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4 ABSTRACT 

Trace organic compounds (TOrCs) in natural waters and wastewater effluents are concerning to 

both environmental health and water reuse. Although some TOrCs are known to attenuate 

through photolytic and biologic processes, others remain and may interact with the environment. 

Reactive oxygen species (ROS), like singlet oxygen (1O2), are naturally produced by some 

organic matter and may increase attenuation of some TOrCs. This study looks at the generation 

of 1O2 by indirect photolysis in an (i) ideal system, and (ii) treated municipal wastewater 

effluent. 

In an ideal system using methylene blue (MB) as the photosensitive 1O2 generating source, 

furfuryl alcohol (FFA) was used as a 1O2 probe and p-cresol (PC) as a target compound. The 

degradation of FFA and PC were predicted under a UVA lamp and solar light using the quantum 

yield of triplet formation of MB as a fitting parameter. 

An investigation into the requirements of 1O2 producing compounds was completed and a list of 

19 photosensitive TOrCs detected in wastewater effluents and impacted streams was compiled 

with their quantum yields of 1O2 generation and detected levels. Analysis of the wavelength 

dependence of 1O2 generation was done with wastewater effluent collected from Agua Nueva 

Wastewater Reclamation Facility. The effluent was concentrated and used as the photosensitizer 

with FFA used as the 1O2 probe. The concentrated wastewater was exposed to 6 different light 

sources with relatively narrow irradiance ranges and the quantum efficiency of 1O2 generation 

was determined in those ranges. The effluent used showed no 1O2 production over 4 hours of 

exposure to wavelengths of light above 600 nm. The quantum efficiency of the effluent organic 
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matter (EfOM) ranged from 0.00014 to 0.034 with the 380 nm light source having the highest 

1O2 generation.  



13 

 

5 INTRODUCTION 

With populations rising across the globe, the demand for potable water has become a pressing 

issue in urban and rural communities. According to the United Nation’s 2018 Revision of World 

Urbanization Prospects, the percentage of the world’s population living in urban communities 

will increase from 53.9% in 2015 to 68.4% in 2050 with well-developed regions (i.g. European 

cities)  increasing from 78.1% to 86.6% during the same time [1]. The increase in urbanization 

combined with the rising population makes potable water an issue for municipalities relying on 

limited sources of water and increasing amounts of waste being sent for treatment. This has 

brought attention to water reuse as a source of clean water. Bluefield Research forecasted a 61% 

increase in the amount of wastewater reuse from 2015 to 2025 [2] in order to alleviate the 

potable water demand. 

Water reuse is one step in the direction satisfying the increasing potable water demand. Treating 

municipal wastewater is one way of reusing water. But even after conventional wastewater 

treatment, the water requires more treatment and is usually released to the environment. Several 

studies have observed organic compounds in effluent streams from wastewater treatment 

facilities which pose health concerns for both human populations and wildlife environments [3, 

4, 5]. These compounds are not completely removed by conventional wastewater treatment 

processes and are discharged into the environment where they can find their way into the water 

system. 

Some organic compounds present at low concentrations in effluent streams of wastewater 

treatment facilities are of emerging concern. They are collectively called trace organic 

contaminants (TOrCs). TOrCs are generally found in low concentrations on the order of parts per 
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trillion (ppt) or, in some cases, parts per billion (ppb) [3]. They include a variety of different 

compound classes, such as pharmaceuticals and personal care products (PPCPs), steroids and 

hormones, perfluorinated compounds, some of which are endocrine disrupters [3, 6]. The 

concentrations of these compounds vary by location as their use and treatment are not uniform.  

A 2013 study of the prevalence 130 polar TOrCs in European waters  detected multiple TOrCs at 

high ng/L levels including carbamazepine (PPCP), TCPP (flame retardant), and 1H-benotriazole 

(anticorrosive additive) [7]. One of the most famous studies on TOrC occurrence in United 

States streams was published by Kolpin et al. in 2002 [3]. In their study of streams susceptible to 

contamination from urban and livestock sources, they detected 82 TOrCs at µg/L and ng/L 

levels. Figure 1 shows 20 TOrCs with the highest median concentrations from the study. Some 

of the compounds have proven to be potential health risks to humans such as bisphenol A (BPA) 

[8] and nonylphenol derivatives [9]. There have been several studies reporting the detection of 

TOrCs in wastewater impacted streams and surface water in recent years [10-16]. 
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Figure 1: Twenty TOrCs with the highest median concentrations in the United States in the 

1999-2000 USGS survey of US streams [3, 17] 

The attenuation of TOrCs from the discharge by municipal wastewater effluents to receiving 

waters was studied in effluent-dependent [4] and impacted [18] streams. Studies have shown 

several TOrCs are susceptible to photolytic degradation through exposure to natural and artificial 

light sources [4, 5, 19-21]. Photolytic degradation occurs through direct and indirect mechanisms 

[22, 23]. In direct photolysis, light is absorbed by the compound, which excites an excitable 

TOrC. The excited TOrC either reacts with another compound in solution, relaxes back to its 

ground state, or undergoes a transformative process. Indirect photolysis occurs with the 

activation of a primary compound called a photosensitizer which reacts with the TOrC, either 

directly or via a third highly reactive compound [20, 24, 25]. 

Dissolved organic matter (DOM) is the total organic material dissolved in a solution. Effluent 

organic matter (EfOM) is the DOM specific to wastewater. In wastewater effluent, components 
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of EfOM can become excited and react with other compounds in the wastewater. Specific 

components of EfOM can produce a variety of reactive oxygen species (ROS), most notably 

singlet oxygen (1O2) and hydroxyl radicals (HO•) [20, 26]. Although HO• is the best-known ROS 

used to degrade TOrCs, 1O2 is also an effective reactive species reacting with a variety of 

aromatic compounds, amines, and sulfides [27-30]. 1O2 is produced through the excitation of a 

photosensitizer, P, from its ground singlet state, S0, to its first excited state, S1. From the excited 

singlet state, the photosensitizer undergoes intersystem crossing where the exited unpaired 

electron reverses its spin state causing an exited triplet state, T1. P(T1) undergoes spin-orbit 

coupling with dissolved oxygen. Energy is transferred from P(T1) to the dioxygen, creating a 

singlet state oxygen, 1O2, and returning P(T1) to P(S0) [27, 31]. The reaction mechanism is 

shown in Figure 2 with kISC and ken as the rate constants for intersystem crossing and energy 

transfer respectively. 

 

Figure 2: Mechanism for Singlet Oxygen Generation via Indirect Photolysis of a 

Photosensitizing Molecule (P) (modified from DeRosa, 2002) 

This work investigates the kinetic mechanism of TOrC degradation through reactions with 1O2 

and the triplet excited state quantum yield differences of a photosensitizer in solar and UVA 

light. In the first part of this work, furfuryl alcohol (FFA) and p-cresol (PC) were chosen as the 

target compounds. FFA was chosen as a probe compound to determine 1O2 concentration [30] 

and PC was chosen for its substituted phenolic structure, which is a common structure found in 
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treated wastewater. The photosensitizer used to produce 1O2 was methylene blue (MB). In the 

second part of this work, unknown DOM found in 4× concentrated EfOM from Agua Nueva 

Wastewater Reclamation Facility (ANWRF) was used as the photosensitizer with FFA as the 1O2 

probe. This setup was used to identify the wavelength dependence of EfOM inspired by the 

wavelength dependent 1O2 production by MB [32]. Identification of photosensitive TOrCs found 

in EfOM was also initiated.  
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6 MATERIALS AND METHODS 

6.1 CHEMICALS AND REAGENTS 

All chemicals were purchased from commercial suppliers (Table 1). Stock solutions were 

prepared in with Milli-Q water (5.5 pH, 18 MΩ cm, Barnstead NANO pure II 3 Filter system). 

Glassware was washed with soap, rinsed 5 times in tap water, and 3 times in Milli-Q water, 

soaked for 24 hours in 0.05% HNO3/H2O, rinsed again, and baked in a 500 °C oven for 8 to 12 

hours. Reactors and other large glassware items were baked in a 200 °C oven due to size 

constraints of the 500 °C oven.  

Chemical Purity Manufacturer 

p-cresol (PC) 99+% Acros 

Sodium azide (NaN3) 5% w/v Ricca Chemical 

Furfuryl alcohol (FFA) 98% Acros 

Methylene blue hydrate (MB) 97% Sigma-Aldrich 

Isopropanol (IPA) 99.9% OmniSolv 

Methanol (MeOH) 99.9% Fisher Chemical 

Potassium phosphate monobasic (KH2PO4) ≥99.9% Fisher Chemical 

Phosphoric Acid (H3PO4) ≥85% wt. Sigma-Aldrich 

Table 1: Chemicals Used in Experiments and Analysis 

6.2 BUFFER AND STOCK SOLUTIONS 

Phosphate buffer (PB) solutions were 0.025 M and prepared by dissolving 3.4 grams of KH2PO4 

in a liter of Milli-Q water and adding H3PO4 until the pH reached 3. Solutions of MB, PC, and 

FFA were prepared 8-12 hours before experiments and tested to ensure concentration accuracy. 

