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Ramola Vaidya 

ABSTRACT 

 

Indirect potable reuse has been practiced with the potential to enhance sustainability of water 

resources if planned accordingly. Depending on the pretreatment implemented for potable reuse, 

emerging contaminants; such as pharmaceuticals, personal care products, industrial solvents, 

bacterial/viral pathogens, and disinfection byproducts, might be present in source water and 

difficult to remove via various water treatment technologies. Low molecular weight organic 

compounds are especially challenging to remove and may require treatment optimization. The 

overarching purpose of this study was to demonstrate the feasibility of a carbon-based advanced 

treatment train; including ozonation, biological activated carbon (BAC) filtration and granular 

activated carbon (GAC) adsorption to achieve water quality suitable for potable reuse and assess 

the impact of a range of operating conditions for emerging contaminant removal at pilot-scale.  

The results from this study showed that carbon-based treatment train is equally effective as more 

commonly used, and more costly, membrane-based treatment trains in terms of pathogen and 

disinfection byproduct removal. A multiple-barrier approach was implemented, with each 

treatment stage capable of removing total organic carbon (TOC). 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 factor 

that dictated the extent of TOC removal in the BAC and GAC units as the carbon media was 

exhausted. Among the emerging contaminants detected, sucralose, iohexol and acesulfame-k 

were present in the highest concentrations in the influent and were detected consistently in the 

GAC effluent, thus making them good indicators of treatment performance. Apart from organics 

removal, BAC played an important role in removal of nutrients, such as ammonia via 

nitrification.  

N-Nitrosodimethlyamine (NDMA) was formed in the treatment process by ozone, but was 

shown to be effectively removed by BAC. EBCT, temperature, ozone dose and presence of pre-

oxidants, such as monochloramine, played an important role in determining the amount of 

NDMA removed. These factors can be further optimized to improve 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 dechlorinated 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 concern, was monitored in the treatment 

process. Biodegradation of 1,4-dioxane was enhanced via addition of tetrahydrofuran as a growth 

substrate. Biodegradation of 1,4-dioxane can help reduce energy and capital costs associated 

with advanced oxidation processes that are currently used for 1,4-dioxane removal. Further, 

relying on biodegradation for the removal of 1,4-dioxane can help avoid the formation of 

disinfection byproducts associated with advanced oxidation processes such as ozone with 

peroxide or ultraviolet disinfection with peroxide.  

The results from this project can be useful for designing potable reuse treatment trains and 

provide a baseline for removal of organic carbon and emerging contaminants. The 

conventionally used reverse osmosis and ultrafiltration approach is useful for organics removal 

in areas where the rationale behind potable reuse is water scarcity. Operational 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 aquifer recharge. Overall the lessons learnt from 

this study can give a better understanding of a carbon-based 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 surface and groundwater. Further, the discharge of nutrients such 

as nitrogen and phosphorus into some of these water bodies can lead to algal blooms. Water 

reuse involves treating used water and discharging into either a surface or groundwater body. 

Water reuse has been 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 methods such as 

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 study focused on Hampton Roads Sanitation Districtôs managed aquifer recharge project 

ósustainable water initiative for tomorrowô (SWIFT), two different advanced water treatment 

strategies, namely carbon-based and membrane-based were implemented on a pilot-scale (20,000 

L/day). The driver for 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 subsidence, and 

preventing flooding and seawater intrusion near the coastal areas.  

Membrane-based treatments, such as reverse osmosis, have been well established and studied for 

potable reuse. The less frequently used carbon-based treatment, that includes used of activated 

carbon for adsorption and biodegradation of organics (not involving any membrane barrier), was 

shown to be cost-effective and provided equal protection as that of the membrane-based system 

in terms of removal of pathogens. Further, since there is no membrane involved in the carbon-

based treatment the energy requirements are less than that of the membrane-based treatment and 

concentrated brine solution is not produced, which makes it favorable for potable reuse where 

water scarcity is not an issue. This carbon-based treatment which included ozonation and 

activated carbon filtration and adsorption was further monitored and optimized for removal of 
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organic contaminants and disinfection byproducts. Emerging contaminants such as 

pharmaceuticals, industrial solvents and personal care products can 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 

contaminants were shown to be effectively removed by ozonation and granular activated carbon 

adsorption. The formation of disinfection byproducts such as N-nitrosodimethylamine in the 

treatment process and its removal in the biological activated carbon filtration was also 

monitored. The impact of temperature, presence of pre-oxidants 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 carbon-based treatment for managed 

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 emerging contaminants.  
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ozone and combined chlorine. NDMA was removed in BAC 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. Correlation 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 to Chemosphere for publication. Authors include Ramola Vaidya, 

Christopher Wilson, Germano Salazar-Benites, Amy Pruden and Charles Bott. 

¶ Vaidya: Data collection, analysis and writing 

¶ All other coauthors reviewed the manuscript 

CHAPTER 8 includes preliminary results from co-metabolic degradation of 1,4-dioxane in 

BAC using tetrahydrofuran as a co-substrate. The concerns regarding 1,4-dioxane are emerging 

and at the same time the regulations for 1,4-dioxane in treated water are getting stringent. The 

results from this Chapter show that biological removal of 1,4-dioxane can be achieved and can 

prevent the energy costs associated with use of advanced oxidation treatment. This can also 
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prevent formation of disinfection byproducts. Further research is needed to determine the 

effectiveness of using a less toxic co-substrate such as propane, in order to implement biological 

degradation of 1,4-dioxane in indirect potable reuse. 

Authors include Ramola Vaidya, Christopher Wilson, Charles Bott, Germano Salazar-Benites. 

¶ Vaidya: Data collection, analysis and writing 

¶ 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 of the lessons 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 or 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 indirect 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 carbon-based treatment which is the focus of this study, was 

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), ultraviolet disinfection 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 of these 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 drinking water 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 different treatment processes needs to be developed as 

newer reuse technologies are being tested. 

In the carbon-based treatment, removal of total organic carbon (TOC) is mainly removed by 

biodegradation and adsorption in the BAC and GAC (U.S. EPA, 2017). Ozone plays a vital 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 emerging contaminants 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 
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compounds by ozone, BAC and GAC in the carbon-based treatment (Ibanez 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 µg/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 bromide radical 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 and addition 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 monochloramine 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 other issues. Firstly, 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 well 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 a pre-oxidant might negatively impact the 

biodegradation 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 sodium bisulfite. Sodium 

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 the residual chlorine 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 contaminants by ozone is via hydroxyl radical oxidation. This monochloramine can 
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limit the ability of ozone to remove emerging contaminants. 1,4-dioxane is an example of a 

carcinogenic emerging contaminant that can be removed by hydroxyl radical oxidation (Vescovi 

et al., 2010). With the presence of monochloramine, an alternate route for removal of 1,4-

dioxane needs to be sought after. Biological degradation of 1,4-dioxane has been studied in batch 

cultures obtained from groundwater sites contaminated with 1,4-dioxane (Sun et al., 2011). 

However, these concentrations of 1,4-dioxane are much higher than those observed in the 

indirect potable reuse studies and has co-substrates naturally present for co-metabolic 

degradation of 1,4-dioxane. There are very few studies implementing 1,4-dioxane biodegradation 

in BAC filters and its application in indirect potable reuse. The co-substrates necessary for 1,4-

dioxane degradation and the impact of addition of external co-substrates on BAC performance 

needs to be documented for 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 disinfection using 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, given 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 BAC and 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 mg-N/L (U.S. EPA, 2020). Hence, nitrification 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 performance of ozone 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 meeting the water quality targets.  
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Abstract 

Two pilot-scale advanced water treatment 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 suitability to recharge a potable water supply aquifer. The two treatment 

approaches included a carbon-based treatment process (flocculation/sedimentation, ozone-

biofiltration, granular activated carbon adsorption, ultraviolet disinfection; 20,000 L/day) and a 

membrane-based treatment process (ultrafiltration, reverse osmosis, ultraviolet-hydrogen 

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 primary maximum 

contaminant levels (MCLs). The carbon-based 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 pathogens, fecal indicators, and 

contaminants of emerging concern. Total organic carbon (TOC) was removed to below 0.5 mg/L 

by the membrane-based process.  For the carbon-based process, granular activated carbon (GAC) 

media exhaustion over the course of the pilot operation 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 contact in a simulated distribution system test. N-Nitrosodimethylamine 

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

bed volumes. 
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Introduction  

Indirect potable reuse has been practiced in Occoquan (Virginia) and California, 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) (Cote et al., 2005; 

Wintgens et al., 2005; Drewes et 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 (Rauch-Williams et al., 2010). The source water for MAR can 

be reused water from 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.  

Membrane-based 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 concentrations 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 membrane technology is the use of ozonation and 

biologically activated carbon filtration and adsorption (referred to as the carbon-based approach). 

The capital, operation and maintenance, and environmental cost for membrane-based treatment 

are generally higher than that of the carbon-based treatment. Even with ocean discharge of the 

RO concentrate, the membrane-based treatment has higher capital and maintenance cost 

compared to that of the carbon-based treatment (Schimmoller and Kealy, 2014).  

Advanced oxidation using ozone followed by biofilters containing either anthracite sand or 

granular activated carbon media has been shown to remove trace organic contaminants and 

pathogens (Knopp et al., 2016; Reungoat et al., 2010; Urfer et al., 1997). In an ozone-

biofiltration study 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 (Arnold et al., 2018). 

Although bromate is formed during ozonation, free ammonia and chloramine have shown to be 

effective for inhibiting bromate formation (Ikehata et al., 2013; Buffle et al., 2004). Membrane-

based processes such as RO and UF are known to be effective for removal of CECs (Snyder et 
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al., 2007). The removal of TOC, CECs, DBPs and pathogens in the carbon-based approach needs 

to be compared to that in a membrane-based process to better understand the operation and 

suitability of the carbon-based process. 

The primary goal of this project was to compare the performance of carbon-based advanced 

treatment as an alternative to the traditional membrane-based treatment used as a control. The 

feed was tertiary treated (Total Nitrogen < 3 mg/L as N, Total Phosphorus < 0.3 mg/L as P) 

wastewater effluent from an existing full-scale biological nutrient removal treatment plant. This 

study was focused on the application of carbon-based treatment in areas 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 contaminants, and DBP formation potential.  

Materials and Methods 

Source Water 

A pilot advanced water treatment plant was operated using tertiary treated effluent from 

Hampton Roads Sanitation Districtôs (HRSD) York River Treatment Plant (YRTP). The 

traditionally used membrane-based treatment process was used as a control and compared to the 

carbon-based process. The feed water to both the membrane-based and carbon-based processes 

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

Table A1. 

Design Criteria 

A side-by-side comparison of carbon-based and membrane-based treatment was carried out for a 

period of six months. The design criteria for both the processes are shown in Figures 2.1a and 

2.1b. Detailed information can be found in Supplementary Tables A2 and A3 

Membrane-based process 

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

The Wigen Water TechnologiesÊ (Chaska, MN, US) membrane-based pilot plant was 

operational at YRTP for a period of six months from June 2016 to December 2016. The 

ultrafiltration skid consisted of two different filtration modules in parallel, Dow SFD-2880 and 

Toray HFU-2020N with pore sizes of 0.03 and 0.01 µm respectively. 3 mg/L of preformed 

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

systems. Ultrafiltration was followed by Hydranautics ESPA2 4ò dia. x 40ò long RO membrane 
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elements in a 2:1 array. The UV system UV MAX Pro30 was provided by TrojanÊ (Guelph, 

Ontario Canada), consisting of one low pressure UV lamp rated for 200W lamp power. UVAOP 

was operated at 3.78 L/min to achieve 0.5 log removal of 1,4-dioxane with 5 mg/L hydrogen 

peroxide addition. A dose of 5 mg/L of hydrogen peroxide concentration was needed to achieve 

advanced oxidation (Rosenfeldt 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), Ozone Oxidation, Biologically Active 

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

Disinfection.  

The IntuitechÊ (Salt lake City, UT, US) carbon-based pilot was started in July 2016. Preformed 

monochloramine with a stock concentration of 550 mg/L Cl2 was diluted with softened water to 

have a dose of 3 mg/L Cl2 prior to ozonation for bromate control as described elsewhere 

(Buehlmann et al., 2017.). A fine bubble diffuser was used to feed ozone in the ozone reactor. 

Ozone gas analyzers (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 average ozone to 

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 

pre-exhausted using membrane bioreactor effluent offsite to the point of steady 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 Figure 2.1b, a total of four columns 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 10-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 above 3 m was used as the criteria for backwashing. The typical run times for 

BAC5 and BAC10 were 2 and 4 days, respectively while the average unit filter run volume was 
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900,000 L/m2 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). 

 

 Figure 2.1 Design Criteria a) Membrane-based process b) Carbon-based 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, monochloramine 

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 

ColorimeterÊ II, HACH, Loveland (CO, USA).  

TOC, CEC and UV254 

TOC and DOC were 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 spectrometry (LC-MS-MS) by 

Eurofins Eaton Analytical (Monrovia, CA), UV254 was measured using a fluorescence 

spectrophotometer Aqualog® from Horiba Scientific, Edison (NJ, USA).  

Microbiological Methods and Challenge Testing 

Quantification of the indigenous fecal tracer Pepper mild mottle virus (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 PMMoV bi-weekly. 

Sample volumes (up to 40L) were concentrated using dead end ultra-filtration according to 

methods in Polaczyk et al. (2008) and Kahler et al. (2015) and eluted with 200 mL elution 

solution. Mixed cellulose ester HA filters (HAWP04700; Millipore, Billerica, MA, USA) were 

used for secondary concentration. Prior to HA filtration, MgCl2 was added to a final 

concentration of 25 mM and the samples were acidified to a pH of 3.5 with 20% HCl.  

Immediately after filtration, filters were stored in a -80 °C freezer until total nucleic extraction 

using NucliSENS easyMag (bioMerieux, Inc., Durham, NC, USA) was completed. Prior to 

extraction, 10 µL of 1 x 106 copies/µL Hep G Armored RNA (Asuragen, Austin, TX, USA) was 

spiked in the lysis buffer with the electronegative filter to evaluate inhibition. A single stranded 

RNA custom oligo (Integrated DNA Technologies, Skokie, Illinois, USA) was created for use as 

a PMMoV positive control based on the replication-associated protein region PMMoVgp2 

(NCBI Gene ID 1724829). All samples, no template controls (NTC), negative extraction controls 
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(NEC), and positive controls were extracted according to the manufacturerôs protocol B 2.0.1. 

Primers and probes used in this study can be found in Supplementary Table A4. Samples were 

analyzed in triplicate on a Bio-Rad QX200 (Bio-Rad, Hercules, CA, USA) combing reverse 

transcription and PCR using the One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad) 

according to manufacturerôs recommendation. Reactions were considered positive if at least 3 

droplets (out of a minimum 10000 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 (8.53 x 1010 PFU/mL) of MS2, diluted to a final concentration of 9.18 x 

105 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 

UVAOP 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 Cl2 using NaOCl 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 CaCl2 addition, which was 

then followed by addition of sodium carbonate to maintain an alkalinity of 75 mg/L as CaCO3. 

