
University of Connecticut
OpenCommons@UConn

Doctoral Dissertations University of Connecticut Graduate School

3-15-2017

Photochemistry of Effluent and Natural Organic
Matter and Photochemical Degradation of
Micropollutants
Laleen Chanaka Bodhipaksha
University of Connecticut - Storrs, laleen.bodhipaksha@uconn.edu

Follow this and additional works at: https://opencommons.uconn.edu/dissertations

Recommended Citation
Bodhipaksha, Laleen Chanaka, "Photochemistry of Effluent and Natural Organic Matter and Photochemical Degradation of
Micropollutants" (2017). Doctoral Dissertations. 1350.
https://opencommons.uconn.edu/dissertations/1350

http://lib.uconn.edu/?utm_source=opencommons.uconn.edu%2Fdissertations%2F1350&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.uconn.edu/?utm_source=opencommons.uconn.edu%2Fdissertations%2F1350&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu?utm_source=opencommons.uconn.edu%2Fdissertations%2F1350&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations?utm_source=opencommons.uconn.edu%2Fdissertations%2F1350&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/gs?utm_source=opencommons.uconn.edu%2Fdissertations%2F1350&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations?utm_source=opencommons.uconn.edu%2Fdissertations%2F1350&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations/1350?utm_source=opencommons.uconn.edu%2Fdissertations%2F1350&utm_medium=PDF&utm_campaign=PDFCoverPages


  

Photochemistry of Effluent and Natural Organic Matter and Photochemical Degradation of 

Micropollutants 

Laleen Chanaka Bodhipaksha, PhD 

University of Connecticut, 2017 

 

The photoreactivity of treated wastewater effluent organic matter (EfOM) has received recent 

attention because it is an important fraction of the dissolved organic matter (DOM) pool in wastewater-

receiving rivers.Dissolved organic matter contains chromophore moieties that absorb energy from 

sunlight and, in turn, produce reactive intermediates through secondary reactions of these excited-state 

moieties.  Important photochemically produced reactive intermediates (PPRIs) include excited state triplet 

organic matter (
3
DOM*), singlet oxygen (

1
O2), hydroxyl radicals (OH•) and others.  The apparent 

quantum yieldsof production of PPRIs appear to be higher forEfOM than fornatural organic materials 

(NOM), which implies that contributionsof EfOMmay enhance the photoproduction of these reactive 

intermediates in EfOM-receiving river systems.  Our evaluations with EfOM and NOM mixtures showed 

higher photoreactivity in mixtures having more than 25% (v/v) of EfOM; however, evidence of 
3
DOM* 

and 
1
O2 quenching in organic matter mixtures was found when measured yields were compared to 

theoretical yields.  These results suggest that effluent contributions of greaterthan 25% (v/v) to river 

systems have a lower than expected contribution to photochemical production of 
3
DOM* and 

1
O2(a 

product of 
3
DOM*) apparently because of quenching of 

3
DOM* by DOM.  In order to examine how the 

trends ofreactive species productionstranslate to the indirect photodegradation of organic micropollutants, 

we studied the photodegradation rates of selected organic compounds in treated wastewater effluent, river 

water and mixtures thereof.  The compounds cimetidine, sulfamethoxazole, sulfadimethoxine and caffeine 

were selected by considering their unique photodegradation pathways reported in previous studies 

(sulfadimethoxine via 
3
OM*, cimetidine via 

1
O2, caffeine via OH• and sulfamethoxazole via 

direct).Greater contributions of reactive intermediates in the degradation of all
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compounds were observed in EfOM compared to that in NOM.  Comparisons of measured rate constants 

with model calculations based on end member reaction rate constants showed model overestimations of 

photodegradation in the case of 
3
DOM* and 

1
O2 pathways, and conserved mixing behavior in the case of 

OH• reaction pathways.  Finally, we found that the presence of amino acid antioxidants in EfOM that are 

not in NOM leads to greater oxidizing triplet quenching capacity of EfOM.
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Photochemistry of Effluent and Natural Organic Matter and Photochemical Degradation of 

Micropollutants 

1.  Introduction 

1.1  Nature of Aquatic Photochemistry 

Dissolved organic matter (DOM) is ubiquitous in natural aquatic environments and the 

chromophoric fraction of DOM is capable of absorbing sunlight.  Aquatic DOM is classified into two 

categories, depending upon its source to the aquatic system - allochthonous and autochthonous.  

Allochthonous materials can comprise the majority of DOM in river systems and derive from terrestrial 

plants that have degraded and exported to water systems.  Autochthonous materials are organic matter 

from aquatic organisms in the water system, usually algae, but may contain some materials derived from 

bacteria too.  The chromophoric DOM is composed of humic substances such as humic acid (soluble 

above pH 2) and fulvic acid (soluble at all pH values) components.  The color of DOM comes 

 

Figure 1.1: A proposed structure of humic substances from Schulten et al.
 1
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Figure 1.2. Various proposed structures of humic molecules: 

a) 2-dimensional structure from Ref. 26, b) 3-dimensional 

black and white model of a humic molecule with two 

connected ring-shaped structures (Ref. 27) and an undissolved 

dry and densely packed globular humic molecule (Ref. 29). 

Gray spheres represent C, red spheres O, white spheres H, blue 

spheres N, and yellow spheres S.  
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predominantly from humicsubstances.The chemical constituents in these components have been identified 

to be ketones, aldehydes,quinones, substituted phenols, carboxylic acid groups, carboxyl-rich alicyclic 

molecules, carbohydrates, saturated and unsaturated hydrocarbons andnitrogenous material (Figure 1).
 2
  

The aromatic portion of the chromophoric substances absorbs some portion of the sunlight.  The sunlight 

absorption by chromophoric DOM initiates various types of photochemical reactions
 3
 including 

transformation of DOM into inorganic carbon,
 4,5

 fragmentation into lower molecular weight materials,
 6,7

 

species alteration of redox-active trace-metals
 8,9

 and degradation of aquatic micropollutants.
 10-12

  The 

latter is the focus of this thesis work. 

