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ABSTRACT

The presence of compounds of emerging concern (CECs) such as endocrine disrupting
compounds (EDCs) and herbicides in municipal wastewater present environmental challenges
because conventional treatment systems were not designed to remove such compounds. The
removal of Bisphenol-A (BPA), 17p3-Estradiol (E2), 17a-Ethinylestradiol (EE2), nonylphenols
(NP), and select herbicides and pesticides were investigated in two municipal wastewater
treatment plants (WWTP) in El Paso, TX. In addition, the environmental impact of the two
municipal wastewater treatment plants was investigated, including the theoretical addition of
UV/H,0,. The use of UV/H,0; was studied in a UV bench scale pilot unit, and its performance
was compared to the use of peracetic acid (PAA) in the same system. The analysis of EDCs in
the WWTPs revealed average removals of 93% and 94% for WWTP-A, and 87% and 99.6% for
WWTP-B were observed for BPA and NP, respectively. Estrogen species were detected in less
than 5% of the samples; herbicides and pesticides were below detection limits for all of the
collected samples. EDC removal agreed with reductions in estrogenic activity observed by yeast
bioassay. The environmental assessment of the WWTPs including the implementation of an
advanced oxidation process (AOP) with the use of 10 mg/L H,O, yield increments of 3% global
warming potential, 2% acidification potential, 5% eutrophication potential, 3% freshwater
aquatic ecotoxicity potential, and 42% in terrestrial ecotoxicity potential. A holistic Eco-Score
Card was created for evaluating AOP implantation, and the addition of 10 mg/L of peroxide was
observed to result in a 13% increase of the overall environmental impact, as compared with the
current WWTP. In the bench scale AOP experiments, direct UV (1 J/cm’, 254 nm) irradiation
was found to remove up to 19%, 11% and 61% of the initial concentrations of estradiol, BPA
and NP respectively. The UV irradiation of solutions with 10 mg/L initial concentration of H,O,
yield removals of 99.4%, 94% and 84% for estradiol, BPA and NP respectively. The UV
irradiation with 5 mg/LL PAA showed removals of >99.9%, >99.9% and 24% for estradiol, BPA

and NP, respectively.

vi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS .....oiiiiiiii et s v
ABSTRACT ...ttt s et s ae e vi
TABLE OF CONTENTS ... .ot vii
LIST OF TABLES ...ttt st X
LIST OF FIGURES ...ttt s e Xi
CHAPTER 1: INTRODUCTION ......coiiiiiiiiiiiiiiieetceeece e 1

CHAPTER 2: DETECTION AND REMOVAL OF ENDOCRINE DISRUPTING
COMPOUNDS (EDCS) AND ESTROGENICITY IN MUNICIPAL WASTEWATER

TREATMENT FACILITIES IN EL PASO, TX ...oiiiiiiiiiieeeeeeeeeceeee e 5
INTRODUCTION .....ooiiiiiiiiieecieeee ettt st s 5
MATERIALS AND METHODS .......oooiiiiiiieeee e 7
WASTEWATER TREATMENT PLANTS (WWTPS) ...cccoooiiiiiiiiii 7

SAMPLE COLLECTION .....c.ooiiiiiiiiiiiieiieeteceteee e 10

SAMPLE EXTRACTION AND DERIVATIZATION .......ccccovvviiiiiiniiinnne 11
ANALYSIS OF ENDOCRINE DISRUPTING COMPOUNDS (EDCS)......... 12

GAS CHROMATOGRAPHY MASS-SPECTROMETRY (GC-MS) .............. 12
FOUR-HOUR YEAST BIOASSAY ....ooiiiiiiiiiceeecece 13
RESULTS AND DISCUSSION .....oooiiiiiiiiiiiiiiieieneceee e 14
DETECTION OF EDCS AND REMOVAL IN WWTPS.........cociiiiiin 14
ESTROGENIC ACTIVITY ..ot 17
CONCLUSIONS ... e e 18

CHAPTER 3: LIFE CYCLE IMPACT ASSESSMENT (LCIA) OF AOPS IN MUNICIPAL

WASTEWATER TREATMENT FACILITIES ......coooiiiiiiiiiieeceeeecee 20
INTRODUCTION ..ottt s e 20
METHODS ...t s 22
WASTEWATER TREATMENT PLANTS (WWTPS) ....ccooiiiiiiiiis 22

LCIA FUNCTIONAL UNIT AND SYSTEM BOUNDARIES ....................... 23

WWTPS LCIA INVENTORY ..o 24

LCIA MODEL IMPACT ASSESSMENT AND AOP MODIFICATIONS ..... 25
ADVANCED OXIDATION PROCESSES SCENARIOS ........ccccooiiiiiinnne 26

Vil



RESULTS AND DISCUSSION ..ottt 27

LCIA COMPARISON OF WASTEWATER TREATMENT PLANTS........... 27

SENSITIVITY ASSESSMENT FOR THE ADDITION OF A UV/H,0,
AOP IN MUNICIPAL WWTPS ...t 30
CONCLUSIONS ...t 34

CHAPTER 4: PHOTOCHEMICAL DEGRADATION OF ESTROGENIC EDCS WITH UV
AOPS: A COMPARISON OF PEROXIDE AND PERACETIC ACID........cccccccvvvvennen. 36
INTRODUCTION ..ottt 36
MATERIAL AND METHODS ......ccciiiiiiiieeceee e 39
PHOTOCHEMICAL REACTOR ......cccceiiiiiiiiiiiiiiiceeceeeceee e 39
REACTOR TRACER TEST CHARACTERIZATION ......ccccceviiiiiiiiiennne 39
CHEMICAL ACTINOMETRY ....coooiiiiiiiiiiiiiicceeeceee e 43
H,0, AND PAA MOLAR ABSORPTION COEFFICIENTS

DETERMINATION ....ocooiiiiiiiiiiieecee e 45
PHOTOCHEMICAL DEGRADATION OF EDCS WITH UV AOPS ............ 46
MATERIALS ... e 47
GAS CHROMATOGRAPHY MASS-SPECTROMETRY (GC-MS) .............. 47
SAMPLE EXTRACTION AND DERIVATIZATION .......cccccovvviiiiiiiienene 48
RESULTS AND DISCUSSION ..ottt 48
CHEMICAL DEGRADATION OF EDCS BY H,0, AND PAA (NO UV)..... 48

DIRECT PHOTOCHEMICAL DEGRADATION OF EDCS (UV ALONE) .. 49
INDIRECT PHOTOCHEMICAL DEGRADATION OF EDCS WITH

UV/HL05 AOP ..o s e eees s ees s ese e ses e ese s eseees 50
INDIRECT PHOTOCHEMICAL DEGRADATION OF EDCS WITH
UV/PAA AOP......ooooeeeoeeeeeeeeeeeeeeeeeeeeeseeeesseeeseessesses s esss s eses e esesee s 53
CONCLUSIONS ...t s seeseeeseseeesees e eeeseesees e eees e eess e eesseseeesseesesseesessseens 53
CHAPTER 5: CONCLUSIONS .....vcoeveeeeeeeeeeeeeeseeseeeeeesseesessseeseesssesessseesesssesesss s ssssseesesesesseees 55
ENDOCRINE DISRUPTING COMPOUNDS (EDCS) AND ESTROGENICITY
IN MUNICIPAL WASTEWATER TREATMENT .......ovvvveeereeeeereeesereesee 55
LIFE CYCLE IMPACT ASSESSMENT (LCIA) OF AOPS IN MUNICIPAL
WASTEWATER TREATMENT ...oovvooeeeeeeeeeseeoeeeseeeeeseeeeeseesessseeesesseeesssseens 56
PHOTOCHEMICAL DEGRADATION OF ESTROGENIC EDCS WITH UV
AAOPS .ot ee s s s e s e 56
CONCLUDING REMARKS ......covveeereeeeeeeeseeseeeseeseeesesseeeessseessssseesesseesssseessssseens 57



X



Table 2-1

Table 3-1

Table 3-2

Table 3-3

Table 3-4

Table 4-1

Table 4-2

LIST OF TABLES

Detected average cohort concentrations, sample detection frequency and average
cohort removal ratios (Rx) of BPA and Nonylphenols in municipal wastewater
treatment plants in EI Paso, TX. .....coooiiiiiiieieceeeeeee et 16

Normalized annual average Life cycle inventory (LCI) for WWTP-A and WWTP-B.25

Environmental performance assessment of WWTP-A and WWTP-B..................... 29
Environmental sensitivity assessment from energy demand and chemical dose for

H,0,/UV AQOP application in municipal WWTPS. .......ccccooviiiiiiiiiiiieeieecee e 33
Eco-Score Card evaluation of different wastewater treatment scenarios ................... 33

Exit age distribution model fitting parameters and correlation coefficients for the UV
TEACTOT . ..eiutteeeuiteeettee ettt e et e e et e e sttt e e sateeeeateeeebt e e e bt e e eabaeeeabbeesabeeeeabeeeeabeeesabeeeanreesanneenans 43

Summary of experimental conditions and results for the direct and indirect
photochemical degradation of EDCs with UV, H,0,, and PAA ..........cccceeveiviniennns 51



LIST OF FIGURES

Figure 2.1 Average diurnal wastewater influent flow during the months of April 2012, August
2012 and December 2012, for the selected municipal WWTPs. .......cccccvevviiiniinnnnenn. 8

Figure 2.2 Schematic layout, sampling locations and cumulative treatment time (t) of selected
Municipal Wastewater Treatment Facilities in El Paso, TX. Sampling points included
wastewater influent (RAW), primary clarifier effluent (PE), anoxic basin effluent
(ANX), aeration basin effluent (AER), secondary clarifier effluent (SE), sand
filtration effluent (SF), chlorination (PC) and ultraviolet (UV) disinfection effluents. 9

Figure 2.3 Average cohort concentrations of BPA, NP, and measured estradiol equivalent
concentrations by bioassay (EEQs) throughout each unit process for WWTP-A (a, b,
and ¢) and WWTP-B (d, e, and f), respectively. Error bars show + 1 standard
AEVIALION . ...ttt ettt b e st e s bt e e bt esbbe st e e sbeeeaneenne 18

Figure 3.1 Schematic layout of selected Municipal Wastewater Treatment Facilities in El Paso,
1 ) GRS P RS RUPORRRPSRRPRIRN 23

Figure 3.2 LCI models created in GaBi for WWTP-A (a) and WWTP (b). ..ccccvvvevvivnciiennennee. 26

Figure 3.3 Sensitivity analysis for the addition of an AOP system in WWTP-A and WWTP-B,
based on global warming potential (a and b), acidification potential (c), eutrofication
potential (d), freshwater aquatic ecotoxicity potential (e), and terrestrial ecotoxicity

0201155 1 L b2 G i TSP SRRUPPRPRN 32
Figure 3.4 Wastewater treatment scenarios ECO-SCOTES ........covviiiriiiiiriiieeniiecieeeieeeee e 34
Figure 4.1 Diagram of photochemical reactor apparatus. .........ccceeeeveeerveeerieeerieeerreeeieeeevee e 40

Figure 4.2 Hydraulic characterization (residence time distribution) of the UV reactor at

theoretical detention times (t) of 2.4 min (a and b), 1.3 min (¢ and d), 0.8 min (e and
f) and 0.4 mMin (Z and D). coc.oeeeiiieece e e 42

Figure 4.3 Ferrioxalate actinometry for the UV reactor in batch and continuous flow modes.... 44

Figure 4.4 Determination of molar absorption coefficient for H,O, and peracetic acid (PAA) in