The water was aerated gently to reach equilibrium with atmospheric CO2 such that the aeration 

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

min, 2 hours, 8 hours and 3 days of chlorine addition. These samples were analyzed for UV254 

absorbance, dissolved organic carbon (DOC) and free chlorine. Samples were also collected for 

TTHM analysis by method EPA 624, 9 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 Table A5 provides more information on the methods used 

and the reporting limits for DBPs and 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 to 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 0.007 mg/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 carbon-based treatment process.  During the comparative experimental 

period from July 7 to December 14, 2016, TDS from the carbon-based 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 carbon-based treatment for indirect potable reuse is highly dependent on 

the in-situ characteristics of the environmental buffer (i.e. background TDS of non-augmented 

waters), and the expected TDS of the source water. In cases such as the Potomac Aquifer System 

where background characteristic TDS can range from less than 200 to greater than 30,000 mg/L 

(Focazio et 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 necessary to avoid destabilization of in-situ aquifer formation 

interstitial clays and mobilization of undesirable metal ions. 

Total Organic Carbon  

Figures 2.2a and 2.2b shows the TOC data for both pilot systems. The median influent TOC was 

value was 7.71 mg/L. 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 p (T  t) one tail value of 1.7E-64 for the paired 

sample t-test. This difference can be attributed to the different EBCTs. 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 effluent TOC values in GAC10 and GAC20 are shown in Figure A1. 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 such as BAC operation. 

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 difference 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 currently evaluated for the carbon-based process.  

 

Figure 2.2 TOC in a) Carbon-based process b) Membrane-based process 

Figure 2.3 shows TOC (C/C0) in GAC with increasing BV, where C is effluent TOC from GAC 

and C0 is effluent TOC from BAC.  During startup of the carbon-based process, virgin activated 



15 

15 

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 removal (1-C/C0) 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 impact of the 

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%, while the TOC 

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/C0. TOC removal was 30% in both GAC columns at 20,000 BV. TOC removal in GAC was a 

function of the BV, irrespective of the EBCT and dependent on other factors such as upstream 

BAC operation. 

  

Figure 2.3 C/C0 TOC and UVT for GAC10 and GAC20 with respect to bed volumes 
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Steady-state removal of TOC if attained is indicative of biological activity within the carbon 

media and the GAC would perform as a second-stage biofilter. As discussed previously, there 

was a significant (p<0.05) difference in TOC removal by biofiltration when comparing EBCTs 

of 5 and 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, but at increased capital 

cost. Regenerating the carbon can prove to be the most costly step in the carbon-based process, 

thus a right balance between EBCT and regeneration is important for designing a GAC column. 

UV transmittance or UVT was 100% up to 1000 BV for GAC10 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 BV was 91.72 ± 0.69% and was higher than GAC20 after 

10,000 BV (93.97 ± 1.38%) with a p (T  t) one tail value of 3.69E-23. This shows that the GAC 

with a longer EBCT was able to achieve greater UVT and might have a separate trajectory even 

after achieving the same BV as that of a shorter EBCT GAC. This confirms the importance of 

EBCT while designing a GAC column for organics removal.  

Table 2.1 shows the min, max and average concentrations of the CEC indicator compounds in 

the GAC10, GAC20 and UVAOP effluents. All the CECs below the method reporting limits 

were considered to be zero. The pilot influent CEC concentrations are presented in Table A6. 

Table 2.1 shows that with the exception of NDMA, all CECs measured were below action levels 

(as defined by NWRI, 2013) at all points in both trains. NDMA levels were above the 10 ng/L 

action level in the lower EBCT carbon-based train (BAC5 and GAC10), but values were well 

below the action level (10 ng/L) in the higher EBCT train (BAC10 and GAC20). This shows that 

even though the TOC in the carbon-based 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 membrane- and carbon-based treatment approaches. The NDMA 

concentrations were higher in BAC5 and GAC10 due to temperatures below 15oC in the winter 

and the presence of monochloramine residual. Thus the carbon-based process might not provide 

similar TOC removal as the membrane-based process but can provide similar treatment with 

respect to CECs.  
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Table 2.1 Indicator compounds in carbon and membrane-based processes 

  Carbon-based process Membrane-based process 

CECs 

(ng/L) 

Action 

level 

(ng/L) 

GAC10 GAC20 UVAOP 

  Sampling 

events n 

Min  Max Average Sampling 

events n 

Min  Max Average Sampling 

events n 

Min  Max Average 

Public Health 

Indicators 

             

Estradiol *  12 0 0 0 12 0 0 0 9 0 0 0 

Ethinyl 

Estradiol 

*  12 0 0 0 12 0 0 0 9 0 0 0 

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 15.5 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 

Triclo san 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 1.4 12 0 0 0 9 0 0 0 

Dilantin 

(Phenytoin) 

2,000 12 0 0 0 12 0 0 0 9 0 0 0 

Meprobamate 200,000 12 0 9.8 1.4 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 by National Water Research Institute (NWRI), 2013
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Virus inactivation and removal 

MS2 challenge tests have been used to determine virus log removal in membrane and slow sand 

filters (Anderson et al., 2009; Langlet et al., 2009). Like the bacteriophage MS2, PMMoV is a 

non-pathogenic fecal indicator (Rosario et al., 2009) that is useful for assessing virus inactivation 

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 in Table 2.2. The 

MS2 results show that BAC and GAC together had a MS2 LRV of 4 while the LRV for RO was 

>4.5. Similar data were obtained for PMMoV. California regulations require 12-log virus 

removal between raw wastewater and recycled water used for groundwater augmentation by 

direct injection into a drinking water aquifer. Texas approaches direct potable reuse differently, 

requiring a minimum of 8-log 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 achieve a total 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 (achieving non-detectable levels of both indicators 

following GAC); however, as the influent concentrations of PMMoV (7.48 x 103 copies/mL, 

naturally present) and MS2 (9.18 x 105 PFU/mL, spiked from concentrated stock) were lower 

than 12-log, 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 floc/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 carbon-based treatment processes described in 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 enteric viruses such as human polyomavirus, human 

adenovirus 41, norovirus GI and GII enumerated by ddPCR were below detection in the final 
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effluent for both processes (data not shown; UV n=12, UVAOP n=11). Enterovirus was detected 

in both the final effluents (0.23 and 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 2.2 LRV for MS2 (culture -based method) 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 

BAC5 and 

BAC10 

3.5 2 2 5 

GAC10 and 

GAC20 

>0.5*  2 >1*  5 

Combined 

GAC 

effluent with 

chlorine 

N/A 2 N/A N/A 

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 seen in Table A7 and Figure A2. 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 for both 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 were non-detectable 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, dibromochloromethane, 

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). Figure 2.4 shows the TTHM, HAA5, NDMA and N-Nitrosomorpholine 

(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. With the exception of the 3 day samples for 

TTHMs, the remaining TTHM and HAA5 values were under the MCL specifications. The 

TTHMs for 3 day samples were greater than the MCL of 80 µg/L for both GAC columns. It is 

expected that the DBPs formed by final disinfection step will be degraded by SAT (Linlin 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 

for the 1 MGD (3.78 mega L/day) demonstration facility at HRSDôs Nansemond treatment plant.  

NDMA is a disinfection byproduct formed either by ozonation, chlorination of amine-based 

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 (Gerrity et al., 2015), making this a biological process which could be sensitive 

to temperature and disinfectants such as monochloramine. Although there is no MCL 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. Even though 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 influent. Thus 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 increase 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 low-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 monochloramine residual 

to the biofilters. 

 

 

Figure 2.4 Disinfection byproduct formation using chlorine during simulated distribution 

system test.  

*Dashed line indicates the regulatory limit for TTHMs and HAA5 and CA notification limit for NDMA. 
 

Conclusions 

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

and secondary MCLs except for TDS in the carbon-based process. The average TDS in the 

carbon process effluent was 598±71.1 mg/L. However, the 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 processes is comparable. The conclusions are summarized as: 
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¶ TOC was removed below 0.5 mg/L (July 2016-December 2016) in the membrane-based 

process while approximately 4 mg/L of TOC was present (July 2016-April 2017) in the final 

effluent of carbon-based process. The upstream 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 levels defined by NWRI. 

¶ >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.   

¶ The DBP SDS test for the final effluents of both treatment processes showed that the DBPs 

were below the MCL after 8 hours of free chlorine contact time. 

¶ 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 test, the NDMA was already above 10 ng/L in GAC10.  

¶ 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 advanced water treatment projects where desalination is not 

required. 

References 

American Public Health Association, American Water Works Association, Water Environment 

Federation (2012) Standard Methods for the Examination of Water and Wastewater, Rice, E. W., 

Baird, R. B., Eaton, A. D., Clesceri, L.S., Eds.; 22nd ed.; American Public Health Association: 

Washington, D.C.  

Anderson, W. B., DeLoyde, J. L., Van Dyke, M. I., Huck, P. M. (2009) Influence of design and 

operating conditions on the removal of MS2 bacteriophage by pilot-scale multistage slow sand 

filtration. Journal of Water Supply: Research and TechnologyðAQUA 58 (7) 450-462. 

Arnold, M., Batista, J., Dickenson, E., Gerrity, D. (2018) Use of ozone-biofiltration for bulk 

organic removal and disinfection byproduct mitigation in potable reuse applications. 

Chemosphere. 

Buehlmann, P., Vaidya, R., Salazar-Benites, G., Nading, T., Schimmoller, L., Wilson, C., Bott, 

C. (2017) Unlocking the Mysteries of Ozonation: the Interplay between TOC Removal, Pathogen 

Inactivation and Bromate Control through Pilot- and Bench-scale Investigation. Proceedings of 

the Water Environment Federation 12, 2332-2339  



23 

23 

Buffle, M.O., Galli, S., von Gunten, U. (2004) Enhanced bromate control during ozonation: the 

chlorine-ammonia process. Environmental Science and Technology, 38 (19), 5187ï5195 

California Environmental Protection Agency (2016) NDMA and Other Nitrosamines - Drinking 

Water Issues. 

https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/NDMA.shtml 

Cashdollar, J.L., Brinkman, N.E., Griffin, S.M., McMinn, B.R., Rhodes, E.R., Varughese, E.A., 

Grimm, A.C., Parshionikar, S.U., Wymer, L., Fout, G.S. (2013) Development and evaluation of 

EPA method 1615 for detection of enterovirus and norovirus in water. Applied and 

Environmental Microbiology, 79 (1), 215-223. 

Cote, P., Siverns, S., Monti, S. (2005). Comparison of Membrane-based Solutions for Water 

Reclamation and Desalination. Desalination, 182, 251ï257.  

Drewes, J. E., Reinhard, M., Fox, P. (2003) Comparing microfiltration-reverse osmosis and soil-

aquifer treatment for indirect potable reuse of water. Water Research, 37, 3612-3621. 

Focazio, M. J., Speiran, G. K., Rowan, M. E. (1993) Quality of ground water in the coastal plain 

physiographic province of Virginia, U.S. Geological Survey Water-Resources Investigations 

Report 92-4175. 

Gerrity, D., Pisarenko, A. N., Marti, E., Trenholm, R. A., Gerringer, F., Reungoat, J., Dickenson, 

E. (2015) Nitrosamines in pilot-scale and full-scale wastewater treatment plants with ozonation. 

Water Research, 72, 251-261. 

Haramoto, E., Kitajima, M., Kishida, N., kono, Y., Katayama, H., Asami, M., Akiba, M. (2013) 

Occurrence of Pepper Mild Mottle Virus in Drinking Water Sources in Japan. Applied and 

Environmental Microbiology, 79 (23) 7413-7418 

Ikehata, K., Wang, L., Nessl, M. B., Komor, A. T., Cooper, W. J., McVicker, R. R. (2013) Effect 

of Ammonia and Chloramine Pretreatment during the Ozonation of a Colored Groundwater with 

Elevated Bromide. Ozone: Science & Engineering, 35, 438-447 

Kahler, A. M., Johnson, T. B., Hahn, D., Narayanan, J., Derado, G., Hill, V. R. (2015) 

Evaluation of an Ultrafiltration-Based Procedure for Simultaneous Recovery of Diverse 

Microbes in Source Waters. Water (Basel), 7 (3) 1202-1216. 

Keen, O. S., Baik, S., Linden, K. G., Aga, D. S., Love, N. G. (2012) Enhanced Biodegradation of 

Carbamazepine after UV/H2O2 Advanced Oxidation. Environmental Science and Technology, 

46, 6222-6227 

Kitajima, M., Iker, B.C., Pepper, I.L., Gerba, C.P. (2014) Relative abundance and treatment 

reduction of viruses during wastewater treatment processesðidentification of potential viral 

indicators. Science of the Total Environment, 488, 290-296. 

https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/NDMA.shtml


24 

24 

Knopp, G., Prasse, C., Ternes, T. A., Cornel P. (2016) Elimination of micropollutants and 

transformation products from a wastewater treatment plant effluent through pilot scale ozonation 

followed by various activated carbon and biological filters. Water Research, 100, 580-592. 

Krasner, S. W., Mitch, W. A., McCurry, D. L., Hanigan, D., Westerhoff, P. (2013) Formation, 

precursors, control, and occurrence of nitrosamines in drinking water: A review. Water 

Research, 47, 4433-4450. 

Kuroda, K., Nakada, N., Hanamoto, S., Inaba, M., Katayama, H., Do, A.T., Nga, T.T.V., Oguma, 

K., Hayashi, T., Takizawa, S. (2015) Pepper mild mottle virus as an indicator and a tracer of 

fecal pollution in water environments: comparative evaluation with wastewater-tracer 

pharmaceuticals in Hanoi, Vietnam. Science of the Total Environment, 506, 287-298. 

Langlet, J., Ogorzalya, L., Schrotter, J.,  Machinal, C., Gaboriaud, F., Duval, J. F. L., Gantzer, C. 

(2009) Efficiency of MS2 phage and Q phage removal by membrane filtration in water 

treatment: Applicability of real-time RT-PCR method. Journal of Membrane Science 326 (1) 

111-116.  

Linlin, W., Xuan, Z., Meng, Z. (2011) Transformation of dissolved organic matter in a novel 

groundwater recharge system with reclaimed water. Water Environment Research, 83 (12) 2140-

2147. 

McFarland, E. R. (2010) Groundwater-quality data and regional trends in the Virginia Coastal 

Plain, 1906ï2007: U.S. Geological Survey Professional Paper 1772. 

Mitch, W. A., Sharp, J. O., Trussell, R. R., Valentine, R. L., Alvarez-Cohen, L., Sedlak, D. L. 

(2003) N-Nitrosodimethylamine (NDMA) as a Drinking Water Contaminant: A Review. 

Environmental Engineering Science, 20 (5) 389-404. 

Najm, I. and Trussell, R. R. (2001) NDMA formation in water and wastewater. American Water 

Works Association, 93 (2) 92-99. 

National Water Research Institute (2013) Examining the criteria for direct potable reuse. 

WateReuse Research Foundation Project 11-02. 

Polaczyk, A.L., Narayanan, J., Cromeans, T.L., Hahn, D., Roberts, J.M., Amburgey, J.E., Hill, 

V.R. (2008) Ultrafiltration-based techniques for rapid and simultaneous concentration of 

multiple microbe classes from 100-L tap water samples. Journal of Microbiological Methods, 73 

(2), 92-99. 

Raļki, N., Dreo, T., Gutierrez-Aguirre, I., Blejec, A., Ravnikar, M. (2014) Reverse transcriptase 

droplet digital PCR shows high resilience to PCR inhibitors from plant, soil and water samples. 

Plant Methods, 10 (1), 42. 

Rauch-Williams, T., Hoppe-Jones, C., Drewes, J. E. (2010) The role of organic matter in the 

removal of emerging trace organic chemicals during managed aquifer recharge. Water Research, 

44, 449-460.  