Aquatic dissolved organic matter plays an important role in the photodegradation of 

micropollutants by slowing direct photolysis reactions
 13

 while simultaneously generating 

photochemically-produced reactive intermediates (PPRIs) that can enhance micropollutant degradation 

through secondary reactions (indirect degradation).
 12-15

 Direct photodegradation occurs when a 

compound absorbs light directly that leads to bond breakage and the formation of new byproducts.  The 

direct photodegradation of compounds is retarded by the light screening effect of chromophoric DOM in 

waters.  However, light absorbance by DOM leads to the production of a suite of PPRIs that, in turn, 

could enhance the degradation of micropollutants via reaction with these photo-produced reactive 

intermediates.  Identified PPRIs associated with sunlight excitation of DOM include triplet-state excited 

organic matter (
3
DOM*), singlet oxygen (

1
O2), hydroxyl radicals (OH•),superoxides and organic radicals.  

Each of these species is both produced
 16-21

 and scavenged by DOM, yielding low steady state 

concentrations in natural waters.
 21-25

  Specific details on the generation of these PPRIs by excitation of 

aromatic aldehyde, ketone and quinone moieties in DOM are discussed in greater detail in section 1.2 

(Figure 2).  Here, it is sufficient to note that the net production of PPRIs may differ according to 

compositional variations among different DOM, originating from different source materials.  For 

example, allochthonous DOM, which are derived form terrestrial sources, were found to show different 
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photoreactivity towards certain micropollutants compared to autochthonous DOM, which are originated 

through microbial activity.
 13

 

Since the photoreactivity of DOM may differ depending on its source, studies of the 

photochemical properties of DOM in rivers that receive treated municipal wastewater inputs must 

consider both natural DOM (NOM) and treated wastewater effluent organic matter (EfOM).  EfOM has 

shown distinct photoreactivity in comparison to NOM.  Previous studies reported enhanced production 

yields of 
1
O2 and OH• in EfOM, compared to NOM.

 26,27
  Later, our publication reported greater 

production of 
3
DOM* in EfOM than that for NOM.

 28
The enhanced photochemical reactivity of EfOM 

can explain the greater photochemical degradation rates of compounds in wastewater effluent dominated 

systems.
 12,29

  Because of this distinct photochemical properties of EfOM, there was an increasing interest 

to understand the nature of its photoreactivity and how EfOM contribution to rivers influence the 

phototransformation of aquatic micropollutants. 

 

1.2  Production of Reactive Intermediates by Chromophoric DOM 

Chromophoric DOM absorbs sunlight photons and undergoes excitation that leads to the 

production of various PPRIs (Figure 2).  This thesis work focuses on the production of 
3
DOM*, 

1
O2 and 

OH•; therefore,the discussion of the mechanism of PPRI production is limited to these three reactive 

species.  Details for the readers who are interested on the production of other PPRIs according to this 

model can be found elsewhere.
 3
Photoexcitation ofchromophoric organic matter produces excited singlet 

state DOM (
1
DOM*).  The competitive decay of 

1
DOM* produceseither 

3
DOM* (reaction 1) or charge-

separated species formed by electron transferbetween donor and acceptor moieties (
1
DOM

+•/-•
) (2).  

Energy transfer from 
3
DOM* to molecular oxygen is thought to be the pathway for 

1
O2 production (3) 

while 
1
DOM

+•/-•
 and DOM radicals (DOM•) are proposed as the precursors for DOM-dependent OH• 

production (4 and 5).
 3
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Figure 1.2: Model of photochemical formation of triplet-state excited organic matter (
3
DOM*), 

singlet oxygen (
1
O2) and hydroxyl radicals (OH•).  The details of the figure were extracted from 

Sharpless et al.
 3
 

 

Excited State Triplet Dissolved Organic Matter (
3
DOM*).  Excited state triplet DOM produced 

through sunlight excitation undergoes energy transfer andredox reactions.  Examples of energy transfer 

reactions of 
3
DOM* are reaction with ground electronic state oxygen molecules to produce 

1
O2

 30
 and 

reaction with dienes to produce diene-photoisomers.
 31,32

The triplet state of DOM has a distribution of 

energies because of its heterogeneous nature.
 33

The low energy 
3
DOM* (triplet energy between 94 and 

250 kJ mol
-1

, the energy above ground state DOM) is involved in reaction with molecular oxygen to 

produce 
1
O2 while high energy triplets (triplet energy ≥ 250 kJ mol

-1
) could participate in both the 

production of 
1
O2 and isomerization of dienes.

 33
  According to the previous reports,

 33
 only about 37% of 

the total 
3
DOM* pool of a particular DOM could account for high-energy triplets.  Excited triplet state 

DOM can also be involved in redox reactions.  Important examples of oxidation reactions of 
3
DOM* are 

its electron transfer reactions with substituted phenols and anilines.
 12,16,34-36

 As a precursor for other 
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PPRIs and a photosensitizer for photolysis of other compounds, 
3
DOM* is considered to be an important 

reactive intermediate in rivers receiving treated EfOM where enhanced production of 
3
DOM* is expected. 

A body of literature examining DOM photoexcitation points to the importance of aromatic 

carbonyl groups, such as aldehydes, ketones and quinones, in DOM to be precursors of 
3
DOM* 

formation.  Studies have employed photosensitized isomerization of alkenes to study the nature of 

3
DOM* produced by humic substances

 31
since the photoisomerizations of alkeneinvolve electronic energy 

transfer from triplet state of the photosensitizer.
 37

Zepp et al
 31

determined the fraction of trans-isomer at 

photostationary state in the reaction between trans-1,3-pentadiene and triplet sensitizers such as aromatic 

ketone compounds and NOM.  The fraction of trans-1,3-pentadiene at photostationary state obtained for 

the alkene reaction with NOM was closer to that obtained with aromatic ketone compounds, which have 

excited state triplets energies around 250 kJ/mol, such as acetonaphthone.  This study also examined the 

effective rate constant for energy transfer from excited state triplets to dienes.  For NOM samples this 

value was found to be order of 10
8
 M

-1
 s

-1
 that is similar to the values obtained for aromatic ketone 

compound triplet sensitizers.
 31

 Previous studies have also employed phototransformation of phenols to 

study the contribution of aromatic carbonyls in the production of 
3
DOM*.  Phenols undergo 

photodegradation reacting with excited state aromatic carbonyl triplets.
 38

The relative rate constants 

(normalized to phenol degradation rate) of photosensitized transformation of substituted phenols reacting 

with 
3
DOM* behaved similar to that with 3-methoxy-acetophenone triplets.

 16
  The DOM triplets were 

found to be less selective than 2-acetonaphthone triplets and more selective than benzophenone triplets 

towards phenols.  Also they found that relative rates of alkylphenol degradation in Greifensee water was 

very similar to that observed in benzophenone solutions.  Further, the kinetic isotope evidence 

demonstrated that the reactions between phenols and triplets were likely to be one-electron oxidations and 

not H-atom abstractions, thus giving more support to the idea that the reaction is similar those of triplet 

carbonyls.  Halladja et al
 39

estimated the photodegradation rates of 2,4,6-trimethylphenol (TMP) in humic 

and fulvic acids.  These rates were close to diffusion-controlled limit like the rate of reaction between 
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TMP and triplet benzophenone.
 36

Furthermore, lower photodegradation rates of TMP were observed in 

the sodium borohydride treated organic mater samples in comparison to non-reduced samples.
 40

  Sodium 

borohydride selectively reduces the aromatic aldehyde and ketone groups in DOM into hydroxyl groups, 

irreversibly, lowering the concentration of triplet sensitizers.  The observed incomplete loss of the TMP 

degradation rates may indicate the role of quinone in the production of 
3
DOM* or incomplete loss of 

aromatic ketones.  Therefore, this evidence collectively suggests that aromatic carbonyls such as 

aldehyde, ketone and quinones are possible triplet precursors in DOM samples. 