Solid PC and powder MB were stored in a desiccator under low vacuum to prevent hydration 

with a sample of MB tested regularly to ensure no hydration. 
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6.3 PHOTOLYSIS EXPERIMENTS 

For photolysis experiments, glass reactors of various sizes were partially covered with a black 

plastic film to prevent diffusion of light through the reactor sidewalls and reflection of light. 

Reactors were continuously mixed during experiments using magnetic stir bars and stir plates 

(Figure 3). Experimental setups for the reactors are shown in Figure 3 with experimental 

dimensions in Table 2. All reactions were performed at 25 ± 3 °C. 

 

Figure 3: Photolysis Experimental Setups. Left: photodiode (LED), center: UVA lamp, right: 

solar  

Dimension LED UVA Sun-1 

Volume (mL) 20 300 300 

Solution depth (cm) 4.5 2.5 2.5 

Light source distance 

to surface (cm) 

2.0 21 15×1012 

Area (cm2) 4.9 15 15 

Table 2: Photolysis Experimental Setup Dimensions 

6.3.1 ULTRAVIOLET LIGHT 

Ultraviolet light (UVA, 300-400 nm) experiments were performed using a Q-labs 340 nm peak 

wavelength light source. The light source consisted of six UVA fluorescent labs installed in three 

flush mounted fluorescent lighting fixtures and mounted above the reactors. A Solar-meter® 5.0 
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UVA&B UV intensity meter was used to measure the overall intensity of the lamp as 2.8 

mW/cm2 and 2.0 mW/cm2 at the surface of the reactor. The wavelength distribution was given 

by the manufacturer and is shown in Section 6.3.2. The lamps and reactors were enclosed by 

nonreflective covering to prevent room light from entering the reactors and protect samplers 

from UV exposure. Batch reactors (300 mL) were used under the UVA light source. A maximum 

of nine, 3 mL samples were withdrawn during any experiment. For experiments under low 

oxygen conditions, argon was continuously bubbled through the irradiated solution from an 

ultrahigh purity source.  

6.3.2 SOLAR 

Experiments in natural light were run during cloudless days in Tucson, Arizona during the day 

between 10 AM and 2 PM. Solar intensities were collected from the National Renewable Energy 

Laboratory’s Observed Atmospheric and Solar Information System (OASIS) [33]. To account 

for irradiation angle differences, the solar depression angle was calculated with National Oceanic 

and Atmospheric Association’s Solar Calculator [34]. The distribution of wavelength intensities 

was obtained from the SMARTS program [35, 36]. An example of the solar and UVA lamp 

distribution of intensities is shown in Figure 4. Solar experiments were conducted in the 300 mL 

reactor at 25 ± 3 °C with up to nine, 3 mL samples taken during an experiment. 
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Figure 4: Example of Global Solar Horizonal Irradiance (GHI) spectrum from the SMARTS 

program [35, 36] for June 21, 2019 at 12 PM and spectrum for the UVA lamp 

6.3.3 LIGHT EMITTING DIODES 

High-powered light-emitting diodes (LEDs) were used at wavelengths from 280 nm to 660 nm. 

A StellarNet CXR-SR-25 spectrophotometer was used to determine the intensities and the 

wavelength distributions of the LEDs.  LEDs were used with 20 mL batch reactors. No more 

than nine, 150 µL samples were taken in any experiment at regular intervals. The path length for 

the LED reactors was 4.5 cm as shown in Table 1. LED wavelength distribution of intensities is 

in Supporting Figure 4 and the total intensities and peak wavelengths are shown in Table 3.  



22 

 

LED Intensity 

(W/m2) 

λ peak 

(nm) 

380 32.3 377.5 

410 34.2 405.5 

460 2,954 458 

540 220 537.5 

620 235 619.5 

660 301 657 

Table 3: LED intensities and wavelengths of peak intensity 

6.4 WASTEWATER COLLECTION 

Wastewater effluent was collected from the University of Arizona’s Water & Energy Sustainable 

Technology Center (WEST), a research facility connected to the Pima County Agua Nueva 

Water Reclamation Facility (ANWRF) in Tucson, Arizona. The facility treats municipal 

wastewater through secondary treatment with nutrient removal and chlorination/dechlorination. 

Effluent is released to the Santa Cruz River or reused as reclaimed water by the City of Tucson 

[37]. Prior to use in experiments, the wastewater was concentrated with a pilot-scale 

ultrafiltration (UF) and reverse osmosis (RO) system to increase photosensitivity and decrease 

experiment length. The UF module consisted of a 0.03-micron hollow-fiber PVDF IntegraFlux 

UXA-2680XP membrane with a transmembrane pressure of 9 psi. The 2-stage RO system 

consisted of 6 pressure vessels, with TW30-4040 membranes, running at 163 psi, 8.1 gpm, and 

75% recovery (~4:1 concentrated brine to effluent DOM). More information on the properties of 

the concentrate are in Supporting Table 1. 
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6.5 ANALYTICAL METHODS 

6.5.1 UV-VIS SPECTROPHOTOMETRY 

Two UV-Vis spectrophotometers were used to determine MB and PC concentrations. The 

Thermo Scientific Genesys 150 spectrophotometer was used to measure the absorbance of 

solutions containing MB. A slow scan of the solution in a 1 cm2 quartz cuvette from 200 nm to 

800 nm with 0.5 nm increments was performed. The absorbance at 665 nm was used to 

determine MB concentration with and extinction coefficient of 72,000 M-1cm-1. The Shimadzu 

UV-1800 spectrophotometer was used to measure the absorbance of solutions containing PC or 

wastewater from 200 nm to 800 nm in 0.5 nm increments. 

6.5.2 HIGH PERFORMANCE LIQUID CHROMOTOGRAPHY (HPLC) 

For the analysis of FFA, Agilent 1200 and 1290 HPLC systems with Diode Array Detectors and 

a reverse-phase Phenomenex 150×4.6 mm, 4-micron particle size Synergi C-18 column were 

used. Conditions for FFA detection are detailed in Table 4. 

Mobile Phase (v/v) 90% PB / 10% MeOH 

Injection volume (µL) 20 

Flow Rate (mL/min) 0.7 

Elution time (min) 11.0 

FFA Peak Elution @ 215 nm (min) ~7.0 

Table 4: FFA Detection HPLC Conditions 

6.5.3 FLUORESCENCE SPECTROPHOTOMETRY 

The PerkinElmer LS-55 was used to determine the concentration of PC and semi-qualitatively 

identify humic acids and fulvic acids in wastewater. PC fluorescence scans were run at constant 

excitation wavelengths from 260 nm to 275 nm at 5 nm increments with the emission scanned 



24 

 

from 290 nm to 400 nm at 0.5 nm increments. Scans for wastewater analysis were run at constant 

excitation wavelengths from 250 nm to 500 nm at 10 nm increments with the emission scanned 

from 300 nm to 600 nm at 0.5 nm increments. Both methods used a scanning speed of 600 

nm/min. The measured fluorescence intensity was then adjusted to correct for the inner-filter 

[38] effect using Equation 1. 

Equation 1:      𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =  𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
2.3𝐴𝑒𝑥𝛥𝑥10𝐴𝑒𝑥𝑥1

1−10−𝐴𝑒𝑥𝛥𝑥

2.3𝐴𝑒𝑚𝛥𝑦10𝐴𝑒𝑚𝑦1

1−10−𝐴𝑒𝑚𝛥𝑦  [38] 

𝑥1 = 𝑥1 = 0.5𝑐𝑚 ;  Δ𝑥 = Δ𝑦 = 0.4𝑐𝑚 

The emission intensity was integrated from 290 nm to 328 nm along the 275 nm excitation curve 

using the trapezoidal numerical method and compared to a standard calibration to determine PC 

concentration. For humic and fulvic acid identification in wastewater, peak intensities in regions 

V and III as defined by Chen et al. 2003 were used [39]. 
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7 METHYLENE BLUE, FURFURYL ALCOHOL, P-CRESOL SYSTEM 

7.1 MECHANISM 

The attenuation mechanism for FFA and PC (the target) photo-transformation using MB as the 

sensitizer was initially proposed by Marquez (2018), with singlet oxygen being the primary 

source of degradation [32]. Solar experiments with PC in Milli-Q water, with and without 

chloride and sulfate salts, produced no concentration change of PC over the 6-hour length of the 

experiments. Experiments with MB, PC, and IPA (a hydroxyl radical scavenger) [40] indicated 

hydroxyl radicals did not contribute significantly to the degradation of PC. Sodium azide, a 

known 1O2 scavenger [41], showed 1O2 as the AOP species responsible for PC and FFA 

degradation. 