WALET .ttt ettt ettt et ettt et e e bt e eab e e eb e e et e e eh b e et e e eh b e e ab e e eh e e e ab e e bt e e bt e eheeea bt e bt e e abeenheeeaneennee 46
Figure 4.5 EDC degradation by addition of H,O,0r PAA ..., 49
Figure 4.6 Direct photochemical degradation of EDCs in water (UV alone) ...........ccccceevveeneee. 50

Figure 4.7 Photochemical degradation of aqueous EDCs with UV, UV/H,0, and UV/PAA ..... 52

X1



CHAPTER 1: INTRODUCTION

Municipal wastewater treatment is an important component in today’s water management
system. The performance of this treatment system plays a significant role in the impact and
preservation of current water supplies. In the past decades, the presence of pharmaceuticals and
personal care products (PPCPs) and endocrine disrupting chemicals (EDCs) have been observed
in wastewater treatment effluents [1]-[14]. The presence of PPCPs in municipal wastewater
treatment presents a challenge to current municipal treatment processes, which were not
designed for their removal [7], [15]. Recently, the presence of EDCs in drinking water treatment
and wastewater treatment plants (WWTPs) has been reported around the world [16], [17].
Pesticides, as well as EDCs, have been reported to have estrogenic effects in biota and can
potentially have a negative impact for human health [18], [19]. The presence of these EDCs in
WWTPs effluents presents a potential threat to organism and human health, especially where
discharge water is used for agricultural activities that impact the human food supply. The
presence of EDCs at low concentrations have been known to cause reproduction reduction in FO
(first generation) and F1 (second generation) generations, and sex ratio shift at low EDC
concentration exposure (17 — 51 pg/L) in Medaka fish, respectively [20]. In addition, the
exposure of these chemicals has been linked to child obesity, diabetes, and metabolism effects in
humans [21]-[24]. The removal efficiency of these chemicals in different wastewater treatment
processes will play an important role in the integrity and potential environmental impact of the
effluent as well as the environmental performance of the municipal wastewater treatment

systems.

In recent years, direct potable reuse has gained worldwide interest for the development of
“new” water supplies, especially in semiarid regions. The presence of EDCs in wastewater
effluents requires careful engineering design in direct potable reuse, and effective treatment

could significantly increase operational cost and the carbon footprint, as compared with



conventional treatment systems. The enhancement and selection of sustainable means for
wastewater treatment can yield many benefits such as the low cost acquisition of new water

supplies, water stress mitigation, and preservation of existing water supplies.

The use of advance oxidation processes (AOPs) has been widely studied for wastewater
treatment and reuse[15], [25]-[29]. Municipal wastewater treatment facilities commonly employ
the use of UV systems for disinfection. Perhaps the engineering of such systems into UV/AOPs
could increase effluent quality for the application of water reuse with a relatively small increase
in carbon footprint. In addition, such modifications could lead to other environmental benefits
such as reduced water stress, production of new water supplies and the mitigation of
environmental impact by reduced chemical oxygen demand, biological oxygen demand, removal
of recalcitrant pollutants such as pesticides and endocrine disrupting chemicals [25], [26], [30]—
[32]. Commonly used UV/AOPs with the lowest operational cost and green house gas emissions
include the use of ozone (O3) and hydrogen peroxide (H,0O,). The use of O3/UV and H,O,/UV
has been reported to have a cost and green house gas emissions of $0.21/L and 5.54 Kg CO,-
e/KL and $0.14/L and 0.20 Kg CO;-e¢/KL, respectively [33]. The employment of these oxidants,
especially H,O,, could be even more affordable for wastewater treatment facilities equipped with

UV disinfection units.

The overall aim of this research effort was to investigate the environmental performance
of municipal wastewater treatment for the removal of EDCs and explore the environmental
impacts and EDC removal enhancement by modifying a UV disinfection system into an AOP. In

order to achieve this aim, the three main goals of this research were as follows:



1.

The first goal of this study was to assess the performance of existing full-scale municipal
wastewater treatment systems with respect to EDC removal. In order to accomplish this
goal, the following three objectives were completed:

a. Analysis of municipal wastewater treatment flows and assessment of treatment
performance as approximate cohorts based on the hydraulic detention time of the
treatment processes.

b. Chemical analysis of EDC surrogates using GC-MS to identify recalcitrant
compounds in municipal wastewater treatment.

c. Screening of samples for estrogenic potential using yeast biological assay to
create an overall assessment of the treatment performance.

The second goal of this study was to assess the potential environmental impact for the
modification of municipal wastewater UV disinfection systems into AOPs. To achieve
this goal the following three objectives were completed:

a. Develop an annual inventory of municipal wastewater treatment plants and asses
environmental performance based on current operational conditions.

b. Assess the environmental impact for the addition of peroxide dosing in the UV
disinfection system as a potential AOP modification.

c. Compare this modification with the complete new addition of an HO,/UV AOP
to municipal wastewater treatment plants based on the chemical dose and energy
requirements.

The third goal of this study was to compare the use of ultraviolet light irradiation and
peroxide (UV/H,0,), and ultraviolet light and peracetic acid (UV/PAA) in advanced

oxidation processes (AOPs) for the removal of bisphenol-A (BPA), estradiol (E2), and



nonyphenols (NP) in deionized (DI) water. In order to achieve this goal the following
three objectives were completed:
a. Characterize the residence time distribution (RTD) and actinometry of a lab-scale
continuous-flow UV reactor.
b. (b) Evaluate the use of UV/H,0O, and UV/PAA as chemical oxidants for the
removal of EDCs.
c. Estimate the required UV energy dose and initial chemical concentrations to

achieve 90% removal of EDCs in aqueous solutions.

These goals and objectives have resulted in the identification of resilient EDCs to current
municipal wastewater treatment, assessment of the environmental impact of modifying an
existing UV disinfection system into an AOP, and evaluation of a relatively new chemical

oxidant for AOP systems.



CHAPTER 2: DETECTION AND REMOVAL OF ENDOCRINE
DISRUPTING COMPOUNDS (EDCS) AND ESTROGENICITY IN
MUNICIPAL WASTEWATER TREATMENT FACILITIES IN EL PASO,
TX

ABSTRACT

The presence of compounds of emerging concern (CECs) such as endocrine disrupting
compounds (EDCs) and herbicides in municipal wastewater present environmental challenges
because conventional treatment systems were not designed to remove such compounds. The
removal of Bisphenol-A (BPA), 17p-Estradiol (E2), 17a-Ethinylestradiol (EE2), nonylphenols
(NP), and select herbicides and pesticides were investigated in two municipal wastewater
treatment plants (WWTP) in El Paso, TX. Samples were collected and analyzed as cohorts
based on the hydraulic detention times to determine the EDC removal and estrogenicity
reduction by unit process for both WWTPs. EDC concentrations were analyzed by SPME-GC-
MS, and average influent concentrations of BPA and NP were 0.316 pg/L. and 10.6 pg/L for
WWTP-A and 0487 pg/L and 72.1 pg/L for WWTP-B, respectively. Cohort-average removals
of 93% and 94% for WWTP-A, and 87% and 99.6% for WWTP-B were observed for BPA and
NP, respectively. Estrogen species were detected in less than 5% of the samples; herbicides and
pesticides were below detection limits for all of the collected samples. EDC removal agreed

with reductions in estrogenic activity observed by yeast bioassay.

INTRODUCTION

The presence of endocrine disruptors such as Bisphenol-A (BPA), 17pB-Estradiol (E2),
17a-Ethinylestradiol (EE2), nonylphenols (NPs), as well herbicides and pesticides in wastewater
influents present a challenge because conventional treatment systems were not designed to
remove these trace compounds [7]. In recent years the presence of endocrine disrupting

compounds (EDCs) in drinking water treatment and wastewater treatment plants (WWTPs) has
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been reported around the world [16], [17]. Pesticides, as well as EDCs, have been reported to
have estrogenic effects in biota and can potentially have a negative impact for human health [18],
[19]. Human exposure to EDCs has been linked to child and adolescent obesity, diabetes, and
advanced puberty [34]-[37]. The presence of these contaminants of emerging concern in
WWTPs effluents presents a potential threat to organism and human health, especially where
discharge water is used for agricultural activities that impact the human food supply. The
removal efficiency of these chemicals in different wastewater treatment processes will play an
important role in the integrity and potential environmental impact of the effluent. Some of the
detected EDCs have been reported to be recalcitrant, resulting in their detection in WWTPs
effluents [38]. The occurrence of pesticides in water samples have been related to their land use
in agricultural and residential areas [39], [40], and their annual use in the USA is about 1 billion

pounds [41].

In semi-arid areas, such as the southwestern region of the US, the effluents of WWTP
processes play an important role in the quality of the available surface water [42]. For instance,
in El Paso, TX the effluent produced by the municipal WWTPs constitutes a small fraction of
river flow during the irrigation season, but in recent years, the municipal WWTP effluents
dominate the river flow during the non-irrigation season. Rivers and streams are key water
sources for society, and understanding the performance of existing municipal wastewater
treatment processes discharging water to the river can ultimately inform improvements to

ecological conditions of the river.

While recent studies have found a seasonal variation in the detectable concentrations in
the influent and effluent of WWTPs worldwide [13], [43], [44], this study focused on the

removal of EDCs and reduction of estrogenicity by employing sample collection and analysis as

6



cohorts, accounting for hydraulic detention through individual unit processes in the treatment
systems. The goal of this study was to analyze the performance of WWTP unit processes in
removing EDCs. The first objective was to determine the concentration and removal of
estrogenic EDCs such as BPA, NP, and pesticides in each unit process in the WWTPs. The
second objective was to analyze the reduction in total estrogenic activity (estrogenicity) in each

unit process in the WWTPs.

The goal of this study is to assess the EDC removal performance of municipal wastewater
treatment. To achieve this goal three objectives were included: (a) analysis of municipal
wastewater treatment operational conditions to create a sampling design to capture representation
of treatment performance as cohorts, (b) chemical analysis EDC surrogates using GC-MS to
identify resilient compound to municipal wastewater treatment, and (c) screening of samples for
estrogenic potential using yeast biological assay to create an overall assessment of the treatment

performance.

MATERIALS AND METHODS

WASTEWATER TREATMENT PLANTS (WWTPS)

Two municipal wastewater treatment facilities, WWTP-A and WWTP-B, were
investigated for the removal of several EDCs. The selected treatment facilities receive
wastewater from different regions of El Paso. WWTP-A receives municipal wastewater from the
west side of El Paso and has a total design capacity of 17.5 million gallons per day (MGD).
WWTP-B receives municipal wastewater from the central region of El Paso (and sludge from

WWTP-A) and has a total design capacity of 27.7 MGD.



The average hourly flow shows a similar diurnal cycle for each season for both WWTPs,
as shown in Figure 2.1. The months of April, August, and December 2012 were selected to
represent the spring, summer and winter seasons, respectively. These diurnal variations are
similar to typical municipal wastewater flow cycles [45]. WWTP-A has a minimum influent
flow near 6AM (2.4 MGD), peak inflow near 12PM (10.9 MGD), and an average influent flow
of 7.6 MGD (Figure 2.1). WWTP-B has an average minimum influent flow near 6AM (11.2
MGD), average peak inflow near 2PM (24.2 MGD), and an average influent flow of 19.2 MGD
(Figure 2.1). El Paso Water Utilities (EPWU) provided the volume and redundancy of each unit
process in each WWTP, and hydraulic detention times (listed in Figure 2.2) were calculated
based the average daily influent flow. Total plant detention times were calculated to be

18.8 hours and 11.3 hours for WWTP-A and WWTP-B, respectively.
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Figure 2.1 Average diurnal wastewater influent flow during the months of April 2012, August
2012 and December 2012, for the selected municipal WWTPs.
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Figure 2.2 Schematic layout, sampling locations and cumulative treatment time (t) of selected
Municipal Wastewater Treatment Facilities in El Paso, TX. Sampling points included
wastewater influent (RAW), primary clarifier effluent (PE), anoxic basin effluent (ANX),
aeration basin effluent (AER), secondary clarifier effluent (SE), sand filtration effluent (SF),
chlorination (PC) and ultraviolet (UV) disinfection effluents.

