000 and 40,000,
respectively. There was desorption of TCEP and TCPP with .C& high as 2.6 and 3
respectively, in GAC10 only. This could be contamination of the sample, as there was no
detection in GAQO effluent and the influent concentrations for TCEP and TCPP were similar to
previous sampling events.

The fact that the detection of these compounds happened around the same number of BVs for
both GAC10 and GAC20 supports theelection as indicatorsf GAC exhaustionThere are

some studies showing removal by biodegradation. Sundaram et al. (2014) did not observe any
desorption in their 30 min EBCT after 13,800 BV, suggesting a combination of biodegradation
and adsorption as the removal mechanism foEP. Similarly, Lee et al. (2012) achieved 50%
removal in a 20 min EBCT BAC using anthracite sand, which would be expected to have little
adsorptive capacity.

Cotinine

Cotinine is the primary metabolite of nicotine and has shown to be poorly removexbiey o

and biodegradatiofSundaram et al., 2020; Sun et al., 20@)tinine started to breakthrough at
40,000 and 80,000 BV in GAC20 and GACI10, respectively. The effluent concentrations
continued to increase with increasing BWheTinfluent concentrationaere 0.09 pug/L during
thosebreakthroughrevents which was greater than the previous sampling events byug/Q6
Kennedy et al. (2015) found that there was 10% breakthrough in cotinine at 12,500 BV in an 18
min EBCT GAC.

Acesulfamek

Although the artiftial sweetener acesulfarkehas shown to be biodegradable at oL and
converted to sulfamic aci@Castronovo et al., 201 7Jesorptionof this compound was observed

in both GAC10 and GAC20 in this study. This resulted in/GAfios as high as 5 afte0®00

and 28,000 BV in GAC10 and GAC20. The variation in the influent acesulkarnacentration
affected the removal by GAC. Desorption from GAC can be attributedsjmka in influent
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concentrations thaiccurredduring MarchApril, 2017, to 16ug/L asopposed to an average of
2.0+£1.9 ug/L in the previous 5 sampling events. This desorption started 3 months after the initial
spike in the influent concentration. This period of 3 months corresponds to approximately 14,000
BV in GAC10 or 7,000 in GAC20. Desation continued for 3 months, even though the influent
acesulfame concentrations decreased to original concentrations. The v@l@es reduced to

0.6 and 0.8 in GAC10 and GAC20, respectively post desorption. Studies have shown that
acesulfame can be akzed by ozone but needs ozone doses greater than 5 mg/L. The same
study showed better removal with GAC, but the adsorption depended on the initial ace&ulfame
adsorbed on the GAcheurer et al., 2010).

Primidone

Primidone is a prescription drug uséal epilepsy and was removed mairthy adsorption
(Sundaram and Pagilla, 2018yeakthroughn primidone occurred at 40,000 BV in GAC20 and

at 85,000 BV in GAC10 and continued to desorb in GAC10, while the values in GAC20 were
below detection. Since C/Gor primidone spiked above 1 and then decreased below 0.5, it was
difficult to draw any definite conclusions regarding removal of primidone with increasing bed
volumes, thus making it a poor indicator for treatment operation. The initial removal of
primidone in GAC was unusual since it has a low octanol water partition coefficient of 0.83 at
pH 8 and is not readily adsorbed on GAC. Wijekoon et al. (2013) found near 100% removal of
primidone by biotransformation in a membrane bioreactor.

Correlation of TOC with CECs

Table3.2 reportghecorrelation coefficient foPearson produgnoment correlatiomand the non
parametric Spearman rank order correlation (for data that were not distributed normally) between
effluent TOC concentrations (mg/L) of a given staged CEC concentrations (ng/L)
corresponding to the same stage. TaBereports the correlations between TOC removed and
CEC removed at a given treatment staguént CEC and TOGQvasfound to besignificantly
correlated for both GAGnd BAC columns suggesting that TOC can be a surrogate for total
CEC concentration. In general, the higher EBCT in BAC and GAC had a stronger correlation
compared to the shorter EBCT. In terms of which CEC(s) were driving this correlation, sucralose
was present in the higkt concentrations and made up most of the total CEC concentration
(Figure 3.4). Apart from sucralose, iohexol and acesulfaineere also detected consistently.
lohexol made up 15%+14% and 17%+18% of total CEC concentration in GAC10 and GAC20

51



effluents, repectively. Similarly, acesulfardemade up 13%+20% and 16%+21% of total CEC
concentration in GAC10 and GAC20 effluents, respectively. Thus the correlation of TOC with
the sum of the concentrations of sucralose, iohexol and acestkfaamsl individual
con@ntrations was evaluated. Sucralose and acesuamere significantly correlated with
TOC in effluent from both GAC columns, while iohexol was not correlated to TOC in GAC10
effluent. The sum of these CECs also correlated with the TOC in the efflubotroBAC and

GAC columns. This shows that TOC can be a surrogate for sucralose and acekulfadeethe
conditions this study, suggesting that these compounds are worthy of evaluation to determine if
they are useful as more general indicators of total @moval by GAC in other AWTEECs

apart fromsucralose,acesulfame& and phexl did not correlate with TOCApart from these

three CECs, TCEP, TCPP, and primidone started increasing in GAC10 after-80,000 BV

and might become important with incsgag BV (Figure3.5).

Overall correlation failed between TOC and CEC concentrations in ozone effluent and pilot feed.
Similarly, the correlation failed for TOC and CEC removed except for GAC10 (Table 3). The
failure in correlation of TOC with CEC for thel@ influent shows that TOC might not be a
good surrogate for monitoring CECs in the influent of AWT systems. Thus a spike in the CECs
in the influent of an AWT plant might not necessarily be reflected in TOC measurements. The
reason for weaker correlatis of TOC and CEC in the effluents of the BAC compared to GAC
columns could be because most of the organics removal in BAC is biological, resulting in
removal of biologically degradable organic carbon, with poor removal of CECs.

An increase in CEC conceation (sicralose-acesulfame-+iohexl) was observedvhen the

TOC in GAC10 and GAC20 exceeded 3 mgds shown in FiguseB2 andB3. This shows that
acesulfame, iohexol and sucralose can be used as indicator compounds for determining the
performance of &C. Further since thee compoundsorrelated with TOCthey can be used as
public health indicators for periods when TOC exceeded 3 nigik concentrations of these
compounds in the effluent were below the health advisory I€M¢RI, 2013),but they ca

still be useful for predicting deterioration in the performance of GAC given that they will likely
be detected before other CECs that may have ordreal health impacts. Thus, these indicator
compounds, along with TOC, are suitable candidates fouatiad) the exhaustion and need for
replacement of GAC media, the capital costs of which can be a substantial barrier to

implementation of carbehased AWTSs for water reuse.

52



Table 32 Statistical analysis representing correlatio coefficient for Pearson product moment correlation and Spearman rank
order correlation for CEC (ng/L) and TOC (mg/L).

TOC measurements correspond to the effluent of each given stage.

TOC Total CEC  Sucralose AceK lohexol Sucralose+Acesulfame CECs excluding
k+lohexol Sucralose+Acesulfame
k+lohexol

GAC10 0.703 0.543 0.742 0.332 0.702 0.403
GAC20 0.933 0.777 0.858 0.739 0.924 0.348
BAC5 0.604 0.465 0.546 0.551 0.588 0.511
BAC10 0.754 0.497 0.704 0.498 0.689 0.796
Ozone -0.196 -0.314 -0.0™ -0.099 -0.138 -0.081
Pilot Feed 0.270 0.143 0.298 0.235 0.270 0.249

The correlation was checked between each row and each column. Each column represents either total CEC concentratilialozoimglivuinds such as
sucralose, iohexol, acesulfarkeor the total CEC concentration without these compounds. The sample location is described in each row. Each cell denotes the
correlation between TOC effluent and CEC effluent at that specific location.

Table 33 Statistical analyss representing correlation coefficient for Pearson product moment correlation and Spearman rank
order correlation for CEC (ng/L) and TOC (mg/L) removed.

pTOC and @CEC represents the TOC and CEC removed pfireamween t he
stage.

pTOC Total pSucr ¢ pAck pl ohe>mSucral ose+. PCECs with
pCEC k+lohexol Sucralose+Acesulfame
K+lohexol
GAC10 0.773 0.691 0.407 0.393 0.818 -0.691
GAC20 -0.147 -0.252 0.112 0.319 -0.217 -0.189
BAC5 0.189 0.214 0.148 0.355 0.178 -0.213
BAC10 0.094 0.139 -0.326 0.004 0.068 0.152
Ozone 0.467 0.417 0.167 -0.193 -0.132 0.435




The correlation was checked between each row and each column. Each column represents either corfetntiati®EC removedor concentrations of
individual compoundsemovedsuch as sucralose, iohexol, acesulfdemar thetotal concentration of CECs remove&dthout these compounds. The sample
location is described in each row. Each cell denotes the correlation betwearfo@dand CEQremovedat that specific location.
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Conclusiors
CECs were removed by ozonation and by adsorption on GAC, resulting in an average of only 4

and 7 CECs detected during a total of 24 sampling events in GAC20 and GAC10 effluent,
respectively.The difference in the EBCT ithe GAC provided additional information on the
removal of these CECs and their breakthrough with increasing BV. Sucralose was found to be
present in the highest concentration of all the CECs and was removed to greater than 75% until
40,000 BV after whichhere was desorption in GAC. The correlation analysis between the
concentration of the CECs detected and TOC showed that sucralose, iohexol and ac&sulfame
were correlated with the TOC in the GAC effluents. Thus these compounds can serve as process
performance indicators and be used to guide GAC operation. An increase in the CEC
concentration was seen in GAC effluent after TOC increased > 3 mg/L. This information can be
used for monitoring overall CEC concentration after TOC increases > 3 mg/L.

The resultof this study can be instrumental in designing AWTs implementing GAC adsorption
for removal of trace contaminants. The BV needed for removal of certain CECs and the time for
media exhaustion and replacement can be predicted from this study. Breakthroogipo@inds

such as sucralose, TCEP, TCPP and primidone occurred at 3@@I® BV. If GAC media

needs to be regenerated at 30,000 BV, it would result in operational periods of 7 and 14 months
for 10 min and 20 min EBCTSs, respectively. This information ba useful while designing a
full-scale GAC column for removal of CECs. Apart from decision makorgoperational
parameters, this study shows that a thorough analysis of TOC and CECs in an AWT system
combined with toxicity results of these CECs can &eful for determining the regulatory limit

in the final effluent for some of these compounds.
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3

Table B1 Method reporting limits for TOC (mg/L) and CECs (ng/L)

Analyte Method Reporting Limit Analyte Method Reporting Limit
TOC 0.5 Gemfibrozil 5
1,7-Dimethylxanthine 5 Ibuprofen 10
2,4D 5 lohexal 10
4-nonylphenol - semi quantitative 400 lopromide 5
4-tert-Octylphenol 50 Isobutylparaben 5
AcesulfameK 20 Isoproturon 100
Acetaminophen 5 Ketoprofen 5
Albuterol 5 Ketorolac 5
Amoxicilli n (semiquantitative) 20 Lidocaine 5
Andorostenedione 10 Lincomycin 10
Atenolol 5 Linuron 5
Atrazine 5 Lopressor 20
Azithromycin 20 Meclofenamic Acid 5
Bendroflumethiazide 5 Meprobamate 5
Bezafibrate 5 Metazachlor 5
BPA 10 Methylparaben 20
Bromacil 5 Naproxen 10
Butalbital 5 Nifedipine (semi quantitative) 20
Butylparaben 5 Norethisterone 5
Caffeine 10 OUST (Sulfometuron,methyl) 5
Carbadox 5 Oxolinic acid 5
Carbamazepine 5 Pentoxifylline 5
Carisoprodol 5 Phenazone 5
Chloramphenicol 5 Primidone 5
Chloridazon 5 Progesterone 5
Chlorotoluron 5 Propazine 5
Cimetidine (semi quantitative) 5 Propylparaben 5
Clofibric Acid 5 Quinoline 5
Cotinine 10 Simazine 5
Cyanazine 5 Sucralose 100
DACT 5 Sulfachloropyridazine 5
DEA 5 Sulfadiazine 5
DEET 10 Sulfadimethoxine 5
DIA 5 Sulfamerazine 5
Dehydronifedipine 5 Sulfamethazine 5
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Diazepam
Diclofenac
Phenytoin
Diltiazem
Diuron
Erythromycin
Estradiol
Estriol
Estrone
Ethinyl Estradiol - 17 alpha
Ethylparaben
Flumeqgine
Fluoxetine

20

10

20
10

Sulfamethizole
Sulfamethoxazole
Sulfathiazole
TCEP
TCPP
TDCPP
Testosterone
Theobromine
Theophylline (semiquantitative)
Thiabendazole
Triclocarban
Triclosan
Trimethoprim
Warfarin

10
100
100

10

20
20

Table B2 TOC and CEC sampling events for each stage in the treatment process

Sampling 150 CEC
events
Pilot Feed 75 22
Floc/Sed 445 6
Ozone N/A* 14
BACS5 446 15
BAC10 444 15
GAC10 445 24
GAC20 444 24

*N/A is not applicable. TOC samples were at collected from ozone effluent since there is negligible TOC

removal
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Table B3 Summary of concentrations of each CEC detected in the effluent of each treatment stage

