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Abstract 

The presence of trace organic compounds (TOrCs) in wastewater effluent and surface waters has 

raised attention due to their health and environmental effects. Some TOrCs are naturally attenuated 

via biodegradation, photo-degradation and/or adsorption, but some persist in the environment as 

contaminants in surface and ground waters. Thus,  it  is  crucially  important  to understand  their 

transformation  pathways   and their  mechanisms  following their  discharge  into  the  

environment.  This work presents research in three parts: 

• The first part represents an investigation of photo-transformation of TOrCs (e.g., furfuryl 

alcohol, p-cresol, gemfibrozil) under UV254, UVA and natural sunlight,  and involving 

reactive  oxygen species  including singlet oxygen, hydroxyl radicals, triplet excited 

states, and specific inorganic radicals that are created by effluent organic matter (EfOM). 

Singlet oxygen was the only ROS, generated from effluent organic matter (EfOM) that 

mainly contributed to t h e  photo-transformation of these selected TOrCs. A 

comprehensive mechanism and complementary kinetic model were proposed to predict 

the trajectories of TOrC removals via reaction with singlet oxygen.  Simulations built on 

predicted quantum efficiencies accounted for light shading and competitive effects. 

Agreement between measurements and simulations was excellent. 

•  The second part of the dissertation summarizes expected removal efficiencies for   fifty-

five TOrCs in alternative engineered and natural treatment   processes including 

conventional biological treatment, advanced oxidation processes (AOP), reverse osmosis 

(RO), granular activated carbon (GAC), and sunlight photolysis.  

• The last section of the dissertation follows the trajectories of a series of TOrCs and total 

estrogenic activity in the Santa Cruz River, following their discharge from a wastewater 
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treatment plant in the Tucson area. The study suggests that some TOrCs tend to persist in 

the environment while others experience photo (or other) transformations that diminish 

their concentrations or activities with distance and time of travel in the river.  The 

attenuation of estrogenic activity was dependent on sunlight and the presence of specific 

(unidentified) wastewater components.
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CHAPTER 1. General Introduction 

Introduction  

In the past several decades, as consequence of population growth and increased pressure on water 

resources, numerous scientific studies have been directed toward the reclamation and reuse of 

treated wastewater.  Depending on the source and wastewater quality, alternative treatment 

processes (i.e. physical, chemical, thermal, biological) have been applied.  Despite these advances 

a large number of trace organic contaminants (TOrCs), including pharmaceuticals, endocrine 

disrupting compounds, insecticides, pesticides, disinfection by-products etc., are routinely detected 

in municipal wastewater effluent, sometimes at great distances from discharge points, and in 

riverbed sediments affected by wastewater discharges [1-4].   

The presence   of TOrCs   in the environment suggests that conventional wastewater treatment 

plant is not   satisfactory from the perspectives of water reuse or environmental protection. 

Additionally, Adriano and his co-workers [5] found that the primary process for TOrC removals 

in conventional wastewater treatment plant, biodegradation, removes less than 20% of compounds 

with biodegradable rate constants (kbiol ) < 0.1 Lgss-1d-1 and more than  90% of compounds with  

kbiol   >  10 Lgss-1d-1 .   Other studies have shown that a great many TOrCs are partially removed 

(20-90%) via conventional wastewater treatment [6-8]. 

 Interestingly, previous scientific observations have also shown that many TOrCs are naturally 

attenuated in the environment due to sorption [1], biotransformation [2, 1], and 

phototransformation [11-13]. Nevertheless, some persist for long periods in the environment, 

raising potential risks to public and ecological health.  Endocrine disrupting compounds and 

various other TOrCs remain biologically relevant at concentrations many times smaller than even 

trace levels occasionally encountered in the environment [14-17]. Therefore, selection of 
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appropriate treatment processes that minimize public and environmental exposure to TOrCs of 

wastewater origin is essential.  Those processes are likely to depend the chemistry and other 

physical characteristics of wastewater effluent as well as the physical and biochemical 

characteristics of the TOrCs themselves (e.g.  hydrophobicity, biodegradability, and photo-

degradability.), in addition to desired water end points. 

The work described here focuses on the indirect photolysis of specific organic chemicals that serve 

as representative TOrCs.  These reactions rely on the short-lived reactive oxygen species (ROS) 

(i.e., hydrogen peroxides (H2O2), hydroxyl radical (HO•), singlet oxygen (1O2), superoxide anions 

(O2
•−), triplet excited states of effluent organic matter (3EfOM•)), that are formed from sensitizers 

in the sunlit waters [18, 19].  

The existence of hydrogen peroxide in natural waters in sunlight was reported in the early of 1960s 

[20, 21], and numerous studies have shown that ROS have illustrated the reactivity of ROS with 

natural organics and trace contaminants in the years since then. They can transform complex 

organic compounds to mineral substances [22] or simple organic compounds that are more 

susceptible to biodegradation [24-30]. HO•
, 

  1O2, 
3EfOM• the most three common ROS, are 

frequently revealed in aqueous matrices through the use of selective probes and/or radical 

scavengers. For example, to quantify singlet oxygen, furans can be used as   probe compounds 

[30], and sodium azide is an effective scavenger of singlet oxygen [31]. However, wastewater 

matrixes contain a great number of organic and inorganic components, so the precise components, 

that act as photo-sensitizers in light induced transformation involving ROS, have not been 

convincingly identified. 

The objectives of this dissertation are to: (1) simulate the most important pathways for photo-

transformations of representative TOrCs (p-cresol, and gemfibrozil); (2) provide a framework 
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within which to predict removal efficiencies of a great many TOrCs that were not directly studied 

in this lab based on their   biological and physical-chemical properties using available software; 

and (3)  establish the effectiveness  of natural treatment  processes  (soil  adsorption  and  natural  

photo-degradation)  for removals of specific  TOrCs  and estrogenic activities in the Santa Cruz 

River, an effluent-dependent stream in Tucson. AZ. 

A brief description of material provided in the remaining chapter of this dissertation and two 

accompanying appendices is provided below.  In each case, my own contribution to the work is 

explicitly described. 

CHAPTER 2.   Transformation of Trace Organic Contaminants Involving Oxygen Species Driven 

by Solar Lights.  

In natural sunlight, effluent organic matter (EfOM) in treated wastewater acts as a sensitizer for 

the generation of reactive oxygen species (ROS) that contribute to the photo transformation of 

trace organic contaminants. Three model chemical targets—p-cresol, furfuryl alcohol (FFA), 

gemfibrozil were used to characterize the mechanism and kinetics of ROS-dependent reactions 

sensitized by EfOM at the UV254, UVA and natural light wavelengths. Results show that photo-

excited EfOM intermediates are not directly responsible for observed transformations of these 

chemicals at trace levels, and the role of hydroxyl radicals is negligible. Singlet oxygen was 

responsible for essentially all observed transformations in these experiments. A comprehensive 

mechanism and complementary kinetic model were proposed to predict the trajectories of FFA, p-

cresol, gemfibrozil photo transformations involving singlet oxygen, generated from methylene blue 

(MB) and EfOM as sensitizers. In UVA and natural sunlight, the quantum yield of indirect 

photolysis and direct photolysis of MB were simulated as 0.63 mol/Ein, and 2.5×10-5mol/Ein, 

respectively. These quantum yields were wavelength independent at 300 < λ < 800 nm, and 
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validated by using different light sources. At 254 nm, the quantum yield of MB and direct 

photolysis of p-cresol were fitted as 0.33 mol/Ein and 0.055 mol/Ein in the order given. Other 

parameters including the rate constant for deactivation of 3MB• (k1 = 109 s-1), the rate constant for 

reaction of MB with singlet oxygen (k2 = 104 M-1s-1), and the rate constant for deactivation of N3
• 

(k6 = 104 s-1) were fitted using the same calibrated model. In all other respects, simulations relied 

entirely on previously published results. Simulations built on predicted quantum efficiencies 

accounted for light shading and competitive effects. Strong agreement between measurements and 

simulations was reported. 

The author of this dissertation developed the research plans, proposed the kinetic mechanisms, 

designed experimental setups, conducted laboratory experiments, analyzed experimental samples, 

generated the kinetic models to predict degradation of TOrCs, and wrote the manuscript. 

APPENDIX A.  Effectiveness of Engineered and Natural Wastewater Treatment Processes for the 

Removal of Trace Organics in Water Reuse 

The physicochemical and biological determinants of removal efficiencies in a variety of 

engineered and natural processes were explored for 55 frequently encountered trace organic 

compounds (TOrCs) in wastewater. Weak correlations between field observations and predicted 

TOrC biodegradability led to adoption of an empirical approach to prediction of compound removal 

during conventional wastewater treatment. The efficiencies of TOrC removals by UV photolysis 

(direct and indirect), activated carbon adsorption, membrane separation (reverse 

osmosis/nanofiltration) and sunlight photolysis were determined under representative process 

conditions. Results led to heuristic guidelines for the selection of sequenced treatment processes 

for TOrC management. Process- and compound-specific treatment efficiencies were sensitive to 
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TOrC physicochemical properties and matrix effects. 

The  author  of  this  dissertation  collected  physicochemical  properties  of  55  TOrCs  from the 

literature  reports  and  performed  BioWin  software  to  predict  the  biodegradability  of  these 

components. 

APPENDIX B.   Fate of Trace Organics in a Wastewater Effluent Dependent Stream 

Trace organic compounds (TOrCs) in municipal wastewater effluents that are discharged to 

streams are of potential concern to ecosystem and human health. This study examined the fate of 

a suite of TOrCs and estrogenic activity in water and sediments in an effluent- dependent stream 

in Tucson, Arizona. Sampling campaigns were performed during 2011 to 2013 along the Lower 

Santa Cruz River, where TOrCs and estrogenic activity were measured in aqueous (surface) and 

solid (riverbed sediment) phases. Some TOrCs, including contributors to estrogenic activity, were 

rapidly attenuated with distance of travel in the river. Those TOrCs that are not sufficiently 

attenuated and percolate to ground water have in common low biodegradation probabilities and 

low octanol–water distribution ratios. Independent experiments showed that attenuation of 

estrogenic compounds may be due in part to indirect photolysis caused by formation of organic 

radicals from sunlight absorption. Hydrophobic TOrCs may accumulate in riverbed sediments 

during dry weather periods, but riverbed sediment quality is periodically affected through storm-

related scouring during periods of heavy rainfall and runoff. Taken together, evidence suggests 

that natural processes can attenuate at least some TOrCs, reducing potential impacts to ecosystem 

and human health. 

The author  of this dissertation participated to field samplings,  prepared pretreatment of samples 

(filtration, evaporation, and microwave extraction), performed yeast estrogenic (YES-assay)  and 

androgenic screen (YAS-assay) to analyze total estrogenic and androgenic activities in sediments, 
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suspended solids and effluent wastewater. 
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CHAPTER 2.   Photo-degradation of Trace Organic Contaminants by Singlet Oxygen, Kinetic 

and Mechanism: Photo-kinetic Transformation of Furfuryl Alcohol, p-Cresol, and Gemfibrozil, 

by Singlet Oxygen. 

Abstract 

In natural sunlight, effluent organic matter (EfOM) in treated wastewater acts as a sensitizer for 

the generation of reactive oxygen species (ROS) that contribute to the photo transformation of 

trace organic contaminants. Three model chemical targets—p-cresol, furfuryl alcohol (FFA), 

gemfibrozil were used to characterize the mechanism and kinetics of ROS-dependent reactions 

sensitized by EfOM at the UV254, UVA and natural light wavelengths. Results show that photo-

excited EfOM intermediates are not directly responsible for observed transformations of these 

chemicals at trace levels, and the role of hydroxyl radicals is negligible. Singlet oxygen was 

responsible for essentially all observed transformations in these experiments. A comprehensive 

mechanism and complementary kinetic model were proposed to predict the trajectories of FFA, p-

cresol, gemfibrozil photo transformations involving singlet oxygen, generated from methylene blue 

(MB) and EfOM as sensitizers. In UVA and natural sunlight, the quantum yield of indirect 

photolysis and direct photolysis of MB were simulated as 0.63 mol/Ein, and 2.5×10-5mol/Ein, 

respectively. These quantum yields were wavelength independent at 300 < λ < 800 nm, and 

validated by using different light sources. At 254 nm, the quantum yield of MB and direct 

photolysis of p-cresol were fitted as 0.33 mol/Ein and 0.055 mol/Ein in the order given. Other 

parameters including the rate constant for deactivation of 3MB• (k1 = 109 s-1), the rate constant for 

reaction of MB with singlet oxygen (k2 = 104 M-1s-1), and the rate constant for deactivation of N3
• 

(k6 = 104 s-1) were fitted using the same calibrated model. In all other respects, simulations relied 

entirely on previously published results. Simulations built on predicted quantum efficiencies 
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accounted for light shading and competitive effects. Strong agreement between measurements and 

simulations was reported. 

Key words: singlet oxygen, reactive oxygen species, advanced oxidation process, direct 

photolysis, indirect photolysis.  

2.1. Introduction  

Wastewater reclamation and reuse have contributed to water resources planning in the Tucson area 

since 1984 [1]. As competition grows for Colorado River water, the largest single regional water 

resource, dependence on reclaimed water to satisfy water demand is likely to increase. Although 

the immediate use of reclaimed water in the Tucson area is for landscape irrigation, it seems likely 

that the public will embrace indirect potable use of reclaimed water in the not-too-distant future. 

De facto potable reuse already occurs due to the impossibility of excluding infiltrate consisting of 

wastewater effluent from entering local recovery wells. There remain, however, environmental and 

human health concerns that arise from the persistence of trace organic compounds (TOrCs) in 

treated wastewater. These include a variety of compounds that enter wastewater as a consequence 

of human use—phenolic compounds, phenoxy herbicides, pharmaceuticals and pharmaceutical 

by-products, endocrine disrupting compounds, and many others. They frequently survive 

conventional wastewater treatment processes [2-10]. Some persist in receiving waters, producing 

negative biological effects among wildlife [5, 11-15]. Others are known or suspected carcinogens 

with attendant risk for those chronically exposed [13, 16-18]. 

In the Tucson area, the vast majority of municipal wastewater treatment is provided at two 

facilities—the Agua Nueva Wastewater Reclamation Plant and the Tres Rios Wastewater 

Reclamation Plant. Effluent from those facilities is either reused for landscape irrigation or 

discharged to the Santa Cruz River, which flows through the city. In the Tucson area, the Santa 
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Cruz is effluent-dependent, so that no dilution of residual wastewater constituents occurs as a 

function of distance along its length. Consequently, the trajectories of contaminant concentrations 

along the length of the river offer clues regarding the fates of these chemicals in the environment. 

A number of important trace contaminants are attenuated with distance traversed in the river while 

others tend to persist [2, 4, 6, 10, 19, 20]. 

Mechanisms responsible for attenuation are seldom known with certainty despite considerable 

study [4]. Candidate transformation mechanisms for TOrCs in the aquatic environment include 

adsorption, biotransformation, hydrolysis, and photolysis; the relative importance of these 

mechanisms depends on properties of compounds, geographic factors, and aquatic conditions [4, 

6, 10, 21, 22]. Numerous studies have shown that sunlight (photolysis) can play an important role 

in observed transformations—via direct and indirect photolysis [4, 20, 22-29]. In direct photolysis, 

photon absorption is immediately responsible for compound transformation [30-32]. During 

indirect photolysis, light energy activates an intermediate compound or compounds, referred to as 

“sensitizers”.  The activated intermediate then either reacts with the target or with an additional 

intermediate such as molecular oxygen to produce a reactive intermediate that is capable of 

reacting with the target [26-29, 33-36]. 

Effluent organic matter (EfOM) can play the role of photosensitizer motivating the production of 

reactive oxygen species (ROS) such as singlet oxygen (1O2), hydroxyl radicals (HO•), superoxide 

anions (O2
•−), and hydrogen peroxide (H2O2) under solar-irradiation [28, 34, 37-39].  Triplet 

excited states of EfOM (3EfOM•) are also candidate agents for reaction with TOrCs [36, 40- 42]. 

Natural organic matter (NOM) plays an identical set of roles. Compared to NOM, EfOM contains 

a higher concentration of hydrophilic organic matter [36, 43-45], that has, in general, higher 

quantum yields for the production of 1O2
 and HO•. The same compounds can provide a non-
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productive sink for H2O2 and O2•−   [28, 34, 38, 46, 47]. 

HO• has received more attention than other ROS due to its strength as an oxidant and ability to 

oxidize a great many organics. Furthermore, the light-dependent formation of HO• in the presence 

of EfOM is significantly greater than NOM due to the contributions of nitrate photolysis and EfOM 

sensitizer activity [48, 49].  Although the role of 1O2 generally is less important in TOrC 

transformations than HO•, it enhances the photodecomposition of several organic groups, 

including furans and phenols, in the aquatic environment [42, 50-52, 46]. Despite considerable 

focus on indirect photolysis of TOrCs involving ROS generated from EfOM, the photo-reactivate 

behavior and mechanism of ROS agents in the transformation pathways of TOrCs is sufficiently 

complex as to resist complete understanding. 

In this work, two organic compounds were chosen as model targets: (1) - p-Cresol representing 

substituted phenolic compounds, which are commonly detected in industrial wastewater and 

susceptible to photo-degradation. (2)- Gemfibrozil (5-[2,5- dimethylphenoxy]-2,2-dimethyl-

pentanoic acid), which is used as lipid regulator [53, 54],  and is among the most commonly 

detected TOrCs in waters receiving wastewater effluent [55-57]. Gemfibrozil can be direct 

attenuated in a self-sensitized reaction initiated by UV254 irradiation [62], however, in visible 

light, a transformation pathway for gemfibrozil transformation has not yet been reported. 

Furfuryl alcohol, a furan, was selected as a positive reference target, or probe, with which to 

determine the concentration of singlet oxygen [58], and methylene blue (MB) is a common 

experimental photo-sensitizer, due in part to its intense absorption in visible wavelengths, for 

generation of  singlet oxygen [59, 60]. Despite studies reporting quantum yields for singlet oxygen 

was generated from MB in ethanol as specific wavelengths and non-specific wavelengths– e.g., 

0.52 [61], 0.5 at 535nm, 546nm and 577nm [62], 0.49 at 632nm [63], and 0.42 [64], and in 
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methanol as 0.5 [62] – the dependence of quantum yield on wavelength and sensitizer identify in 

complex media such as wastewater effluent remains poorly understood.  

Here we focus on the following specific objectives: 

i. Establishing the roles of singlet oxygen, excited triplet states (EfOM and MB), and 

hydroxyl radical in attenuating p-cresol and furfuryl alcohol in UV254, artificial sunlight 

(UVA) and natural sunlight. 

ii. Simulating indirect photolysis of furfuryl alcohol, p-cresol, and gemfibrozil in the presence 

of MB. 

iii. Determining the wavelength dependence of quantum yield for MB-sensitized singlet 

oxygen formation in water under solar irradiance. 

2.2. Materials and Methods 

2.2.1 Reagents and Chemicals 

The following chemicals were used as obtained: hydrogen peroxide (H2O2) (Fisher Scientific, 30% 

ACS grade), p-cresol (Acros, 99+%), potassium hydroxide solid (EMD, ACS grade), gemfibrozil 

(Sigma, 98%), sodium azide (Ricca Chemical, 5% w/v), furfuryl alcohol (Acros, 98%), monobasic 

potassium phosphate (Fisher Scientific, ACS certified), methylene blue solution (Sigma, 1.5% 

w/v), titanium (IV) sulfate (Pfaltz&Bauer, 30%), hydrochloric acid (Sigma- Aldrich,  37%  ACS  

reagent),  nitric  acid  solution  in  water  (Acros,  68-70%  ACS grade), isopropyl alcohol (IPOH) 

(OmniSolv, GC/HPLC grade), n-heptane (J.T. Baker, HPLC grade), catalase from bovine liver 

(Sigma-Aldrich, 2,000-5,000 units/mg protein), sodium chloride (NaCl) (Fisher, crystalline ACS 

certified), sodium sulfate (Na2SO4) anhydrous (Fisher, granular ACS certified) and TOC 

standard (Fluka, 50±2 mg/L). Milli-Q water (resistivity ≥18.0 MΩ·cm) purified by Barnstead 

NANO pure II system was used in solution preparations. Compressed argon (Ar, ultrapure grade) 
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used in degasification experiments was obtained from the Cryogenics and Gas Facility, Tucson, 

Arizona. All glassware was washed with a 2% soap solution, then rinsed 3 to 5 times with Milli-

Q water and baked overnight at 550 oC prior to use. Quartz cuvettes (Perkin Elmer, Quartz 

SUPRASIL Macro) used for fluorescence and UV/Vis spectrophotometer measurements were pre-

soaked in 3~5% nitric acid solutions before use. 

2.2.2 Wastewater Collection  

Wastewater effluent consisted of secondary effluent collected at the outfall from the Tres Rios 

Wastewater Reclamation Facility (Tres Rios WRF Secondary Effluent) in Tucson, Arizona. The 

plant provides conventional treatment with nutrient control followed by 

chlorination/dechlorination. Effluent pH was ~7.8. After sampling, effluent was stored in the dark 

at 4oC until used. The period of storage never exceeded 3 days. Based on repeated experiments, 

no loss of EfOM sensitizer activity was observed during storage. 

2.2.3 Experimental Set Up under UVA 

Three 2-Light Flush Mount Steel White Fluorescent Light (Lithonia Lighting), each equipped 

with two UVA fluorescent lamps (Q-Lab), served as the UVA irradiation system. The 

manufacturer’s emission spectrum corrected for 2.8 mW/cm2 irradiation intensity (total Sλ). 

Light intensities were confirmed using an irradiance detector, Solar-meter ® Model 5.0 UVA&B 

digital UV meter. The wavelength-dependent irradiance was approximately equivalent to that of 

natural Tucson sunlight in the UVA range at 10 am in June and July and at noon in October 

(Figure 2-1). 
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Figure 2-1. Comparison of wastewater spectral absorbance, spectral irradiance of the 

UVA-340 fluorescent lamp (2.8 mW/cm2) and the ground level global sunlight at the 
University of Arizona, Tucson, Arizona (July 16, 2015), obtained from SMARTS 
program [69, 70]. Input information for the SMART program is in Supplementary Data 
S-2. 

 

Batch reactors were clear glass, with an initial working volume of 600 mLs and a surface area of 

0.0154 m2 (Figure 2-2). Either Milli-Q water or wastewater effluent, spiked with target chemicals, 

buffer, etc., was exposed to the light irradiance. All experiments were performed at 23 ± 2 °C. 

Dark controls were maintained under the same conditions. Samples were withdrawn at 30- minute 

intervals, normally over a period of four hours.  Samples were stored in the dark at 4 oC pending 

measurements.  The storage period never exceeded 24 hours. 
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2.2.4 UVA Experiments, with Different Bandpass Filters.  

Four light filters were used to investigate the wavelength dependence of quantum yield using 

methylene blue as the sensitizer in indirect photolysis. Transmission characteristics of each filter 

are presented in table 2-1.  

                                                            

Figure 2- 2. Experimental set up with the clear glass reactor contains 
solutions in the artificial light UVA 

∑ Sλ400
300 = 2.8mW/cm2 

UVA 
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Table 2- 1. Percent transmission of filters 

Wavelength Filter # 1 
(>360nm is 

cut off) 

Filter # 2 
(>400nm is 

cut off) 

Filter # 3 
(<400nm is 

cut off) 

Filter # 4 
(<450 nm 
is cut off) 

nm %T %T %T %T 
285 0 78.5 0 0 
290 1 76 0 0 

295 8 76 0 0 

300 27 83.2 0 0 

305 52 79.5 0 0 

310 74 80 0 0 

315 84 85.5 0 0 

320 92 85.5 0 0 

325 95 86 0 0 

330 95 88 0 0 

335 95 97 0 0 

340 97.5 86.8 0 0 

345 98 88.8 0 0 

350 96 89.7 0 0 

355 59 89.5 0 0 

360 2 90.4 0 0 

365 0.3 91 0 0 

370 0.1 90 0 0 

375 0 89.2 0 0 

380 0 90 0 0 

385 0 90.5 0 2 

390 0 90.6 0 5 

395 0 81.5 0 8 

400 0 46 0 15 
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In these experiments, small amber glass reactors containing 32 mLs of aqueous solution with a 

surface area of 12.6cm2
 
were used. Milli-Q water spiked with target chemicals was exposed to 

artificial (UVA) light irradiance. Filters covered the top of reactor. In all other respects, this work 

was identical to the UVA experiments involving the 600-mL reactors described above.  

2.2.5 UV254 Irradiation Condition Set Up.  

The UV254/H2O2 process has been widely used for aqueous-phase disinfection, destruction of 

micro-pollutants that survive conventional wastewater treatment and surface water treatment. The 

number of investigations of indirect photolysis for water purification involving singlet oxygen 

generated via UV254 irradiation is limited. 

Here a STER-L-RAY® low-pressure UV lamp (G10T5 1/2L) equipped with a quartz sleeve to cut 

off irradiance at λ < 220 nm and prevent ozone production was the light source. The clear glass, 300 

mL reactors were placed 20 cm below the lamp, allowing only light on a near vertical trajectory 

to enter the reactor.  At that separation, the average UV254 irradiance was 7.8 W/m2, measured 

using a UV Power Meter (Model C8026, Hamamatsu Photonics K.K.) with 254 nm sensor (Model 

H8025- 254). Samples in these experiments were withdrawn at approximately 30-minute intervals 

for spectrophotometric and HPLC analyses. 

2.2.6 Experimental Set Up in the Natural Sunlight 

The experiments were performed in Tucson from May to August 2017 near noon on cloudless 

days. Corresponding solar spectral irradiances (Figure 2-1) were obtained from the SMART 

(Simple Model of the Atmospheric Radiative Transfer of Sunshine) software package [69, 70].   

Batch reactors (600-mL clear glass) were open to the atmosphere and stirred continuously while 

exposed to the sunlight.  Reactor temperature was maintained at 23±2 oC using a water bath. Dark 

controls were covered with aluminum foil. Experiments were conducted from 10 am to 2pm to 
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maximize solar exposure. 

Furfuryl alcohol, p-cresol, gemfibrozil, and methylene blue stock solutions were prepared in water 

on the day of use. Gemfibrozil was initially dissolved in ethanol, then added to aqueous solution to 

produce intended initial concentrations of the target compounds. Initial concentrations of furfuryl 

alcohol,  p-cresol,  gemfibrozil, and methylene blue for solar experiments were in the range 0-200 

µM. Samples were withdrawn at 5-10 minute intervals for analysis. 

2.2.7 Nanofiltration (NF) to Concentrate Wastewater Effluent  

Wastewater effluent was concentrated using an OSMONICS membrane test cell equipped with 

FILMTECTM NF90 nanofiltration membranes. Concentrate/membrane pressure and feed stream 

flow rate were maintained at 140 psig and 0.5 gpm, respectively. The concentrated wastewater 

effluent was stored in the dark at 4oC pending use.  Pre- and post-treatment water quality 

characteristics were as indicated (Table 2-2). 

Table 2-2. Pre- and post-treatment water quality characteristics in NF-concentrated wastewater 
Pretreatment Type Nano-filtration 

Pre-NF Post-NF 

Concentrate factor (v/v) 2.29 1 

Total organic carbon (ppm) 5.605 10.3 

Ratio of humic residual  2.12 2.91 

Ratio of fulvic residual  0.102 0.293 

2.2.8 Analytical  

A Thermo Scientific Genesys 10S UV–Vis spectrophotometer was used to obtain the absorption 

spectra of test samples. The interval was set up at 0.5nm increments. Methylene blue has an 
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absorption spectrum from 200-800nm. Furfuryl alcohol, p-cresol and wastewater effluent have 

absorption spectra from 200-350nm.  

Excitation-emission matrix (EEM) measurements were used to establish changes in dissolved 

organic matter during NF pre-concentration and other treatments. EEM matrix, 3-D fluorescence 

data were also employed in the quantitative analysis of specific target compounds. The excitation 

and emission increments were set at 0.5 nm, and 10 nm respectively. Scan rate was 600 nm/min. 

Corrected fluorescence intensities obtained from EEM contours were integrated using a 

trapezoidal rule in two regions upper peak (excitation wavelength range: 240-300nm, emission 

wavelength range: 290 to 350nm) and lower peak (excitation wavelength range: 240-270nm, 

emission wavelength range: 350 to 500nm) areas as measures of total humic and fulvic material, 

respectively (Figure 2-3) [67].  

  
 

 

 

 

 

 

Shimadzu TOC-VCSH Total Organic Carbon Analyzer was employed to measure total organic 

carbon (TOC) of diluted, regular and concentrated wastewater effluent. Dissolved oxygen was 

Figure 2-3. Fluorescence intensity integration regions following correction for internal 
light absorbance. The EEM contours shown represent EEM spectra for a Tres Rios WRF 
wastewater sample spiked with 5 μM p-cresol. In this study, the integrated upper peak 
and lower peak represent humic and fulvic concentrations, respectively. 



 
 

39  

measured using a Milwaukee MW600 LED Economy portable dissolved oxygen meter.  

Furfuryl alcohol, p-cresol, and gemfibrozil were measured using high performance liquid  

chromatography (HPLC)  with a reverse-phase C-18  column (150×4.6 mm Synergi 4 micron) 

(Table 2-3). Concentrations were obtained by comparing integrated areas at 215nm to those of 

standards. 

Table 2-3. Composition of eluents for measuring target compounds. 
Compound Mobile phase (v/v) Flow rate 

H2O (acidified 
to pH ≈ 3) 

MeOH Acetonitrile Formic 
acid (1%) 

(mL/min) 

FFA 90 10 0 0 0.7 
p-Cresol 40 60 0 0 0.5 
Gemfibrozil 60 40 0 0 0.7 

 

To determine concentrations of hydrogen peroxide, 2 mL solution sample was taken and added 

into a 20 mL borosilicate glass scintillation vial with preliminarily prepared 50 μL 30% titanium 

sulfate solution for H2O2 concentration analysis. H2O2 concentration in this work was effectively 

determined by a spectrophotometric/colorimetric method using titanium (IV) sulfate solution with 

a reliable detection range of H2O2, which from 10-6 to 10-1 M [68]. In this assay, the absorbance 

of peroxotitanium complex (yellowish) with molar extinction coefficient of ε407 = 760 M-1cm-1 

formed by the reaction between the H2O2 in the test sample and titanium sulfate solution was 

measured by the Thermo Scientific Genesys 10s UV-Vis spectrophotometer at the wavelength of 

407 nm.  

2.3. Results and Discussion 

2.3.1 Photolysis Pathway of p-Cresol in Natural Light and UVA 

Preliminary experiments related to the mechanism of light-driven transformation of aqueous-phase 

p-cresol indicated that light; molecular oxygen and some material of wastewater origin are 
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requisite to observed transformations (Figure 2-4a, b). When solutions were prepared in 

wastewater effluent, in the presence of molecular oxygen and sunlight, 20% of 50 µM p-cresol 

initially present disappeared over the 4-hr experimental period. Absent light or molecular oxygen 

or when effluent was replaced by Milli-Q water, p-cresol was stable over the same period. Results 

eliminate hydrolysis, volatilization and direct photolysis as primary mechanisms for the 

disappearance of p-cresol in these experiments. Previous work indicates that even relatively poor 

absorbance of sunlight by effluent organic matter initiates the production of ROS. 

 Experiments involving ROS quenchers (NaN3, and IPOH) and radical promoters (e.g., EfOM, 

dissolved oxygen, ClO2
-, Cl2

-, and SO4
2-) were carried out to identify species responsible for p-

cresol disappearance (Figure 2-4). Deoxygenation experiments suggested that the formation of 

triplet states via sunlight irradiance of dissolved organic matter [43, 44], although sometimes 

necessary, was not sufficient for the photo-degradation of  p-cresol.  The addition of 10 mM 

isopropanol (IPOH), a common scavenging agent for hydroxyl radicals (k =1.9x1010M-1s-1) [69], 

did not impede the transformation of p-cresol.  

The addition of 150 mg/L of NaCl or Na2SO4 to reactive mixtures containing p-cresol did not 

advance the reaction kinetics, suggesting that common inorganic radicals (e.g., •ClO2
-, •Cl2

-, •SO4
2-

) [70] were not responsible for the observed transformation. Finally, the addition of 10 mM sodium 

azide, which is known to scavenge singlet oxygen (k5 = 5.1×108 M-1s-1) [71], was able to quench 

p-cresol transformation (Figure 2-4 (b)).  
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Figure 2-4. (a)-Photo degradation of 50uM p-cresol in wastewater in dark control, in natural 
sunlight, Milli-Q water in sunlight and in wastewater supplemented with NaCl (150 mg/L) or 
Na2SO4 (150 mg/L) – (Jan 21, 2015). (b) – Photo-degradation of 50 μM p-cresol in wastewater 
effluent and effluent supplemented with NaN3 (10mM) or IPOH (10mM); wastewater without 
oxygen under UVA-340. Total spectral irradiance in UVA was 2.8mW/cm2 

Taken together, results suggest that singlet oxygen in wastewater effluent was the primary reactant 

with p-cresol in UVA and natural light.  

2.3.2 System Simulation—Model System Consisting of Methylene Blue and Furfuryl Alcohol 

In this session, a successful kinetic model system of MB and FFA under three light sources was 

simulated based on the proposed mechanism in figure 2-5.  
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2.3.3.1 In UVA Irradiation 

A model system for creating and measuring singlet oxygen concentrations was developed with 

initial concentrations of MB ranging from 0.5 µM to 10 µM in Milli-Q water plus 20 µM FFA 

under the UVA light source.  Experiments using this system were designed to determine whether 

or not the triplet excited state of the MB sensitizer participates directly in the photo-degradation 

of FFA. Unlike Rose Bengal (another recognized sensitizer, experiments not shown) the aqueous- 

phase concentration remained steady over the four-hour course of our experiments (Figure 2-6), 

reinforcing aspects of the mechanism proposed for MB-initiated photolysis reactions (Figure 2-6). 