To produce 1O2, MB undergoes the reaction mechanism shown in Figure 2. MB acts as the 

photosensitizer absorbing light and reacting with dissolved oxygen. MB also undergoes direct 

photolysis, independent of dissolved oxygen, when exposed to solar irradiance. To determine 

whether MB direct photolysis products contribute to 1O2 production, MB was irradiated by solar 

light (solar bleaching) for four and eight hours with the residual MB concentrations measured in 

the bleached solutions. Solutions were then made of unbleached MB at the concentrations 

recorded. Both bleached and unbleached solutions were spiked with FFA and irradiated by the 

UVA lamp with the change in FFA concentrations recorded (Figure 5). The rates of FFA 

disappearance depended on the MB concentration present as indicated by the equal reaction rates 

of FFA in the bleached and unbleached experiments with equal MB concentrations. 
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Figure 5: Solar bleaching of 10 µM MB to 4.5 µM and 1.5 µM residual MB concentrations 

compared with 4.5 µM and 1.5 µM unbleached MB solutions under UVA light with 50 μM FFA 

7.2 UVA AND SOLAR IRRADIANCE MODEL 

Two models of the system were made: one for use under a UVA lamp and the other using solar 

irradiance. Both models were run in MATLAB R2017b using a stiff ordinary differential 

equation solver (ode15s). Rates of FFA reaction were governed by its reaction with 1O2, as 

shown in Equation 2. 

Equation 2:     −𝑟𝐹𝐹𝐴 =  
𝑑[𝐹𝐹𝐴]

𝑑𝑡
=  𝑘𝐹𝐹𝐴[ 𝑂2

1 ][𝐹𝐹𝐴]  ;   𝑘𝐹𝐹𝐴 = 1.2 × 108  
𝐿

𝑚𝑜𝑙∙𝑆
  [30] 

Similarly, the rate of disappearance of PC occurred only via reaction with 1O2. Although PC 

dissociates under basic conditions (pKa = 10.26 [42]), only the protonated form of PC was 

considered as the pH of the experiments were below 5.5 after the addition of PC. Thus, the rate 

of disappearance of PC is given by Equation 3. 
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Equation 3:     −𝑟𝑃𝐶 =  
𝑑[𝑃𝐶]

𝑑𝑡
=  𝑘𝑃𝐶[ 𝑂2

1 ][𝑃𝐶]  ;   𝑘𝑃𝐶 = 1.2 × 107  
𝐿

𝑚𝑜𝑙∙𝑠
 [43] 

For MB, both models use a quantum yield to empirically determine the kinetics for the excitation 

of ground singlet-state MB to MB* (the triplet excited state MB). In this case, quantum yield, 

ϕMB*λ, is defined as the moles of MB* produced per mole of photons absorbed. Similarly, the 

quantum yield for the direct photolysis of MB, ϕMBλ, is defined as the moles of MB degraded per 

mole of photons absorbed. As expected, these quantum yields were found to be wavelength 

dependent and were fitted using the UVA lamp and sun described in section 6.3.3 using FFA to 

predict the wavelength dependent rates of MB* production and MB. Rates of MB*production and 

MB degradation at each wavelength are proportional to the total amount of incident light 

absorbed by the solution at wavelength λ (Iλ(1-10-Lo*Aλ)), the quantum yield (ϕMB*λ and ϕMBλ), 

and the fraction of the light absorbed by MB (fλ). The rates for MB degradation by direct 

photolysis and 3MB* production from MB are shown in Equation 4 and Equation 5, respectively. 

Equation 4:     −𝑟 𝑀𝐵 𝑝ℎ𝑜𝑡𝑜 =  ∫ 𝐼𝜆 ∗ 𝜙𝑀𝐵𝜆
∗ 𝑓𝜆 ∗ (1 − 10−𝐿𝑜∗𝐴𝜆)𝑑𝜆

𝜆𝑎

𝜆𝑏
 

Equation 5:      𝑟𝑀𝐵∗ 𝑝𝑟𝑜𝑑 =  ∫ 𝐼𝜆 ∗ 𝜙𝑀𝐵𝜆
∗ ∗ 𝑓𝜆 ∗ (1 − 10−𝐿𝑜∗𝐴𝜆)𝑑𝜆

𝜆𝑎

𝜆𝑏
 

MB is also potentially destroyed with reactions with 1O2 [32] and is formed by the reaction of 

3MB* with O2. MB* only goes away through the reaction with O2. The overall kinetics governing 

MB and MB* concentrations are shown in Equation 6 and Equation 7. 

Equation 6:     𝑟𝑀𝐵 =
𝑑[𝑀𝐵]

𝑑𝑡
=  −𝑟𝑀𝐵∗ 𝑝𝑟𝑜𝑑 − 𝑟 𝑀𝐵 𝑝ℎ𝑜𝑡𝑜 − 𝑘𝑀𝐵[𝑀𝐵][ 𝑂2

1 ] + 𝑘𝑀𝐵∗[𝑀𝐵∗][𝑂2] 

kMB = 1
𝐿

𝑚𝑜𝑙∙𝑠
 [32];   kMB∗ = 2 × 109  

𝐿

𝑚𝑜𝑙∙𝑠
 [44]  

Equation 7:     𝑟𝑀𝐵∗ = 𝑟 𝑀𝐵 𝑝ℎ𝑜𝑡𝑜 − 𝑘𝑀𝐵∗[𝑀𝐵∗][𝑂2] ; 
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Equation 8 represents the overall reaction rate of 1O2 which disappears through reactions with 

target compounds and primarily through spontaneous relaxation back to its ground state [45]. 

The concentration of ground state oxygen is assumed to be constant at 2.38×10-4 M (dissolved 

oxygen concentration in water at 25 °C and in equilibrium with atmospheric oxygen at sea level).  

Equation 8:     𝑟 𝑂2
1 =  −𝑘𝐹𝐹𝐴[𝐹𝐹𝐴][ 𝑂2

1 ] − 𝑘𝑃𝐶[𝑃𝐶][ 𝑂2
1 ] − 𝑘𝑀𝐵[𝑀𝐵][ 𝑂2

1 ] − 𝑘𝑂2
[ 𝑂2

1 ] +

𝑘𝑀𝐵∗[𝑀𝐵∗][𝑂2]  ;  𝑘𝑂2
= 2.54 × 105 𝑠−1 [45] 

7.3 QUANTUM YIELD FITTING AND RESULTS 

The experiments with FFA and MB under the UVA lamp did not fit the model using the 

quantum yields (ϕMB* and ϕMB) reported by Marquez (2018). The model significantly under 

predicted the rate of FFA degradation as shown by the solid lines in Figure 6. The model was run 

with an average ϕMB* as the fitting parameter. The results of the fitted model are the dashed lines 

in Figure 6. 
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Figure 6: FFA Degradation under UVA light with MB as the photosensitizer (• = experimental 

data, ― = literature quantum yields, - - = fitted quantum yield) 

The fitted value of ϕMB* was 1.8, which is higher than possible given the proposed mechanism 

which indicates ϕMB* should be less than or equal to 1. After reviewing the inputs in the model, 

the source of error for the high quantum yield could be the device used to measure the UVA 

lamp’s irradiance. The measured value of 2.8 mW/cm2 is 78% lower than the manufacturer’s 

reported intensity for the lamps. Using the manufacturer’s reported irradiance in the model, the 

fitted ϕMB* becomes 0.4. This value is within the range of physically possible values. 

As for the solar model, FFA degradation was significantly underpredicted using the reported 

quantum yields (ϕMB* and ϕMB) in the 300 nm to 700 nm range. Figure 7 shows the experimental 

results of FFA degradation in solar light with 0.75 µM initial MB and 150-400 µM PC. 
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Figure 7: Degradation of FFA in solar light with 0.75μM MB (• = experiment, ― = model). (1-

23-2020 experiments)

 
Figure 8, the model is overpredicting the rate at which MB is degrading using values obtained 

from Marquez 2018 [32]. Since MB is primarily degraded through direct photolysis, the 
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important factors contributing to its removal are the intensity of light entering the solution, the 

fraction of absorbed light by MB, and ϕMB. 

 

Figure 8: 0.75 µM MB degradation in solar light for the three FFA and PC reactors (• = 

experiment, ― = model) (1-23-2020 experiments) 

In the UVA experimental setup, the light source was directly above the reactors and light 

absorbance was assumed to occur in one dimension, requiring no adjustment to the irradiance 

(Iλ) or pathlength. In the solar experiments, the angle of the light source was not normal to the 

water surface. In Tucson, the angle of the sun at its peak (noon) with respect to the horizon 

varied from 34° (winter solstice at noon) to 80° (summer solstice at noon) (Supporting Figure 1). 