25 

25 

Reungoat, J., Macova, M., Escher, B. I., Carswell, S., Mueller, J. F., Keller, J. (2010) Removal 

of micropollutants and reduction of biological activity in a full scale reclamation plant using 

ozonation and activated carbon filtration. Water Research, 44, 625-637. 

Rosario, K., Symonds, E. M., Sinigalliano, C., Stewart, J., Breitbart, M. (2009) Pepper Mild 

Mottle Virus as an Indicator of Fecal Pollution. Applied and Environmental Microbiology, 75 

(22), 7261-7267 

Rosenfeldt, E. J., Linden, K. G., Canonica, S., von Gunten, U. (2006) Comparison of the 

efficiency of ·OH radical formation during ozonation and the advanced oxidation processes 

O3/H2O2 and UV/H2O2. Water Research, 40, 3695-3704. 

Selbes, M., Kim, D., Karanfil, T. (2014) The effect of pre-oxidation on NDMA formation and 

the influence of pH, Water Research, 66, 169-179. 

Snyder, S. A., Adham, S., Redding, A. M., Cannon, F. S., DeCarolis, J., Oppenheimer, J., Wert, 

E. C., Yoon, Y. (2007) Role of membranes and activated carbon in the removal of endocrine 

disruptors and pharmaceuticals. Desalination, 202, 156-181 

State Water Resources Control Board (2015) Regulations Related to Recycled Water. Last 

updated July 16, 2015 from Titles 22 and 17 California Code of Regulations, State Board, 

Division of Drinking Water, Recycled Water Regulations. 

Texas Water Development Board (2015) Direct Potable Reuse Resource Document, Final 

Report. Volume 1of 2.  

Urfer, D., Huck, P. M., Booth, S. D. J., Coffey, B. M. (1997) Biological Filtration and particle 

removal: A critical review. American Water Works Association, 89 (12), 83-98. 

Schimmoller, L. and Kealy, M. J. (2014) Fit for purpose water: the cost of overtreating reclaimed 

water. WateReuse Research Foundation Project number 10-01. 

Wintgens, T., Melin, T., Schafer, A., Khan, S., Muston, M., Bixio, D., Thoeye, C. (2005) The 

role of membrane processes in municipal wastewater reclamation and reuse. Desalination, 178 

(1-3), 1-11. 



26 

26 

APPENDIX A : SUPPLEMENTARY INFORMATION FOR CHAPTER 2  

 

Table A1 Source Water Characteristics 

  

Parameter Min  Max Average 

pH 6.25 7.73 7.19 

Temperature (oC) 14.8 30.3 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 GI  0.00E+00 6.87E+02 1.29E+02 

Norovirus GII  0.00E+00 1.38E+03 2.80E+02 

 

 

Table A2 Design criteria for carbon-based 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 stage 2 G value 20/sec 

Floc stage 3 G value 10/sec 

Lamella plate loading rate  4.07 L/min/m2 

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 monochloramine (3 mg/L) 

BAC5 

Media Depth  1.5 m 

Empty bed contact time 5 min 

Loading Rate  305.5 L/min/m2 

Flow  5.56 L/min 

Chemicals (backwash water) Sodium hypochlorite 0.2 mg/L 

BAC10 

Media Depth  1.5 m 

Empty bed contact time 10 min 

Loading Rate  150.7 L/min/m2 

Flow  2.76 L/min 

Chemicals (backwash water) Sodium hypochlorite 0.2 mg/L 

GAC10 

Media Depth  1.8 m 

Empty bed contact time 10 min 

Loading Rate  183.3 L/min/m2 

Flow  3.33 L/min 

GAC20 

Media Depth  1.8 m 

Empty bed contact time 20 min 

Loading Rate  105.9 L/min/m2 

Flow  1.66 L/min 

UV Disinfection 

Lamp supplier Trojan (UV MAX Pro30) 

Lamp power 200W (low pressure lamp) 

Flow 75.7 L/min 

UV dose >140 mJ/cm2 

Target >4 log removal of male-specific 2 bacteriophage 
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Table A3 Design criteria for membrane-based process  

 

Ultrafiltration  

Supplier DOW & TORAY 

Flow 60.6 L/min 

Flux 47-51 L/hr/m2 

Trans membrane pressure (max) 172-206 Kpa 

Backflush frequency 30 min 

Mini CIP (Acid)  7 days 

Mini CIP (Alkaline)  3 days 

Chemicals Preformed monochloramine (3 mg/L) 

RO 

Supplier Hydranautics 

Flow 58.3 L/min 

Flux 20 L/hr/m2 

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/cm2 

Target 0.5 log removal of 1,4-dioxane 

Chemicals Hydrogen peroxide (5 mg/L) 

 

 

 

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

 

  

Virus  

Forward 

          Primer  

Reverse 

Primer  

  

Probe 

Anne

aling 

Temp

(°C) 

LOD 

copies/

rxn 

  

References 

PMMoV  

GAGTGGTTTG

ACCTTAACGTT

TGA 

TTGTCGGTTGC

AATGCAAGT 

FAM-

CCTACCGAAGCAAATG-

MGB-NFQ 

55 8.9 

Racki et al. 2014; 

Haramoto et al. 

2013 

Hepatitis 

G 

CGGCCAAAAG

GTGGTGGATG 

CGACGAGCCT

GACGTCGGG 

FAM-

AGGTCCCTCTGGCGCTTG

TGGCGAG-TAMRA 

55 N/A 
Cashdollar et al., 

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 µg/L 

Bromoform EPA 624  2 µg/L 

Dibromochloromethane EPA 624  2 µg/L 

Chloroform  EPA 624  2 µg/L 

N-Nitrosodimethylamine 

(NDMA)  

EPA 521 2 ng/L 

N-Nitrosomorpholine EPA 521 2 ng/L 

Bromochloroacetic acid EPA 552.2 1 µg/L 

Bromodichloroacetic acid EPA 552.2 1 µg/L 

Chlorodibromoacetic acid EPA 552.2 2 µg/L 

Dibromoacetic acid EPA 552.2 1 µg/L 

Dichloroacetic acid EPA 552.2 1 µg/L 

Monobromoacetic acid EPA 552.2 1 µg/L 

Monochloroacetic acid EPA 552.2 2 µg/L 

Tribromoacetic acid EPA 552.2 4 µg/L 

Trichloroacetic acid EPA 552.2 1 µg/L 

Total Organic Halides  SW 9020/SM 5320B 50 µg/L 

Estradiol Eurofins LC-MS-MS 5 ng/L 

Ethinyl Estradiol  Eurofins LC-MS-MS 5 ng/L 

DEET Eurofins LC-MS-MS 10 ng/L 

TCEP Eurofins LC-MS-MS 10 ng/L 

Estrone Eurofins LC-MS-MS 5 ng/L 

Sucralose Eurofins LC-MS-MS 100 ng/L 

Triclosan Eurofins LC-MS-MS 10 ng/L 

Atenolol Eurofins LC-MS-MS 5 ng/L 

Carbamazepine Eurofins LC-MS-MS 5 ng/L 

Cotinine Eurofins LC-MS-MS 10 ng/L 

Dilantin (Phenytoin) Eurofins LC-MS-MS 20 ng/L 

Meprobamate Eurofins LC-MS-MS 5 ng/L 

Primidone Eurofins LC-MS-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  30 min 2 hours 8 hours 3 days Ini tial  30 min 2 hours 8 hours 3 days 

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 2.5 2.4 2.5 2.5 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 2.1 3.8 6.7 7.7 1 1 ND 3.4 5.1 

Bromoform 1 7.8 15.1 30.5 47.2 1 5.4 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 37.4 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 **  **  **  **  0.5 

Chlorodibromoacetic acid 1 1 1 2.6 2.7 **  **  **  **  2.3 

Dibromoacetic acid 0.5 8.5 10 12 14 **  **  **  **  15 

Dichloroacetic acid 0.5 1.6 1.8 1.9 2.2 **  **  **  **  0.5 

Monobromoacetic acid 0.5 0.5 1.5 2.3 1.4 **  **  * *  **  1.6 

Monochloroacetic acid 1 1 1 1 1 **  **  **  **  1 

Tribromoacetic acid 2 2 4.7 5.4 2 **  **  **  **  2 

Trichloroacetic acid 1.1 1.2 1.3 1.3 0.5 **  **  **  **  0.5 

HAA5 (MCL: 60 ug/L)  3.6 12.8 15.6 18.5 19.1 **  **  **  **  18.6 

Total Organic Halides (ug/L) 42 170 160 260 180 30 180 240 220 140 

**Data not available 
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Figure A1 Effluent TOC for GAC10 and GAC20 



33 

33 

 

 
 

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, Charles Bott, Germano Salazar-Benites, 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, biologically-activated carbon (BAC) filtration, and granular activated carbon (GAC) 

adsorption. The use of two parallel GAC columns with different empty bed contact times 

(EBCTs) 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 µg/L total average concentration) were detected 

in the source water. These CECs decreased to 7 (25 µg/L) and 4 (11 µg/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 included sucralose, acesulfame-k and 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-k. The flame retardants tris (2-carboxyethyl) phosphine and tris (1-chloro-2-propyl) 

phosphate were adsorbed well by the GAC until 25,000-40,000 BV, after which desorption 

occurred. Thus, these CECs can be important indicators of GAC media exhaustion. Finally, 

sucralose, acesulfame-k 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 ozone-BAC-GAC 

applications for water reuse purposes. 

Introduction   

Wastewater effluents are a valuable 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 



35 

35 

under development 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 processes utilizing 

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 streams originate from various 

anthropogenic sources, including agriculture, use of personal care products, consumption of 

pharmaceuticals and discharge of chemicals from industries. Worldwide, the consumption of 

pharmaceuticals such as antibiotics, anti-inflammatory drugs, analgesics has increased (Couto 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 awareness of these CECs (Amy Sagers et al., 2017; Glassmeyer et al., 2017; Snyder, 

2008). Wastewater treatment plants are not generally designed for CEC removal and, 

consequently, they have been increasingly detected in surface and groundwaters, (Pal et al., 

2014; Nguyen and Westerhoff, 2019; Margot et al., 2013) and are sometimes detected in 

drinking water sources (Knopp et al., 2016). 

For some CECs, even very low concentrations can present human health or ecological concerns, 

especially those with estrogenic activity or that act as endocrine disruptors, (Bolong et al., 2009; 

Pal et al., 2010) which have been shown to be harmful to aquatic life (Knopp et al., 2016; 

Reungoat et al., 2012; Sundaram et al., 2014). The need to achieve such low concentrations 

makes their treatment and management especially challenging. Although most CECs are not 

regulated by the EPA, several are included in the Contaminant Candidate List 3, such as 14-ɓ 

estradiol, 1,4 dioxane, N-nitrosodimethylamine, 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 using UV, ozone-peroxide, or UV persulfate 

(Benner et al., 2013; Gerrity et al., 2011; Zhang et al., 2019). One drawback is that many of the 

treatments that tend to be most effective for CEC destruction are also susceptible to disinfection 

byproducts, in addition to incurring greater maintenance and operation costs (Margot et al., 

2013). Membrane filtration with small pore sizes, such as reverse osmosis or nanofiltration, have 

shown promise for CEC removal, (Drewes et al., 2003) but have the disadvantage of producing 

concentrated brine, which itself poses treatment and disposal challenges. Most recently, there is 
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interest in non-membrane-based AWTs, which utilize sequential ozone (to break up CECs and 

make them more biodegradable), biologically-active GAC (BAC- to biodegrade CECs), and 

GAC (to adsorb recalcitrant, non-biodegradable CECs) to produce a high quality water that is 

more compatible for downstream reuse without production of brine and that is also less costly 

(Zoumpouli et al., 2019; Liu et al., 2019; Dong et al., 2018; Ma et al., 2018). Cost of GAC 

regeneration and replacement is a key limiting factor for the ozone-BAC-GAC configuration, 

thus emphasizing the need to predict removal capacity, optimize performance, and effectively 

judge when GAC has been functionally 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 due to cost and methodological feasibility. One approach is to 

categorize CECs according to various properties and select a sub-set for monitoring purposes.  

Table 3.1 classifies the CECs that were the focus of the present study in terms of: known or 

potential human health risk, ecological impacts, or tendency to occur at high concentrations, 

which facilitates monitoring. With respect to the latter category, sucralose, iohexol, acesulfame, 

hydrochlorothiazide and tris (1-chloro-2-propyl) phosphate (TCPP) were detected 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 compounds (Anumol et al., 2015). However, there is 

not yet agreement in the scientific or regulatory communities regarding which CECs are the most 

meaningful monitoring indicators for evaluating AWT performance when applied for water 

reuse, especially systems such as the ozone-BAC-GAC processes that incorporate biological 

removal. In particular, total 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 ozone-BAC-GAC-based processes and there is need to establish understanding of 

the relationship with CEC removal in the latter and identify appropriately protective limits for 

TOC as an indicator of sufficient CEC removal (Vaidya et al., 2019).  

The main objective of this study was to evaluate the removal of CECs by a pilot-scale ozone-

BAC-GAC AWT process intended for indirect potable reuse, comparing parallel streams with 

two different empty bed contact times (EBCTs). This study sought to evaluate a 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 for TOC to serve as a general indicator of 

performance of this AWT process were evaluated.  

Table 3.1 Candidate indicator compounds and criteria for selection 

 

Indicator compounds Criteria for selection 

Iohexol 

X-ray contrast medium. Occurring at high concentrations in 

WWTP, groundwater and drinking water. Can contribute to 

formation of toxic iodinated disinfection byproducts. 

Acesulfame-K Artificial sweetener. Occurring at high concentrations in WWTP 

Sucralose 
Artificial sweetener. Occurring at high concentrations in WWTP 

effluent 

TCEP Flame retardant. Human health impact. Recalcitrant to oxidation 

TCPP Flame retardant. Human health impact. Recalcitrant to oxidation 

Primidone 
Prescription drug for epilepsy. Surrogate for low molecular weight, 

partially charged cyclics 

Phenytoin 
Prescription drug for seizures. Surrogate for low molecular weight, 

partially charged cyclics 

Cotinine 
Metabolite for nicotine. Surrogate for low molecular weight, 

partially charged cyclics 

Meprobamate 
Prescription drug. Occurring at high concentrations in WWTP 

effluent 

Atenolol 
Prescription drug. Occurring at high concentrations in WWTP 

effluent 

Nonylphenol 
Nonionic surfactant. Occurring at high concentrations. Human 

health impact. 

Sulfamethoxazole Antibiotic. Human health impact 

DEET Insect repellant. Human health impact 

Caffeine 
Metabolite for nicotine. High reactivity with ozone. Potential 

indicator for treatment effectiveness 

Carbamazepine 

Prescription drug. Human health impact and ecological impact. 

Occurring at high concentrations in surface and ground waters 

impacted by wastewater 

Triclosan 
Biocide. High reactivity with ozone. Potential indicator for 

treatment effectiveness 

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

Materials and Methods  

Advanced treatment process 

A pilot-scale ozone-BAC-GAC-based AWT process was operated to treat 20,000 L/day of 

tertiary treated effluent from the 68 MLD Hampton Roads Sanitation Districtôs York River plant. 

The York River plant treatment consisted of primary clarification, secondary treatment with step-

feed aeration and secondary clarification, and tertiary treatment for denitrification using 

methanol-fed, deep-bed denitrification filters. The AWT process configuration was described in 

a recent technical report and prior study (Pruden et al., 2020; Vaidya et al., 2019). In brief, the 

process consisted of coagulation/flocculation/sedimentation followed by ozonation, BAC 

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 followed by cationic floc-aid 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 consisted of lamella plate settlers with a loading rate of 4.1 

Lpm/m2.  