 

Singlet Oxygen (
1
O2).  Given the fact that the energy transfer from 

3
DOM* to ground state oxygen 

molecules produces 
1
O2 (Figure 2), aromatic aldehyde, ketones and quinone moieties in DOM are 

considered to be the 
1
O2 sensitizers.

 41
  It has been suggested that the 30-50% of 

3
DOM* leads to 

production 
1
O2 in DOM samples.

 42
  Even though, pure sensitizer solutions showed very effective 

production of 
1
O2,

 41
the production quantum yields of 

1
O2 in DOM samples were found to be somewhat 

lower.
 43,44

  Later may be arising from either quenching of 
1
O2 precursor, 

3
DOM*, by antioxidants present 

in DOM or direct reaction of 
1
O2 with chemical groups in DOM. 

 Singlet oxygen is a selective reactant; therefore, its impact on micropollutant degradations in 

aquatic environment may be limited.  
1
O2 reacts selectively with compounds containing double bonds, 

such as phenolates, furans, indoles, imidazole.
 42,45

  Since production quantum yields of 
1
O2have been 

found to be greater for treated wastewater EfOM than for NOM;
 27

 compound degradation via an 

1
O2pathway may be of more importance in river waters receiving treated wastewater where

1
O2steady state 

concentrations could potentially be increased over natural systems. 

 

Hydroxyl Radicals (OH•).Hydroxyl radicals are considered to be an important intermediate that can 

sensitize photochemical transformation of micropollutant in environmental waters because of the non-

specific nature of its reactivity.
 12,15,29,46

OH• production can occur through photoexcitation of chemical 
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groups in DOM (Figure 2),
 47

although clear identification of precursors have not been confirmed.  

Possible origins of OH• from DOM are unidentified reductants, or photoreduction of DOM-iron(III) 

complexes to produce iron (II) that has photo-Fenton-like reactions with H2O2 in waters.
 47-49

The latter 

mechanism is of greater importance in low pH conditions.  The greater OH• production yields in treated 

wastewater, as compared to NOM,
 26

may be indicative of a greater effect on micropollutant degradation in 

rivers receiving treated wastewater. 

In addition to organic matter sources of hydroxyl radicals, other common constituents of treated 

municipal wastewater effluent can contribute toOH• production.  Nitrate and nitrite anions and iron are 

also known photosensitizers that influence the photoproduction of free OH•.
 50

  Presence of multi-OH• 

precursors in treated effluent may lead to provide OH• readily available to react with micropollutants in 

effluent mixed river waters. 

1.3  Apparent Production Quantum Yield Measurements 

Chemical probes are typically used to determine the production efficiency of 
3
DOM*, 

1
O2 and 

OH• in DOM samples.  In this work, the probe compounds used were 2,4,6-trimethylphenol for 
3
DOM*,

 

51
furfuryl alcohol (FFA) for 

1
O2

 52
and caffeine for OH•.

 53
  Each probe compound selectively reacts with a 

single reactive species (Figure 3).  Reaction between 2,4,6-trimethylphenol and 
3
DOM* (aromatic ketone 

triplet) yields ketyl- and phenoxyl radicals,
 16

furfuryl alcohol reacts with 
1
O2 to produce 6-

hydroxy(2H)pyran-3(6H)-one(pyranone)
 39

 while caffeine reacts with OH• to produce 1,3,7-trymethyluric 

acid.
 54

  In experiments to find net PPRI production yields, individual probes were spiked directly into 

DOM samples and the pseudo-first order degradation rate of the relevant probe compound was 

determined by monitoring its loss over time.  These pseudo-first order degradation rates were used in the 

quantum yield calculations to estimate the apparent quantum yields, as detailed in Chapter 2 (for 
3
DOM* 

and 
1
O2) and Chapter 3 (OH•). 
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Figure 1.3:  Reactions of chemical probes with photochemically produced reactive intermediates. 

 

1.4  Optical Properties of DOM and Their Relationship to Photoreactivity 

The photochemical reactivity of dissolved organic matter is related to optical property 

characteristics such as slope characteristics of the absorbance spectra.
 27,44,55

The empirical index, E2/E3 

ratio (ratio of DOM absorbance at 254 nm to 365 nm), has been used as a proxy for the slopes of the 

absorbance curves of different aquatic DOM solutions.
 44,56,57

The shorter wavelength (ultraviolet) 

absorbance are proposed to arise from aromatic carbonyl groups in DOM while the longer wavelength 

absorbance are proposed to originate from charge transfer interaction between singlet electronic ground 

state phenolic electron donors and excited triplet state aromatic ketone/quinone acceptors.
 58

  Since later 

chemical groups are involved in the photochemical production of reactive intermediates,
 44,58

 E2/E3 ratio is 

considered as an easily measured proxy to assess the sensitization capacity of a give DOM sample. 

  Higher E2/E3 values are typically observed for EfOM relative to NOM.
 56

  The lower absorbance 
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at the longer wavelength may lead to the greater E2/E3 values of EfOM.  The longer wavelength 

absorbance is associated with charge transfer interaction between singlet electronic ground state phenolic 

electron donors and excited triplet state aromatic ketone/quinone acceptors.
 58

  The lower fractional 

content of phenols in comparison to aromatic ketone sensitizers may lead to lower extent of charge 

transfer interactions thus the greater E2/E3 values.  Therefore higher E2/E3 values of EfOM than NOM 

should be associated with higher concentration of aromatic ketones/quinone groups relative to phenols. 

  The correlation between E2/E3 ratio and 
1
O2 production yields has been studied but not for 

3
DOM*.  The E2/E3 values of isolated DOM, International Humic Substance Society (IHSS) reference 

materials, and whole water samples have been shown to correlate positively with apparent quantum yields 

for production of 
1
O2.