Therefore, depending on the time of year, the surface area of the water directly exposed to solar 

irradiance changed as some of the light was shaded by the reactor walls. Figure 9 shows the rate 

of MB degradation in solar light with the shading and path length corrections to the model from 

Equation 9. In Equation 9, fIλ and fLo represent the correction functions for solar intensity and 
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reactor pathlength, respectively, and are specific to reactor setup conditions (time, day, reactor 

properties, etc.). With these corrections, the model accurately predicts MB disappearance. 

 

Figure 9: Degradation of 0.75µM MB with intensity and pathlength corrections for 1-23-2020 

experiment (• = experiment, ― = model) (1-23-2020 experiments) 

Equation 9:    𝐼𝜆,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐼𝜆 ∗ 𝑓𝐼𝜆
(𝜃𝑠𝑜𝑙𝑎𝑟 𝑎𝑛𝑔𝑙𝑒) ; 𝐿𝑜,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐿𝑜 ∗ 𝑓𝐿𝑜

(𝜃𝑠𝑜𝑙𝑎𝑟 𝑎𝑛𝑔𝑙𝑒) 

The second possible issue with the proposed model is the fraction of light absorbed by MB. The 

model only considers the reactants in calculating the fraction of light absorbed by the 

photosensitizer and ignores the absorbance properties of the products of MB photolysis. In UVA 

experiments, the absorbance of the solution does not change over the length of the experiments, 

eliminating FFA and PC reaction products as potential sources of absorbance error. Furthermore, 

MB does not degrade significantly (<5% over 4-hour experiments) under UVA irradiance and 

therefore MB photolysis and 1O2 products do not contribute significantly to the changing 

solution absorbance during experiments under UVA light. However, after exposure to solar light, 
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the products of the MB degradation contribute to the solution’s absorbance with a significant 

contribution in the range 300 nm to 550 nm (Supporting Figure 2 and Supporting Figure 3). 

Compared to the model’s absorbance prediction, the actual absorbance is more than 2× higher at 

certain wavelengths after 4 hours of exposure of 10 µM MB to solar light (Figure 10). Although 

the absorbance error is high at wavelengths less than 550 nm, the MB degradation and MB* 

formation do not contribute significantly to the overall change in MB. The rate of change of MB 

is proportional to the rate of photons absorbed by MB. Figure 10 shows the relative rate of 

photon absorbance at each wavelength under solar light. The relative rate of absorbed light by 

MB per second at each wavelength was calculated by taking the absorbed amount of light at each 

wavelength divided by the total amount of light absorbed by MB from 300 nm to 700 nm. This 

was then normalized to the highest rate of photon absorbance (665 nm).  

 

Figure 10: Relative rate light absorption by 1 µM  and 10 µM MB  (red) and relative error of the 

model absorbance to experimental absorbance (black) at each wavelength from 300 nm to 700 

nm in solar light 
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Above 525 nm the rate of light absorption is significant, meaning the wavelengths of light 

absorbed above 525 nm significantly affect the production of MB* and degradation of MB. The 

high predicted absorbance error at wavelengths below 525 nm had very little effect on the 

model’s accuracy in solar light. 

The final source of error in the model was the quantum yields. The model accurately predicted 

the disappearance of MB after the solar irradiance and path length corrections and thus the 

values reported for ϕMB were determined to be accurate for the system. However, the values of 

ϕMB* caused the model to significantly under predict FFA and PC degradation. Using the 

quantum yield obtained from the UVA experiment caused the model to over predict the 

degradation of the target compounds. For this reason, a single value of ϕMB* for the 300 nm to 

800 nm range was used as the fitting parameter. The fitted value of ϕMB* for the three 

experiments was 0.29. The results of the model fitting for FFA and PC are shown in Figure 11 

and Figure 12, respectively. Both the FFA and PC degradation rates were predicted with little 

variance in the predicted vs. experimental results.  
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Figure 11: Degradation of FFA in solar light with 0.75 µM MB, solar irradiance corrections, 

and 0.29 ϕMB* fitting parameter (• = experiment, ― = model) (1-23-2020 experiments) 

 

Figure 12: Degradation of PC in solar light with 0.75 µM MB, solar irradiance corrections, and 

0.29 ϕMB* fitting parameter (• = experiment, ― = model) (1-23-2020 experiments) 
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8 1O2 PHOTOSENSITIZERS IN WASTEWATER EFFLUENTS 

8.1 BACKGROUND ON PHOTOSENSITIZERS 

Photosensitizers of leading to production of 1O2 have been studied for almost a century [46] for 

use in a variety of applications, including biology [27, 47-49], chemistry [50-52], and the 

environment [53, 54]. Although some photosensitizers can be metal complexes and 

semiconductors, the focus of this study was organic photosensitizers potentially present in 

wastewater. To form 1O2, the photosensitizer must satisfy certain energetic conditions as well as 

other criteria to make the photosensitizer an effective 1O2 generation source.  

The conditions required for 1O2 generation from a photosensitizer are the photosensitizer’s 

ability to absorb light, its excitation to a higher singlet and triplet quantum states, and its energy 

difference of the excited state from its ground state. The absorption of light by a compound is the 

first step of 1O2 generation and, for the focus of this study, the photosensitizer must absorb 

wavelengths of light longer than 300 nm to be used in solar irradiation applications. The 

compound must form excited singlet and triplet states [27]. For photosensitizers in water, the 

lifetime of excited singlet states is very short, and compounds readily undergo intersystem 

crossing to form triplet states [55]. It is through reaction with these triplet excited states and 

dissolved molecular oxygen where 1O2 is formed. The triplet excited state must have a higher 

energy than the energy required to excite dissolved oxygen to 1O2 (95 kJ/mol) [27]. With all 

energetic requirements met, other factors affect the efficiency of 1O2 generation by the 

photosensitizer. 

Several characteristics are correlated to the 1O2 generation efficiency of photosensitizers and 

contribute to the stability of the compound and its excited triplet state. For the compound to be 
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an effective 1O2 photosensitizer, it must be stable enough to produce 1O2 before being degraded 

[27]. Aromatic structures in compounds are well known to be sources of 1O2 generation and, in 

some cases, allow for a carrier effect which prolongs its life. This occurs when O2 bonds to an 

aromatic structure, which can be spontaneously released later [56]. The stability of the excited 

state influences whether the compound can react with dissolved oxygen before undergoing 

relaxation back to its ground state [27]. Additions of electron donors and fused rings to the 

photosensitizers increase the triplet stability and increase 1O2 generation efficiency [27, 56]. The 

increase in the excited triplet and ground state stabilities increase the effectiveness of 1O2 

generation by the photosensitizer. 

8.2 PRESENCE IN WASTEWATER 

Although extensive research has been done in the area of 1O2 since the 1940’s, it has only been 

in the past couple decades when research into its application to wastewater treatment has picked 

up. Several studies from the 1990’s and early 2000’s showed the presence of TOrCs [3, 7] in 

wastewater streams which pushed research into methods of TOrC degradation via reactions with 

1O2 [20, 57-60].  

For the most part, these studies focused on characterizing the optical properties of wastewater as 

a whole and its ability to produce 1O2. Studies have found humic substances generating 1O2 upon 

photoirradiation [61, 62]. Individual humic acids and fulvic acids, which make up humic 

substances, are difficult to identify as they are combinations of decomposed biological material 

from a variety of sources, including sludge used in some secondary treatment processes [63, 64]. 

Humic substances are believed to constitute between a third to a half of dissolved organic matter 

(DOM) in natural water with effluent organic matter being a large contributor in effluent-
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dependent streams [65].  With characterization of humic substances showing significant aromatic 

structures, a requirement for 1O2 generation, research has focused on individual wastewater 

effluents and their region-specific character in predicting 1O2 production. EfOM can be different 

across regions depending on the type of wastewater treatment methods used and the composition 

of the entering wastewater. 

Several studies have identified TOrCs in wastewater effluents with individual concentrations into 

the tens of microgram/liter range [3, 66]. Most of these studies have identified at least one known 

1O2 generating TOrC in the 100 ng/L range with several reports having compounds in the µg/L 

range. Table 5 is a compilation of 19 commonly detected photosensitive TOrCs in the effluents 

of wastewater treatment plants or streams impacted by wastewater treatment plants [3, 10-16]. 