Effluent following sedimentation was ozonated using gas bubble diffusion with a 4.2 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 time of 21 minutes. The 

ozone dose was controlled using dissolved ozone probes (ThermoScientific, Waltham, MA) to 

measure the ozone residual. The ozone to TOC (O3:TOC) ratio, corrected for nitrite, 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, preformed monochloramine was added at a dose 

of 3 mg/L-Cl2 prior to ozonation for controlling bromate formation below the drinking water 

primary maximum contaminant limit of 10 µg/L. The monochloramine residual post ozone was 

dechlorinated using sodium bisulfite prior 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 GAC10 and GAC20, respectively, representing a 10 and 20 min EBCT. The 
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activated carbon media used in the BAC filter was Calgon Filtrasorb 816 and was supported on 

0.3 m of sand with 0.45-0.55 mm diameter and 1.6 uniformity coefficient, while the media used 

in GAC was Calgon Filtrasorb 400. 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 and ensuring that 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 above 3 m or when the effluent turbidity 

increased above 0.1 nephelometric turbidity units. This resulted in a typical run times of 2 days 

for BAC5 and 4 days for BAC10. The backwash frequency for GACs was once every 3-4 

months resulting in longer run times.  

Analytical methods  

TOC was analyzed using standard method SM5310B with a Shimadzu TOC-L analyzer (APHA, 

2012). Samples were collected from the effluents of floc/sed, BAC, and GAC units and analyzed 

for TOC five times per week, while the pilot feed was analyzed for TOC once per week. CECs 

were analyzed in the pilot feed and the effluents of ozone, BAC, and GAC units by Eurofins 

Eaton Analytical (Monrovia, CA). The analysis was done using solid phase extraction high 

performance liquid chromatography with tandem mass spectrometry (HPLC-MS-MS). Samples 

(2.5 mL) were extracted using Oasis HLB solid phase extraction column. The HPLC columns 

used were Kinetex, 1.7 um F5 and Waters, X-Select 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 consisting of ammonium fluoride, formic acid and acetonitrile. Analysis 

was carried out by using electrospray ionization source in positive and negative ionization 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 available. The method 

reporting limits for TOC and CECs are reported in Table B1. The number of CEC sampling 

events for pilot feed, ozone, BAC and GAC effluents were 22, 14, 15 and 24, respectively, over a 

period of 2 years (Table B2). 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 

non-parametric Mann-Whitney rank sum test was 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 correlation 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 ozone-BAC-GAC process over the 2-year 

monitoring period. It was found that the ozonation and GAC adsorption processes were 

responsible for the majority of total CEC removal.   
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Figure 3.1Total concentration (a) and number (b) of CECs detected in the effluent of each 

stage of treatment in the ozone-BAC-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 deviation 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 µg/L reduced 

to 68±54 µg/L), with an average of 15 CECs detected. The pilot flow was split 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 µg/L (12% removal) and 58±34 µg/L (15% removal), 

respectively. The average number of CECs detected were 14±6 and 13±5 in BAC5 and BAC10, 

respectively. There was no significant effect of EBCT on CEC removal (Mann-Whitney rank 

sum test, p = 0.868). This could be the result of varying concentration of CECs in the influent 

(average influent CEC concentration 81±47 µg/L). CECs remaining in the water post ozone are 

likely to also be recalcitrant to biodegradation. Thus, overall contribution of BAC to CEC 

removal was small even with a higher EBCT BAC.  

GAC further reduced the number of detected CECs to 7±4 and 4±3 in GAC10 and GAC20, 

respectively. The average CEC concentration was 25±19 µg/L (58% removal) in GAC10 and 

11±13 µg/L (81% removal) in GAC20 effluent. CEC removal was also a function of BV treated 

and is discussed later. Removal of CECs by GAC20 was significantly greater than that by 

GAC10 (Mann-Whitney rank sum test, p = 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 adsorption in the GAC treatment stages (Figure 

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 TOC was monitored, as it is not expected to contribute substantially 

to CEC removal.  Here, 18% of the influent TOC was removed, reducing the average influent of 

7.9±1.3 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; Mann-Whitney 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 pilot-scale ozone biofiltration system used for potable reuse application (Gifford et 

al., 2018). The source water to the pilot-scale ozone was biologically treated secondary effluent 

from a full-scale membrane bioreactor, with a TOC of 6-8 mg/L. The maximum TOC removal in 

this study was 26-30% in BAC for an O3:TOC dose of 1.12 at an EBCT of 10 min (Gifford et al., 

2018). 

TOC removal during the GAC stage depended on the cumulative BVs utilized, as shown in 

Figure 3.2. TOC removal initially declined 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 had greater TOC removal than GAC10 (Mann-Whitney 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).  

 

Potential Indicators  

Out of the total suite of 96 compounds, 22 were not detected in the influent or any of the 

intermediate treatment steps. A detailed summary of all CECs and their average removal is 

reported in Table B3. Out of the detected CECs, 18 were selected 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 (Table 3.1). Figure 3.3 shows the percentage of 

number of sampling events during which these CECs were detected at different stages 

throughout the treatment process. Similarly, Figure 3.4 reports the average concentration of these 

CECs at each treatment stage. Ozone and GAC were responsible for majority of the CEC 

removal, which is in agreement with other studies (Vatankhah et al., 2019; Guillossou et al., 

2019; Ostman et al., 2018). Vatankhah et al. (2019) reported greater removal of tris (2-

carboxyethyl) phosphine (TCEP), meprobamate, and sucralose with a combination of ozone plus 

GAC, compared to removal by ozone or GAC alone. Guillossou (2019) demonstrated >70% 

removal of micropollutants such as diuron, imidacloprid, norfloxacin and propranolol by 

adsorption on GAC. Similarly, Ostman (2018) achieved > 90% removal by ozonation and > 80% 

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 due to its persistence in wastewater 

treatment plants (NWRI, 2013; Doummar and Aoun, 2018; Soh et al., 2011; Tollefsen 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 post-pilot feed, showing that ozone was able to remove 

these compounds even at lowest ozone doses (O3:TOC 0.1). Triclosan has a high reactivity with 

ozone, with a kO3 of 4×107 M-1s-1 (Gerrity et al., 2012). Similar effectiveness was shown in 

removal of these compounds with ozone (Blackbeard et al., 2016; Sundaram et al., 2020). 

Carbamazepine was detected in 18 sampling events (average 206 µg/L) in the pilot feed, but was 

removed by ozone to an average concentration of 94 µg/L, detected only during 2 sampling 
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events and subsequently removed by the GAC stage. Carbamazepine is polar and has shown to 

be recalcitrant to biodegradation, requiring advanced oxidation such as UV/hydrogen peroxide 

for its removal (Keen et al., 2012). N, N-Diethyl-meta-toluamide (DEET) was detected in only 7 

sampling events in ozone effluent and was removed by a combination of ozone and GAC. With a 

kO3 of <10 M-1s-1, DEET is probably moderately reactive with ozone due to the presence of 

amide group, but only 50-80% removal was achieved by ozonation in a full-scale ozonation plant 

(Gerrity et al., 2012; Sui et al., 2010). Another study found that DEET was mainly removed by 

ozone and GAC adsorption, with 80-90% removal being driven by ozonation itself. Even though 

cotinine is not readily reactive with ozone, 47.0±27.7% 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 influent. Sulfamethoxazole is an antibiotic, and although only 

partially removed in wastewater treatment plants, there are a few studies that have shown 

biodegradation of sulfamethoxazole using individual bacterial strains (Deng et al., 2018; Bouju 

et al., 2012; Jiang et al., 2014). The concern with presence of antibiotics in reclaimed water is 

that it can place selection pressure on antibiotic-resistant bacteria, making it imperative to 

monitor the removal of at least one representative antibiotic compound (Bengtsson-Palme and 

Larsson, 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 µg/L, but was removed by ozone. 

Knopp et al. (2016) achieved greater than 90% removal of sulfamethoxazole in ozone and 

complete removal after BAC and GAC with influent concentrations of 0.5±0.2 µg/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 0.22 µg/L. 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 compound. Primidone with a 

kO3 of 1 M-1s-1 has a moderate reactivity with ozone, (Gerrity et al., 2012) but had an average 

removal of 34±46.7% and was detected in 10 sampling events.  

 

CECs removed by biodegradation in BAC 

4-Nonylphenol was removed in BAC, with an average removal of 36.0±46.4% in BAC5 and 

58±26% in BAC10. Nonylphenol is a degradation product of nonylphenol polyethoxylates and 

has been shown to be removed by biodegradation with half-lives ranging from a few days to a 
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hundred years (Mao et al., 2012). Atenolol and flame retardants TCEP and TCPP showed better 

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. 

 

  
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. Acesulfame-K 3. TCEP 4. 

4-Nonylphenol 5. Atenolol 6. Iohexol 7. TCPP 8. Sulfamethoxazole 9. Carbamazepine 10. 

Triclosan 11. DEET 12. Cotinine 13. Primidone 14. Estrone 15. Meprobamate 16. Caffeine 17. 

Phenytoin 18. Ethinyl Estradiol-17Ŭ) 
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Figure 3.4 Log of average concentrations (ng/L) of indicator CECs listed in Table 1 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. Iohexol 3. Acesulfame-K 

4.4-Nonylphenol 5. Sulfamethoxazole 6. TCPP 7. Carbamazepine 8. TCEP 9. Caffeine 10. 

Primidone 11. Phenytoin 12. Atenolol 13. TCEP 14. DEET 15. Triclosan 16. Ethinyl Estradiol-

17Ŭ 17. Meprobamate 18. Estrone) 

 

CECs removed by GAC 

Carbamazepine was never detected in either of the GAC effluents, demonstrating good 

adsorption of this compound, even after 100,000 bed volumes in GAC10. This is in agreement 

with other studies (Sun et al., 2018; Sundaram et al., 2019). Caffeine was not detected in 
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GAC10, but was detected in 2 sampling events, with an average concentration of 0.1 µg/L in 

GAC20. This could have been due to contamination during sample collection, since it was not 

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 cause of detection. Caffeine is primarily 

removed by adsorption and was shown to desorb after spiking 1 µg/L of caffeine in a BAC filter 

(Greenstein et al., 2018). Phenytoin, a prescription drug, was below detection limit in GAC20 

throughout all sampling events and 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.  

Meprobamate was detected only during 3 events in GAC10 and once in GAC20 at 40,000 BV. 

Meprobamate is an anti-anxiety drug and has shown to be removed by ozonation and adsorption 

(Sundaram et al., 2019; Lee et al., 2012). Sun et al. (2018) observed less than 60% removal by 

ozonation, while Lee et al. (2012) achieved 80% removal in ozone at a dose of 8 mg/L. The kO3 

for meprobamate is 1 M-1s-1 and k0H* is 4×109, making it weakly reactive with ozone and 

moderately with hydroxyl radical. (Gerrity et al., 2012). Desorption in meprobamate occurred in 

GAC10, which could be due to low O3:TOC of 0.2 due to high nitrite concentrations of 

0.36±0.11 mg-N/L during prior six days of the sampling event. Nonylphenol was detected in 

GAC10 during 9 sampling events, as opposed to 3 events in GAC20. The maximum 

concentrations of CECs in the effluent of GAC10 and GAC20 were still below the action limits 

as defined by NWRI report (NWRI, 2013). Sulfamethoxazole has been shown to be repeatedly 

detected in other AWT studies (Drewes et al., 2008), and here was completely removed, except 

for one sampling event in GAC10 after 80,000 BV 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 feed in 21 out 22 sampling events and 20 times in GAC10 

and 15 times in GAC20 out of total 24 sampling events. The average concentration of sucralose 

in the pilot feed was 58.8 µg/L, while it was 22.9 µg/L in GAC10 and 1 µg/L in GAC20. 

Sundaram and Pagilla (2019) found similar results in their 10 and 20 min BAC after 65,000 and 

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 µg/L were reduced to 30.7 µg/L in a 
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10 minute EBCT BAC and 1.6 µg/L in a 20 minute EBCT BAC. Iohexol was 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, but showed desorption in GAC10 with increasing BV, as discussed 

in the next section.  

CEC breakthrough in GAC 

Figure 3.5 shows breakthrough plots (C/Co) for GAC10 and GAC20. There were 7 compounds 

on the list in Table 1 detected more than 5 times in GAC10 effluent out of 24 sampling events. 

The removal in the GAC effluent was calculated based on the pilot influent, thus estimating the 

overall removal in the process. All values below detection limit were considered to be zero for 

calculating C/Co. Desorption of a compound was defined as C/Co > 1.0. 

Iohexol  

Iohexol is typically found in hospital wastes, since it is present in an iodinated X-ray contrast 

medium (Doummar and Aoun, 2018). Ozone and chlorine have shown poor oxidation of iohexol, 

whereas advanced oxidation with UV peroxide or UV persulfate has been effective in 

mineralizing iohexol (Hu et al., 2019). Effluent iohexol concentrations increased with increasing 

bed volumes in both GAC10 and GAC20. Iohexol was detected in GAC10 and GAC20 after 

11,000 and 10,000 BV, respectively. Removal dropped below 90% at 20,000-30,000 BV. 

Although Knopp et al. (2016) showed slow decrease in C/C0 for X-ray contrast media diatrizoate 

and iomeprol due to biological transformation in BAC, the adsorption of these compounds is also 

poor due to high polarity (Thomsen, 2006; Butzen, 2007).  

Sucralose 

 Sucralose is an artificial sweetener known to be persistent in wastewater samples (Oppenheimer 

et al., 2011). Sucralose is generally recalcitrant to biodegradation and ozone oxidation 

(Sundaram et al., 2019; Greenstein 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 but was below detection after 7,500 BV until 12,700 BV. Removal dropped below 

75% at 30,000-40,000 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 
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desorption of sucralose that had been adsorbed earlier, while the breakthrough equilibria did not 

cross the threshold needed for desorption in GAC20, since the media 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 removal of sucralose by BAC, given that the 

carbon was already exhausted and did not have additional sites for adsorption of sucralose.  

 
Figure 3.5 Breakthrough plots for CECs detected in GAC effluent (C) as a function of 

number of bed volumes (BVs) at that point in operation.   
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Removal is calculated relative to pilot influent (Co). TCEP and TCPP are two flame retardants 

tris-(2-chloroethyl)-phosphate and tris-(2-chloropropyl)-phosphate. 

TCEP and TCPP 

 TCEP and TCPP are both flame retardants that are resistant to ozone, primarily because they are 

completely oxidized and are primarily removed by adsorption (Sun 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/Co as high as 2.6 and 3 

respectively, in GAC10 only. This could be contamination of the sample, as there was no 

detection in GAC10 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 their selection as indicators of GAC exhaustion. There 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 for TCEP. 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 removed by ozone 

and biodegradation (Sundaram et al., 2020; Sun et al., 2018). Cotinine started to breakthrough at 

40,000 and 80,000 BV in GAC20 and GAC10, respectively. The effluent concentrations 

continued to increase with increasing BV. The influent concentrations were 0.09 µg/L during 

those breakthrough events, which was greater than the previous sampling events by 0.06 µg/L. 

Kennedy et al. (2015) found that there was 10% breakthrough in cotinine at 12,500 BV in an 18 

min EBCT GAC.  