Pilot Feed Ozone BAC 5 BAC 10 GAC 10 GAC 20
Samplig 22 14 15 15 24 24
events
Aver Aver Aver Aver
age age Avera age age
Dete Average | Dete Average ‘3 Dete Average % Dete Average ge % | Dete Average % Dete | Average %
cted mass cted mass 0 cted mass 0 cted mass Remo | cted mass 0 cted mass 0
Rem Rem val Rem Rem
oval oval oval oval
2,4D 2 32+36.6 2 6+0.5 1 6+0.0 0 0+0.0 0 0+0.0 0 0+0.0
4-
nonylphenol- 20 962+579. 11 675+£776. | 31+l 8 270+158. | 3614 5 314+171. | 58126 9 247+248. | 66+8. 4 318+260.
semi 4 8 06.3 2 6.4 6 .0 0 1 7
quantitative
Atert- 7 149+64.0 0 0+0.0 0 0+0.0 0 0+0.0 1 170+0.0 1 190+0.0
octylphenol
AcesulfameK | 20 2'9228014'7 11 7'5247 ;9'2 5561;3 15 7'23(7)*810’ 9743 | 15 5'9608129'2 16645 | 23 3'025??36'5 3041 | 19 35"701337' 5641
) ) ) ) 09.5 ) 86.7 ) 54.2 ) 53.7
Bendroflumet | 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 00.0 0 0+0.0
hiazide
BPA 5 40+£30.5 0 0+0.0 1 12+0.0 0 0£0.0 1 58+0.0 1 52+0.0
Butalbital 13 19+5.7 1 11+0.0 1 11+0.0 1 12+0.0 0 0£0.0 1 23+0.0
Butylparben 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Chlorggl‘phe”' 0 0£0.0 0 0£0.0 0 0£0.0 0 000 0 0£0.0 0 0£0.0
Clofibric Acid 3 9+5.9 1 13+0.0 2 1045.5 0 0+0.0 1 8+0.0 0 0+0.0
Diclofenac | 10 258;5110' 2 169;5228' 1 5+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Estradiol 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Estriol 0 0+0.0 0 0+0.0 1 5+0.0 1 5+0.0 2 17+£17.0 0 0£0.0
Estrone 10 25+20.7 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Ethinyl
Estradiol- 17 1 32+0.0 1 42+0.0 2 24+19.1 2 13+11.2 0 0+0.0 0 0+0.0
alpha
Ethylparaben 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 1 20+0.0 0 040.0
Gemfibrozil | 15 131:'-1162' > | 86+77.1 3 | 44t658 2 | 20309 0 0+0.0 0 0+0.0




buprafen 5 | 630506 [ , | 165:153, L | 154135 , | 181117, ) o012 0 050.0
9 3 5 5
15,9009, 12,358+9, | 35:3 10,6086, | .. 8,102+56 | 17+71 3,282+3,6 | 64+2 2,483+2, | 59+1
lohexal 19 364.3 12 948.4 99 | 13 2793 11?; 13 32.9 9 20 335 35 | Y 866.2 4.2
lopromide 6 344573 | 5 15+12.9 210¢o. 3 14+5.6 3 14+6.2 2 2885312' 1 11+0.0
'SOb“glparab 0 0+0.0 1 5+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Methy:]parabe 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Naproxen 4 92¢732 | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Pmpy:‘parabe 3 314421 | 2 17+15.6 4 6+0.9 1 8+0.0 1 5+0.0 4 11+9.9
58,864+4 52,031+4 | 24+3 44571%3 | 5%32. 4340+3 | 9+28. 22,970+1 | 17+1 10,3339 | 62+2

Sucralose 22 | 75057 | ¥ | 70446 | 58 | ¥ | 55032 8 151 53501 8 20 | 50880 | 61 | ° 8824 | 46
Triclocarban |, 14+9.6 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
(TCC)

Triclosan 17 | 38233 | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Warfarin 7 | 9442258 | 0 0+0.0 0 0+0.0 0 000 0 0+0.0 0 0+0.0

17
Dimethylxant | 2 734813 | 2 26+7.8 1 29+0.0 1 28+0.0 1 26+0.0 3 | 31:148
hine
Acetaminoph | 5 19485 7 404156 | 6ax1 | g9 | 172428 192 53+57.5 | 54+17 | 4 85+63.8 4 | 41+236

en 3 0.7

54.1 7.9
Albuterol 5 20+138 | 1 98+0.0 1 78+0.0 1 180+0.0 1 260+0.0 2 | 95+50.2
Amoxicilin | 11 6255556' 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
A”dci’gfefe”ed 1 10+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Atenolol 20 | 72¢719 | 3 212;5293' 6 | 78+129.1 4le 6 | 89+106.7 | 79+18 | 3 27+15.8 1 | 650£0.0
: 3.8

Atrazine 2 7+2.2 1 6+0.0 1 5+0.0 1 5+0.0 0 0+0.0 0 0+0.0
Azithromycin | 3 69+61.8 | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 1 38+0.0
Bezafibrate | O 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Bromacil 2 744927 | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Caffeine 5 89504 | 4 431"7:845' 2 294205 2 25+25.7 0 0+0.0 2 102§110'
Carbadox 0 0+0.0 2 12+4.7 0 0+0.0 1 16+0.0 1 24+0.0 0 0+0.0
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Carbamazepin

X 18 | 206:44.1| 2 | 94+121.1 1 9+0.0 1 11:0.0 0 0£0.0 0 0£0.0
Carisoprodol | 5 | 30:39.4 | 1 6+0.0 2 6+0.4 3 7+1.3 3 6+1.0 0 0£0.0
Chloridazon | 0 0£0.0 0 0£0.0 1 16+0.0 0 0£0.0 0 0£0.0 0 0£0.0

Chiorotoluron | 0 0+0.0 0 0+0.0 0 0£0.0 0 0+0.0 0 0£0.0 0 0£0.0

Cimetidine | 5 2382132' 1 | 1,200:0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£00

Cotinine 15 | 574383 | 11 | 89+136.0 4; J‘;Z 12 | 73696 | 14¢5 | 11 | 87+119.4 | 18+12| 5 | 30425.3 5; f’ 5 115;"188' %Z;"é
8.7 6.5
Cyanazine 2 15+0.7 1 13+0.0 1 13+0.0 1 11+0.0 3 13+6.7 1 7+0.0
DACT 1 1400 | 0 0+0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
DEA 2 9+3.1 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
DEET 16 | 55720 | 7 1312215' 451(')1 9 | 94+162.2 1621_);1 8 113;'148' 4?216 4 | 684572 0 0+0.0
Deh?g::;”"ed 4 6+1.3 1 5:0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
DIA 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
Diazepam 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
Phenytoin 4 | 89704 | 4 | 43:247 4 | 40+24.9 4 | 62+46.3 1 27+0.0 0 0+0.0
Diltiazem 18 201:'-1177' 1 | 27000 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
Diuron 6 | 75¢795 | 9 | 23:192 5; jz 5 1316.2 5321 4 | 112111 0 0£0.0 0 0£0.0
Erythromycin 11 62451.8 3 21+15.9 2 16+2.1 2 12+1.4 2 12+0.7 2 37+33.2

Flumegine | 1 1000 | 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
Fluoxetine 8 19:903 | 1 2240.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
lsoproturon | O 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
Ketoprofen | 4 | 44642 | 2 6+0.8 0 0£0.0 0 0£0.0 0 0£0.0 0 0£0.0
Ketorolac 0 0+0.0 1 12+0.0 0 0£0.0 0 0£0.0 0 0£0.0 1 110.0
Lidocaine | 21 426§395' 6 | 80+161.9 85%2 2 | 174122 2 6+1.2 0 0£0.0 1 110.0
Lincomycin | 0 0+0.0 0 0+0.0 0 0£0.0 0 0£0.0 0 0£0.0 0£0.0
Linuron 3 12455 | 0 0£0.0 0 0£0.0 0 0£0.0 1 940.0 1 | 3300
Lopressor | 14 521;300. . 1893183. . 1192185. 3;23 . 114;;139. 71318. ) 5350.0 0 0500
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Meclofenamic | o | 199107.| , | 114149, 1 7+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Acid 7 9
Meprobamat | ¢ 264165 | 8 174108 | 31#1 | 9 15:.04 | 192 g 18+6.6 | 12+48| 5 11241 | 4 6+0.0
e 1.0 2.1
26.4 9

Metazachlor | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Nifedipine 2 354156 | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0

NoretZStem” 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 1 5+0.0 0 0+0.0

ousT

Sulfameturon | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
, methyl)

Oxolinic Acid | 0 0+0.0 0 0+0.0 0 000 0 0+0.0 0 0+0.0 0 0+0.0

Pentoxifylline | 0 0+0.0 0 0+0.0 0 0+0.0 1 5+0.0 0 0+0.0 0 0+0.0
Phenazone | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Primidone 14 | 89+#35.7 | 10 | 49+246 3:i74 10 | 574389 71'139' 11 | 82+144.1 | 2516 | 9 40+62.1 27525 2 | 63t81.2

. i .

Progesterone 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0£0.0
Propazine 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
Quinoline 3 434582 | 1 20+0.0 1 14+0.0 2 17+15.7 1 92+0.0 1 17+0.0
Simazine 4 8+1.7 0 0+0.0 1 9+0.0 1 6+0.0 0 0+0.0 0 0+0.0

Sulfachloropy | 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 1 5+0.0 0 0+0.0
ridazine

Sulfadiazine | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0

S“'fi?r"rgemo 0 0£0.0 0 0£0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0

Sulfamerazine| 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0

S“'fa:"eethaz' 0 0£0.0 0 0£0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0

S“'fa”;em'zo' 0 0+0.0 0 0+0.0 0 00.0 0 00.0 0 0+0.0 0 0+0.0

Sulfamethoxa | 5 | 8572831 | 5 | 201475, 2 1940.7 3 14+7.1 1 1140.0 1 8+0.0

zole 3 5
Sulfathiazole | 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0 0 0+0.0
TCEP 20 | 11731.9| 14 | 1162387 | 922 | 15 | osx3ze | 192 | 15 | 115%125. | 2477 44 | goigag | 35| o | 262113
8 5.4 3 0 7.4
- o | 753t423. | . | 8652367 | , . | o | 7308422 | 2422 | | 1082416 ,, 0| .5 | 551#950.| 33+7 | L | oo
6 2 08 1 9.1 75.3 5 2 4.0
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TDCPP oy | 484279.| . | 4662145 | 17+1 | . | 3481201 | 2543 554+775. | 11 11s 11050.0 050.0
3 2 8.9 0 4.0 7
5.4
Testosterone | 2 304240 | 0 0+0.0 1 7+0.0 0+0.0 0+0.0 0+0.0
Theobromine | 4 267;208' 3 59+36.1 5 26+17.3 3;35 18+5.7 71+84.1 59+38.0
Theophylline | 3 3072335' 2 51+32.5 1 21+0.0 41+10.6 24+2.8 31+1.4
Th'abgndazo' 2 17¢141 | 1 6+0.0 0 0+0.0 0+0.0 6+0.0 0+0.0
Trimethoprim | 18 | 1114884 | 2 | 94+121.6 1 7+0.0 0+0.0 0+0.0 303?‘120'
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Figure B1 Average TOC concentrations in pilot feed, floc/sed, BAC5, BAC10, GAC10 and
GAC20 effluents. 5, 10 and 20 denote the empty bed contact time (minutes).
Sampling events are for eachgaare included in Table B2.

70

:u’, °
560-
2 o
50
£ .
x ®
240- b
°
P
2 30 - ® o o
o ®
$° e
g20— .
o ¢ .
S 10 .
@
°
°
0 : o2 oo : .
0 1 2 3 4 5 6
TOC (mgl/L)

| ° CECvsTOCinGAC10|
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CHAPTER 4. IMPLEMENTING OZONE -BAC-GAC IN ADVANCED WATER
TREATMENT FOR REMOVAL OF EMERGING CONTAMINANTS AND POTABLE
REUSE

Ramola Vaidya, Christopher Mgon, GermandalaarBenites, Amy PruderCharlesBott

Abstract
Removal of contaminantsof emerging concern (CECs) is an important consideraiion

designing advanced water treatment (AWT) systems for potable reuse. The effectiveness of
ozonation, biolgically-activated carbon (BAC) filtration, and granular activated carbon (GAC)
adsorption in the removal of 96 CECs was assessed in an AWT system. During ph#s©C, O

was varied between 0 to 1.5 (corrected for nitrite). Two empty bed contact times SESCT

and 10 minutes for BAC and 10 and 20 minutes for GAC were implemented. BAC filters did not
contribute to significant CEC removal, while the 20 minute EBCT GAC removed 57.6% of the
influent CEC concentration, even though much of the adsorptionitapad been used through
previous operation. CEC concentration in the influent to the BAC varied with ozone dose, with a
concentration of 20.5 pg/L and 6 CECs detected at the highest ozone dosg TD&)ODuring

phase 2, EBCT was maintained at 15 masutor both GAC contactors, while the used GAC
(133,600 bed volumes (BV)) was replaced with new media in one GAC column. The GAC with
new media was successful in removing all CECs below the limit of quantitation up to
approximately 10,000 cumulative BV, thiremoval decreasing with increasing BV. The CEC
removal decreased to 70% after 20,000 BV, with 7 CECs, sucralose, iohexol, ace&ulfame
meprobamate, cotinine, primidone and acetaminophen being detected. Ozone doses for CEC
removal and BV needed for adption of CECs on activated carbon can be determined from this
study. Thus, the results from this study can help design and optimize ozone, BAC, and GAC

systems used for potable reuse to target removal of specific CECs.