Table 5 also includes the quantum yields of 1O2 generation and the excitation wavelength used to 

generate 1O2 [48, 55, 67-81]. Eighteen of the 19 compounds have report molar extinction 

coefficients or absorbance in the 200 nm to 400 nm range. Tabulated molar extinction coefficient 

values for these 18 compounds are in section 11.2. 
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Photosensitizer 1O2 Production Detection in Wastewater Effluent 

Solvent φΔ λexc (nm)** Average (µg/L) Max (µg/L) 

1 Acetophenone C6H6 0.35 337 0.15 0.41 

MeCN 0.52 337 

2 Anthracene CD3OD 0.54 337 0.07 0.11 

EtOH 0.55 308 

3 Benzo(a)pyrenea 
   

0.04 0.24 

4 *Benzophenone C6H6 0.36 355 0.57 1.35 

5 Benzoquinoneb MeCN 0.38 337 
  

6 *Ciprofloxacin PB 0.092 
 

0.19 0.31 

7 Enrofloxacinc 
   

0.27 0.27 

8 Fluoranthene Hexane 0.5 264 0.040 1.20 

9 Furosemide C6H6 0.078 355 0.28 0.81 

MeCN 0.047 355 

10 Ketoprofen MeCN 0.39 337 0.020 0.37 

11 Naphthalene MeOH 0.41 313 0.03 0.03 

12 *Naproxen D2O 0.25 337 0.99 24.60 

13 Norfloxacin D2O 0.08 355 0.33 0.33 

PB 0.081 
 

14 Ofloxacin PB 0.76 
 

0.16 0.66 

15 Phenanthrene MeOH 0.5 313 0.04 0.53 

16 Pyrene MeOH 0.76 313 0.05 0.84 

MeOH 0.6 338 

17 Sarafloxacin PB 0.1 355 0.25 0.25 

18 *Sulfamethoxazolec 
   

0.45 2.9 

19 Tetracycline D2O 0.026 337 0.11 1.20 

a – Derivatives are known photosensitizers, b – derivatives found in wastewater effluent, c – Confirmed to be photosensitive but 

not quantified, * – most commonly detected compounds, ** – monochromatic excitation wavelength, PB – Phosphate buffer  

Table 5: 1O2 photosensitizing TOrCs found in wastewater effluents in the United States and their 

quantum yields of singlet oxygen formation (ϕΔ) (literature sources in Supporting Table 3) 
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Of the compounds listed in Table 5, only pyrene has a reported wavelength dependent ϕΔ in the 

same solvent (0.76 at 313 nm and 0.6 at 338 nm). Benzophenone and sulfamethoxazole were 

detected in the effluent concentrate used in this study (Supporting Table 2). 

8.3 MECHANISM AND MODEL 

The mechanism for 1O2 production and reaction in wastewater is the same as the MB system 

(Figure 2) with several photosensitizers present. These photosensitizers are considered 

chromophoric DOM (CDOM) and their concentration is proportional to the system’s DOM. 

Unlike the MB system, where the only reactions the MB(T1) could take was through reactions 

with O2, it is possible for CDOM(T1) to react with other species present, like simple substituted 

phenols [82], charged species [59], or other quenching compounds [83]. This makes determining 

CDOM’s quantum yield of triplet formation, ϕT, difficult using FFA since its degradation can be 

used only for determining 1O2 production. Most reported values of quantum yields for natural 

and wastewater are reported as the quantum yield of singlet oxygen production, ϕΔ, where ϕT is 

multiplied by fΔ, the fraction of a excited triplet state photosensitizer, P(T1), reacting with O2 to 

form 1O2 [55]. ϕΔ is defined as the moles of 1O2 produced per mole of photons absorbed by the 

photosensitizer. 

In this study, the molar concentration of CDOM and the amount of light absorbed by CDOM, 

which could participate in 1O2 generation, were not determined. Therefore, instead of finding ϕΔ 

at each wavelength, an EfOM-specific quantum efficiency factor, ϕΔ
A. was defined as the moles 

of 1O2 produced per mol of photons absorbed by the solution. Equation 10 defines ϕΔ
A as a 

function of CDOM component properties and concentrate absorbance at each wavelength. The i 



41 

 

is an individual CDOM component and, fλ is the fraction of light absorbed by the CDOM 

component over the total absorbance of the concentrate (shown in Equation 11). 

Equation 10:      𝜙𝛥
𝐴 = ∑ 𝜙𝛥(𝑖) ∗ 𝑓𝜆(𝑖)𝐷𝑂𝑀

𝑖=1  

Equation 11:     𝑓𝜆(𝑖) =
𝐴𝑏𝑠𝑖

𝐴𝑏𝑠
 

Similar to Equation 4 for MB(T1) production, ϕΔ
A was multiplied by the amount of light 

absorbed by the concentrate and integrated across the span of wavelengths of irradiation by the 

light source which was absorbed by the concentrate as shown in Equation 12.  

Equation 12:     𝑟
𝑂1

2  𝑝𝑟𝑜𝑑
=  ∫ 𝐼𝜆 ∗ 𝜙𝛥,𝜆

𝐴 ∗ (1 − 10−𝐿𝑜∗𝐴𝜆)𝑑𝜆
𝜆𝑎

𝜆𝑏
 

The concentrate significantly absorbs light with wavelengths below 700 nm and in solar light the 

range of absorbance is between 300 nm and 700 nm. For the LED experiments, the irradiation 

range was specific to the LEDs used to produce light (Supporting Figure 4). All LEDs used 

produced light at wavelengths also produced by the sun. 

The overall reaction rate for 1O2 was composed of three parts. In addition to the production of 

1O2 from CDOM, 1O2 is consumed by second-order reactions with scavengers and FFA in the 

concentrate. Since the concentrations of the individual scavenger species and rate constants in 

the concentrate are unknown, their reaction rates and concentrations are combined into a single 

reaction constant and concentration, rscav and [scav] respectively. 
1O2 also undergoes relaxation 

back to O2 with a first-order constant, kO2, as given in Equation 8. The overall change in 1O2 

concentration is shown in Equation 13 
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Equation 13:     𝑟 𝑂2
1 =  𝑟

𝑂1
2  𝑝𝑟𝑜𝑑

− 𝑘𝐹𝐹𝐴[𝐹𝐹𝐴][ 𝑂2
1 ] − 𝑘𝑂2

[ 𝑂2
1 ] − 𝑘𝑠𝑐𝑎𝑣[𝑆𝑐𝑎𝑣][ 𝑂2

1 ] 

With 1O2 being an active intermediate and having a relatively short lifetime [45], the overall 

change in 1O2 can be approximated to be zero (pseudo steady state condition) [55], meaning the 

rate of production of 1O2 by reacting with CDOM(T1) is equal to the rate of consumption through 

the three major pathways. Equation 14 shows the concentration of 1O2 as a function of the 

different parameters in Equation 13 with this assumption.   

Equation 14:     [ 𝑂2
1 ] =

∫ 𝐼𝜆∗𝜙𝛥,𝜆
𝐴 ∗(1−10

−𝐿𝑜∗𝐴𝐸𝑓𝑂𝑀,𝜆)𝑑𝜆
𝜆𝑎

𝜆𝑏

𝑘𝐹𝐹𝐴[𝐹𝐹𝐴]+𝑘𝑂2+𝑘𝑠𝑐𝑎𝑣[𝑆𝑐𝑎𝑣]
 

To simplify Equation 14 even further, the three rates of 1O2 consumption, kFFA[FFA][ 1O2], 

kO2[
1O2], and kscav[Scav][1O2], are combined into a single group, S[1O2]. The simplified form of 

Equation 14 is shown in Equation 15 with S substituted in. This allows for the analysis of the 

magnitude of 1O2 scavenging by compounds in the concentrate. 

Equation 15:     [ 𝑂2
1 ] =

∫ 𝐼𝜆∗𝜙𝛥,𝜆
𝐴 ∗(1−10

−𝐿𝑜∗𝐴𝐸𝑓𝑂𝑀,𝜆)𝑑𝜆
𝜆𝑎

𝜆𝑏

𝑆
;   𝑆 =  𝑘𝐹𝐹𝐴[𝐹𝐹𝐴] + 𝑘𝑂2

+ 𝑘𝑠𝑐𝑎𝑣[𝑆𝑐𝑎𝑣] 

Determining the concentration of 1O2 in the system was accomplished with FFA as the probe 

compound. The overall rate constant for FFA is the same as for the MB system shown in 

Equation 2. In experiments to confirm 1O2 as the primary reactive species in FFA degradation, 

IPA and NaN3 were introduced into the concentrate and exposed to UVA light to determine 

hydroxyl radical and 1O2 contribution to FFA degradation (Supporting Figure 5). The experiment 

with IPA (hydroxyl radical scavenger) showed similar FFA degradation as the experiment 

without IPA, indicating hydroxyl radicals did not significantly contribute to FFA degradation. 

The experiment with NaN3 (
1O2 scavenger) showed almost no degradation of FFA, indicating 
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1O2 was the primary reactant with FFA. With this, Equation 2 is rearranged to find the 1O2 

concentration from experimental measurements of FFA and becomes Equation 16. 

Equation 16:     [ 𝑂2
1 ] =  

−
𝑑[𝐹𝐹𝐴]

𝑑𝑡

𝑘𝐹𝐹𝐴[𝐹𝐹𝐴]
 

8.4 WAVELENGTH DEPENDENT FFA DEGRADATION RESULTS 

Six sets of experiments were run with one of the six LEDs being the light source in each set. 