As illustrated in Figure 2.2, the WWTP-A process includes aeration, secondary sedimentation,
sand filtration, and ultra violet (UV) disinfection before the water is discharged to the Rio
Grande. A portion of the effluent is reclaimed and treated in a chlorination basin for municipal
reclamation (purple pipe) for landscape irrigation. Sludge from WWTP-A is currently conveyed

to the raw influent of WWTP-B.

As illustrated in Figure 2.2, the WWTP-B process includes primary sedimentation,
anoxic denitrification, aeration, secondary sedimentation, and a chlorination basin before the

final treated effluent is typically discharged to an agricultural irrigation canal. A portion of the



final effluent is reclaimed and filtered through a sand filtration basin for municipal reclamation

(purple pipe) for landscape irrigation.

SAMPLE COLLECTION

The hourly influent flow rate was analyzed for the year 2012 to understand potential
seasonal variations, under the assumption that similar flow behavior would be observed in the
consecutive years. Based on the hydraulic detention time, samples were collected two
consecutive days every 6 hours for a period of 42 hours. This sample frequency included
characteristic diurnal low influent flow (6AM), peak influent flow (12PM) and decreasing
influent flow (6PM). In addition the 6 hour sample frequency coincided with the average
hydraulic detention times of several processes in the selected municipal WWTPs. In each
sampling campaign, 48 samples (six sampling locations sampled eight times) were collected for
WWTP-A, and 56 samples (seven sampling locations sampled eight times) were collected from
WWTP-B. As shown in Figure 2.2, WWTP-A samples included the raw influent (RAW),
aeration basin missed liquor effluent (AER), secondary sedimentation effluent (SE), sand filter
effluent (SF), UV disinfection effluent (UV), and chlorination effluent (CL). WWTP-B samples
included the raw influent (RAW), primary sedimentation effluent (PE), anoxic denitrification
effluent (DN), aeration basin mixed liquor effluent (AER), secondary sedimentation effluent
(SE), chlorination effluent (CL), and sand filter effluent (SF). Samples were collected and
analyzed in August 2013, October 2013, July 2014, October 2014 and January 2015. Samples
were collected in 100 mL amber glass bottles and stored in a sample storage fridge at 4 °C prior

to extraction and derivatization.
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Prior to analysis, samples were grouped to determine the removal by unit process as
cohorts. Cohort assignment was based on hydraulic detention times through the treatment
process; samples not assigned to a specific cohort were discarded. A total of five cohorts were
collected for WWTP-A, and six cohorts were collected for WWTP-B. Each cohort started with
an influent sample at a given sample time and the samples of each unit process at appropriate
subsequent sampling times, according to cumulative detention time. The cumulative removal

ratio (R, ;) of BPA and NP was calculated for each unit process:

Cx’tO,i+Tx

R..=1-
x,i
Co,i

Equation 2-1

where x is the sampling location; i is the cohort number; Cy; is the influent (RAW) concentration
of cohort i (sampled at time #,,); and C,; is the effluent concentration of process x of cohort i,
sampled at time £, ,+7, (Where T, is the cumulative detention time from the influent to the effluent

of unit process x). The cohort-average removal ratio of each process (R,) was calculated as:

R_x =2 ic1 Ry Equation 2-2

n

where n =5 for WWTP-A and n = 6 for WWTP-B.

SAMPLE EXTRACTION AND DERIVATIZATION

Samples were analyzed by means of gas chromatography mass spectrometry (GC-MS)
after solid-phase extraction by stir bar soprtive extraction [11]. Stir bar sorptive extraction
(SBSE) is a technique that employs the use of a magnetic stir bar coated with a thin film of
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polydimethylsiloxane (PDMS). The PDMS film provides a surface with low polarity, which
extracts low polarity chemicals. Other chemicals with higher polarity could be extracted by
chemical modification techniques such as derivatization, allowing the effective extraction of
chemicals such as BPA, NPs and estrogens from water samples. The derivatization of BPA, NP,
and estrogens was accomplished by adding 200 mg of Na,CO, and 200 pL of acetic acid
anhydride into 20 mL of water samples. The stir bars are submerged in the aqueous samples for
a period of 2 hours before being loaded into a thermal desorption unit (TDU) to inject extracted

organic compounds into the Agilent GC-MS unit.

ANALYSIS OF ENDOCRINE DISRUPTING COMPOUNDS (EDCS)

Estrone (E1), 17p-estradiol (E2), 17a-ethynylestradiol (EE2), Bisphenol A (BPA), and
nonylphenol technical mixtures (NP) were purchased from Sigma-Aldrich. The isotope internal
standard for BPA (ring °C,,) was purchased from Cambridge Isotope Laboratories, Inc (MA,
USA). Lindane, alachlor, chlorpyrifos and endosulfan were purchased from Fisher Scientific
(PA,USA). HPLC grade methanol, acetic acid anhydride, and sodium carbonate were purchased
from VWR (USA). Stir bars (Twister®, 10 mm x 1 mm; coated with polydimethylsiloxane
(PDMS)) were purchased from Gerstel Inc. (MD, USA). EDCs were prepared in 1000 ppm
stock solutions in methanol for gas chromatography-mass spectrometry (GC/MS). For yeast
assays, hormones were prepared in 10 mM stock solutions in ethanol. All solutions were stored

at 4 °C until used.

GAS CHROMATOGRAPHY MASS-SPECTROMETRY (GC-MS)

After stir bar sorptive extraction, stir bars were loaded into the thermal desorption unit
(TDU) (Gerstel, US) under splitless mode. The desorbed chemicals were then cryo-focused in a
baffle liner in a cryo-injection system (CIS 4) at —40 °C under liquid nitrogen prior to injection.

The gas chromatography separations were performed on a Zebron ZB-5MS capillary column
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(0.25 mmx30 mx0.25 pum, Phenomenex, CA). The carrier gas (ultra-pure helium) was set to a
constant flow of 1.2 mL/min. The mass spectrometer was operated in the scan mode with
electron-impact ionization (ionization voltage, 70 eV). Target compounds were measured based
on the following mass to charge ratios (M/Z): 135 and 149 NP, 181 lindane, 160 alachlor, 197
chlorpyrifos, 241 endosulfan, 225 "C-BPA, 213 BPA, 270 estrone, 272 estradiol and 213 17a-
ethynylestradiol. A seven-point calibration curve was prepared with concentrations ranging from
0.005 to 22 pg/L. Method detection limits (MDLs) were calculated as o*t-value, where o is the
standard deviation of seven standard samples times the t-value of 2.477 [46]. The method
detection limits (MDLs) for BPA, NP, lindane, alachlor, chlorpyrifos, estrone, estradiol and 170
ethynylestradiol were 0.010, 0.371, 0.673, 0.107, 0.020, 0.982, 0.135 and 0.538 pg/L,

respectively.

FOUR-HOUR YEAST BIOASSAY

Estrogenic activity of wastewater samples was determined using a yeast bioassay
modified to measure wastewater samples directly without extraction, concentration, or
sterilization, as describe in previous studies [11]. The yeast parent strain was co-transformed
with a TRPI-marked constitutive human ERa expression plasmid (pG/ER) [47] and URA3-
marked estrogen inducible [-galactosidase reporter plasmid (pUCASS-ERE) [48] and
maintained in synthetic complete media lacking uracil and tryptophan (SC-UW) to select for
plasmid retention. Briefly, the yeast reporter strain was cultured overnight in SC-UW at 30°C in
a shaking water bath. After overnight culture, the cells were diluted back to an optical density of
0.08 at 600 nm (0O.D.600) and incubated in a shaking water bath at 30°C until the culture reached
an O.D.600 of 0.1. The yeast culture in log-phase growth was aliquoted into 15 mL centrifuge
tubes at 1 mL per tube. The cells were then harvested by centrifugation and suspended in 1 mL
of SC-UW prepared by mixing 750 pL of wastewater with 250uL of x4 (four-times)

concentrated SC-UW for each assay to be performed. The cultures were then incubated at 30°C
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with shaking for two hours. An aliquot of 100 pL from each culture was then transferred to an
opaque 96-well plate, and 100 pL of Tropix Gal- Screen in Buffer B (Applied Biosystems,
Foster City, CA) was added to each well. The plate was incubated for an additional two hours at
room temperature. For all assays, a 17f-estradiol standard calibration curve was performed by
diluting (concentrations ranging from 1E-15 M to S5E-7M) into distilled, deionized water and
treating identically as the wastewater samples. The hormone-induced chemiluminescent signal
was then measured on a Luminoskan Ascent microplate luminometer (Thermo Fisher Scientific

Inc., Waltham, MA).

RESULTS AND DISCUSSION
DETECTION OF EDCS AND REMOVAL IN WWTPS

Estradiol, EE2, lindane, alachlor, chlorpyrifos and endosulfan were less than method
detection limits for all of the collected samples. Estrone was detected in both WWTPs in less
than 5% of the samples with concentrations of approximately 7 ng/L and 500 ng/LL in WWTP-A
and WWTP-B, respectively. BPA and NP were detected in all influent samples for both
WWTPs; detection frequencies and average concentrations are listed by unit process in Table
2-1. The detected average cohort concentrations for BPA and NP grouped by unit process are

also presented in Figure 2.3.

The cohort EDC concentrations in the WWTP influent and individual unit treatment

Cx:fo,i+‘fx

effluents were compared, as describedin R, ; = 1 — c
0,i

Equation 2-1, to determine the EDC treatment process removal ratios as shown in Table
2-1. The average cohort influent concentrations and cohort average final effluent removal ratios

for BPA were 316 ng/L. and 93% for WWTP-A and 487 ng/L and 87% for WWTP-B, which
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agrees with other reported BPA influent average concentration and removal ratios for similar
municipal WWTP [14]. BPA influent concentrations ranged from 221 ng/L to 391 ng/L and 350
ng/L to 609 ng/L in WWTP-A and WWTP-B, respectively. The highest influent concentrations
of BPA were observed in samples collected at 6PM and 12PM for WWTP-A and WWTP-B,
respectively. This trend is similar to the diurnal trend of most municipal WWTP cycles [45].
The lowest influent concentrations of BPA were detected at 1PM and 7AM for WWTP-A and
WWTP-B, respectively. Cohort average BPA removals for reclaimed water were 99% and
99.6% for WWTP-A and WWTP-B, respectively. Biological treatment (aerobic) provided
significant BPA removal, with removal of 94% and 88% for WWTP-A and WWTP-B,
respectively (raw versus aeration). This performance is similar to other reported biological

treatments [49]-[51].
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Table 2-1  Detected average cohort concentrations, sample detection frequency and average

cohort removal ratios (R,,) of BPA and Nonylphenols in municipal wastewater treatment plants
in El Paso, TX.