Others have reported that MB is degraded in light-initiated reactions in the wavelength range 254-

365 nm [72].  

+ 3O2 

 MB 

1O2 

1MB* 3MB* 
FFA  Products 

*OH 

Products 

UV254, UVA and 
Natural sunlight 

Figure 2-5. Proposed mechanism of FFA light-driven transformation by singlet oxygen. 
1MB*: singlet excited state of MB, 3MB*: triplet excited state of MB.  
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Figure 2- 6. Time-dependent spectra for MB (5μM) spiked with FFA (20 μM) during four hours 
of irradiation under the UVA light source. 
 

There was no photo-attenuation of FFA in degassed solutions. In the presence of molecular oxygen 

at concentrations near saturation with air, the rate of FFA disappearance was about proportional to 

the concentration of MB and pseudo-first-order in FFA (Figure 2-8a). This is consistent with 

previous studies; it is apparent that FFA reacts exclusively with singlet oxygen, as opposed to 

excited states of MB [73]. In these experiments, isopropanol did not affect the photo transformation 

of FFA (Figure 2- 7 (a)) confirming that hydroxyl radicals played no role in the observed kinetics 

of FFA disappearance.  In other experiments, the inhibition of FFA transformation was directly 

related to the concentration of sodium azide present (Figure 2-7 (b)). 



 
 

44  

 

0 50 100 150 200 250

0.0

4.0x10-6

8.0x10-6

1.2x10-5

1.6x10-5

2.0x10-5

 

[MB]o = 0.5 µΜ

 [MB]o =  1 µΜ

 [MB]o = 3 µΜ

 [MB]o = 5 µΜ

 [MB]o =  5 µΜ + 10 mM IPOH

 [MB]o = 10 µΜ

 [MB]o = 5 µΜ, no O2

[F
FA

] (
M

)

Time (min)

(a)

0 50 100 150 200 250

8.0x10-6

1.0x10-5

1.2x10-5

1.4x10-5

1.6x10-5

1.8x10-5

2.0x10-5

(b)

[NaN3]o = 0 mM
[NaN3]o = 0.5 mM
[NaN3]o = 1 mM
[NaN3]o = 5 mM
[NaN3]o = 10 mM

 

Time (min)

[MB] = 3 µΜ

 

Figure 2-7. (a) – Experiment and simulation of FFA (20µM) degradation with 1-10 µM MB, with 
and without oxygen, IPOH (10 mM) in Milli-Q water under UVA-340. (b) FFA (20 µM) 
degradation with MB (3 µM) spiked with 0-10mM sodium azide ranging in Milli-Q water under 
UVA-340 irradiation. Solid lines represent simulation results. Total spectral irradiance was 
2.8mW/cm2. 

It was independently confirmed that hydrogen peroxide formed via light irradiation of FFA in the 

presence of MB did not produce hydrogen peroxide, as previously suggested [58] (Supplementary 

data S-1).  
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Table 2-4. Kinetic and equilibrium parameters used to simulate the photo-degradation of FFA 
with MB as sensitizer in Milli-Q water in UVA.  Sources of rate constants and quantum efficiency 
were as indicated. 

 

The simple mathematical expression relating the photo degradation process. 

Reaction Parameter References 

(R.1) MB  MB•  3MB• [ ϕ ] = 0.63 mol/Ein This study 

(R.2) 3MB• MB             k1
  = 109 s-1

  This study 

(R.3) 3MB• + O2(aq)  1O2 + MB k2  = 104 M-1s-1     This study 

(R.4) 1O2 + FFA  product k3   = 1.2×108 M-1s-1  Reported [58]  

(R.5) 1O2
   O2(aq) k4  = 2.5×105 s-1  Reported [58] 

(R.6) 1O2
 + N3

-  N3
•  + O2 k5  = 5.1×108 M-1s-1  Reported [74] 

(R.7) N3
•  N3

- k6  = 104 s-1        This study 

(E.1)  Iλ  =  ArλSλ
VrNahc

       

(E.2)  Aλt =  ℇλ−FFA ∗ [FFA] + ℇλ−MB ∗ [MB] + ℇλ−IS ∗ [IS] 

(E.3) fλ = [MB]∗ℇλ−MB
 Aλ

   

(E.4) 
rMB =

d[MB]
dt

= −� ϕ ∗ Iλ ∗ fλ ∗ [1 − 10−Aλt∗Lo]dλ  
λ400

λ300
+ k1 ∗ � MB•3 �  

+k2 ∗ � MB•3 � ∗  �O2(aq)�      

(E.5) 
ϕ =

Number of MB molecules excited per unit time
Number of photons that MB absorbed per unit time

 

(E.6) 
r MB•3 =

d� MB•3 �
dt

= � ϕ ∗ Iλ ∗ fλ ∗ [1 − 10−Aλt∗Lo]dλ 
λ400

λ300
  

− k1 ∗ � MB•3  � − k2 ∗ � MB•3 � ∗  �O2(aq)� 
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Iλ is specific spectral intensity (Ein.L-1.s-1), Sλ is the spectral irradiance (W-m-2nm-1), VR is the 

reactor volume (m3), Ar (0.0154 m2), Vr (0.6 L) and Lo (4.5 cm) are the surface area of the reactor 

exposed to incident light, volume of liquid in reactor and depth of the mixture solution, precisely 

the order given.  Na is Avogadro’s number (6.022×1023), h is Planck’s constant (6.626×1034 kg-m-

2s-1) and c is the speed of light (299,762,458 m-s1). ℇλ−MB (M-1cm-1) values are the wavelength-

dependent molar extinction coefficients of target compounds; the wavelength dependence of 

absorbance by the MB sensitizer is as indicated (Figure 2-5). Aλt (cm-1) are the reactor solution 

absorbance at wavelength from 300nm to 400nm in UVA and they are time independent in this 

light source. Lo is the path length for the light in the reactor (i.e., the depth of the reactor). It was 

assumed that light reaching the base of the reactor was not reflected.  λ is wavelength of the UVA 

lamp and ranged from 300 to 400nm (Figure 2-1). Quantum yield (mol/Ein) for MB excitation is 

expressed as ϕ and estimated in E. 5. For this application (as elsewhere), quantum yield was 

assumed to be independent of wavelength [75, 76]. Solution ionic strengths necessary for activity 

correction were calculated using the Davies equation.   

The reaction of FFA with singlet oxygen (R. 4) and corresponding reaction rate (rFFA) are as shown 

(E. 8). To find the steady state concentration of singlet oxygen, a simplified mathematical model 

was introduced and solved using a stiff-ODE solver in MATLAB (Gear’s method) as described by 

others [75, 77]. The data sets for Figures 2-6 (a), and (b) were used to fit four model parameters—

the quantum yield for MB photolysis, the rate constant for deactivation of 3MB• (k1), the rate 

(E.7) r O1 2
=  d[ O1 2]

dt
=  k2� MB•3 � �O2(aq)� − k3[FFA]� O1 2� −  k5[N3

−]� O1 2� −  k4[ O1 2        

(E.8) rFFA = d[FFA]
dt

= −k3[FFA][ O1 2] 

(E.9) rN3− = d[N3−]
dt

=  −k5[N3
−]� O1 2� + k6[N3

•  ]       
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constant for reaction of MB with singlet oxygen (k2), and the rate constant for deactivation of N3
• 

(k6).  Fitted values are as indicated (Table 2-4). 

The calibrated model was validated using data representing the trajectories of FFA concentrations 

in the presence of sodium azide. In all cases, agreement between data and simulation was excellent.    

2.3.3.2 With Different Filters in UVA 

Two experiment packages of FFA (20 µM), spiked with MB (4.2 µM and 8.4 µM) in Milli- Q 

water, and covered with different filters were conducted in UVA (total spectral irradiance was 

1.8mW/cm2). Light was separated into variable wavelength ranges as mentioned in Table 2-1. The 

purpose of this experiment was to validate the assumption that quantum yield of sensitizer was 

wavelength independent. Filter number 1 blocked all of wavelengths from 350nm to 400nm and 

just allowed roughly 25% of short wavelengths (300nm to 350nm) to pass. Filter number 2 blocked 

all visible wavelengths (>400nm), and allowed almost 90% light source from 300nm to 400nm to 

get through. On the other hand, filter number 3 and 4 blocked all most all invisible wavelengths 

(300nm to 400nm) and (300nm to 450nm) respectively (Supplementary Data –S1). 

The same kinetic model for FFA disappearance in MB solution under UVA light was used to 

predict the trajectory of FFA when the light source was filtered. Agreement between model 

predictions and measurements was again excellent using the same set of fitted parameter values 

(Figure 2-8 and Supplementary S-1).  That is, experiments were adequately simulated using a 

single quantum yield for the production of singlet oxygen from light, even when the wavelength 

interval and intensity were manipulated.  Results suggest that quantum efficiency is independent 

of wavelength throughout the UVA range, something that has been assumed in previous modeling 

efforts but never (to the best of our knowledge) verified.  
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Figure 2-8. (a) Absorbance spectra of UVA lamp before and after the short-pass wavelength filter. 
(b) Experiment and simulation of FFA (20µM) degradation with 4.2 µM MB, with and without 
filters, in Milli-Q water in UVA. Solid lines represent simulation results. Total spectral irradiance 
was 1.8mW/cm2. 

 
The effect of wavelength on quantum yield and reaction kinetics was further tested using the UV254 

light source. In this experiment, a series reactor containing 20 µM FFA in different initial 

concentration of MB (1.7- 13 µM) was first exposed in UV254 light for 3 hours without loss of MB, 

confirming that, under the conditions established, MB was not lost due to photolysis. This is in 

disagreement with previous observations [72].  

There was also no direct photolysis of FFA by UV254 light (result not shown). As indicated by the 

relatively slow loss of FFA from solution, the rate of formation of singlet oxygen by UV254 was 

much slower than under UVA light at a comparable intensity.  This was predicted in simulations 

due to the relatively low MB molar extinction coefficient in the UV range. 
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Figure 2-9. Experiment and simulation of FFA (20µM) degradation with MB (1.7 µM to 13 µM), 
in Milli-Q water under UV254. Solid lines represent simulation results. 

 
Kinetic mechanism of FFA indirect photolysis in UV254 is similar to UVA. However the quantum 

efficiency of MB (ϕ 254 = 0.33 mol/Ein) is required to fit the data and remark that it is lower than 

in the UVA range. Fitting curves and experimental curves of indirect photo degradation of FFA in 

UV254 are in good agreement (Figure 2-9).  

2.3.3.3 In Natural Sunlight 

To extend the wavelength range of incident light well beyond the UV254 and UVA ranges, 

measurements of FFA transformation were made in solutions exposed to natural light.  Unlike the 

experiments at shorter light wavelengths, preliminary experiments (Figure 2-10) indicated that 

photolysis of MB in irradiated, target-free solutions is significant and must be accounted for in 

process simulations.  The fraction of MB molecules that reach an excited triplet state (refer to 

mechanism) but do not return to the ground state is estimated at 664nm. The simplest explanation 

for the observation is that MB is subject to direct photolysis in the wavelength of natural sunlight. 



 
 

50  

0 20 40 60 80 100 120

1.0x10-6

2.0x10-6

3.0x10-6

4.0x10-6

5.0x10-6

6.0x10-6

 

 

[M
B]

  (
M

)

Time (min)

 [MB] = 1.6 µΜ
 [MB] = 3.3 µΜ
 [MB] = 5.8 µΜ

 

Figure 2-10. Experiment and simulation of MB (1.6 µM to 5.8 µM) direct photo degradation in 
Milli-Q water in natural sunlight. Solid lines represent simulation results. Experiment was 
performed in August 28, 2017. 
 

In natural sunlight (300nm to 800nm), MB has a strong photon absorption to transfer to excited 

state of MB in the spectral region from 600nm to 680nm [59, 60]; number of photons absorbed by 

MB can be calculated in the formula (E. 10). At the same initial MB concentration, the rate of 

formation of singlet oxygen in natural sunlight was two orders of magnitude higher than calculated 

rates in UV254 and UVA (Supplement Data S-1). As a consequence, furfuryl alcohol was 

essentially gone after an hour of exposure (Figure 2-11 (a)).  Differences can be completely 

explained in terms of increased light absorbance by MB over the visible light wavelengths (Figure 

2-1). Direct photolysis of FFA was not observed in the MB-free control (results not shown).  

Somewhat unexpectedly, direct photolysis of MB was observed in natural light (Figure 2-11 (b)), 

making it necessary to revise the overall kinetic simulation to include a direct photolysis term (E. 

4). 
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 (E.10)  Absorbed photons
second 

=  ∑ (1 − 10−ℇλ_MB∗[MB]∗Loλ ) ∗ 𝐼𝐼λ ∗
λ
C∗h
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Figure 2-11. Experiment and simulation of FFA (20 µM to 98 µM) degradation with 0.65 µM 
MB, in Milli-Q water under natural sunlight. (a)- FFA degradations as a function of time.  (b)- 
Time-dependent concentrations in the same set of experiments. Solid lines represent simulation 
results. Experiment was performed in April 15, 2017. 
 

Mechanism of methylene blue absorbing photons under both UVA and natural light could be 

revised by adding one more kinetic reaction (R.1’). 

Reaction rate of MB in E. 4 was replaced by (E. 4’), and the quantum yield for direct photolysis 

of MB was estimated in E. 11.  

(R. 1’) MB  product ϕ ’ = 2.5×10-5 mol/Ein  This study 

 
rMB =

d[MB]
dt

= −� ϕ ∗ Iλ ∗ fλ ∗ [1 − 10−Aλt∗Lo]dλ  
λb

λa
+ k1 ∗ � MB•3 �  
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In the equation (E4’), Aλt (cm-1) are the reactor solution absorbance at wavelength from 300nm to 

800 nm in natural sunlight. Due to the direct photolysis of MB in natural sunlight, Aλt were 

decreased as a function of time at every single wavelength. To fit the direct photolysis of MB and 

indirect photolysis of FFA in natural sunlight, a third order polynomial of Aλt as function of time 

was applied. The quantum yield of direct photolysis MB, denoted [ϕ’] was estimated at 2.5× 10-5 

mol/Ein, and applied for three light sources UV254, UVA and natural sunlight. Using that value, 

the observed transformation of MB in natural light was appropriately accounted for, while MB 

transformations under UVA and UV254 irradiances could be neglected (as observed).   

2.3.3 Simulation of P-cresol Photolysis 

2.3.3.1 In UVA Irradiation 

The model was extended for use in predicting pH-dependent trajectories of p-cresol concentrations 

using the MB sensitizer in UVA light (Figure 2-12 (a) and (b)). Rate constants for the reaction of 

p-cresol with singlet oxygen differ significantly for the protonated and deprotonated forms of the 

target (E. 13). 

(E. 4’) 
−� ϕ′ ∗ Iλ ∗ fλ ∗ [1 − 10−Aλt∗Lo]dλ  

λb

λa
+ k2 ∗ � MB•3 � ∗ �O2(aq)� 

(E.11) 
ϕ′ =

Number of MB molecules decomposed per unit time
Number of photons that MB absorbed per unit time

 

Note: a and b correspond to a wavelength range of 300 nm to 400nm for UVA, and from 

300nm to 800nm for the natural sunlight. 
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Figure 2-12. (a)- Photo-oxidation of p-cresol (50 µM) with 3.3 µM [MB]o as a function of pH. 
(b)- Photo oxidation of p-cresol (50 µM) as a function of [MB]o  at pH 10.2 All experiments were 
conducted in Milli-Q water with 0.05 M total phosphate as buffer under UVA-340 irradiance. Solid 
lines represent model results. Total spectral irradiances was 2.8mW/cm2. 
 
(R.8) p-C     p-C_ion  + H+ pKa at 25oC 10.26 [78]  

(R. 9) p-C    +  1O2  products k7 1.2×107 M-1s-1 [79]  

(R. 10) p-C_ion  +  1O2  products k8 3.7×108 M-1s-1 [80] 

Like FFA, p-cresol was not transformed during the four-hour experiments in the absence of 

dissolved oxygen at any pH (data not shown) indicating that the target does not react directly with 

the triplet-excited state of MB. This conflicts with previously reported observations suggesting 

that phenolic compounds, including p-cresol, react directly with triplet MB  with   rate  constants 

of  0.57±0.09×108M-1s-1 [81].  

Previously reported rate constants for the reaction of p-cresol with singlet oxygen were < 5×106 

M-1s-1 [80]  and (9.6±2.8) ×106M-1s-1 [79] when presented in protonated form. For the conjugate 
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base, rate constants reactions were 3.5±0.08×108 M-1s-1 [79], and 3.7×108 M-1s-1
 [80]. Rate 

constants determined here were 1.2×107 M-1s-1 for the protonated target and k8 = 3.7×108M-1s-1 for 

the conjugate base. The model slightly under predicted the degradation of protonated p-cresol.  

2.3.3.2 In UV254 Irradiation 

Several studies have found that p-cresol is direct photo-degraded in UV254 light (Figure 2-13 (a)). 

Three by-products have been identified [82]. Transformation products led to solution absorbance 

changes at 254 nm during the 4-hour experiments conducted here (Supplementary Data S-1). 

Direct photolysis of p-cresol in UV254 was pH independent (Supplementary Data S-1). 

The kinetic transformation of p-cresol in UV254 was simulated via reaction kinetics summarized in 

R. 9, R. 10 and R. 11.  

(R. 11)    p-C + hv (254nm)  byproducts ϕPC−254 = 0.055 mol/Ein  (this study) 

              = 0.034 mol/Ein [83]   

For obvious reasons, the addition of MB to the solution produces a shading effect, reducing the 

effectiveness of direct photolysis. Furthermore, the generation of singlet oxygen sensitized by MB 

is relatively slow in UV light due to the relatively low molar extinction coefficient for MB at λ = 

254 nm. Both effects tend to limit the effectiveness of indirect photolysis with MB as sensitizer in 

the UV light range.   After accounting for direct photolysis, shading by MB, reaction product 

shading and the low molar absorption coefficient of MB in the UV range, process simulations were 

effective in predicting the time dependence of p-cresol concentration as a function of the initial 

MB and p-cresol concentrations (Figure 2-13 (b)). 

The transformation rate of p-cresol in UV254 was described in E.12.  
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Figure 2-13. Degradation of p-cresol in UV254. (a)- Direct photolysis of p-cresol (28 µM to 112 
µM) in Milli-Q water. (b)-  Indirect photolysis of p-cresol, spiked with MB (0 µM and 11.3 µM) 
in Milli-Q water (pH =5.9). Solid lines represent model results; dash lines represent model 
neglecting shading effect. 

 
 
 

 (E. 12)     
rPC−254 =

d[𝑝𝑝_C]
dt

= − ϕPC−254I254 ∗
[𝑝𝑝_Ctotal] ∗ ℇPC−254

A𝑡𝑡−254
′ ∗ �1 − 10−At−254∗L0� 

 −k7 ∗ � O1 2� ∗
[𝑝𝑝_Ctotal]

�ka
H + 1�

− k8 ∗ � O1 2� ∗
[𝑝𝑝_Ctotal]

�H
ka

 + 1�
 

The quantum yield (ϕPC−254) of p-cresol direct photolysis in UV254 was fitted as 0.055 mol/Ein. 

The measured molar extinction coefficient (ℇPC−254)  was 251 M-1cm-1. However, the time-

dependent light absorbance ( A𝑡𝑡−254
′ ) in these experiments proved to be a function of both the p-

cresol residual concentration and the accumulation of reaction by-products. 
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2.3.3.3 In natural Sunlight Irradiation 

A set of 6 batch reactors, containing different initial concentration of p-cresol (20 µM – 210 µM) 

spiked with MB (1.5 µM) in Milli-Q water at pH as 5.9, was exposed to the natural sunlight in 3 

hours in a cloudless day. The temperature of reaction was strictly maintained at 23-25oC. 

Experimental results showed that in three hours, almost 98% of p-cresol was destructed by singlet 

oxygen (Figure 2-14 (a)). Like UVA, in natural sunlight, p-cresol did not undergo direct photolysis 

(results not shown).   
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Figure 2-14. Experiment and simulation of p-cresol (20 µM – 210 µM) degradation with 1.5 µM 
MB, in Milli-Q water under natural sunlight. (a)- p-Cresol degradations as a function of time.  (b)- 
Time-dependent concentrations in the same set of experiments. Solid lines represent simulation 
results. Experiment was performed in August 27, 2017. 
 

The concentration of MB was gradually reduced over the course of the experiment (Figure 2-14 

(b)). That and product shading accounted for the observed departure from first-order kinetics.  The 
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fitted rate constants for reaction of p-cresol with singlet oxygen were 1.2×107 M-1s-1 (Figure 2-

14a). Direct photolysis of MB was accounted for using a fitted quantum yield as 0.63 and 2.5×10-

5 mol/Ein.  

2.3.4 Photo-transformation of Gemfibrozil  

Previous work based on medium pressure UV irradiation of pure water supplemented with 

gemfibrozil indicated that gemfibrozil undergoes indirect photolysis by first forming an excited 

state leading to subsequent production of ROS hydroxyl radical and singlet oxygen [84]. Under 

UVA and natural sunlight in these experiments, however gemfibrozil was highly persistent either 

in Milli-Q water (results not shown) indicating that wavelengths >300nm resulted in neither direct 

photolysis nor self-sensitization  reactions—at least not at a rate that could be reliably measured 

under the conditions employed. 

When  gemfibrozil solutions (10 µM-100 µM) were spiked with MB (5.6 µM) in the UVA light, 

it was evident gemfibrozil was persistent due to the combination of relatively low light intensity 

in the wavelengths absorbed by MB and the low rate constant for reaction of gemfibrozil with 

singlet oxygen, 2.55 × 106 M-1s-1 [84] (result not shown). In natural sunlight, however, 

concentration of gemfibrozil decreased in the solutions containing MB, indicating that sunlight 

absorbance by MB at higher wavelengths was capable of producing singlet oxygen at a rate that 

permits measurable transformation of the gemfibrozil under the conditions of the experiment 

(Figure 2-15 (a)). 
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Figure 2-15. Experiment and simulation of gemfibrozil (10 µM – 100 µM) degradation with 7.5 
µM MB, in Milli-Q water under natural sunlight. (a)- Gemfibrozil degradations as a function of 
time.  (b)- Time-dependent concentrations in the same set of experiments. Solid lines represent 
simulation results. Experiment was performed in September 12, 2017. 
 

Attenuation of gemfibrozil followed pseudo-1st-order kinetics (R. 12).   Agreement between model 

and experiment was good, except for experiments involving the largest initial concentrations of 

the target compound.  In those cases, departures of model predictions from measured values were 

probably due to shading by reaction by-products, which was not included in the simulation. 

(R. 12)    Gemfibrozil + O1 2 products k9= 2.55 × 106 M-1s-1 [84] 

  
2.3.5 EfOM as Sensitizer for Indirect Photolysis of Furfuryl Alcohol. 

Indirect photo-chemical degradation of FFA in wastewater effluent was evidently due to reaction 

with singlet oxygen produced with EfOM as sensitizing agent. Absent molecular oxygen, there 
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was no degradation of FFA in wastewater (result not shown). For the nanofiltration (NF) pre-

treatment and wastewater dilution experiments, EfOM concentrations (TOCs) in the concentrate, 

original solution and diluted effluent samples were 10.3, 5.9, and 3.1 ppm. 
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Figure 2-16. Experiment and simulation of FFA photo-oxidation in wastewater effluent from Tres 
Rios WRP. TOC was manipulated using NF pretreatment or dilution.  TOC concentrations is the 
concentrated, original and diluted effluent were 10.3, 5.9 and 3.1 ppm. Solid lines represent fitting 
model results. Irradiation intensity is 2.8mW/cm2. 
 
Nanofiltration (NF) can effectively separate and concentrate residual organics in treated 

wastewater [85, 86]. Low molecular weight, hydrophilic compounds were the most likely to escape 

membrane retention.  However, efficient separation is indicated by the TOC and volume retention 

data for these experiments (Table 2-2).  Not surprisingly, solutions with higher TOC values 

resulted in greater photo-degradation of FFA (Figure 2-16). The model simulating FFA 

transformations with MB as sensitizer was used to predict FFA degradation by singlet oxygen 

generated using EfOM as sensitizer. The mechanism and parameters for simulating FFA photo-
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degradation in wastewater effluent in UVA light are presented in Table 2-5. 

Table 2-5. Kinetic and equilibrium parameters used to simulate the photo-degradation of FFA 
with effluent organic matter as sensitizer in wastewater effluent in UVA.  Sources of rate 

constants and quantum efficiency were as indicated. 
 
 Reaction Parameter 
(R. 13) EfOM + hv     EfOM• ϕ EfOM (mol/Ein) 

(R. 14) EfOM• + O2(aq)   1O2
 + EfOM k10 (M-1s-1) 

(R. 15) EfOM•   EfOM k11 (s-1) 

 
A mathematical numerical modeling to predict degradation of FFA in wastewater effluent.  

(E. 13) 
rEfOM =

d[EfOM]
dt

=  −  � ϕEfOM ∗ Iλ ∗ fEfOM−λ ∗ [1 − 10−Atotal−λ∗Lo]dλ  
λ400

λ300
 

                    +k10 ∗ � EfOM•3 � ∗  �O2(aq)� + k11 ∗ � EfOM•3 �  

(E. 14) 
r

EfOM
•3

=
d � EfOM •3 �

dt

=  + � ϕEfOM ∗ Iλ ∗ fEfOM−λ ∗ [1 − 10−Atotal−λ∗Lo]dλ  
λ400

λ300
 

                   −k10 ∗ � EfOM•3 � ∗  �O2(aq)� − k11 ∗ � EfOM•3 � 

(E. 15) 
r O21 =

d� O2
1 �
dt

=  +k10 ∗ � EfOM•3 � ∗  �O2(aq)� − k3 ∗ � O2
1 � ∗ [FFA] 

                                   −k5 ∗ � O2
1 �                   

(E. 16) AEfOM−λ = ℇEfOM−λ ∗ [EfOM] 

(E. 17) Atotal−λ =  AEfOM−λ + ℇFFA−λ ∗ [FFA] 

 



 
 

61  

ϕEfOM (mol/Ein) is the quantum yield of effluent organic matter.  ℇEfOM−λ (M-1cm-1) is the 

wavelength-dependent molar extinction coefficients of effluent. Concentration of effluent organic 

matter and excited state are denoted as [EfOM] and [EfOM•], respectively. Absorbance (cm-1) of 

solution (Atotal−λ) was calculated in E. 17, and absorbance of effluent organic matter (AEfOM−λ)  

were essentially proportional to TOC concentration in the effluent matrices, measured by using a 

spectrophotometer at wavelength range between 300 to 400nm (Supplement Data S-1). fEfOM−λ , 

the fraction of light absorbed by effluent organic matter to the total light absorbed at a certain 

wavelength, was assumedly estimated in (E. 18).  

Since the activity of EfOM sensitizers remained constant during four hours of photo irradiation 

(Supplemental Data S-2), the concentrations of the excited sensitizer and singlet oxygen were 

calculated per (E. 19) and (E. 20), respectively 

 
(E. 19) � EfOM3 • � =  

ϕEfOM ∗ Iλ ∗ fEfOM−λ ∗ [1 − 10−Atotal−λ∗Lo]
k10 ∗  �O2(aq)� + k11

 

 
(E. 20) � O1 2� =

k9 ∗ [O2] ∗ ϕEfOM ∗ Iλ ∗ fEfOM−λ ∗ [1 − 10−Atotal−λ∗Lo]
(k10 ∗ [O2] + k11 ) ∗ (k3 ∗ [FFA] + k5)

 

Substitute singlet oxygen concentration from (E. 20) into (E. 8) to estimate concentration of FFA 

changes for four hours (E. 21).  

 
(E. 21) rFFA =

d[FFA]
dt

=  

−k3 ∗ [FFA] ∗ �
k10 ∗ [O2] ∗ ϕEfOM ∗ Iλ ∗ fEfOM−λ ∗ [1 − 10−Atotal−λ∗Lo]

(k10 ∗ [O2] + k11 ) ∗ (k3 ∗ [FFA] + k5)
� 

 

Numerical model of photo-degradation of FFA in effluent wastewater involved three unknown 

variables, including ϕEfOM, k9, k10 , shown in (E. 21). To solve (E. 21), we assumed relationship 

  
(E. 18) fEfOM−λ =

AEfOM−λ

Atotal−λ
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of these three variables as one constant variable, which was  αEfOM (E. 22).  

 
(E. 22) αEfOM  =  

k10 ∗ [O2] ∗ ϕEfOM

k10 ∗ [O2] + k11 
 

 

At different concentration of TOC, photo attenuation of FFA was well predicted with αEfOM as 

0.036 (mol/Ein), shown in Figure 2-16. Although the model was pretty good to predict oxidative 

transformation of FFA due to singlet oxygen in wastewater effluent, chemical composition of 

effluent organic matter, which were responsible for singlet oxygen formation remain uncertain. 

2.4. Summary and Conclusion 

p-Cresol in Milli-Q water did not undergo direct photolysis under UVA or natural sunlight. Indirect 

photolysis was evident under UVA or natural sunlight when p-cresol was dissolved in wastewater 

effluent. Transformation did not occur over a four-hour period in the absence of molecular oxygen. 

The addition of isopropanol, sodium chloride and sodium sulfate did not affect the observed rate of 

p-cresol transformation. The addition of sodium azide inhibited the transformation rate.  Taken 

together, these observations indicate that reaction with singlet oxygen is the primary mechanism 

of singlet oxygen transformation in these experiments and that residual components in wastewater 

serve as sensitizer compounds in that mechanism. 

UV254 light was not as effective for transformation of either p-cresol or FFA, indicating that direct 

photolysis was the primary mechanism of p-cresol degradation when irradiance was limited to λ = 

254 nm. 

To study the mechanism of indirect photolysis, an ideal system consisting of a methylene blue 

sensitizer in deionized water was used in a series of experiments with FFA, p-cresol or gemfibrozil 

as the target compound. In natural sunlight, methylene blue was transformed via direct photolysis, 

making it necessary to account for its loss over time.  Using each form of light irradiance, the 
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formation of singlet oxygen was able to significantly enhance the rate of target compound 

transformation.  

Together, these experiments suggest a mechanism for indirect photolysis in wastewater effluent in 

which as yet unidentified components of EfOM sensitize the production of singlet oxygen, which 

was the primary (or perhaps only) agent responsible for transforming the p-cresol target. This 

interpretation was supported by observations in the model reactive system consisting of methylene 

blue (sensitizer) molecular oxygen and furfuryl alcohol (singlet oxygen probe) in Milli-Q water. 

A comprehensive kinetic simulation of the proposed model system was carried out for all three 

compounds—FFA, p-cresol, and gemfibrozil. Results were in excellent agreement with 

measurements in essentially all cases.  The lone exception was at high initial concentrations of 

gemfibrozil, where product formation may have contributed to shading effects that were not 

represented in the physical model. 

The quantum yield of indirect and direct photolysis with MB as a sensitizer were wavelength 

independent at 300 < λ < 800 nm. These were validated by using filters to separate light sources 

in UVA, and natural sunlight. Fitted parameters included ϕ, ϕ′, ϕPC−254, ϕMB−254, α, k1, k2, k6, 

and all other respects, simulations relied entirely on previously published results.  
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SUPPLEMENTARY DATA S-1 
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Figure S-1. 1. Formation of hydrogen peroxide during FFA (50 µM ) irradiation in MB (4.5 µM) 

solution under UVA (2.8mW/cm2). 
 