 44,59
  This relationship has been extended to isolated EfOM and it demonstrated a 

positive correlation similar to that of NOM.
 27

  Therefore, it is reasonable to postulate a correlation 

between E2/E3 and 
3
DOM* since it is the precursor to 

1
O2. 

 

1.5  Natural and Effluent Organic Matter in Micropollutant Degradation 

  Municipal wastewater treatment plants (WWTPs) discharge treated wastewater into natural river 

channels and almost one quarter of permitted wastewater discharges now occur into rivers and streams 

with dilution factors of ten or less.
 60

Treated wastewater is a source of synthetic organic micropollutants 

(e.g., pharmaceuticals and many personal care products (PPCPs)).
 61-67

The presence of PPCPs in natural 

river systems was reported as early as 1980s.
 68

Pharmaceutical compounds consumed by humans are 

partially absorbed and as a result of that 50-90% of the active ingredient may be present in human urine 

and feces that are collected by wastewater treatment plants (WWTPs) with other influent wastewaters.  

Most of these WWTPs are relatively inefficient in removing these PPCPs.
 69

Therefore, through treated 

wastewater discharges these micropollutants end up in natural aquatic environment. The release of these 

micropollutants through discharge of treated municipal wastewater effluent into the environment has 

increased with the increase of their production and use.
 70
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  Concentrations of these micropollutants in downstream (below the WWTP discharge of the river) 

may be attenuated by biological degradation or photochemical reactions.
 71-73

In aquatic systems 

photodegradation can be an important mechanism for the attenuation of these pharmaceutical compounds 

and other micropollutants released through treated wastewater discharges.
 11,12,14,15,45,61-63,74

Aquatic 

dissolved organic matter (DOM) plays an important role in the photodegradation of micropollutants by 

slowing direct photolysis reactions
 13

while simultaneously generating photochemically-produced reactive 

intermediates that can enhance micropollutant degradation through secondary reactions (indirect 

degradation).
 12-15

  As discussed above contributions of effluent organic matter to river systems may 

enhance the production of photochemically-produced reactive intermediates, hence  may increase the 

indirect degradations of aquatic micropollutants. 

 

1.6  Thesis Outline 

 

The purpose of this doctoral thesis was to examine the triplet reactivity of EfOM as it pertains to 

the photochemical degradation of micropollutants in rivers receiving treated municipal wastewater 

effluent.  First, we simulated how fractional contributions of EfOM into natural waters influence reactive 

species quantum yields using EfOM/NOM mixture samples.  Our data showed quenching of 
3
DOM* in 

mixture solutions.  Next, we simulated micropollutant photodegradation in effluent-receiving rivers using 

EfOM/NOM mixture samples.  Our results suggested that the expected ‗photodegradation rates of 

compounds‘ of mixtures is not always observed in actual samples.  Correlations between E2/E3 and 

compound photodegradation rates were found to hold promise for estimating degradation rates of these 

compounds in other EfOM mixtures.  Finally, we speculated that the lower concentration of charge-

transfer complexes in EfOM might be the possible explanation for the greater triplet photoreactivity of 

EfOM comparison to NOM.  Together, results of this work contribute to better assessment of 

micropollutant photodegradation potential in effluent-receiving streams. 
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The work accomplished here addressed the following questions. 

1.  Even though studies have investigated the production of 
3
DOM* from NOM,

 16,51
 no study has been 

reported the production of 
3
DOM* from EfOM. A recent study

 27
 reported greater 

1
O2 production from 

NOM in comparison to NOM.  Extending these observations, our first question was, are 
3
DOM* and 

1
O2 

quantum yields of EfOM greater than that for NOM? 

2.  Previous studies 
 26-28

 showed greater quantum yields of photochemical production of reactivity 

intermediates of EfOM compared to NOM.  So, the second question was, do enhanced quantum yields of 

EfOM translate to enhanced degradation of micropollutants susceptible to reactions with 
3
DOM*,

1
O2 and 

OH•? 

3.  The enhanced triplet photoreactivity of EfOM is thought to arise from its structural variations 

compared to NOM.  So, third question was, what are the chemical substructures that contribute to 

enhanced triplet photoreactivity of EfOM? 

 

Chapter 2, 3 and 4 contain the details of the works finished focusing the above questions.  The 

projects detailed in Chapter 2 and Chapter 3 have already been published in the journal of Environmental 

Science and Technology
 28

and Water Research,
 75

 respectively.  The third project detailed in Chapter 4 is 

being prepared for submission.  Chapter 5 provides general conclusions and viewpoint for future research. 

Funding for this work was provided by the US National Science Foundation(#1133600: Role of 

Organic Matter Source on the Photochemical Fate of Pharmaceutical Compounds).  
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2.1 Abstract 

 

 Effluent organic matter (EfOM), contained in treated municipal wastewater, differs in 

composition from naturally-occurring dissolved organic matter (DOM).  The presence of EfOM may thus 

alter the photochemical production of reactive intermediates in rivers that receive measurable 

contributions of treated municipal wastewater.  Quantum yield coefficients for excited triplet-state OM 

(
3
OM*) and apparent quantum yields for singlet oxygen (

1
O2) were measured for both whole water 

samples and OM isolated by solid phase extraction from whole water samples collected upstream and 

downstream of municipal wastewater treatment plant discharges in three rivers receiving differing 

effluent contributions: Hockanum R., CT (22% (v/v) effluent flow), E. Fork Little Miami R., OH (11%), 

and Pomperaug R., CT (6%).  While only small differences in production of these reactive intermediates 

were observed between upstream and downstream whole water samples collected from the same river, 

yields of 
3
OM* and 

1
O2 varied by 30-50 % between the rivers. Apparent quantum yields of 

1
O2 followed 

similar trends to those of 
3
OM*, consistent with 

3
OM* as a precursor to 

1
O2 formation.  Higher 

3
OM* 

reactivity was observed for whole water samples than for OM isolates of the same water, suggesting 

differential recoveries of photo-reactive moieties by solid phase extraction.  
3
OM* and 

1
O2 yields 

increased with increasing E2/E3 ratio (A254nm divided by A365nm) and decreased with increasing electron 

donating capacities of the samples, thus exhibiting trends also observed for reference humic and fulvic 

acid isolates. Mixing experiments with EfOM and DOM isolates showed evidence of quenching of triplet 

DOM by EfOM when measured yields were compared to theoretical yields.  Together, the results suggest 

that effluent contributions of up to 25% (v/v) to river systems have a negligible influence on 

photochemical production of 
3
OM* and 

1
O2 apparently because of quenching of triplet DOM by EfOM.  

Furthermore, the results highlight the importance of whole water studies for quantifying in situ 

photoreactivity, particularly for 
3
OM*.  
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2.2 Introduction 

 