BPA (n =5)* NP (n = 5)**

WWTP-A | Average Average

Concentration | Standard Detection | Concentration | Standard Detection |

(ng/L) deviation Frequency | R (%) (ng/L) deviation Frequency | R (%)
RAW 315.5 75.6 1.00 - 10645.1 2003.8 1.00 -
AER 18.9 13.1 1.00 94 693.8 177.3 1.00 95
SE 8.5*% 3.8 0.83 98 489.9 37.8 1.00 96
SF 49.4 79.5 1.00 85 565.2 61.5 1.00 96
UV(Final) 19.1 13.5 1.00 93 674.3 143.2 1.00 94
PC(RW) 13.5 9.3 0.33 99 304.8** 117.9 1.00 97

BPA (n = 6)* NP (n = 6)**

WWTP-B | Average Average

Concentration | Standard Detection | Concentration | Standard Detection |

(ng/L) deviation Frequency | R (%) (ng/L) deviation Frequency | R (%)
RAW 487.0 86.6 1.00 - 72129.2 31267.7 1.00 -
PE 381.2 104.3 0.92 32 54055.5 31598.5 1.00 17
ANX 114.8 155.5 0.96 90 1006.8 705.8 1.00 99.0
AER 70.0 93.6 0.83 88 701.3 425.0 1.00 99.0
SE 72.6 146.4 0.71 84 320.1** 69.7 1.00 99.5
PC(Final) 75.3 117.3 0.92 87 270.4%* 62.0 1.00 99.6
SF(RW) 2.7* 34 0.58 99.6 313.9** 49.8 1.00 99.5

* MDL for BPA = 10 ng/L, **MDL for NP =371 ng/L; n = number of cohorts

NPs were detected in all collected samples for both treatment facilities. The influent
average concentration ranged from 10.6 pg/L to 72.1 pg/L in WWTP-A and WWTP-B,
respectively. The NP final effluent average concentration was approximately 0.3 pg/L for both
treatment facilities; these concentrations are similar to those reported for NPs in WWTPs
effluents and reclaimed waters [9], [52]. This final effluent concentrations are biological
relevant for small organisms where it could potentially have developmental, reproduction, and
growth effects [20]. The overall cohort NP removal was observed to be 94% and 99.6% for
WWTP-A and WWTP-B, respectively. The biological treatment process provided significant
NP removal, with 95% and 99.0% removal for WWTP-A and WWTP-B, respectively (raw
versus aeration effluent). It is interesting to note that the biological treatment in WWTP-A

provided a better removal of BPA than WWTP-B, but the biological treatment in WWTP-B
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(including an anoxic denitrification basin) provided better removal of NPs than WWTP-A (raw
versus aeration effluent). As previously described, the biological treatment in WWTP-A
includes an aeration basin with a hydraulic treatment time of about 11 hours versus 2 hours
(aeration basin) in WWTP-B (Figure 2.2). Perhaps the aerobic treatment more effectively
removes BPA [53], which could cause higher BPA removal in WWTP-A. NP removal (final
effluent) was found to be about 4% higher in WWTP-B than WWTP-A.

ESTROGENIC ACTIVITY

An assessment of the reduction in the estrogenic activity in wastewater treatment
processes was performed employing a four hour yeast bioassay [11]. This assay allows for
assessing the total estrogenic activity from the mixture of EDCs in wastewater, including
contaminants not analyzed by GC-MS in this present study. WWTP-A was observed to have
higher estrogenic activity for both influent and effluent samples. The WWTP influent and
effluent estrogenic activity expressed as estradiol equivalent concentration was determined to be
199 nM (5,418.2 ng/L) EEQ and 0.8 nM (227.8 ng/L) EEQ respectively (96% decrease in
estrogenic activity, RAW versus final) for WWTP-A and 1.4 nM (368.6 ng/L) EEQ and 0.3 nM
(84.0 ng/L)) EEQ (79% decrease in estrogenic activity, RAW versus final) for WWTP-B. The
greatest reduction in estrogenic activity was observed in biological treatment (aeration basin, as
shown in Figure 2.3), as was also observed for BPA and NP removal (Figure 2.3). For the
WWTP-A treatment system, unit process effluents downstream of the aeration basin were
observed to have higher estrogenic activity than a blank sample (265 pM EEQ), including the
WWTP-A final effluent (Figure 2.3). However, for WWTP-B, the unit processes downstream of

aeration exhibited estrogenic activity similar to the blank.
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Figure 2.3  Average cohort concentrations of BPA, NP, and measured estradiol equivalent
concentrations by bioassay (EEQs) throughout each unit process for WWTP-A (a, b, and c¢) and
WWTP-B (d, e, and f), respectively. Error bars show + 1 standard deviation.

CONCLUSIONS

The goal of this research was to assess EDC removal in municipal wastewater treatment
processes. The municipal WWTPs selected for this study have different unit treatment

processes; WWTP-B includes both primary sedimentation and an anoxic basin before aeration,
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but WWTP-A does not include either. Analysis of WWTPs revealed that the biological
treatment in WWTP-A provided better removal efficiency of BPA than WWTP-B, but the
biological treatment in WWTP-B (including anoxic treatment) provided better removal

efficiency of NP.

Overall removal was observed to be 96% and 99% for BPA and 97% and 99.5% for NP
for WWTP-A and WWTP-B, respectively (Table 2-1 and Figure 2.3). Bioassays revealed much
greater estrogenic activity in the influent of WWTP-A than WWTP-B, but both WWTP-A and
WWTP-B produced a final effluent with relatively low estrogenic activity and near-blank
estrogenic activity (Figure 2.3) in WWTP-A and WWTP-B, respectively. The concentration of
NP in the final effluent was 674 ng/LL and 270 ng/L for WWTP-A and WWTP-B. This
concentrations could potentially have biological effects to small organisms such as growth
reduction and shifted sex ratios, which have been reported at 1 to 6.7 ug/L [20], [54]. The long
term exposure of NP concentrations similar to the effluents of WWTP-A could have adverse
effects in the ecosystem. This could potentially result in a long term impact to human population
as NP could bio-accumulate in the food chain, and potentially impact drinking water resources
resulting in accumulation in human adipose tissue and human breast milk [55]-[57]. The effect
could potentially be more detrimental to children during the developmental stage [58], [59]. The
presence of these chemicals in wastewater effluents creates the need to explore sustainable

means to mitigate long term human and environmental impact.
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CHAPTER 3: LIFE CYCLE IMPACT ASSESSMENT (LCIA) OF AOPS IN
MUNICIPAL WASTEWATER TREATMENT FACILITIES

ABSTRACT

The environmental impact of two municipal wastewater treatment plants in El Paso, TX
was investigated. The study considered the addition of UV/H,0; and the corresponding impacts
in global warming potential, acidification potential, eutrophication potential, and freshwater
aquatic ecotoxicity potential impact categories. The use of 10 mg/L H,O, in a municipal
wastewater treatment facility employing UV for effluent disinfection, yield increments of 3%
global warming potential, 2% acidification potential, 5% eutrophication potential, 3% freshwater
aquatic ecotoxicity potential, and 42% in terrestrial ecotoxicity potential. The results were
evaluated in a developed Eco-Score Card in which it was observed 13% increase of the overall
environmental impact with the addition of 10 mg/L peroxide. Similar analysis was performed
for a second municipal wastewater facility, which resulted in lower Eco-Score values, but double
the environmental impact increase. The results indicate the potential use of UV disinfection
systems as potential UV/H,0, advanced oxidation processes in wastewater treatment with
relatively low environmental impact for municipal wastewater treatment with current use of UV

disinfection.

INTRODUCTION

With a continuously increasing global population and imminent water scarcity in
semiarid regions we face a global need to develop more sustainable water supply alternatives. In
recent years, direct potable reuse has gained worldwide interest for the development of “new”
water supplies, especially in semiarid regions. The enhancement and selection of sustainable
means for wastewater treatment can yield many benefits such as the low cost acquisition of new

water supplies, water stress mitigation and preservation of existing water supplies. The use of
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advance oxidation processes (AOPs) has been widely studied for wastewater treatment and
reuse[15], [25]-[29]. On the other hand, close to 4% of the current energy demand in the United
States is attributed to water and wastewater treatment, and the selection of AOP methods could
potentially increase the current energy demand, operational cost, and carbon footprint of WWTP

facilities [33], [60], [61], possibly outweighing the environmental benefits.

Municipal wastewater treatment facilities commonly employ the use of UV systems for
disinfection. Perhaps the engineering of such systems into UV/AOPs could increase effluent
quality for the application of water reuse with a relatively small increase in carbon footprint. In
addition, such modifications could lead to other environmental benefits such as reduced water
stress, production of new water supplies and the mitigation of environmental impact by reduced
chemical oxygen demand, biological oxygen demand, removal of recalcitrant pollutants such as
pesticides and endocrine disrupting chemicals [25], [26], [30]-[32]. Commonly used UV/AOPs
with the lowest operational cost and green house gas emissions include the use of O3 and H,0,.
The use of O3/UV and H,O,/UV has been reported to have a cost and green house gas emissions
of $0.21/L and 5.54 Kg CO;-¢/KL and $0.14/L and 0.20 Kg CO»-e/KL, respectively [33]. The
employment of these oxidants, especially H,O,, could be even more affordable for wastewater
treatment facilities equipped with UV disinfection units. This study focuses on assessing the
environmental impact of the implementation of UV/H,0, in two municipal wastewater treatment

facilities (WWTP-A and WWTP-B) in El Paso, TX.

The goal of this study is to assess the potential environmental impact for the modification
of municipal wastewater UV disinfection systems into AOPs. To achieve this goal three
objectives are included: (a) develop an annual inventory of municipal wastewater treatment

plants and asses environmental performance based on current operational conditions, (b) assess
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the environmental impact for the addition of peroxide dosing in the UV disinfection system as a
potential AOP modification, and (c¢) compare this modification with the complete new addition
of an H,O,/UV AOP to municipal wastewater treatment plants based on the chemical dose and

energy requirements.

METHODS

WASTEWATER TREATMENT PLANTS (WWTPS)

Two municipal wastewater treatment facilities, WWTP-A and WWTP-B, were selected
for the life cycle impact assessment. Both WWTPs include secondary municipal treatment, but
only one treatment facility currently employs UV for disinfection. As illustrated in Figure 3.1,
the WWTP-A process includes aeration, secondary sedimentation, sand filtration, and ultra violet
(UV) disinfection before the water is discharged to the Rio Grande. A portion of the effluent is
reclaimed and treated in a chlorination basin for municipal reclamation (purple pipe) for
landscape irrigation. Sludge from WWTP-A is currently conveyed to the raw influent of
WWTP-B and approximately accounts for 20% of the total produced sludge. The WWTP-B
process includes primary sedimentation, anoxic denitrification, aeration, secondary
sedimentation, and a chlorination basin before the final treated effluent is typically discharged to
an agricultural irrigation canal. A portion of the final effluent is reclaimed and filtered through a

sand filtration basin for municipal reclamation (purple pipe) for landscape irrigation.
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Figure 3.1 Schematic layout of selected Municipal Wastewater Treatment Facilities in El Paso,
TX.