 
Figure S-1. 2. Absorbance spectral of UVA (1.8mW/cm2) UVA lamp after filters. Filter 1 is the 
short-pass wavelengths (>360nm is cut off), filter 2 is the short-pass wavelength (>400nm is cut 

off); filter 3 is the long-pass wavelength (<400nm is cut off); filter 4 is the long-pass 
wavelength (<450 nm is cut off). 
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Figure S-1.3. (a) Experiment and simulation of FFA (20µM) degradation with 4.2 µM MB, with 

and without filters, in Milli-Q water in UVA. (b) Experiment and simulation of FFA (20µM) 

degradation with 4.8 µM MB, with and without filters, in Milli-Q water under UVA-340. Solid 

lines represent simulation results. Total spectral irradiance was 1.8mW/cm2. 
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Figure S-1. 4. Comparison of singlet oxygen concentration generated from MB (1.6 µM to 5.6 
µM) in UV254 (7.8mW/cm2), UVA (2.8mW/cm2) and natural light. 
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Figure S-1. 5. Absorbance of byproduct formation during 4 hour irradiation of p-cresol in UV254 
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Figure S-1. 6. Direct photolysis of p-cresol in UV254 at different pH control. 
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Figure S-1. 7. Absorption spectrum (280nm to 400nm) of diluted, original and concentrated 

effluent wastewater. 
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Figure S-1. 8. p-Cresol (50 μM) in original wastewater effluent and UVA-pre-irradiated 

(4hours) wastewater effluent. 
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SUPPLEMENTARY DATA S-2 
 
 
Table S-2-1. Calculation inputs and models in the SMARTS simulations at the University of 
Arizona in Tucson, AZ. 
Date of Experiment Jan 21st 2015 Jul 16th 2015 
Total Column Ozone (DU) 305 291 
Aerosol Optical Depth at 550 nm 0.108 0.24 
Total Column H2O (cm) 0.688 2.937 
Pressure 1019 mb 
Altitude 0.728 km 
Height 10 m above ground 
CO2 400 ppm 
Reference Atmosphere U.S. Standard Atmosphere 1976 
Gaseous Absorption and Pollution Light Pollution 
Extraterrestrial Spectrum Gueymard 2004 
Aerosol Model SRA/IAMAP - Urban 
Albedo Manmade Material – Concrete Slab 
Reference Solar Constant 1366.1 W/m2 
longitude -110.5 W 
latitude 32.5 N 
Time Zone -7 GST 
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Table S-2-2. Irradiance of UVA-lamp (Total spectral irradiance was 2.8mW/cm2) and Irradiance 

of natural sunlight obtained from SMART program in July 16th, 2015. 
Wavelength Irradiance of 

UVA-Lamp 
Wavelength Irradiance of 

natural 
sunlight 

Wavelength Irradiance of 
natural 
sunlight 

nm W/m2/nm  W/m2/nm nm W/m2/nm 
285 0 300 0 540 1.14 
290 0 310 0.075 550 1.17 
295 0.003 320 0.24 560 1.13 
300 0.0108 330 0.4 570 1.1 
305 0.0358 340 0.52 580 1.1 
310 0.0835 350 0.5 590 1.04 
315 0.155 360 0.57 600 1.08 
320 0.243 370 0.68 610 1.08 
325 0.343 380 0.68 620 1.07 
330 0.424 390 0.74 630 1 
335 0.491 400 0.9 640 1.04 
340 0.519 410 1.01 650 1 
345 0.522 420 1.05 660 0.99 
350 0.499 430 1.02 670 1.01 
355 0.463 440 1.07 680 0.99 
360 0.411 450 1.3 690 0.84 
365 0.489 460 1.24 700 0.92 
370 0.285 470 1.21 710 0.95 
375 0.229 480 1.27 720 0.77 
380 0.18 490 1.25 730 0.79 
385 0.134 500 1.19 740 0.87 
390 0.0988 510 1.18 750 0.87 
395 0.0748 520 1.12 760 0.2 
400 0.0619 530 1.22 770 0.8 
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Table S-2-3. Percent transmission of filters 
 

Wavelength 
Filter # 1 Filter # 1  

Filter # 2 
 

Filter # 3 
 

Filter # 4 Provider Actual 
measurement 

nm %T %T %T %T %T 
285 0 0.00 78.5 0 0 
290 1 0.29 76 0 0 
295 8 2.31 76 0 0 
300 27 7.81 83.2 0 0 
305 52 15.04 79.5 0 0 
310 74 21.41 80 0 0 
315 84 24.30 85.5 0 0 
320 92 26.62 85.5 0 0 
325 95 27.48 86 0 0 
330 95 27.48 88 0 0 
335 95 27.48 97 0 0 
340 97.5 28.21 86.8 0 0 
345 98 28.35 88.8 0 0 
350 96 27.77 89.7 0 0 
355 59 17.07 89.5 0 0 
360 2 0.58 90.4 0 0 
365 0.3 0.09 91 0 0 
370 0.1 0.03 90 0 0 
375 0 0.00 89.2 0 0 
380 0 0.00 90 0 0 
385 0 0.00 90.5 0 2 
390 0 0.00 90.6 0 5 
395 0 0.00 81.5 0 8 
400 0 0.00 46 0 15 
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APPENDIX A.   Effectiveness of Engineered and Natural Wastewater Treatment Processes for 

the Removal of Trace Organics in Water Reuse 
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Abstract 

The physicochemical and biological determinants of removal efficiencies in a variety of 

engineered and natural processes were explored for 55 frequently encountered trace organic 

compounds (TOrCs) in wastewater. Weak correlations between field observations and predicted 

TOrC biodegradability led to adoption of an empirical approach to prediction of compound 

removal during conventional wastewater treatment. The efficiencies of TOrC removals by UV 

photolysis (direct and indirect), activated carbon adsorption, membrane separation (reverse 

osmosis/nanofiltration) and sunlight photolysis were determined under representative process 

conditions. Results led to heuristic guidelines for the selection of sequenced treatment processes 

for TOrC management. Process- and compound-specific treatment efficiencies were sensitive to 

TOrC physicochemical properties and matrix effects. 

Keywords: trace organic compounds; tertiary wastewater treatment; advanced oxidation process; 

photolysis; biotransformation. 

A.1 Introduction 

Population growth and drought have produced unprecedented stress on regional water resources, 

especially in arid and semi-arid regions. Potable reuse of treated wastewater is a potential remedy 

but is impeded in part by the persistence of trace organics in conventionally treated wastewaters. 

A number of such compounds are poorly attenuated during conventional wastewater treatment [1-

4], so that a combination of conventional and advanced processes is necessary to restore water to 

potable quality. 

Grady provided a pragmatic approach to rational, engineered biotransformations of xenobiotic 

organic compounds during conventional wastewater treatment [5]. The article highlighted the 

difficulties inherent in simulating diverse, mixed-culture treatment of trace organics in the 
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presence of a primary substrate. Citing extant kinetic and reactor performance data, Grady 

suggested a pathway for closing related gaps in process design and operation. 

Grady emphasized the roles of available tools in reactor engineering, such  as manipulation of 

solids and hydraulic retention times under aerobic, anaerobic and anoxic conditions, 

acknowledging that development of relationships between operational parameters and attenuation 

of trace organics remained a work in progress. Missing, at least in part, were databases necessary 

to determine intrinsic kinetic parameters, positive and negative interactions among substrates 

during biological treatment and the potential importance of non-biological removal mechanisms 

(volatilization and adsorption). 

To simplify the problem, Grady suggested that all wastewater substrates could be lumped into 

three components—biogenic, toxic and individual target compounds. Targets were selected based 

on persistence and toxicity. To be useful, each compartment must be measureable—e.g., biogenic 

organics as total organic carbon—highlighting the importance of advanced analytical chemistry. 

Absent simplifications of this nature, successful process simulation was unlikely or impossible. 

Instead, Grady used Monod kinetics and its several rational extensions, accounting for observable 

positive (co- metabolic) and negative (toxicity) biochemical interactions. Grady laid out the 

limitations and strengths of the Andrews equation, for example, in process simulations, identifying 

information necessary to simulate the biodegradation of xenobiotic contaminants during 

conventional wastewater treatment and also proposing a reasonable set of steps to acquire missing 

data. 

Grady’s article covered many cases in which multiple xenobiotic compounds were simultaneously 

present—the rule in municipal wastewater treatment. The main conclusion was that in most 

engineering applications, transformations of multiple xenobiotic compounds could be treated 
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independently, using a single-substrate kinetic approach. Grady was among those early to 

recognize that removal efficiency of xenobiotic compounds in continuous culture can be greatly 

enhanced by the presence of multiple biogenic compounds through co-metabolism. 

A simplification was recommended for dealing with microbial community complexity and 

substrate specificity in mixed cultures. Grady reasoned that the fraction of cells degrading each 

target xenobiotic compound was proportional to the compound’s contribution to chemical oxygen 

demand. Under those conditions, the total biomass could be separated into the fraction that 

degrades the target compound and the fraction that degrades everything else. Grady also identified 

the tools necessary to anticipate the fates of xenobiotic compounds in complex media, accounting 

for inter-phase partitioning, specific biotransformation rates and biomass. These included 

structure/activity relationships in various reactor configurations—e.g., activated sludge, trickling 

filters. Grady suggested that life scientists and environmental engineers should collaborate to 

establish the potential and role of biotechnology in protection of environmental and human health, 

accelerating the development of knowledge regarding the fates of xenobiotic contaminants during 

municipal wastewater treatment and following their discharge into the environment. 

A relative few works so usefully stimulate broad-scale thinking relative to substantial 

environmental engineering problems as Grady’s article [87]. It was a departure point for much of 

the engineering effort aimed at treatment of trace organic contaminants in wastewater—an area 

that has gained attention with progress in analytical chemistry and toxicology. 

The requirement for at least secondary treatment remains a foundation of municipal wastewater 

treatment. Unfortunately, conventional wastewater treatment is only partially successful in 

removing trace organics, including those that affect environmental and human health. At the same 

time, stress on existing water resources necessitates consideration of waters of initially low quality 
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in water resources planning—to the point at which direct potable reuse of treated wastewater is 

sometimes considered seriously. Persistent trace organics impede such plans.  There are neither   

universally accepted standards of treatment for many such compounds nor levels of exposure that 

are recognized as safe [6]. 

The term trace organic compounds (TOrCs) is used to represent pharmaceuticals and personal care 

products (PPCPs), endocrine disrupting compounds (EDCs), disinfection by-products (DBPs), 

flame retardants, insecticides and herbicides and an assortment of additional organic compounds 

that are recognizable in water at sub-part-per-billion (ppb) levels. Public interest in TOrCs was 

enormously stimulated by Colborn et al. [7], who informed on the potential threats to human health 

from man-made chemicals in water. In an unprecedented survey, Kolpin et al reported the 

concentrations of 95 TOrCs in 139 U.S. surface waters [8]. More than 85% of the 95 analytes were 

present at one or more sites. The influence of that study on the trajectory of environmental science 

is well illustrated by the frequency with which it has been cited—a total of 3911 times by July 

2016, according to Web of Science. More recently, Lapworth et al. [9] and Sui et al. [88] reviewed 

presence of TOrCs in ground waters. Although many of the TOrCs in these surveys pose no 

currently recognizable human or ecological health risk, some cause physiological changes in 

exposed organisms at the concentrations encountered [11-13]. 

There has been considerable recent effort to establish the fate of TOrCs during municipal 

wastewater treatment [14-17]. Eighty-eight studies involving almost 600 treatment systems carried 

out during 2003-2008 were summarized by the U.S. EPA [4] to consolidate a database for more 

than 200 TOrCs. That work provides an accessible tool with which to anticipate TOrC removals 

by various treatment processes in different water matrices. Mean removal efficiencies and relative 

standard deviations during secondary treatment were summarized for 184 TOrCs as functions of 



 
 

84  

temperature, solids retention time (SRT) and hydraulic retention time (HRT) by Miège et al. [2]. 

Compounds that were, on average, efficiently removed (> 90%) included the natural estrogens, 

17β- estradiol and estriol, propranolol, salicylic acid, and paracetamol, among others. On the other 

hand, atenolol, carbamazepine and metoprolol exhibited poor removal efficiencies (< 10%). Up to 

40% of observed (average) TOrC removals occurred during primary treatment, and 50-90% of the 

overall reduction was a consequence of activated sludge treatment, although the contributions of 

solid-phase partitioning and biotransformation were not separated. 

Process-dependent removals of 42 prominent TOrCs including PPCPs, alkylphenols, pesticides 

and plasticizers during conventional wastewater treatment were statistically analyzed by Rojas et 

al. [17]. Hydrophobicity and biodegradability (as quantified by BioWin models and laboratory-

scale experiments) were, as expected, the most important compound properties affecting TOrC 

removal efficiencies. Similar to the observations of Miège et al. [2], hormones such as testosterone 

and estrogens were good targets for conventional processes, with removal efficiencies typically 

greater than 75%. Carbamazepine and perfluorinated compounds (PFOA and PFOS), however, 

were exceptionally resistant to conventional treatment. The great variation in reported removals of 

individual antibiotics suggests that treatment efficiencies for these compounds are sensitive to 

operating conditions. Unfortunately, the lack of supporting information tends to obscure cause-

effect relationships among compound characteristics, process parameters and removal efficiencies. 

In this work, we explore the physicochemical and biological determinants of TOrC removal 

efficiencies in a variety of engineered and natural processes. Specific objectives are to: (i) examine 

currently available methods for predicting TOrC biodegradation during conventional treatment; 

(ii) test potential relationships among biodegradability, compound hydrophobicity and the 

kinetics of specific physicochemical transformation processes, such as oxidation by hydroxyl 
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radicals (•OH) and photolysis; and (iii) examine the utility of physicochemical processes as bases 

for tertiary treatment of TOrCs. This information can lead to heuristic guidelines for process 

selection. The treatment processes considered include (i) biodegradation, (ii) chemical 

transformations (direct and indirect photolysis, advanced oxidation), and (iii) separation processes 

(reverse osmosis (RO)/nanofiltration (NF) and activated carbon adsorption). 

A.2 Methods 

A.2.1 TOrC Selection Criteria 

 
Candidate TOrCs included PPCPs, hormones and hormone mimics, herbicides and insecticides, 

polycyclic aromatic hydrocarbons (PAHs), plasticizers, alkylphenols and other trace contaminants 

that are commonly encountered in municipal wastewater. A set of 55 TOrCs was selected that (i) 

differ in terms of their susceptibility to removal during conventional secondary wastewater 

treatment [2, 17], (ii) are detected with > 20% frequency in surface and ground waters that are 

influenced by the discharge of treated wastewater [8, 10], and (iii) have been the subject of 

widespread interest in previous studies [18-20]. Compound-specific characteristics are presented 

in Table A-1. 

A.2.2 Physicochemical Properties 

In addition to Estimation Programs Interface (EPI) SuiteTM (v4.11) from U.S.  EPA [89] and 

PhysChem Module in ACD/Labs Percepta Platform, over 140 literature sources were reviewed for 

relevant data. The resultant database covers (i) basic information such as molecular weight, 

octanol/water partition coefficient (Kow) and pKa values; (ii) photochemical parameters such as 

molar absorptivity and quantum yields; (iii) •OH  reaction  rate  constants;  (iv)  physical  

parameters  such  as  molar  volume,  water solubility and Freundlich constants; and (v) 3-D 
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molecular structure and molecule dimensions (theoretical molecular length and thickness). The 

Kow information was obtained from the EPI SuiteTM  database unless otherwise indicated. 

Estimated pKa values were taken from 11 different sources (Table A-1). The pH-dependent 

octanol-water distribution coefficient (Dow) was calculated at pH 7 using: 

Dow = Kow
1 + 10−pKa

1 + 10pH−pKa
                                                        Eq (A− 1) 

 

 
Table A-1. List of the 55 TOrCs selected for this study, including octanol-water partition 
coefficients (Kow) and pKa, reported at ambient or near-ambient conditions 
TOrCs CAS Number Molecular 

Weight 
General Class log Kow pKa 

1,4-Dichlorobenzene 
(1,4-DCB) 

106-46-7 147.00 Deodorizer 3.44 —  

17a-Ethynyl estradiol 
(EE2) 

57-63-6 296.41 Hormone 3.67 10.3 [21] 

17b-Estradiol (E2) 50-28-2 272.39 Hormone 4.01 10.3 [21] 
2,4-
Dichlorophenoxyacetic 
acid (2,4-D) 

94-75-7 221.04 Herbicide 2.81 2.6 [22] 

Acetaminophen 103-90-2 151.17 Antipyretic 0.46 9.5 [21] 
Anthracene 120-12-7 178.24 PAH 4.45 — 
Atrazine 1912-24-9 215.69 Herbicide 2.61 3.2 [21] 
Benzo(a)pyrene 50-32-8 252.32 PAH 6.13 — 
Benzophenone 119-61-9 182.22 UV blocker 3.18 — 
Bezafibrate 41859-67-0 361.83 Lipid regulator 4.25 [23] 3.6 [17] 
Bisphenol A 80-05-7 228.29 Plasticizer 3.32 9.8 [21] 
Bromoxynil 1689-84-5 276.92 Herbicide 3.39 

[23] 
4.1 [24] 

Caffeine 58-08-2 194.19 Stimulant -0.07 -0.92 [21] 
Carbamazepine 298-46-4 236.28 Anti-epileptic 2.45 16.0 [21] 
Carbofuran 1563-66-2 221.26 Pesticide 2.32 12.3 [25] 
Chlorpyrifos 2921-88-2 350.59 Insecticide 4.96 — 
Ciprofloxacin  85721-33-1 331.35 Antibiotic 0.28 6.1 [17] 
Clofibric acid 882-09-7 214.65 Metabolite 2.57 2.8 [17] 
Diazinon 333-41-5 304.35 Insecticide 3.81 2.4 [26] 
Diclofenac 15307-86-5 296.15 Anti-

inflammatory 
4.51 4.0 [21] 
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Diphenhydramine 58-73-1 255.36 Antihistamine 3.27 9.0 [27] 
Diuron 330-54-1 233.10 Herbicide 2.68 — 
Doxycycline 564-25-0 444.44 Antibiotic -0.02 — 
Estriol (E3) 50-27-1 288.39 Hormone 2.45 10.3 [21] 
Estrone (E1) 53-16-7 270.37 Hormone 3.13 10.3 [21] 
Fluoranthene 206-44-0 202.26 Various 5.16 — 
Gemfibrozil 25812-30-0 250.34 Lipid regulator 4.77 

[23] 
4.4 [21] 

Ibuprofen 15687-27-1 206.29 Anti-
inflammatory 

3.97 4.9 [21] 

Indomethacin 53-86-1 357.80 Anti-
inflammatory 

4.27 4.5 [17] 

Iopromide 73334-07-3 791.12 Contrast 
medium 

-2.05 — 

 
 
 
Table A-1. (Continued). 
TOrCs CAS Number Molecular 

Weight 
General Class log 

Kow 
pKa 

Ketoprofen 22071-15-4 254.29 Anti-inflammatory 3.12 4.5 [17] 
Linuron 330-55-2 249.10 Herbicide 3.2 — 
MCPA 94-74-6 200.62 Herbicide 3.25 3.1 [28] 
Mefenamic acid 61-68-7 241.29 Anti-inflammatory 5.12 — 
Metolachlor 51218-45-2 283.80 Herbicide 2.9 — 
Metoprolol 51384-51-1 267.37 Betablocker 1.88 9.6 [27] 
N,N-Diethyl-toluamide 
(DEET) 

134-62-3 191.28 Insecticide 2.18 — 

Naproxen 22204-53-1 230.27 Anti-inflammatory 3.18 4.2 [21] 
Nonylphenol 25154-52-3 220.36 Detergent 

metabolite 
5.76 10.3 

[17] 
Norfloxacin  70458-96-7 319.34 Antibiotic -1.03 6.3 [27] 
Octylphenol 1806-26-4 206.33 Detergent 

metabolite 
5.5 9.9 [17] 

Phenanthrene 85-01-8 178.24 PAH 4.46 — 
Phenol 108-95-2 94.110 Disinfectant 1.46 9.9 [29] 
Progesterone 57-83-0 314.47 Hormone 3.87 19.3 

[30] 
Propachlor 1918-16-7 211.69 Herbicide 2.18 — 
Pyrene 129-00-0 202.26 PAH 4.88 — 
Ranitidine  66357-35-5 314.41 Antacid 0.27 2.7 [17] 
Roxithromycin 80214-83-1 837.07 Antibiotic 2.75 

[23] 
9.0 [17] 

Simazine 122-34-9 201.66 Herbicide 2.18 1.6 [31] 
Sulfamerazine 127-79-7 264.30 Antibiotic 0.14 7.4 [17] 
Sulfamethoxazole 723-46-6 253.28 Antibiotic 0.89 6.2 [21] 
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Testosterone 58-22-0 288.43 Hormone 3.32 19.4 

[21] 
Tetracycline 60-54-8 444.44 Antibiotic -1.3 3.3 [17] 
Triclosan 3380-34-5 289.55 Disinfectant 4.76 8.1 [17] 
Trimethoprim 738-70-5 290.32 Antibiotic 0.91 7.2 [21] 

 

Photochemical parameters are listed in Table A-2. When multiple values were reported, means 

and standard deviations are provided. Table A-3 contains a summary of  parameters required by 

Adsorption Design Software (AdDesignSTM), which was utilized to compare carbon adsorption 

capabilities for selected TOrCs. Unless stated otherwise, molar volumes were estimated using 

PhysChem Module, and boiling points were predicted using EPI SuiteTM. Water solubilities and 

vapor pressures are from EPI SuiteTM. Freundlich isotherm parameters are from various literature 

sources. 

Three-dimensional molecular structures were created and optimized using the software package 

Materials Studio 4.0. Theoretical molecular length was defined as the maximum distance between 

any two atoms in a single compound. Molecular thickness was calculated as the maximum distance 

between any two atoms in the compound on planes perpendicular to the direction of theoretical 

molecular length. Examples of the data are shown in Table A-4 and Figures A1-1 to A1-10. These 

geometrical parameters were used to correlate membrane rejections for each compound. 
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Table A-2. Photochemical properties (quantum yield at 254 nm, ФTOrC-254, molar absorptivity at 
254 nm, εTOrC-254, and reaction rate constant with *OH, kTOrC-*OH) for the 55 TOrCs in this study. 
Properties are reported at ambient or near-ambient conditions. An expanded version of this table 
with corresponding sources is presented in the supplementary materials (Table S1, S2) 
TOrCs ФTOrC-254 εTOrC-254 kTOrC-*OH  ФTOrC-sunlight 

×10-2 mol/Ein ×103 M-1cm-1 ×109 M-1s-1 ×10-2 mol/Ein 
1,4-DCB 60.0 0.118 8.00 (±3.68) 1.70 
2,4-D 0.950 0.173 3.51 (±1.81) — 
Acetaminophen 0.390 (±0.297) 6.70 (±2.16) 9.70 34.5 (±14.9) 
Anthracene 14.9 (±7.4) 1.07 (±0.04) 7.83 (±4.21) — 
Atrazine 4.77 (±1.37) 3.51 (±0.58) 3.22 (±2.31) — 
Benzo(a)pyrene 16.4 (±21.2) 1.08 25.2 (±0.2) — 
Benzophenone — — 8.85 (±0.21) — 
Bezafibrate — 0.950 7.70 (±0.42) — 
Bisphenol A 0.655 (±0.276) 0.750 8.00 (±3.11) — 
Bromoxynil 4.00 4.97 8.45 (±0.40) — 
Caffeine 0.180 (±0.030) 4.81 6.40 (±0.71) — 
Carbamazepine 0.060 (±0.009) 6.06 (±0.03) 6.53 (±3.36) 0.003 (±0.002) 
Carbofuran 1.66 0.800 1.73 — 
Chlorpyrifos 1.60 0.650 4.54 (±0.52) — 
Ciprofloxacin  1.19 (±0.22) 17.2 (±6.8) 5.94 (±1.72) — 
Clofibric acid 27.5 (±37.4) 0.927 (±0.930) 4.95 (±1.95) 0.376 (±0.250) 
DEET — 1.21 4.95 (±0.18) — 
Diazinon 4.95 (±2.87) 2.95 (±1.34) 8.70 (±0.42) — 
Diclofenac 29.2 (±8.6) 4.77 (±1.16) 8.38 (±1.25) 6.58 (±4.00) 
Diphenhydramine 12.5 0.388 6.26 (±1.19) — 
Diuron 1.43 (±0.41) 16.1 (±0.4) 8.65 (±5.73) — 
Doxycycline 0.803 (±1.201) 48.4 (±63.7) 4.62 (±4.41) — 
E1 17.5 (±24.7) 0.370 (±0.036) — 2.96 
Simazine 8.30 3.33 2.45 (±0.50) — 
Sulfamerazine — — 7.80 (±0.30) — 
Sulfamethoxazole 3.62 (±0.86) 13.9 (±4.3) 5.81 (±1.72) 79.0 (±41.0) 
Testosterone 12.9 (±13.6) 15.1 (±0.8) — 4.15 (±0.77) 
Tetracycline 0.380 8.82 (±6.66) 7.70 (±1.20) — 
Triclosan 34.0 (±7.0) 1.80 5.45 (±0.06) 4.00 
Trimethoprim 0.118 (±0.011) 3.51 (±0.80) 7.09 (±1.49) — 
Note: For parameters with more than one literature value, averages and standard 
deviations (in parentheses) are reported. Properties are reported at ambient or near-
ambient conditions. An expanded version of this table with corresponding sources is 
presented in the supplementary materials (Tables S1 and S2). 

  

http://ascelibrary.org/doi/10.1061/%28ASCE%29EE.1943-7870.0001214#supplMaterial
http://ascelibrary.org/doi/10.1061/%28ASCE%29EE.1943-7870.0001214#supplMaterial
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Table A-3. Properties used in AdDesignSTM for the 43 TOrCs in this study with available 
Freundlich isotherm constants, reported at ambient or near-ambient conditions. An expanded 
version of this table with corresponding sources is presented in the supplementary materials (Table 
S3) 

TOrCs 
Molar 
Volume Boiling Point Solubility 

Vapor 
Pressure Freundlich Parameters 

 m3/kmol oC mg/L Pa 
K 
(mg/g)(L/mg)1/n 1/n 

1,4-DCB 0.133a 174b 8.13E+01 2.32E+02d 121 0.47 
2,4-D 0.189a 329 6.77E+02 1.10E-02d 43.9 0.34 
Acetaminophen 0.121 341 1.40E+04 2.59E-04 153 0.35 
Anthracene 0.196a 340b 4.00E-02 8.71E-04d 376 0.70 
Atrazine 0.163 313 3.47E+01 3.85E-05d 289 0.29 
Benzo(a)pyrene 0.259a 495b 0.00E+00 7.32E-07d 33.6 0.44 
Bezafibrate 0.287 538 1.22E+00c 8.16E-09 141 0.19 
Bisphenol A 0.259a 220b 1.20E+02 3.03E-05 20.7 0.18 
Bromoxynil 0.124 329 1.30E+02 6.29E-06d 201 0.18 
Caffeine 0.133 431 2.16E+04 9.77E-07 239 0.04 
Carbamazepine 0.187 410. 1.12E+02 1.17E-05 430. 0.38 
Carbofuran 0.187 311 3.20E+02 6.47E-04d 266 0.41 
Chlorpyrifos 0.237 377 1.12E+00 2.71E-03d 11.3 0.70 
Ciprofloxacin  0.227 567 3.00E+04 3.80E-11 32.2 0.45 
Clofibric acid 0.170 321 5.83E+02c 1.01E-02 71.0 0.25 
Diazinon 0.261 366 4.00E+01 1.20E-02d 3.63 0.33 
Diclofenac 0.207 424 2.37E+00 8.19E-06 304 0.08 
Diphenhydramine 0.249 345 3.06E+03 7.73E-04 95.7 0.80 
Diuron 0.179 354 4.20E+01 9.20E-06d 279 0.22 
E1 0.232 392 3.00E+01 6.79E-01 610. 0.41 
E2 0.233 395 3.90E+00 2.65E-07 2.65 0.33 
E3 0.230 432 4.41E+02c 1.25E-09 0.310 0.78 
EE2 0.245 411 1.13E+01 2.60E-07 2.15 0.28 
Fluoranthene 0.162 384b 2.60E-01 1.23E-03d 664 0.61 
Ibuprofen 0.200 323 2.10E+01 2.48E-02 122 0.17 
Iopromide 0.364 885 2.38E+01c 2.12E-26 71.7 0.30 
Ketoprofen 0.212 404 5.10E+01 1.95E-04 1.14 0.23 
Linuron 0.185 366 7.50E+01 1.91E-04d 159 0.23 
MCPA 0.153 287b 6.30E+02 7.87E-04d 29.5 0.29 
Mefenamic acid 0.201 398 2.00E+01 7.77E-06 9.54 0.59 
Metolachlor 0.258 282b 5.30E+02 4.19E-03d 233 0.13 
Naproxen 0.192 380. 1.59E+01 1.69E-04 12.1 0.37 
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Table A-3. (Continued). 

TOrCs 
Molar 
Volume Boiling Point Solubility 

Vapor 
Pressure Freundlich Parameters 

 m3/kmol oC mg/L Pa 
K 
(mg/g)(L/mg)1/n 1/n 

Norfloxacin  0.237 553 1.78E+05c 1.11E-09 300. 0.17 
Phenanthrene 0.196a 340.b 1.15E+00 1.61E-02d 215 0.44 
Phenol 0.088 182b 8.28E+04 4.67E+01d 21.0 0.54 
Pyrene 0.210a 404b 1.40E-01 6.00E-04d 389 0.39 
Ranitidine  0.265 415 2.47E+04c 1.87E-04 404 0.21 
Simazine 0.148 307 6.20E+00 2.95E-06d 150. 0.23 
Sulfamethoxazole 0.173 414 6.10E+02 1.73E-05 227 0.22 
Tetracycline 0.270 745 2.31E+02 2.77E-19 105 0.56 
Triclosan 0.194 374 1.00E+01 6.20E-04 3.03 0.62 
Trimethoprim 0.221 449 4.00E+02 1.00E-06 142 0.18 
aMolar volume values were obtained from Software to Estimate Physical Properties in ETDOT10 
package.  
bBoiling point values (1 atm) used experiment data provided by EPI SuiteTM.  
cWater solubility values were estimated by WSKOW v1.41 program in the EPI SuiteTM at room 
temperature.  
dVapor pressure values used experimental data provided by EPI SuiteTM at room temperature. 
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Table A-4. Molecular structures for 20 TOrCs with at least five reported values of membrane 
rejections during RO treatment that were accompanied by NaCl rejection data. 

TOrCs Length 
nm 

Thickness 
nm 

Acetaminophen 0.933 0.186 
Atrazine 1.21 0.228 
Bisphenol A 1.23 0.220 
Caffeine 0.819 0.186 
Carbamazepine 1.03 0.207 
DEET 1.09 0.187 
Diclofenac 1.08 0.329 
E1 1.18 0.316 
E2 1.16 0.315 
E3 1.21 0.377 
EE2 1.26 0.605 
Gemfibrozil 1.27 0.438 
Ibuprofen 1.14 0.228 
Ketoprofen 1.34 0.315 
Mefenamic acid 1.08 0.186 
Naproxen 1.27 0.332 
Progesterone 1.27 0.376 
Simazine 1.21 0.186 
Sulfamethoxazole 1.40 0.290 
Trimethoprim 1.31 0.218 

 
Note: Geometric parameters were estimated using Materials Studio 4.0. Molecular 
length is the maximum distance between any two atoms in a single compound. 
Molecular thickness is the maximum distance between any two atoms on planes 
perpendicular to the direction of molecular length. An expanded version of this table for 
all 55 TOrCs, including molecular structures, is presented in Figures A1-1 to A1-10. 
 
 

A.2.3 Biodegradability Predictions  

BioWin is a user-friendly, fragment-based, quantitative structure-activity relationship (QSAR) 

program embedded in the EPI SuiteTM (v4.11) that can be used to assess biological wastewater 

treatment. The software requires the CAS # or details of compound structure. 

There are seven BioWin versions, numbered 1-7. BioWin1 and BioWin2 estimate the probability 

of rapid biodegradation using multiple linear and nonlinear regression models, respectively, that 
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were developed using a training set assembled by Syracuse Research Corporation [33- 35]. 

BioWin3 and BioWin4 are based on a training set from 17 experts, who were surveyed to predict 

the times required for both ultimate (complete mineralization) and primary (initial step) 

biodegradation of chemicals on a semi-quantitative scale [36, 37]. Developers employed 36 

substructures and compound molecular weight as the 37 independent variables to estimate 

regression coefficients for the first four BioWin models (BioWin1 to BioWin4) [34]. BioWin5 and 

BioWin6 also employ multiple linear and nonlinear regression methods to estimate the chemical-

specific probability of passing the ready biodegradation test from the Japanese Ministry of 

International Trade and Industry (MITI). The method uses 43 independent variables (42 

substructures and compound molecular weight) as the basis of the regression equations [38]. The 

first six BioWin models were developed to predict biodegradability under aerobic conditions. The 

most recently developed model, BionWin7,   estimates   the   probability   of   compound   

degradation   under   anaerobic (methanogenic) conditions [91]. Features of the seven BioWin 

models  are summarized in Table A-5. 