 Urbanization increases contributions of treated municipal wastewater effluent to streams and 

rivers.  Almost one quarter of permitted wastewater discharges now occur into rivers and streams with 

dilution factors of ten or less.
1
  Municipal wastewater discharges are a source of synthetic organic 

micropollutants (e.g., pharmaceuticals and many personal care products) that can adversely impact 

downstream ecosystem health.
2-5

  Downstream concentrations of micropollutants may be attenuated by 

biological degradation or photochemical reactions.
6-8

  In the latter case, aquatic dissolved organic matter 

(DOM) plays a dual role by slowing direct photolysis reactions
9
 while simultaneously generating 

photochemically-produced reactive intermediates that can enhance micropollutant degradation through 

secondary reactions.
9-12

These photochemically-produced reactive intermediates include triplet-state 

excited organic matter (
3
OM*), singlet oxygen (

1
O2), and hydroxyl radicals (OH•) that are both 

produced
13-18

 and scavenged by DOM, yielding low steady state concentrations in natural waters.
18-22

  

Photoproduction of reactive intermediates may be altered by large fractional contributions of treated 

wastewater, which introduces effluent organic matter (EfOM)  that differs in chemical composition from 

upstream and in-stream sources.
23,24

  To date, the photoreactivity of treated wastewater EfOM has not 

been studied extensively
25,26

 and  how it may impact the downstream fate of wastewater micropollutants 

is poorly understood.
10,27

 

 The composition of EfOM differs from that of naturally-occurring DOM in fluvial systems in 

ways that are expected to affect aquatic photochemistry.  The photoreactivity of organic matter is often 

assessed in relation to its optical properties, including specific ultraviolet absorbance (e.g., at 254 nm, 

SUVA254) and slope characteristics of the absorbance spectrum.
25,28-31

  EfOM, in comparison to DOM, 

exhibits lower SUVA254 values
24,32-34

 and therefore absorbs, or attenuates, less light on a per carbon basis 

in the water column than DOM.  The ratio of DOM absorbance at 254 nm to 365 nm (E2/E3 ratio) has 

been related to the quantum yields of photochemically-produced reactive intermediates.
29,30

  For example, 
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the apparent quantum yield of 
1
O2 is positively correlated with E2/E3 values of isolated DOM, 

International Humic Substance Society (IHSS) reference materials, and whole water samples.
29,30

  This 

relationship has been extended to isolated EfOM; however, EfOM apparent quantum yields of 
1
O2 are 

somewhat higher than those for IHSS reference materials
25

consistent with higher E2/E3 values typically 

observed for EfOM relative to DOM.
24

  Higher 
1
O2 yields from EfOM suggest that quantum yields of 

3
OM* are also greater for EfOM than for DOM because 

3
OM* is thought to be the precursor for 

1
O2 

formation.
35,363

OM* yields of EfOM have not been reported previously but can be inferred to be higher 

than those of DOM from enhanced triplet state reactivity and degradation of sulfamethoxazole in treated 

municipal wastewater relative to lake water.
10,37

  Together, these observations suggest that wastewater 

treatment plant discharges may considerably influence the formation of photochemically-produced 

reactive intermediates in effluent-receiving rivers, with the actual influence depending upon the relative 

mass contributions of EfOM and DOM to the river, as well as the relative specific absorbances of the OM 

from these two sources. 

 An important consideration in studies of DOM and EfOM photochemistry is the extent to which 

the sampling and isolation of the OM may alter its composition and influence subsequent photochemical 

properties.  Although isolation techniques often have highly variable overall recoveries, the isolated OM 

still contains a significant fraction of chromophoric, photoreactive components.
38

  In contrast, isolation 

techniques may not capture all of the photoreactive components of EfOM.  Isolation of EfOM by solid 

phase extraction typically results in overall recoveries that are on the low end of the range reported for 

DOM.  For example, XAD-8 resin extraction only captures 20 to 40% of the total EfOM on a carbon 

basis.
24,32,34,39,40

  Importantly, lower molecular weight organic matter (< 1 kDa, membrane separation) that 

may be less effectively captured by resin isolation shows greater apparent
1
O2 quantum yields than larger 

molecular weight fractions
25

 (> 10 kDa, membrane separation) that could be more effectively captured by 

resin isolation.  More recently, the availability of wide-polarity spectrum solid phase extraction materials 

such as styrene divinylbenzene (trademarked as PPL) have been shown to capture a much larger fraction 
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of the organic matter pool (> 50%),
41,42

 but application to EfOM has not been investigated extensively.  

Although many past studies of DOM photoreactivity have been conducted using isolates, it is not clear 

whether the photoreactivity of solutions prepared with isolates is truly representative of whole water 

samples,
43,44

 particularly those with effluent contributions. 

 The purpose of this study was to investigate the influence of EfOM discharges on 
3
OM* and 

1
O2 

photoproduction in stream and river systems receiving moderate amounts of treated municipal wastewater 

effluent, as typical for the Northeast and Midwest U.S.  We used whole water samples and solutions 

prepared with OM isolated from water samples by solid phase extraction.  The water samples were 

collected up- and downstream of the treated wastewater outfalls. In addition, we used solutions prepared 

with EfOM isolated from the wastewater treatment plant.  This approach was designed to examine any 

bias that might result from the use of DOM isolates, relative to unaltered DOM in whole water samples.  

To our knowledge, 
3
OM* has not been studied previously in wastewater effluent or EfOM isolates, 

despite it being an important photooxidant for micropollutants from many substance classes.
9,10,13,37,45-

47
Furthermore, we sought to examine whether apparent quantum yields of 

1
O2 and triplet OM vary in 

similar ways with OM source in order to verify the assumption that triplet OM is the precursor to 
1
O2

35,36
 

and to examine whether probes for the two species provide consistent information on the production of 

triplet state photochemistry.  Finally, we evaluated the relationships of the respective quantum yields to 

OM properties, including E2/E3 ratios and OM isolate electron-donating and accepting capacities, to 

assess whether previously reported relationships for DOM also applied to EfOM and natural waters 

receiving treated wastewater effluent discharges. 
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2.3 Materials and Method 

Sample Collection and Preparation 

 Three wastewater treatment plant (WWTP) sites with different amounts of municipal effluent 

contributions were examined:  (i) Hockanum River (Vernon, CT), 22% effluent by volume at the 

downstream sampling site; (ii) East Fork Little (EFL) Miami River (Batavia, OH), 11 volume % effluent, 

and (iii) Pomperaug River (Southbury, CT), 6 volume % effluent.  The volumetric fraction of effluent 

discharged to each river was determined from boron dilution ratios.
48

  Each site receives wastewater 

primarily from residential sources with minor inputs from commercial businesses.  All of the plants 

employ conventional activated sludge treatments with some variations in operation.  The Hockanum R. 

plant (4 million gallons per day, MGD) has secondary treatment with the addition of powdered activated 

carbon to the activated sludge tanks (PACT® process) and does not have advanced nitrogen removal.  