Introduction
Advanced water treatme(AWT) systems used for potable reuse have started incorporating the

use of ozone, biologicalgctivated carbon (BAC) filtration and granular activated carbon

(GAC) adsorption in the treatment process (Knopp et al., 2016; Hooper et al., 2020). One of the
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goals of these treatment processes include the removal of contaminants of emerging concern
(CECs). CECs are compounds that are currently not regulated, but are frequently detected in
wastewater effluent and finished drinking water such as those inclmdéue i Contaminant
Candidate List 4 (US EPA, 2020). Growing evidence and awareness of the health and ecological
impacts of these CECs has led to stringent monitoring of these compounds in potable reuse
applications. Removal of CECs could prove a limitingeas for AWT design for potable reuse,

thus emphasizing the importance of identifying factors that influence their removal. Limiting
factors for ozone, BAC, and GAC treatments are of particular interest, as they combine advanced
oxidation, biodegradatiomnd sorption to optimize CEC removal.

Studies have shown that ozone is a strong oxidant that can remove CECs based on their
amenability to reaction with ozone (Gerrity et al., 2012). While the impact of increasing ozone
dose on bulk organics removal invdestream BAC in a pilescale process treating tertiary
treated wastewater effluent has shown to be promising (Gifford et al., 2018), the impact of
varying ozone dose on CEC removal in the downstream treatment processes, such as BAC and
GAC, has not beenidely studied. Further, this removal can vary based on the source water and
thus needs to be explored to determine how generalizable the performance would be expected to
be for implementation in different locations. Lee et al. (2012) showed that incremzing

doses affected the removal of only select compounds, such as atenolol, caffeine and
sulfamethoxazole in the downstream BAC, while the removal of flame retardants, such as TCEP
and TCPP, was not affected by ozone dose. Sundaram et al. (2020) rejportad results,

where increasing ozone doses increased the removal of only a few compounds by ozone itself.

In addition to ozone dose, empty bed contact time (EBCT) is an important design criterion for
BAC filters. The removal of certain CECs; such &HY, naproxen, and ibuprofen, have shown

to be improved with longer EBCT biofilters containing anthracite (Halle et al., 2015), showing
that these compounds are primarily removed by biodegradation. There are other studies showing
the importance of BAC inibdegradation of CECs (Greenstein et al., 2018; Abromaitis et al.,
2016; Nugroho et al., 2010). Further, although GAC units are intended to sorb CECs, the reality
is that they will be readily colonized by microorganisms that also could be contributirigCo C
removal (Rattier et al., 2012). Thus, mechanistically, both adsorption and biodegradation should
be taken into account as being responsible for CEC removal in GAC units that have been in

operation for extensive periods of time. In such situations, EB@J have a significant impact
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on CEC removal, relative to units with fresh GAC, where EBCT should not control adsorption
performance as long as the EBCT is longer than the mass transfer zone.

Adsorption of CECs on GAC has been widely studied and hasgvewarily utilized for CEC
removal in situations where application of reverse osmosis is not feasible (Reungoat et al., 2010).
As the adsorption capacity of GAC with respect to specific organic contaminants declines, there
is poor removal of certain CECesulting in breakthrough of these compounds. Although there
are studies, such as Sun et al. (2018) and Sundaram et al. (2020), demonstrating the impact of
bed volumes processed on removal of CECs, there is little information available on the impact of
the upstream treatment for CEC removal on the downstream GAC performance. Thus, there is a
need to better understand the combined impacts of ozone dose, EBCT in BAC and GAC and
media age (measured by GAC bed volumes (BV) treated) on removal of CECs for pemiable
purposes. The objective of this study was to determine the impact of varying EBCT, ozone dose
and GAC BV treated on CEC removal in BAC and GAC. The importance of BV in removing
specific CECs and the consequences on designing AWT systems are exgaordbdsed on the
results of this study.

Advancedwater treatment process

Pilot-scale process13.8 L/min)

A pilot-scale advanced treatment process consisting of coagulation flocculation and
sedimentation followed by ozonation and BAC and GAC was opkrata t HRSDG6s Nans
treatment plant, as described in a prior technical report (Pruden et al., 2020). Source water to the
pilot consisted of fully nitrified and denitrified secondary effluent from-stage Bardenpho
treatment process with methanol aduhti for enhanced denitrification.In the
coagulation/flocculation/sedimentation procedg secondargffluent initially passed through

two rapid mix stages, where the coagulant aluminum chlorohydrate was dosed at 2&sng/L
product)followed by cationicfloc-aid polymer(Hychem, Inc.Hyperfloc CE 824 at a dose of

0.75 mg/L(as active product)There were two rapid mix stages with hydraulic retention time of

35 sec/stageThe flocculation step consisted of three stages with taperel@Gs of44,880,

22440, 11220The sedimentation step consisted of lamella plate settles with a loading rdte of 4.
Lpm/m?.
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Effluent from the settling basiwas ozonated in a 0.15 m4.1 m (wx h) reactorwith fine

bubble diffusion. Four additional columns of the same dsioers were added post the ozone
reactor to allow for a total contact time of 21 minutes. The ozone dose was coriieséstion

online measurement @zone residuasuch that O3/TOC ratio was varied from O to.Il&e

ozone effluent was split into two BAGxyerating in parallel. The two BACs were operated at
different EBCTs of 5 and 10 min, denoted as BAC5 and BAC10. The effluent from BAC5 and
BAC10 was then fed to GAC10 and GAC20, respectivedpresenting EBCTs df0 and 20

min. The activated carbon medused in the BAC filter was CalgonltFasorb 816 and was
supported on 0.3 m of sand witn effective size 0f0.450.55 mm and 1.6 uniformity
coefficient, while the media used in GAC was Calgattrdsorb 400. The BAC and GAC
columns were operated forpariod of 2 years prior to this study (using a different water source)
(Vaidya et al., 2019; Pruden et al., 2020). Thus, the media in the BAC was exhausted from TOC
standpoint and carried a mature biofilm, while the GAC10 and GAC20 had processed 100,000
ard 50,000 BV by the time of this studgAC was backwashed using the GR@effluent when

the headloss in the filter increased above 8riwhen the effluent turbidity increased above 0.1
nephelometric turbidity unitshis resulted in a typical run times ®»fdays for BAC5 and 4 days

for BAC10. The backwash frequency for GACs was once everynridnths resulting in longer

run times.

Demonstration-scale process (3.78 ML/day)

The demonstratioscale process was similar to the p#ohle process and consistetl o
coagulation, flocculation and sedimentation followed by ozonation. The source water was
identical to the piloscale proces3.he coagulant used in the 3.78 ML/day was same as the pilot
scale coagulation process and was fed at same @las#loc C-6220 was used as a polymer and
added to the rapid mix stage to have a dose of 0.75 mg/L. Coagulation G values were identical to
the pilot coagulation system. Plate loading rate for the settled basin was 8.22%L@uatme

was supplied through a sidestreamtueninjector to 50% of the process flow. The mainstream
serpentine ozone contactor had an 8.5 minute contact time. Ozone dose was controlled to achieve
>3 log virus removal and 1.5 log removal of giardia accordirigRé Disinfection Profiling and
Benchnarking Guidance Manual (US EPA, 1999he CT needed to maintain this disinfection

was calculated by measuring dissolved ozone residual with dissolved ozone probes located along

the contactorPreformed monochloramine was added at a dogenog/L Ck prior to ozonation
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in order tocontrol bromate formatiofrom bromide in the source water b@low the drinking
waterprimary maximum contaminatitnit of 10 pg/L. The monochloramine residual pogione

was dechlorinated using sodium bisulfite prior to BAC

Experimental phases

The experimental study was divided into two different phases. Phase 1 included the first five
sampling events where the pilot BAC and GAC were fed from the pilot ozone unit and the
0zonéTOC ratio, corrected for nitrite, was varied frontoQL.5. In case of zero ozone/TOC ratio,

the ozone generator was shut down, but the dissolved oxygen concentration was maintained at 35
mg/L. The EBCT for BAC and GAC was not modified, resulting in BAC5 effluent to be the
influent for GAC10. Similarly, BAL10 effluent was the influent for GAC20. Phase 2 included
the last six sampling events where the feed water to the pilot BAC and GAC was switched to the
demonstratiorscale ozone system. The ozone/TOC ratio was not varied and had an average
value of 0.64+@5. At the beginning of the Phase 2, the GAC in GAC10 was replaced with fresh
media to determine the impact on CEC removal, while the media in GAC20 was not changed.
The EBCT for both BAC filters was maintained at 10 minutes. Thus, BAC5 was renamed
BAC10A and BAC10 was renamed BAC10B. Similarly, GAC EBCT was maintained at 15 min,
resulting in GAC10 being renamed GAC15A, with new media, and GAC20 being renamed
GAC15B, with the old media.

CEC analysis

A suite of 96 differentCECs vasanalyzedin the effluens of ozone, BAC, and GAC unitsy
Eurofins Eaton Analytical (Monrovia, CASamples were collected for a period of 14 months
and included a total of 11 sampling evenifie analysis was done by using solid phase
extraction high performance liquid chromataghy with tandem mass spectrometry (HPUG-

MS). 2.5 mL of sample volume was extracted using Oasis HLB solid phase extraction column
The HPLC columa used vere Kinetex, 1.7 um F@and Waters, XSelect HSS T3, 2.5 uM,
2.1x75mm Column XP. Thi#towrate in the HPLC column was maintained at 1.3 mL/min. The
mobile phase used was gradient organic solvent corgsist anmoniumfluoride, formic acid,
andacetonitrile. Analysis was carried out by using electrospray ionization source in positive and
negative ionizabn mode and multiple reaction monitoring. Matrix effects on electrospray ES
MS/MS signals were found to be adequately corrected by using isotopically labeled standards

when availableThe method reporting limits for TOC and CECs are reported in Table B1.

75



Results and Discussion
CEC removal in Phase 1 and Phase 2

The total concentrations and numbers of CECs detected in ozone, BAC, and GAC in phase 1 are
shown in Figure 1. Out of an average 50 pg/L of total CEC concentration with 20 CECs detected
in ozone efiuent, an average of only two CECs were removed in BAC10 and one in BACS5, with
an average effluent CEC concentration of 42 and 40 pg/L, respectively. This low average
removal of 15% in BAC could be attributed to varying ozone dose, thus changing the afmount
CEC mass loaded on to the BAC media. Thus, the ozone effluent or BAC influent CEC
concentration varied as shown in Figure 1. This resulted in sampling events when there was
desorption in BAC causing the overall CEC removal to be negative. There vimnefit with

the longer EBCT BAC either, given that the average BAC10 CEC concentration was greater than
the average BAC5 CEC concentration. This shows that the CECs were recalcitrant and
increasing BV from 5 to 10 minutes did not improve biodegradatidhesie compounds. There

was an average of 57.6% removal in GAC20, while this removal was lower (12.5%) for GAC10
due to negative removal during one sampling event. This shows that these CECs were removed
in the GAC by adsorption even after the GAC beingdrvice for 2 years and that some of these
compounds are removed by adsorption, but not biodegradation. The number of CECs detected in
BAC5 and BAC10 were not significantly different from ozone effluent, which had 20 CECs.
GAC10 and GAC20 reduced this nber to 13 and 9, respectively. This shows that GAC was
better at removing total CECs compared to BAC, and that the removal was a function of the BV
of water processed by the GAC.

For phase 2, the advantage of replacing the media in GAC15A was appanerthé&dCEC
removal and CECs detected in the GAC15A effluent (Figures 2 and 3). There was no desorption
from the BACindicated by any sampling events, given that the ozone dose was not varied in
phase 2. The average CEC removal was 16.2% for BAC10A and IGr6BAC10B and was

similar to phase 1. The average removal for GAC15B dropped to 31% in phase 2 (compared to
57.65 in GAC20 during phase 1), showing that reducing the EBCT from 20 to 15 minutes
affected the CEC removal. This suggests that the removalA@ @fter 65,000 BV is a
combination of both adsorption and biodegradation and a 20 minute EBCT is beneficial to CEC
removal. There were 16 CECs detected in the ozone effluent, with similar detections in both
BACs, while the CECs detected in GAC15A and GABlwere four and twelve, respectively.
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The removal of CECs in GAC15A was close to 100%, without any CECs being detected in
sampling events 1 and 2 (Figure 3). This removal declined slowly in further sampling events

showing that the activated carbon medaswetting exhausted.
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Figure 4.1 Total concentration (a) and number (b) of CECs detected in the effluent of

ozone, BAC and GAC during phase 1 (old media).

5, 10, and 20 denote the empty bed contact time (minutes) for theaBAGAC stages. CECs

are the 96 compounds listed in Table B1. Error bars represent standard deviation in 5 sampling
events in phase 1.
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Figure 4.2 Total concentration (a) and number (b) of CECs detected in the effluent of

ozore, BAC and GAC during phase 2.

10 and 15 denote the empty bed contact time (minutes). GAC15A had new media while
GAC15B had old media. BAC10B received tetrahydrofuran while BAC10A did not. CECs are
the 96 compounds listed in Table S1. Error bars repretsamdard deviation in 6 sampling
events in phase 2.
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Figure 4.3 Percentage of CEC removed in BAC and GAC during 6 sampling events during

g:aerl:gvil was calculated based on the effluent concentration in the immedisd@mpstage. 10

and 15 denote the empty bed contact time (minutes). GAC15A had new media while GAC15B
had old media. BAC10B received tetrahydrofuran while BAC10A did not.