Reactors were exposed to a LED light source and FFA degradation was observed to determine 

1O2 production in the solution. Preliminary tests showed slow degradation of FFA in 

unconcentrated effluent and, to reduce the experiment lengths, concentrated wastewater was 

used. Concentrated wastewater was spiked with 50 µM FFA and exposed to light for 90 minutes 

and 4 hours. Figure 13 shows the absorbance spectrum from the concentrate collected on 

February 9th, 2020 along with the different peak intensities of the LEDs. 

 

Figure 13: Absorbance of the wastewater concentrate (left axis) over the range of LED outputs 

with LED peak intensities (right axis) and the absorbances at LED intensity peaks 
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The 540 nm, 620 nm, and 660 nm LEDs were run at optimal current to produce the 

manufacturer’s suggested intensity to prevent burnouts and maintained constant output intensity 

from the LEDs. The results of these experiments are graphed in Figure 14 for 4-hour irradiations 

of 50 µM FFA under each of the LEDs. 

 

Figure 14: Normalized degradation of 50µM FFA in concentrate under the 540 nm, 620 nm, and 

660 nm LEDs after 4 hours of irradiation (2/9/2020 concentrate) 

The 620 nm and 660 nm LED experiments showed no FFA degradation over the experiment 

indicating the photosensitizers present in the concentrate either do not absorb significantly above 

600 nm or their quantum yield for production of singlet oxygen is very low. Under the 540 nm 

LED, FFA degraded slowly indicating some 1O2 was formed. Using Equation 16, the average 

1O2 concentration during the experiment was 1.6x10-14 M. The 1O2 concentration slightly 

increased throughout the experiment. 
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The second set of LEDs (380 nm, 410 nm, and 460 nm) were run at reduced current to prevent 

overheating and intensity output changes over the length of the experiments. The results of 90 

minutes of exposure of 50µM FFA under each of the 3 LEDs is shown in Figure 15. 

 

Figure 15: Normalized degradation of 50µM FFA in concentrate under the 380 nm, 410 nm, and 

460 nm LEDs after 90 minutes of irradiation (2/9/2020 concentrate) 

From Figure 15, the degradation of FFA was higher at 460 nm than 410 nm, but it is important to 

note the 460 nm LED output intensity was two orders of magnitude higher than the 380 nm and 

410 nm LEDs. Therefore, it is inappropriate to directly compare the rate of FFA degradation and 

1O2 production from the 460 nm LED to the other two LEDs. When normalized by intensity, the 

average 1O2 concentration was of equal magnitude to the average 1O2 concentration under the 

540 nm LED. However, the 410 nm and 380 nm LEDs have similar intensities (Table 3) and the 

FFA degradation rates can be compared.  
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Over the 90 minutes of irradiation, the 380 nm LED showed a 58% degradation of FFA 

compared to the 410 nm showing 15% degradation. The absorbance at the 380 nm LED’s peak 

(0.088) was 60% higher than the 410 nm LED’s absorbance (0.055) indicating the 

photosensitizers present are more active or contribute more significantly to the absorbance of the 

concentrate in the range of wavelengths irradiated by the 380 nm LED. The concentration of 1O2 

is related to the concentration of FFA and is shown in Figure 16 for the 380 nm, 410 nm, and 460 

nm LEDs for the experiments.  

 

Figure 16: Concentration of 1O2 for 380 nm, 410 nm, and 460 nm LED experiments with 50µM 

FFA in concentrate (02/9/2020 concentrate) 

The concentration of 1O2 is consistently 8-10x higher in the concentrate irradiated by the 380nm 

LED than the concentrate irradiated by the 410 nm LED. The concentration of 1O2 decreases for 

all three LEDs shown in Figure 16 indicating the photosensitizer is either being consumed or 

products from its reactions with scavengers are increasing consumption of 1O2. In experiments 



47 

 

done by another member of the research group, Violeta Martinez, the concentrate showed 

decreased photosensitizing ability after solar irradiation for 20 hours over 5 days (Supporting 

Figure 6).   

8.5 WAVELENGTH DEPENDENT QUANTUM EFFICIENCY OF EFOM 

With the experimental results of FFA degradation under the LEDs, ϕΔ
A was determined at 6 

different wavelengths using the MATLAB model. Since the effect of S was unknown, the fitted 

term for the model was ϕΔ
A /S. Figure 17a shows the fitted model compared to the experimental 

results for the 380 nm, 410 nm, and 460 nm LEDs and Figure 17b is for the 540 nm LED. Since 

no degradation of FFA was observed under the 620 nm and 660 nm LEDs, the model was not 

used to determine their quantum yields. 

 

Figure 17: Predicted FFA consumption from ϕΔ
A /S fitting (-) and experimental data (•) for a) 

380 nm, 410 nm, 460 nm, and b) 540 nm LED experiments (2/9/2020 concentrate) 
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With the fitted ϕΔ
A /S factor, the model fit well with the 410 nm, 460 nm, and 540 nm LED 

experiments but deviated from the 380 nm LED experiment data at the end. This was most likely 

due to the photosensitizers present in the water being consumed through direct or indirect 

photolysis as photosensitizing ability did not change significantly in the dark controls. 

 

Figure 18: ϕΔ
A /S distribution from LED experiments at wavelengths between 350 nm and 550 

nm (2/9/2020 concentrate) 

Like the ideal MB system, there is a significant drop in quantum efficiency between 410 nm and 

460 nm leading to an order of magnitude difference between the LEDs irradiating light at 

wavelengths less than 420 nm and those at longer than 420 nm. This difference, however, is 

more complicated than the ideal MB system as there can be many photosensitizers present in 

DOM and they do not all absorb light in the visible spectrum like MB. Figure 18 shows the most 

effective range of irradiance for efficiently producing 1O2 in the concentrate was less than 420 

nm. Photosensitizer dyes, like MB, have strong absorption in the visible spectrum but low 
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quantum efficiency [32]. With the concentrate having a low absorbance of light in the visible 

spectrum, the photosensitizers able to absorb light above 460 nm are likely at extremely low 

concentrations. 

Unfortunately, the factor ϕΔ
A /S is not very useful by itself as it cannot be compared to other 

systems. In determining the magnitude of S, it is best to understand the ranges for the terms and 

then use an order of magnitude assessment to determine how large S can be. For the upper limit 

of S, the largest value of 1O2 possible in the system, according to the proposed mechanism, is 

1.0. This means S cannot be larger than 2×106, the inverse of the largest value of ϕΔ
A /S. This 

would indicate all the absorbance of the concentrate is due to CDOM and the formation of 1O2 is 

the only pathway of CDOM(T1) consumption, which studies on other effluents have shown not 

to be the case [54, 58]. The rate of 1O2 relaxation is 2.54×105 s-1 [45], which changes only with 

solvent and therefore can be taken as the lower limit of S for the concentrate. Other studies on ϕΔ 

used 1O2 relaxation as the primary mechanism of 1O2 consumption [20, 57, 60]. Given the 

narrow magnitude range of S, 1O2 decay was most likely the dominant source of 1O2 

consumption. With S being set equal to k1O2, ϕΔ
A was found for the four LED experiments 

(Figure 19). 
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Figure 19: ϕΔ
A distribution for wastewater concentrate and effluent (2/9/2020 concentrate) 

The quantum yields for the unconcentrated wastewater effluent were calculated by dividing the 

concentrate quantum yields by the concentrating factor of the concentrate (concentrating factor = 

4). Other studies on 1O2 production in natural waters and streams impacted by wastewater 

effluent reported 1O2 quantum yield values, ϕ1O2, from 0 to 0.06 depending on the light source 

used [20, 57, 60]. These studies defined ϕ1O2 as the rate of 1O2 generated over the rate of light 

absorbed by the system, which is the same as ϕΔ
A defined in this study. The values of ϕΔ

A found 

in this study (between 0 and 0.034) fall into this range. 

After knowing the range of ϕΔ
A values for the wastewater, determining the effect of specific 

photosensitive TOrCs was determined. From Equation 10, the contribution of photosensitive 

TOrCs was determined by multiplying the TOrC’s ϕΔ by the fraction of light absorbed by fλ 

(Equation 11). Molar extinction coefficients at each wavelength in the 300 nm to 400 nm range 

and concentrations for sulfamethoxazole and benzophenone (the two detected photosensitizers in 
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the concentrate) were used to calculate the theoretical absorbance for a 1-cm path length (Figure 

20). Neither of the compounds significantly absorb wavelengths of light longer than 400 nm and 

in the 300 nm to 400 nm range their fraction of absorbances are less than 2.5×10-5 and their 

theoretical ϕΔ
A less than 10-5. This indicates they do not contribute significantly in the production 

of 1O2 of the system. 