LCIA FUNCTIONAL UNIT AND SYSTEM BOUNDARIES

The environmental impact assessment was determined creating a life cycle inventory
assessment (LCIA) based on a 3-year average inventory for each wastewater treatment plant.
The inventory was normalized to a functional unit of 1 billion gallons (BGal) of effluent. The
LCIA was based on four impact categories: Global Warming Potential (GWP), Eutrophication
Potential (EUP), Acidification Potential (AP) and Freshwater Aquatic Ecotoxicity Potential
(FAEP). The 2012-2014 average annual effluent productions for WWTP-A and WWTP-B were
2.51 and 5.24 billion gallons (BGal), respectively. Based on the annual average effluent
production, a functional unit of 1.0 BGal was selected for the environmental assessment. All
items included in the inventory were normalized to the functional unit. A gate to gate analysis
was chosen to perform the environmental assessment. The inventory includes chemicals, tap
water, energy, and natural gas consumption. Nutrients and other constituents in the effluent and

sludge cake were excluded from the analysis, because they would not be affected by the AOP.
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WWTPS LCIA INVENTORY

Three years of monthly data (calendar years 2012-2014) were collected for both
municipal wastewater treatment facilities. The data included the energy consumption, chemical
use, tap water consumption, methane production, as well as wastewater influent and effluent
flow rates for both treatment facilities, as listed in Table 3-1. Carbon dioxide production was
calculated assuming complete combustion (CH4 + 20, — CO, + 2H,0

Equation 3-1) of the mass of natural gas and biotic methane consumed. The
abiotic methane is produced in the treatment and digestion of the wastewater sludge. An average
of 20% of the sludge treated in WWTP-B originates form WWTP-A, therefore 20% of the CO2
emissions produced during the energy cogeneration with abiotic methane was assigned to
WWTP-A as listed in Table 3-1. The data were used to calculate yearly average inventory, which

mas normalized to a functional unit of 1.0 BGal of effluent produced (Table 3-1).

CH, + 20, - CO, + 2H,0 Equation 3-1
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Table 3-1  Normalized annual average Life cycle inventory (LCI) for WWTP-A and WWTP-
B.

FU Normalized Annual Average
Inventory Item
WWTP-A | WWTP-B
Life Cycle Inventory
Influent (MG) 1,080 1,170
Chlorine (Kg) 18,630 47447
Caustic Soda (Kg) 19,546 7401
Bleach (Sodium Hypochlorite) (Kg) 9,968 4,804
Nitric Acid (Kg) - 18
Ferrous Chloride (Kg) - 45,598
Tap Water (Kg) 301,406 113,283
Electricity (MJ) 13,207916 7,809,479
Electricity produced (MJ) - 421,217
Natural Gas (Kg) 119,288 961
Outputs

Effluent (MG) 1,000 1,000
Biotic Methane Production (Kg) - 344,069

Methane Combusted (Kg) - 161,355

Methane Flared (Kg) - 182,714
CO, (Kg) Emissons Total 2,230,252 1,571,095

CO, (Kg) Emissons (NG + F) 428 534 404 854

CO, (Kg) Emissons Co-Gen 88,745 354,981

LCIA MODEL IMPACT ASSESSMENT AND AOP MODIFICATIONS

The inventory was utilized to create a life cycle impact assessment (LCIA) in the life
cycle assessment software GaBi version 6.106. The impact assessment was based on the
selection of the most commonly used impact categories in the literature; including global
warming potential (GWP), acidification potential (AP), eutrophication potential and fresh water
ecotoxicity potential. Two basic models where created in GaBi to represent the overall treatment
process for WWTP-A and WWTP-B based on their respective inventories (Figure 3.2). The
model was based on the functional unit normalized inventory items for each WWTP and the

GaBi built-in processes for electrical supply from Texas electrical grid, tap water supply and
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natural gas supply for both WWTPs as well as the methane thermal energy cogeneration for

WWTP-B. The LCIA model analysis results are listed in Table 3-2.

US, Texas: Electricity -’
grid mix (production mix) (a)
| 1.32E007 M3
Electricity >, A
{WWTP-A <u-so> { of
EU-27: Tapwater PE  [IF*" :
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0 W, —_—
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Figure 3.2 LCI models created in GaBi for WWTP-A (a) and WWTP (b).

ADVANCED OXIDATION PROCESSES SCENARIOS

Three UV/H,0; scenarios resulting in the same product of oxidant dosage and energy
requirement were selected for this study. The selection of the scenarios was based on typical
H,0, dosage and typical energy requirements for irradiation dosage assuming the use of 15%

efficiency UV light bulbs. The three levels of required energy for UV dosing include 0.5, 1.0
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and 1.5 KWH/m3, and the three levels of H,O, dosage were 3, 5 and 10 mg/L. The levels were
combined to create a constant UV-H,0, product as follows; 1.5 KWH/m?® and 3 mg/L H,O, 1.0
KWH/m?® and 5 mg/L H,0,, and 0.5 KWH/m® and 10 mg/L H,O,. The levels were designed to
create stress levels on either energy consumption and/or chemical dosage. This resource stress

assignment could aide the selection of more sustainable alternatives. An Eco-Score
Ic . .
(EcoSocre = Y, —Tota Equation 3-2) was created to assess the overall impact of the

ICaverage

selected scenarios (Table 3-4). The Eco-Score was determined as described bellow, where ICrota
is the total impact potential of the scored category and IC,yerage 1 the average of the total impact

potential of all scenarios included in this study.

EcoSocre = ZICICT—‘”“’ Equation 3-2
average
RESULTS AND DISCUSSION

LCIA COMPARISON OF WASTEWATER TREATMENT PLANTS

Two basic models based on a functional unit of 1.0 BGal of effluent produced were
created in GaBi to represent the overall treatment process for WWTP-A and WWTP-B based on
their respective inventories (Figure 3.2). The LCIA results for both WWTPs are listed in Table
3-2. From the results we can compare the environmental potential impact of both WWTPs into
the four impact categories. As expected, based on the higher electrical energy consumption (E.
Grid), the electric energy consumption accounted for a significant portion of the carbon
footprint: 83% and 67% for WWTP-A and WWTP-B, respectively. This observation agrees with
other reported values [33]. In addition WWTP-B had an average biotic methane production of
344,069 Kg per functional unit, 47% of the methane is used for thermal energy cogeneration that
decreases the electrical demand by the plant and the remaining 53% is flared. The methane

consumed in this process produces a carbon footprint of 443,726 Kg CO,-equivalent per 1 BGal
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of effluent. Based on the sludge contribution for each plant, 80% of these emissions (flare and
cogeneration) can be assigned to WWTP-B and the remaining 20% to WWTP-A (sludge from
WWTP-A is processed in WWTP-B accounting for nearly 20% of the total sludge).

The environmental performance of both WWTPs was dominated (100%) by the electrical
energy consumption in almost all impact categories but the GWP, for the calendar years 2012-
214. The GWP contribution distribution for WWTP-A was observed to be 83% from electrical
consumption, 3% from cogeneration, and 14% from wastewater treatment processes including
natural gas consumption and methane flare (20% assignment based on sludge contribution). The
GWP contribution distribution for WWTP-B was observed to be 67% electrical energy
consumption, 16% cogeneration, and 18% wastewater treatment processes including natural gas
consumption and methane flare. The electrical energy consumption dominated all the impact

categories by nearly 100%, and the impact of other inventory items was negligible.
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Table 3-2  Environmental performance assessment of WWTP-A and WWTP-B.
Global Warming Potential [kg CO2-Equiv.]
(A-1) (B-1) (B-2) (B-3)
Source (A) WWTP-A B) WWTP-B WWTP-B WWTP-B
WWTP-A 10 mg/L H,05 WWTP-B 10 mg/L H2023+ 5 mg/L HzOz;r 3 mg/L HzOz;r 1.5
0.5 KWH/m 1.0 KWH/m KWH/m
E. Grid 2,567,996 2,567,996 1,518,386 1,610,838 1,703,291 1,795,744
H,0, 0 107,457 0 107,457 53,729 32,237
CoGen 88,745 88,745 354,981 354,981 354,981 354,981
Water 126 126 64 64 64 64
WWTP 328,041 328,041 505,107 505,107 505,107 505,107
Total 2,984,909 3,092,366 2,378,537 2,578,447 2,617,171 2,688,132
Acidification Potential [kg SO2-Equiv.]
Source (A) (A-1) B) (B-1) (B-2) (B-3)
E. Grid 6,015 6,015 3,557 3,773 3,990 4,207
H,0, 0.0 98.4 0.0 98.4 49.2 29.5
Water 0.2 0.2 0.1 0.1 0.1 0.1
Total 6,016 6,114 3,557 3,872 4,039 4,236
Eutrophication Potential [kg Phosphate-Equiv.]
Source (A) (A-1) B) (B-1) (B-2) (B-3)
E. Grid 327 327 193 205 217 229
H,0, 0.0 16.5 0.0 16.5 8.3 5.0
Water 0.1 0.1 0.0 0.0 0.0 0.0
Total 327 344 194 222 225 234
Freshwater Aquatic Ecotoxicity Pot. [kg DCB-Equiv.
Source (A) (A-1) B) (B-1) (B-2) (B-3)
E. Grid 4,814 4,814 2,847 3,020 3,193 3,367
H,0, 0.0 128 0.0 128 64 38
Water 0.5 0.5 0.3 0.3 0.3 0.3
Total 4,815 4,942 2,847 3,148 3,257 3,405
Terrestric Ecotoxicity Potential [Kg DCB-e]
Source (A) (A-1) B) (B-1) (B-2) (B-3)
E. Grid 1,176 1,218 737 737 780 822
H,0, 0.0 870 0.0 870 435 261
Water 0.2 0.2 0.1 0.1 0.1 0.1
Total 1,176 2,089 738 1,608 1,215 1,083
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SENSITIVITY ASSESSMENT FOR THE ADDITION OF A UV/H,0, AOP IN
MUNICIPAL WWTPS

A sensitivity analysis was performed for the environmental impact of using peroxide and
UV as an AOP enhancement of the municipal wastewater treatment plants. Three scenarios were
considered with peroxide concentrations (3, 5 and 10 mg/L) and corresponding UV dose (1.5, 1.0
and 0.5 Kwh/m’ required energy assuming 15% UV light bulb efficiency). The three
combinations were simulated in the GaBi model for WWTP-B (Table 3-2). A sensitivity
analysis was performed based on the assessment of environmental impact for H,O, concentration
and UV dosage on the selected eco-indicators (GWP, AP, EUP, FAEP, and TEP), and relative

differences are listed in Table 3-3.

The three combinations were defined as AOP1 (3 mg/L H,O, and 1.5 Kwhr/m®), AOP2
(5 mg/L H,0, and 1.0 Kwhr/m®) and AOP3 (10 mg/L H,0, and 0.5 Kwhr/m®). The GaBi model
was modified to include the H,O, consumption for the additional energy consumption creating a
new inventory. Annual inputs of 11,356 Kg, 18,927 Kg and 37,854 Kg H,O, per functional unit
and 1,426,529 MJ, 951,019 MJ and 475,509 MJ electrical energy per functional unit were
included in the inventory for AOPI1, AOP2 and AOP3 respectively. The WWTP-A AOPs
(AOP3) modifications resulted in 4%, 2%, 5%, 3%, and 78% increase for GWP, AP, EUP,
FAEP, and TEP respectively (Table 3-3). Electrical energy consumption was the factor with the
highest environmental impact potential in almost all categories but TEP. Peroxide accounted for
3%, 2%, 5%, 3%, and 42% of the GWP, AP, EUP, FAEP, and TEP, respectively. Energy
consumption accounted for 80%, 98%, 95%, 97%, and 58% of the GWP, AP, EUP, FAEP, and
TEP, respectively. The Eco-Score of these scenarios for WWTP-A was observed to be 5.9 for

2012-2014 annual average scenario (A) and 6.7 for the scenario for the addition of 10 mg/L
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peroxide (AOP scenario) (A-1) as illustrated in Figure 3.4. The score indicates a 13% increase in

the overall potential impact by the addition of 10 mg/L peroxide.