3.2CEC removal with varying ozone dose

Ozone dose was varied between 0 to 1.5 nagiing phase 1. The CEC concentration in ozone
effluent and BAC effluent varied with ozone dose (Figure 4). Ozone effluent had the highest
CEC concentration of 70 ug/L during two sampling events when ozone was shutdown. This
concentration decreased withcreasing ozone dose and was the least (20.5 pg/L) with an
Os/TOC ratio of 1.47. This trend was same for the number of CECs detected which decreased
from 35 in absence of ozone to 6 at affiTOC of 1.47. This shows that ozone itself plays an
important roleén removal of CECs and ozone operation will dictate the concentration of CECs in
the downstream processes. As noted above, there was no significant removal in BAC and the

effluent CEC concentration in BAC was affected by the upstream ozone dose andftiaent e
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CEC concentration. The removal in GAC was significant, since GAC20 removed CEC
concentration down to 15 pg/L with ten or fewer CECs detected in the effluent, regardless of the
ozone dose. The CECs detected in GAC20 at the hight8DO dose of 1.4 included artificial
sweeteners acesulfarkeand sucralose,-/ay contrasting agent iohexol, a prescription drug for
anxiety, meprobamate, and cotinine (a metabolite of nicotine), and flame retardant TCEP. These
compounds seem to be recalcitrant and cesvep to be important indicators for treatment
operation. Acesulfamk concentrations in GAC20 effluent were greater than the influent
concentration by an order of magnitude, indicating desorption of previously adsorbed
concentrations of acesulfarke

Theseresults also show that GAC has capacity for removing some CECs by a combination of
adsorption and biodegradation. The removal in GAC would then depend upon upstream ozone
dose and the mass of CECs removed in ozone. The mass of CECs removed in ozoret beuld
calculated in this case, since samples were not collected in the ozone influent; nonetheless, the
variation of CEC concentration in the ozone effluent can be credited to the varying ozone dose.
These results from GAC show that ozone dose control randitoring is vital during
optimization of the shelf life of activated carbon media in the GAC. For AWT systems, where
one of the main goals of GAC columns is CEC removal, the effluent CEC concentration can be a
factor for determining the media replacemérhe frequency of media replacement in GAC can
affect the design of the treatment process and one way of reducing this frequency could be to get
the optimal CEC removal in upstream ozone. At the same time, a higher ozone dose can result in
increased disifection byproducts such as bromate and nitrosamines (Marti et al., 2015; Buffle et
al., 2004). The ozone dose will then be controlled in a manner that produces least disinfection

byproducts and at the same time achieve maximum CEC removal.
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Figure 44 Total concentration (a) and number (b) of CECs detected in the effluent of
ozone, BAC and GAC during phase 1 with varying @TOC ratio corrected for nitrite.
5, 10, and 20 denote the empty bed contact time (minutes) for theaBAGAC stages. The
data covers a total of 5 sampling events with two sampling events occurring af@CQatio
of 0 when ozone generator was shut down, but the dissolved oxygen concentration was
maintained at 35 mg/L.

81



3.3CEC removal in new GAC meda

As noted above, removal of CECs in GAC15A during phase 2 decreased with sampling events
and was thus a function of the GAC BV treated, as expected. Figure 5 shows this decrease in
removal in CECs and the increase in CEC concentrations and number ofdéeC®d with
increasing BV. With the CEC removal decreasing from 100% to 70% at 20,000 BV, it can be
assumed that adsorption was the primary and dominant mechanism for CEC removal during this
period. This removal was in the range of4&# for a GAC15B with had the same EBCT but

had processed greater than 65,000 BV.

The CECs that were detected in GAC15A included: acesulkaraed sucralose, the pain
relieving drug acetaminophen (a.k.a. paracetamol, was present near detection limit), cotinine (an
alkaloid found in tobacco), iohexol, prescription drugs for anxiety disorders and epilepsy,
meprobamate and primidone. Although the artificial sweeteners, sucralose and acesulfame
were removed by adsorption in GAC, studies have reported consistent detectibesef
compounds in AWT systems, thus making them excellent treatment effectiveness indicators
(Doummar and Aoun, 2018). Cotinine is poorly removed by ozone and biodegradation and has
shown to breakthrough in an 18 minute EBCT GAC at 12,500 BV (Kennedl, €1045).
Acetaminophen has been shown to be well removed by ozonation (Knopp et al., 2016; Mojiri et
al., 2019). These detections of acetaminophen in GAC was not expected but it was present at low
average concentrations of 0.008 pg/L with a limit of duation of 0.005 ug/L, which could

have been detected only due to sample contamination. lohexol is poorly removed in GAC due to
its high polarity and has shown to be removed by advanced oxidation using UV peroxide (Hu et
al., 2019). Meprobamate is weakigactive with ozone and has shown to be removed by
adsorption on GAC (Gerrity et al., 2012; Sundaram et al., 2019). Meprobamate was detected in
last two sampling events showing that the removal decreases with increasing BV. Primidone has
a low octanol wate partition coefficient (Vijekoon et al., 2013)making it difficult to be
removed by adsorption. It was interesting to note that all of these compounds were detected in
GAC15B at concentrations greater than those in GAC15A effluent, showing that nuniér of
processed affects the removal of these compounds.
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Figure 4.5 Total CEC concentration, number of CECs detected, and percentage of CECs
removed in GAC15A (15 minutes of empty bed contact time) during phase 2.

BV denotes the number of bed volumes processed by the media in GAC15A. The removal in
GAC15A was calculated based on the effluent CEC concentration in BAC10A (10 minutes of
empty bed contact time).

Conclusiors

CECremoval in an 0zorBAC-GAC pilot was explored imn AWT system with varying ozone

doses, bed volumes, and EBCTs during two different phases. Several key conclusions from this

study include:

1 Ozone dose affected CEC removal and was critical in determining the BAC and GAC
effluent CEC concentrations.

1 Remowal of CECs by BAC was negligible and changing EBCT from 5 to 10 minutes did not

improve CEC removal.

1 Contribution of GAC towards CEC removal was important, with 20 minute EBCT resulting
in >55% CEC removal.
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CECs removed by GAC with greater than 65,000d#pended on the upstream ozone dose.
CEC removal in phase 2, with fresh GAC media, was a function of BV. The removal
decreased from 100% to 70% after 20,000 BV.

1 With increasing BV, GAC media adsorption sites are utilized by total organic carbon,
causingCEC removal to decrease. The BV necessary for GAC media replacement will thus

depend on the nature and concentration of CECs that initially breakthrough.
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CHAPTER 5. NITRIFICATION AND TOC REMOVAL IN A BIOFILTER USED FOR
INDIRECT POTABLE REUSE

Ramola Vaidya, Christopher Wilson, Germano Sal&sites, Charles Bott

Abstract
Biological activated carbon (BAC) filters can be operated to achieve ammonia removal via

nitrification. Advanced water treatment (AWT) systems often include ozone followed by BAC
with an intent of total organic carbon (TOC) removal in BAC. This study aimed at closely
monitoring nitrification and TOC removal in BAC and granular activated carbonCjGA
treatment as part of an AWT process at two different plants. Results showed that at plant A,
nitrification was affected by influent ammonia concentrations and upsets in the upstream
wastewater treatment causing spike in influent ammonia concentragioims BAC, resulted in
incomplete nitrification with ammonia concentrations greater than 0.1 mg/L in the effluent even
after a total of 30 minutes of empty bed contact time (EBCT) in the BAC plus GAC.
Monochloramine residual of 3 meCl. did not affect TOG-emoval but affected nitrification in

BAC and ammonia was not completely removed until monochloramine residual was removed.
Chlorinated backwashing at 0.2 medl did not affect nitrification or TOC removal. TOC
removal in BAC was a factor of ozone dosed temperature with better TOC removal at
Os:TOC ratio of 1 and temperatures abov&R0At plant B, ammonia removal was impacted by
temperatures dropping below) resulting in twice the EBCT for complete ammonia removal
compared to normal operatiohis removal was recovered after temperatures increased above
20°C. Similar to plant A, TOC removal in plant B was impacted by upstream ozone dose. There
was a 10% increase in TOC removed at aimmOC of 1.5 compared to when ozone was not

operated.

Introd uction
For potable reuse, ammonia concentrations in the source water can pose a challenge to the

disinfection treatment by forming chloramines and thus increasing the chlorine demand for free

chlorine disinfection (Dhaliwal and Baker, 1983). Further, #msnonia can promote excessive
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microbial growth once dischargento water bodiesNitrifying biofilms can release precursors

for disinfection byproducts such as nitrosamines, haloacetonitriles and haloacetoamides (Zeng
and Mitch 2016) Thus, it is importanto incorporate a treatment step capable of ammonia
removal in the potable reuse treatment train, particularly with source waters containing ammonia
concentrations greater than 0.1-Mf.. Potable reuse trains often include ozone followed by
biofiltration using biologically activated carbon (BAC) medidooper et al., 2019; Gerrity et al.,
2018). Nitrification in biofilters can be one way of ammonia removal in these potable reuse
trains. Nitrifiers are sensitive to operational and seasonal changes, grslewgr under
conditions of low temperature and oxygédhu and Chen, 2002)Nitrification has been
observed to be greatly affected at temperatures beld®. 1Bne study reported ammonia
removal by a BAC filter to be less than 30% at temperatures bel8@ dife to inhibition in
nitrifying activity, as compared to 90% removal abové€CLQAndersson et al., 2001). Further,
there has been speculation that ammonia oxidizing bacteria, involved in nitrification might be
responsible for degrading some estrogenienpounds (Li et al.,, 2012). Gwmetabolic
biotransformation by ammonia oxidizing bacteria and archaea has been observed for certain
pharmaceuticals such as ibuprofen, trimethoprim, caffeine (Men et al., 2016; Men et al., 2017).
Thus, nitrification might bearrelated with removal of some classes of organic carbon.
Preoxidants; such as residual ozone, chlorine, chloramine or peroxide, used as part of
disinfection and advanced oxidation in potable reuse treatment trains can be detrimental to BAC
filter performance and inhibit the nitrification process. Lauderdale et al. (2014) showed that low
concentrations (<1 mg/L) of hydrogen peroxide fed to biofilters eliminated dead biomass and
extracellular polymeric substances, while helping improve filter hydraulicsweler,
nitrification was significantly inhibited by peroxide. It was also shown that addition of an
oxidant such as chlorine or chloramine at low concentrations prior to biofiltration can help to
improve biofiltration hydraulic performance without compremg organics removal
(Lauderdale et al., 2017).

One of the important goals of potable reuse trains is removal of total organic carbon (TOC)
(Arnold et al., 2018)In an ozoneBAC configuration, ozone degrades high molecular weight
organics, making them one bioavailable which can then be removed by biodegradation in BAC.
Lee et al. (2012) showed that increasing ozone dose increases the biodegradable organic carbon

which was then removed in the biofilte8ince the removal of TOC in BAC is biological and
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carried out by heterotrophic organisms, the TOC degradation can be affected by temperature,
ozone dose and oxidants. As nitrification is also affected by these parameters it is worth
guestioning the relationship between ammonia removal and TOC removaheugh they are
removed by completely different mechanisms.

Above studies show the importance of assessing the BAC filter performance in terms of
nitrification and TOC removal during the cold weather season. The impact-okipiants such

as ozone, chlame or chloramine needs to be better understood to optimize BAC performance in
a potable reuse system. The goal of this study was to monitor nitrification and TOC removal in
BAC used for advanced water treatment (AWT) as part of an indirect potable aeilisg fThe

impact of varying ozone dose, temperature, monochloramine residual to BAC and chlorinated

backwashing was explored as part of this study.

Materials and Methods
Source Water to AWT

Tertiary treated denitrified effluent from Hampton Roads @ahit on Di strict ds (V

VA) York River plant and secondary effluent from Nansemond plant were used as influent to the
advanced water treatment (AWT) pistale plant. York River plant was a conventional
activated sludge plant wittertiary treatnent for denitrification using methanfdd, deepbed
denitrificationsand filters, while Nansemond plant had a 5 stage Bardenpho treatment!The 50
percentile values for total organic carbon (TOC), total nitrogen, ammonia, nitrite and nitrate were
7.7 mdL, 1.77 mgN/L, 0.385 mgN/L, 0.115 mgN/L and 0.915 mgN/L for York River plant

and 10.55 mg/L, 3.23 miy/L, 0.04 mgN/L, 0.02 mgN/L, 2.08 mgN/L for Nansemond plant.

AWT system

20,000 L/day Pilotscale AWT

The pilotscale treatment process included.716L/min coagulation, flocculation and
sedimentation. Coagulant aluminum chlorohydrate (dose of 25 mg/L) and cationic polymer
Hyperfloc CE 824dose of 0.75 mg/L) were added to rapid mix stage. Tapered flocculation was
achieved by using 3 flocculation g&s with decreasing G values from 40/second to 30/second to
10/second. Settling basin consisted of lamella plate settlers operated at a plate loading rate of
4.07 Lpm/nt. Settled water was then ozonated using gas bubble diffusion with 4.2 minutes
contact ime in the ozone reactor. Four additional reactors were used to provide a total of 21

minutes of contact time for ozone to decay. The ozone to TOC ratio corrected for nitrite was
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varied by either varying the applied ozone dose or by changing the diseaoed residual
setpoint measured by two dissolved ozone probes. The ozone generator had the capacity of
maximum 20 mg/L of applied ozone dose. Bromide present in the water reacts with ozone to
form bromate which is a carcinogen and regulated at 10 |[Rytfl¢ et al., 2004; U.S. EPA,

2020. Preformed monochloramine was prepared using ammonium sulfate (40% active strength)
and sodium hypochlorite (13% active strength) at a ratio of 1:4 to have a dose of 3 mg/L of Cl
and was used for bromate control in ozoréhe residual monochloramine post ozonation was
dechlorinated using sodium bisulfite (38% active strength).