Acesulfame-k 

Although the artificial sweetener acesulfame-k has shown to be biodegradable at 50 µg/L and 

converted to sulfamic acid (Castronovo et al., 2017), desorption of this compound was observed 

in both GAC10 and GAC20 in this study. This resulted in C/Co ratios as high as 5 after 50,000 

and 28,000 BV in GAC10 and GAC20. The variation in the influent acesulfame-k concentration 

affected the removal by GAC. Desorption from GAC can be attributed to a spike in influent 
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concentrations that occurred during March-April, 2017, to 16 µg/L as opposed to an average of 

2.0±1.9 µg/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. Desorption continued for 3 months, even though the influent 

acesulfame-k concentrations decreased to original concentrations. The C/Co values reduced to 

0.6 and 0.8 in GAC10 and GAC20, respectively post desorption. Studies have shown that 

acesulfame can be oxidized 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 acesulfame-k 

adsorbed on the GAC (Scheurer et al., 2010).  

Primidone  

Primidone is a prescription drug used for epilepsy and was removed mainly by adsorption 

(Sundaram and Pagilla, 2019). Breakthrough in 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/Co for 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  

Table 3.2 reports the correlation coefficient for Pearson product-moment correlation and the non-

parametric Spearman rank order correlation (for data that were not distributed normally) between 

effluent TOC concentrations (mg/L) of a given stage and CEC concentrations (ng/L) 

corresponding to the same stage. Table 3.3 reports the correlations between TOC removed and 

CEC removed at a given treatment stage. Effluent CEC and TOC was found to be significantly 

correlated for both GAC and 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 highest concentrations and made up most of the total CEC concentration 

(Figure 3.4). Apart from sucralose, iohexol and acesulfame-k were also detected consistently. 

Iohexol made up 15%±14% and 17%±18% of total CEC concentration in GAC10 and GAC20 
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effluents, respectively. Similarly, acesulfame-k made 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 acesulfame-k and individual 

concentrations was evaluated. Sucralose and acesulfame-k were 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 effluent of both BAC and 

GAC columns. This shows that TOC can be a surrogate for sucralose and acesulfame-k under the 

conditions this study, suggesting that these compounds are worthy of evaluation to determine if 

they are useful as more general indicators of total CEC removal by GAC in other AWTs. CECs 

apart from sucralose, acesulfame-k and iohexol did not correlate with TOC. Apart from these 

three CECs, TCEP, TCPP, and primidone started increasing in GAC10 after 40,000-50,000 BV 

and might become important with increasing BV (Figure 3.5). 

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 the pilot 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 correlations 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 concentration (sucralose+acesulfame-k+iohexol) was observed when the 

TOC in GAC10 and GAC20 exceeded 3 mg/L, as shown in Figures B2 and B3. This shows that 

acesulfame-k, iohexol and sucralose can be used as indicator compounds for determining the 

performance of GAC. Further, since these compounds correlated with TOC, they can be used as 

public health indicators for periods when TOC exceeded 3 mg/L. The concentrations of these 

compounds in the effluent were below the health advisory levels (NWRI, 2013), but they can 

still be useful for predicting deterioration in the performance of GAC given that they will likely 

be detected before other CECs that may have more critical health impacts. Thus, these indicator 

compounds, along with TOC, are suitable candidates for evaluating the exhaustion and need for 

replacement of GAC media, the capital costs of which can be a substantial barrier to 

implementation of carbon-based AWTs for water reuse.  
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Table 3.2 Statistical analysis representing correlation 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  Ace-K  Iohexol  Sucralose+Acesulfame-

k+Iohexol  

CECs excluding 

Sucralose+Acesulfame-

k+Iohexol  

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 -0.009 -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 concentration or individual compounds such as 

sucralose, iohexol, acesulfame-k or 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 3.3 Statistical analysis representing correlation coefficient for Pearson product moment correlation and Spearman rank 

order correlation for CEC (ng/L) and TOC (mg/L) removed. 

 ȹTOC and ȹCEC represents the TOC and CEC removed between the given treatment stage and the immediate upstream 

stage. 

 

ȹTOC Total 

ȹCEC 

ȹSucralose ȹAce-K ȹIohexol ȹSucralose+Acesulfame-

k+Iohexol 

ȹCECs without 

Sucralose+Acesulfame-

K+Iohexol 

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 
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The correlation was checked between each row and each column. Each column represents either concentration of total CEC removed, or concentrations of 

individual compounds removed such as sucralose, iohexol, acesulfame-k or the total concentration of CECs removed without these compounds. The sample 

location is described in each row. Each cell denotes the correlation between TOC removed and CEC removed at that specific location. 
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Conclusions 

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 in the 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 which there was desorption in GAC. The correlation analysis between the 

concentration of the CECs detected and TOC showed that sucralose, iohexol and acesulfame-k 

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 results of 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. Breakthrough of compounds 

such as sucralose, TCEP, TCPP and primidone occurred at 30,000-40,000 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 EBCTs, respectively. This information can be useful while designing a 

full -scale GAC column for removal of CECs. Apart from decision making for operational 

parameters, this study shows that a thorough analysis of TOC and CECs in an AWT system 

combined with toxicity results of these CECs can be useful 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 

2,4-D 5 Iohexal 10 

4-nonylphenol - semi quantitative 400 Iopromide 5 

4-tert -Octylphenol 50 Isobutylparaben 5 

Acesulfame-K  20 Isoproturon  100 

Acetaminophen 5 Ketoprofen 5 

Albuterol  5 Ketorolac 5 

Amoxicilli n (semi-quantitative) 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 5 Sulfamethizole 5 

Diclofenac 5 Sulfamethoxazole 5 

Phenytoin 20 Sulfathiazole 5 

Diltiazem 5 TCEP 10 

Diuron  5 TCPP 100 

Erythromycin  10 TDCPP 100 

Estradiol 5 Testosterone 5 

Estriol  5 Theobromine 5 

Estrone 5 Theophylline (semi-quantitative) 10 

Ethinyl Estradiol - 17 alpha 5 Thiabendazole 5 

Ethylparaben 20 Triclocarban 20 

Flumeqine 10 Triclosan 20 

Fluoxetine 5 Trimethoprim  5 

  Warfarin  5 

 

 

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

 

Sampling 

events 
TOC CEC 

Pilot Feed 75 22 

Floc/Sed 445 6 

Ozone N/A*  14 

BAC5 446 15 

BAC10 444 15 

GAC10 445 24 

GAC20 444 24 

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

removal in ozone.



 

1 

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 

Sampling 
events 

22 14 15 15 24 24 

 
Dete
cted 

Average 
mass 

Dete
cted 

Average 
mass 

Aver
age 
% 

Rem
oval 

Dete
cted 

Average 
mass 

Aver
age 
% 

Rem
oval 

Dete
cted 

Average 
mass 

Avera
ge % 
Remo

val 

Dete
cted 

Average 
mass 

Aver
age 
% 

Rem
oval 

Dete
cted 

Average 
mass 

Aver
age 
% 

Rem
oval 

2,4-D 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 - 

semi 
quantitative 

20 
962±579.

4 
11 

675±776.
8 

31±1
06.3 

8 
270±158.

2 
36±4
6.4 

5 
314±171.

6 
58±26

.0 
9 

247±248.
0 

66±8.
1 

4 
318±260.

7  

4-tert-
octylphenol 

7 149±64.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

1 170±0.0 
 

1 190±0.0 
 

Acesulfame-K 20 
2,920±4,7

28.1 
11 

7,507±9,2
64.2 

56±3
5.2 

15 
7,720±10,

607.8 

-
97±3
09.5 

15 
5,901±9,2

68.6 

-
166±5
86.7 

23 
3,059±6,5

23.9 

-
30±1
54.2 

19 
3,403±7,

971.8 

-
56±1
53.7 

Bendroflumet
hiazide 

0 0±0.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

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 
 

Chlorampheni
col 

0 0±0.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Clofibric Acid 3 9±5.9 1 13±0.0 
 

2 10±5.5 
 

0 0±0.0 
 

1 8±0.0 
 

0 0±0.0 
 

Diclofenac 10 
258±110.

2 
2 

169±228.
3  

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 

alpha 
1 32±0.0 1 42±0.0 

 
2 24±19.1 

 
2 13±11.2 

 
0 0±0.0 

 
0 0±0.0 

 

Ethylparaben 0 0±0.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

1 20±0.0 
 

0 0±0.0 
 

Gemfibrozil 15 
131±162.

4 
2 86±77.1 

 
3 44±65.8 

 
2 29±30.9 

 
0 0±0.0 

 
0 0±0.0 
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Ibuprofen 3 
630±506.

9 
4 

165±153.
3  

4 
154±135.

5  
4 

131±117.
5  

2 25±21.2 
 

0 0±0.0 
 

Iohexal 19 
15,900±9,

364.3 
12 

12,358±9,
948.4 

35±3
9.9 

13 
10,608±6,

279.3 

-
18±1
12.3 

13 
8,192±5,6

32.9 
17±71

.9 
20 

3,282±3,6
33.5 

64±2
3.5 

17 
2,483±2,

866.2 
59±1
4.2 

Iopromide 6 34±57.3 5 15±12.9 
21±0.

0 
3 14±5.6 

 
3 14±6.2 

 
2 

288±312.
5  

1 11±0.0 
 

Isobutylparab
en 

0 0±0.0 1 5±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Methylparabe
n 

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±73.2 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Propylparabe
n 

3 31±42.1 2 17±15.6 
 

4 6±0.9 
 

1 8±0.0 
 

1 5±0.0 
 

4 11±9.9 
 

Sucralose 22 
58,864±4
7,505.7 

13 
52,231±4
7,044.6 

24±3
5.8 

14 
44,571±3
5,593.2 

5±32.
8 

15 
43,400±3
2,359.1 

9±28.
8 

20 
22,970±1
5,088.0 

17±1
6.1 

15 
10,333±9

,882.4 
62±2
4.6 

Triclocarban 
(TCC) 

2 14±9.6 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Triclosan 17 38±23.3 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Warfarin 7 94±225.8 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

1,7-
Dimethylxant

hine 
2 73±81.3 2 26±7.8 

 
1 29±0.0 

 
1 28±0.0 

 
1 26±0.0 

 
3 31±14.8 

 

Acetaminoph
en 

3 19±8.5 7 40±15.6 
-

64±1
54.1 

9 
172±423.

3 
19±2
0.7 

7 53±57.5 
-

54±17
7.9 

4 85±63.8 
 

4 41±23.6 
 

Albuterol 5 20±13.8 1 98±0.0 
 

1 78±0.0 
 

1 180±0.0 
 

1 260±0.0 
 

2 95±50.2 
 

Amoxicillin 11 
625±556.

3 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 

Andorostened
ione 

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±71.9 3 
212±293.

3  
6 78±129.1 

46±1
1.6 

6 89±106.7 
-

79±18
3.8 

3 27±15.8 
 

1 650±0.0 
 

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 0 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 74±92.7 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Caffeine 5 89±59.4 4 
431±845.

7  
2 29±20.5 

 
2 25±25.7 

 
0 0±0.0 

 
2 

102±110.
3  

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
e 

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 
 

Chlorotoluron 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 
238±132.

6 
1 1,200±0.0 

 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 

Cotinine 15 57±38.3 11 89±136.0 
47±2
7.7 

12 73±69.6 
-

14±5
8.7 

11 87±119.4 
-

18±12
6.5 

5 30±25.3 
57±3
1.4 

5 
115±188.

7 
27±1
00.6 

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 14±0.0 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 55±72.0 7 
131±215.

6 
48±1
1.0 

9 94±162.2 
14±1
6.7 

8 
113±148.

2 

-
41±16

3.2 
4 68±57.2 

 
0 0±0.0 

 

Dehydronifed
ipine 

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 89±70.4 4 43±24.7 
 

4 40±24.9 
 

4 62±46.3 
 

1 27±0.0 
 

0 0±0.0 
 

Diltiazem 18 
201±177.

4 
1 270±0.0 

 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 

Diuron 6 75±79.5 9 23±19.2 
57±2
5.4 

5 13±6.2 
55±1
6.5 

4 11±11.1 
 

0 0±0.0 
 

0 0±0.0 
 

Erythromycin 11 62±51.8 3 21±15.9 
 

2 16±2.1 
 

2 12±1.4 
 

2 12±0.7 
 

2 37±33.2 
 

Flumeqine 1 10±0.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Fluoxetine 8 19±9.3 1 22±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Isoproturon 0 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 44±64.2 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 11±0.0 
 

Lidocaine 21 
426±395.

3 
6 80±161.9 

84±2
3.0 

2 17±12.2 
 

2 6±1.2 
 

0 0±0.0 
 

1 11±0.0 
 

Lincomycin 0 0±0.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Linuron 3 12±5.5 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

1 9±0.0 
 

1 33±0.0 
 

Lopressor 14 
521±300.

9 
4 

189±183.
0  

5 
119±185.

4 
33±3
6.4 

5 
114±139.

6 
7±18.

3 
1 23±0.0 

 
0 0±0.0 
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Meclofenamic 
Acid 

5 
199±107.

7 
2 

114±149.
9  

1 7±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Meprobamat
e 

6 26±16.5 8 17±10.8 
-

31±1
26.4 

9 15±9.4 
19±2
1.0 

9 18±6.6 
-

12±48
.9 

5 11±4.1 
11±4
2.1 

1 6±0.0 
 

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 35±15.6 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Norethisteron
e 

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

, methyl) 
0 0±0.0 0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 
0 0±0.0 

 

Oxolinic Acid 0 0±0.0 0 0±0.0 
 

0 0±0.0 
 

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±24.6 
34±4
6.7 

10 57±38.9 
7±39.

1 
11 82±144.1 

-
25±16

4.1 
9 40±62.1 

25±5
7.6 

2 63±81.2 
 

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 43±58.2 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
ridazine 

0 0±0.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

1 5±0.0 
 

0 0±0.0 
 

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 
 

Sulfadimetho
xine 

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 
 

Sulfamethazi
ne 

0 0±0.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Sulfamethizol
e 

0 0±0.0 0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Sulfamethoxa
zole 

19 
857±831.

3 
3 

291±475.
5  

2 19±0.7 
 

3 14±7.1 
 

1 11±0.0 
 

1 8±0.0 
 

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 20 117±31.9 14 116±38.7 
0±22.

8 
15 98±33.6 

10±2
5.4 

15 
115±125.

3 
2±77.

0 
14 65±94.9 

38±5
7.4 

2 26±11.3 
 

TCPP 19 
753±423.

6 
13 

865±367.
2 

-
21±5
0.8 

15 
739±422.

1 
24±2
9.1 

14 
1,082±1,6

75.3 

-
2±123

.2 
13 

551±950.
2 

33±7
4.0 

2 160±70.7 
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TDCPP 21 
484±279.

3 
14 

466±145.
2 

17±1
8.9 

12 
348±201.

0 
25±3
4.0 

9 
554±775.

7 

-
11±15

5.4 
1 110±0.0 

 
0 0±0.0 

 

Testosterone 2 30±24.0 0 0±0.0 
 

1 7±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

Theobromine 4 
267±208.

8 
3 59±36.1 

 
5 26±17.3 

38±5
2.0 

4 18±5.7 
 

2 71±84.1 
 

3 59±38.0 
 

Theophylline 3 
307±335.