The modification of WWTP-B was modeled in GaBi to include the three selected
scenarios for this study. It was observed a significantly higher sensitivity of these modifications
in all the impact categories, when compared to WWTP-A. The scenario for AOP1 resulted in
13%, 9%, 15%, 11%, and 118% increase in GWP, AP, EUP, FAEP, and TEP, respectively;
resulting on Eco-Score of 4.7. The scenario for AOP2 resulted in 15%, 14%, 17%, 14%, and
65% increase in GWP, AP, EUP, FAEP, and TEP, respectively; resulting on Eco-Score of 4.5.
The scenario for AOP3 resulted in 18%, 19%, 21%, 20%, and 47% increase in GWP, AP, EUP,
FAEP, and TEP, respectively; resulting on Eco-Score of 4.5. The use of peroxide was observed
to have a higher effect on the TEP resulting in 54%, 36%, and 24% contribution for AOPI,

AOP2, and AOP3 scenarios, respectively.

The relatively low environmental impact for the use of H,O, for AOP applications
presents a great opportunity for enhancement of wastewater treatment processes. Especially in
the case of WWTP-A, which currently has an UV disinfection system, where a 4% GWP
increase, 2% AP increase, 5% EUP increase and 3% increase been determined with the peroxide

addition (AOP scenario) (Table 3-3).
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Figure 3.3  Sensitivity analysis for the addition of an AOP system in WWTP-A and WWTP-B,
based on global warming potential (a and b), acidification potential (c), eutrofication potential
(d), freshwater aquatic ecotoxicity potential (e), and terrestrial ecotoxicity potential (f).
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Table 3-3  Environmental sensitivity assessment from energy demand and chemical dose for
H,0,/UV AOP application in municipal WWTPs.

Total increase to impact category

Category ™ \wwTp-A WWTP-B
AOP AOP1 AOP2 AOP3
Gwp 4% 13% 15% 18%
AP 2% 9% 14% 19%
EUP 5% 15% 16% 21%
FAEP 3% 11% 14% 20%
TEP 78% 118% 65% 47%
H,0, environmental impact percent contribution
Category WWTP-A WWTP-B
AOP AOP1 AOP2 AOP3
GWP 3% 4% 2% 1%
AP 2% 3% 1% 1%
EUP 5% 7% 4% 2%
FAEP 3% 4% 2% 1%
TEP 42% 54% 36% 24%
Electric consumtion environmental impact percent contribution
Category WWTP-A WWTP-B
AOP AOP1 AOP2 AOP3
GWP 80% 62% 65% 67%
AP 98% 98% 99% 99%
EUP 95% 92% 96% 98%
FAEP 97% 96% 98% 99%
TEP 58% 46% 64% 76%

Table 3-4  Eco-Score Card evaluation of different wastewater treatment scenarios

GWP AP EUP FAEP TEP Total Score
Scenario
Total Score Total Score Total Score Total Score Total Score
(A) 3,085,401 1.13 6,016 1.30 327 1.27 4,815 1.29 1,176 0.89 5.9
(A-1) 3,192,859 1.17 6,114 1.32 344 1.33 4,942 1.32 2,089 1.58 6.7
B) 2,278,285 0.83 3,557 0.77 194 0.75 2,847 0.76 738 0.56 3.7
(B-1) 2,578,447 0.94 3,872 0.83 222 0.86 3,148 0.84 1,608 1.22 4.7
(B-2) 2,617,171 0.96 4,039 0.87 225 0.87 3,257 0.87 1,215 0.92 4.5
(B-3) 2,688,132 0.98 4,236 091 234 0.91 3,405 0.91 1,083 0.82 4.5
Average 2,740,049 4,639 258 3,736 1,318
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Figure 3.4 Wastewater treatment scenarios Eco-Scores

CONCLUSIONS

The environmental performance of two municipal wastewater treatment plants was
analyzed based on the normalized 3-year average life cycle inventory. It was discovered that
WWTP-A has a greater impact in all impact categories, as a result of the current energy demand.
The WWTP-A GWP was 35% higher than WWTP-B and more than 60% higher in AP, EUP,
FAEP, and TEP. The addition of 10 mg/L peroxide resulted in potential impact increases of 3%,
2%, 5%, 3% and 78% for GWP, AP, EUP, FAEP, and TEP for WWTP-A. The addition of 10
mg/L peroxide resulted in 13% higher Eco-Score, this scenario can be improved by reducing the
peroxide addition to 5 mg/L which will result in an Eco-Score of 6.3 (7% higher than no
peroxide addition). The scenarios included for WWTP-B resulted in lower Eco-Score values
when compared to WWTP-A. The scenarios for WWTP-B and the three proposed scenarios (B-
1, B-2, and B-3) resulted in Eco-Score values of 3.7, 4.7, 4.5, and 4.5, respectively. This
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proposed modifications resulted in Eco-Score values higher than 20% when compared to current
performance of WWTP-B scenario (B). The potential employment of the UV disinfection
system as an AOP with relatively low environmental impact leads to the need to investigate the
benefits of such modification. Benefits will need to be investigated to include removal of

recalcitrant constituents and the potential application for direct portable reuse.
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CHAPTER 4: PHOTOCHEMICAL DEGRADATION OF ESTROGENIC
EDCS WITH UV AOPS:
A COMPARISON OF PEROXIDE AND PERACETIC ACID

ABSTRACT

The use of advanced oxidation processes has recently gained worldwide interest for
portable water reuse. Here the use of H,0,/UV and PAA/UV was investigated to explore
potential benefits of PAA/UV for water reuse. The use of PAA/UV and H,0,/UV at different
UV dosage and initial oxidant concentrations was investigated. The molar absorption
coefficients (¢) for both H,0, and PAA in DI water were determined at 254nm. The ¢ for H,O,
and PAA were 20.04 and 17.69 M"' cm™ respectively. Direct UV (1 J/cm’, 254 nm) irradiation
was found to remove up to 19%, 11% and 61% of the initial concentrations of estradiol, BPA
and NP respectively. The UV irradiation of solutions with 10 mg/L initial concentration of H,O,
yield removals of 100%, 94% and 84% for estradiol, BPA and NP respectively. The UV
irradiation of 5 mg/L initial concentration PAA yield removals of >99.9%, >99.9% and 24% for

estradiol, BPA and NP respectively.

INTRODUCTION

The employment of advanced oxidation processes (AOPs) for drinking water treatment
purposes have recently gained worldwide interest, especially for the wastewater effluent
treatment for direct potable reuse [62]-[70]. One of the most common AOPs water treatment
methods currently used in water treatment facilities worldwide is the combination of UV and
chemical oxidants; including ozone (O,), hydrogen peroxide (H,O,), and metal oxides (e.g.,
TiO,). The estimated specific energy requirement for AOPs in decentralized wastewater
treatment plants including the use of O;, O,/UV and H,0,/UV are 11.93, 6.15 and 0.23 kWh/m’,

respectively [33]. In addition, the reported indirect green house gas emissions related to AOPs
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employing O,, O,/UV and H,0,/UV are 10.74, 5.54 and 0.20 Kg CO2-e/m’ [33]. Based on the
estimated energy requirements and greenhouse gas emissions H,O, appears to be a suitable and
more sustainable choice for AOP water treatment. Still the developments of more sustainable
means for water treatment are needed to further mitigate the operational cost, green house gas

emissions and mitigation of environmental impact.

The use of H,0, and UV light produces hydroxyl radicals (OH °), which are very reactive
species and may be used to degrade endocrine disrupting compounds (EDCs). The reactions and

reaction rates in a H,O, photochemical system are represented by the following equations [71]—

[75]:

H202+hv—>20H.,r1 =2'¢H'EaH Equati0n4-1
H202 +OH® - OHE + Hzo,rz = kz : [OH.] : [Hzoz] Equation 4-2
H,0, & H* + HO; K = 2.51 x 10~ 12 Equation 4-3

HO; + OH® > HO; + OH 1, = k, - [OH*] - [HO;]  Equation 4-4

EDC + OH’ - products,roy* = koy* - [OH'] - Cgpc Equation 4-5
EDC + hv - products,r5 = 2 - Ogpc " Eqepc Equation 4-6
Where,

@y = H,0, quantum yield
k, =2.7x107s71
k, = 7.5x10%s71
E,y = irradiance absorbed by H,0,
E.gpc = irradiance absorbed by EDC

K = equilibrium constant
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Hydroxyl radicals will react rapidly with the target EDCs as described above. The reported k-
for BPA, estradiol, and nonylphenols (NP) are 8.00x10°, estradiol 14.10x10°, and
8.56x10° M''s", respectively [64], [76]. By inspection of the EDC hydroxyl radical reaction

rates NP will be the most resistant to UV/H,0O, treatment in water.

The presence of these EDCs presents a challenge for current wastewater treatment
processes. There is a current need to develop efficient ways of removing these contaminants
from wastewater treatment effluents to further mitigate the environmental impact and preserve
the quality of future water resources. In recent years, the use of peracetic acid (PAA, CH,COO-
OH) has gained wide interest for chemical disinfection and enhancement of UV-disinfection in
water treatment [77]-[84]. Studies reported significant increase in disinfection efficiency with
the use of PAA and UV, as well as comparable log removal as those of hypochlorite (NaOCl)
and ozone (O;) [80]. The UV irradiation of PAA results in the formation of hydroxyl (HO ") and

perhydroxyl (HO,) radicals as described below [85]:

CH3CO3H + hy - HO* + CH5CO; Equation 4-7

CH3CO3H + HO* - CH;CO,H + HO; Equation 4-8

Perhaps the use of UV AOPs could be employed for the removal of EDCs in municipal
wastewater treatment effluents to mitigate environmental impacts in the receiving stream or
downstream defacto reuse. The goal of this study was to compare the use of UV/H,0, and
UV/PAA AOPs for the removal of BPA, estradiol, and NP in DI water. In order to achieve this
goal three objectives are included: (a) characterize the residence time distribution (RTD) and
actinometry of a lab-scale continuous-flow UV reactor, (b) the second objective was evaluate the

use of UV/H,0, and UV/PAA as chemical oxidants for the removal of EDCs, (c) the third
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objective was to estimate the required UV energy dose and initial chemical concentrations to

achieve 90% removal of EDCs in aqueous solutions.
MATERIAL AND METHODS
PHOTOCHEMICAL REACTOR

REACTOR TRACER TEST CHARACTERIZATION

An Ideal Horizons UV reactor (Model IH-1) was employed to carry out the
photochemical treatment of water. The reactor consists of a quartz tube aligned in parallel with
an 8 W UV lamp (Model # 22001) (Figure 4.1). The quartz tube has a total volume of 147 cm’
and an active volume of 120 cm’ (2.2 cm internal diameter, 31.7 cm length) that is exposed to
UV irradiation. The reactor was employed as a continuous flow through system, and feed

solutions were pumped with a Cole Parmer (Master Flex L/S digital economy drive) peristaltic

pump.
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Reactor Effluent

Effluent

Feed

Peristaltic Pump

Figure 4.1 Diagram of photochemical reactor apparatus.

A step-function tracer test was performed with DI water and a tracer (dye) to characterize
the hydraulic behavior (residence time distribution) of the reactor at flow rates of 50, 95, 150 and
300 mL/min, corresponding to theoretical detention times (1) of 2.4, 1.3, 0.8 and 0.4 minutes,
respectively (based on the active volume of the reactor). The effluent of each of the four tracer
tests was sampled periodically, and the tracer concentration was measured with an Agilent
Model # 8453 UV spectrophotometer. The mean residence time of the reactor (t), normalized
time (B=t/t), exit age distribution (E), and cumulative age (F) were calculated following the
methods described in MWH [86] and Benjamin and Lawler [87], and the residence time

distributions are shown in Figure 4.2.
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The exit age distribution of the reactor was modeled using the dispersed flow model

Pe(1-0)2
(DFM) and tanks-in-series (TIS) model [86], as shown in  E(0)ppy = S NP /16
n-1
Eq. 4-9 and E(0) ;s = nEZ?)l)' e ™ Eq. 4-10. The two fitting parameters in the DFM

were the mean residence time (t) and the dispersion number (d), which is the reciprocal of the
Péclet number (Pe). The two fitting parameters in the TIS model were the mean residence time
(t) and the number (n) of theoretical mixing tanks in series. The best-fit values (by least squares)
for each of the two models for each flow are listed in Table 4-1. Based on the tracer test
analysis, the reactor behaves similarly to a PFR with relatively low dispersion (or a minimum of
33 tank-in-series) for the flow conditions employed in this study. The effective normalized time
(Befr) was calculated by integrating the normalized time (0) as a function of the cumulative
probability (F), as shown in Eq. 4-11. The effective detention time (ter) Was calculated by

multiplying the effective normalized time by the mean residence time (t).
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Figure 4.2 Hydraulic characterization (residence time distribution) of the UV reactor at
theoretical detention times (t) of 2.4 min (a and b), 1.3 min (c and d), 0.8 min (e and f) and 0.4

min (g and h).