The first six versions of BioWin were compared in terms of predictive accuracy [37, 38, 40] and 

reviewed from a user’s perspective [41]. Model performances were measured against validation 

sets from a database consisting of biodegradation results from 305 pre-manufacture notices (i.e., 

chemicals not yet in commerce that are subject to testing requirements under the Toxic Substances 

Control Act.) BioWin3 to BioWin6 were generally more accurate than BioWin1 and BioWin2 in 

terms of biodegradability [37].  BioWin4 predictions correlated well with observed removals of 

PPCPs during aerobic biological secondary treatment [42]. On that basis, the semi-quantitative 

output of BioWin4 (v4.10) was used to estimate TOrC biodegradability here. 
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Table A-5. Summary of input/output characteristics of BioWin Models 
Version Description 

O2 
Condition 

Output Data Output Classification  Training Set 

BioWin1 Aerobic Probability of 
rapid 
biodegradation 

≥ 0.5 Biodegrades fast 
< 0.5 Does NOT biodegrade 
fast 

Database consisted of results from 4 types of test 
method-specific records for 186 chemicals evaluated as 
“biodegrades fast” and 109 chemicals as “does not 
biodegrade fast” 

BioWin2 Aerobic Probability of 
rapid 
biodegradation 

≥ 0.5 Biodegrades fast 
< 0.5 Does NOT biodegrade 
fast 

Database consisted of results from 4 types of test 
method-specific records for 186 chemicals 
evaluated as “biodegrades fast” and 109 chemicals 
as “does not biodegrade fast” 

BioWin3 Aerobic Ultimate 
biodegradation 
rates 

5.0 hours; 4.0 days; 3.0 
weeks; 
2.0 months; 1.0 longer 

Time required for ultimate (transformation to CO2 
and H2O) biodegradation of 200 chemicals on scales 
(hours = 5, days = 4, weeks = 3, months = 2, longer 
=1) scored by 17 experts from survey study 

BioWin4 Aerobic Primary 
biodegradation 
rates 

5.0 hours; 4.0 days; 3.0 
weeks; 2.0 months; 1.0 
longer 

Time required for primary (initial metabolic step) 
biodegradation of 200 chemicals on scales (hours = 
5, days = 4, weeks = 3, months = 2, longer = 1) 
scored by 17 experts from survey study 

BioWin5 Aerobic Probability of 
ready 
biodegradability 

≥ 0.5 Readily degradable 
< 0.5 Not readily 
degradable 

Database consisted of results from MITI test for 254 
chemicals evaluated as “readily biodegradable” and 
335 chemicals as “not readily biodegradable” 

BioWin6 Aerobic Probability of 
ready 
biodegradability 

≥ 0.5 Readily degradable 
< 0.5 Not readily 
degradable 

Database consisted of results from MITI test for 254 
chemicals evaluated as “readily biodegradable” and 
335 chemicals as “not readily biodegradable” 

BioWin7 Anaerobic Probability for 
methanogenic 
biodegradation 

≥ 0.5Biodegrades fast 
< 0.5 Does not Biodegrade 
fast 

Results from serum bottle test for 82 chemicals 
evaluated as “pass” and 87 chemicals as “fail” 
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Table A-5. (Continued). 
Version Description 

Regression 
Method 

Independent 
Variables 

Model Algorithm  Classification 
Accuracy for 
Validation Set 
Chemicals 
[37, 39] 

BioWin
1 

Linear 
(least 
squares) 

36 substructures 
+ 

molecular weight 
Yj = a0 + � anfn + amMw + ej

36

n=1

= � 1, if biodegrades fast
0, if does not biodegrade fast 

54% 
(165/305) 

BioWin
2 

Non-linear 
(maximum 
likelihood) 

36 substructures 
+ 

molecular weight 
Yj =

exp (a0 + ∑ anfn + amMw)36
n=1

1 + exp (a0 + ∑ anfn + amMw)36
n=1

= � 1, if biodegrades fast
0, if does not biodegrade fast 

67% 
(203/305) 

BioWin
3 

Linear 
(least 
squares) 

36 substructures 
+ 

molecular weight 
Yj = a0 + � anfn + amMw + ej

36

n=1

 
87% 
(265/305) 

BioWin
4 

Linear 
(least 
squares) 

36 substructures 
+ 

molecular weight 
Yj = a0 + � anfn + amMw + ej

36

n=1

 
83% 
(253/305) 

BioWin
5 

Linear 
(least 
squares) 

42 substructures  
+ 

molecular weight 
Yj = a0 + � anfn + amMw + ej

42

n=1

= � 1, if biodegrades fast
0, if does not biodegrade fast 

83% 
(252/305) 

BioWin
6 

Non-linear 
(maximum 
likelihood) 

42 substructures  
+ 

molecular weight 
Yj =

exp (a0 + ∑ anfn + amMw)42
n=1

1 + exp (a0 + ∑ anfn + amMw)42
n=1

= � 1, if biodegrades fast
0, if does not biodegrade fast 

83% 
(254/305) 

BioWin
7 

Linear 
(least 
squares) 

37 substructures  
 Yj = a0 + � anfn + amMw + ej

37

n=1

= � 1, if biodegrades fast
0, if does not biodegrade fast 

89.9% 
(152/169) 
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A.2.4 UV254 Photolysis 

Photolytic processes employing monochromatic UV light (254 nm) are used in water treatment for 

disinfection or, in combination with hydrogen peroxide (H2O2), for advanced oxidation treatment. 

Some TOrCs are degraded by direct exposure to UV light (direct photolysis) or are destroyed by 

radicals and/or other active chemical species generated by UV irradiation of other compounds 

(indirect photolysis). Direct photolysis is envisioned as a two-step process in which the absorption 

of light energy promotes the compound to an excited state, after which either chemical 

transformation occurs or the excited compound devolves to its original ground state. Indirect 

photolysis is initiated through light absorption by other chemicals, leading to production of 

reactive intermediates such as reactive oxygen species (ROS) or photo-excited dissolved organic 

matter (DOM) that reacts chemically with the target compound [43]. 

Direct and indirect photolysis of TOrCs in either pure water or in a representative wastewater 

secondary effluent were simulated for a model system consisting of a plug flow reactor (PFR) 

(cylindrical with concentrically-centered UV lamp, 140 cm length, 14 cm barrel inner diameter 

and 4 cm lamp sleeve outside diameter – light path length 5 cm– with 20 L chamber volume) that 

was equipped with a low pressure UV lamp with total irradiance of 1.0 × 10 -5 EinL-1s-1. Flow rate 

was selected to yield 30s of residence time. For UV/H2O2 simulations, the H2O2 reactor influent 

concentration was 5 ppm (0.15 mM). 

For the representative secondary effluent used in simulations, an equivalent background compound 

(EBC) was used to approximate effluent organic matter (EfOM). Per methods outlined by Rosario-

Ortiz et al, the initial concentration of EBC was set as 6.67 × 10-4 Mc (molarity of EBC based on 

moles of carbon) assuming that the dissolved organic carbon (DOC) of the effluent matrix is 8 

ppm, with a molar absorptivity of 240 M-1cm-1 [44]. Matrix absorbance was 0.16 cm-1 at 254 nm. 
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The second-order kinetic rate constant for reaction of EBC with •OH was assumed to be kEBC-•OH 

= 8.6 × 10 
8 M-1cm-1. 

The rate of decomposition of a TOrC via direct photolysis under UV-254 light in the absence of 

other reactions in a well-mixed batch reactor is given by  

d[TOrC]
dt

= −ΦTOrC−254I0f�1 − 10−Abs254�                                            Eq (A− 2) 

where t is time, 

f =
εTOrC−254[TOrC]

εTOrC−254[TOrC] + εEBC−254[EBC]c
                                            Eq (𝐴𝐴 − 3) 

is the fraction of light absorbed by the TOrC, and the total solution absorbance is 

Abs254 = (εTOrC−254[TOrC] + εEBC−254[EBC]c)ℓ                                    Eq (𝐴𝐴 − 4) 

where ΦTOrC-254 is the TOrC quantum yield (mol/Ein) at 254 nm, I0 is the incident light intensity 

from the reactor lamp (EinL-1s-1), εTOrC-254 and εEBC-254 are the molar absorptivities (M-1cm-1and M-

1cm-1) of the target and EBC at 254 nm, respectively, and  ℓ is the UV path length (cm). In pure 

water, [EBC] = 0 M. Quantum yields and extinction coefficients for the TOrCs studied here are 

presented in Table A1-1. 

 
Eq (A-2) is also applicable to a plug-flow reactor, with time being equivalent to residence time at 

points along the reactor. 

When H2O2 is present, the attenuation of TOrCs involves both direct and indirect photolysis. In 

this case, indirect photolysis was assumed to be due to the production of •OH from H2O2 photolysis 

only. Under these conditions, the rate of disappearance of the TOrC is given by 

d[TOrC]
dt

= −ΦTOrC−254Iof�1 − 10−Abs254� − kTOrC− OH∗ [ OH∗ ][TOrC]                  Eq (A− 5) 
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where 

f =
εTOrC−254[TOrC]

εTOrC−254[TOrC] + εH2O2−254[H2O2] + εEBC−254[EBC]c
                       Eq (𝐴𝐴 − 6) 

and 

Abs254 = (εTOrC−254[TOrC] + εH2O2−254[H2O2] + εEBC−254[EBC]c)ℓ               Eq (𝐴𝐴 − 7) 

In Eq (A-5), kTOrC-•OH is the second-order reaction rate constant (M-1cm-1) for the reaction of •OH 

with the TOrC and εH2O2-254 is the molar absorptivity (M-1cm-1) of H2O2 at 254 nm. A complete 

mechanism for the UV/H2O2-based advanced oxidation process (AOP) is provided (Table A-6). 

In reaction simulations, initial concentrations of all TOrCs were arbitrarily set at 10 nM, equivalent 

to the low ppb range, since molecular weights of the selected compounds are essentially all > 100 

g/mol (phenol, 94.11 g/mol being the lone exception). Concentrations of most TOrCs in treated 

effluent and surface waters range from non-detectable to a few ppb [4, 93].  A model based on 

Eq (A-5) and mole balances for all reactive species (Table A-6) was developed in MATLAB 

(R2012b). The system of ordinary differential equations (ODEs)/algebraic equations was solved 

using the MATLAB ode15s solver. 
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Table A-6. Summary of reactions and related parameters used to simulate UV254-based 
treatment performance of TOrCs. 
 Reaction Kinetic Parameters Reference 
R1 H2O2 + hν → 2 *OH εH2O2−254= 18.7 M-1cm-1 

ΦH2O2-254 = 0.5 mol/Ein 
Reported [45]  

R2 *OH + H2O2 → O2
*− + H2O + H+ k2 = 2.7 × 107 M−1s−1 Reported [46]  

R3 *OH + HO2
− → O2

*− + H2O k3 = 7.5 × 109 M−1s−1 Reported [46] 
R4 *OH + HO2

* → O2 + H2O k6 = 6.6 × 109 M−1s−1 Reported [46] 
R5 *OH + O2

*− → O2 + OH− k7 = 8.0 × 109 M−1s−1 Reported [46] 
R6 *OH + *OH → H2O2 k8 = 5.5 × 109 M−1s−1 Reported [46] 
R7 O2

*− + H2O2 → *OH + O2 + OH−  k10 = 0.13 M−1s−1 Reported [47] 
R8 O2

*− + HO2
* → HO2

− + O2 k12 = 9.7 × 107 M−1s−1 Reported [47] 
R9 HO2

* + HO2
* → H2O2 + O2 k13 = 8.6 × 105 M−1s−1 Reported [48] 

R10 HO2
* + H2O2 → *OH + O2 + H2O k14 = 3.7 M−1s−1 Reported [47] 

R11 H2O2 ⟷ HO2
− + H+ k18 = 2.51 × 10−2 s−1 

k18r = 1 × 1010 M−1s−1 
Reported [49] 

  
R12 HO2

* ⟷ O2
*− + H+ k19 = 1.58 × 105 s−1 

k19r = 1 × 1010 M−1s−1 
Reported [49] 

 
R13 TOrC + hν → products εTOrC-254  Table A-2 
  ΦTOrC-254  
R14 TOrC + *OH → products kTOrC-*OH  Table A-2 
R15 EBC + *OH → products kEBC-*OH = 8.6 × 108 M−1s−1 Reported [44] 

Note: Average values of εTOrC-254, ΦTOrC-254 and kTOrC-*OH from Table 2 were used in modeling. 

A.2.4 Activated Carbon Adsorption  

The software AdDesignSTM from the Environmental Technologies Design Options Tool 

(ETDOT10) package developed by Michigan Technological University was used to predict TOrC 

removals by activated carbon treatment. AdDesignSTM provides three separate adsorption model 

scenarios: (i) equilibrium column model (ECM), (ii) constant pattern  homogeneous  surface  

diffusion  model  (CPHSDM),  and  (iii)  pore and surface diffusion model (PSDM), to simulate 

gas- and liquid-phase adsorption in fixed bed adsorbers. The PSDM, a dynamic fixed bed model 

considering external and intraparticle mass transfer resistance, was used in this study to evaluate 

adsorption performance with and without fouling of activated carbon by organic matter. 

Convective mass transfer coefficients, and pore and surface diffusion coefficients of TOrCs 
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required by the PSDM were estimated by AdDesignSTM. Adsorption simulations were performed 

for solutions involving single TOrCs at initial concentrations of 10 nM in either organic free 

water—i.e. without fouling, or Rhine river (Germany) water with anthropogenic input, as specified 

for “Fouling of GAC” options of the program. Adsorber characteristics and operating conditions 

were arbitrarily set at 2.0 m length, 3.66 m diameter, 8500 kg total mass of carbon, and 1.89 m3/min 

liquid flow rate, to represent a full-scale activated carbon process. In addition, the empty bed 

contact time (EBCT) was set to 11 minutes; 0.40 g/mL was the bed density, and 25 ºC   was the 

water temperature at  1 atm pressure. 

Spherical particles of Calgon F400 (12 × 40) activated carbon were selected as adsorbent. 

Adsorption isotherm parameters for the TOrCs studied here are presented in Table A1-3. Results 

of the simulation include bed volumes fed to breakthrough (BVF), volume treated per mass of 

adsorbent (VTM, m3/kg), length of the mass transfer zone (MTZ, cm) and breakthrough time. BVF 

was chosen to represent the chemical-specific propensity for adsorptive removal. Breakthrough 

was defined as the point where the exit concentration reached 5% of the inlet concentration. 

A.2.5 Membrane Separations 

Published data were used to examine the compound-specific separation efficiencies achievable 

through RO and NF. TOrC rejection data reported without corresponding sodium chloride (NaCl) 

rejections were excluded. Simultaneous TOrC and NaCl rejections were obtained from the 

literature for 20 compounds (≥ 5 data points were required for inclusion in the dataset). Linear 

regression of data representing TOrC rejection versus NaCl rejection was carried out using 

Microsoft Excel 2010. Detailed information is provided in the supplementary information (Figures 

A1-11 to A1-15 and Table A1-4). TOrC rejection at 50% NaCl rejection was then determined from 

regression lines specific to each TOrC, and values were compared to key physicochemical 
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properties, including molecule length and thickness and log Dow, to explore mechanism- based 

explanations for membrane removal efficiencies. 

A.2.6 Sunlight Photolysis 

Treated wastewater is often discharged to waters exposed to sunlight, where direct and indirect 

photolysis may contribute to compound disappearance [50, 51]. In those situations, both natural 

organic matter (NOM) and effluent organic matter (EfOM) may act as photo-sensitizers for 

indirect photolytic reactions [52-54]. In addition, both NOM and EfOM contribute to  light  

absorption,  which  reduces  the light  available  for  TOrC  and  H2O2 absorption (shading effect). 

TOrC transformations during solar irradiation with and without matrix shading were simulated in 

the following conditions: an open-top well- mixed cylindrical batch reactor (2 m2 top surface area 

and 1 m3 volume) with 0.5-m light path length containing individual TOrCs in either pure water 

or secondary effluent from the Tres Rios Wastewater Reclamation Facility (TRWRF) in Tucson, 

AZ. Samples were exposed to sunlight over an eight-hour period from 8 am to 4 pm. 

Instantaneous rates of TOrC transformation by direct photolysis in sunlight at UVA wavelengths 

are given by (Rojas et al. 2011) 

d[TOrC]
dt

= −C(t)ΦTOrC−sunlight � Iλfλ�1 − 10−Absλ�dλ
400

300
                          Eq (A− 8) 

where 

f𝜆𝜆 =
εTOrC−λ[TOrC]ℓ

εTOrC−λ[TOrC]ℓ + Absmatrix−λ
                                               Eq (A− 9) 

and 

Absλ = εTOrC−λ[TOrC]ℓ + Absmatrix−λ                                        Eq (A − 10) 

In addition, ΦTOrC-sunlight is the average sunlight quantum yield (mol/Ein) for the TOrC modeled in 

the wavelength range 300 to 400 nm, Iλ is the noon-time ground level global spectral irradiance 
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(EinL-1s-1nm-1) at wavelength λ, εTOrC-λ is the spectral molar absorptivity (M-1cm-1) of the TOrC at 

wavelength λ, Absmatrix-λ is the water matrix absorbance at λ based on a 0.5-m light path, Absλ is 

the total solution absorbance at λ, and ℓ is the light path length (cm). The function C(t) represents 

the light intensity at time t as a fraction of the light intensity at noon. The ground level global 

spectral irradiance in Tucson, AZ, on June 12, 2015 (from 8 am to 4 pm, local time) was obtained 

from the Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS, 2.9.5 PC 

package from National Renewable Energy Laboratory) and used in all computations. The function 

C(t) is a second-order polynomial obtained by fitting the SMARTS-calculated spectral irradiance. 

Details of the calculation method were provided by Rojas et al. [55]. In pure water, Absmatrix-λ is 

zero throughout the wavelength interval 300-400 nm while Absmatrix-λ is obtained from a secondary 

effluent sample collected from the TRWRF. Detailed information about sunlight spectral 

irradiance, εTOrC-λ, Absmatrix-λ as well as the effluent quality is given in the supplemental materials 

(Fig. S6 and Table S6). Attenuation was predicted for each TOrC individually using an initial 

TOrC concentration of 10 nM and fluid matrices consisting of either pure water or wastewater 

effluent. Model outputs are the fractional removals of individual TOrCs by direct photolysis.  

A.2.7 Statistical Analysis 

The Spearman's rank correlation method [56] was employed for analysis of potential relationships 

between process efficiencies and compound-specific physicochemical properties. The Spearman 

coefficient ρ (ranging from -1 to +1) is a monotonic, non-linear measure of strength of relationship 

between rank orders of two variables. Values of +1 and -1 indicate perfect correspondence (direct 

and inverse) between the ordered values of those variables. Value near 0 suggest that there is no 

relationship.  
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A.3 Results and Discussion 

The results represent efforts to anticipate individual TOrC removals during unit processes that are 

specific to conventional and advanced municipal wastewater treatment. Advanced treatment 

processes include those that are commonly relied upon to protect human health when potable reuse 

of treated wastewater is contemplated—i.e., direct photolysis, UV/H2O2 advanced oxidation, 

carbon adsorption and RO or NF. Photolysis of TOrCs in sunlight is also considered as a means to 

further purify treated water following discharge to natural waters. In most of these areas, 

simulations are supported by empirical data necessary for model calibration/verification. In a few 

instances, where models appear to be insufficiently reliable, an entirely empirical approach to 

compound removal or transformation is taken. 

A.3.1 BioWin Biodegradability Predictions 

Biodegradability was predicted by BioWin (versions 1 to 7) using the procedures specified above. 

Results are summarized in Table S7 of the supplementary information. Per the Methods section, 

we selected results obtained with BioWin4 as biodegradability predictors for further use. Those 

results consist of estimated (compound-dependent) times required for primary metabolic 

transformations on a semi-quantitative scale. Predicted transformation times were ranked and 

divided into five groups ranging in duration from days to months for the 55 selected TOrCs (Fig. 

1). The wide range of biodegradability indices of the 55 TOrCs considered reflects the diversity 

present among their molecular structures. In particular, PAHs were less biodegradable than other 

groups. Predicted hormone biodegradabilities were generally lower than those of pesticides, 

herbicides and pharmaceuticals.  
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Figure A-1. Predicted semi-quantitative biodegradation indices (BioWin4) for 55 TOrCs. 
TOrC IDs in this and following figures are summarized in Table A-1. The number 
designations for specific TOrCs in Figure A-1 are preserved throughout APPENDIX A. 
 

The pH-7 octanol-water partition coefficient (Dow), which is frequently used to represent 

conditional hydrophobicity (at circumneutral pH) was examined here as a potential contributor to 

TOrC biodegradability. BioWin4 results are presented as a function of log Dow values in Fig. 2.  

Results of the statistical analysis suggest that compound hydrophobicity does not contribute to 

(BioWin4) biodegradability. Nevertheless, influent-to-effluent reduction in compound 

concentration occurs in part as a consequence of biosorption and sludge separation, so that BioWin 

predictions may not be an adequate indication of overall process performance. That is, removal of 

less biodegradable, hydrophobic TOrCs during conventional secondary treatment may be due 

primarily to adsorption on biosolids. TOrCs such as EE2 (26) and triclosan (54), for example, 
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which have low BioWin4 indices but high Dow values, are, in general, efficiently removed during 

conventional biological treatment. Although sorption of TOrCs is usually considered a minor 

contributor to removal during biological treatment [57, 58], sorption to sludge solids increases 

dramatically for compounds with log Kow > 4 [59- 60].   

 

Figure A-2. Calculated BioWin4 biodegradation indices as a function of log Dow. 
Compound IDs correspond to those in Figure A-1. The Spearman correlation coefficient (ρ) 
is shown. 

 
To minimize the effects of biosorption among reported data, TOrCs with log Dow ≥ 3.5 were 

eliminated from further consideration. For the remaining TOrCs, levels of compound removal that 

exceeded 80% of influent-to-effluent measurements during activated sludge treatment, as reported 

by Rojas et al. [17], were plotted as a function of the compound-specific BioWin4 index (Figure 

A-3). The objective was to better examine the relationship between observed efficiencies of 

biochemical transformation and BioWin4 predictions of biodegradability—i.e., to exclude 
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compounds with a strong tendency to adsorb on biosolids. Even though the Spearman correlation 

coefficient increased, the relationship between the BioWin4 index and observed removals during 

activated sludge treatment was weak (ρ = 0.27).  This is contradictory to the results of Blair et al. 

[42], who found that BioWin4 indices were well correlated with observed removals of PPCPs. It 

is possible that the wide variety of operating conditions during conventional wastewater treatment 

is partly responsible for the apparent lack of correlation, although the inherent complexity of 

biodegradation processes probably would make finding successful correlations difficult. 

A.3.2 UV254 Direct Photolysis  

Direct UV photo-attenuations were calculated under the conditions presented in the Methods 

section for all 45 TOrCs for which both quantum yield and molar absorptivity literature data at  

254  nm  were  found.  Results are shown for both clean matrix and wastewater effluent simulations 

Figure A-3. Relationship between levels of removal of TOrCs observed with > 80% 
frequency (from Rojas et al. 2013) as a function of the BioWin4 (bioremediation) index. 
Only TOrCs with log Dow < 3.5 were considered to minimize the effect of sorptive removal. 
The Spearman correlation coefficient (ρ) is shown. Data correspond to measurements from 
full-scale wastewater treatment plants. 
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(Figure A-4). Six out of 45 of the TOrCs studied were transformed at more than 50% level during 

low-pressure UV irradiation in treated wastewater under the conditions of the simulations. 

Fourteen were transformed at more than 50% level under the same conditions in the pure water 

matrix. The differences shown in Figure A-4 between clean water and secondary effluent clearly 

indicate the relatively high impact that light shading has on photolytic transformations, since light 

shading was the only effect included in the matrix effects during the modeling of the process. 

 Once reactor characteristics and operating conditions are set, including EBC parameters, Eq   (A-

2)   shows   that   direct-photolysis   removal   efficiencies   depend   on   just two parameters: ε254 

and Φ254. The influence of these parameters is shown in Figure A-5. The straight-line shape of 

the removal contours in the log-log scale is a consequence of the low concentrations on TOrCs 

used in the simulations. Since the initial concentration of TOrCs is in all cases 10 nM, compounds 

Figure A-4. Predicted influent-to-effluent removal of 45 TOrCs in pure water and secondary 
effluent by direct photolysis during UV254 treatment. Conditions for the simulation were as 
indicated in the Methods section. In all cases, [TOrCs]o  = 10 nM. 
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with sufficiently low molar absorptivity will satisfy Abs254 « 1. For that case, neglecting the 

higher order terms in a Taylor series expansion of the exponential term in Eq (A-2) yields 

d[TOrC]
dt

≈−2.303ΦTOrC−254Io(εTOrC−254[TOrC]ℓ)                                   Eq (A − 11) 

which, after integration, leads to 

ln
[TOrC]

[TOrC]o
= −2.303ΦTOrC−254εTOrC−254Ioℓt                                        Eq (A − 12) 

Note that under these conditions, TOrC removal depends on the product between quantum yield 

and extinction coefficient, so that this combination of the two parameters represents a single 

independent variable. 

In the wastewater matrix, if the solution absorbance at 254 nm is overwhelmed by by EBC—i.e. 

εTOrC-254[TOrC] « εEBC-254[EBC], Eq (A-2) can be simplified to  

d[TOrC]
dt

≈−ΦTOrC−254εTOrC−254[TOrC]Io
�1 − 10−(εEBC−254[EBC]c)ℓ�

εEBC−254[EBC]c
                 Eq (A − 13) 

If EBC concnetration is unchanged by UV irradiation, Eq (A-13) can be integrated yielding  

ln
[TOrC]

[TOrC]o
= −ΦTOrC−254εTOrC−254Io

[1 − 10−(εEBC−254[EBC]c)ℓ]
εEBC−254[EBC]c

t                   Eq (A − 14) 
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Figure A-5. Predicted UV-254 direct photolysis removals of TOrCs at 10 nM initial concentration 
in secondary effluent as a function of compound-specific molar absorptivity and quantum yield at 
254 nm. Simulation results for specific TOrCs are as shown. Compound identities are indicated by 
number as described in Figure A-1. Conditions for the simulations are described in the Methods 
section. 
 
Consequently, the log transformed TOrC residuals are also proportional to the product of their 

molar absorptivity and quantum yield at 254 nm. To establish the validity of these approximations 

for the treatment process considered here, predicted residual fractions of 45 TOrCs in pure water 

and effluent, calculated from Eq (A-2), were plotted as a function of the TOrC-dependent product 

of ε254 and Φ254 and compared to results of Eq (A-12) and Eq (A-14) (Figure A-6). In both pure 

water and effluent, the straight-line shape of the relation presented establishes the validity of each 

approximation throughout the range of experimental conditions simulated and for each of the 

compounds tested.  Matrix effects are exceptionally important, as indicated by differences between 

the clean water and effluent lines. 
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A.3.3 Advanced Oxidation 

Transformations of TOrCs by UV/H2O2 AOP treatment were simulated using the plug- flow 

reactor configuration and operating conditions specified in the Methods section. The concentration 

of H2O2 added to both the clean water and effluent matrices was 5 ppm. A third set of calculations 

was performed in which the shading effect of the wastewater matrix was neglected by artificially 

imposing εEBC-254 = 0. That calculation represents a hypothetical situation designed to expose the 

effect of •OH scavenging by matrix organics. Results of the simulations are presented in Figure 

A-7.  Under the conditions selected for the simulations, AOP removal efficiency in pure water was 

high (> 80%, but mostly close to 100%) for all TOrCs. Although photosensitivities—i.e. the 

product of ε254 and Φ254, among the 42 selected TOrCs ranged from < 2 LEin-1cm-1  (2,4-D, ID 

Figure A-6. Residual (fractional) concentrations of 45 TOrCs from simulations of direct 
UV-254 photolysis under representative conditions in clean water and treated 
wastewater. The solid and dashed lines were generated using Eq (A-12) and Eq (A-14), 
respectively. 
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#2) to over  4500  LEin-1cm-1   (ketoprofen,  ID  #32),  the  range  of  second-order  reaction  rate 

constants for the same compounds with •OH is roughly 109 to 1010 M-1s-1, close to the diffusion 

limit, accounting for the predicted AOP efficiency in the clean matrix. 

In the effluent matrix (secondary effluent), however, both shading and scavenging of •OH by 

matrix organics are predicted to inhibit TOrC removal efficiencies. Consequently, TOrC removal 

efficiencies were only marginally improved by the addition of H2O2 to the wastewater matrix. 

This can be seen by comparison of results in Figures A-4 and A-7 (black bars for direct photolysis 

in Figure A-4 versus cyan bars in Figure A-7, which accounted for shading and radical scavenging 

effects.) As mentioned, the pure water efficiencies are uniformly high (gray bars in Figure A-7). 

Effects of radical quenching by reaction with wastewater constituents are as shown (yellow vs. 

gray bars), as are the combined effects of wastewater quenching and shading (reaction plus UV 

absorbance; cyan bars). 

Figure A-7. Predicted fractional TOrC attenuations during UV/H2O2 for 42 TOrCs with 
reported ФTOrC-254, εTOrC-254 and kTOrC-•OH values in three different matrices: PW = pure water, 
SE = secondary effluent, HSE effluent w/o shading = hypothetical secondary effluent 
neglecting light shading effect. Operating conditions are representative of practice: 
commercial size PFR with low pressure UV, 30 s residence time, [TOrCs]o = 10 nM, [H2O2]o  

= 5 ppm (Methods section). 
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A.3.4 Carbon Adsorption  

A correlation between log Kow and adsorption performance is usually acknowledged in the 

literature [94, 95]. The same idea was pursued by plotting AdDesignSTM (PSDM) predicted bed 

volumes fed to breakthrough (BVF) in organic free water—i.e. without fouling adsorbent by 

NOM, as a function of log Dow for the 35 TOrCs with available log Dow values (Figure A-8). 

The results indicate that log Dow is a poor indicator of the predicted performance of carbon 

adsorption. The lack of correlation may be due at least in part to the lack of a consistent isotherm 

parameter database. The Freundlich parameters assembled in this study represent values taken over 

15 different types of activated carbon at pH values ranging from 2.0 to 8.0. Nevertheless, 

correlation between log Dow and adsorption performance was not substantially improved by 

applying Freundlich parameters from a single source (detailed information available in Table A1-

7 and Figure A1-17). 

Figure A-8. AdDesignSTM (PSDM) predicted BVF to breakthrough for TOrCs in 
organic free water versus compound-specific log Dow values (Table A-1). The Spearman 
correlation coefficient (ρ) for the hypothesized relationship is shown. 
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The BVF to breakthrough for 43 TOrCs with available Freundlich parameters and related 

physicochemical information were calculated for the conditions specified in the Methods section 

to investigate potential impact of fouling on treatment efficiency. The results are shown in Figure 

A-9. The water matrices used were either NOM-free water or Rhine River (Germany) water, which 

contains a significant anthropogenic input. Those waters were among the selections available in 

AdDesignSTM  under “Fouling of GAC”. 

 
 

 
Figure A-9. Calculated BVF to breakthrough using AdDesignSTM (PSDM) for 43 TOrCs 
in either organic free water—i.e. without fouling, or Rhine River (Germany) water with 
anthropogenic input. Both are options within “Fouling of GAC” of the PSDM. In all cases, 
[TOrCs]o  = 10 nM. 

In the presence of fouling by NOM, calculated BVFs ranged from approximately 102 to 106. 

Values for diclofenac (19) and caffeine (11) were > 5 × 10 6. Conversely, E3 (25) was predicted 
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to break through first at ~200 bed volumes. All other TOrCs were scattered between 103 and 106. 

As expected, fouling of the activated carbon by NOM in the matrix inhibits TOrC separation, 

which is particularly noted for pesticides and herbicides. The pore and surface diffusion model 

(PSDM) from AdDesignSTM reduces the Freundlich capacity parameter (K) to reflect the fouling 

process. Fouling effects are specific to water quality characteristics, sorbate types and adsorbent 

properties [96]. When  the  fluid  matrix  and  absorber  conditions  are  fixed,  TOrC  Freundlich 

capacity parameters are corrected by the PSDM using empirical equations that are sorbate and 

sorbent specific. 

A.3.5 Membrane Separations 

Membrane TOrC rejection at 50% NaCl rejection was determined from linear regression lines 

specific to each TOrC. Examples of the regression are shown in Figure A-10. Only membrane 

separation literature data that were accompanied by NaCl rejection data were used in the analysis 

that follows. In addition, TOrCs lacking the five independent data points deemed sufficient for 

determination of the compound-specific rejection at 50% NaCl rejection were also neglected. 

Twenty TOrCs survived these screening criteria. Compound-specific rejections at the 50% NaCl 

rejection conditions are presented in Figure A-11. 
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Figure A-10. Relationship between TOrC and NaCl rejections for specific TOrCs. Examples 

include TOrCs with molecule thickness < 0.25 nm: atrazine and bisphenol A; and thickness > 0.3 

nm: EE2 and ketoprofen. Compound thicknesses, as defined in the text, are in parentheses. Solid 

lines are linear fit of the data. Similar analyses for other compounds are provided in Figures A1-

11 to A1-15. 
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Figure A-11. NF/RO rejections of individual TOrCs under conditions that resulted in 50% 
rejection of NaCl. Compounds analyzed in this fashion were limited to the 20  TOrCs for which 
sufficient experimental data were available (Methods section). 
 
To determine whether rejection data were influenced by TOrC molecular dimensions or 

hydrophobicity, compound-specific rejections (Figure A-11) were examined as a function of log 

Dow, molecule length and thickness for each compound. Only TOrC thickness proved to be a 

reasonable predictor of compound removal. The relationship is shown in Figure A-12. Figures 

illustrating potential relationships between membrane separation efficiency and either compound 

molecular length or hydrophobicity are omitted for brevity. (For details see Figure A1-18.) 

A reciprocal function 
 

y = 102.2 −
4.481

(x − 0.1)                                                              Eq (A − 15) 

was obtained by fitting the data representing rejections as a function of molecule thickness (Figure 

A-12). Coefficients were determined for the line of best fit using the MATLAB Curve Fitting Tool. 
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From the curve and mathematical treatment, it is evident that molecules with thickness < 0.25 nm 

penetrate RO/NF membranes under conditions that result in 50% (and presumably higher) NaCl 

penetration. Solutes with molecular thicknesses > 0.3 nm are generally well removed (> 75%) 

under the same conditions. 

A.3.6 Direct Sunlight Photolysis  

Sunlight-driven TOrC attenuations have been attributed to both direct and indirect photolysis. The 

indirect mechanism involves light-dependent formation of reactive intermediate species from 

“sensitizer” compounds that contribute to residual EfOM in wastewater effluent [52, 51, 54]. 

Despite their potential importance, the current state of the art does not support rational 

quantification of indirect photolysis matrix effects due to EfOM; consequently, they are omitted 

from the following analysis. Furthermore, parameters governing direct photochemical 

Figure A-12. Compound rejection under conditions for which NaCl rejection = 50% 
versus molecule thickness. Solid line is a fit of the experimental data shown. 
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transformations of TOrCs in sunlight (i.e. ελ and quantum efficiencies from 300 to 400 nm) are 

limited. Only 17 out of the 55 selected TOrCs could be analyzed here based on literature data. 

Results are presented in Figure A-13. As in direct UV photolysis, the shading effect of the effluent 

matrix is predicted to reduce photolytic efficiency in direct sunlight significantly. Important 

exceptions included acetaminophen (3), norfloxacin (40) and sulfamethoxazole (51), each of 

which is exceptionally sensitive to sunlight. 

 

Figure A-13. Predicted removals of 17 TOrCs in pure water and wastewater effluent due to 
direct photolysis in sunlight. The assumed period of exposure is 8 hours. Other conditions in 
the simulations were as indicated in the Methods section. 