The EFL Miami R. plant (3.2 MGD) is a conventional secondary activated sludge treatment plant and also 

has no advanced nitrogen removal.  The Pomperaug R. plant (0.4 MGD) has no primary treatment and 

oxygen delivery to the activated sludge tanks is pulsed to allow denitrification to occur during periods of 

anaerobic operation.  Effluent from the Pomperaug R. plant is discharged to two oxidation ponds in series 

before being discharged into the river.  Prior characterization of EfOM isolated from the two CT WWTP 

in 2010 and 2011 showed only small differences in their bulk characteristics, despite differing plant 

operating conditions.
24

 

 To assess the impact of effluent contributions on the photochemical generation of reactive species 

in the rivers, whole water samples were collected at each site in summer 2013 from two river locations, 

the first upstream of the WWTP outfall and the second downstream where the effluent plume was well-

mixed across the river, based on boron and conductivity measurements.  Aliquots of these samples were 

filtered through 0.45 μm PTFE membrane filters (Whatman) and used for whole water experiments.  An 

additional 250 mL of filtered whole water was used for small-scale organic matter isolation.  Separate 

large-scale organic matter isolation of DOM and EfOM was undertaken for paired upstream and effluent 
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samples (each 20 L), respectively, collected in summer 2012 from the Hockanum R., EFL Miami R. and 

in summer 2013, from the Pomperaug R.  As detailed in the Supporting Information, isolates were 

obtained by solid phase extraction using PPL stationary phases (styrene divinylbenzene), eluted with 

methanol and evaporated to dryness.
41

  Small-scale isolates were immediately dissolved in buffer 

solution, as described below, while large-scale isolates were dissolved in high purity water and freeze-

dried.  We note that similarities in yields of triplet organic matter and singlet oxygen species for both the 

small and large-scale 2013 OM isolates from the Pomperaug R. (Table S1) strongly suggests that the 

scale at which DOM was isolated did not affect its photoreactivity.  

 

Photochemistry Experiments 

 Photochemistry experiments were conducted in two different reactors located at the University of 

Connecticut and the University of Mary Washington (see SI for details).  Both reactors were configured 

so that the majority of photochemically-active radiation reaching the samples was centered around 365 

nm.  The intensity of the radiation reaching the samples was determined by p-nitroanisole/pyridine 

actinometry.
49

  Light intensities were typically about 2.6 × 10
-5
 Es L

-1
 s

-1
 at Connecticut and 2.4 x 10

-5
 Es 

L
-1
 s

-1
 at Mary Washington, and sample quantum yields measurements of split samples with both reactors 

were in good agreement (Figure S2). 

Quantum yields were determined from degradation of probe compounds spiked to the samples 

from aqueous stock solutions.  Probe compounds were 2,4,6-trimethylphenol (TMP, 5 M initial 

concentration) for 
3
OM*

50
and furfuryl alcohol (FFA, 25 M initial concentration) for 

1
O2.

51
Individual 

probes were spiked directly into filtered whole water samples under natural pH conditions (6.8 – 7.5, 

Table 1).  Samples of OM isolates were prepared by diluting stock solutions (see SI) with 10 mM 

phosphate buffer at the desired pH (pH 8 for 
3
DOM* experiments and pH 6.9 for 

1
O2 experiments) for 

consistency with previous studies.
14,29,36

  The final dissolved organic carbon (DOC) concentrations in 

experimental solutions are given in Table 1 and were quantified by high temperature oxidation (see SI).  
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For comparison, nine solutions were prepared from International Humic Substance Society reference 

materials (see SI for complete list; all at 5 mgC L
-1

) in 10 mM phosphate buffer for both 
3
DOM* and 

1
O2 

experiments.  Changes in probe concentrations over time were measured by HPLC using isocratic elution 

with a C-18 column and UV absorbance detection (see Table S2 for operating conditions).  The loss of 

the probe was used to determine quantum yield coefficients for 
3
OM* (fTMP) and apparent quantum yields 

for 
1
O2 (Ф1O2) following standard approaches (see SI for calculation details).  Quenching experiments 

with isopropanol were conducted with whole water samples to confirm that 2,4,6-trimethylphenol loss 

was dominated by reaction with 
3
OM*.  Less than approximately 10% quenching was observed indicating 

that there was either a small contribution to TMP reactivity by OH, or slight quenching of 
3
OM* by 

isopropanol
52

(Figure S3). 

 

Optical Analyses 

 Absorbance spectra were collected from 200 to 550 nm in 1-cm quartz cuvettes on a double beam 

UV/Vis spectrophotometer (Agilent Cary 50) using a 1 nm slit.  Blank corrections were applied by 

subtracting high purity H2O absorbance spectra from whole water samples, and buffer solution spectra 

from isolate solutions.  E2/E3 ratios were obtained by dividing the absorbance at 254 nm by the 

absorbance at 365 nm
53

 and specific absorbance (SUVA254) values (L mgC
-1
 m

-1
) were calculated by 

dividing the absorbance at 254 nm by the DOC concentration.
54

  OM fluorescence spectra were measured 

(Cary, Eclipse, Agilent) using the procedures of McKnight et al.
55

 to construct excitation-emission 

matrices (EEMs), as detailed in the SI.  Fluorescence indices were calculated for excitation at 370 nm 

from the ratio of the emission intensity at 450 nm to that at 500 nm.
55

 

 

DOM Electron Donating and Accepting Capacities 

The electron donating and accepting capacities (EDC and EAC) of large-scale OM isolates 

collected in 2012 were determined following the method of Aeschbacher et al.,
56,57

 in an anoxic glove box 
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by mediated electrochemical oxidation and reduction, respectively.  Measurements were made under the 

same conditions as reported previously for reference organic matter samples.
56

 EAC and EDC values of 

seven IHSS reference materials were included from previous work
56

 for comparison with the OM isolates 

used in this study.  Details on the electrochemical measurements are reported in the SI. 

 

 

2.4 Results and Discussions 

 

Influence of EfOM on Whole Water Optical Properties 

 The EfOM inputs at each site can be gauged by comparing DOC concentrations of the water 

above and below the WWTP location (Table 1).  Whole water samples from below the WWTP outfalls 

had DOC levels that were not significantly different from samples taken upstream of the treatment plants 

(± 0.2 mg/L).  This observation suggests that EfOM concentrations in the treated effluent at the time of 

sampling (measurements not obtained) were comparable to the DOM concentrations reported for 

upstream river samples, a trend we have observed in previous sampling rounds.  Thus, at the time that 

samples were collected, effluent contributions by volume, as calculated from boron dilution ratios, are 

also indicative of the fractional EfOM mass contribution to the overall organic matter concentrations 

downstream of the WWTPs. 