6 
2 51±32.5 

 
1 21±0.0 

 
2 41±10.6 

 
2 24±2.8 

 
2 31±1.4 

 

Thiabendazol
e 

2 17±14.1 1 6±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

1 6±0.0 
 

0 0±0.0 
 

Trimethoprim 18 111±88.4 2 94±121.6 
 

1 7±0.0 
 

0 0±0.0 
 

0 0±0.0 
 

2 
303±420.

7  
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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 each stage are included in Table B2. 

 

Figure B2 Correlation between the sum of concentrations of sucralose, acesulfame-k and 

iohexol (µg/L) and TOC (mg/L) in GAC10 effluent. 
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Figure B3 Correlation between the sum of concentrations of sucralose, acesulfame-k and 

iohexol (µg/L) and TOC (mg/L) in GAC20 effluent. 
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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 Wilson, Germano Salazar-Benites, Amy Pruden, Charles Bott 

 

Abstract 

Removal of contaminants of emerging concern (CECs) is an important consideration in 

designing advanced water treatment (AWT) systems for potable reuse. The effectiveness of 

ozonation, biologically-activated carbon (BAC) filtration, and granular activated carbon (GAC) 

adsorption in the removal of 96 CECs was assessed in an AWT system. During phase 1, O3/TOC 

was varied between 0 to 1.5 (corrected for nitrite). Two empty bed contact times (EBCTs) of 5 

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 adsorption capacity had been used through 

previous operation. CEC concentration in the influent to the BAC varied with ozone dose, with a 

concentration of 20.5 µg/L and 6 CECs detected at the highest ozone dose (1.5 O3/TOC). During 

phase 2, EBCT was maintained at 15 minutes for 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, with removal decreasing with increasing BV. The CEC 

removal decreased to 70% after 20,000 BV, with 7 CECs, sucralose, iohexol, acesulfame-k, 

meprobamate, cotinine, primidone and acetaminophen being detected. Ozone doses for CEC 

removal and BV needed for adsorption 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 treatment (AWT) systems used for potable reuse have started incorporating the 

use of ozone, biologically-activated 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 included in the 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 limiting aspect 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, biodegradation, and 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 in downstream BAC in a pilot-scale 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 been widely 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 increasing ozone 

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) reported similar 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 as DEET, 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 in biodegradation 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 contributing to CEC 

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, EBCT may 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 has been primarily 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 CECs resulting 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 potable reuse 

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 expanded upon based on the 

results of this study. 

 

Advanced water treatment process 

Pilot-scale process (13.8 L/min) 

A pilot-scale advanced treatment process consisting of coagulation flocculation and 

sedimentation followed by ozonation and BAC and GAC was operated at HRSDôs Nansemond 

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 a 5-stage Bardenpho 

treatment process with methanol addition for enhanced denitrification. In the 

coagulation/flocculation/sedimentation process, the secondary effluent initially passed through 

two rapid mix stages, where the coagulant aluminum chlorohydrate was dosed at 25 mg/L (as 

product) followed by cationic floc-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/stage. The flocculation step consisted of three stages with tapered Gt values of 44,880, 

22440, 11220. The sedimentation step consisted of lamella plate settles with a loading rate of 4.1 

Lpm/m2.  
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Effluent from the settling basin was ozonated in a 0.15 m × 4.1 m (w× h) reactor with fine 

bubble diffusion. Four additional columns of the same dimensions were added post the ozone 

reactor to allow for a total contact time of 21 minutes. The ozone dose was controlled based on 

online measurement of ozone residual such that O3/TOC ratio was varied from 0 to 1.5. The 

ozone effluent was split into two BACs operating 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, respectively, representing EBCTs of 10 and 20 

min. The activated carbon media used in the BAC filter was Calgon Filtrasorb 816 and was 

supported on 0.3 m of sand with an effective size of 0.45-0.55 mm and 1.6 uniformity 

coefficient, while the media used in GAC was Calgon Filtrasorb 400. The BAC and GAC 

columns were operated for a period 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 

and 50,000 BV by the time of this study. BAC was backwashed using the GAC10 effluent when 

the headloss in the filter increased above 3 m or when the effluent turbidity increased above 0.1 

nephelometric turbidity units. This resulted in a typical run times of 2 days for BAC5 and 4 days 

for BAC10. The backwash frequency for GACs was once every 3-4 months resulting in longer 

run times. 

Demonstration-scale process (3.78 ML/day) 

The demonstration-scale process was similar to the pilot-scale process and consisted of 

coagulation, flocculation and sedimentation followed by ozonation.  The source water was 

identical to the pilot-scale process. The coagulant used in the 3.78 ML/day was same as the pilot-

scale coagulation process and was fed at same dose. Clarifloc 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 Lpm/m2. Ozone 

was supplied through a sidestream venturi injector 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 according to EPA Disinfection Profiling and 

Benchmarking Guidance Manual (US EPA, 1999). The CT needed to maintain this disinfection 

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

the contactor. Preformed monochloramine was added at a dose of 5 mg/L Cl2 prior to ozonation 
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in order to control bromate formation from bromide in the source water to below the drinking 

water primary maximum contaminant limit of 10 µg/L. The monochloramine residual post-ozone 

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 

ozone/TOC ratio, corrected for nitrite, was varied from 0 to 1.5. 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, BAC10 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 

demonstration-scale ozone system. The ozone/TOC ratio was not varied and had an average 

value of 0.64±0.05. 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 different CECs was analyzed in the effluents of ozone, BAC, and GAC units by 

Eurofins Eaton Analytical (Monrovia, CA). Samples were collected for a period of 14 months 

and included a total of 11 sampling events. The analysis was done by using solid phase 

extraction high performance liquid chromatography with tandem mass spectrometry (HPLC-MS-

MS). 2.5 mL of sample volume was extracted using Oasis HLB solid phase extraction column. 

The HPLC columns used were Kinetex, 1.7 µm F5 and Waters, X-Select HSS T3, 2.5 µM, 

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 consisting of ammonium fluoride, formic acid, 

and acetonitrile. Analysis was carried out by using electrospray ionization source in positive and 

negative ionization 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 available. The method reporting limits for TOC and CECs are reported in Table B1. 
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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 µg/L of total CEC concentration with 20 CECs detected 

in ozone effluent, an average of only two CECs were removed in BAC10 and one in BAC5, with 

an average effluent CEC concentration of 42 and 40 µg/L, respectively. This low average 

removal of 15% in BAC could be attributed to varying ozone dose, thus changing the amount of 

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 was no benefit 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 biodegradation of these 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 being in service 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 number 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 apparent from the CEC 

removal and CECs detected in the GAC15A effluent (Figures 2 and 3). There was no desorption 

from the BAC indicated 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 17.6% for BAC10B 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 removal in GAC after 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 GAC15B were 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 media was getting exhausted.  

 
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 the BAC and GAC 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 

ozone, 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 represent standard deviation in 6 sampling 

events in phase 2. 



79 

 

 
Figure 4.3 Percentage of CEC removed in BAC and GAC during 6 sampling events during 

phase 2.  

Removal was calculated based on the effluent concentration in the immediate upstream stage. 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. 

 

3.2 CEC removal with varying ozone dose 

Ozone dose was varied between 0 to 1.5 mg/L during 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 µg/L during two sampling events when ozone was shutdown. This 

concentration decreased with increasing ozone dose and was the least (20.5 µg/L) with an 

O3/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 an O3/TOC of 1.47. This shows that ozone itself plays an 

important role in 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 and ozone effluent 
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CEC concentration. The removal in GAC was significant, since GAC20 removed CEC 

concentration down to 15 µg/L with ten or fewer CECs detected in the effluent, regardless of the 

ozone dose. The CECs detected in GAC20 at the highest O3/TOC dose of 1.47 included artificial 

sweeteners acesulfame-k and sucralose, x-ray 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 can prove to be important indicators for treatment 

operation. Acesulfame-k concentrations in GAC20 effluent were greater than the influent 

concentration by an order of magnitude, indicating desorption of previously adsorbed 

concentrations of acesulfame-k. 

These results 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 ozone could not be 

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 and monitoring 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 replacement. The 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 disinfection 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 4.4 Total concentration (a) and number (b) of CECs detected in the effluent of 

ozone, BAC and GAC during phase 1 with varying O3/TOC ratio corrected for nitrite.  

5, 10, and 20 denote the empty bed contact time (minutes) for the BAC and GAC stages. The 

data covers a total of 5 sampling events with two sampling events occurring at an O3:TOC ratio 

of 0 when ozone generator was shut down, but the dissolved oxygen concentration was 

maintained at 35 mg/L.  
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3.3 CEC removal in new GAC media 

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 of CECs detected 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 of 30-45% for a GAC15B which had the same EBCT but 

had processed greater than 65,000 BV.  

The CECs that were detected in GAC15A included: acesulfame-k and 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-k, 

were removed by adsorption in GAC, studies have reported consistent detection of these 

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 (Kennedy et al., 2015). 

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 µg/L with a limit of quantitation of 0.005 µg/L, which could 

have been detected only due to sample contamination. Iohexol 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 weakly reactive 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 water partition coefficient (Wijekoon 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 number of BV 

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). 

 

Conclusions 

 

CEC removal in an ozone-BAC-GAC pilot was explored in an AWT system with varying ozone 

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

study include: 

¶ Ozone dose affected CEC removal and was critical in determining the BAC and GAC 

effluent CEC concentrations. 

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

improve CEC removal.  

¶ 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 65,000 BV depended 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.  

¶ With increasing BV, GAC media adsorption sites are utilized by total organic carbon, 

causing CEC 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 Salazar-Benites, 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 carbon (GAC) 

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 concentrations to the 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 mgL-Cl2 did not affect TOC removal but affected nitrification in 

BAC and ammonia was not completely removed until monochloramine residual was removed. 

Chlorinated backwashing at 0.2 mg/L-Cl2 did not affect nitrification or TOC removal. TOC 

removal in BAC was a factor of ozone dose and temperature with better TOC removal at 

O3:TOC ratio of 1 and temperatures above 20oC. At plant B, ammonia removal was impacted by 

temperatures dropping below 20oC, resulting in twice the EBCT for complete ammonia removal 

compared to normal operation.  This removal was recovered after temperatures increased above 

20oC. Similar to plant A, TOC removal in plant B was impacted by upstream ozone dose. There 

was a 10% increase in TOC removed at an O3:TOC 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, this ammonia can promote excessive 
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microbial growth once discharged into water bodies. Nitrifying biofilms can release precursors 

for disinfection byproducts such as nitrosamines, haloacetonitriles and haloacetoamides (Zeng 

and Mitch 2016). Thus, it is important to 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 mg-N/L. Potable reuse trains often include ozone followed by 

biofiltration using biologically activated carbon (BAC) media (Hooper 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, growing slower under 

conditions of low temperature and oxygen (Zhu and Chen, 2002). Nitrification has been 

observed to be greatly affected at temperatures below 15oC. One study reported ammonia 

removal by a BAC filter to be less than 30% at temperatures below 10oC due to inhibition in 

nitrifying activity, as compared to 90% removal above 10oC (Andersson et al., 2001). Further, 

there has been speculation that ammonia oxidizing bacteria, involved in nitrification might be 

responsible for degrading some estrogenic compounds (Li et al., 2012). Co-metabolic 

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 be correlated 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 hydraulics. However, 

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 compromising 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 ozone-BAC configuration, ozone degrades high molecular weight 

organics, making them more 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 biofilter. Since 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 

questioning the relationship between ammonia removal and TOC removal even though 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 of pre-oxidants such 

as ozone, chlorine 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 reuse facility. The 

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 Sanitation Districtôs (Virginia Beach, 

VA) York River plant and secondary effluent from Nansemond plant were used as influent to the 

advanced water treatment (AWT) pilot-scale plant. York River plant was a conventional 

activated sludge plant with tertiary treatment for denitrification using methanol-fed, deep-bed 

denitrification sand filters, while Nansemond plant had a 5 stage Bardenpho treatment. The 50th 

percentile values for total organic carbon (TOC), total nitrogen, ammonia, nitrite and nitrate were 

7.7 mg/L, 1.77 mg-N/L, 0.385 mg-N/L, 0.115 mg-N/L and 0.915 mg-N/L for York River plant 

and 10.55 mg/L, 3.23 mg-N/L, 0.04 mg-N/L, 0.02 mg-N/L, 2.08 mg-N/L for Nansemond plant. 

 AWT system 

20,000 L/day Pilot-scale AWT 

The pilot-scale treatment process included 16.7 L/min coagulation, flocculation and 

sedimentation. Coagulant aluminum chlorohydrate (dose of 25 mg/L) and cationic polymer, 

Hyperfloc CE 824 (dose of 0.75 mg/L) were added to rapid mix stage. Tapered flocculation was 

achieved by using 3 flocculation stages 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/m2. Settled water was then 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 was 
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varied by either varying the applied ozone dose or by changing the dissolved ozone 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 µg/L (Buffle 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 Cl2 

and was used for bromate control in ozone.  The 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 split into two 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 BAC filters. Activated carbon media Filtrasorb 816 

and Filtrasorb 400 from Calgon Carbon® (Pittsburg, PA) was used in BAC and GAC. The BAC 

media was exhausted by using membrane bioreactor permeate from a full-scale 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 headloss values exceeded 3 m and when the effluent turbidity 

values exceeded 0.15 NTU. 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. 

Thus there 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 2 mg-N/L and 0.2 mg-P/L in the BAC influent. 

3.78 ML/day Demonstration-scale AWT 

3.78 MLD coagulation, flocculation and sedimentation process was used as feed to the pilot 

ozone. The coagulant used in the 3.78 MLD was same as the pilot-scale coagulation process and 

fed at same dose. Polymer used was Clarifloc C-6220 at 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 Lpm/m2.  

Analytical methods  
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Ammonia, nitrite and nitrate were measured with HACH TNT 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 depth of BAC and GAC with increasing EBCT as 

shown in Figure C1. TOC samples were collected from the sample ports indicated in Figure C1 

and analyzed using standard methods SM5310B with Shimadzu TOC-L analyzer (APHA 2012). 

Dissolved oxygen (DO) and temperature was analyzed in the influent and effluent of BAC and 

GAC using InsightIG 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 efficiency. 

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 2018-Decmeber 2018 Plant B treatment process consisted Nansemond secondary 

effluent, 3.78 MLD coagulation, flocculation and sedimentation, followed by AWT pilot ozone 

and BAC and GAC. From December 2018-April 2019 the plant B treatment process consisted 

Nansemond secondary effluent, followed by AWT pilot ozone and BAC and GAC. Correlation 

analysis was performed using the Pearson product moment correlation using the software 

SigmaPlot 12.5. Ammonia and nitrite removal in the BAC and GAC between different tests were 

compared by comparing the minimum EBCT needed for ammonia and nitrite to decrease below 

0.1 mg-N/L. This minimum EBCT (EBCTmin) value was calculated at 0.1 mg-N/L from the 

ammonia and nitrite values measured at different depths (EBCTs) along the BAC and GAC 

column using linear regression in Microsoft Excel. EBCT was calculated as the ratio of media 

height (ft) and filter loading rate (gpm/ft2). BAC5 and GAC10 were considered as a single filter 

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

a single filter for calculating EBCT. 

Results and Discussion 

Plant A  

Effects of varying ozone dose 

EBCT min needed for ammonia and nitrite to drop below 0.1 mg-N/L for both BAC5/GAC10 

and BAC10/GAC20 configurations is seen in Figure 5.1 along with the O3:TOC ratio for the 
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period from March 2017 to Dec 2017. O3:TOC was varied between 0.03 to 2.36 during this 

period. EBCTmin for BAC10/GAC20 nitrite seemed to follow the same trend as that of O3:TOC. 