Ozone was followed by BAC and GAC columns that were 3.45 m tall, 0.15 m diameter and with
1.8 m media depth. The ozonated effluent was splittinto BAC filters with EBCT of 5 min

(5.56 L/min) and 10 min (2.76 L/min), BAC5 and BAC10. The effluent from BAC5 and BAC10
was fed to two GAC columns, GAC10 with EBCT and GAC20 operated in parallel. The effluent
from GAC20 was used for backwashing both B#lters. Activated carbon medialtfasorb816

and HRltrasorb400 from Calgon CarbS&h(Pittsburg, PA) was used in BAC and GAC. The BAC
media was exhausted by using membrane bioreactor permeate fromseakellbiological
nutrient removal facility priord startup, up to a steady state TOC removal and was supported on

1 inch of sand. The effluent from GAC20 was used for backwashing BAC and GAC. BAC and
GAC were backwashed when headloss values exceeded 3 m and when the effluent turbidity
values exceeded GINTU. Filter run times were 2 days for BAC5 and 4 days for BAC10. GAC
was not backwashed frequently and resulted in run times of 3 months for GAC10 and 5 months
for GAC20. The GAC media in both columns was installed in July 2016 and was not replaced.
Thusthere was biological activity on the media contributing towards nitrification. Ammonium
sulfate (40% active strength) and phosphoric acid (75% active strength) were fed as nutrient
sources to the biofilters to have a dose of 2Nigand 0.2 meP/L in theBAC influent.

3.78 ML/day Demonstrationscale AWT

3.78 MLD coagulation, flocculation and sedimentation process was used as feed to the pilot
ozone. The coagulant used in the 3.78 MLBssame as the piletcale coagulation process and

fed at same dos®dymer used was Clarifloc 6220 at a dose of 0.75 mg/Coagulation G

values were identical to the pilot coagulation system. Plate loading rate for the settled basin was
8.22 Lpm/nd.

Analytical methods
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Ammonia, nitrite and nitrate were measured with HACNT tubes using HACH DR3900
spectrophotometer (HACH, Loveland, CO). Free chlorine and monochloramine were measured
using SL1000 Portable Parallel Analyzer from HACH (Loveland, CO). Samples for nitrogen and
chlorine species were collected along the degtBAC and GAC with increasing EBCT as
shown in FigureCl. TOC samples were collected from the sample ports indicated in Egure

and analyzed using standard methods SM5310B with ShimadzuLTé»@lyzer (APHA 2012).
Dissolved oxygen (DO) and temperaturasaanalyzed in the influent and effluent of BAC and
GAC using InsightlG DO probes (Los Angeles, CA). Ozone gas analyzers (IN USA, Inc., San
Diego, CA) were used to determine the feed and the off gas ozone concentration and determine
the gas transfer effiency.

Data analysis

Plant A data was collected between July 2016 and May 2018 from the AWT pilot fed by York
River secondary effluent. Plant B data was collected between August 2018 and April 2019. From
August 2018Decmeber 2018 Plant B treatment processisisted Nansemond secondary
effluent, 3.78 MLD coagulation, flocculation and sedimentation, followed by AWT pilot ozone
and BAC and GAC. From December 2048ril 2019 the plant B treatment process consisted
Nansemond secondary effluent, followed by AWTopbzone and BAC and GAC. Correlation
analysis was performed using the Pearson product moment correlation usisgftthare
SigmaPlot 12.5Ammonia and nitrite removal in the BAC and GAC between different tests were
compared by comparing the minimum EB@&eded for ammonia and nitrite to decrease below
0.1 mgN/L. This minimum EBCT (EBCHin) value was calculated at 0.1 gL from the
ammonia and nitrite values measured at different depths (EBCTs) along the BAC and GAC
column using linear regression in &Mosoft Excel. EBCT was calculated as the ratio of media
height (ft) and filter loading rate (gpnfft BAC5 and GAC10 were considered as a single filter

for calculating EBCT values from media depth. Similarly, BAC10 and GAC20 were considered
a single filer for calculating EBCT.

Results and Discussion
Plant A

Effects of varying ozone dose
EBCT min needed for ammonia and nitrite to drop below 0.IN#gfor both BAC5/GAC10
and BAC10/GAC20 configurations is seen in Figbrg along with the @TOC ratio forthe
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period from March 2017 to Dec 201730DOC was varied between 0.03 to 2.36 during this
period. EBCTin for BAC10/GAC20 nitrite seemed to follow the same trend as tha:diq.

Nitrite EBCTmin Was higher (average of 17 minutes) for BAC10/GAC20 th&C®GAC10
(average of 10 minutes) and thus took longer time to achieve complete nitrifiddtisrcould

be due to different loading rates resulting in different concentration of biofftasse EBChin

values indicate that nitrite removal was not completeBAC and was completely removed in
GAC. The infrequent backwashing of GAC compared to BAC could be the reason for difference
in nitrite removal. Both the GAC columns had been operated for more than 9 months resulting in
biological activity in the GAC.Yapsakli et al. (2010) showed that the fraction of ammonia
oxidizing bacteria varied from 28.7% to 2.1% along the depth of a 0.5 m BAC with 18 min
EBCT. This study also showed that 92% of ammonia nitrogen was removed in the top part of
(0.25 m depth) of #a BAC column (Yapsakli et al., 2010)Jhus the biomass accumulated in the

top part of the GAC media could be responsible for complete nitrite removal.

Ammonia EBChindid not trend with @ TOC dose for either of the BAC/GAC configurations.

The spike in BCTmin for both ammonia and nitrite coincided with high influent ammonia
concentrations, typically greater than 3-M{i.. The impact of influent ammonia concentration

on nitrification has been discussed in the later section. The correlation betweemiE&@I

Oz TOC ratios show that the nitrite values were significantly correlated to 160 ratios
(p<0.05 pearson product moment correlation), while the ammonia values were not (p>0.05
pearson product moment correlation). EBfaTvalues corresponding tefluent ammonia
concentrations greater than 3 4N¢_ were omitted for computing this correlation. These results
suggest that the higher ozone doses affect the nitrite oxidizing bacteria more than they affect
ammonia oxidizing bacteria. An example of theiincation profile during this period is shown

in FigureC2 at anOs:TOC ratio of 1.5.

Ozone dose was systematically varied during the period from JanuaryM2318018. Figure

5.2 shows the impact of this varying ozone dose on the EBGdr ammonia ad nitrite. The
highest ozone dose corresponding #©TOC of 1.5 had the greatest impact on ammonia and
nitrite  EBCTmin values, with BAC10/GAC20 EBCT values (22 minutes) higher than
BACS5/GAC10 (13 minutes) as seen in 2017 sampling. The influent ammdnoieswaere 8.9
mg-N/L during 2 of the 3 sampling events foe:DOC of 1.5. Since both ammonia and nitrite

EBCT values were affected at this ozone dose, it suggests that influent ammonia was the cause
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of reduced nitrification rate during this time period.eTéffluent ammonia in the GAC was not
completely removed and was above 4-Nigg. The minimum EBCT values for £7XOC of 0.8

and 1 were similar and were lower than those for O3:TOC of 0.25 suggesting that at these lower
concentrations ozone dose does notaotmitrification. Further, the correlation analysis did not
show any significant relationships between minimum EBCT values for ammonia or nitrite and
Os:TOC ratios. Monochloramine doses and dechlorinating with sodium bisulfite was changed
during this pewd and could have had a greater impact on nitrification.

Ozone doses even at 0.25TDC ratio resulted in BAC influent DO concentrations of 45 mg/L.

To determine if there are any impacts of dissolved oxygen on nitrification, a correlation analysis
was peformed on minimum EBCT for ammonia and nitrite and influent DO values but there
were no significant correlationBAC influent DO varied from 35 to 53 mg/L during the entire
time period (20172018), which could be inhibitory to nitrifierd.ucker et al 2@0). Future
studies could be performed at DO concentrations lower than 20 mg/L to determine if lower

concentrations improve ammonia and nitrite removal in the biofilters.
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Figure 52 Minimum empty bed contact time needed for ammonia and nitrite to drop
below 0.1 mgN/L in BAC5/GAC10 and BAC10/GAC20 with varying ozone during 2018 at
plant A

Effect of Influent Ammonia concentration

The spike in the ammonia and nitrite EBfinIvalues coincided with the high influent ammonia
values as seen in Figube3 for 2017 and 2018 time periods. Cortaa analysis showed that
there was a significant correlation (p<0.05, Pearson product moment correlation) between both
ammonia and nitrite (except BAC5/GAC10 EB&nlnitrite values for 2017) EBGdin values

and influent ammonia concentrations. The reasomitrite EBCT concentrations not correlating
with influent ammonia for the shorter EBCT BAC/GAC could be the fact that oxidation of
ammonia to nitrite was not complete, resulting in nitrite concentratemssthan0.1 mgN/L.
Figure C3 shows an examplef the nitrification profile during 2017 with influent ammonia
concentration of 3.4 mdl/L. The effluent ammoniafor events with high influent ammonia
concentrations have been included in TaBle Ammonia oxidation was not complete and
resulted in effluenhammonia concentrations greater than XMdlg in some cases. These values

show that for ammonia concentrations abovkerBgN/L, nitrification is slow.This suggests that
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the amount of ammonia oxidizing bacteria in the biomass present in the filter ateneonigh to

completely nitrify these higher ammonia concentrations.
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Figure 5.3 Minimum empty bed contact time needed for ammoniand nitrite in
BAC5/GAC10 and BAC10/GAC20 to decrease below 0.1 mig/L with varying influent
ammonia concentrations at plant A during a) 2017 b) 2018

Effect of chlorinated backwashing and monochloramine residual
Figure5.4ashows the impact of nechlorinated and chlorinated backwashing on nitrification at
a chlorine dose of 0.2 mg/Cl.. The ozonalose during both these events was maintained at an
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Oz TOC ratio of 0.8. There was no impact on the ammonia ERCafter chlorinated
backwashingNitrite EBCTmin values increased after chlorinated backwashing and this impact
was more pronounced for BACIRAC20 (8 minutes) compared to BAC5/GAC10 (13 minutes).
The variation in the nitrite EBGdn values suggests that this impact was not caused by
chlorinated backwashing. The increase in the ER&CValues for nitrite could be the result of

high influent nitite concentrations during the last event of chlorinated backwashing. The typical
influent nitrite values were below 0.1 ANJL, however, during the last sampling event this
concentration increased to 1.4 4Ng-. Ammonia oxidation was complete during thagpling

event by the end of 7.5 and 5 minutes for BAC5 and BAC10, respectively. Thus the inhibition in
nitrite removal could be due to the higher influent nitrite concentration. Chlorinated backwashing
at 0.2 mgN/L did not affect nitrification in eitherfdhe BAC/GAC configurations.

Monochloramine residual to the biofilters was changed from 0O to 0.5-@lg/to 3 mg/L-Cl>.

The impact of this variation in the monochloramine residual on nitrification can be seen in
Figure 5.4b. The results indicate that tleewas no impact on nitrification after increasing the
monochloramine residual to 0.5 meg@ll,. Increasing the monochloramine residual to 3 mg/L

Cl affected nitrification as seen by the increase in EB&Malues for both ammonia and nitrite.

This impactwas greater for the longer EBCT BAC/GAC. The sampling events with influent
ammonia greater than 3 mg/L were excluded to determine the sole impact of monochloramine
residual on nitrification. An example nitrification profile during this time period is shiown
Figure C4. The monochloramine residual decreased with increasing media depth by a
combination of dechlorination by activated carbon media and by reacting with the organics
present in the water. This residual was not completely removed until 6 minuB&gC5 and 4
minutes in BAC10. Ammonia concentrations were not completely removed until
monochloramine was removed, thus slowing down ammonia removal and hence nitrite removal
in the biofilter. Ammonia was completely removed in GARonochloramine is an astant and

has the potential to inhibit nitrification process.case of BAC10/GAC20 there was a gradual
decrease in ammonia concentrations since monochloramine residual was removed sooner

compared to BACS.
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Figure 54 Minimum empty bed contact time needed for ammonia and nitrite to be
decreased below 0.1 m§l/L in BAC5/GAC10 and BAC10/GAC20 during a) chlorinated
(0.2 mg/L-Cl2) and nonchlorinated backwashing b) residual monochloramine (0.5 and 3
mg/L-Cl2) in the influent to the BAC at plant A.
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These results also indicate that monochloramine concentrations of 0.5Qiagédre not
inhibitory to nitrifiers. Nitrification profilesshowsthat the nitrification zone is pushed further
along the depth of BAC, resulting in complete ifitation in GAC after monochloramine
residual is completely removed. This shows that nitrification can still be achieved in a biofilter
receiving monochloramine residual but needs sufficient EBCT. This can be achieved by another
filtration step such as B8 or GAC treatment post biofilter.

Effect on TOC removal

Nitrification profiles shown in C2, C3 and Ghow that TOC removal increased with increase in
EBCT. Further, influent ammonia or monochloramine residual did not result in decline or
stagnation o&ffluent TOC values, indicating that these parameters did not affect TOC removal.
The correlation between EBGik for ammonia and nitrite and TOC removal was not significant
(p>0.05 Pearson product moment correlation). This is expected since the mechavobviregy
ammonia and TOC removal are different. It might still be important to determine if there are
factors such as ozone dose, monochloramine residual and temperature that affect both
nitrification and TOC removal. TOC removal in BAC was impacted kpne dose and
temperature as seen by Figw® during 20162018. Correlation analysis showed significant
correlation (p<0.05 Pearson product moment correlation) for these two parameters. TOC
removal in this section is calculated only for BAC5 and BAC1QOCTremoval in GAC is
discussed in Chapte?sand3 and not included here since adsorption played an important role for
TOC removal in GAC.