 

Figure 20: Calculated ideal theoretical absorbances of benzophenone and sulfamethoxazole at 

levels detected in wastewater effluent (2/09/2020 concentrate) 

With the two detected photosensitive TOrCs having little impact on the concentrate’s 1O2 

generating ability, two organic sources of photosensitizers remain: TOrCs not tested for in the 

concentrate and humic substances. From the list of compounds in Table 5, benzophenone and 

sulfamethoxazole do not absorb light as well as some of the other compounds on the list (see 

section 11.2 for tabulated molar extinction coefficients). It is possible for other compounds to be 

present at low concentrations but have larger contribution to EfOM’s photosensitizing ability. 
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Humic substances present in the wastewater are also possible sources of photosensitizers. Figure 

21 shows the excitation-emission matrix (EEM) for the wastewater analyzed with fluorescence 

spectroscopy. The peak at 350 nm excitation and 425 nm emission in region V shows the 

presence of humic acids in the concentrate with the peak at 250 nm excitation 450 nm emission. 

Fulvic and humic acids could be contributing to the formation of 1O2 in the concentrate but the 

level of contribution could not be determined. 

 

Figure 21: Excitation-emission matrix (EEM) of wastewater concentrate in regions IV and V 

(2/9/2020 concentrate) 

  



53 

 

9 CONCLUSION 

In the ideal system with methylene blue as the photosensitizer, 1O2 was confirmed to have 

wavelength-dependent quantum yields of excited triplet formation (ϕMB*). The average ϕMB* 

under UVA light was fitted using experimental data and found to be 1.8. This value is higher 

than the maximum physically possible value and is most likely due to an incorrect UVA intensity 

measurement. In solar irradiance, the average ϕMB* was 0.29 from experimental data. Using the 

fitted ϕMB* for solar irradiance, the degradation of p-cresol and furfuryl alcohol was accurately 

predicted. 

Investigation of literature yielded a list of 19 known 1O2 generating TOrCs detected in 

wastewater effluents and streams impacted by urbanization. Two of these compounds were 

detected in wastewater effluent tested in this study but were at concentrations too low to produce 

1O2 at the levels observed in experiments. The EfOM specific quantum efficiency was found to 

be wavelength dependent but no 1O2 was produced when irradiated with wavelengths of light 

longer than 600 nm over the 4-hour length experiments. The highest quantum efficiency of the 

EfOM was found to average 0.034 when irradiated by the 380 nm LED and dropped significantly 

to less than 0.0005 for the wavelengths longer than 420 nm.  

With the ideal system model for methylene blue and wavelength dependence of 1O2 production 

in wastewater effluent, methods for predicting TOrC degradation by reactions with 1O2 can be 

created.  
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10 FUTURE WORK 

As mentioned in the work by Marquez [32] and this study, there exists a quantum yield 

difference in the visible and ultraviolet spectrums for the formation of MB*. The exact location 

of this discontinuity is yet unknown as is the reason for the lower quantum yields in the visible 

spectrum. Further research into the energetic requirements of excited states and their formation 

might give insight. This difference in quantum yields might also be present in other known 

photosensitizers with absorbances in the visible spectrum, like rose bengal, eosin B, and 

porphyrins. 

The wavelength-dependent quantum yields of wastewater effluents is specific to the compounds 

present. In order to accurately predict the efficiency of a 1O2 based treatment method, the 

compounds must be characterized, and their quantum efficiencies analyzed to find the optimal 

wavelength, or range of wavelengths, to generate 1O2. For the effluent studied in this paper, 

wavelengths below 420 nm were more efficient, but more research needs to be done to determine 

whether this is the case for other effluents. The 380 nm LED was the shortest wavelength LED 

used but reaction and production mechanisms of 1O2 might change at lower wavelengths where 

different ROSs might be produced.  
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11 APPENDICIES 

11.1 SUPPORTING GRAPHS AND DATA 

TOC (mg/L) 37.43 ± 0.81 

pH 7.76 ± 0.02 

Conductivity (mS) 4.07 ± 0.01 

SUVA (L/mg·m) 1.280 

E2:E3 5.10 

Supporting Table 1: Concentrate physical properties (2/9/2020 concentrate) 

 
Supporting Figure 1: Theoretical solar angle and percent surface area (A/Ao) exposed to direct 

solar light vs month for 300mL reactor setup 
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Supporting Figure 2: Solution absorbance of 10 µM MB over 12-hour solar irradiance at 2 hour 

intervals (4 hours on 10-31-2019, 11-1-2019, & 11-3-2019) 

 

Supporting Figure 3: Methylene blue exposed to 4 hours of irradiation absorbance from model 

and experiment with relative error between the model and experimental measurements at each 

wavelength from 300 nm to 800 nm (10-31-2019). 
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Supporting Figure 4: Relative spectral irradiance distribution for LEDs. Data provided by Itzel 

Marquez 
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Compound 

Effluent 

(2/4/2020) 

Concentrate 

(2/9/2020) 

(ng/L) (ng/L) 

Acesulfame 236 95 

Atenolol 344 855 

Benzophenone 2100 2132 

Benzotriazole 5456 4147 

Carbamazepine 233 608 

DEET 495 294 

Diclofenac 221 505 

Diphenhydramine 207 1102 

Diltiazem 12 140 

Fluoxetine 6 6 

Gemfibrozil 124 198 

Meprobamate 109 417 

Primidone 158 0 

Propranolol 142 224 

Sucralose 34468 64607 

Sulfamethoxazole 385 1765 

TCPP 2404 4154 

Triclocarban 27 0 

Triclosan 11 0 

Trimethoprim 122 280 

Supporting Table 2: Concentrations of certain TOrCs in Agua Nueva effluent and RO system 

concentrate detect using an Agilent 6490 Triple Quadrupole LC/MS. Data provided by Natalia 

Rojas 
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Supporting Figure 5: 2/9/2020 concentrate spiked with 100 µM FFA and irradiated under UVA 

light, with and without NaN3 (
1O2 scavenger) and IPA (•OH scavenger). Data provided by 

Violeta Martinez 

 

Supporting Figure 6: 2/9/2020 20-hour solar bleached and unbleached concentrate spiked with 

100 µM FFA irradiated under UVA light. Data provided by Violeta Martinez 
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Photosensitizer Quantum Yield Reference Detection Study Reference 

Acetophenone Chattopadhyay et al 1984 Kolpin et al 2001 

Anthracene Ciofalo et al 1994, 

Scaiano et al 1990 

Kolpin et al 2001 

Benzo(a)pyrene Seed et al 1989 Kolpin et al 2001 

Benzophenone Wilkinson et al 1993 Loraine et al 2006, 

Zimmerman 2005 

Benzoquinone Gutierrez et al 1997 Kolpin et al 2001 

Ciprofloxacin Martinez et al 1998 Karthikeyan et al 2005, 

Kostich et al 2014 

Enrofloxacin Li et al 2011 Karthikeyan et al 2005 

Fluoranthene Smith 1982 Kolpin et al 2001 

Furosemide Zanocco et al 1998 Kostich et al 2014 

Ketoprofen de la Pena et al 1997 Sedlak et al 2001 

Naphthalene Shold 1978 Zimmerman 2005 

Naproxen de la Pena et al 1997 Boyd et al 2003, 

Loraine et al 2006, 

Sedlak et al 2001 

Norfloxacin Bilski et al 1996, 

Martinez et al 1998 

Karthikeyan et al 2005 

Ofloxacin Martinez et al 1998 Kostich et al 2014 

Phenanthrene Shold 1978 Kolpin et al 2001 

Pyrene Miyoshi et al 1978, 

Shold 1978 

Kolpin et al 2001 

Sarafloxacin Lorenzo et al 2009 Karthikeyan et al 2005 

Sulfamethoxazole Ryan et al 2011 Karthikeyan et al 2005, 

Kolpin et al 2001, 

Kostich et al 2014 

Tetracycline Yegorov et al 1987 Kolpin et al 2001 

 Supporting Table 3: Table of references for data on quantum yields of 1O2 formation of 

photosensitizers and the studies detecting them in wastewater or waste impacted streams  



61 

 

11.2 TABULATED MOLAR EXTICTION COEFFICIENTS FOR 

PHOTOSENSITIVE TORCS 

Acetophenone [84] Anthracene [85] Benzo(a)pyrene [86] Benzophenone [87] 

λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) 