 
TOrC removals in sunlight versus UV irradiance were sometimes inconsistent. That is, a subset of 

the TOrCs analyzed was significantly more sensitive to sunlight than UV exposure (e.g., 

acetaminophen). The reverse was true for an additional set of the compounds analyzed (e.g., 

testosterone). Detailed information is provided in supplemental materials (Figure A1-19). 

A.4 Implication for Process Design 
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Based on the foregoing, it is possible to comment on the efficacy of individual unit operations 

including conventional wastewater bio-treatment, candidate tertiary processes and sunlight 

photolysis on the fates of the most prevalent TOrCs during and immediately after treatment of 

municipal wastes. Compound-specific TOrC treatment performance in effluent wastewater matrix 

of engineered and natural processes investigated in this study are shown in Table A-1
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Table A- 7. Summary of treatment efficiency of different processes investigated in this study on attenuating TOrCs. 

TOrCs Conventional 
activated sludge 

process[17] 

UV254 
photolysis 

UV/H2O2 
AOP 

Activated 
carbon 

RO/NF Direct sunlight 
photolysis 

Levels of influent-
toeffluent removal of 

TOrCs observed with > 
80% frequency (%) 

Predicted 
liquid 

removal (%) 

Predicted liquid 
removal (%) 

Bed volumes to 
breakthrough 

Rejection (%) at 
50% rejection 

of NaCl 

Predicted liquid 
removal (%) 

1,4-DCB — 11 16 1.56 × 105 42a — 
2,4-D — 0 3 2.76 × 104 51a — 
Acetaminophen 86 4 11 2.04 × 105 0 100 
Anthracene — 22 26 1.12 × 105 38a — 
Atrazine — 23 25 1.16 × 10 5 55 — 
Benzo(a)pyrene — 24 37 7.14 × 10 4 38a — 
Benzophenone 67 — — — 0a — 

Bezafibrate 49 — — 2.69 × 105 84a — 
Bisphenol A 69 1 6 1.01 × 105 36 — 
Bromoxynil — 27 31 1.37 × 105 0a — 

Caffeine 84 1 6 7.10 × 105 70 — 
Carbamazepine 3 1 5 3.72 × 105 77 0 
Carbofuran — 2 3 6.30 × 104 86a — 
Chlorpyrifos — 2 5 7.14 × 10 3 80a — 
Ciprofloxacin 11 27 31 4.20 × 104 81a — 
Clofibric acid 5 33 35 2.18 × 105 86a — 
DEET — — — — 71 — 
Diclofenac 5 89 89 6.07 × 105 91 26 
Diphenhydramine — 7 12 1.74 × 104 86a — 
Diuron — 30 35 6.36 × 104 50a — 

  
a Evaluation based on calculated compound rejection. 
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Table A-7. (Continued). 

TOrCs Conventional 
activated sludge 

process[17] 

UV254 
photolysis 

UV/H2O2 
AOP 

Activated 
carbon 

RO/NF Direct sunlight 
photolysis 

Levels of influent-
toeffluent removal of 

TOrCs observed with > 
80% frequency (%) 

Predicted 
liquid 

removal (%) 

Predicted liquid 
removal (%) 

Bed volumes to 
breakthrough 

Rejection (%) at 
50% rejection 

of NaCl 

Predicted liquid 
removal (%) 

Doxycycline — 46 47 — 89a — 
E1 45 10 — 3.82 × 105 81 5 
E2 45 3 10 2.42 × 104 91 22 
E3 78 — — 1.95 × 10 2 71 — 
EE2 45 8 15 2.51 × 10 4 92 12 
Fluoranthene — 20 29 2.19 × 10 5 38 a — 
Gemfibrozil 36 — — — 81 — 
Ibuprofen 70 6 10 2.67 × 10 

5 
68 1 

Indomethacin 11 — — — 83 a 21 
Iopromide — 73 73 7.37 × 10 4 88 a — 
Ketoprofen 30 100 100 1.35 × 10 4 94 — 

Linuron — 32 34 9.31 × 10 4 50 a — 
MCPA — 8 12 2.85 × 10 4 50 a — 
Mefenamic acid — 4 11 1.31 × 10 4 67 3 
Metolachlor — 33 36 1.44 × 10 5 86 a — 
Metoprolol — 3 8 — 64 a — 
Naproxen 55 16 21 4.86 × 10 4 97 39 
Nonylphenol 45 14 21 1.78 × 10 5 50 a 0 
Norfloxacin 31 8 9 4.22 × 10 5 67 a 100 
Octylphenol 53 — — — 50 a — 
Phenanthrene — 36 41 2.25 × 10 5 38 a — 
Phenol — 3 9 5.09 × 10 4 38 a — 
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Table A-7. (Continued). 
TOrCs Conventional 

activated sludge 
process[17] 

UV254 
photolysis 

UV/H2O2 
AOP 

Activated 
carbon 

RO/NF Direct sunlight 
photolysis 

Levels of influent-
toeffluent removal of 

TOrCs observed with > 
80% frequency (%) 

Predicted 
liquid 

removal (%) 

Predicted liquid 
removal (%) 

Bed volumes to 
breakthrough 

Rejection (%) at 
50% rejection 

of NaCl 

Predicted liquid 
removal (%) 

Progesterone — 45 45 — 95 — 
Propachlor — 8 11 — 67 a — 
Pyrene — 10 — 3.57 × 10 5 38 a — 
Ranitidine 22 — — 3.76 × 10 5 50a 86 
Roxithromycin 21 — — — 93a 36 
Simazine — 35 36 1.06 × 10 5 43 — 
Sulfamerazine — — — — 79a — 

Sulfamethoxazole 26 55 56 2.82 × 10 5 57 100 
Testosterone 72 95 — — 86a 9 
Tetracycline 52 5 10 7.12 × 10 4 94a — 

Triclosan 50 62 63 4.14 × 10 3 20a 4 
Trimethoprim 18 1 6 2.35 × 10 5 81 — 
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Somewhat arbitrarily, process- and compound-specific TOrC removal efficiencies were 

characterized as high, medium or low according to the criteria presented in Table A-8. A scoring 

system was developed utilizing qualitative evaluation results based on the results in Table A-9 to 

provide semi-quantitative estimation for TOrCs removal efficiencies in wastewater effluent matrix 

of two proposed treatment sequences: (i) conventional secondary treatment followed by UV/H2O2 

AOP followed by activated carbon followed by RO/NF, and (ii) conventional secondary treatment 

followed by UV/H2O2 AOP followed by activated carbon. In this scoring system, three qualitative 

attenuation levels—i.e. high, medium and low, of a single TOrC during each engineered processes 

were arbitrarily set as 2, 1 and 0, respectively. Removal scores of a TOrC during each selected 

engineered processes are independently summed, yielding a final score of the TOrC for selected 

treatment sequence. Results of this evaluation are presented in Table A-9. For sequence (i), one 

can consider such treatment strategy is good, fair or poor for removing a TOrC when final scores 

are > 5, 3-5, or < 3, respectively. When applying sequence (ii), final scores for good, fair or poor 

removal are > 4, 2-4, or < 2, respectively. 
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Table A-8. Summary of treatment evaluation of different processes investigated 
Unit Operation Index Determinants of process efficiency level 
  High Medium Low 
Conventional activated 
sludge process 

Influent-to-effluent 
removal (%) > 75 25–75 < 25 

UV254 Photolysis Predicted liquid 
removal (%) > 75 25–75 < 25 

UV/H2O2 AOP Predicted liquid 
removal (%) > 75 25–75 < 25 

Activated carbon Bed volumes fed to 
breakthrough > 105 104–105 < 104 

RO/NF Compound rej. @ 
NaCl Rej. = 50% > 75 25–75 < 25 

Sunlight photolysis Predicted liquid 
removal (%) > 75 25–75 < 25 

Note: For compounds without enough reported data, their rejection percentages at NaCl rejection 
= 50% were calculated using Eq (A-15 ) based on compound molecular thickness data, which is 
provided in Figures A1-1 to A1-10. 
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Table A-9. Scoring system of semi—quantitative estimation for TOrCs removal efficiencies of 
proposed treatment sequence (i): conventional secondary treatment  UV/H2O2 AOP  
activated carbon, and (ii): conventional secondary treatment  UV/H2O2 AOP  activated 
carbon  RO/NF. 
TOrCs 
 

Final Score 
Sequence (i) Sequence (ii) 

Acetaminophen 4 4 
Bisphenol A 3 4 
Caffeine 4 5 
Carbamazepine 2 4 
Ciprofloxacin 2 4 
Clofibric acid 3 5 
Diclofenac 4 6 
E2 2 4 
EE2 2 4 
Ibuprofen 3 4 
Ketoprofen 4 6 
Naproxen 2 4 
Nonylphenol 3 4 
Norfloxacin 3 4 
Sulfamethoxazole 4 5 
Tetracycline 2 4 
Triclosan 2 2 
Trimethoprim 2 4 

 
A.5 Limitations of the Analysis 

Due to the paucity of detailed matrix effects as well as degradation mechanism of TOrCs under 

direct and indirect UV photolysis, the UV254-based TOrC removals calculated in this study only 

considered light scattering and •OH quenching of matrix by simply using an EBC, and neglected 

potential impact from by-products and interactions among matrix compounds with targets and by-

products. Similarly, for sunlight process, UVA shading is the only matrix effect considered in the 

treated effluent, where indirect sunlight photolysis via ROS—e.g., •OH and singlet oxygen as well 

as photo-excited DOMs may play an important role on attenuations of TOrCs under natural 

conditions. 

Given the fact that adsorption isotherm constants can vary with adsorbent type and solution pH, 
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PSDM-predicted sorptive removals may not be accurate enough to reflect TOrC relative 

attenuation during activated carbon processes without a consistent isotherm parameter database 

(Freundlich parameters used in this study obtained from the literature and represented over 15 

different types of activated carbon and pH values ranging from 2.0 to 8.0). Besides, without 

comparing to experimentally-determined results, prediction accuracy of PSDM considering matrix 

effect still remains questionable since AdDesignTM simply utilizes empirical equations to 

manipulate Freundlich capacity parameter based on matrix and chemical types to represent fouling 

of adsorbent by NOM. 

 
Additionally, the validity of applying the correlation obtained between the rejection results of 20 

out of the 55 (< 40%) selected TOrCs and their molecular thickness data to estimate membrane 

treatment performance for the rest 35 compounds will remain unknown until additional 

experimental results are available. 

The scoring system proposed in this study simply combines efficiencies of select processes 

independently neglecting potential influence of effluent quality/composition of each process on 

the following unit(s) in the treatment train. For instance, the aforementioned •OH quenching by 

background organic matter during UV/H2O2  AOP  may lead to less fouling potential in the 

activated carbon process. 

A.6 Conclusions 

The remarkable effort of Grady [5] on developing a systematic approach to rationalize engineered 

biotransformation of xenobiotic organic compounds during conventional wastewater treatment 

provided a heuristic guideline for scientists and engineers, stimulating broad-scale thinking 

relative to substantial environmental engineering problems. Besides the roles of available tools in 

reactor engineering, Grady emphasized the importance of databases of intrinsic kinetic parameters. 
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Most importantly, Grady proposed that in most engineering applications, transformations of 

multiple xenobiotic compounds could be treated independently, using a single-substrate kinetic 

approach. This idea was followed up in the present study where removal efficiencies of 55 selected 

TOrCs were individually investigated in a single-substrate—i.e. a representative wastewater 

effluent during engineered (conventional and tertiary treatments) and natural processes using 

currently available tools. The potential relationships between treatment performance and 

compound physicochemical properties were tested to explore the physicochemical and biological 

determinants of TOrC removal efficiencies in a variety of engineered and natural processes, 

including one of the most common AOPs (H2O2 photolysis). Other common AOPs (e.g. 

Ozonation, TiO2   catalysis, Fenton’s reactions) would need to be considered in a more thorough 

investigation of optimal treatment strategies. 

It is apparent that simply utilizing QSAR calculated biodegradability (e.g. BioWin simulations) to 

estimate overall fate of TOrCs during conventional wastewater treatment is not absolutely reliable, 

which confirms observations reported previously [17]. 

All tertiary treatments which can be impacted by background organic matter present in the water 

matrix are capable of attenuating a broad spectrum of TOrCs, highly depending on compound’s 

related physicochemical properties. Due to lack of good understanding of matrix effects as well as 

degradation mechanism of TOrCs during photon-driven tertiary treatment—e.g. UV-based 

advanced oxidation and sunlight photolysis, removals were simulated without considering the 

potential impact from by-products and interactions among matrix organics with targets and by-

products. Even under these conditions, the effects of radical scavenging and light shading by 

organic matrix compounds have an important impact on TOrC treatment. Quantification of matrix 

interferences both in terms of physical effects (such as light absorption) and chemical effects 
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(degradation mechanisms, radical scavenging, and production of reactive oxygen species) remains 

a challenging key point in the evaluation of treatment technologies. 
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APPENDIX A1: Supplementary Materials for APPENDIX A 
 

 

Figure A1-1. Molecular structures and sizes of 1,4-DCB, 2,4-D, acetaminophen, 
anthracene, atrazine and benzo(a)pyrene obtained by using Materials Studio 4.0 
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Figure A1-2. Molecular structures and sizes of benzophenone, bezafibrate, bisphenol A, 
bromoxynil, caffeine and carbamazepine obtained by using Materials Studio 4.0 
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Figure A1-3. Molecular structures and sizes of carbofuran, chlorpyrifos, ciprofloxacin, 
clofibric acid, DEET and diazinon obtained by using Materials Studio 4.0 
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Figure A1-4. Molecular structures and sizes of diclofenac, diphenhydramine, diuron, 
doxycycline, E1 and E2 obtained by using Materials Studio 4.0 
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Figure A1-5. Molecular structures and sizes of E3, EE2, fluoranthene, gemfibrozil, 
ibuprofen and indomethacin obtained by using Materials Studio 4.0 
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Figure A1-6. Molecular structures and sizes of iopromide, ketoprofen, linuron, MCPA, 
mefenamic acid and metolachlor obtained by using Materials Studio 4.0 

 



 

113  

 
 

 
Figure A1-7. Molecular structures and sizes of metoprolol, naproxen, nonylphenol, 
norfloxacin, octylphenol and phenanthrene obtained by using Materials Studio 4.0 
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Figure A1-8. Molecular structures and sizes of phenol, progesterone, propachlor, pyrene, 
ranitidine and roxithromycin obtained by using Materials Studio 4.0 
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Figure A1-9. Molecular structures and sizes of simazine, sulfamerazine, sulfamethoxazole, 
testosterone, tetracycline and triclosan obtained by using Materials Studio 4.0 
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Figure A1-10. Molecular structure and size of trimethoprim obtained by using Materials 
Studio 4.0 
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Figure A1-11. Compound rejection rate as a function of NaCl rejection for acetaminophen, atrazine, bisphenol A and caffeine 
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Figure A1-12. Compound rejection rate as a function of NaCl rejection for carbamazepine, DEET, diclofenac and E1 
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Figure A1-13. Compound rejection rate as a function of NaCl rejection for E2, E3 EE2 and gemfibrozil 
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Figure A1-14. Compound rejection rate as a function of NaCl rejection for ibuprofen, ketoprofen, mefenamic acid and naproxen 
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Figure A1-15. Compound rejection rate as a function of NaCl rejection for progesterone, simazine, sulfamethoxazole and 
trimethoprim 
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Figure A1-16. Comparison of spectral absorbance of secondary effluent collected from Tres 
Rios Wastewater Reclamation Facility, Tucson, AZ and the ground level global  solar 
spectral irradiances (at noon) at the University of Arizona, Tucson, Arizona, on June 12, 
2015, obtained from SMARTS. The total organic carbon, pH and hardness of the effluent 
sample are 6.97 mg/L, 7.50 and 210 mg/L as CaCO3. 
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Figure A1-17. BVF to breakthrough calculated by AdDesignSTM (PSDM) for 10 organic 
chemicals based on Freundlich isotherm parameters from an U.S. EPA (1980) report as a 
function of compound-specific log Kow. In all cases, [Chemicals]o = 10 nM. The Spearman 
correlation coefficient (ρ) is provided. 

 



 

124  

 
 

 
Figure A1-18. Compound rejection rate at NaCl rejection = 50% as a function of molecule length (A), molecule thickness (B) and 
log Dow  (C). Spearman correlation coefficients (ρ) are provided for each case.
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Figure A1-19. Comparison of TOrCs removal efficiencies by direct low 
pressure UV and sunlight photolysis of 14 TOrCs in pure water. In all cases, 
[TOrC]o  = 10 nM. 
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  Table A1-1. Summary of UV254-based photochemical parameters for the 55 TOrCs in this study. 
CECs Ф254 

 
ℇ254 k•OH Reference 

(mol/Ein) (M-1cm-1) (M-1cm-1) 
1,4-DCB   (5.40 ± 0.40)E+09 Reported  [1] 

 6.00E-01 1.18E+02 1.06E+10 Reported  [2] 
2,4-D   2.33E+09 Reported  [3] 

   1.60E+09 Reported  [4] 
   5.00E+09 Reported  [5] 
 9.50E-03 1.73E+02 5.10E+09 Reported  [6] 

Acetaminophen (6.00 ± 2.00)E -03 7.80E+03  Reported  [7] 
 (1.80 ± 0.30)E -03 8.10E+03  Reported  [8] 
   9.70E+09 Reported  [9] 
  4.22E+03  Reported  [10] 

Anthracene 2.01E-01 1.04E+03  Reported  [11] 
 9.60E-02 1.09E+03  Reported  [12] 
   (7.83 ± 4.21)E+09 Reported  [13] 

Atrazine 3.30E-02 3.68E+03  Reported  [14] 
   2.40E+09 Reported  [15] 
   1.70E+09 Reported  [16] 
   (2.60 ± 0.40)E+09 Reported  [5] 
 5.00E-02 3.86E+03  Reported  [17] 
   2.10E+09 Reported  [18] 
 6.00E-02 2.65E+03 7.30E+09 Reported  [12] 
  3.86E+03  Reported  [19] 

Benzo(a)pyrene 1.40E-02   Reported  [20] 
   2.50E+10 Reported  [21] 
   2.53E+10 Reported  [22] 
 3.14E-01 1.08E+03  Reported  [23] 
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Table A1-1. (Continued). 

CECs Ф254 
 

ℇ254 k•OH Reference 

(mol/Ein) (M-1cm-1) (M-1cm-1) 
Benzophenone   8.70E+09 Reported  [24] 

   9.00E+09 Reported  [9] 
Bezafibrate   (7.40 ± 1.20)E+09 Reported  [25] 

  9.50E+02[2 (8.00 ± 0.22)E+09 Reported  [26] 
Bisphenol A 8.50E-03  (1.02 ± 0.06)E+10 Reported  [27] 

 (4.60 ± 0.43)E -03 7.50E+02  (5.80 ± 0.08)E+09 Reported  [28] 
Bromoxynil 4.00E-02 4.97E+03   Reported  [29] 

   (8.45 ± 0.40)E+09 Reported  [30] 
Caffeine (1.80 ± 0.30)E -03 4.81E+03  Reported  [8]  

   6.90E+09 Reported  [31] 
   5.90E+09 Reported  [32] 

Carbamazepine   (8.80 ± 1.20)E+09 Reported  [25] 
   (9.40 ± 0.40)E+09 Reported  [33] 
  6.03E+03  (2.05 ± 0.14)E+09 Reported  [34] 
  6.07E+03  Reported  [10] 
 (6.00 ± 0.89)E -04 6.07E+03  (5.85 ± 0.09)E+09  Reported  [35] 

Carbofuran 1.66E-02 8.00E+02  1.73E+09  Reported  [36] 
Chlorpyrifos   4.17E+09 Reported  [3] 

 1.60E-02 6.50E+02   Reported  [37] 
   (4.90 ± 0.10)E+09 Reported  [38] 

Ciprofloxacin (1.03 ± 0.037)E -02 1.24E+04  (6.22 ± 0.001)E+09  Reported  [35] 
   (4.10 ± 0.30)E+09 Reported  [39] 
 (1.34 ± 0.32)E -02 2.20E+04 7.50E+09 Reported  [40] 

Clofibric acid (5.39 ± 0.94)E -01 4.00E+02  (5.72 ± 0.02)E+09  Reported  [35] 
 (1.08 ± 0.02)E -02 3.80E+02 (2.38 ± 0.18)E+09 Reported  [41] 
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 Table A1-1. (Continued). 
CECs Ф254 

 
ℇ254 k•OH Reference 

(mol/Ein) (M-1cm-1) (M-1cm-1) 
DEET   (4.70 ± 0.30)E+09 Reported  [42] 

 2.00E+03 (6.98 ± 0.12)E+09 Reported  [26] 
 1.21E+03  Reported  [10] 
  (4.95 ± 0.18)E+09 Reported  [43] 

Diazinon 8.20E-02 3.89E+03   Reported  [37] 
 2.80E-02  8.40E+09  Reported  [44] 
 (3.84 ± 0.32)E -02 2.00E+03  (9.00 ± 0.40)E+09  Reported  [45] 

Diclofenac (3.84 ± 0.75)E -01 (4.26 ± 0.13)E+03   Reported  [46] 
   (7.50 ± 1.50)E+09 Reported  [25] 
 (21.3 ± 0.5)E -02 5.20E+03 (9.26 ± 0.26)E+09 Reported  [28] 
  3.47E+03  Reported  [10] 

 (2.80 ± 0.20)E -01 (6.14 ± 0.08)E+03   Reported  [47] 
Diphenhydramine   7.10E+09 Reported  [48] 
 1.25E-01 3.88E+02  5.42E+09 Reported  [40] 

Diuron 1.15E-02 1.57E+04   Reported  [50] 
 (1.25 ± 0.05)E -02 (1.65 ± 0.05)E+04   Reported  [50] 
   4.60E+09 Reported  [15] 
 1.90E-02  1.62E+04  1.27E+10 Reported  [12] 
Doxycycline (1.10 ± 0.50)E -03 1.21E+04   Reported  [8] 
 (1.10 ± 0.20)E -03 1.22E+05  1.50E+09 Reported  [51] 
 (2.19 ± 0.18)E -02 1.11E+04 7.74E+09 Reported  [40] 
E1 5.00E-04 3.95E+2  Reported  [52] 

 (3.50 ± 1.40)E -01 3.44E+02   Reported  [7] 
E2 (6.70 ± 0.70)E -02 (4.20 ± 0.20)E+02   Reported  [54] 
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Table A1-1. (Continued). 
CECs Ф254 

 
ℇ254 k•OH Reference 

(mol/Ein) (M-1cm-1) (M-1cm-1) 
E3 4.30E-02  (1.41 ± 0.33)E+10 Reported  [27] 

 3.86E+02  Reported  [53] 
  (5.30 ± 0.40)E+09 Reported  [55] 
 2.34E+02  Reported  [53] 

EE2 (0.57 ± 0.06)E -01 (3.06 ± 0.28)E+03  Reported  [46] 
 (6.20 ± 0.70)E -02 (4.4 ± 0.35)E+02  Reported  [54] 
 2.60E-02  (1.08 ± 0.23)E+10 Reported  [27] 

   (9.80 ± 1.20)E+09 Reported  [25] 
  3.15E+02  Reported  [53] 
 (8.00 ± 5.00)E -02 5.08E+02  Reported  [7] 
 5.47E-02 3.33E+02   Reported  [56] 

Fluoranthene 4.47E-01 3.11E+02   
1.76E+10 

Reported  [23] 

Gemfibrozil  3.45E+03 (1.00 ± 0.06)E+10 Reported  [25] 
Ibuprofen (8.6 ± 1.2)E -02 2.82E+02   Reported  [7] 

   (7.40 ± 1.20)E+09 Reported  [25] 
   (6.50 ± 0.20)E+09 Reported  [42] 
 1.92E-01 2.56E+02 6.67E+09 Reported  [40] 
Indomethacin  1.48E+04  Reported  [10] 
Iopromide (3.90 ± 0.40)E -02 (2.10 ± 0.02)E+04  Reported  [46] 
   (3.30 ± 0.60)E+09 Reported  [25] 
Ketoprofen  1.52E+04  Reported  [10] 
 (2.36 ± 0.07)E -01 1.55E+04 (5.38 ± 0.07)E+09 Reported  [35] 

 3.60E-01 1.52E+04 (8.40 ± 0.30)E+09 Reported  [57] 
Linuron 3.60E-02 1.34E+04   Reported  [49] 
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Table A1-1. (Continued). 
CECs Ф254 

 
ℇ254 k•OH Reference 

(mol/Ein) (M-1cm-1) (M-1cm-1) 
MCPA 
Mefenamic acid 

  4.30E+09 Reported  [18] 
1.12E-03   Reported  [58] 

1.49E-01 3.52E+02 6.60E+09  Reported  [59] 
 4.63E+03  Reported  [10] 

 (4.70 ± 1.40)E -03 5.50E+03 1.10E+10 Reported  [51] 
Metolachlor   5.10E+09 Reported  [18] 
 6.10E-01 6.24E+02   Reported  [6] 

   (6.70 ± 0.40)E+09 Reported  [60] 
 (3.02 ± 0.01)E -01  5.03E+02 (9.07 ± 0.21)E+09 Reported  [61] 
Metoprolol  2.35E+02  Reported  [10] 
 6.38E-02 9.00E+02 (6.83 ± 0.47)E+09  Reported  [62] 

 5.60E-03 (5.60 ± 0.12)E+02  Reported  [63] 
   (7.30 ± 0.20)E+09 Reported  [64] 
   (8.39 ± 0.06)E+09 Reported  [65] 

Naproxen  3.96E+03  Reported  [10] 
 (9.30 ± 0.27)E -03 4.90E+03 (8.61 ± 0.002)E+09  Reported  [35] 
   (9.60 ± 0.50)E+09 Reported  [42] 
 (2.40 ± 0.50)E -02 (3.95 ± 0.04)E+03  Reported  [47] 
 4.98E-02 3.20E+03 (8.37 ± 0.61)E+09  Reported  [62] 
Nonylphenol (2.43 ± 1.57)E -01 4.00E+02  Reported  [7] 
   (1.10 ± 0.20)E+10 Reported  [66] 
Norfloxacin (3.40 ± 0.30)E -03 1.60E+04 1.00E+09  Reported  [51] 

Octylphenol   (1.40 ± 0.20)E+10  Reported  [66] 
Phenanthrene (6.90 ± 0.50)E -03 4.05E+04  Reported  [67] 
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Table A1-1. (Continued). 
CECs Ф254 

 
ℇ254 k•OH Reference 

(mol/Ein) (M-1cm-1) (M-1cm-1) 
Phenol 
 

2.10E-02 9.80E+02  Reported  [37] 
  (1.40 ± 0.30)E+10 Reported  [69] 

  5.10E+09 Reported  [70] 
  6.60E+09 Reported  [71] 

 (3.00 ± 0.50)E-02 (5.20 ± 0.10)E+02   Reported  [72] 
Progesterone (2.20 ± 0.50)E -02 (1.70 ± 0.04)E+04  Reported  [47] 
   (8.50 ± 0.90)E+08 Reported  [73] 

Propachlor (1.27 ± 0.10)E -01 4.21E+02  Reported  [6] 
   (4.60 ± 0.30)E+09 Reported  [60] 
   4.30E+09 Reported  [18] 
Pyrene 3.85E-03 1.82E+04   Reported  [11] 

Ranitidine   (1.50 ± 0.20)E+10 Reported  [74] 
Roxithromycin   (5.40 ± 0.30)E+09 Reported  [39] 
Simazine   2.10E+09 Reported  [16] 

 8.30E-02 3.33E+03  Reported  [17] 
   (2.80 ± 0.20)E+09 Reported  [5] 
Sulfamerazine   (7.80 ± 0.30)E+09 Reported  [73] 
Sulfamethoxazole (4.60 ± 2.10)E -02 (1.68 ± 0.04)E+04  Reported  [46] 
   (5.50 ± 0.70)E+09 Reported  [25] 
 (3.30 ± 0.40)E -02 1.71E+04  Reported  [7] 
 (2.97 ± 0.09)E -02 1.66E+04 5.56E+09  Reported  [28] 
   (3.70 ± 0.10)E+09 Reported  [33] 

  7.35E+03  Reported  [10] 
   (5.80 ± 0.20)E+09 Reported  [75] 
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Table A1-1. (Continued). 
CECs Ф254 

 
ℇ254 k•OH Reference 

(mol/Ein) (M-1cm-1) (M-1cm-1) 
Testosterone 
Tetracycline 

  (8.50 ± 0.30)E+09 Reported  [73] 
(3.30 ± 0.50)E -02 (1.51 ± 0.08)E+04  Reported  [47] 

2.25E-01   Reported  [76] 
 4.11E+03  Reported  [10] 

   (7.70 ± 1.20)E+09 Reported  [39] 
 3.80E-03 (1.35 ± 0.006)E+04  Reported  [77] 
Triclosan (3.40 ± 0.70)E -01 1.80E+03   Reported  [7] 

   5.49E+09 Reported  [78] 
   (5.40 ± 0.30)E+09 Reported  [79] 
Trimethoprim  4.07E+03  Reported  [7] 
 (1.18 ± 0.11)E -03 2.94E+03  (5.70 ± 0.30)E+09  Reported  [28] 
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Table A1-2. Summary of TOrCs sunlight and simulated sunlight quantum yields. 

TOrCs ФSunlight 
(mol/Ein) 

ФSimulated 
Sunlight 
(mol/Ein) 

Reference 

1,4-DCB 1.70E-02  Reported  [77] 
Acetaminophen 2.40E-01 – 4.50E-01  Reported  [77] 
Carbamazepine 4.77E-05  Reported  [78] 

 6.00E-06 – 2.70E-05  Reported [97] 
Clofibric acid 2.00E-03  Reported  [42] 

 5.53E-03   Reported  [78] 
Diclofenac 9.40E-02   Reported  [42] 

 3.75E-02   Reported  [78] 
E1  2.96E-02 Reported  [79] 
E2  4.80E-03 Reported  [79] 
E3  4.80E-03 Reported  [79] 
EE2  4.80E-03 Reported  [79] 
Ibuprofen ND   Reported  [42] 

 3.00E-05 – 4.20E-04  Reported  [77] 
Indomethacin 3.90E-04 – 4.70E-04  Reported  [77] 
Mefenamic acid 1.10E-05 – 7.50E-05  Reported  [77] 

 1.50E-04  Reported  [130] 
Naproxen 3.60E-02  Reported  [42] 

  2.60E-02 Reported  [79] 
Nonylphenol  3.00E-03 Reported  [80] 

Norfloxacin  4.30E-02 Reported  [81] 

Ranitidine 5.30E-03 ± 5.00E -04  Reported  [74] 
Roxithromycin  2.00E-04 Reported  [82] 
Sulfamethoxazole 5.00E-01  Reported  [75] 

  1.08E+00  Reported  [82] 
Testosterone 3.27E-02 – 5.20E-02  Reported  [83] 
Triclosan 4.00E-02  Reported  [84] 
Note: ND = Not detected. 
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  Table A1-3. Summary of Freundlich isotherm information of 43 TOrCs. 
TOrCs K 1/n Adsorbent Type Adsorbent Details pH Ref. 

 (mg/g)(L/mg)1/n      
1,4-DCB 121 0.47 Activated carbon Calgon F300 5.10 Reported  [85] 
2,4-D 43.9 0.34 Activated carbon Sigma C-5510 2.00 Reported  [86] 
Acetaminophen 153 0.35 Activated carbon Calgon F400 NM Reported  [87] 
Anthracene 376 0.70 Activated carbon Calgon F300 5.30 Reported  [85] 
Atrazine 289 0.29 Activated carbon Calgon F400 NM Reported  [88] 
Benzo(a)pyrene 33.6 0.44 Activated carbon Calgon F300 7.10 Reported  [85] 
Bezafibrate 141 0.19 Activated carbon Pulverized granular activated NM Reported  [89] 

 
Bisphenol A 

 
20.7 

 
0.18 

 
Activated carbon 

carbon based on coal 
Derived from Empty 

 
7.00 

 
Reported  [90] 

 
Bromoxynil 

 
201 

 
0.18 

 
Activated carbon 

Fruit Bunch 
F400 provided 

 
NM 

 
Reported  [91] 

 
Caffeine 

 
239 

 
0.04 

 
Activated carbon 

by Chemviron 
Calgon F400 

 
NM 

 
Reported  [92] 

Carbamazepine 430. 0.38 Activated carbon Pulverized granular activated NM Reported  [89] 
 
Carbofuran 

 
266 

 
0.41 

 
Activated carbon 

carbon based on coal 
Calgon F300 

 
NM 

 
Reported  [93] 

Chlorpyrifos 11.3 0.70 Activated carbon Powdered activated carbon NM Reported  [94] 
 
Ciprofloxacin 

 
32.2 

 
0.45 

 
Activated carbon 

from Adwic 
Calgon 

 
7.00 

 
Reported  [95] 

Clofibric acid 71.0 0.25 Activated carbon Pulverized granular activated NM Reported  [89] 
 
Diazinon 

 
3.63 

 
0.33 

 
Activated carbon 

carbon based on coal 
Powdered activated carbon 

 
NM 

 
Reported  [94] 

 
Diclofenac 

 
304 

 
0.08 

 
Activated carbon 

from Adwic 
Calgon F400 

 
NM 

 
Reported  [87] 

Diphenhydramine 95.7 0.80 Activated carbon Powdered activated carbon 
from WPH 

8.00 Reported  [96] 
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 Table A1-3. (Continued). 

TOrCs K 1/n Adsorbent Type Adsorbent Details pH Ref. 
 (mg/g)(L/mg)1/n      
Diuron 279 0.22 Activated carbon F400 provided NM Reported  [91] 

    by Chemviron   
E1 610. 0.41 Activated carbon Coconut shell made 

activated carbon 
NM Reported  [97] 

E2 2.65 0.33 Activated carbon Jacobi Carbons 7.00 Reported  [98] 
E3 0.31 0.78 Activated charcoal Granular activated charcoal 

from Loba Chemie Pvt. Ltd. 
7.00 Reported  [99] 

EE2 2.15 0.28 Activated carbon Jacobi Carbons 7.00 Reported  [98] 
Fluoranthene 664 0.61 Activated carbon Calgon F300 5.30 Reported  [85] 
Ibuprofen 122 0.17 Activated carbon F400 provided 7.40 Reported  [100] 

    by Chemviron   
Iopromide 71.7 0.30 Activated carbon Powdered activated carbon 6.00 Reported  [101] 

    from Dongyang Carbon Co.   
Ketoprofen 1.14 0.23 Activated carbon Activated carbon prepared 4.10 Reported  [102] 

    from agricultural by-product   
Linuron 159 0.23 Activated carbon NM NM Reported  [103] 
MCPA 29.5 0.29 Activated carbon Aquacarb 208A from 7.00 Reported  [104] 

    Waterlink Sutcliffe Carbons   
Mefenamic acid 9.54 0.59 Activated charcoal NM 8.00 Reported  [105] 
Metolachlor 233 0.13 Activated carbon Calgon F400 NM Reported  [88] 
Naproxen 12.1 0.37 Activated carbon Calgon F400 NM Reported  [106] 
Nonylphenol 250. 0.37 Activated carbon Calgon F300 7.00 Reported  [85] 
Norfloxacin 300. 0.17 Activated carbon Activated carbon developed 7.50 Reported  [107] 

    from Trapa natans husk   
Phenanthrene 215 0.44 Activated carbon Calgon F300 5.30 Reported  [85] 
Phenol 21 0.54 Activated carbon Calgon F300 7.00 Reported  [85] 
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Table A1-3. (Continued). 