Figures5.6 and 5.7 show the impact of ozone doses(0DC of 0.25, 0.8, 1 and 1.25),
chlorinated backwashing at On2y/L-Cl> and monochloramine residual at 0, 0.5 and 3 R@JA

on TOC removal during 2018. There does not appear to be a cleab&wmveenTOC removal

and Q:TOC at 0.25, 0.8, 1 and 1.25, which is contradictory to results obtained from 2016 and
2017 timeperiod. In general TOC removal in the BAC increased with increassntOQ ratios

for 2016 and 2017. These results from 2018 also show that TOC removal in BAC10 was greater
than BACS5, which is in agreement with the TOC removal data from 2016 and 2017.

Chlorinated backwashing at 0.2 mg@l> did notreduceTOC removalin BAC10, while TOC
removal decreased in BAQFigure5.79. Os:TOC ratio was maintained at 0.8 during this time
period and monochloramine dose was 3 m@lt, with the residual completely delorinated.

Thus, if chlorinated backwashing is required for disinfection purposes in biofilters due to growth
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of filamentous organisms, a chlorinated backwashing of 0.2 1@t/Is desiredn BAC10since

it did not affect nitrification and TOC removal ropared to the nenhlorinated backwashing.
Monochloramine residual had a similar impact where residuals of 0.5 and 3CGhgdid not

affect TOC removain BAC10 but TOC removal decreased with increasing monochloramine
dose in BACS For both chlorinated lskwashing and monochloramine tests, the TOC removal
wasnot impacted in BAC10, showing that EBCT plays an important role during presence of an

oxidant such as chlorine
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Plant B
Nitrification was not affected by ozone dose at Plant B. Correlation analysis showed that neither
ammonia nor nitrite EBCdin correlated with @TOC ratio.

Nitrification upset
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At plant B there were three distinct phases based on the nitrification profiles shown in Figures
C5, C6 and C7Both sets of BAC/GAC filters were operated after an initial shutdown period of
3 months. Nitfication in the filters was monitored during startup period after the shutdown. This
acclimation period during startup showed that ammonia was removed completely in BAC, while
nitrite removal was slow and was not completely removed until 10 and 15 miiute
BAC5/GAC10 and BAC10/GAC20, respectively. The top part of GAC media was able to
completely remove nitrite and this could be due to the infrequent backwashing of the GAC
compared to BAC as seen in Plant A. It was observed that ammonia removal wisdrdfter

a month of startup resulting longer EB&nlfor complete ammonia removal. During acclimation,
EBCTmin values for ammonia were 8 and 10 minutes in BAC5/GAC10 and BAC10/GAC20.
These numbers increased to 10 and 17 minutes during inhibition. Teaathis inhibition was

not clearly understood. The averageT®@C ratio was 1 while the average DO was 40 mg/L
during this period and monochloramine was not added upstream of ozone. Temperatures dropped
down from 25 to 17C during this period. The EBGk values were calculated atZDusing the
Arrhenius equation, but were still lower than those observed during acclimation period. The
inhibition in ammonia removal due toolder temperatures has been studied in literature
(Andersson et al., 2001howeve this inhibition was not observed at plant A due to lower
temperatures. Ammonia removal recovered in 4 months with EB@@lues decreasing to 5
minutes in both BAC filters. Nitrite removal continued to be slow in BAC but was removed
completely by 9 mintes in BAC5/GAC10 and 15 minutes in BAC10/GAC20. Fighi&shows

the EBCTin Nneeded for removal of ammonia and nitrite during all three phases. Even during
ammonia inhibition period, complete nitrification was achieved in GAC highlighting the

importance bthe second stage filter or longer EBCT in the treatment process.
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Figure 5.8 Minimum empty bed contact time needed for ammonia and nitrite to decrease
below 0.1 mgN/L in BAC5/GAC10 and BAC10/GAC20 in plant B during acclimation,
upset and ammonia recovery period.

Effect on TOC removal

As observed iplant A, plant B TOC removal was not correlated with EBg»For ammonia and
nitrite. This reiterates the conclusion that TOC removal is not correlated with nitrification in the
biofilters. TOC removal was well correlated withg:DOC ( p<0.05 Pearson product moment
correlation). A comparison was made for TOC removal with and without operating the ozone
generator (Figur®.9). Dissolved oxygen was still maintained at 35 mg/L inealbs of ozone.

The results showed that there was an averag@0% increase in TOC removal in presence of

ozone as compared to absence of ozone. The ozone dose during this period was controlled to

maintain Q:TOC ratio of 1.5
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Conclusions

Nitrogen removal through nitrification was studied in a biofiltration process used as part of AWT
at plants A and B. EBGJin or the EBCT needed fammonia and nitrite to decrease below 0.1
mg-N/L was calculated based on ammonia and nitrite values along the depth of BAC and GAC.
It was shown that at plant A, the EB&d for ammonia and nitrite was correlated with influent
ammonia concentration abov& mgN/L, indicating that nitrification was affected by these
higher influent ammonia concentrations. Nitrite removal was inhibited in BAC5 and BAC10 but
was removed irboth GAC columnswithin the first few minutes of contact time in the GAC
media. GAC wa not frequently backwashed compared to BAC, resulting in more biomass
growth in the top part of GAC media and contributed to nitrite removal. The BEBOT nitrite
removal correlated with ©rOC ratio, with higher ozone doses affecting nitrite removal.
Chlorinated backwashing at 0.2 mgdl, did not affect nitrification compared to non
chlorinated backwashing. Monochloramine residual of 3 r@jito the BAC influent resulted

in nitrification being pushed along the depth of the BAC media. Results shbaiedmmonia
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was not completely removed until monochloramine residual was completely removed.
Nitrification can still be achieved with a monochloramine residual of 3 fg/lbut needs
sufficient EBCT which can be provided by a second stage filtrationepsopost BAC. The
comparison between TOC removal and nitrification, showed that unlike ammonia removal, TOC
removal was not affected by influent ammonia. TOC removal increased with increasing EBCT
and ozone dose and was affected by colder temperatures 2(0.

At plant B, nitrification showed three distinct phases of acclimation, inhibition in ammonia
removal and recovery. During inhibition, complete nitrification was achieved but the EBCT
needed for ammonia removal below 0.1-Md. was doubled. The cae for this ammonia
inhibition was not clearly understood but was suspected to be decrease in temperatures below
20°C. Ammonia removal was recovered with increase in temperatures and resulted infEBCT
values of 5 minutes. TOC removal was not correlategd mitrification in plant B as well. There

was an average 10% increase in TOC removal in presence and absence of ozopd &GfO

0.8.
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 5

Table C1 Influent and effluent ammonia concentrations {Nt}) during high influent ammonia
concentrations

BAC5/GAC10

BAC Influent BAC10/GAC20
Date ) Effluent .
Ammonia . Effluent Ammonia
Ammonia
9/7/2017 3.07 0.95 1.35
10/30/2017 3.4 1.01 0.99
12/7/2017 3.06 1.3 0.33
12/21/2017 2.97 0.081 0.015
12/27/2017 5.06 2.27 1.27
BACS GAC10 BAC10 GAC20
0 6.0 — 0 —_— 12.1 =
0.4 7.5 0.8 14.6
1.2 8.9 2.5 17.0
2.1 10.3 4.2 19.5
2.9 11.6 5.9 21.9
3.7 13.0 7.6 24.3
4.6 14.4 9.2 26.7
5.4 158 —> 10.9 291 ——>
6.0 16.8 — 12.1 — 30.8 —

Figure C1 Sample ports in BAC and GAC columns indicating empty bedacbrtime in
minutes.
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CHAPTER 6. IMPACT OF SODIUM BISULFITE ON NITRIFICATION AND TOC
REMOVAL IN A BIOFILTER USED FOR ADVANCED WATER TREATMENT

Ramola Vaidya, Christopher Wilson, Germeé®alaarBenites Amy PrudenCharlesBott

Abstract
Sodium bisulfite is commonly used as a dechlorinating agent in water and wastewater treatment

applications, but islso a known nitrification inhibitor. This could present concerns if sodium
bisulfite is applied to scavenge residual chlorine or ozone to maintain biological activity in
downstream advanced water treatment (AWT) applications involving biofiltration.drstilndly,

the impact of sodium bisulfite on nitrification in an activated carbon biofilter was investigated in
an AWT system at doses ranging from 0.3 to 21.59fg It was shown that within two days of
increasing sodium bisulfate above a threshold coram of 1.5 mgS/L, ammonia oxidizing
bacteria were completely inhibited and no ammonia was removed from the biofilter. Notably,
shutting down sodium bisulfite feed to the biofilter resulted in recovery of ammonia removal,
indicating that inhibition in @mmonia removal was reversible. This recovery was slow, requiring
one month before complete nitrification was established in the biofilter. The impact of sodium
bisulfite on total organic carbon (TOC) removal in biofilter was also evaluated, but was not
found to be impacted even at concentrations of 21.55fhgwith an average 14% TOC removal

by the biofilter maintained throughout the study. The results obtained from this study shows that
it is necessary to regulate sodium bisulfite dose used for dechionina AWT design where

multiple barriers of advanced oxidation and biological treatment are often employed.

Introduction
Sulfites and bisulfites are formed when sulfur dioxide reacts with water (Neta and Huie, 1985).

Sulfite salts such as sodium sulfitand sodium bisulfite are routinely used as oxygen
scavengey and dechlorinating agenturing water and wastewater treatm@uatS. EPA, 2000;

Esvelt et al., 1973). The concentration of these sulfite salts needed depends on the stoichiometry
between chlane or oxygen and the sulfite compound used. For example, the theoretical dose of
sodium sulfite and sodium bisulfite needed to dechlorinate 1 mg/L of chlorine is 1.78 and 1.46
mg/L, respectively (Black and Veatch, 2010). Residual chlorine can impacgubé&alife and

ecosystems and thus sodium bisulfite is often added to the treated effluent prior to discharging to
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a surface water body. Sulfite readily reacts with oxygen and hence is used to prevent oxidative
corrosion in boilers and pipelines transpuaytbrackish waters (Kobe and Gooding, 1935; Park et

al., 2011). Sodium bisulfite is used as a reducing agent in the removal of heavy metals such as
hexavalent chromium from industrial wastewaters (Dermentzis et al., 2011).

Due the antimicrobial and ankimlant properties of sodium bisulfite, sodium bisulfate and
sodium sulfite, these compounds are also commonly used in the food and pharmaceutical
industry (Micciche et al., 2018; Vally and Misso, 2012; Taylor et al., 1986; Banks and Board et
al., 1982). De to their ability to prevent browning formation in fruits and vegetables (Sapers et
al., 1993), sulfites have been used as a preservative in dried fruits and vegetables. However, due
to varying level of sensitivity of people towards sulfites, the usailfites has been banned in
salads and meat but has been continued in beers and wines and is regulated by food and drug
administration and the bureau of alcohol, tobacco, and firearms (Grotheer et al., 2005).

Prior studies have demonstrated the inhibiteffects of sulfites on various microorganisms.
Sulfite and bisulfitehave shown to bahibitory to the growth of bacteria, fungi and coliphage

with enhancedoxicity at lower pH (Babich and Stotzky, 1978&urther, sulfite at concentrations
between 25600 mg/L, which is considered safe for human consumption, was shown to prevent
cell growth in four differenbacterialspeciesn the human gut microbiota namglyactobacillus
casei,L. plantarumandL. rhamnosusand Streptococcus thermophilfswin et d., 2017). In

the same study, higher concentratiod®0Q 3780 mg/L) of sodium bisulfite resulted in
bactericidal effects on these species. In another study, the use of sulfite for controlling bacterial
contamination in ethanol fermentation was studied.e Tresults showed that sulfite
concentrations of 16800 mg/L decreased the viabilities of lactic acid bacteria, but did not
change the viability oSaccharomyces cerevisig€€hang et al 1997). Whereas Schimz et al.
(1980) showed that even low concentrasioh sulfite resulted in irreversible damage to the yeast
Saccharomyces cerevisjdeading to cell inactivation.

These studies highlight the potential for negative impacts of sulfites on various bacteria.
Although these concentrations are much greaten tihose used for dechlorination in water
treatment application, it is important to understand if there are any inhibitory effects of sulfites in
water and wastewater treatment applications that rely on microbial adbe¥ries et al. (2016)
studied theeffect of sulfite on nitrification in a sequencing batch reactor. Addition of sulfite

affected the nitrification process, especially inhiigtthe growth of ammonia oxidizing bacteria
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(AOB), resulting in reduced ammonia removal ra@sulfite used fordechlorination in water
treatment is usually the final step where treated watthren discharged to the bay or river and
conventionally is not followed by a biological treatment process. , thasmpact of sulfites or
sulfates a biologicaltreatment ha not been extensively evaluated

Indirect potable reuse often includes advanced water treatment (AWT) processes, such as ozone
oxidation followed by biofiltration (Gifford et al., 2018; Gerrity et al., 2014; Lee et al., 2012).
One of the primary goals dtiie biofilter is to biodegrade total organic carbon (TOC) to very low
levels. This is accomplished in conjunction with ozone, which breaks of complex recalcitrant
organic matter into more biodegradable forms. Biofilters can also be a valuable means of
removing any ammonia that may be remaining in the ozoeeted effluent. This is
accomplished by ammonixidizing bacteria that colonize the filters. Otherwise, ammonia
present in biofilter effluent can become a nuisance downstream because it reacttovirté th

form mona, di-, and trichloramines, thus imposing high chlorine demand (U.S. EPA, 2000).
Sodium bisulfite is of interest in reuse applications as a scavenger for residual ozone, so that it
does not inhibit downstream biological treatment. Anogitgential benefit of bisulfate for AWT

is to quench monochloramine that may also remain in the water as a result of bromate control.
Specifically, bromate formation is a concern for waters with high bromide, which reacts with
ozone to form bromate, arcanogen regulated at 10 pg/L in drinking water (Kirisits et al.,
2001). Addition of preformed oin situ monochloramine upstream of ozone has been
demonstrated as an effective means to control bromate formation (Buffle et al., 2004), but the
residual presnt post ozone could also inhibit biological activity in downstream biofilters and
negatively impact overall performance.