E(@®)prm =

Pe(1-0)2
1 e /46

}41:0(1/,,9)
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nne)"1 —no
(n-1)!

E@)qis = Eq. 4-10
1 0;_1+6;
Ocfr = fo 6dF ~ 27{%(& —Fi4) Eq. 4-11

Table 4-1  Exit age distribution model fitting parameters and correlation coefficients for the
UV reactor.

— 2 2
Q t T Oesr Teff Teif / T Pe n R %pem R%s

(mL/min) | (min) | (min) (-) (min) (-) (DFM) | (TIS)

50 2.50 240 1.15 2.87 1.20 79.6 41 0.90 0.89

95 1.05 1.26 1.26 1.33 1.05 96.6 49 091 0.89

150 0.75 0.80 1.16 0.87 1.09 63.2 33 0.96 0.94

300 0.37 0.40 1.21 0.45 1.12 63.0 33 0.92 0.80

CHEMICAL ACTINOMETRY

Potassium ferrioxalate (K;[Fe(C,0,);]) was used as a chemical actinometer to measure
the amount of incident light per unit volume of water passing through the UV reactor. Potassium
ferrioxalate is an IUPAC-accepted actinometer [88], [89] introduced in 1953 by Parker and
Hatchard [90], [91], and it is a widely used chemical for the measurement of light dosage in UV
reactors and UV disinfection systems for water treatment purposes [92]-[98]. This actinometer
undergoes photoreduction (Equation 3) when exposed to a wide range of spectrums. The
quantum yield (@) of the photochemical reaction at 254 nm is 1.25 (moles of Fe’* per mole of

photons absorbed) [91], [99].

h
2[Fe(C,0,)5]3 = 2Fe?* + 2C,0; + 3C,0% + 2€0, Equation 4-12
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Potassium ferrioxalate solutions of 0.006 M in 0.1 N H,SO, were prepared in a 6 L
Erlenmeyer flask with DI water. All solutions were prepared and stored in a dark room.
Solutions were exposed to UV irradiation in the reactor in batch mode and continuous flow in the
dark room. Batch mode reactions were carried out for 30, 62, 120 and 180 seconds; continuous
flow reactions were carried out at 300, 150 and 95 mL/min (corresponding to theoretical
detention times of 24, 48, and 76 seconds). Collected samples (1 mL) were treated with 0.2%
1,10-phenanthroline (1 mL) and diluted to a 50 mL aqueous solution with DI water to form a
colored complex (Fe(phen),*"). Treated dilutions were allowed to stand for 30 minutes for color
complex development. The Fe(phen),** complex has a molar absorption coefficient (¢) of 11,100
M'cm™ at 510 nm [99]. Standard solutions containing 16 uM to 96 uM Fe** were prepared with
0.2% 1,10-phenontraline to prepare a calibration curve based on absorbance at 510 nm using the
Agilent 8453 spectrophotometer. The concentration of Fe** in each sample was calculated from
the standard calibration curve and dilution ratio. These concentrations of Fe** produced by UV
irradiation are shown in Figure 4.3 for batch as a function of exposure time and continuous flow

as a function of theoretical detention time.

0.0025
O Continuous Flow
< Batch .
0.002 g
y=122E-05x
g 00015 R2=9.93E-01 _.*
& y = 1.08E-05x
D
= R2=9.93E-01
0.001
0.0005
0
0 50 100 150 200

Time (s)

Figure 4.3  Ferrioxalate actinometry for the UV reactor in batch and continuous flow modes.
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The UV dose (moles of photons) irradiated per unit volume of solution per unit time can
be calculated by dividing the rate of Fe’* produced (i.e., the slope of the regression in Figure 4.3)
by the quantum yield. The batch mode yielded a UV dose of 8.61x10° mol/L per second of
exposure time, which correspond to a volumetric UV energy dose of 4.06 mW/cm’ (A = 254 nm).
The continuous flow experimental setup yield a UV dose of 9.72x10° mol/L per second of
theoretical detention time, which correspond to a volumetric UV power dose of 4.58 mW/cm’.
Thus, the theoretical detention times of 0.40, 0.80, 1.26, and 4.0 min correspond to volumetric
UV energy doses of 110, 220, 346, and 1100 mJ/cm’, respectively. It was observed that the UV
dose in the continuous flow experiments were an average of 13% higher than the batch mode,

which agrees with the average t./t ratio of 1.11 (Table 4-1).

H,0, AND PAA MOLAR ABSORPTION COEFFICIENTS DETERMINATION

The molar absorption coefficients of H,O, and PAA were determined at 254 nm by
preparing dilutions of known concentrations in DI water. The concentrations of the prepared
solutions were 0.01,0.02, 0.03, 0.04, 0.05 and 0.1 M for H,0, and 0.005, 0.02, 0.05 and 0.09 for
PAA. Based on the Beers Lambert Law, the light absorption of a chemical species equals the
product of its concentration (C), the optical pathlength (I) and the molar absorption coefficient
(¢). By creating a calibration curve of a compound of interest measuring the absorbance of
multiple standard solutions of known concentrations the molar absorption coefficient can be
determined by the slope of the calibration curve regression line (Figure 4.4). The molar
absorption coefficient of H,0, was observed to be 20.04 M'cm™, which is among the range of

reported molar absorptivity [100]-[102]. The molar absorption coefficient determined for PAA
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was 17.69 M'cm™; no reported data for the PAA molar absorption coefficient was found in the

literature.
1.2
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Figure 4.4 Determination of molar absorption coefficient for H,O, and peracetic acid (PAA) in
water

PHOTOCHEMICAL DEGRADATION OF EDCS WITH UV AOPS

For the photochemical degradation experiments, a cocktail of EDCs was prepaired
containing 10 ug/LL BPA, 20 ug/L estradiol, and 17 ug/LL NPs were prepared in 6 L of DI water.
The solutions were exposed to UV doses of 0, 346, and 1100 mJ/cm’ by adjusting the flow rate
of the reactor. In addition PAA and H,O, were used with the previously listed UV doses;
oxidant doses were 0, 5, and 10 mg/L for each oxidant. Samples were collected in 100 mL
amber jars after a period of time greater than three hydraulic detention times to reach steady state
conditions. Reaction was quenched with sodium carbonate and stored in a cool room to follow

analysis by GC-MS less than 24 hours after irradiation.
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MATERIALS

B-estradiol, Bisphenol A (BPA), and nonylphenol technical mixtures (NP) were
purchased from Sigma-Aldrich (MO, USA). BPA (ring 13C12) (ring 13C6) internal standards
were from Cambridge Isotope Laboratories, Inc (MA, USA). HPLC grade methanol, acetic acid
anhydride and sodium carbonate were purchased from VWR (USA). Stir bars (Twister®, 10
mmx1 mm; coated with polydimethylsiloxane (PDMS) were purchased from Gerstel Inc. (MD,
USA). Stock solutions of the individual EDC and a combined working solution for GC/MS were
prepared in methanol. Ammonium iron (III) sulfate dodecahydrate, potassium oxalate
monohydrate, 1,10-phenontraline monohydrate, ferrous ammonium sulfate, and 32 wt % peraceti
acid for chemical actinometry and photochemical reactions were purchased from Sigma-Aldrich
(MO, USA). Sodium acetate anhydrous and 30 wt % H,O, for chemical actinometry and

photochemical reactions were purchased from Fisher (PA, USA).

GAS CHROMATOGRAPHY MASS-SPECTROMETRY (GC-MS)

After stir bar sorptive extraction, stir bars were loaded into the thermal desorption unit
(TDU) (Gerstel, US) under splitless mode. The desorbed chemicals were then cryo-focused in a
baffle liner in a cryo-injection system (CIS 4) at —40 °C under liquid nitrogen prior to injection.
The gas chromatography separations were performed on a Zebron ZB-5MS capillary column
(0.25 mmx30 mx0.25 pum, Phenomenex, CA). The carrier gas (ultra-pure helium) was set to a
constant flow of 1.2 mL/min. The mass spectrometer was operated in the scan mode with
electron-impact ionization (ionization voltage, 70 eV). Target compounds were measured based
on the following mass to charge ratios (M/Z): 135 and 149 NP, 225 “C-BPA, 213 BPA, and
272 estradiol. A seven-point calibration curve was prepared with concentrations ranging from
0.005 to 22 pg/L. Method detection limits (MDLs) were calculated as o*t-value, where o is the
standard deviation of seven standard samples times the t-value of 2.477 [46]. The method

detection limits (MDLs) for BPA, NP, lindane, alachlor, chlorpyrifos, estrone, estradiol and 170
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ethynylestradiol were 0.010, 0.371, 0.673, 0.107, 0.020, 0.982, 0.135 and 0.538 png/L,

respectively.

SAMPLE EXTRACTION AND DERIVATIZATION

Samples were analyzed by means of gas chromatography mass spectrometry (GC-MS)
after solid-phase extraction by stir bar soprtive extraction [11]. Stir bar sorptive extraction
(SBSE) is a technique that employs the use of a magnetic stir bar coated with a thin film of
polydimethylsiloxane (PDMS). The PDMS film provides a surface with low polarity, which
extracts low polarity chemicals. Other chemicals with higher polarity could be extracted by
chemical modification techniques such as derivatization, allowing the effective extraction of
chemicals such as BPA, NPs and estrogens from water samples. The derivatization of BPA, NP,
and estrogens was accomplished by adding 200 mg of Na,CO, and 200 pL of acetic acid
anhydride into 20 mL of water samples. The stir bars are submerged in the aqueous samples for
a period of 2 hours before being loaded into a thermal desorption unit (TDU) to inject extracted

organic compounds into the Agilent GC-MS unit.