250 8.98E+03 260 5.47E+03 254 3.98E+04 250 1.91E+04 

255 4.80E+03 265 1.32E+03 266 4.57E+04 255 1.89E+04 

260 1.91E+03 270 6.50E+02 274 3.16E+04 260 1.59E+04 

265 9.74E+02 275 4.11E+02 285 4.57E+04 265 1.18E+04 

270 9.36E+02 280 3.25E+02 297 5.75E+04 270 8.31E+03 

275 1.02E+03 285 3.09E+02 330 5.75E+03 275 5.93E+03 

280 1.06E+03 290 3.40E+02 347 1.32E+04 280 4.31E+03 

285 9.25E+02 295 5.52E+02 364 2.41E+04 285 3.06E+03 

290 6.74E+02 300 6.30E+02 385 2.75E+04 290 2.04E+03 

295 3.19E+02 305 1.07E+03   295 1.13E+03 

300 1.24E+02 310 1.46E+03   300 5.14E+02 

305 7.76E+01 315 1.45E+03   305 2.45E+02 

310 7.05E+01 320 2.64E+03   310 1.70E+02 

315 6.89E+01 325 3.20E+03   315 1.68E+02 

320 6.29E+01 330 2.63E+03   320 1.79E+02 

325 5.49E+01 335 4.52E+03   325 1.97E+02 

330 5.28E+01 340 6.39E+03   330 2.05E+02 

335 4.60E+01 345 3.53E+03   335 2.05E+02 

340 3.82E+01 350 5.00E+03   340 2.03E+02 

345 2.44E+01 355 8.54E+03   345 1.91E+02 

350 2.16E+01 360 4.89E+03   350 1.72E+02 

  365 2.40E+03   355 1.53E+02 

  370 4.66E+03   360 1.41E+02 

  375 7.99E+03   365 1.12E+02 

  380 2.24E+03   370 7.31E+01 

  385 3.75E+02   375 7.29E+01 

  390 1.37E+02   380 6.56E+01 

  395 6.30E+01   385 4.02E+01 

  400 2.54E+01   390 4.43E+01 

        395 3.85E+01 

          400 3.76E+01 
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Benzoquinone [88] Ciprofloxacin* [89] Enrofloxacin* [90] Fluoranthene [91] 

λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) 

250 1.20E+04 250 1.13E+04 250 1.60E+04 250 5.18E+04 

255 4.21E+03 255 1.36E+04 255 1.87E+04 255 4.70E+04 

260 9.24E+02 260 1.85E+04 260 2.81E+04 260 4.15E+04 

265 3.09E+02 265 2.46E+04 265 4.13E+04 265 4.18E+04 

270 3.39E+02 270 2.97E+04 270 5.23E+04 270 4.51E+04 

275 2.92E+02 273 3.08E+04 276 5.85E+04 275 4.91E+04 

280 2.49E+02 280 2.43E+04 280 5.48E+04 280 4.97E+04 

285 2.87E+02 285 1.63E+04 285 4.21E+04 285 4.65E+04 

290 1.90E+02 290 1.08E+04 290 2.57E+04 290 4.22E+04 

295 1.98E+02 295 8.00E+03 295 1.76E+04 295 2.58E+04 

300 1.13E+02 300 7.60E+03 300 1.56E+04 300 1.89E+04 

305 1.52E+02 305 8.30E+03 305 1.61E+04 305 1.51E+04 

310 5.08E+01 310 9.20E+03 310 1.67E+04 310 1.37E+04 

315 3.44E+01 315 1.02E+04 315 1.69E+04 315 1.21E+04 

320 1.86E+01   320 1.56E+04 320 1.23E+04 

    325 1.51E+04 325 1.44E+04 

    330 1.47E+04 330 1.62E+04 

    335 1.16E+04 335 1.64E+04 

    340 8.60E+03 340 1.68E+04 

    345 7.00E+03 345 1.77E+04 

    350 5.10E+03 350 1.65E+04 

      355 1.58E+04 

      360 1.57E+04 

      365 1.58E+04 

      370 1.19E+04 

      375 8.36E+03 

      380 5.78E+03 

      385 3.62E+03 

      390 2.34E+03 

      395 2.34E+03 

            400 2.34E+03 
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Furosemide* [92] Ketoprofen* [93] Naphthalene [85] Naproxen [94] 

λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) 

250 7.90E+03 250 1.25E+04 250 2.34E+03 250 4.00E+03 

255 9.20E+03 255 1.51E+04 255 3.37E+03 255 4.10E+03 

260 1.38E+04 261 1.64E+04 260 3.76E+03 260 4.70E+03 

265 2.15E+04 265 1.59E+04 265 5.30E+03 265 4.80E+03 

270 3.00E+04 270 1.38E+04 270 4.61E+03 270 5.00E+03 

276 3.65E+04 275 1.09E+04 275 6.00E+03 275 4.10E+03 

280 3.39E+04 280 8.30E+03 280 3.53E+03 280 3.20E+03 

285 2.20E+04 285 6.10E+03 285 3.90E+03 285 2.10E+03 

290 1.05E+04 290 4.40E+03 290 1.60E+03 290 1.10E+03 

295 4.70E+03 295 3.20E+03 295 3.64E+02 295 6.00E+02 

300 3.40E+03 300 2.30E+03 300 2.80E+02 300 6.00E+02 

305 3.90E+03 305 1.70E+03 305 2.14E+02 305 7.00E+02 

310 4.90E+03 310 1.10E+03 310 2.12E+02 310 8.00E+02 

315 5.80E+03 315 7.00E+02 315 4.65E+01 315 1.20E+03 

320 6.80E+03 320 5.00E+02 320 2.72E+01 320 1.20E+03 

325 7.60E+03 325 3.00E+02   325 1.30E+03 

330 8.00E+03 330 3.00E+02   330 1.50E+03 

335 7.50E+03 335 2.00E+02   335 9.00E+02 

340 6.60E+03 340 2.00E+02   340 2.00E+02 

345 5.20E+03 345 2.00E+02   345 5.00E+01 

350 3.30E+03 350 1.00E+02     

355 1.70E+03       

360 3.00E+02       
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Norfloxacin [94] Phenanthrene [85] Pyrene [85] Sarafloxacin* [95] 

λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) 

300 2.12E+04 250 6.39E+04 250 1.04E+04 250 1.30E+04 

305 2.08E+04 255 4.86E+04 255 1.10E+04 255 1.50E+04 

310 2.17E+04 260 2.78E+04 260 2.01E+04 260 1.88E+04 

315 2.33E+04 265 1.74E+04 265 1.80E+04 265 2.30E+04 

320 2.40E+04 270 1.38E+04 270 2.42E+04 270 2.76E+04 

325 2.37E+04 275 1.58E+04 275 2.74E+04 276 3.12E+04 

330 2.27E+04 280 1.15E+04 280 3.59E+03 280 2.80E+04 

335 2.13E+04 285 7.67E+03 285 2.84E+03 285 2.20E+04 

340 1.80E+04 290 7.86E+03 290 3.48E+03 290 1.60E+04 

345 1.07E+04 295 9.70E+03 295 4.78E+03 295 1.18E+04 

350 7.33E+03 300 1.02E+03 300 5.33E+03 300 1.00E+04 

355 5.00E+03 305 4.55E+02 305 1.16E+04 305 1.00E+04 

360 3.60E+03 310 3.86E+02 310 9.39E+03 310 1.10E+04 

365 2.67E+03 315 4.20E+02 315 1.39E+04 315 1.18E+04 

370 2.00E+03 320 3.31E+02 320 3.07E+04 320 1.22E+04 

375 1.40E+03 325 3.80E+02 325 1.21E+04 325 1.20E+04 

380 1.00E+03 330 4.36E+02 330 2.03E+04 330 1.16E+04 

385 7.33E+02 335 2.69E+02 335 5.40E+04 335 1.10E+04 

390 6.67E+02 340 3.10E+02 340 7.44E+03 340 8.00E+03 

395 3.33E+02 345 2.92E+02 345 1.38E+03 345 5.40E+03 

400 1.33E+02 350 1.48E+02 350 7.78E+02 350 3.60E+03 

    355 5.33E+02 355 2.60E+03 

    360 4.19E+02 360 2.20E+03 

    365 4.65E+02 365 1.80E+03 

    370 3.14E+02   

    375 2.67E+02   

    380 2.42E+02   

    385 2.43E+02   

    390 2.79E+02   

    395 2.99E+02   

        400 2.76E+02     
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Sulfamethoxazole* 

[96] Tetracycline* [97] 

λ (nm) ε (M-1 cm-1) λ (nm) ε (M-1 cm-1) 

250 1.56E+04 250 1.31E+04 

255 1.72E+04 260 1.35E+04 

260 1.71E+04 270 1.69E+04 

265 1.51E+04 280 1.78E+04 

270 1.15E+04 290 1.55E+04 

275 8.20E+03 300 1.44E+04 

280 5.80E+03 310 1.39E+04 

285 4.00E+03 320 1.33E+04 

290 2.70E+03 330 1.42E+04 

295 1.70E+03 340 1.58E+04 

300 1.00E+03 350 1.76E+04 

310 4.00E+02 360 1.79E+04 

315 2.00E+02 370 1.60E+04 

  380 9.80E+03 

  390 5.00E+03 

  400 1.80E+03 

* = determined from adsorption spectrums 
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