The goal of thisstudy was toevaluatethe impact of bisulfiteaddition on nitrification in a
biofilter usedas a part oan AWT proess where preformed monochloramine is added prior to
ozone ahead of the biofilter for bromate control conditi&sce TOC removal is crucial in the
AWT process, another objective was dssesghe impact of bisulfite on TOC removal. The
bisulfite concentations needed for nitrification to be inhibited was explored and further the
effect ofswitching offbisulfite addition on nitrification and its recovery was studied.

Materials and Methods
Source Water
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An AWT pilot-scale plant consisting of coagulatjdlocculation, and sedimentation was used as
the source water to the biofilter influent. The source water to the coagulation stage was tertiary
treated denitrified effluent from a biological nutrient removal plant and 16.2 L/min of this
denitrified effluent was coagulated using a dose of 25 mg/L of aluminum chlorohydrate and 0.75
mg/L of Hyperfloc CE 824 floaid polymer (Hychem Inc.). The flocculation system consisted

of 2 stages of rapid mixing with G value of 1000/sec. The rapid mixing was followeu dgy t
stage tapered flocculation with G values of 40/sec, 20/sec and 10/sec. The settled basins
consisted of lamella plate settlers with a loading rate of 0.25 m/hr. The settled water had an
average TOC of 9.2 mg/L and an average turbidity of 0.9 NTU. Pneftb monochloramine (3
mg/L-ClI2) was added to the settled water as part of bromate control strategy to prevent bromate
formation in the ozonation stage of the AWT system.

Experimental Setup

A clear PVC column (height 218, diameter 0.09n) filled with actvated carbon media Calgon
Filtrasorb816 was useds the biofiltration columnThe media height was 18 and enpty bed
contacttime (EBCT) for the filter was maintained at 7.5 min with influent flowrate of In@ir.

Sample prts were installed along tle®lumn at heightsf 0.03m (port 2), 1.2m (port 3), 2.2n

(port 4) measured from the bottom of the coluwith an EBCT of 0.1 min (port 2), 4.7 min

(port 3) and 7.5 min (port 4Port 1 was located prior to media bed in the influent line. All the
influent samples were collected from port 1 and all the effluent samples were collected from port
4. The filter was backwashed manually three times a week by alternateoair (69 kPa) and

high rate water wash (<1.9rin) cycles. UV disinfected water frothe AWT process was used

for backwashing the filter. Ammoniusulfate (40% active strengthpd sodium bisulfit€38%

active strengthyvere used for feeding ammonia and bisulfite toliodilter column.

Analytical methods

Influent and effluent grab samplegre analyzed for sodium bisulfite, ammonia, nitrite, nitrate,
dissolved oxygen (DO), pH, TOC and UV254 absorbance. Ammonia, nitrite and nitrate were
also analyzed in the effluents of ports 2 and 3 to monitor the nitrification profile in the biofilter.
Thetotal number of sampling events have been described in Bdbl8ulfite was measured by

the method described by DeVries et al. (2016). A calibration curve was developed by measuring
the UV absorbance at 570 nm for sodium sulfite concentrations of @A2%, 0.5, 1.125, 1.25,

2.25, 2.5 mefS/L. This curve was then used for calculating the sodium bisulfite concentrations by
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measuring the absorbance at UV570 nm. Ammonia, nitrite and nitrate were measured with
HACH TNT tubes using HACH DR3900 spectrophotiar (HACH, Loveland, CO). DO was
measured using HACH LDO10105 IntelliCAL probe and a HACH HQ40d potable meter
(HACH, Loveland, CO). DO was monitored to maintain aerobic conditions while pH was

monitored to ensure appropriate nitrifying conditions. pH areayzed using Orion 9157BNMD

probe

from Ther mo
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ent i

fi

cE whi

e the pH me

Scientific, Waltham, MA). TOC Analyzer Sievers M5310C (Suez, Paramus, NJ) was used for

measuring TOC of grab samples. All UV absorbamzkteansmittance measurements were done

using GENESYS 10S Wi s

Scientific, Waltham, MA).

spectrophotometer
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Table 6.1 Experimental phases of biofilter operationwith number of sampling evens from
influent and effluent collected for ammonia analysisndicated.

Experimental Source . . . . N
Phases Days Water Chemical Addition Number of influent/effluent sampling events
TOC v Sodium e,
Transmittance Bisulfite o
Nitrate
Media YR
£ i 114 days denitrified None 15 57 N/A 57
xhaustion
effluent
Day 0 to AWT Ammolllqlll?)(l me
Phase 1 Day 40 S\;\?;frd Sodium Bisulfite 17 17 o o
(1.5 mgSI/L)
Day 41 AWT Ammonia (1 m
Phase 2  toDay  Settled ¢ 6 6 N/A 6
N/L)
54 water
Ammonia (1 mg-
Day 55 AWT N/L) (Sodium
Phase 3 to Day Settled Bisulfite varied 14 14 14 14
82 water from 0.3 to 21.5
mg-S/L)
oays ARG
Phase 4 to Day Settled - 9 13 13 13
Bisulfite 0.6 mg-
114 water

SIL)

*Nitrite and nitrate samples during phases 4 tavere also collected from ports 2 and 3 with an empty bed contact

time of 0.1 minutes and 4.7 minutes.

Media Exhaustion

Prior to conducting any experimental tests, tee mctivated carbon media in the biofilter was

exhaustedrom a TOC standpoinby usng secondary denitrified effluerftom a biological

nutrient removal planfor a period of four months'he secondary effluent had an average TOC
of 8.7 mg/L, ammonia of 0.&1g-N/L, nitrite of 0.09mg-N/L and nitrate 0.6ng-N/L, TSS 5
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mg/L and turbidity 3 NTU. No chemicals were added to the biofilter influent during this time
period.

Experimental phases

After the effluent TOC in the biofilter reached steady state and was completely nitrifying, the
feed to the biofilter was switched to settled water flot-scale AWT process. The experiment

can be divided in to four different phases based on chemical addition (Bable
Monochloramine residual of 3 mgfCl2 was present in the settled water. During phase 1 (Day 0

to Day 40) the sodium bisulfite dose svaadjusted to completely dechlorinate this
monochloramine residual and have a residual ofl(G9mgS/L. Monochloramine served as the
ammonia source to the biofilter with average influent ammonia of 0.9N#Angafter
dechlorination. Due to inconsistent aod bisulfite dose in the feed due to varying
monochloramine concentration during phase 1, the feed to the biofilter was switched to settled
water without monochloramine during phase 2 (Day-4lay 54). Ammonia in the form of
ammonium sulfate was addedpaeately to the influent with a target dose of 1 nigdland was
continued during phases 3 and 4. During phase 2 sodium bisulfite addition in the feed was
stopped completely to ensure complete nitrification and get a baseline reading before increasing
the ®dium bisulfite dose. In phase 3 (Day-bbay 82), sodium bisulfite addition was resumed,

and the dose was initially fed at 0.3 484- and then increased to 21.5484.. The goal was to
determine the concentration of sodium bisulfite needed to inhiloification and also analyze

the impact of higher sodium bisulfite concentrations on ammonia, nitrite and TOC removal.
During phase 4 (Day 83Day 114) sodium bisulfite dose was decreased to evaluate the effect of

on nitrification at concentrations belowsImgS/L.

Results and Discussion
Organics removalduring media exhaustion

Figure 6.1 shows the influent and effluent TOC and UVT values as the biofilter media was
exhausted. The aim of this exhaustion period was to make sure that the TOC removal was
stablized, while still achieving nitrification in the absence of sodium bisulfite. TOC removal
dropped from 59% in the beginning of the exhaustion period (Day 37) to below 20% (Day 94).
The average effluent TOC during this time period increased from 5.2 mdl7tmg/L. The
average influent UVT values varied from 73.6 +2.4%. There was a sudden drop in the effluent

UVT after Day 44 but seemed to be stable later and could not be attributed to any changes in the
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biofilter. The average UVT until this date was 918%, while the UVT post Day 44 was
stable with an average UVT of 79.1+2.0%

Percent TOC removal started to decline at the same time as effluent UVT, although the reduction
in TOC removal was much more gradual than the decline in effluent UVT. No disetiges in

the effluent TOC and UVT were observed after Day 44, consistent with media that is nearing its
capacity for organics removal via adsorption. A 20% TOC removal indicated that the adsorption
capacity of the biofilter was near to exhaustion. Impaortant to note for other systems that this
value might vary and the TOC may stabilize at a higher or lower effluent concentration,
depending on the characteristics of the influent water to the biofilter. This could affect the time

needed for the carbonadia to become exhausted and acclimated.
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Figure 6.1 Influent and effluent a) total organic carbon and b) UV transmittance data
during media exhaustion period.

Nutrient removal during media exhaustion

Figure 62 shows the miification data for the biofilter during the exhaustion period. The influent
ammonia was <1 mdl/L during the entire period, with an average of 0.3+0.2Nflg Apart
from a few spikes, effluent ammonia was consistently <0.2Nithg indicating complete
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amnonia removal. These effluent ammonia spikes could be a result of biomass leaching from the
media after a backwash. Effluent nitrite averaged 0.05+0.0eNMag indicating complete
nitrification. This is consistent with biological growth on the activateth@amedia and that is
acclimated to the influent water. The average effluent nitrate was 0.9+1IN/Lm@he spike in
effluent nitrate concentrations, on days 16 and 92, was caused due to high influent nitrate
concentrations of 9.2 /L and 4.6 mgN/L. During the startup period, the influent ammonia

to the biofilter in this case was low (<1 /ML) and thus was not an issue. However, depending

on the application of the biofilter in the treatment process, an ammonia removal strategy post
biofilter might benecessary to ensure complete ammonia and nitrite removal in the effluent until

nitrification is achieved in the biofilter.
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Impact of sodium bisulfite on nitrification in the biofilter
Nitrification was inconsistent in during phase 1, as seen in Figure 6.3a with initial negative

removal. During phase I, the sodium bisulfite dose varied from O to-S/ingvith an average of
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1.3+09 mgS/L due to varying monochloramine dose. This could be one of the reasons that there
was no consistent ammonia removal. Additionally, influent ammonia concentrations were low,
0.86%0.47 meN/L during phase 1. Figure 6.3b shows the nitrification peadiiring phase 1 at a
sodium bisulfite dose of 2.4 gL with an influent ammonia of 0.41 Ai/L. Ammonia was

not completely removed with effluent ammonia concentration of 0.3Rfagwhile nitrite and

nitrate were both removed below detection limit, rewieough the influent DO was 8.4 mgl/L.
Thus it was unclear if the inhibition in ammonia was caused by sodium bisulfite. The drop in
ammonia removal below 50% at sodium bisulfite concentrations >0.9 mg/L could imply
inhibition in AOBs, however, the variatioin monochloramine concentrations resulting in
variation in the sodium bisulfite dose to dechlorinate monochloramine, warranted shutting down
monochloramine dose in phase 2. Figure 6.4 shows the nitrification profile at different sampling
ports across thkiofilter during phases 2, 3 and 4. Ammonia was added to the influent at a dose
of 1 mgN/L.

Figure 6.4a shows an example of the nitrification profile during phase 2 when sodium bisulfite
was not being fed to biofilter. The ammonia in the effluent (gpprwas removed below 0.3 mg

N/L during all profiles (average 0.192 aNjL; n=6 sampling events) in phase 2 and the average
ammonia removal was 79% (Figuré)6.The nitrite was removed below 0.1 +iNgL indicating
complete nitrification was achieved in peasbefore sodium bisulfite was resumed in phase 3.
Figure 6.4b shows an example of the nitrification profile during phase 3, after bisulfite was
increased to 15.4 m§/L. Nitrification was inhibited and the ammonia concentration in the
effluent was not educed below 1 mil/L, with average influent and effluent ammonia
concentrations of 1.2 and 0.9 gL (n=13 sampling events). Ammonia removal dropped from
90% to as low as 2% during this phase. Sodium bisulfite concentration varied from 0.3 to 21.5
mg-S/L during this phase. The inhibition in ammonia removal during days 58 and 62 when
sodium bisulfite dose was 0.3 A®JL, could be due to high influent ammonia concentrations of
3.8 mgN/L. The influent ammonia dropped to 1 gL after day 62. Regression dysis

shows that ammonia removal was well correlated with sodium bisulfite dose (p <0.05, Pearson
product moment correlation) during phases 2,3 and 4. In phase 4, sodium bisulfite dose was
decreased below 1.5 R®jL resulting in nitrification recovering aeen in Figure$ and 4.