Nitrite EBCTmin was higher (average of 17 minutes) for BAC10/GAC20 than BAC5/GAC10 

(average of 10 minutes) and thus took longer time to achieve complete nitrification. This could 

be due to different loading rates resulting in different concentration of biomass. These EBCTmin 

values indicate that nitrite removal was not completed in BAC 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 the BAC column (Yapsakli et al., 2010). Thus the biomass accumulated in the 

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

 Ammonia EBCTmin did not trend with O3:TOC dose for either of the BAC/GAC configurations. 

The spike in EBCTmin for both ammonia and nitrite coincided with high influent ammonia 

concentrations, typically greater than 3 mg-N/L. The impact of influent ammonia concentration 

on nitrification has been discussed in the later section. The correlation between EBCTmin and 

O3:TOC ratios show that the nitrite values were significantly correlated to the O3:TOC ratios  

(p<0.05 pearson product moment correlation), while the ammonia values were not (p>0.05 

pearson product moment correlation). EBCTmin values corresponding to influent ammonia 

concentrations greater than 3 mg-N/L 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 the nitrification profile during this period is shown 

in Figure C2 at an O3:TOC ratio of 1.5.  

Ozone dose was systematically varied during the period from January 2018-May 2018. Figure 

5.2 shows the impact of this varying ozone dose on the EBCTmin for ammonia and nitrite. The 

highest ozone dose corresponding to O3:TOC of 1.5 had the greatest impact on ammonia and 

nitrite EBCTmin values, with BAC10/GAC20 EBCT values (22 minutes) higher than 

BAC5/GAC10 (13 minutes) as seen in 2017 sampling. The influent ammonia values were 8.9 

mg-N/L during 2 of the 3 sampling events for O3:TOC 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. The effluent ammonia in the GAC was not 

completely removed and was above 4 mg-N/L. The minimum EBCT values for O3:TOC 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 not impact nitrification. Further, the correlation analysis did not 

show any significant relationships between minimum EBCT values for ammonia or nitrite and 

O3:TOC ratios. Monochloramine doses and dechlorinating with sodium bisulfite was changed 

during this period and could have had a greater impact on nitrification.  

Ozone doses even at 0.25 O3:TOC 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 performed on minimum EBCT for ammonia and nitrite and influent DO values but there 

were no significant correlations. BAC influent DO varied from 35 to 53 mg/L during the entire 

time period (2017-2018), which could be inhibitory to nitrifiers (Lucker et al 2010). 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 5.1 Minimum EBCT needed for ammonia and nitrite to decrease below 0.1 mg-N/L 

with varying ozone dose during 2017 in a) BAC5/GAC10 b) BAC10/GAC20 at plant A 
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Figure 5.2 Minimum empty bed contact time needed for ammonia and nitrite to drop 

below 0.1 mg-N/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 EBCTmin values coincided with the high influent ammonia 

values as seen in Figure 5.3 for 2017 and 2018 time periods. Correlation analysis showed that 

there was a significant correlation (p<0.05, Pearson product moment correlation) between both 

ammonia and nitrite (except BAC5/GAC10 EBCTmin nitrite values for 2017) EBCTmin values 

and influent ammonia concentrations. The reason for nitrite 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 concentrations less than 0.1 mg-N/L. 

Figure C3 shows an example of the nitrification profile during 2017 with influent ammonia 

concentration of 3.4 mg-N/L. The effluent ammonia for events with high influent ammonia 

concentrations have been included in Table C1. Ammonia oxidation was not complete and 

resulted in effluent ammonia concentrations greater than 1 mg-N/L in some cases. These values 

show that for ammonia concentrations above 3-4 mg-N/L, nitrification is slow. This suggests that 
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the amount of ammonia oxidizing bacteria in the biomass present in the filter were not enough to 

completely nitrify these higher ammonia concentrations.  

 

Figure 5.3 Minimum empty bed contact time needed for ammonia and nitrite in 

BAC5/GAC10 and BAC10/GAC20 to decrease below 0.1 mg-N/L with varying influent 

ammonia concentrations at plant A during a) 2017 b) 2018 

 

Effect of chlorinated backwashing and monochloramine residual 

Figure 5.4a shows the impact of non-chlorinated and chlorinated backwashing on nitrification at 

a chlorine dose of 0.2 mg/L-Cl2. The ozone dose during both these events was maintained at an 
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O3:TOC ratio of 0.8. There was no impact on the ammonia EBCTmin after chlorinated 

backwashing. Nitrite EBCTmin values increased after chlorinated backwashing and this impact 

was more pronounced for BAC10/GAC20 (8 minutes) compared to BAC5/GAC10 (13 minutes). 

The variation in the nitrite EBCTmin values suggests that this impact was not caused by 

chlorinated backwashing. The increase in the EBCTmin values for nitrite could be the result of 

high influent nitrite concentrations during the last event of chlorinated backwashing. The typical 

influent nitrite values were below 0.1 mg-N/L, however, during the last sampling event this 

concentration increased to 1.4 mg-N/L. Ammonia oxidation was complete during this sampling 

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 mg-N/L did not affect nitrification in either of the BAC/GAC configurations. 

Monochloramine residual to the biofilters was changed from 0 to 0.5 mg/L-Cl2 to 3 mg/L-Cl2. 

The impact of this variation in the monochloramine residual on nitrification can be seen in 

Figure 5.4b. The results indicate that there was no impact on nitrification after increasing the 

monochloramine residual to 0.5 mg/L-Cl2. Increasing the monochloramine residual to 3 mg/L-

Cl2 affected nitrification as seen by the increase in EBCTmin values for both ammonia and nitrite. 

This impact was 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 shown in 

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 minutes in BAC5 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 GAC. Monochloramine is an oxidant and 

has the potential to inhibit nitrification process. In case of BAC10/GAC20 there was a gradual 

decrease in ammonia concentrations since monochloramine residual was removed sooner 

compared to BAC5.  
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Figure 5.4 Minimum  empty bed contact time needed for ammonia and nitrite to be 

decreased below 0.1 mg-N/L in BAC5/GAC10 and BAC10/GAC20 during a) chlorinated 

(0.2 mg/L-Cl2) and non-chlorinated 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 0.5 mg/L-Cl2 are not 

inhibitory to nitrifiers. Nitrification profiles shows that the nitrification zone is pushed further 

along the depth of BAC, resulting in complete nitrification 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 BAC or GAC treatment post biofilter.  

Effect on TOC removal  

Nitrification profiles shown in C2, C3 and C4 show that TOC removal increased with increase in 

EBCT. Further, influent ammonia or monochloramine residual did not result in decline or 

stagnation of effluent TOC values, indicating that these parameters did not affect TOC removal. 

The correlation between EBCTmin for ammonia and nitrite and TOC removal was not significant 

(p>0.05 Pearson product moment correlation). This is expected since the mechanisms involving 

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 by ozone dose and 

temperature as seen by Figure 5.5 during 2016-2018. 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 BAC10. TOC removal in GAC is 

discussed in Chapters 2 and 3 and not included here since adsorption played an important role for 

TOC removal in GAC.  

Figures 5.6 and 5.7 show the impact of ozone dose (O3:TOC of  0.25, 0.8, 1 and 1.25), 

chlorinated backwashing at 0.2 mg/L-Cl2 and monochloramine residual at 0, 0.5 and 3 mg/L-Cl2 

on TOC removal during 2018. There does not appear to be a clear trend between TOC removal 

and O3:TOC at 0.25, 0.8, 1 and 1.25, which is contradictory to results obtained from 2016 and 

2017 time period. In general TOC removal in the BAC increased with increasing O3:TOC ratios 

for 2016 and 2017. These results from 2018 also show that TOC removal in BAC10 was greater 

than BAC5, which is in agreement with the TOC removal data from 2016 and 2017.  

Chlorinated backwashing at 0.2 mg/L-Cl2 did not reduce TOC removal in BAC10, while TOC 

removal decreased in BAC5 (Figure 5.7a). O3:TOC ratio was maintained at 0.8 during this time 

period and monochloramine dose was 3 mg/L-Cl2, with the residual completely dechlorinated. 

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 mg/L-Cl2 is desired in BAC10 since 

it did not affect nitrification and TOC removal compared to the non-chlorinated backwashing. 

Monochloramine residual had a similar impact where residuals of 0.5 and 3 mg/L-Cl2 did not 

affect TOC removal in BAC10 but TOC removal decreased with increasing monochloramine 

dose in BAC5. For both chlorinated backwashing and monochloramine tests, the TOC removal 

was not impacted in BAC10, showing that EBCT plays an important role during presence of an 

oxidant such as chlorine 

 

Figure 5.5 TOC removed in BAC5 and BAC10 with varying ozone dose and temperature at 

plant A 
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Figure 5.6 TOC removed in BAC5 and BAC10 at varying ozone doses during 2018 at plant 

A.  
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Figure 5.7 TOC removed in BAC5 and BAC10 at plant A during a) chlorinated (0.2 mg/L-

Cl2) and non-chlorinated backwashing b) residual monochloramine (0.5 and 3 mg/L-Cl2) in 

the influent to the BAC 

Plant B 

Nitrification was not affected by ozone dose at Plant B. Correlation analysis showed that neither 

ammonia nor nitrite EBCTmin correlated with O3: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 C7. Both sets of BAC/GAC filters were operated after an initial shutdown period of 

3 months. Nitrification 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 minutes in 

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 was inhibited after 

a month of startup resulting longer EBCTmin for 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. The cause of this inhibition was 

not clearly understood. The average O3:TOC 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 17oC during this period. The EBCTmin values were calculated at 20oC using the 

Arrhenius equation, but were still lower than those observed during acclimation period. The 

inhibition in ammonia removal due to colder temperatures has been studied in literature 

(Andersson et al., 2001), however this inhibition was not observed at plant A due to lower 

temperatures. Ammonia removal recovered in 4 months with EBCTmin values decreasing to 5 

minutes in both BAC filters. Nitrite removal continued to be slow in BAC but was removed 

completely by 9 minutes in BAC5/GAC10 and 15 minutes in BAC10/GAC20. Figure 5.8 shows 

the EBCTmin needed for removal of ammonia and nitrite during all three phases. Even during 

ammonia inhibition period, complete nitrification was achieved in GAC highlighting the 

importance of the 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 mg-N/L in BAC5/GAC10 and BAC10/GAC20 in plant B during acclimation, 

upset and ammonia recovery period.  

Effect on TOC removal 

As observed in plant A, plant B TOC removal was not correlated with EBCTmin for ammonia and 

nitrite. This reiterates the conclusion that TOC removal is not correlated with nitrification in the 

biofilters. TOC removal was well correlated with O3:TOC ( p<0.05 Pearson product moment 

correlation). A comparison was made for TOC removal with and without operating the ozone 

generator (Figure 5.9). Dissolved oxygen was still maintained at 35 mg/L in absence of ozone. 

The results showed that there was an average 10-20% increase in TOC removal in presence of 

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

maintain O3:TOC ratio of 1.5  
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Figure 5.9 TOC removed in BAC5 and BAC10 during O3:TOC 1.5 and in absence of ozone 

at plant B.  

Conclusions 

Nitrogen removal through nitrification was studied in a biofiltration process used as part of AWT 

at plants A and B. EBCTmin or the EBCT needed for ammonia 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 EBCTmin for ammonia and nitrite was correlated with influent 

ammonia concentration above 3 mg-N/L, indicating that nitrification was affected by these 

higher influent ammonia concentrations. Nitrite removal was inhibited in BAC5 and BAC10 but 

was removed in both GAC columns within the first few minutes of contact time in the GAC 

media. GAC was not frequently backwashed compared to BAC, resulting in more biomass 

growth in the top part of GAC media and contributed to nitrite removal. The EBCTmin for nitrite 

removal correlated with O3:TOC ratio, with higher ozone doses affecting nitrite removal. 

Chlorinated backwashing at 0.2 mg/L-Cl2 did not affect nitrification compared to non-

chlorinated backwashing. Monochloramine residual of 3 mg/L-Cl2 to the BAC influent resulted 

in nitrification being pushed along the depth of the BAC media. Results showed that ammonia 
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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 mg/L-Cl2 but needs 

sufficient EBCT which can be provided by a second stage filtration process post 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 below 20oC.  

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 mg-N/L was doubled. The cause for this ammonia 

inhibition was not clearly understood but was suspected to be decrease in temperatures below 

20oC. Ammonia removal was recovered with increase in temperatures and resulted in EBCTmin 

values of 5 minutes. TOC removal was not correlated with nitrification in plant B as well. There 

was an average 10% increase in TOC removal in presence and absence of ozone at an O3:TOC of 

0.8. 
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 5  

Table C1 Influent and effluent ammonia concentrations (mg-N/L) during high influent ammonia 

concentrations 

 

Date 
BAC Influent 

Ammonia 

BAC5/GAC10 

Effluent 

Ammonia 

BAC10/GAC20 

Effluent 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 

 

 

Figure C1 Sample ports in BAC and GAC columns indicating empty bed contact time in 

minutes.  
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Figure C2 Example nitrification profile in a) BAC5/GAC10 and b) BAC10/GAC20 during 2017 

at plant A 
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Figure C3 Nitrification profile in a) BAC5/GAC10 and b) BAC10/GAC20 during a high 

influent ammonia event (3.4 mg-N/L) during October 2017 at plant A 
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Figure C4 Nitrification and monochloramine profile in a) BAC5/GAC10 and b) BAC10/GAC20 

at plant A during 3 mg/L-Cl2 of monochloramine residual in the BAC influent.  
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Figure C5 Nitrification profile during acclimation period at plant B in a) BAC5/GAC10 and b) 

BAC10/GAC20 
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Figure C6 Nitrification profile during nitrification upset period at plant B in a) BAC5/GAC10 

and b) BAC10/GAC20 
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Figure C7 Nitrification profile during ammonia recovery period at plant B in a) BAC5/GAC10 

and b) BAC10/GAC20 
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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, Germano Salazar-Benites, Amy Pruden, Charles Bott 

Abstract  

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

applications, but is also 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. In this study, 

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 21.5 mg-S/L. It was shown that within two days of 

increasing sodium bisulfate above a threshold concentration of 1.5 mg-S/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 ammonia 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 21.5 mg-S/L, with 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 dechlorination in 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 sulfite and sodium bisulfite, are routinely used as oxygen 

scavengers and dechlorinating agents during water and wastewater treatment (U.S. EPA, 2000; 

Esvelt et al., 1973). The concentration of these sulfite salts needed depends on the stoichiometry 

between chlorine 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 impact the aquatic life 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 transporting brackish 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 antioxidant 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). Due 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 use of sulfites 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 inhibitory effects of sulfites on various microorganisms. 

Sulfite and bisulfite have shown to be inhibitory to the growth of bacteria, fungi and coliphage, 

with enhanced toxicity at lower pH (Babich and Stotzky, 1978). Further, sulfite at concentrations 

between 250-500 mg/L, which is considered safe for human consumption, was shown to prevent 

cell growth in four different bacterial species in the human gut microbiota namely, Lactobacillus 

casei, L. plantarum and L. rhamnosus, and Streptococcus thermophilus (Irwin et al., 2017). In 

the same study, higher concentrations (1000ï3780 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. The results showed that sulfite 

concentrations of 100-400 mg/L decreased the viabilities of lactic acid bacteria, but did not 

change the viability of Saccharomyces cerevisiae (Chang et al 1997). Whereas Schimz et al. 