TOrCs K 1/n Adsorbent Type Adsorbent Details pH Ref. 
 (mg/g)(L/mg)1/n      
Pyrene 389 0.39 Activated carbon Calgon F400 7.00 Reported  [108] 
Ranitidine 404 0.21 Activated carbon Powdered activated carbon 8.00 Reported  [96] 

 
Simazine 

 
150. 

 
0.23 

 
Activated carbon 

from WPH 
Calgon F400 

 
NM 

 
Reported  [88] 

Sulfamethoxazole 227 0.22 Activated carbon Calgon F400 NM Reported  [87] 
Tetracycline 105 0.56 Activated carbon Powdered activated carbon 8.00 Reported  [96] 

 
Triclosan 

 
3.03 

 
0.62 

 
Activated carbon 

from WPH 
Powdered activated carbon 

 
7.00 

 
Reported  [109] 

 
 
Trimethoprim 

 
 
142 

 
 
0.18 

 
 

Activated carbon 

from DC Chemical Co. Ltd., 
Seoul, Korea 
Powdered activated carbon 

 
 

4.00 

 
 

Reported  [110] 
    from James Cumming & Sons 

Pty Ltd. 
  

Note: NM = Not mentioned. 
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 Table A1-4. Summary of reported compound-specific separation efficiencies for 20 selected TOrCs. 
TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 

 %  %  
Acetaminophen 92.2 RO (X20) 99.5 Reported [111] 

 99.9 NF (NE404090) 95 Reported [112] 
 99.9 RO (RE4040FL) 99.6 Reported [112] 
 45 NF (NF90-400) 90 Reported [113] 
 60 RO (BW30LE-440) 99 Reported [113] 
 85 RO (BW30LE-440) 99 Reported [113] 
 23 NF (NF200) 72 Reported [114] 
 72.7 RO (BW30LE) 99 Reported [114] 
 76.5 NF (NF90) 90 Reported [114] 
 94.3 RO (BW30-400-FR) 99.5 Reported [115] 
Atrazine 61.4 BF (HNF-1) 35 Reported [116] 

 73.4 NF (NF270) 45 Reported  [117] 
 94.1 RO (BW30) 97.7 Reported  [117] 
 95.9 NF (NF90) 85 Reported  [117] 
 99.1 RO (ESPA2) 96.5 Reported  [117] 
 10.9 NF (sulfonated polyethersulfone) 15 Reported  [116] 
 14.9 NF (sulfonated polyethersulfone) 51 Reported  [116] 
 68.4 NF (poly(vinyl alcohol)/polyamide) 60 Reported  [116] 
 97.5 NF (poly(vinyl alcohol)/polyamide) 92 Reported  [116] 
Bisphenol A 83 RO (XLE) 90 Reported  [118] 

 96.1 RO (X20) 99.5 Reported  [111] 
 45 NF (ESNA) 77    Reported  [118] 
 99 RO (XLE) 99    Reported  [118] 
 38.9 NF (NF270) 45 Reported  [117] 
 72.2 RO (ESPA2) 96.5 Reported  [117] 
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Table A1-4. (Continued).  

TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 
 %  %  
 77.8 NF (NF90) 85 Reported  [117] 
 77.8 RO (BW30) 97.7 Reported  [117] 
 57.5 NF (NF200) 72 Reported  [114] 
 89.5 NF (NF90) 90 Reported  [114] 
 95 RO (ESPA2) 99.5 Reported  [114] 
 98.4 RO (BW30-400-FR) 99.5 Reported  [115] 
Caffeine 70 RO (XLE) 90 Reported  [118] 

 94.7 RO (X20) 99.5 Reported  [111] 
 83.3 RO (TFE-HR) 99.55 Reported  [119] 
 99.8 NF (NE404090) 95 Reported  [112] 
 99.8 RO (RE4040FL) 99.6 Reported  [112] 
 73 NF (NF270) 45 Reported  [117] 
 91.2 NF (NF90) 85 Reported  [117] 
 91.2 RO (BW30) 97.7 Reported  [117] 
 97.6 RO (ESPA2) 96.5 Reported  [117] 
 75 RO 99 Reported  [120] 
 68 NF (NF200) 72 Reported  [114] 
 90 RO (ESPA2) 99.5 Reported  [114] 
 91.5 NF (NF90) 90 Reported  [114] 
 98.4 RO (BW30-400-FR) 99.5 Reported  [115] 
Carbamazepine 100 RO (TR70-4021-HF) 99.4 Reported  [120] 

 85 RO (SC-3100) 94 Reported  [118] 
 91 RO (XLE) 90 Reported  [118] 
 91.5 RO (X20) 99.5 Reported  [111] 
 97.6 NF (NE404090) 95 Reported  [112] 
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Table A1-4. (Continued).  

TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 
 %  %  
 97.6 RO (RE4040FL) 99.6 Reported  [112] 
 73.1 NF (NF270) 45 Reported  [117] 
 92 RO (BW30) 97.7 Reported  [117] 
 97.1 NF (NF90) 85 Reported  [117] 
 98.9 RO (ESPA2) 96.5 Reported  [117] 
 69 NF (NF270) 52.5 Reported  [122] 
 98 RO (SW30) 99.4 Reported  [122] 
 98 RO (BW30) 99.5 Reported  [122] 
 98 NF (NF90-400) 85-95 Reported  [113] 
 99 RO (BW30LE-440) 99 Reported  [113] 
 100 RO (BW30LE-440) 99 Reported  [113] 
 90 NF (UTC-60) 55 Reported  [123] 
 100 RO (LF10) 98.9 Reported  [123] 
 90 RO 99 Reported  [120] 
 82.5 NF (NF200) 72    Reported  [114] 
 91 NF (NF90) 90    Reported  [114] 
 95 RO (ESPA2) 99.5    Reported  [114] 
 99 RO (BW30LE) 99    Reported  [114] 
 98.2 RO (BW30-400-FR) 99.5 Reported [98] 
DEET 96.1 RO (X20) 99.5 Reported [99] 

 94.4 NF (NE404090) 95 Reported  [112] 
 94.4 RO (RE4040FL) 99.6 Reported  [112] 
 67.3 NF (NF270) 45 Reported  [117] 
 90 NF (NF90) 85 Reported  [117] 
 90.7 RO (BW30) 97.7 Reported  [117] 
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Table A1-4. (Continued).  
TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 

 %  %  
 96 RO (ESPA2) 96.5 Reported  [117] 
 90 RO 99 Reported  [120] 
Diclofenac 93 NF (ESNA) 77 Reported  [124] 

 95 RO (XLE) 99 Reported  [124] 
 90 NF (NE404090) 95 Reported  [112] 
 90 RO (RE4040FL) 99.6 Reported  [112] 
 91 NF (NF270) 45 Reported  [117] 
 91 NF (NF90) 85 Reported  [117] 
 91 RO (BW30) 97.7 Reported  [117] 
 91 RO (ESPA2) 96.5 Reported  [117]  
 100 NF (NF90-400) 90 Reported  [113] 
 100 RO (BW30LE-440) 99 Reported  [113] 
 100 RO (BW30LE-440) 99 Reported  [113] 
 99.4 RO (LF10) 98.9 Reported  [123] 
 90 RO 99 Reported  [120] 
E1 96.9 RO (X20) 99.5 Reported  [111] 

 85 RO (TFE-HR) 99.55 Reported  [119] 
 68 NF (NF270) 45 Reported  [117] 
 68 NF (NF90) 85 Reported  [117] 
 68 RO (BW30) 97.7 Reported  [117] 
 68 RO (ESPA2) 96.5 Reported  [117] 
 82 NF (NF200) 72 Reported  [114] 
 92.5 NF (NF90) 90 Reported  [114] 
 92.5 NF( NF-270) 40 Reported  [124] 
 95 NF (NF-90) 85 Reported  [124] 
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Table A1-4. (Continued).  
TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 

 %  %  
 63 NF (NF-DS5DK) 96 Reported  [122] 
 78.6 NF (NF-SF10) 73 Reported  [122] 
E2 83 RO (XLE) 90 Reported  [118] 

 95.6 RO (X20) 99.5 Reported  [111] 
 80 RO (TFE-HR) 99.55 Reported  [119] 
 92.5 NF (NF-90) 85 Reported  [124] 
 92.5 NF( NF-270) 40 Reported  [124] 
 76.7 NF (NF-DS5DK) 96 Reported  [122] 
 86.8 NF (NF-SF10) 73 Reported  [122] 
E3 95.2 RO (X20) 99.5 Reported  [111] 

 80.5 RO (TFE-HR) 99.55 Reported  [119] 
 98.4 NF (NE404090) 95 Reported  [112] 
 98.4 RO (RE4040FL) 99.6 Reported  [112] 
 71.1 NF (NF-DS5DK) 96 Reported  [122] 
 79.8 NF (NF-SF10) 73 Reported  [122] 
EE2 97.1 RO (X20) 99.5 Reported  [111] 

 80 RO (TFE-HR) 99.55 Reported  [119] 
 92 NF (NF270) 45 Reported  [117] 
 93 NF (NF90) 85 Reported  [117] 
 93 RO (BW30) 97.7 Reported  [117] 
 93 RO (ESPA2) 96.5 Reported  [117] 
 90 NF (NF200) 72 Reported  [114] 
 92 NF (NF90) 90 Reported  [114] 
 95 RO (BW30LE) 99 Reported  [114] 
 97.9 RO (BW30-400-FR) 99.5 Reported  [115] 
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Table A1-4. (Continued).  
TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 

 %  %  
 90.4 NF (NF-DS5DK) 96 Reported  [122] 
 93.6 NF (NF-SF10) 73 Reported  [122] 
Gemfibrozil 96.9 RO (X20) 99.5 Reported  [111] 

 89 RO (TFE-HR) 99.55 Reported  [119] 
 50 RO (BW30LE-440) 99 Reported  [113] 
 53 NF (NF90-400) 90 Reported  [113] 
 92 RO (BW30LE-440) 99 Reported  [113] 
 90 RO 99 Reported  [120] 
 91 NF (NF200) 72 Reported  [114] 
 96 NF (NF90) 90 Reported  [114] 
 100 RO (ESPA2) 99.5 Reported  [114] 
 99.9 RO (BW30-400-FR) 99.5 Reported  [115] 
Ibuprofen 90.3 RO (TFE-HR) 99.55 Reported  [119] 

 99.9 NF (NE404090) 95 Reported  [112] 
 99.9 RO (RE4040FL) 99.6 Reported  [112] 
 64.4 NF (NF270) 45    Reported  [117] 
 64.4 NF (NF90) 85    Reported  [117] 
 64.4 RO (BW30) 97.7    Reported  [117] 
 64.4 RO (ESPA2) 96.5    Reported  [117] 
 89 NF (NF200) 72 Reported  [114] 
 96.5 NF (NF90) 90 Reported  [114] 
 99 RO (ESPA2) 99.5 Reported  [114] 
 97.9 RO (BW30-400-FR) 99.5 Reported  [115] 
Ketoprofen 96 NF (NF270) 45    Reported  [117] 

 96 NF (NF90) 85    Reported  [117] 
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 Table A1-4. (Continued).  
TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 

 %  %  
 96 RO (BW30) 97.7    Reported  [117] 
 96 RO (ESPA2) 96.5    Reported  [117] 
 85 RO (BW30LE-440) 99 Reported  [113] 
 97 NF (NF90-400) 90    Reported  [113] 
 98 RO (BW30LE-440) 99    Reported  [113] 
 100 RO (LF10) 98.9 Reported  [123] 
 91.5 NF (NF200) 72 Reported  [114] 
 95 NF (NF90) 90 Reported  [114] 
 98 RO (BW30LE) 99 Reported  [114] 
 100 RO (ESPA2) 99.5 Reported  [114] 
Mefenamic acid 30 NF (NF90-400) 90    Reported  [113] 

 45 RO (BW30LE-440) 99    Reported  [113] 
 71 RO (BW30LE-440) 99    Reported [100] 
 71.3 NF (UTC-60) 55 Reported [101] 
 98.4 RO (LF10) 98.9 Reported  [123] 
 25 RO 99 Reported  [120] 
Naproxen 78.8 RO (TFE-HR) 99.55 Reported  [112] 

 99.6 NF (NE404090) 95 Reported  [112] 
 97.9 NF (NF270) 45    Reported  [117] 
 98.8 RO (BW30) 97.7    Reported  [117] 
 99 NF (NF90) 85    Reported [102] 
 99 RO (ESPA2) 96.5    Reported  [117] 
 91.5 NF (NF200) 72 Reported  [114] 
 95 NF (NF90) 90 Reported  [114] 
 100 RO (ESPA2) 99.5 Reported  [114] 
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Table A1-4. (Continued).  
TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 

 %  %  
Progesterone 94.5 RO (BW30-400-FR) 99.5 Reported  [115] 

 96 NF( NF-270) 40 Reported  [124] 
 96.5 NF (NF-90) 85 Reported  [124] 
 79.4 NF (NF-DS5DK) 96 Reported  [122] 
 89.1 NF (NF-SF10) 73 Reported  [122] 
Simazine 42.2 NF (HNF-1) 35    Reported  [116] 

 6.4 NF (sulfonated polyethersulfone) 15    Reported  [116] 
 9.15 NF (sulfonated polyethersulfone) 51    Reported  [116] 
 59.6 NF (poly(vinyl alcohol)/polyamide) 60    Reported  [116] 
 98.6 NF (poly(vinyl alcohol)/polyamide) 92    Reported  [116] 
Sulfamethoxazole 15 NF (NF270) 13.6 Reported  [121] 

 24 RO/NF (HL) 27.1 Reported  [121] 
 29 NF 24.6 Reported [103] 
 96 RO (LFC-1) 96.5 Reported  [121] 
 96 RO (XLE) 89.5 Reported  [121] 
 96 NF (NF90) 89.9 Reported  [121] 
 98 RO (TR70-4021-HF) 99.4 Reported  [120] 
 95.6 RO (X20) 99.5 Reported  [111] 
 89 NF (NF270) 45    Reported  [117] 
 89 NF (NF90) 85    Reported  [117] 
 89 RO (BW30) 97.7    Reported  [117] 
 89 RO (ESPA2) 96.5    Reported  [117] 
 84 NF (NF200) 72 Reported  [114] 
 95.5 NF (NF90) 90 Reported  [114] 
 100 RO (BW30LE) 99 Reported  [114] 
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Table A1-4. (Continued).  
TOrCs TOrCs Rejection Filtration Type (Membrane Details) NaCl Rejection Reference 

 %  %  
 92.5 RO (BW30-400-FR) 99.5 Reported  [115] 
Trimethoprim 66 RO/NF (HL) 27.1 Reported  [121] 

 68 NF (NF270) 13.6 Reported  [121] 
 82 NF 24.6 Reported  [121] 
 95 RO (XLE) 89.5 Reported  [121] 
 98 RO (LFC-1) 96.5 Reported  [121] 
 98 NF (NF90) 89.9 Reported  [121] 
 90.6 RO (TFE-HR) 99.55 Reported  [119] 
 95.2 NF (NE404090) 95 Reported  [112] 
 95.2 RO (RE4040FL) 99.6 Reported  [112] 
 78.3 NF (NF270) 45    Reported  [117] 
 93.4 RO (BW30) 97.7    Reported  [117] 
 96.7 NF (NF90) 85    Reported  [117] 
 99 RO (ESPA2) 96.5    Reported  [117] 
 90 RO 99 Reported  [120] 
 87.1 RO (BW30-400-FR) 99.5 Reported  [115] 
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Table A1-5. Summary of TOrCs molar absorptivity from 300 to 400 nm. 

λ Molar Absorptivity (M-1cm-1) 
   (nm) Acetaminophena Carbamazepineb Diclofenacc E1d E2e EE2f 

300 6.98E+03 6.25E+03 8.35E+03 1.00E+02 2.64E+01 2.12E+04 
305 5.05E+03 5.98E+03 7.00E+03 2.00E+02 1.91E+01 2.08E+04 
310 4.02E+03 6.20E+03 5.70E+03 3.90E+02 1.61E+01 2.17E+04 
315 4.30E+03 6.52E+03 4.70E+03 7.00E+02 1.47E+01 2.33E+04 
320 3.70E+03 6.58E+03 4.35E+03 6.80E+02 1.32E+01 2.40E+04 
325 1.68E+03 6.55E+03 4.45E+03 7.10E+02 1.03E+01 2.37E+04 
330 7.20E+02 5.50E+03 4.70E+03 1.01E+03 8.81E+00 2.27E+04 
335 1.00E-03 5.06E+03 4.75E+03 6.00E+02 8.07E+00 2.13E+04 
340 1.00E-03 4.63E+03 4.70E+03 5.00E+01 7.34E+00 1.80E+04 
345 1.00E-03 4.19E+03 4.35E+03 1.00E-03 5.87E+00 1.07E+04 
350 1.00E-03 3.75E+03 3.80E+03 1.00E-03 4.40E+00 7.33E+03 
355 1.00E-03 3.32E+03 3.20E+03 1.00E-03 2.94E+00 5.00E+03 
360 1.00E-03 2.88E+03 2.50E+03 1.00E-03 1.47E+00 3.60E+03 
365 1.00E-03 2.44E+03 1.75E+03 1.00E-03 1.00E-03 2.67E+03 
370 1.00E-03 2.00E+03 1.15E+03 1.00E-03 1.00E-03 2.00E+03 
375 1.00E-03 1.03E+03 7.00E+02 1.00E-03 1.00E-03 1.40E+03 
380 1.00E-03 1.80E+03 4.00E+02 1.00E-03 1.00E-03 1.00E+03 
385 1.00E-03 1.80E+03 2.50E+02 1.00E-03 1.00E-03 7.33E+02 
390 1.00E-03 1.80E+03 1.50E+02 1.00E-03 1.00E-03 6.67E+02 
395 1.00E-03 1.80E+03 7.50E+01 1.00E-03 1.00E-03 3.33E+02 
400 1.00E-03 1.80E+03 1.00E-03 1.00E-03 1.00E-03 1.33E+02 
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Table A1-5. (Continued).  
λ Molar Absorptivity (M-1cm-1) 

   (nm) Ibuprofenb Indomethacinb,g Mefenamic acidh Naproxend Nonylphenole Norfloxacini 
300 6.98E+03 6.25E+03 8.35E+03 1.00E+02 2.64E+01 2.12E+04 
305 5.05E+03 5.98E+03 7.00E+03 2.00E+02 1.91E+01 2.08E+04 
310 4.02E+03 6.20E+03 5.70E+03 3.90E+02 1.61E+01 2.17E+04 
315 4.30E+03 6.52E+03 4.70E+03 7.00E+02 1.47E+01 2.33E+04 
320 3.70E+03 6.58E+03 4.35E+03 6.80E+02 1.32E+01 2.40E+04 
325 1.68E+03 6.55E+03 4.45E+03 7.10E+02 1.03E+01 2.37E+04 
330 7.20E+02 5.50E+03 4.70E+03 1.01E+03 8.81E+00 2.27E+04 
335 1.00E-03 5.06E+03 4.75E+03 6.00E+02 8.07E+00 2.13E+04 
340 1.00E-03 4.63E+03 4.70E+03 5.00E+01 7.34E+00 1.80E+04 
345 1.00E-03 4.19E+03 4.35E+03 1.00E-03 5.87E+00 1.07E+04 
350 1.00E-03 3.75E+03 3.80E+03 1.00E-03 4.40E+00 7.33E+03 
355 1.00E-03 3.32E+03 3.20E+03 1.00E-03 2.94E+00 5.00E+03 
360 1.00E-03 2.88E+03 2.50E+03 1.00E-03 1.47E+00 3.60E+03 
365 1.00E-03 2.44E+03 1.75E+03 1.00E-03 1.00E-03 2.67E+03 
370 1.00E-03 2.00E+03 1.15E+03 1.00E-03 1.00E-03 2.00E+03 
375 1.00E-03 1.03E+03 7.00E+02 1.00E-03 1.00E-03 1.40E+03 
380 1.00E-03 1.80E+03 4.00E+02 1.00E-03 1.00E-03 1.00E+03 
385 1.00E-03 1.80E+03 2.50E+02 1.00E-03 1.00E-03 7.33E+02 
390 1.00E-03 1.80E+03 1.50E+02 1.00E-03 1.00E-03 6.67E+02 
395 1.00E-03 1.80E+03 7.50E+01 1.00E-03 1.00E-03 3.33E+02 
400 1.00E-03 1.80E+03 1.00E-03 1.00E-03 1.00E-03 1.33E+02 
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Table A1-5. (Continued).  
λ Molar Absorptivity (M-1cm-1) 
   (nm) Ranitidinej Roxithromycink Sulfamethoxazolek Testosteronel Triclosane 
300 1.38E+04 1.67E+04 6.36E+03 7.87E+01 1.13E+02 
305 1.50E+04 1.58E+04 5.62E+03 8.23E+01 6.76E+01 
310 1.59E+04 1.55E+04 5.07E+03 8.24E+01 4.13E+01 
315 1.59E+04 1.54E+04 4.79E+03 8.12E+01 3.76E+01 
320 1.52E+04 1.52E+04 4.61E+03 7.58E+01 3.38E+01 
325 1.31E+04 1.43E+04 4.51E+03 6.78E+01 2.63E+01 
330 1.03E+04 1.46E+04 4.41E+03 5.80E+01 2.25E+01 
335 7.60E+03 1.25E+04 4.31E+03 4.50E+01 2.07E+01 
340 5.30E+03 1.25E+04 4.21E+03 3.39E+01 1.88E+01 
345 2.90E+03 1.22E+04 4.12E+03 2.43E+01 1.50E+01 
350 1.50E+03 1.16E+04 4.02E+03 1.60E+01 1.13E+01 
355 8.00E+02 1.19E+04 3.92E+03 1.04E+01 7.52E+00 
360 5.50E+02 1.22E+04 3.82E+03 7.35E+00 3.76E+00 
365 4.00E+02 1.07E+04 3.72E+03 5.25E+00 1.00E-03 
370 2.00E+02 1.13E+04 3.63E+03 1.00E-03 1.00E-03 
375 2.00E+02 1.03E+04 3.53E+03 1.00E-03 1.00E-03 
380 2.00E+02 1.07E+04 3.43E+03 1.00E-03 1.00E-03 
385 2.00E+02 1.00E+04 3.33E+03 1.00E-03 1.00E-03 
390 2.00E+02 9.74E+03 3.23E+03 1.00E-03 1.00E-03 
395 2.00E+02 9.44E+03 3.14E+03 1.00E-03 1.00E-03 
400 2.00E+02 9.13E+03 3.04E+03 1.00E-03 1.00E-03 

aMolar absorptivity values were obtained from [109]  
bMolar absorptivity values were obtained from [77] 
cMolar absorptivity values were obtained from [42] 
dMolar absorptivity values were obtained from [79] 
eMolar absorptivity values were obtained from [128] 
fMolar absorptivity values were obtained from [129] 
gMolar absorptivity values were obtained from [130] 
hMolar absorptivity values were obtained from [131] 
iMolar absorptivity values were obtained from [132] 
jMolar absorptivity values were obtained from [74] 
kMolar absorptivity values were obtained from [82] 
lMolar absorptivity values were obtained from [133
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Table A1- 6. Summary of predicted biodegradability of 55 TOrCs generated by seven different BioWin versions. 
TOrCs BionWin1 BionWin2 BionWin3 BionWin4 BionWin5 BionWin6 BionWin7 
1,4-DCB 0.3127 0.0427 2.4611 3.3050 0.3200 0.1576 -0.3502 
2,4-D 0.4821 0.2193 2.6040 3.6608 0.5174 0.2599 0.1360 
Acetaminophen 1.0015 0.9886 2.8673 3.8748 0.4866 0.5090 -0.1124 
Anthracene 0.9819 0.9995 2.2194 3.2478 0.2641 0.1949 -0.3817 
Atrazine 0.0045 0.0000 2.0002 3.0969 -0.1219 0.0000 -0.5787 
Benzo(a)pyrene -0.0299 0.0000 1.8422 2.7815 0.0601 0.0350 -0.3091 
Benzophenone 0.9238 0.9725 2.8180 3.5724 0.3699 0.3318 -0.0737 
Bezafibrate 0.6784 0.5724 2.1583 3.6065 0.2728 0.0434 -1.1219 
Bisphenol A 0.6866 0.4653 2.5953 3.4443 0.2956 0.1559 -0.2593 
Bromoxynil 0.8178 0.7813 2.2892 3.1157 0.3742 0.1822 0.7259 
Caffeine 0.6551 0.5625 2.7700 3.5676 0.1439 0.0521 0.5019 
Carbamazepine 0.6351 0.4143 2.6770 3.5068 0.0873 0.0364 -0.0744 
Carbofuran 0.7244 0.8785 2.3184 3.5773 0.2435 0.1936 0.0331 
Chlorpyrifos 0.1928 1.0000 1.7442 3.2925 -0.0832 0.0014 0.5947 
Ciprofloxacin -0.3974 0.0000 1.9170 3.2138 0.0597 0.0001 -2.2865 
Clofibric acid 0.4836 0.2918 2.6126 3.6820 0.5574 0.3741 -0.0765 
DEET 0.9213 0.9724 2.6474 3.7087 0.4437 0.3954 -0.5924 
Diazinon 1.0259 1.0000 2.5306 3.7369 0.1018 0.0292 0.5482 
Diclofenac 0.1353 0.0027 2.2863 3.2984 -0.1313 0.0029 -0.8493 
Diphenhydramine 0.3295 0.0647 2.4154 3.1914 0.0412 0.0313 -1.0880 
Diuron 0.2717 0.0130 2.2709 3.1808 0.0565 0.0142 -0.4139 
Doxycycline -0.1442 0.0003 1.9339 2.9926 0.0326 0.0135 -1.0166 
E1 0.6669 0.2801 2.2738 3.1846 0.2405 0.1074 -0.8995 
E2 0.8178 0.6452 2.4518 3.3334 0.2903 0.1058 -0.3354 
E3 0.9689 0.8159 2.5764 3.4398 0.3966 0.1237 -0.0432 
EE2 0.4637 0.0702 2.0266 3.0158 0.1129 0.0354 -0.8418 
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Table A1-6. (Continued).  
TOrCs BionWin1 BionWin2 BionWin3 BionWin4 BionWin5 BionWin6 BionWin7 
Fluoranthene -0.0060 0.0000 1.9529 2.8537 0.1926 0.1079 -0.1182 
Gemfibrozil 0.7584 0.8552 2.5906 3.6587 0.6680 0.6123 -0.2444 
Ibuprofen 0.8314 0.8672 2.9582 3.7986 0.1976 0.1521 0.0334 
Indomethacin 0.7087 0.4895 2.3587 3.4918 0.0740 0.0107 -0.4425 
Iopromide -0.9869 0.0000 1.7847 3.4495 -1.6210 0.0000 -0.9546 
Ketoprofen 0.8888 0.8770 2.9265 3.7806 0.3192 0.1848 -0.1707 
Linuron 0.2641 0.0104 2.2355 3.1577 0.0089 0.0090 -0.4139 
MCPA 0.7289 0.8338 2.7809 3.7871 0.6134 0.5173 0.1665 
Mefenamic acid 0.6851 0.7776 2.4692 3.2619 0.3540 0.1460 -0.5877 
Metolachlor 0.4732 0.0789 2.1862 3.3963 0.0568 0.0153 -1.1361 
Metoprolol 0.7720 0.6976 2.6511 3.6336 0.3331 0.1475 0.0709 
Naproxen 0.8972 0.9611 2.9219 3.9097 0.4439 0.3447 0.3878 
Nonylphenol 0.9215 0.9612 2.9921 3.7700 0.4443 0.5086 0.1979 
Norfloxacin -0.3916 0.0000 1.9435 3.2311 0.0934 0.0001 -2.1395 
Octylphenol 0.9282 0.9680 3.0231 3.7903 0.4366 0.5025 0.1719 
Phenanthrene 0.9819 0.9995 2.2194 3.2478 0.2641 0.1949 -0.3817 
Phenol 0.9466 0.9876 3.0696 3.7565 0.5375 0.7105 0.6578 
Progesterone 0.2436 0.0030 2.0350 3.0427 0.3623 0.0674 -1.7307 
Propachlor 0.8736 0.9334 2.5260 3.6520 0.2507 0.0855 -0.3044 
Pyrene -0.0060 0.0000 1.9529 2.8537 0.1926 0.1079 -0.1182 
Ranitidine 0.7003 0.1886 2.2985 3.1927 -0.2302 0.0009 -0.3500 
Roxithromycin -2.1892 0.0000 1.0176 2.4409 -0.3734 0.0000 -3.2504 
Simazine 0.0112 0.0000 2.0312 3.1172 0.0195 0.0000 -0.3072 
Sulfamerazine 0.4426 0.1116 2.4053 3.2895 -0.1411 0.0050 -0.3861 
Sulfamethoxazole 0.4479 0.1281 2.4297 3.3054 -0.1165 0.0060 -0.2907 
Testosterone 0.4079 0.0205 2.2750 3.2319 0.4828 0.1514 -1.1265 
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Table A1-6. (Continued).  

TOrCs BionWin1 BionWin2 BionWin3 BionWin4 BionWin5 BionWin6 BionWin7 
Tetracycline 0.6199 0.0173 1.8151 3.0712 0.2719 0.0065 -2.4393 
Triclosan 0.3102 0.0181 1.9378 3.0508 0.1780 0.0187 -0.6846 
Trimethoprim 0.5922 0.9164 2.0385 3.3749 0.0889 0.0172 0.1677 
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Table A1-7. Summary of Freundlich isotherm information and Log Kow  for the 10 TOrCs used for testing correlation  between 
adsorption performance and Log Kow. 
TOrCs K 1/n Adsorbent Type Adsorbent Details log Kow pH Ref. 

 (mg/g)(L/mg)1/n       
1,1-Dichloroethane 1.79 0.53 Activated carbon Calgon F300 1.79 [104] 5.30 Reported [85] 
1,2-Dichloroethane 3.57 0.83 Activated carbon Calgon F300 1.48 [104] 5.30 Reported [85] 
1,2-Dichloropropane 5.86 0.60 Activated carbon Calgon F300 1.98 [105] 5.30 Reported [85] 
Acenaphthene 190 0.36 Activated carbon Calgon F300 3.92 [106] 5.30 Reported [85] 
Acenaphthylene 115 0.37 Activated carbon Calgon F300 3.94 [107] 5.30 Reported [85] 
Acetophenone 74.0 0.44 Activated carbon Calgon F300 1.58 [104] 5.30 Reported [85] 
Benzene 1.00 1.60 Activated carbon Calgon F300 2.13 [104] 5.30 Reported [85] 
Carbon Tetrachloride 11.1 0.83 Activated carbon Calgon F300 2.83 [104] 5.30 Reported [85] 
Chloroethane 0.59 0.95 Activated carbon Calgon F300 1.43 [104] 5.30 Reported [85] 
Chloroform 2.60 0.73 Activated carbon Calgon F300 1.97 [104] 5.30 Reported [85] 
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Abstract 
 
Trace organic compounds (TOrCs) in municipal wastewater effluents that are discharged to 

streams are of potential concern to ecosystem and human health. This study examined the fate of 

a suite of TOrCs and estrogenic activity in water and sediments in an effluent- dependent stream 

in Tucson, Arizona. Sampling campaigns were performed during 2011 to 2013 along the Lower 

Santa Cruz River, where TOrCs and estrogenic activity were measured in aqueous (surface) and 

solid (riverbed sediment) phases. Some TOrCs, including contributors to estrogenic activity, were 

rapidly attenuated with distance of travel in the river. Those TOrCs that are not sufficiently 

attenuated and percolate to ground water have in common low biodegradation probabilities and 

low octanol–water distribution ratios. Independent experiments showed that attenuation of 

estrogenic compounds may be due in part to indirect photolysis caused by formation of organic 

radicals from sunlight absorption. Hydrophobic TOrCs may accumulate in riverbed sediments 

during dry weather periods, but riverbed sediment quality is periodically affected through storm-

related scouring during periods of heavy rainfall and  runoff. Taken together, evidence suggests 

that natural processes can attenuate at least some TOrCs, reducing potential impacts to ecosystem 

and human health. 