RESULTS AND DISCUSSION

CHEMICAL DEGRADATION OF EDCS BY H,0, AND PAA (NO UYV)

The use of UV AOPs with H,0, and PAA were tested for the removal of estrogenic
EDCs in water treatment applications. The addition of these oxidants can produced instant
degradation of organic compounds, so a comparison between the initially measured aqueous
concentration and the aqueous concentration after the addition of the H,O, or PAA was
performed. It observed that NP was not affected by the addition of 10 mg/L H,0,, but only 66%
of the initial NP remained after exposure to PAA (Figure 4.5). The addition of 10 mg/L H,O, or
PAA reduced the initial aqueous concentration of both BPA (to 85% and 54% of initial,
respectively) and estradiol (to 73% and 36% of initial, respectively).
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Figure 4.5 EDC degradation by addition of H,O, or PAA

DIRECT PHOTOCHEMICAL DEGRADATION OF EDCS (UV ALONE)

A solution containing a cocktail of BPA (10 ppb), estradiol (20 ppb), NP (17ppb) was
irradiated with the lab-scale UV reactor characterized above. UV dosages included 0, 220, 346,
and 1100 mJ/cm’. It was observed that UV irradiation alone did not have a significant effect on
the degradation of BPA and estradiol, only removing approximately 10-20% of the initial
concentrations (Figure 4.6). NP was less resilient to UV irradiation; 40-60% removal of the
initial concentration was observed, correlated with increasing UV irradiation. The resiliency of

these compounds in UV treatment agrees with other studies [66], [103]-[105].
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Figure 4.6  Direct photochemical degradation of EDCs in water (UV alone)

INDIRECT PHOTOCHEMICAL DEGRADATION OF EDCS WITH UV/H,0,AOP

A solution containing a cocktail of BPA (10 ppb), estradiol (20 ppb), and NP (17ppb)
was irradiated with the UV reactor characterized above. UV dosages included 0, 220, 346, and
1100 mJ/cm® and H,0, initial concentrations were 0, 5 and 10 mg/L, and effluent concentrations
and removal ratios are listed in Table 4-2. The use of 5 mg/L H,O, and 346 mJ/cm’ yielded a
partial removal of 45%, 47%, and 59% for BPA, estradiol, and NPs, respectively, as shown
inTable 4-2. These AOP conditions nearly doubled the removal of BPA and estradiol as
compared to UV alone, but the removal of NPs was only slightly improved. At a greater H,O,
concentration of 10 mg/L with the same UV dose, EDC removal of 62%, 80%, and 75% for
BPA, estradiol, and NP, respectively (Table 4-2). Based on these results there is an apparent
higher sensitivity to the initial H,O, concentration for BPA and estradiol, which agrees with their
respective second order reaction rates with hydroxyl radicals [64], [76]. The highest UV dose
(1100 mJ/cm’) and initial H,O, concentration (10 mg/L) yielded 94%, 100% and 84% removal
for BPA, estradiol, and NP respectively (Table 4-2), which agrees with literature reported trends

[64], [66], [103], [104].
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Table 4-2

Summary of experimental conditions and results for the direct and indirect
photochemical degradation of EDCs with UV, H,0O,, and PAA

Sample T uv D03$e H,0, PAA EDCs Reported (PPB) EDCs Removal (%)
(min) (Jem?) | (mg/L) | (mg/L) | Nps BPA | E2 | NPs | BPA | E2
0 0 0.0 0 0 19.59 1291 | 22.16 - - -
1 0.8 0.2 0 0 12.14 11.71 | 18.31 38 9 17
2 1.3 0.3 0 0 11.16 11.59 | 20.73 43 10 6
3 4.0 1.1 0 0 7.56 11.51 | 17.87 61 10 19
4* 0 0.0 5 0 15.17 13.08 | 18.55 22 -1 16
5 1.3 0.3 5 0 6.20 7.20 9.81 59 45 47
6 4.0 1.1 5 0 5.29 3.05 2.10 65 77 89
7* 0 0.0 10 0 20.63 10.92 | 16.09 -5 16 27
8 1.3 0.3 10 0 5.11 4.17 3.26 75 62 80
9 4.0 1.1 10 0 3.39 0.63 n.d. 84 94 >99.4
10* 0 0.0 0 5 24.34 15.60 | 15.76 -24 21 29
11 1.3 0.3 0 5 4.27 1.52 0.56 82 90 96
12 4.0 1.1 0 5 3.71 1.95 0.13 85 88 99
13* 0 0.0 0 10 12.86 7.02 7.89 34 46 64
14 1.3 0.3 0 10 3.23 n.d. n.d. 75 >99.9 | >994
15 4.0 1.1 0 10 2.32 n.d. n.d. 80 >99.9 | >994
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Figure 4.7 Photochemical degradation of aqueous EDCs with UV, UV/H,0, and UV/PAA
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INDIRECT PHOTOCHEMICAL DEGRADATION OF EDCS WITH UV/PAA AOP

The indirect photochemical degradation of BPA, estradiol, and NPs was investigated
employing the UV/PAA AOP. The use of UV/PAA demonstrated significant removal for all
EDCs (Table 4-2). The addition of an initial concentration of 5 mg/L PAA and 346 mJ/cm’ UV
dose resulted in 90% (1 log reduction), 96% (1.5 log reduction), and 82% degradation of BPA,
estradiol, and NPs respectively. With an initial concentration of 5 mg/LL PAA and the greatest
UV dose of 1100 mJ/cm’, slightly higher removals were observed for estradiol and NPs, with
removals of 88%, 99% (2 log reduction), and 85% for BPA, estradiol, and NPs, respectively
(Table 4-2). With an initial concentration of 10 mg/L PAA and UV dose of 1100 mJ/cm’
removals of >99%, >99%, and 82% were observed for BPA, estradiol, and NPs, respectively
(Table 4-2 and Figure 4.7). Lower UV dose (300 mJ/cm®) resulted in similar results but 75%

removal of NP as shown in Table 3-2

CONCLUSIONS

The removal of EDCs with UV/H,0, and UV/PAA was investigated for water treatment
applications. Both UV/H,0, and UV/PAA achieved significant removal of EDCs at the tested
conditions. Greater than 2-log removal of EDCs was achieved at 1100 mJ/cm’ with 10 mg/L
H,0O, or 10 mg/L PAA. The use of PAA for the removal of EDCs such as BPA and estradiol
presents a potential option for the implementation of AOP system with a lower oxidant dosage
requirement. This could potentially result in significant mitigation of environmental impact of
WWTP effluents at a potentially lower operational cost when compared to other AOPs
alternatives [61]. Further investigation should include the environmental impact for the use of
PAA, removal efficiencies in wastewater effluents and determination of quantum yields for

EDCs in UV/PAA photodegradation.
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The employment of PAA for AOP systems needs to be further investigated. The EDC
removal with relatively low concentrations presents the opportunity for its use at potential lower
environmental impact. The production of reaction byproducts, such as aldehydes need to be
investigated further as it can produce disinfection byproducts which might result in adverse

environmental impact.
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CHAPTER 5: CONCLUSIONS

The goal of this study was to investigate the environmental performance of municipal
wastewater treatment for the removal of EDCs and explore the environmental impacts for the
removal enhancement of EDCs by modifying a UV disinfection system into an AOP. First, an
assessment for the detection of EDCs in municipal wastewater treatment was performed through
collecting and analyzing samples by GC-MS. The analysis was complemented by a biological
yeast assay to screen for estrogenic potential in the wastewater samples. Second, a sustainability
analysis was developed to assess the environmental impact of the modification of a WWTP UV
disinfection system into an AOP for EDC removal. Third, the introduction of peracetic acid
(commonly used for disinfection) was tested in an bench-scale UV AOP system for the removal

of BPA, estradiol and NP.

ENDOCRINE DISRUPTING COMPOUNDS (EDCS) AND ESTROGENICITY IN
MUNICIPAL WASTEWATER TREATMENT

The goal of this study was to assess EDC removal in municipal wastewater treatment
processes. The municipal WWTPs selected for this study have different unit treatment
processes; WWTP-B includes both primary sedimentation and an anoxic basin before aeration,
but WWTP-A does not include either. Analysis of WWTPs revealed that the biological
treatment in WWTP-A provided better removal efficiency of BPA than WWTP-B, but the
biological treatment in WWTP-B (including anoxic treatment) provided better removal
efficiency of NP. Overall removal was observed to be 96% and 99% for BPA and 97% and 99%
for NP for WWTP-A and WWTP-B, respectively (Table 2-1 and Figure 2.3). Bioassays
revealed much greater estrogenic activity in the influent of WWTP-A than WWTP-B, but both
WWTP-A and WWTP-B produced a final effluent with near-blank estrogenic activity (Figure
2.3). It was found for NP to be more resilient to current municipal wastewater treatment, making

it a good surrogate for enhancement of treatment technologies.
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LIFE CYCLE IMPACT ASSESSMENT (LCIA) OF AOPS IN MUNICIPAL
WASTEWATER TREATMENT

The environmental performance of two municipal wastewater treatment plants was
analyzed based on the normalized 3-year average life cycle inventory. It was discovered that
WWTP-A has a greater impact in all impact categories, as a result of the current energy demand.
The WWTP-A GWP was 35% higher than WWTP-B and more than 60% higher in AP, EUP,
FAEP, and TEP. The addition of 10 mg/L peroxide resulted in potential impact increases of 3%,
2%, 5%, 3% and 78% for GWP, AP, EUP, FAEP, and TEP for WWTP-A. The addition of 10
mg/L peroxide resulted in 13% higher Eco-Score, this scenario can be improved by reducing the
peroxide addition to 5 mg/L which will result in an Eco-Score of 6.3 (7% higher than no
peroxide addition). The scenarios included for WWTP-B resulted in lower Eco-Score values
when compared to WWTP-A. The scenarios for WWTP-B (B) and the three proposed scenarios
(B-1, B-2, and B-3) resulted in Eco-Score values of 3.7, 4.7, 4.5, and 4.5, respectively. This
proposed modifications resulted in Eco-Score values higher than 20% when compared to current
performance of WWTP-B scenario (B). The use of new chemical oxidants such as PAA presents
a potential opportunity for the use of UV disinfection systems for AOP. The relatively lower
environmental impact leads to the need to investigate the benefits of such modification. Benefits
will need to be investigated to include removal of recalcitrant constituents and the potential

application for direct portable reuse.

PHOTOCHEMICAL DEGRADATION OF ESTROGENIC EDCS WITH UV AOPS

The introduction of the chemical disinfectant PAA as an oxidant for AOPs wastewater
treatment was analyzed and compared to H,O,/UV in this study. For the comparison, the
removal performance of EDCs with UV/H,0, and UV/PAA was investigated. Both UV/H,0,
and UV/PAA achieved significant removal of EDCs at the tested conditions. Greater than 2-log
removal of EDCs was achieved at 1100 mJ/cm’ with 10 mg/L H,O, or 10 mg/L PAA. PAA

performed better than H,O, for the removal of EDCs achieving 1 log removal at lower
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concentrations than peroxide. The use of PAA for the removal of EDCs such as BPA and
estradiol presents a potential option for the implementation of AOP system with a lower oxidant
dosage requirement. This could potentially result in significant mitigation of environmental
impact of WWTP effluents at a potentially lower operational cost when compared to other AOPs

alternatives [61].

CONCLUDING REMARKS

The analysis of wastewater treatment samples as cohorts provided an opportunity to
assess the relative removal performance of EDCs. It was found that municipal wastewater
treatment removes most of the targeted EDCs, but NPs were not removed effectively. The
biological yeast assay results agreed with this finding, which includes any non-targeted EDCs
that might be present in the wastewater samples. The fate and transport of these EDCs needs to
be investigated further for the WWTPs included in this study, especially since WWTP-A sludge
constitutes 20% of the total sludge treated in WWTP-B. The effluent NP concentrations in
WWTP-A present a potential long term adverse effect to the environment which could
compromise the water resource quality for future generations. The assessment of a sustainability
model for the modification of the UV disinfection system in WWTP-A resulted in promising
application for AOP, by the addition of H,0,. The sustainability assessment revealed that the
addition of H,0O, in WWTP-A AOP scenario (A-1) was the contributed a relatively small
increment in the GWP, AP, EUP, and FAEP impact categories, significant higher impact was
observed in TEP impact category. Future work should include the investigation of several
concentrations of H,O, as well as other potential chemicals such as chlorine and PAA. The
introduction of PAA/UV for AOP resulted in higher EDCs removal at lower PAA initial
concentration when compared with H,O,. Future work should include the analysis for the
combination of PAA/H,0,/UV at several ratios for EDC removal in wastewater effluent as well

as the use of different UV lamps including several light intensities.
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