(1980) showed that even low concentrations of sulfite resulted in irreversible damage to the yeast 

Saccharomyces cerevisiae, leading to cell inactivation.  

These studies highlight the potential for negative impacts of sulfites on various bacteria. 

Although these concentrations are much greater than those 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 activity. DeVries et al. (2016) 

studied the effect of sulfite on nitrification in a sequencing batch reactor. Addition of sulfite 

affected the nitrification process, especially inhibiting the growth of ammonia oxidizing bacteria 
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(AOB), resulting in reduced ammonia removal rates. Bisulfite used for dechlorination in water 

treatment is usually the final step where treated water is then discharged to the bay or river and 

conventionally is not followed by a biological treatment process. Thus, the impact of sulfites or 

sulfates on biological treatment has 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 of the 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 ozone-treated effluent. This is 

accomplished by ammonia-oxidizing bacteria that colonize the filters. Otherwise, ammonia 

present in biofilter effluent can become a nuisance downstream because it reacts with chlorine to 

form mono-, 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. Another potential 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, a carcinogen regulated at 10 µg/L in drinking water (Kirisits et al., 

2001). Addition of preformed or in situ monochloramine upstream of ozone has been 

demonstrated as an effective means to control bromate formation (Buffle et al., 2004), but the 

residual present post ozone could also inhibit biological activity in downstream biofilters and 

negatively impact overall performance.  

The goal of this study was to evaluate the impact of bisulfite addition on nitrification in a 

biofilter used as a part of an AWT process where preformed monochloramine is added prior to 

ozone ahead of the biofilter for bromate control conditions. Since TOC removal is crucial in the 

AWT process, another objective was to assess the impact of bisulfite on TOC removal. The 

bisulfite concentrations needed for nitrification to be inhibited was explored and further the 

effect of switching off bisulfite addition on nitrification and its recovery was studied.  

Materials and Methods 

Source Water  
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An AWT pilot-scale plant consisting of coagulation, flocculation, 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 floc-aid polymer (Hychem Inc.). The flocculation system consisted 

of 2 stages of rapid mixing with G value of 1000/sec. The rapid mixing was followed by three 

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. Preformed monochloramine (3 

mg/L-Cl2) 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 2.3 m, diameter 0.09 m) filled with activated carbon media Calgon 

Filtrasorb 816 was used as the biofiltration column. The media height was 1.8 m and empty bed 

contact time (EBCT) for the filter was maintained at 7.5 min with influent flowrate of 1.6 L/min. 

Sample ports were installed along the column at heights of 0.03 m (port 2), 1.2 m (port 3), 2.2 m 

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

(port 3) and 7.5 min (port 4). Port 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 alternate air-scour (69 kPa) and 

high rate water wash (<1.9 L/min) cycles. UV disinfected water from the AWT process was used 

for backwashing the filter. Ammonium sulfate (40% active strength) and sodium bisulfite (38% 

active strength) were used for feeding ammonia and bisulfite to the biofilter column.  

Analytical methods 

Influent and effluent grab samples were 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. 

The total number of sampling events have been described in Table 6.1. Sulfite 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 0.025, 0.125, 0.5, 1.125, 1.25, 

2.25, 2.5 mg-S/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 spectrophotometer (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 was analyzed using Orion 9157BNMD 

probe from Thermo ScientificÊ while the pH meter used was Orion Star A211 (Thermo Fisher 

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

measuring TOC of grab samples. All UV absorbance and transmittance measurements were done 

using GENESYS 10S UV-Vis spectrophotometer from Thermo ScientificÊ (Thermo Fisher 

Scientific, Waltham, MA). 

Table 6.1 Experimental phases of biofilter operation with number of sampling events from 

influent and effluent collected for ammonia analysis indicated. 

Experimental 

Phases 
Days 

Source 

Water 
Chemical Addition Number of influent/effluent sampling events* 

    
TOC 

UV 

Transmittance 

Sodium 

Bisulfite 

Ammonia, 

Nitrite, 

Nitrate  

Media 

Exhaustion 
114 days 

YR 

denitrified 

effluent 

None 15 57 N/A 57 

Phase 1 
Day 0 to 

Day 40 

AWT 

Settled 

water 

Ammonia (1 mg-

N/L)  

Sodium Bisulfite 

(1.5 mg-S/L) 

17 17 17 17 

Phase 2 

Day 41 

to Day 

54 

AWT 

Settled 

water 

Ammonia (1 mg-

N/L)  
6 6 N/A 6 

Phase 3 

Day 55 

to Day 

82 

AWT 

Settled 

water 

Ammonia (1 mg-

N/L) (Sodium 

Bisulfite varied 

from 0.3 to 21.5 

mg-S/L) 

14 14 14 14 

Phase 4 

Day 83 

to Day 

114 

AWT 

Settled 

water 

Ammonia (1 mg-

N/L) (Sodium 

Bisulfite 0.6 mg-

S/L) 

9 13 13 13 

*Nitrite and nitrate samples during phases 1 to 4, were 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, the new activated carbon media in the biofilter was 

exhausted from a TOC standpoint by using secondary denitrified effluent from a biological 

nutrient removal plant for a period of four months. The secondary effluent had an average TOC 

of 8.7 mg/L, ammonia of 0.3 mg-N/L, nitrite of 0.09 mg-N/L and nitrate 0.6 mg-N/L, TSS 5 
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mg/L and turbidity 3.6 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 from pilot-scale AWT process. The experiment 

can be divided in to four different phases based on chemical addition (Table 6.1). 

Monochloramine residual of 3 mg/L-Cl2 was present in the settled water. During phase 1 (Day 0 

to Day 40) the sodium bisulfite dose was adjusted to completely dechlorinate this 

monochloramine residual and have a residual of 0.9-1.5 mg-S/L. Monochloramine served as the 

ammonia source to the biofilter with average influent ammonia of 0.9 mg-N/L after 

dechlorination. Due to inconsistent sodium 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 41 - Day 54). Ammonia in the form of 

ammonium sulfate was added separately to the influent with a target dose of 1 mg/LïN and 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 sodium bisulfite dose. In phase 3 (Day 55 - Day 82), sodium bisulfite addition was resumed, 

and the dose was initially fed at 0.3 mg-S/L and then increased to 21.5 mg-S/L. The goal was to 

determine the concentration of sodium bisulfite needed to inhibit nitrification and also analyze 

the impact of higher sodium bisulfite concentrations on ammonia, nitrite and TOC removal. 

During phase 4 (Day 83 - Day 114) sodium bisulfite dose was decreased to evaluate the effect of 

on nitrification at concentrations below 1.5 mg-S/L. 

Results and Discussion 

Organics removal during 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 

stabilized, 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 mg/L to 8.7 mg/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 90.5±4.8%, 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 drastic changes 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. It is important 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 carbon media 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 6.2 shows the nitrification data for the biofilter during the exhaustion period. The influent 

ammonia was <1 mg-N/L during the entire period, with an average of 0.3±0.2 mg-N/L. Apart 

from a few spikes, effluent ammonia was consistently <0.2 mg-N/L, indicating complete 
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ammonia removal. These effluent ammonia spikes could be a result of biomass leaching from the 

media after a backwash. Effluent nitrite averaged 0.05±0.06 mg-N/L, indicating complete 

nitrification. This is consistent with biological growth on the activated carbon media and that is 

acclimated to the influent water. The average effluent nitrate was 0.9±1.7 mg-N/L. The spike in 

effluent nitrate concentrations, on days 16 and 92, was caused due to high influent nitrate 

concentrations of 9.2 mg-N/L and 4.6 mg-N/L. During the startup period, the influent ammonia 

to the biofilter in this case was low (<1 mg-N/L) 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 be necessary to ensure complete ammonia and nitrite removal in the effluent until 

nitrification is achieved in the biofilter.  
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Figure 6.2 Influent and effluent a) ammonia b) nitrite c) nitrate during media exhaustion 

period. 

 

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 0 to 3 mg-S/L, with an average of 
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1.3±0.9 mg-S/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 mg-N/L during phase 1. Figure 6.3b shows the nitrification profile during phase 1 at a 

sodium bisulfite dose of 2.4 mg-S/L with an influent ammonia of 0.41 mg-N/L. Ammonia was 

not completely removed with effluent ammonia concentration of 0.32 mg-N/L, while nitrite and 

nitrate were both removed below detection limit, even though the influent DO was 8.4 mg/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 variation in 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 the biofilter during phases 2, 3 and 4. Ammonia was added to the influent at a dose 

of 1 mg-N/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 (port 4) was removed below 0.3 mg-

N/L during all profiles (average 0.192 mg-N/L; n=6 sampling events) in phase 2 and the average 

ammonia removal was 79% (Figure 6.5). The nitrite was removed below 0.1 mg-N/L indicating 

complete nitrification was achieved in phase 2 before 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 mg-S/L. Nitrification was inhibited and the ammonia concentration in the 

effluent was not reduced below 1 mg-N/L, with average influent and effluent ammonia 

concentrations of 1.2 and 0.9 mg-N/L (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 mg-S/L, could be due to high influent ammonia concentrations of 

3.8 mg-N/L. The influent ammonia dropped to 1 mg-N/L after day 62. Regression analysis 

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 mg-S/L resulting in nitrification recovering as seen in Figures 5 and 4c. 

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 concentration was 0.12 mg-N/L after nitrification 

recovered. The average bisulfite concentration during this phase was 0.6 mg-S/L. 

The inhibition in phase 3 could have occurred with a prolonged exposure of sodium bisulfite at 

concentrations greater than 1.5 mg-S/L. 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 mg-S/L and above will result in reduced rate of ammonia removal and can 

even prevent any ammonia conversion 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 bisulfite is used for 

quenching 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 above, a substantial 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 Veatch, 2010). 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 

stoichiometry, 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 a stepwise manner, 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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Figure 6.3 a) Ammonia removed and sodium bisulfite b) nitrification profile during Phase 1 
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Figure 6.4 Biofilter nitrification and sodium bisulfite profile collected from ports 1 through 

4 during a) Phase 2 (Day 51) b) Phase 3 (Day 79) c) Phase 4 (Day 114) 
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Figure 6.5 Sodium bisulfite dose in port 1 and percentage of ammonia removed via 

nitrification during 4 different phases.  

Vertical lines denote the time period during each phase. Table 6.1 includes the chemical addition 

in all 4 phases.  

 

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 9.8±1.8 mg/L, the average removal was 40%, with effluent TOC of 6.3 mg/L, at the 

end of Phase 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 effluent TOC of 8.9±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 TOC, but the decrease 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 and might 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 the biodegradation 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 0.5 mg-N/L) and the 

primary goal would be removal of 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 

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

a biofilter containing activated carbon media. 

¶ Sodium bisulfite concentrations above 1.5 mg-S/L resulted in inhibition to ammonia removal 

in a completely nitrifying biofilter, resulting in average ammonia concentrations of 0.9 mg-

N/L in the biofilter effluent. 

¶ 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 effluent ammonia 

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. 

¶ TOC removal in the biofilter did not seem to be affected, even at sodium bisulfite 

concentrations >15.4 mg-S/L, 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, Germano Salazar-Benites, Amy Pruden, Charles Bott 

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 pilot-scale for a treatment train consisting of 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 monochloramine 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 >22oC, presumably due to elevated microbial activity. A monochloramine residual of 3 

mg/L-Cl2 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 significantly reduced NDMA formed post ozone, but decreased NDMA 

removal in BAC. Finally, adding 5 mg/L of allylthiourea, an inhibitor of ammonia-oxidizing 

bacteria, indicated that removal mechanisms for ammonia and NDMA are distinct, but 

nitrification is still a good indicator 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 byproduct formed 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, 2016; California 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, chlorination, 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 

amide-based 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 (polyDADMAC) added 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 amine-based polymers added to water samples did 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 chloramine 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 hydrazine. Further, the precursors necessary for NDMA formation differed for 

ozonation and chloramination (Marti et al., 2015).  

NDMA i s difficult to remove by air stripping and has been shown to be resistant to oxidation by 

ozone due to low second order rate constants (5.3*10-2 M-1s-1) (Lee et al., 2007). Treatment 

techniques; such as biodegradation, reverse osmosis (partial), and UV direct photolysis, have 

been shown to be capable of removing NDMA and its precursors (Sharp et al., 2005; Plumlee et 

al., 2008; Stefan 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; Pramanik et al., 2015; 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 et al. (2012) found that NDMA 

formation potential (FP) 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 bench-scale process treating blends of 

river water and wastewater effluent. On the other hand, Beita-Sandi et al. (2016) showed that 

addition of 7-10 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 literature. One pathway 

involves demethylation, while the other involves denitrosation (Bacaro, 2018; Fournier et al., 

2009). Cytochrome P-450 has been shown to catalyze the NDMA degradation in eukaryotes, 

such as in rats livers (Tu and Yang, 1985; Koop, 1992; Yamazaki et al., 1992). Since cytochrome 

P-450 enzymes are mono-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 capable of 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 and 

removal interact under real-world conditions during multi-barrier 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 biological performance 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 with other treatment 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 and NDMA removal in BAC was also examined.  

Materials and Methods 

Source waters  

Tertiary treated denitrified effluent from Hampton Roads Sanitation Districtôs (Virginia Beach, 

VA) York River plant (plant A) and secondary effluent from Nansemond Treatment plant (plant 

B) were used as influent to the advanced water treatment (AWT) pilot-scale plant. Plant A was a 

conventional activated sludge plant with TetraÊ DeepBed denitrification sand filters while plant 

B had a 5 stage Bardenpho treatment. The 50th percentile values for total organic carbon (TOC), 

total nitrogen, total phosphorus and turbidity were 7.7 mg/L, 1.8 mg-N/L, 0.4 mg-P/L and 2.5 

NTU for plant A and 10.5 mg/L, 3.2 mg-N/L, 0.4 mg-P/L and 2.0 NTU for plant B. 

Experimental Setup 

20,000 L/day Pilot-scale AWT  
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The pilot-scale treatment process included 16.6 L/min coagulation, flocculation and 

sedimentation. Coagulant aluminum chlorohydrate (dose of 25 mg/L) and cationic polymer 

Hyperfloc CE 824 (dose of 0.75 mg/L) were added to the rapid mix stage. Tapered flocculation 

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 rate of 0.25 m/hr. Following settling, 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 was 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 µg/L in drinking water (Kirisits et al., 2001). One way of controlling bromate 

formation is by adding preformed or in situ monochloramine upstream of ozone (Buffle et al., 

2004). Preformed monochloramine at a dose of 3 mg/L of Cl2 was used for controlling bromate 

formation in ozone and the residual monochloramine post ozonation was dechlorinated using 

sodium bisulfite.  

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 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 to two GAC columns, GAC10 and GAC20 (with EBCTs of 10 and 20 min) 

operated in parallel. Activated carbon media Filtrasorb 816 and Filtrasorb 400 from Calgon 

Carbon® (Pittsburg, PA) was used in BAC and GAC. The BAC media was exhausted by using 

membrane bioreactor permeate from a full-scale 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 

headloss exceeded 3 m and when the effluent turbidity exceeded 0.15 NTU. 

3.78 ML/day Demonstration-scale AWT 

A 3.78 MLD coagulation, flocculation, and sedimentation process was followed by ozonation. 

The coagulant used in the 3.78 MLD was same as the pilot-scale coagulation process and was 

fed at same dose. Clarifloc C-6220 was used as a polymer and fed at 0.75 mg/L. Coagulation G 
































































