Keywords: trace organic compounds; estrogenic activity; solar photolysis; effluent dependent 

stream. 
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B.1 Introduction 

 
For more than thirty years, it has been known that pharmaceuticals, personal care products and 

other trace organic contaminants (TOrCs) survive conventional wastewater treatment and persist 

in the environment to varying degrees [1-3]. More than any other group of trace organics in 

municipal wastewater, endocrine disrupting compounds (EDCs) have attracted the attention of 

health professionals and the public [4-6]. These compounds interfere with normal endocrine 

function by blocking signaling/response (antagonists) or stimulating inappropriate activity 

(agonists). Chemicals present in municipal wastewater that promote estrogenic response include 

natural steroidal estrogens such as estrone (E1), 17β-estradiol (E2) and estriol  (E3), and 

anthropogenic mimics such as 17α-ethinylestradiol (EE2) and alkylphenols (APs) [5, 7]. All these 

compounds share similar chemical structure: presence of phenolic rings, similar molecular weight, 

and significant hydrophobicity (log DOW > 3). Early evidence of endocrine disrupting activity in 

treated wastewater arose from elevated incidence of intersex characteristics (compromised gonadal 

growth, spermatogenesis, sperm motility, and fertilization success) among male fish in rivers of 

the United Kingdom [8, 9]. E2 and EE2 elicit physiological changes in continuously exposed 

organisms at levels that are routinely measured in conventionally treated municipal wastewater 

effluent [10]. Factors that influence the removal of EDCs and other TOrCs during wastewater 

treatment have been widely studied. Simulations of conventional   treatment   have   not,   however,   

been   entirely successful   in predicting chemical-specific removal efficiencies during municipal 

wastewater treatment [11]. 

Gross et al. studied the fates of TOrCs in an effluent dominated stream and wetland in southern 

California, measuring attenuations of ibuprofen, gemfibrozil and chlorinated tris-
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propylphosphates as well as the conversion of alkylphenol polyethoxylates to APs [12]. Fono et 

al. measured the attenuations of ethylenediaminetetraacetate (EDTA), gemfibrozil, ibuprofen, 

metoprolol, naproxen, and total adsorbable organic iodide in the Trinity River, an effluent 

dominated stream in Texas [13]. Although the iodated compounds were conserved, others 

decreased in concentration by 60–90% during two weeks of travel over 500 km. In a more recent 

Arizona survey, Chiu and Westerhoff found that surface water concentrations of sucralose, 

sulfamethoxazole, acetaminophen, cotinine, dilantin, caffeine, DEET and oxybenzone exhibited 

seasonal trends [14]. Oxybenzone and sucralose concentrations were generally higher in summer 

months due to increased recreational use of surface water resources. 

Candidate mechanisms for the attenuation of trace organics during in-stream transport include 

biodegradation, photolysis and adsorption on riverbed sediments [15-17]. Conditional rate 

constants representing relative compound biodegradability have been based on either direct 

measurement [18] or moiety-specific contributions to biological transformation rates [19]. The 

contribution of sorption on organic solids should be directly related to compound hydrophobicity,  

as  reflected by octanol/water  partitioning (KOW or DOW) [20, 21]. It is expected that, other 

factors being equal, compound hydrophobicity would lead to accumulation in river sediments due 

to both sedimentation and the retention of contaminants during infiltration. Direct photolysis and 

indirect photolysis also contribute to in-stream compound disappearance [22, 23]. Direct 

photolysis occurs when a compound undergoes transformation as a result of light absorption. This 

is envisioned as a two-step process in which the absorption of light energy promotes the compound 

to an excited state, after which either chemical transformation occurs or the excited compound 

devolves to its original ground state. Indirect photolysis is initiated through light absorption by 

other chemicals, leading to production of reactive intermediates such as hydroxyl or organic 
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radicals that react chemically with the target compound [23]. Jasper and Sedlak hypothesized that 

radicals formed by direct photolysis of dissolved organic matter could be responsible for indirect 

photolysis of TOrCs [24]. Schwarzenbach analyzed how radicals (hydroxyl, carbonate, organics, 

etc.) produced by direct photolysis of certain compounds may attack TOrCs and degrade them 

[25]. 

The Santa Cruz River (SCR) is an effluent dependent stream in Tucson, Arizona (Figure B-1). 

Except during widespread precipitation events, the only source of river water is the treated 

wastewater from two wastewater treatment facilities. The SCR is located in an inner valley created 

by dissected pediments and alluvial deposits. Consequently, the riverbed is made up of fine sand 

and gravel eroded from surrounding mountains. Prior to 2014, the Pima County Regional 

Wastewater Reclamation Department's (PCRWRD) two major  wastewater  treatment  plants  

discharging  to  the  SCR  were  the  Roger  Road Wastewater Treatment Plant (RRWTP; trickling 

filter, treatment capacity of 1.80 m3/s) and the Ina Road Water Reclamation Facility (IRWRF; 

activated sludge, treatment capacity 1.64 m3/s). The plants are the main wastewater treatment 

facilities for the City of Tucson, with about half a million inhabitants. Due to a mandate by the 

State of Arizona requiring nutrient removal, in February 2014 the RRWTP was decommissioned 

and replaced by the Agua Nueva Water Reclamation Facility (WRF) and the IRWRF was similarly 

upgraded and renamed the Tres Rios WRF. This study was conducted prior to the new WRFs 

going online. Together, the two upgraded WRFs discharge ~50,000 AFY (acre-feet per year) (1.96 

m3/s) of municipal wastewater effluent to the SCR. Galyean (1996) estimated that about 90% of 

the treated wastewater effluent discharged to the SCR infiltrates within a 25-mile (40 km) length 

downstream from the RRWTP [26]. With the improved effluent quality discharged to the SCR 

since early 2014, it is anticipated that infiltration rates in the riverbed will increase, due to reduction 
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of suspended solids concentration or decrease in microbial activity in the sediments, and the length 

of the wetted reach will decrease relative to the period prior to February 2014. In a 1999–2000 

nationwide survey of the United States surface waters, the US Geological Survey measured some 

of the highest in-stream concentrations of trace organics at a sampling point in the lower SCR, 

several miles downstream from the IRWRF outfall [3]. The rainfall pattern in southern Arizona 

typically includes brief periods of heavy precipitation in the summer months (the North American 

monsoon) that motivate equally brief periods of high stream flow (Figure B1-1). It has been shown 

that these events tend to scour sediments in the SCR, redistributing deposits that accumulate over 

the remainder of the year [27]. It is expected that high flow conditions in the river will produce 

discontinuities in time-dependent sediment concentrations of trace organic contaminants, although 

this has not been confirmed via direct measurement. 
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In this work, concentrations of TOrCs of wastewater origin (measured via liquid and gas 

chromatography/mass spectrometry) and estrogenic activity (measured using the Yeast Estrogen 

Screen assay) were determined in SCR surface waters, groundwater samples obtained from 

monitoring wells proximate to the SCR, and riverbed sediments. The monitoring program and 

supplementary controlled experiments using local effluent were designed to test hypotheses 

Figure B-1. Wastewater treatment facilities and sampling sites along the Santa Cruz River 
(blue line) in Tucson, AZ. Red dots: major water reclamation facilities; black stars: 
sampling sites in the 2011 campaign (river water and groundwater wells); green dots: river 
water sampling sites in the 2012–13 campaigns. Relative distances for all sampling points 
are reported in Tables B-4 and B-5. In February 2014, the Roger Road Wastewater 
Treatment Plant (RRWTP) was replaced by the Agua Nueva Water Reclamation Facility 
(WRF); and the Ina Road Water Reclamation Facility (IRWRF) was similarly upgraded 
and renamed Tres Rios WRF. Except during periods of widespread rain, the SCR only 
flows along the northwest direction from the RRWTP, and the tributaries seen in the figure 
are completely dry. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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regarding mechanisms of in-stream attenuation, including direct photolysis and indirect photolysis 

of estrogenic activity and humic-like substances; the latter assessed by fluorescence spectrometry. 

The work is timely in light of process improvements recently completed at the Agua Nueva WRF 

and Tres Rios WRF and consequent improvements in both effluent and environmental quality. The 

data provide a baseline against which the effects of process improvements can be measured. Our 

hypotheses related to natural in-stream attenuation mechanisms follow: 

• Biodegradable TOrCs, including those that contribute to estrogenic activity, are rapidly 

attenuated with distance of travel in the SCR. It is noted that dilution is not a candidate 

mechanism for contaminant attenuation, since the SCR is effluent dependent except during 

infrequent periods of rainfall/runoff. 

• Indirect or direct photolysis may be a predominant mechanism in the attenuation of some 

TOrCs, including estrogenic compounds. 

• Riverbed sediments are a potential sink for TOrCs during dry weather periods due to sorption 

and/or biodegradation. Scouring of sediments during storm periods plays a role in the 

redistribution of TOrCs along the river. 

B.2 Materials and Methods 

B.1.1 Chemicals and Reagents 
 
All TOrCs measured in this work (Table B-1) were reagent grade or better and used as obtained. 

Bisphenol A and tris (2-chloroethyl) phosphate (TCEP) were from TCI America (Portland, OR). 

N,N-diethyl-metatoluamide (DEET), ibuprofen, triclosan and perfluorooctanesulfonic acid 

(PFOS) were from Alfa Aesar (Lancashire, UK). Iopromide was from USP (Rockville, MD). 

Tonalide was purchased from Toronto Research Chemicals (Toronto, Canada). Sucralose was 

from AK Scientific (Union City, CA). Perfluorohexadecanoic acid (PFHxDA) was from Matrix 
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Scientific (Columbia, SC) and meprobamate was from Cerilliant (Round Rock, TX). The rest of 

the compounds were acquired from Sigma-Aldrich (St. Louis, MO). Compounds were selected 

based on their presence in conventionally treated wastewater effluent in previous studies and the 

existence of sufficiently sensitive analytical methods. Together, they provide a broad range of 

physical/biochemical characteristics, allowing us to investigate hypothesized cause–effect 

relationships governing contaminant fates in surface waters. 

Isotopically labeled internal standards were from three sources. 13C4-PFOA, 13C4-PFOS, 13C2-

PFHxDA, and 13C4-PFBA were from Wellington Laboratories (Ontario, Canada). 13C6-diclofenac, 

primidone-d5, ibuprofen-d3, sulfamethoxazole-d4, triclosan-d3 and iopromide-d3 were from 

Toronto Research Chemicals (Toronto, Canada). Gemfibrozil-d6, 4-nonylphenol-d4, estrone-d4, 

DEET-d7, carbamazepine-d10 and bisphenol A-d16  were from C/D/N Isotopes (Quebec, Canada). 
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Table B-1. Relevant physical/chemical properties for TOrCs measured in the Santa Cruz River water during the sampling campaigns 
in 2011 (in boldface) and in riverbed sediments. EE2 was not measured directly, but used as a reference for quantification of 
estrogenic activity. 
Usage Log Dow at 

pH=7a 
      kOH 
(109  M−1 s−1) 

PB
b LogKAW

c Monitoring 
eventd 

17α-Ethinylestradiol (EE2) Estrogen 4.11 10.3 ± 0.7 [23] 0.0354 -9.489  

4-nonylphenol Derived from detergents 6.14 11.0 ± 0.2 [29] 0.5086 -2.857 LS 

4-octylphenol Derived from detergents 5.63 14.0 ± 0.2 [29] 0.5025 -3.735 LS 

Atenolol b-blocker -2.09 7.10 [52] 0.2349 -16.252 S 
Atrazine Herbicide 2.64 2.30 ± 0.14 [23] 0 -7.016 S 
Benzophenone Photo initiator 3.21 NA -0.0737 -4.101 S 
Benzotriazole Drug precursor 1.42 NA 0.3935 -5.221 S 
Bisphenol A Plasticizer 3.64 8.00 ± 3.11 [23] 0.1559 -9.427 S 
Carbamazepine Anticonvulsant 1.89 8.02 ± 1.90 [23] 0.0364 -8.355 LWS 
Caffeine Stimulant -0.63 6.40 ± 0.71 [23] 0.0521 -8.835 S 
DEET Insect repellent 2.42 5 [52] 0.4437 -6.07 LWS 
Dexamethasone Anti-inflammatory and 2.03 NA 0.0015 -5.534 LWS 
 immunosuppressant      
Diclofenac Nonsteroidal anti- 1.77 8.38 ± 1.24 [23] 0.0029 -9.714 S 
 inflammatory drug 

(NSAID) 
     

Diltiazem Calcium channel blockers 2.98 NA 0.0267 -14.453 S 
Diphenhydramine Antihistamine 1.25 5.42 [23] 0.0313 -6.82 S 
Fluoxetine Anti-depressant 1.15 9.60 ± 0.80 [53]  0 -5.439 LWS 
Gemfibrozil Blood lipid regulator 2.07 10.0 ± 0.60 [29] 0.6123 -6.313 S 
Ibuprofen Nonsteroidal anti- 0.94 7.04 ± 0.52 [23] 0.1521 -5.207 S 
 inflammatory drug 

(NSAID) 
     

Meprobamate Anxiolytic 0.7 NA 0.314 -8.121 S 
 



 

175  

Table B-1. (Continued). 
Usage Log Dow at 

pH=7a 
      kOH 
(109  M−1 s−1) 

PB
b LogKAW

c Monitoring 
eventd 

Naproxen Nonsteroidal anti- 0.73 8.61 [23] 0.3447 -7.858 S 

 inflammatory drug 
(NSAID) 

     

Norgestrel Hormonal contraceptives 3.37 NA 0.0469 -7.502 S 

PFBS Surfactant -1.81 NA 0 -3.23 S 
PFHxDA Surfactant 8.53 NA 0 6.334 S 
Prednisone Immunosuppressant 1.57 NA 0.1452 -7.937 S 
Primidone Anticonvulsant 0.83 6.70 [23] 0.4211 -8.101 LWS 
Propylparaben Preservative 2.88 NA 0.8344 -6.584 S 
Simazine Herbicide 2.28 2.90 ± 0.28 [23] 0 -7.414 S 
Sucralose Artificial sweetener 0.23 1.50 ± 0.10 [29] 0.004 -16.787 LWS 
Sulfamethoxazole Antibiotic -0.22 5.82 ± 1.99 [23] 0.006 -10.408 LWS 
Testosterone Steroid hormone 3.18 NA 0.1514 -6.841 S 
Triclocarban Antibiotic 6.07 NA 0.0017 -8.733 S 
Triclosan Antibiotic 5.28 5.40 [30] 0.0187 -6.69 S 
Trimethoprim Antibiotic 0.27 6.30 ± 0.85 [23] 0.0172 -12.01 LWS 
TCEP Flame retardant -5.91 2.00 [31] 0.0193 -3.871 LWS 
TCPP Flame retardant 2.53 27.1 [31] 0.0013 -5.613 S 
Tonalide Aromatic musk 5.06 4.72 [32] 0.0737 -2.245 LW 
Iopromide Contrast medium -2.66 3.3 [23] 0 -26.388 LW 

Note: Log DOW: n-octanol–water distribution ratio at pH 7; kOH: second-order reaction rate constant between compound and 
hydroxyl radical; PB: probability of biodegradation; KAW: air–water partition coefficient. 
a  Data directly obtained from SciFinder. b Calculated by Biowin6 (MITI Non-Linear Model). US EPA; Estimation Program Interface (EPI) Suite. Ver. 4.1. 
c  Calculated by KOAWIN. US EPA; Estimation Program Interface (EPI) Suite. Ver. 4.1. 
d Monitoring event: indicates sampling events in which the compound was measured: W—monitoring well, L—river liquid, S— 
sediment. For example, for NP, LS means that it was measured in liquid and sediment but not in well sampling.
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Stock solutions of target analytes and internal standards were prepared in 50 v% water/methanol. 

Calibration and fortification solutions were prepared by successive dilution of stocks to 10 μg/L 

in methanol. Liquid chromatography solvents were of the highest purity available. Methanol, 

acetonitrile and formic acid were purchased from EMD Chemicals (Gibbstown, NJ). Methyl tert-

butyl ether (MTBE) and ammonium hydroxide were from Fisher Scientific (Pittsburgh, PA). 

LCMS reagent water was obtained from J.T. Baker (Center Valley, PA). 

B.1.2 Sample Collection and Preparation 
 
Sample collection vessels and all glassware were cleaned with methanol and rinsed three times 

with ultrapure water, then heated in Thermolyne 6000 Muffle Furnace (Dubuque, IA) at 550 °C 

for 5 h prior to use. In spring and summer 2011, sampling was performed three times at the 

RRWTP outfall and at twelve locations along the 37-km reach for surface and ground water 

(Figure B-1). The groundwater samples near the river were obtained from a series of twelve 

monitoring wells owned by the PCRWRD. The relative contribution of river water and ground 

water to well samples was assessed in a previous work [33]. Collection of samples was done during 

dry periods, i.e. absence of precipitation. 

Liquid samples were filtered through 0.7 μm glass fiber filters (Pall Corporation, Fort Washington, 

NY) before deuterated internal standards were added. Samples were then extracted using Oasis 

HLB SPE cartridges (Waters, Milford, MA). HLB sorbents were first conditioned by stepwise 

addition of 5 mL of methanol, 5 mL of MTBE and 5 mL of water. A half gram of EDTA was 

dissolved in 1 L of each water sample before it was loaded onto the SPE sorbent at 10 mL/min 

using a Dionex™ AutoTrace™ 280 Solid- Phase Extraction (SPE) instrument (Thermo Scientific, 

Pittsburgh, PA). Following the sorption step, sorbents/ adsorbates were dried under nitrogen gas 

for 40 min before they were sequentially eluted with 3 mL of methanol, 3 mL of 5% NH4OH in 
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MeOH, 3 mL of acetonitrile and 3mL of MTBE. The combined eluents were evaporated to about 

50 μL and re-dissolved in 1mL of 50% water/methanol for liquid chromatography tandem mass 

spectrometric (LC/MS) analysis. 

In 2012–2013, sampling was performed four times at the RRWTP outfall and at five downstream 

locations along the same study reach for surface water and riverbed sediments (Figure B-1). 

Locations were chosen based on ease of access, position in the river (0–37 km extending northwest 

from the RRWTP outfall) and presence of representative riverbed sediments. The river was dry 

upstream of the RRWTP outfall, except during storm runoff episodes. At each sampling point, 4-

L grab samples of surface water were collected. The monitoring program was designed to provide 

samples before (June 22, 2012), during (July 18, 2012) and after (October 13, 2012) the summer 

precipitation period (July–September—North American monsoon). A fourth set of samples was 

collected after a winter rainfall event (February 3, 2013). At each sampling site/time, one riverbed 

surface sediment sample and one sediment core sample (5 cm in diameter) were collected. These 

were subsequently used to produce sediment samples, hereinafter referred to as surface sediment 

(0–2.5 cm) and bottom core sediment (10.2– 2.7 cm). Surface sediment samples were obtained 

using a clean stainless steel trowel. 

 
Core samples were collected using a purpose-built stainless steel core sampler (Rickly 

Hydrological Co., Columbus, OH; model 603–004) that was driven into the riverbed and then 

withdrawn. Cores were retained in the sampler during withdrawal by a core catcher mechanism. 

Sediment cores and samples were transferred to muffled glass jars, stored at  4 °C  and extracted on 

the day after collection. 

Each sampling campaign (surface water and sediments) consisted of a one-day sampling event. 

Sampling started at the furthest downstream point (N. Trico Rd., Figure B-1) at approximately 10 
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am and finished at the RRWTP effluent site at approximately 5 pm.  The possibility of diurnal 

variability of TOrC concentrations was not explored in the present work. 

Two liters of each surface water sample was filtered through a 0.7 μm Whatman GF/F glass fiber 

filter (GE Healthcare). The pre-weighed filters and non-filterable solids were dried for 48 h at 60 

°C and reweighed to establish suspended solids concentrations before organics in the suspended 

solid of river samples were extracted via microwave-assisted extraction (MAE) using a Microwave 

Accelerated Reaction System (MARS, CEM Corporation, Glendale, CA) [34-36]. For suspended 

solids, the whole dried portion retained on the glass fiber filter was used. For riverbed sediment 

extractions, about 3 g of dried sediment was used. The samples were conditioned overnight in 15 

mL methanol in Teflon microwave vessels ahead of MAE extractions (70 °C for 60 min). Extracts 

w ere poured off and saved, after which vessels and residual sediments were rinsed twice with 5 

mL methanol. The pooled extracts were then dried under a gentle stream of N2 gas before residual 

organics were re-dissolved in 1 mL methanol. In order to clean the extracts, the methanol 

containing extracted organics was diluted to 250 mL with nanopure  water before  the  mixture  

was  slowly  passed  under  vacuum  through  47  mm  Empore™ Extraction Disks (octadecylsilane, 

3M, Eagan, Minnesota). Retained organics were separated by sequential elution in a stepwise 

methanol gradient using 15 mL washes consisting of 20%, 50%, 80% and 100% (v/v) methanol in 

water. Half of each eluent mixture was added to a single 40-mL glass vial and stored at 4 °C for 

further proce ssing. The other half was dried under nitrogen and redissolved in nanopure water for 

analysis of estrogenic activity. To eliminate bacterial contamination, samples for measurement of 

estrogenic activity were autoclaved at 121 °C for 10 min prior to analysis [37]. For cases in which 

analytical measurements could not be performed within 24 h of sample collection, samples were 

hermetically sealed and stored at 4 °C. 
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B.1.3 Yeast Estrogen Screen (YES) Bioassay Method 
 
The YES bioassay, based on that of Routledge and Sumpter, was used to measure estrogenic 

activity in sample extracts [7]. The test organism was a recombinant strain of Saccharomyces 

cerevisiae in which the DNA sequence of the human estrogen receptor (hER-α) was integrated 

into the yeast genome. The yeast strain also contains expression plasmids carrying estrogen-

responsive sequences (EREs) controlling transcription of the reporter gene lacZ (encoding β-

galactosidase). In the presence of estrogen, β- galactosidase is synthesized in the cells. Its activity 

is measured colorimetrically. Sample extracts were serially diluted across 96-well micro-titer 

plates (Corning Costar®,  Corning, NY). In positive controls, refreshed cells were added to serial 

dilutions of standard hormone (EE2) preparations. Cell suspensions were incubated for 24 h at 32 

°C  in the presence of either the prepared extracts or known concentrations of EE2 for growth and 

hormone-dependent gene expression. After that, 50 μL of cycloheximide (4 mg/mL)/CPRG   

(chlorophenol   red  β-D-galactopyranoside,  0.4  mg/mL)   solution was added to each test well. 

Following an additional incubation for 24 h at 32 °C, color was measured: A570 − R × A630, 

using a UV–VIS microplate reader (Bio-tek Instruments, Winooski, VT), where A is absorbance 

at the indicated wavelength (nm), and R is the ratio of optical densities at 570 nm and 630 nm in 

negative controls. Color was converted to total sample estrogenic activity using results of the 

contemporary positive control. To compare standards and samples from one event to another, data 

were normalized as follows: 

%relative estrogenic activity =
Asample −  Abackground

Amaximum −  Abackground
× 100% 

In the equation, Amaximum and Abackground are the maximum and the negative control 

absorbances at 570 nm for the standard curve (EE2 solution), and Asample is the absorbance of 

the sample. The percent relative estrogenic activity for the sample was the estrogenic activity 
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indicated relative to the standard curve run along with the data set. That is, the range of response 

observed in the standard was used to normalize the data from the sample. 

A practical quantification limit (PQL) for the assays was arbitrarily adopted as the EC20 value for 

EE2 divided by the highest sample concentration factor tested in the YES procedure (normally 

400). Below the PQL was a method detection limit (MDL). The MDL was the EE2 concentration 

that produced a test response equal to 3 times the standard deviation in (A570 − R × A630) in 

hormone-free (blank) test wells, divided by the highest concentration factor tested. 

B.1.4 Gas Chromatography–Mass Spectroscopy 
 
An Agilent 6890 gas chromatograph and Agilent 5973 mass-selective detector were used for GC–

MS analyses of nonylphenol (NP) and octylphenol (OP). Compounds were separated on a fused 

silica column (HP5-MS, 30 m × 0.25 mm i.d. , 0.25 μm film thickness, Agilent, Santa Clara, CA). 

The oven temperature program used was: 1 min at 90 °C, ramp at 15 °C min −1 to 220 °C, hold for 

2 min, ramp at 15 °C min −1 to 240 °C, followed by 10 °C min −1 to 280 °C.  Helium was the carrier 

gas at a constant flow rate of  1 mL min−1. The inlet, transfer line and ion source were at 250, 280 

and 230 °C, respectively. Sample injection (1 μL) was in splitless mode. The mass detector was 

operated in the electron ionization mode using the selected ion monitoring (SIM) method. 

Quantification ions were as follows: m/z 135 for NP and m/z 107 for OP. The limit of detection 

(LOD) and limit of quantification (LOQ) were defined as three times and ten times the signal-to-

noise ratio (Komori et al. 2004). 

B.1.5 Liquid Chromatography–Mass Spectrometry 
 
An Agilent 1290 Infinity LC System and Agilent 6460 Triple Quadrupole LC/MS system with 

both positive and negative electrospray ionization were used for analyses of other trace organic 

contaminants. Multiple-reaction monitoring mode was used for fragmentation data, monitoring 
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both quantifiers (highest response product ion) and qualifiers (next highest product ion) for each 

compound measured. Calibration curves contained at least five points, with R2 > 0.99 for linear 

fits. LOD and LOQ were defined the same as in the GC–MS analytical work. When surrogate 

(isotope) recovery was less than 5%, concentrations were flagged as non-detectable due to 

disappearance during extraction. 

B.1.6 Photodegradation of Estrogenic Activity in Secondary Effluent 
 
Milli-Q water (18 MΩ) was prepared using a Millipore water purification system (Billerica, MA). 

Secondary effluent from the RRWTP was spiked with EE2 (0.32 nM). Irradiation experiments 

were done in direct sunlight in cloud-free weather. Five glass photoreactors, containing 

600mLMilli-Q water or secondary effluent plus EE2  were set  up in parallel and sacrificed at 0, 

0.5, 1, 2 and 4 h for analysis via excitation– emission matrix (EEM) fluorescence spectroscopy 

and the YES bioassay (estrogenic activity).  Dark controls were set up and sacrificed after 4 h for 

the same set of measurements. 

Fluorescence of secondary effluent samples was characterized by a PerkinElmer LS 55 

fluorescence spectrophotometer (Waltham, MA). The inner filter effect (IFE) caused by light 

absorption and reabsorption of emitted light by light-absorbing compounds was corrected by a 

mathematical model that takes into account the absorption spectrum of the sample [38]. A Thermo 

Scientific Genesys 10S UV–Vis spectrophotometer was employed to obtain the absorption spectra 

of test samples. EEM fluorescence data obtained from the fluorescence spectrophotometer 

corresponded to scan ranges of emission and excitation wavelengths of 280 to 400 nm. Scan speed 

was 600 nm/min. 

To investigate the role of photolysis in attenuating estrogenic activity in the SCR, batch reactors 

containing either wastewater effluent from the RRWTP or Milli-Q water were spiked with 0.32 
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nM EE2  and exposed to sunlight on the University of Arizona campus for a period of 4 h (10 am 

to 2 pm) on cloudless days. A dark control was maintained  over the same period, and a second 

control consisted of wastewater effluent without supplementary EE2. Samples were withdrawn for 

separation and measurement of liquid phase estrogenic activity at the start of the experiment and 

after 0.5, 1.0, 2.0 and 4.0 h of exposure. In addition, fluorescence excitation–emission matrix 

(EEM) measurements were carried out on each sample. Preliminary tests designed to measure 

recovery of estrogenic activity from wastewater effluent spiked with EE2 showed that the 

extraction procedure recovered essentially all of the spiked EE2 plus the contribution from 

estrogenic TOrCs originally present in the effluent. 

B.3 Results and Discussion 

B.3.1 Trace Organics Attenuation in the Santa Cruz River 
 
A suite of twelve dissolved TOrCs (Table B-1) were measured over the same (37-km long) reach 

of the SCR during three sampling campaigns in 2011, while p-nonylphenol (NP) and p-octylphenol 

(OP) were measured separately during a February 2013 sampling event. It is important to point 

out that the only source of water to the SCR in the river reach analyzed in the absence of rain is 

the discharge from the wastewater treatment plants. That is, there are no flowing tributaries and 

no groundwater input to the river, as shown byQuanrud et al. [33].  

For the sampling campaigns in 2011, the twelve TOrCs measured were detected in the effluents of 

both the RRWTP and IRWRF and at all twelve sampling points along the 37- km study reach of 

the Santa Cruz River. Average concentrations and standard deviations for each compound from 

these three sampling periods are provided in Table B1-1. TOrCs present at the highest 

concentrations were sucralose, sulfamethoxazole, trimethoprim and DEET. Of these compounds, 

DEET, trimethoprim, and iopromide were substantially higher in effluent from the RRWTP than 
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in the IRWRF effluent, whereas the reverse was true for primidone and fluoxetine. 

Since the IRWRF is located about 7.5 km downstream of the RRWTP, and the contribution of 

TOrCs from the IRWRF secondary effluent to the SCR may be significant, only the distributions 

of contaminant concentrations between the IRWRF and the end of our survey area (37 km 

downstream of the RRWTP) were representative of attenuation. Profiles of TOrC concentration 

with distance downstream from the IRWRF (Figure B-2a and b) indicate that tonalide, fluoxetine, 

iopromide, sucralose (not shown) and PFOS were attenuated during surface transport along the 

37-km studied reach of the river. Carbamazepine, DEET, sulfamethoxazole, TCEP, trimethoprim 

and primidone were conserved. Musolff et al. reported attenuation of tonalide in surface waters 

while carbamazepine results were inconclusive [39]. These trends are consistent with our findings. 
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Figure B-2. In-stream TOrC surface water concentration versus distance traversed in the Santa 
Cruz River downstream from the RRWTP. Solid lines are linear fits of the data downstream of the 
IRWRF. Regression data are shown in Table B-2: (a) tonalide and fluoxetine; (b) iopromide and 
PFOS; (c) p-nonylphenol and p-octylphenol. Values presented represent measurements from a 
single sampling campaign. 
 
Concentrations of NP and OP in the SCR were measured during the February 2013 sampling event. 

In filtered river samples, NP concentrations ranged from 244–484 ng/L (Figure B-2c), which were 
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smaller than the concentration of NP in the river at N. Cortaro Road (location in Figure B-1) 

reported by Kolpin et al. [3]. OP concentrations spanned the range of 8.6–101 ng/L, although only 

one stream sample was above 50 ng/L. This was within the range of results of Kolpin et al. [3]. 

Profiles of NP and OP concentration versus distance downstream followed the same trends, first 

decreasing below the RRWTP and then fluctuating modestly with distance in the stream reach 

immediately below the IRWRF outfall. The data are consistent with the hypothesis that are in-

stream conversion of alkylphenol polyethoxylates and carboxylates (APnEOs and APnECs) to the 

more stable AP forms, as observed by others [40, 41]. Concentrations of NP were about 10-fold 

greater than OP in all river water samples, probably due to the widespread use of nonylphenol 

ethoxylates (NPnEOs) in industrial, agricultural, and domestic applications [42]. Although in-

stream loss was not observed here, previous work has shown that NP biodegrades under aerobic 

conditions during wastewater treatment and in receiving waters [43]. 

Attenuation and persistence trends in the position-dependent TOrC concentrations were examined 

using linear regression analysis. Examples are provided in Figure B-2, and results are summarized 

in Table B-2. The measured values decreased significantly with distance (p ≤ 0.05) for five of the 

fourteen compounds (Table B-2). Candidate mechanisms for TOrC attenuation in the river include 

biodegradation, photolysis and sorption on bottom sediments or suspended solids. Since none of 

the TOrCs monitored was volatile (i.e., all had air–water partition coefficients KAW  < 10−5, 

Table B-1), and each survived conventional wastewater treatment, volatilization was neglected as 

a mechanism for in-stream attenuation. 

Stepwise (backward) multiple linear regression was applied to analyze relationships between three 

independent variables (log DOW, PB and kOH) and attenuation of the trace organics in the river 

(dependent variable). Attenuation was represented by the normalized slope of compound 
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concentration versus travel distance (−B0 / C0), where B0 is the slope of the concentration vs. 

distance profile (Table B-2) and C0 is concentration in the river sample just beyond the IRWRF 

outfall. Results (Table B-3) indicate that the three independent variables, alone or together, do not 

account for a significant fraction of the observed compound dependent attenuation in the Santa 

Cruz River, at least within the context of the linear model, and suggest that the responsible 

mechanism lies outside those proposed. 