This recovery was slow, and it took 27 days before the biofilter could achieve complete

nitrification, implying that sodium bisulfite might not be toxic but only inhibits the growth of
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AOBs. The average effluent ammonia concdrmmna was 0.12 mgN/L after nitrification
recovered. The average bisulfite concentration during this phase was-846.mg

The inhibition in phase 3 could have occurred with a prolonged exposure of sodium bisulfite at
concentrations greater than 1.5 -®4. Although the exact concentration of sodium bisulfite
needed for inhibition of AOBs cannot be determined from these data, it is clear that
concentrations of 1.5 m§/L and above will result in reduced rate of ammonia removal and can
even prevent any ammaniconversion to nitrite. Further mechanistic tests and LC50 toxicity
tests need to be conducted to determine the level of inhibition of sodium bisulfite on nitrifiers.
This phenomenon can be a concern for biofilter applications where sodium bisulBedigon
guenching either upstream ozone or chlorine. A control strategy needs to be placed for sodium
bisulfite dose since a higher residual might result in impacting ammonia removal in the biofilter,
resulting in poor biofilter performance. As noted ahoaesubstantial period of time may be
required for ammonia removal to resume. Based on the chemical reaction between sodium
bisulfite and chlorine, 1.46 parts of sodium bisulfite are needed for every part of chlorine
removed on a mass basis (Black and ¥iea2010). A control strategy for the bisulfite pump can

be implemented to prevent excess dose of sodium bisulfite. Another alternative to bisulfite is
thiosulfate and has no mention in literature of being inhibitory to nitrification. Based on the
stoichiametry, only 0.56 parts of sodium thiosulfate are needed per part of chlorine removed.
However, the stoichiometry works only at pH 2 and the removal of chlorine varies significantly
with pH. Further the removal of chlorine using thiosulfate occurs in avsepnanner, resulting

in a longer reaction time (Black and Veatch, 2010). This makes bisulfite preferable over sodium

thiosulfate and needs to be monitored for applications involving nitrification.
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Impact of sodium bisulfite on TOC removal

Figure 6.6 shows percent TOC removal during all phases. With an average influent TOC during
Phase 1 of 9.841.8 mg/L, the average removal was 40%, with effluent TOC of 6.3 mg/L, at the

end of Phae 1. TOC removal decreased at the beginning of phase 2. The activated carbon could
have continued to get exhausted resulting in drop in the TOC removal. The effluent TOC

remained stable for the rest of the study, with an average influent and effluendfTe&¥=-1.6

and 7.5£0.9 mg/L, respectively. The increase in bisulfite during phase 3 did not affect the TOC

removal any further and the average TOC removal was 14% during phases 2, 3 and 4. UV

absorbance and transmittance followed the same trend as TOtgehkdecrease in UVT after
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phase 1 was not drastic. The average influent UVT was 77.0% throughout the study, while the
effluent UVT changed from an average of 84.7% in phase 1 to 79.7% in rest of the phases. UVT
was not a good indicator of TOC removal angyht not be useful for predicting the impact of
sodium bisulfite on organics removal. The regression analysis for bisulfite dose and %TOC
removal showed that the two parameters were not well correlated (p value >0.05, Pearson
product moment correlation).

This shows that sodium bisulfite might not be inhibitory to heterotrophs, even though nitrifiers
were inhibited. Further mechanistic tests need to be conducted with toxicity assays to confirm
this result. Sodium bisulfite could also potentially affect tiedegradation of other organic
contaminants. The results from this study are important for utilities using biofilters for water
reuse or water treatment applications where influent ammonia is low (below N3Lingnd the
primary goal would be removaf organics by biodegradation and filtration. Organics removal
can still be achieved at higher sodium bisulfite concentrations and would then be a function of

other parameters such as temperature and empty bed contact time of the biofilter.
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Figure 6.6 Sodium bisulfite dose in port 1 and percentage of total organic carbon removed

during 4 different phases.

Vertical lines denote the time period during each phase. Table 6.1 includes the chemical addition
in all 4 phases.

Conclusions
1 Impact of varying doses of sodium bisulfite was studied on nitrification and TOC removal in

a biofilter containing activated carbon media.

1 Sodium bisulfite concentrations above 1.5-81§ resulted in inhibition to ammonia removal
in a completely nitriging biofilter, resulting in average ammonia concentrations of 0.9 mg
N/L in the biofilter effluent.

1 Ammonia removal resumed after decreasing the sodium bisulfite concentration below 1.5
mg-S/L, but the recovery was slow and it took a month for the efflenmonia

concentration to drop below 0.1 mg/L. The results demonstrate that sodium bisulfite could be
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inhibitory to AOBs, but not necessarily toxic. However, further toxicity texts need to be
conducted to confirm this speculation.

1 TOC removal in the biofier did not seem to be affected, even at sodium bisulfite
concentrations >15.4 mgL, with continued stable removal averaging 14% during phases
2,3 and 4.
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CHAPTER 7. FACTORS AFFECTING REMOVAL OF NDMA IN AN OZONE -
BIOFILTRATION PROCESS USED FOR WATER REUSE

Ramola Vaidya, Christopher Wilson, Germ&aaarBenites, Amy Pruden, ChadBott

Abstract
N-nitrosodimethylamine (NDMA) is a carcinogen and a disinfection byproduct that is formed by

ozone and combined chlorine. Various factors affecting NDMA formation and removal were
examined at a pilescalefor a treatment train consistimgf ozone, biologically active carbon
(BAC) filtration, and granular activated carbon (GAC) adsorption applied to two distinct feed
waters. High concentrations of ozone and monochloramine were added to the influent,
demonstrating that ozone removed monochtone precursors of NDMA. Further, longer empty
bed contact times (EBCTs) of 10 minutes for BAC and 10 and 20 minutes for GAC removed
NDMA below 10 ng/L for both feed waters. NDMA removal by the BAC process was most
favorable >22C, presumably due to elated microbial activity. A monochloramine residual of 3
mg/L-CI2 in the BAC influent reduced NDMA removal in the 5 minute EBCT BAC from 79%

to 36% and in the 10 minute EBCT BAC from 88.5% to 73.7%. The absence of ozone in the
treatment process significaptleduced NDMA formed post ozone, but decreased NDMA
removal in BAC. Finally, adding 5 mg/L of allylthiourea, an inhibitor of ammani@izing
bacteria, indicated that removal mechanisms for ammonia and NDMA are distinct, but
nitrification is still a goodindicator for NDMA biodegradation potential, because nitrifying
bacteria seem to flourish under similar EBCT, temperature. and monochloramine residual

conditions during BAC filtration.

Introduction
N-nitrosodimethylamine (NDMA) is a disinfection byprodudormed primarily by

chloramination (Mitch et al., 2003). Although not regulated by US Environmental Protection
Agency (EPA), California has a notification limit of 10 ng/L and public health goal of 3 ng/L
(California  Environmental Protection Agency, 20Q16alifornia Environmental Protection
Agency, 2006), highlighting the need to identify precursors of NDMA and mechanisms by which
it is formed. A number of different sources for NDMA formation have been identified, such as

chloramination, ozonation, chloation, and photolysis (Krasner et al., 2013; Selbes et al., 2014;
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Mitch et al., 2003; Najm and Trussell, 2001). Precursors responsible for NDMA formation
include quaternary or tertiary amines found in anion exchange resins, amides, and amine or
amidebasel coagulants and polymers, such as polyacrylamide (Selbes et al., 2015; Krasner et
al., 2013). However, a study conducted by Sgroi et al., (2016) showed that ozonation of cationic
and anionic polymers and poly diallyldimethylammonium chloride (polyDADMAGYed to
wastewater treatment plant effluent did not increase NDMA formation, while hydroxyl radicals
also did not play a significant role. This was also shown in another study where ozonation or
chlorination of amindased polymers added to water sampmlek not form any measurable
NDMA, but it was formed during anion exchange treatment (Najm and Trussell, 2001). In
contrast, other studies have shown that the reaction of NDMA precursors, such as dimethyl
amine or dimethyl sulfide (DMS), with ozone and chlmine results in significantly greater
NDMA formation (Marti et al., 2015; Park et al., 2015; Gerrity et al., 2015). It was also reported
that bromide concentrations were significant in NDMA formation in waters containing DMS or
unstable dimethyl hydrazen Further, the precursors necessary for NDMA formation differed for
ozonation and chloramination (Marti et al., 2015).

NDMA isdifficult to remove by air stripping and hasenshown to be resistant to oxidation by
ozone due to low second order rate tants (5.3*1602 M-1s1) (Lee et al., 2007). Treatment
techniques; such as biodegradation, reverse osmosis (partial), and UV direct photolysis, have
beenshown to be capable of removing NDMA and its precursors (Sharp et al., 2005; Plumlee et
al., 2008; Stefn and Bolton, 2002). With the extensive energy costs associated with reverse
osmosis and UV photolysis, biodegradation in biologically activated carbon (BAC) filters is an
attractive low cost and energy alternative (Hanigan et al., 2012; Pramanik2&t1&l, ,Farre et

al., 2011; Schmidt and Brauch, 2008). Along with biodegradation via BAC filtration, there are
studies showing removal of NDMA and NDMA precursors by adsorption onto granular activated
carbon (GAC) and powdered activated carbon. Hanigan .ef2all2) found that NDMA
formation potentialkP) was reduced by 37, 59 and 91% by 3, 8, 75 mg/L of powdered activated
carbon, respectively, during 4 hours of contact time in a beoale process treating blends of
river water and wastewater effluent. @re other hand, Bek#&andi et al. (2016) showed that
addition of 710 mg/L of powdered activated carbon to drinking water treatment plant resulted in
20% removal of NDMA FP.
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Two distinct NDMA biodegradation mechanisms have been reported in literaturga®neay
involves demethylation, while the other involves denitrosation (Bacaro, 2018; Fournier et al.,
2009). Cytochrome B50 hasbeenshown to catalyze the NDMA degradation in eukaryotes,
such as in rats livers (Tu and Yang, 1985; Koop, 1992; Yamaiaki €992). Since cytochrome

P-450 enzymes are mo+oxygenase enzymes, one prevailing hypothesis is that analogous
enzymes might be responsible for NDMA degradation in prokaryotes (Sharp et. al., 2005). A
number of bacterial strains have shown to be lali@paf NDMA biodegradation, where propane,
toluene, and methane monooxygenases have been hypothesized to drive biodegradation (Sharp et
al., 2005; Bacaro, 2018).

In particular, there is a need to understand how various factors influencing NDMA formation an
removal interact under realorld conditions during muHbarrier advanced water treatment.
Ozone and monochloramine doses can impact the formation of NDMA, while factors such as
temperature and empty bed contact time (EBCT), which affect biologicarpenice in a BAC

(Liu et al., 2017), could also potentially affect NDMA removal. Advanced water treatment
facilities often include ozonation, chloramination and BAC or GAC treatment and thus these
factors need to be optimized to control NDMA along witheotineatment goals. The objective of

this study was to monitor the removal of NDMA by BAC and GAC in an advanced water
treatment process as a function of temperature, ozone dose, monochloramine dose, and EBCT.

The relationship between ammonia removal abdvM removal in BAC was also examined.

Materials and Methods
Source waters

Tertiary treated denitrified effluent from Ha
VA) York River plant (plant A) and secondary effluent from Nansemond Treatment(plant

B) were used as influent to the advanced water treatment (AW Tispéde plant. Plant A was a
conventional activated sludge plantwithe t r a E D e e p B e dand fitersiwhile pldni c at i o
B had a 5 stage Bardenpho treatment. THegs@centié values for total organic carbon (TOC),

total nitrogen, total phosphorus and turbidity were 7.7 mg/L, 1.8\rhg 0.4 mgP/L and 2.5

NTU for plant A and 10.5 mg/L, 3.2 mig/L, 0.4 mgP/L and 2.0 NTU for plant B.

Experimental Setup

20,000 L/day PilotscaleAWT
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The pilotscale treatment process included 16.6 L/min coagulation, flocculation and
sedimentation. Coagulant aluminum chlorohydrate (dose of 25 mg/L) and cationic polymer
Hyperfloc CE 824dose of 0.75 mg/L) were added to the rapid mix stage. Tafleczdilation

post rapid mix was achieved by using 3 flocculation stages with decreasing G values from
40/second to 30/second to 10/second. The settling basin consisted of lamella plate settlers
operated at a plate loading rateOa25 m/hr Following setting, effluent was ozonated using gas
bubble diffusion with 4.2 minutes contact time in the ozone reactor. Four additional reactors
were used to provide a total of 21 minutes of contact time for ozone to decay. The ozone to TOC
ratio corrected for nitrite ws varied by either varying the applied ozone dose or by changing the
dissolved ozone residual setpoint measured by two dissolved ozone probes (Thermo Scientific,
Waltham, MA). The ozone generator had the capacity of maximum 20 mg/L of applied ozone
dose.Bromide present in the water can react with ozone to form bromate, which is carcinogenic
and regulated at 10 pg/L in drinking water (Kirisits et al., 2001). One way of controlling bromate
formation is by adding preformed or in situ monochloramine upstganzone (Buffle et al.,

2004). Preformed monochloramine at a dose of 3 mg/Clpivasused for controlling bromate
formation in ozone and the residual monochloramine post ozonation was dechlorinated using
sodium bisulfite.

Ozone was followed by BAC ardAC columns that were 3.45 m tall, 0.15 m diameter and with

1.8 m media depth. The ozonated effluent was split into two BAC filters with 5 min (5.56 L/min)
and 10 min (2.76 L/min) EBCTs (i.e., BAC5 and BAC10). The effluents from BAC5 and
BAC10 were fed tdawo GAC columns, GAC10 and GAC20 (with EBCTs of 10 and 20 min)
operated in parallel. Activated carbon medidr&sorb 816 and Htrasorb 400 from Calgon
Carbor? (Pittsburg, PA) was used in BAC and GAC. The BAC media was exhausted by using
membrane bioredar permeate from a fulicale biological nutrient removal facility prior to
startup, up to a steady state TOC removal and was supported on 1 inch of sand. The effluent
from GAC20 was used for backwashing BAC and GAC. BAC and GAC were backwashed when
headbss exceeded 3 m and when the effluent turbidity exceeded 0.15 NTU.

3.78 ML/day Demonstrationscale AWT

A 3.78 MLD coagulation, flocculation, and sedimentation process was followed by ozonation.
The coagulant used in the 3.78 MiMassame as the piledcak coagulation process andsv

fed at same dos€larifloc C-6220 was used as a polymer and fed at 0.75 n@gpagulation G
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