We examined the optical properties of whole river water samples collected upstream and 

downstream of the WWTPs to assess potential changes due to EfOM contributions.  Based on the known 

properties of isolated EfOM relative to DOM, differences in the optical properties of the water above and 

below the WWTP could be anticipated.  These differences include decreases in SUVA254 and increases in 

E2/E3 and fluorescence index values.
24,32-34

In the Hockanum River, SUVA254 decreased and E2/E3 

increased and hence, changed as expected for EfOM contributions to the optical properties (Table 1).  

Furthermore, excitation-emission matrices (EEMs) of water collected downstream of the WWTP outfall 
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on the Hockanum R. had a humic ‗C‘ peak that aligned with the ‗C‘ peak measured in the effluent, but not 

with the ‗C‘ peak of the upstream water where emission was observed at longer wavelengths (Figure S5), 

also indicating effluent contributions to the optical properties of downstream water.  Natural variations in 

SUVA254 and E2/E3 values for the Hockanum R. across sampling dates in July 2013 and May (12 % v/v 

effluent) and September 2014 (24 % v/v effluent) were greater than analytical uncertainty (Table S3); in 

contrast for each sampling date, similar trends (lower SUVA254, higher E2/E3) were observed between 

whole water from downstream and upstream locations (Table S3).For the other two rivers, no significant 

differences were observed between the optical properties of the whole water samples collected upstream 

and downstream of the WWTPs (Table 1).   

In contrast to the whole waters, OM isolated from upstream and downstream of the WWTP 

outfalls showed clear differences in optical properties.  Isolates downstream of the WWTP discharges in 

the Hockanum R. and EFL Miami R. showed lower SUVA254 and higher fluorescence index values, 

compared to the respective OM isolates from upstream of the WWTP (Table 1).  These observations 

suggest that different subcomponents of DOC were isolated by solid phase extraction at the upstream and 

downstream locations: the optical properties of the downstream isolates suggest that these had larger 

contributions of EfOM – which has comparatively low SUVA254 and high fluorescence index values – 

than its mass contribution to the OM in the whole water sample. 

 

Quantum Yield Measurements 

 For the OM isolates, we first determined the yields of 
3
OM* and 

1
O2 formation as a function of 

DOC concentration using a dilution series to ensure that the measured results were not biased by potential 

self-quenching of reactive intermediate production by the organic matter.
21,58-61

  For EfOM isolates, a 

strong inhibition of TMP oxidation was observed with increasing DOC: as DOC increased from 3 to 25 

mgC L
-1

, fTMPdecreased by 50-60% (Figure 1; B1,B2).  In stark contrast, DOM isolated from upstream of 

the WWTP outfalls showed little variations in fTMP with DOC (Figure 1; A1, A2).  To our knowledge, this 
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is the first observation of a self-quenching effect of EfOM on 
3
EfOM* induced oxidation, and this 

inhibition occurs at much lower DOC concentrations than reported for reference materials.
21

  The cause of 

the strong inhibiting effect of the EfOM, as compared to the DOM, remains unidentified.  Two possible 

scenarios could cause a decrease in fTMPwith increasing EfOM.  There could be direct self-quenching of 

3
EfOM* by ground state EfOM.  This explanation requires that 

1
O2 is produced by photoexcitation of 

different OM species than are responsible for TMP oxidation given that we observed a much smaller 

relative decrease in Φ1O2 than in fTMP over the same DOC range (Figure S6).  The Φ1O2 result is consistent 

with prior reports of negligible 
1
O2 quenching by DOM isolates.

20,51,62
  However, the discrepant trends 

between Φ1O2 and fTMP aredifficult to reconcile with recent evidence that strongly ties TMP oxidation to 

triplet states whose lifetimes are controlled by O2
63

  and that are responsible for 
1
O2 production.

36
  An 

alternative explanation to self-quenching is inhibition of TMP oxidation via interference by EfOM in 

secondary reactions of the TMP phenoxyl radical that lead to overall TMP loss.  Possible interferences 

include reduction of the TMP radical by EfOM,
58,59,64

 or EfOM scavenging of superoxide, a potentially 

important intermediate in the TMP oxidation mechanism.
61,65

  We chose 5 mgC L
-1

 as our working 

concentration for subsequent experiments with isolates because most of the whole water samples had 

similar DOC concentrations (Table 1), despite the fact that slight quenching effects were observed at this 

concentration level. 

 Quantum Yields in Whole Water Samples.  With one exception, effluent discharges caused 

little changes in fTMP and Φ1O2 in the river waters as indicated by similar downstream and upstream values 

of these parameters (Figure 2; A1, A2).  The only exception was the Pomperaug R., which showed a 

decrease of about 50% in fTMP, from samples collected upstream to samples collected downstream of the 

WWTP (Figure 2; A1).  Given the small contribution of EfOM to the overall DOC in this river (Table 1), 

it seems unlikely that the change in fTMP was due to inhibition of 
3
OM* by EfOM (6% mass contribution).  

Of the three river systems, the EFL Miami R. had the highest fTMP and Ф1O2 values, 30 to 50% larger than 

the corresponding values of samples from the two CT sites (Figure 2; A1, A2).  The fTMP and Φ1O2 values 
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of the samples collected both upstream and downstream of the WWTP are within ranges reported 

previously for natural water samples.
29,30,66-68

  Overall, our results suggest that modest EfOM 

contributions to river systems are unlikely to impact the downstream production of 
3
DOM* and 

1
O2. 

 Quantum Yields for Organic Matter Isolates.  In this work, we also compared the formation of 

3
OM* and 

1
O2 between whole water samples and solutions prepared with organic matter isolates obtained 

from aliquots of the same water.  Quantum yields are commonly measured using isolated DOM due to its 

stability and the overall convenience of this approach.
44

Solutions prepared from paired OM isolates 

collected upstream and downstream of each WWTP showed little differences in fTMPand Φ1O2 values 

(Figure 2), as was the case for whole water samples.  Notable differences were observed in fTMP values 

between whole waters and their respective OM isolate solutions, with smaller fTMPvalues of isolate 

solutions than of corresponding whole waters (Figure 2; A1 vs B1).   DOC concentrations were closely 

matched between the samples (Table 1) to minimize possible DOC-dependent inhibitory effects.  In 

contrast, we did not observe lower yields for 
1
O2 formation in isolate samples than in the corresponding 

whole waters.  Rather, Ф1O2 values for OM isolates were slightly higher (Hockanum R.) or comparable 

(EFL Miami R., Pomperaug R.) to those of the corresponding whole water samples (Figure 2; A2 vs B2).  