Table B-2. Results of least-square error linear regression analysis (C= B0x + B1, where C is 
surface water concentration and x is distance from the IRWRF outfall) in the Santa Cruz River 
liquid samples (for details see Supplementary information (APPENDIX B1)). 
Compound B0 

(ng/L km) 
B1 

(ng/L) 
R2 P 

(significance) 
Carbamazepine 0.610 280.8 0.077 0.437 
DEETa 4.780 352.5 0.533 0.016 
Sulfamethoxazole 7.629 879.6 0.175 0.229 
TCEP 0.897 275.6 0.171 0.236 
Tonalidea -0.523 24.03 0.789 0.001 

Fluoxetinea -1.123 36.38 0.901 <0.0005 
Trimethoprim -1.961 184.1 0.248 0.143 
Primidone -0.194 179.6 0.011 0.777 
Iopromidea -1.001 70.30 0.451 0.033 

Sucralosea -94.15 6321 0.580 0.010 

PFOSa -1.145 41.84 0.468 0.029 
PFOA -0.123 11.88 0.062 0.448 
4-n-Nonylphenol -1.009 362.5 0.020 0.859 
4-Octylphenol 0.532 18.17 0.244 0.506 

aCompound attenuation was statistically significant (p ≤ 0.05). 
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Table B-3. Sequential multiple linear regression results (see text for explanation) for correlation 
between the normalized attenuation slope (−B0 / C0) in river surface water samples and the 
indicated compound properties. B represents the fitted coefficient of proportionality with respect 
to each listed independent variable. The standardized coefficients (β) represent the change (in 
number of standard deviations) of the dependent variable induced by a change of one standard 
deviation of the corresponding dependent variable (for details see Supplementary information 
(APPENDIX B1)). 

Model Correlation 
coefficients 

 Standardized 
coefficients 

Significance (p) 

  B Std. error β  
1 (Constant) 9.463 6.420  0.171 
 Log DOW 1.415 1.475 0.274 0.360 
 PB -0.330 0.115 -0.844 0.017 
 kOH (M-1s-1) 0.720 1.191 0.160 0.559 
2 (Constant) 12.234 4.364  0.017 
 Log DOW 1.586 1.406 0.307 0.283 
 PB -0.309 0.106 -0.791 0.014 
3 (Constant) 12.401 4.411  0.016 
 PB -0.242 0.089 -0.618 0.019 

 
B.3.2 In-Stream Attenuation of Estrogenic Activity 
 
Estrogenic activity was measured in the SCR during each of the four sampling campaigns (2012–

2013) to indirectly establish probable attenuation mechanisms (Figure B-3a). Low estrogenic 

activities during the July and February sampling periods may reflect dilution due to storm waters, 

since the sampling was preceded by precipitation events (Figure B- 1). The measured estrogenic 

activity in the RRWTP effluent (0 km point in Figure B-3a) was almost two orders of magnitude 

higher than levels that feminize continuously exposed fathead minnows (Pimephales promelas) 

[44].  Just 1.50 km below the RRWTP outfall, estrogenic activity was ~20–25% of measured levels 

in the RRWTP effluent. Travel time from the RRWTP outfall to that point is estimated at 1 h. 

Despite the rapid attenuation of estrogenic activity, measured values exceeded concentrations    

necessary   to    disrupt    sexual    differentiation    and    reproduction in continuously exposed 

organisms over a distance of ~10 km below the outfall. Total estrogenic activity in the SCR did 

not increase at the IRWRF outfall located about 7.7 km below the RRWTP (Figure B-3a). Beyond 
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11 km downstream from the RRWTP, estrogenic activity fell below the detection limit, estimated 

as 1.5 × 10 −13 M (equivalent concentration of EE2). Log DOW values for estrogenic compounds 

in wastewater lie in the range of 3–6 (e.g. EE2, OP and NP, Table B-1), suggesting that attenuation 

of their aqueous (river)-phase concentrations is due in part to sorptive partitioning on organic-rich 

solids [45, 46]. However, the contribution of estrogenic activity in extracts derived from instream 

suspended solids was <20% of total estrogenic activity in all SCR samples and usually much less 

(Figure B-3b), perhaps due to low residual suspended solids concentrations in plant effluents. 

Consequently, it is unlikely that sorption/sedimentation is a major contributor to loss of estrogenic 

activity with travel distance in the SCR. 

As indicated previously, NP and OP concentrations in the river decreased much more slowly than 

total estrogenic activity. Furthermore, representative factors for converting NP and OP 

concentrations to equivalent concentrations of EE2 are 7.0 × 10 −5 and 3.3 ×10-6, respectively [7]. 

Thus, in samples taken close to the treatment plants, it is unlikely that NP and OP contributed 

significantly to total sample estrogenic activity (Table B-4). 
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Figure B-3. (a) Aqueous (river)-phase and (b) suspended solid estrogenic activity as a function of 
position in surface water from the Santa Cruz River. Dates shown are those of sample collection. 
Suspended solids were isolated from river water samples by filtering through 0.7 μm Whatman 
GF/F glass fiber filters. 
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Table B- 4. Contributions of NP and OP to the total estrogenic activity in the liquid surface water samples. Calculations are based on 
the relative estrogenic activities of single estrogens in the YES test (Routledge and Sumpter, 1996), and an additive model for total 
estrogenic activity. See Figure B-1 for sampling locations. 
 

Sampling point Distance from 
RRWTP outfall 
(km) 

Total estrogenic 
activity 
(M) 

NP equivalent 
activity 
(M) 

Percent NP 
for estrogenic 
activity 

OP equivalent 
activity 
(M) 

Percent OP for 
estrogenic activity 

RRWTP effluent 0 7.51 × 10-11 3.05 × 10-13 0.41% 3.57 × 10-15 0.048% 

El Camino del Cerro 1.5 1.05 × 10-10 2.21 × 10-13 0.21% 5.08 × 10-16 0.005% 

N Silverbell Rd 7.2 2.67 × 10-12 3.22 × 10-13 12.1% 7.89 × 10-16 0.296% 

N Cortaro Rd 11.1 5.33 × 10-12 2.82 × 10-13 5.3% 3.03 × 10-16 0.057% 

Heritage Park Dr 26.9 1.33 × 10-11 4.39 × 10-13 3.3% 1.59 × 10-15 0.120% 

N Trico Rd 35.7 4.44 × 10-12 2.23 × 10-13 5.0% 8.75 × 10-16 0.197% 
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B.3.3 Phototransformation Effects 
 
Ground level spectral irradiance data during the solar irradiation experiments were obtained from 

SMARTS (Simple Model of the Atmospheric Radiative Transfer of Sunshine), a spectral 

irradiance simulation program that requires geographical information and atmospheric conditions 

for the experiment site and date [47, 48]. Atmospheric conditions were obtained from satellite data 

(OMI/Aura and MODIS) provided by Giovanni, a NASA database [49]. On the dates of the 

experiments (June 20, July 29 and August 13, 2013), the noontime ground level global spectral 

irradiances were indistinguishable (Figure B-4). 

 

Figure B-4. Global spectral irradiance for the Tucson area for the dates of 
sunlight photolysis experiments. 
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In both the unspiked wastewater effluent control and the reactor containing effluent plus 
 
0.32 nM EE2, total estrogenic activity decreased below the method detection limit during the 4-

hour period of solar light exposure (Figure B-5). Profiles of fractional removal versus time in 

spiked and unspiked effluent were similar: calculated half-lives for liquid phase estrogenic activity 

in the reactors were of the order of 1 h. Estrogenic activity did not change with time in dark controls 

and in Milli-Q water containing EE2 that was exposed to sunlight (data not shown). The latter 

result shows that direct photolysis of estrogenic compounds is not an important mechanism for 

attenuation of estrogenic activity for the time scale explored in this work, including that 

encountered in the SCR. Jürgens et al. performed experiments on direct photolysis of E2 and EE2 

under simulated sunlight in DI water and reported half times for the degradation of the estrogens 

of about 10 days [50]. In 4 h (timescale of our experiments, Figure B-5), observed degradation of 

the targets was less than 3%, which is consistent with our results. The decrease in estrogenic 

activity in the spiked and unspiked effluent samples exposed to solar light suggests that indirect 

photolysis is the responsible mechanism for the attenuation of estrogenic activity with distance in 

the SCR. Indirect photolysis depends on the excitation of chromophores in the water sample. 

Subsequent dark reactions can produce a variety of organic radicals and hydrogen peroxide [51]. 

Photolytic pathways leading to production of hydroxyl radicals can also begin with sunlight 

irradiance of aqueous-phase nitrate and nitrite ions and various iron complexes [52]. A number of 

previous investigators have established the importance of dissolved organics in wastewater in 

similar photolytic reactions [16, 53, 54].  The resistance of estrogenic activity to attack via direct 

photolysis may be due to lack of light absorbance by the steroidal hormones at λ > 310 nm. Most 

energy in the solar spectrum is focused in the visible and infrared ranges (λ > 380 nm; Figure B-

4) [55]. 
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The effect of effluent dissolved organic matter in sunlight-activated photolytic reactions is 

apparent in fluorescence EEM measurements (Figure B-6a). EEM peaks in the RRWTP effluent 

sample have been assigned to humic-acid-like (upper peak) and fulvic- acid-like (lower peak) 

substances [56]. Attenuation of these peaks over the four-hour period of experimentation is 

apparent in the exposed reactors but not in the dark control (Figure B-6b). These results indicate 

that these fluorescent compounds are transformed during the 4-h period of exposure, making them 

candidate sources of organic radicals for the indirect photolysis of TOrCs. Additional study is 

warranted to confirm the role of indirect photolysis as a fate mechanism. 

(a) 

Figure B-5. Estrogenic activity changes in RRWTP secondary effluent 
during sunlight photolysis experiments. Results are shown for original 
samples and samples spiked with 
0.32 nM EE2. 
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Dark Solar 
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(b) 

 
Figure B-6. (a) Fluorescence excitation–emission matrix (EEM) test results for the RRWTP 
secondary effluent spiked with EE2; color contour values represent light intensity (arbitrary units). 
(b) The humic (top) and fulvic (bottom) peaks of the EEM contours were attenuated after 4 h in 
sunlight but not in the dark (EE2 does not contribute significantly to the high intensity regions in 
the EEM maps). I represents fluorescence intensity, obtained by integrating the EEM contours 
over a region of 5 nm around the maximum intensity point of the specified peaks; I0 is the initial 
fluorescence intensity of the peak. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
 
B.3.4 Trace Organics in Monitoring Wells along the SCR 

Twelve groundwater monitoring wells along the SCR (Figure B-1) were sampled during three 

campaigns in 2011. Eight of the twelve target TOrCs (compounds listed in Table B- 2, excluding 

NP and OP) were detected in well water (Table B-5). The compounds not detected in the 

monitoring wells were DEET, TCEP, fluoxetine, and trimethoprim. There were substantial well-

specific differences in TOrC concentrations, with the highest levels generally in wells SC-3, SC-

5, and SC-7. Quanrud et al. found that samples from SC-3 and SC-5 contained a substantially 
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higher fraction of water derived from the infiltration of wastewater effluent than did other 

monitoring wells along the SCR [32]. TOrC concentrations in the wells were generally at least an 

order of magnitude lower than respective river concentrations in SCR samples, and 

sulfamethoxazole and iopromide were about two orders of magnitude lower. Candidate 

mechanisms for compound attenuations include biodegradation, sorption and/or dilution with 

native groundwater. Exceptions included PFOS, PFOA, sucralose and carbamazepine, which were 

present at similar or higher concentrations in the wells than in river samples and suggested that 

dilution was not responsible when attenuation was observed. These four persistent TOrCs have in 

common relatively low biodegradation probabilities and low log DOW values (Table B-1). 

B.3.5 Trace Organics in Riverbed Sediments 
 
TOrCs were measured in riverbed sediments during the February 2013 sampling event. Among 

the forty trace organic analytes (all the compounds in Table B-1 except EE2), fourteen (Table B-

6) were detected in sediment extracts. A number of those detected are hydrophobic and poorly 

biodegraded (Table B-1). 

Carbamazepine was observed to persist in the liquid-phase in the SCR, consistent with studies 

done in other rivers [57, 58]. TCPP is structurally similar to TCEP, which was observed to persist 

in liquid phase samples in   our study and elsewhere [59, 60]. The logDOW  of TCPP indicates 

that it is hydrophobic as well, so this is not surprising to see it  consistently appearing in the 

sediment samples along the SCR. 
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Table B-5. Concentrations of TOrCs (ng/L) in water samples from Santa Cruz River monitoring wells. See Figure B-1 for well 
locations. 

Sampling 
point 

Distance from 
RRWTP 

Depth of screened 
interval 

Carbamazepine Sulfamethoxazole Primidone Iopromide 

 (km) (m)     
SC-1 0.8 33.5–45.7 191.2 ± 3.5 7.9 ± 0.1 134.4 ± 2.9 <MRL 
SC-2 3.7 29.0–41.1 268.5 ± 55.3 15.2 ± 6.6 142.3 ± 10.4 1.4 ± 1.3 
SC-3 8.4 27.4–39.6 369.1 ± 110.3 260.8 ± 81.1 184.9 ± 0.4 22.7 ± 4.1 
SC-5 13.1 32.0–50.3 312.0 ± 96.4 55.0 ± 43.6 172.4 ± 33.5 2.0 ± 0.5 
SC-6 14.8 35.1–56.4 374.5 ± 2.6 31.0 ± 1.5 227.8 ± 3.0 <MRL 
SC-7 18.0 42.7–61.0 259.2 ± 57.2 62.1 ± 1.0 193.4 ± 4.0 1.4 ± 0.3 
SC-8 20.0 61.0–91.4 202.4 ± 0.6 13.2 ± 2.3 59.5 ± 2.8 <MRL 
SC-9 25.6 88.4–115.8 7.5 ± 0.4 9.0 ± 1.9 9.2 ± 0.1 <MRL 
SC-10 27.2 91.4–112.8 12.3 ± 0.2 6.4 ± 0.1 12.4 ± 0.9 <MRL 
SC-11 32.7 57.6–100.3 196.0 ± 6.3 12.8 ± 0.9 74.2 ± 1.9 <MRL 
SC-12 35.7 70.1–94.5 329.6 ± 3.1 50.0 ± 28.5 43.3 ± 0.7 <MRL 
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Table B-5. (Continued). 
Sampling 
point 

Distance from 
RRWTP 

Depth of screened 
interval 

Sucralose PFOS PFOA Tonalide 

 (km) (m)     
SC-1 0.8 33.5–45.7 307.8 ± 5.4 13.2 ± 0.1 9.5 ± 0.6 5.9 ± 0.5 
SC-2 3.7 29.0–41.1 322.1 ± 160.8 55.1 ± 4.5 12.6 ± 5.9 18.4 ± 4.8 
SC-3 8.4 27.4–39.6 1180.4 ± 158.8 20.5 ± 0.7 7.9 ± 3.3 109.0 ± 61.9 
SC-5 13.1 32.0–50.3 3470.2 ± 1014.7 34.2 ± 5.7 10.6 ± 2.7 18.4 ± 19.2 
SC-6 14.8 35.1–56.4 609.0 ± 17.3 40.2 ± 0.4 17.8 ± 0.7 71.6 ± 6.8 
SC-7 18.0 42.7–61.0 1808.9 ± 57.5 49.3 ± 7.5 12.3 ± 9.4 92.4 ± 29.8 
SC-8 20.0 61.0–91.4 109.4 ± 21.7 65.7 ± 2.1 14.8 ± 0.3 1.8 ± 0.3 
SC-9 25.6 88.4–115.8 94.7 ± 31.4 8.9 ± 1.3 2.5 ± 0.3 4.9 ± 0.1 
SC-10 27.2 91.4–112.8 71.0 ± 1.2 8.3 ± 0.6 2.5 ± 0.1 8.0 ± 3.4 
SC-11 32.7 57.6–100.3 379.9 ± 23.6 47.3 ± 1.7 10.9 ± 0.3 12.4 ± 0.9 
SC-12 35.7 70.1–94.5 179.1 ± 47.0 79.7 ± 4.1 13.9 ± 0.1 1.1 ± 0.5 

Note: Values represent averages plus/minus one standard deviation. 
<MRL means less than method reporting limit, a value that is arbitrarily set at 9 times the signal-to-noise ratio. 
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Table B-6. Concentrations of TOrCs in the Lower Santa Cruz River sediments (ng/g dry weight) for the six locations sampled in 
February 2013. See Table B-4 for downstream distances of sampling points. 
Analyte RRWTP El Camino del Cerro N. Silverbell Rd N. Cortaro Rd Heritage Park Dr N. Trico Rd 
Nonylphenol 101.46 85.55 110.3 117.73 254.1 148.12 
Octylphenol 9.64 8.05 3.01 3.16 5.43 2.77 
Caffeine 67.6 19.5 16 5.87 7.5 4.54 
Trimethoprim 0.52 0.72 0.53 0.26 0.36 0.31 
Carbamazepine 0.39 0.11 0.39 0.02 0.02 0.02 
TCPP 2.83 2.73 2.75 1.63 1.38 1.3 
Benzophenone 4.51 23.2 10.3 12.5 5.29 3.89 
Benzotriazole 0.24 3.39 0.08 0.18 0.33 0.2 
Diclofenac 0.56 <MRL 0.26 0.16 <MRL 0.16 
Bisphenol A 0.24 1.25 1.13 0.7 0.17 0.42 
PFDA 0.19 0.08 0.08 <MRL 0.06 0.07 
PFOS 0.89 0.16 0.11 0.1 0.05 0.11 
Triclocarban 3.72 2.41 0.92 1 0.54 1 
Triclosan 3.68 2.73 0.57 1.49 <MRL 0.62 

Note: <MRL means less than method reporting limit, a value that is arbitrarily set at 9 times the signal-to-noise ratio. 
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Only five of the fourteen compounds found in sediments were also detected in the liquid- phase 

sampling campaign. Sediment concentrations of four out of those five decreased with distance 

in the river (Figure B-7); NP was the lone exception. Of the same five compounds in river 

water samples, only the rate of decrease of PFOS with distance was statistically significant (p 

< 0.05 — Table B-2). 

 
 
Both NP and OP are present in water and sediments. Concentrations of NP (85–254 ng/g) and 

OP (2.8–9.6 ng/g) in the surface sediment layer (0–2.5 cm) were comparable to levels in the 

sediments of other effluent-dependent streams [61, 62].  The  results  suggest  that  sorption  

may  play  an  important  role  in  the  fate  of alkyl phenols in the river due to their relatively 

Figure B-7. Observed trace organic concentrations in SCR sediments vs. distance 
in the February 2013 sampling event. Concentrations are in ng of compound per g 
of dry sediment. Measurements correspond to surface sediment samples from the 
riverbed (0– 
2.5 cm depth). 
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high hydrophobicity [61]. Biodegradation of their parent compounds, APnEOs, may have 

contributed to NP and OP concentrations in sediment samples [2].  After NP, caffeine, which 

we did not attempt to measure in the river water, was the most abundant TOrC among those 

measured in SCR sediments (Table B-6). Despite its relatively high water solubility (and low 

DOW, Table B-1), caffeine has been detected before in riverbed sediment samples at levels of 

the order of 1 μg per gram of organic carbon [63]. In addition, caffeine attenuation has been 

measured in surface waters [39]. This suggests that caffeine partitions at detectable levels 

between water and sediment phases. On the other hand sucralose, which is also water- soluble, 

was not detected in sediments. BPA, PFOS and PFDA were present at values near their 

respective detection limits. Riverbed concentrations of TOrCs generally decreased with 

distance. It is difficult to associate the trends observed with sediment dynamics, due to the lack 

of information on sediment resuspension and redistribution in the river, especially during storm 

events but results suggest that this would be an important matter to pursue in further research. 

B.3.6 Estrogenic Activity in Riverbed Sediments 
 
Extractable estrogenic activities in the top (0–2.5 cm) and deeper (10.2–12.7 cm) sediment 

strata were measured during each sampling campaign in 2012 and 2013. Values were generally 

higher before (June) than immediately after (July) the intense summer rainfall period (Figure 

B-8). The data suggest that intense rainfall/runoff events are capable of attenuating sediment 

estrogenic levels throughout the sediment strata tested, probably through sediment scour and 

redisposition [64]. Lacher observed a general improvement in channel infiltration capacity 

following high flows in early March in the SCR [65]. During the summer months, there was a 

general increase followed by a progressive reduction in the infiltration capacity of the 

streambed, as indicated by the length of the wetted reach of the streambed during dry weather 

flows. Storm flows scoured the upstream portion of the study reach and exhibited depositional 

behavior in the downstream end of the reach. Seasonal changes in sediment estrogenic activity 



 

207  

may have a similar explanation. 

Prior to the rainy season, the level of estrogenic activity in the top layer sediment at the 

sampling site 11 km downstream of the RRWTP outfall was ~5× times higher than the level in 

the lower sediment layer (Figure B-8). At the extreme downstream sampling site (37 km below 

RRWTP), extractable estrogenic activity in the lower sediment layer was 

~2× that of the surface layer, indicating that estrogenic compounds are not degraded completely 

in the stream or, alternatively, that some estrogenic compounds adsorb to sediments closer to 

the outfalls and are redistributed with distance and depth in river sediments during storm 

events. 
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Figure B-8. Estrogenic activities as a function of position and time in riverbed sediment samples 
taken from the Santa Cruz River: (a) top layer sediment (top 2.5 cm); (b) lower layer sediment 
(10.2–12.7 cm depth). 
 
B.4 Conclusions 

The results presented show that some TOrCs, including biodegradable compounds (hypothesis 1) 

and those that contribute to estrogenic activity, are rapidly attenuated with distance of travel in the 

Santa Cruz River.  Independent experiments indicate that the attenuation of estrogenic compounds 
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is due, at least in part, to indirect photolysis caused by formation of organic radicals from sunlight 

absorption (hypothesis 2). This attenuation mechanism is expected to play a role not only in 

effluent dependent streams, but also in natural bodies of water receiving wastewater treatment 

plant effluent. TOrCs that survive percolation to ground water generally have in common low 

biodegradation probabilities and low octanol–water distribution ratios. Evidence is presented that 

suggests that riverbed sediment quality, in terms of concentrations of hydrophobic TOrCs, is 

periodically affected by storm-related scouring during periods of heavy rainfall and runoff 

(hypothesis 3). Our results suggest that the resuspension and transport of sediments play an 

important role in the fate of TOrCs in rivers impacted by wastewater treatment. The sum of natural 

attenuation processes occurring during river transport in  the Santa Cruz River, an effluent-

dependent stream, and during percolation to local ground water, substantially reduce the 

concentrations of some TOrCs, providing potential benefit to the local ecosystem and human 

health of downstream communities that may utilize that water. 
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Figure B1-1. Record of flows at Tucson area USGS gauging stations in the Santa Cruz River 
during the period of study — February 2012 to February 2013. For station locations, see Figure 
B-1. Comparison shows that (i) the river is dry upstream of the RRWTP (a), except during rainfall 
events and (ii) nearly 60% of the flow measured at Cortaro Road (b) infiltrates in the riverbed 
between Cortaro Road and Trico Road (c). 
 

(c) 
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Table B1-1. Dissolved concentrations of TOrCs at sampling sites in the Lower Santa Cruz River. The positions of sampling points are 
shown in Figure B-2 (values represent averages plus/minus one standard deviation (ng/L) based on three sampling campaigns during 
2011). 
Sampling point Carbamezapine DEET Sulfamethoxazole TCEP Tonalide Fluoxetine 
Roger Rd Outfall 343.5 ± 22.2 786.4 ± 127.5 1308.9 ± 436.4 326.1 ± 24.7 39.2 ± 4.8 41.9 ± 5.5 
SC-1R 419.1 ± 122.4 764.0 ± 135.0 1446.4 ± 477.5 319.9 ± 13.5 28.6 ± 7.6 29.7 ± 1.9 
SC-2R 321.9 ± 149.5 739.2 ± 95.9 1390.0 ± 548.1 352.0 ± 52.8 20.8 ± 7.0 25.2 ± 4.0 
Ina Rd Outfall 354.4 ± 25.2 346.6 ± 168.1 775.0 ± 409.8 318.9 ± 39.3 28.7 ± 8.1 70.7 ± 19.9 
SC-3R 369.4 ± 90.7 511.9 ± 174.5 1420.1 ± 657.5 325.5 ± 44.4 23.5 ± 5.9 35.4 ± 4.5 
SC-4R 316.4 ± 77.8 308.4 ± 6.3 759.5 ± 96.9 306.5 ± 5.5 23.2 ± 3.1 49.7 ± 13.4 
SC-5R 390.7 ± 103.7 415.0 ± 96.4 1152.8 ± 329.5 323.5 ± 42.3 22.4 ± 2.4 40.2 ± 19.9 
SC-6R 365.6 ± 75.3 467.2 ± 222.6 1095.0 ± 283.6 342.5 ± 70.3 21.0 ± 3.4 34.4 ± 15.4 
SC-7R 389.4 ± 108.4 454.3 ± 149.8 1207.1 ± 403.5 329.0 ± 66.7 18.6 ± 1.8 35.1 ± 22.2 
SC-8R 398.1 ± 98.7 474.7 ± 23.9 1398.4 ± 437.8 288.6 ± 3.9 17.9 ± 1.6 24.9 ± 4.8 
SC-9R 399.6 ± 126.5 399.3 ± 80.8 1460.8 ± 483.6 282.4 ± 35.6 20.3 ± 7.5 23.6 ± 10.2 
SC-10R 434.0 ± 113.9 401.0 ± 96.5 1545.6 ± 296.2 301.8 ± 21.9 18.8 ± 5.1 20.1 ± 7.2 
SC-11R 445.7 ± 139.6 367.9 ± 131.7 1571.7 ± 483.4 278.0 ± 8.9 20.3 ± 7.4 14.0 ± 5.9 
SC-12R 361.9 ± 105.7 319.9 ± 126.8 1522.6 ± 589.0 300.0 ± 29.5 15.2 ± 5.8 11.9 ± 4.6 
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Table B1-1. Continued). 
Sampling point Trimethoprim Primidone Iopromide Sucralose PFOS PFOA 
Roger Rd Outfall 547.4 ± 174.5 109.7 ± 40.7 239.1 ± 68.0 2804.3 ± 991.3 19.9 ± 23.2 11.0 ± 8.0 
SC-1R 596.8 ± 167.3 112.9 ± 37.7 229.9 ± 40.4 2726.6 ± 687.1 11.9 ± 13.0 5.9 ± 1.2 
SC-2R 465.7 ± 300.4 121.0 ± 32.1 204.1 ± 137.5 3029.0 ± 968.0 37.3 ± 49.6 14.0 ± 7.6 
Ina Rd Outfall 310.4 ± 71.6 160.6 ± 15.5 96.2 ± 49.3 3886.5 ± 1924.8 9.2 ± 4.2 11.8 ± 2.5 
SC-3R 381.8 ± 199.0 137.0 ± 39.4 180.2 ± 92.5 4661.9 ± 2822.1 15.6 ± 14.6 12.2 ± 5.5 
SC-4R 247.9 ± 139.8 166.3 ± 33.3 104.5 ±86.6 4632.8 ± 1495.3 18.3 ± 14.6 9.5 ± 2.5 
SC-5R 323.8 ± 127.6 156.8 ± 20.3 137.1 ± 54.1 4091.6 ± 1094.6 18.0 ± 19.8 11.2 ± 3.4 
SC-6R 318.4 ± 145.4 152.0 ± 7.1 81.5 ± 52.5 3690.8 ±1451.7 19.3 ± 24.0 13.2 ± 7.2 
SC-7R 347.6 ± 139.1 148.0 ± 14.2 88.0 ± 35.9 3647.6 ±1141 21.2 ± 24.8 10.9 ± 2.6 
SC-8R 242.4 ± 71.8 177.4 ± 26.3 90.0 ± 52.2 3584.8 ± 1021.1 11.7 ± 4.7 7.6 ± 4.4 
SC-9R 329.9 ± 189.9 172.9 ± 19.0 77.0 ± 33.3 3956.3 ± 1071.6 18.0 ± 13.8 11.2 ± 1.4 
SC-10R 313.7 ± 126.7 175.2 ±17.0 59.9 ± 41.2 3983.0 ± 789.9 12.8 ± 10.3 10.9 ± 1.7 
SC-11R 275.7 ± 147.7 178.4 ± 10.7 81.9 ± 31.7 3996.5 ± 808.5 10.3 ± 2.6 10.4± 1.1 
SC-12R 208.9 ± 158.4 160.2 ± 17.6 72.2 ± 25.9 3214.0 ± 197.5 8.1 ± 3.9 9.5 ± 3.7 
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Table B1-2. Concentrations of TOrCs in the Lower Santa Cruz River monitoring wells (values represent averages plus/minus one 
standard deviation (ng/L)). 
Sampling 
point 

Carbamazepine Sulfamethoxazole Primidone Iopromide Sucralose PFOS PFOA Tonalide 

SC-1W 191.2 ± 3.5 7.9 ± 0.1 134.4 ± 2.9 <MRL 307.8 ± 5.4 13.2 ± 0.1 9.5 ± 0.6 5.9 ± 0.5 
SC-2W 268.5 ± 55.3 15.2 ± 6.6 142.3 ± 10.4 1.4 ± 1.3 322.1 ± 

160.8 
55.1 ± 4.5 12.6 ± 5.9 18.4 ± 4.8 

SC-3W 369.1 ± 110.3 260.8 ± 81.1 184.9 ± 0.4 22.7 ± 4.1 1180.4 ± 
158.8 

20.5 ± 0.7 7.9 ± 3.3 109.0 ± 
61.9 

SC-5W 312.0 ± 96.4 55.0 ± 43.6 172.4 ± 33.5 2.0 ± 0.5 3470.2 ± 
1014.7 

34.2 ± 5.7 10.6 ± 2.7 18.4 ± 19.2 

SC-6W 374.5 ± 2.6 31.0 ± 1.5 227.8 ± 3.0 <MRL 609.0 ± 17.3 40.2 ± 0.4 17.8 ± 0.7 71.6 ± 6.8 
SC-7W 259.2 ± 57.2 62.1 ± 1.0 193.4 ± 4.0 1.4 ± 0.3 1808.9 ± 

57.5 
49.3 ± 7.5 12.3 ± 9.4 92.4 ± 29.8 

SC-8W 202.4 ± 0.6 13.2 ± 2.3 59.5 ± 2.8 <MRL 109.4 ± 21.7 65.7 ± 2.1 14.8 ± 0.3 1.8 ± 0.3 
SC-9W 7.5 ± 0.4 9.0 ± 1.9 9.2 ± 0.1 <MRL 94.7 ± 31.4 8.9 ± 1.3 2.5 ± 0.3 4.9 ± 0.1 
SC-10W 12.3 ± 0.2 6.4 ± 0.1 12.4 ± 0.9 <MRL 71.0 ± 1.2 8.3 ± 0.6 2.5 ± 0.1 8.0 ± 3.4 
SC-11W 196.0 ± 6.3 12.8 ± 0.9 74.2 ± 1.9 <MRL 379.9 ± 23.6 47.3 ± 1.7 10.9 ± 0.3 12.4 ± 0.9 
SC-12W 329.6 ± 3.1 50.0 ± 28.5 43.3 ± 0.7 <MRL 179.1 ± 47.0 79.7 ± 4.1 13.9 ± 0.1 1.1 ± 0.5 

 
Note: <MRL means less than method reporting limit, a value that is arbitrarily set at 9:1 the signal-to-noise ratio. 
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Table B1-3. Concentrations of TOrCs in the Santa Cruz River sediment samples from the February 2013 sampling event (ng/g dw). 
Sampling point Agua Nueva WRF El Camino del Cerro N. Silverbell Rd N. Cortaro Rd Heritage Park Dr N. Trico Rd 
Nonylphenol 101.46 85.55 110.3 117.73 254.1 148.12 
Octylphenol 9.64 8.05 3.01 3.16 5.43 2.77 
Caffeine 67.6 19.5 16 5.87 7.5 4.54 
Trimethoprim 0.52 0.72 0.53 0.26 0.36 0.31 
Carbamazepine 0.39 0.11 0.39 0.02 0.02 0.02 
TCPP 2.83 2.73 2.75 1.63 1.38 1.3 
Benzophenone 4.51 23.2 10.3 12.5 5.29 3.89 
Benzotriazole 0.24 3.39 0.08 0.18 0.33 0.2 
Diclofenac 0.56 <MRL 0.26 0.16 <MRL 0.16 
Bisphenol A 0.24 1.25 1.13 0.7 0.17 0.42 
PFDA 0.19 0.08 0.08 <MRL 0.06 0.07 
PFOS 0.89 0.16 0.11 0.1 0.05 0.11 
Triclocarban 3.72 2.41 0.92 1 0.54 1 
Triclosan 3.68 2.73 0.57 1.49 <MRL 0.62 

Note: <MRL means less than method reporting limit, a value that is arbitrarily set at 9:1 the signal-to-noise ratio. 



 

222  

tatistical Parameters 

The statistical correclations presented in Taables B-2 and B-3 of the manuscript correspond to least 

square error linear fits. For a collection of data yi vs, xi, the linear fit is represented by 

ŷ = ax + b  Eq (B1-1) 

Where ŷ represents fitted value. The total squared error is defined by 

TSE = ∑ (𝑦𝑦𝑖𝑖𝑖𝑖 − ŷi)2  Eq (B1-2) 

 
The values of a and b in the correlation are chosen to minimize TSE. The goodness of the fit can 

be represented by the correlation coefficient (as in Table B-2), defined by 

R2 = 1 − TSE
TSD

  Eq (B1-3) 

 
Where TSD is the total square deviation from the mean of the set of values 𝑦𝑦𝑖𝑖 and 𝑦𝑦𝑖𝑖 
 

𝑇𝑇𝑇𝑇𝑇𝑇 = ∑ (𝑦𝑦𝑖𝑖𝑖𝑖 − 𝑦𝑦𝑖𝑖)2  Eq (B1-4) 

 
An important parameter is the standardized coefficient (as in Table B-3), which represents the 

change (in number of standard deviations) of the dependent variable (y) induced by a change of 

one standard deviation of the independent variable (x). The standardized coefficient (β) is the fitted 

value of a (slope of the correlation) for the least- squared error fit 

ŷ = βx′ + b′                    Eq (B1-5) 
where 

X′ X−X
SX

   Eq (B1-6) 

where x̅ and sx are the mean and standard deviation of the set of x values. 
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