The finding, that fTMP was lower in isolates than whole waters while Φ1O2 was similar, contrasts with the 

expected result of similar trends in these parameters.  Such an expectation is based on recent results 

suggesting that the same pool of 
3
DOM* is believed to contribute to both 

1
O2 formation and TMP 

oxidation.
36,69

 If this is true, then the difference in fTMP and Φ1O2 trends between the isolates and whole 

waters cannot be explained by incomplete recovery of triplet precursors in the isolation procedure.  An 

alternative explanation is that species capable of oxidizing TMP were present in the whole water but not 

the isolates.  We can rule out 
1
O2 or OH as possible TMP oxidizers, given that Φ1O2 values for OM 

isolates were larger than, or similar to, those of the whole waters (Figure 2; A2, B2) and that control 

experiments with whole water samples showed that fTMP values decreased only slightly when adding 

isopropanol as an OH quencher  (Figure S3).  A final explanation is that there are higher concentrations 
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of OM species capable of inhibiting TMP oxidation in the isolate solutions than in the whole waters.
58,59

  

While the cause for lower fTMP values in OM isolates than whole water OM samples remains unidentified, 

the observed differences highlight that one needs to be cautious when using results from experiments 

conducted with solid phase extraction-isolated OM to predict OM photoreactivity in unaltered whole 

waters.  Furthermore, it is possible that the transformation rates of compounds with complex overall 

oxidation mechanisms, including TMP, are altered by components in the whole water samples that are not 

present in solutions prepared from OM isolates (e.g., unrecovered fractions of OM or other possible 

oxidants). 

 Simulated Mixing Scenarios.  We examined apparent quantum yields for solutions prepared 

with mixtures of isolated EfOM and DOM from upstream of the respective WWTP to assess how 

different sources of organic matter may affect 
3
OM* and 

1
O2 formation for volumetric mixing ratios of 

effluent and river waters other than those occurring at our field sites (Figure 3).  Comparison of isolated 

EfOM and upstream DOM from the same river showed greater fTMP and Φ1O2 for EfOM than DOM in the 

Hockanum R., consistent with differences previously reported in the literature.
10,25

Clear increases in fTMP 

and Φ1O2 values with increasing EfOM addition were observed for DOM from the Hockanum R. when the 

total DOC was kept constant at 5 mgC L
-1

 (Figure 3; A1, A2).  Here, mass contributions of isolated EfOM 

of 50% or larger resulted in higher fTMPvalues than for the isolated DOM (Figure 3; A1).  Importantly, 

samples in which EfOM constituted 25% of the DOC (Figure 3; A1) mimic the OM composition of the 

Hockanum R. downstream of the WWTP when whole waters were sampled.  For this case, similar fTMP 

values were obtained for the EfOM/DOM isolate mixture and for the pure DOM isolate (Figure 3; A1), 

consistent with the similar values observed for fTMP between OM isolates and whole water samples 

obtained upstream and downstream of the Hockanum R. WWTP (Figure 2; A1, B1), despite the much 

higher photoreactivity of EfOM compared to DOM from this location. The Φ1O2 values were slightly 

higher in the simulated isolate mixture with 25% EfOM as compared to the isolated DOM (Figure 3; A2), 

which is further consistent with the differences seen with the upstream and downstream OM isolates 
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(Figure 2; A2 and B2).  For the EFL Miami R., fTMP and Φ1O2 values for the EfOM isolate were much 

closer to those of the upstream DOM isolate. As a consequence, no clear changes in either fTMPor Φ1O2 

were observed with increasing contributions of EfOM to mixtures of OM isolates(Figure 3; B1 and B2).  

Pomperaug R. EfOM and DOM isolate fTMP values (130.8 ± 30.8 M
-1

; 48.6 ± 3.8 M
-1
, respectively) and 

Φ1O2 values (5.0 ± 0.8 %; 3 ± 0.3 %, respectively) showed higher photoreactivity of EfOM; however, 

mixing experiments were not conducted because of the low effluent inputs to the Pomperaug R. 

 As discussed in detail below, the photochemistry observed in EfOM and DOM isolate mixtures 

does not follow patterns expected for conservative mixing.  This suggests that EfOM quenching of DOM 

photoreactivity may explain the observed lack of an effect of WWTP effluent on fTMP and Φ1O2 in our 

whole water experiments.  Ultimately, the extent to which OM from a given source contributes to the 

observed quantum yields in an OM mixture depends upon both the photoreactivity of the individual OM 

components and the fraction of light absorbed by the individual components.  Unfortunately, the available 

field data (i.e., measured volumetric and DOC mass mixing ratios of effluent with river water) do not 

include absorption spectra of the WWTP effluent, so it is not possible to calculate the expected apparent 

quantum yields in the whole water samples downstream of the WWTP outfall.  In contrast, the 

photoreactivity of EfOM and DOM isolate mixtures can be estimated based on the optical characteristics 

of the pure EfOM and DOM isolates (Figure 3).  The apparent quantum yield, Φi,app, of a mixture can be 

calculated from the ratio of the overall production of species i to the overall rate of light absorption of the 

sample by assuming no interactions of the two photoreactive components (i.e., conservative mixing): 

 

Φi,app =   
 1−10−∝1DOC 1 z  Φi ,1+ 1−10−∝2DOC 2 z Φi ,2

 1−10− ∝1DO C1 + ∝2DO C2 z 
   (1) 

 

where Φi,1 and Φi,2 are the apparent quantum yield of i for the individual components 1 and 2, α1 and α2 

are the specific absorption coefficients of the two waters (L mgC
-1

 cm
-1

), DOC1 and DOC2 are the OM 

concentrations of components 1 and 2 (mgC L
-1

), and z is the optical path length (cm).  Calculated fTMP and 
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Φ1O2 values for the Hockanum R. are shown in Figure 3 using specific absorption coefficients obtained at 

365 nm of 0.0029 and 0.0048 L mgC
-1

 cm
-1

, respectively, for EfOM and DOM isolates.  Calculated fTMP 

and Φ1O2 values were always larger than measured values for the isolate mixtures (Figure 3; A1, A2), 

indicating that conservative mixing did not hold.  Given that absorbance values of the EfOM:DOM 

isolate mixtures were consistent with predicted values, the lower than predicted fTMP and Φ1O2 values 

suggest that EfOM quenched triplets of DOM in the mixtures.  For the EFL Miami R., EfOM and DOM 

isolates had similar fTMP and Φ1O2 values (Figure 3; B1, B2) (and similar specific absorbances at 365 nm; 

0.0072 L mgC
-1

 L
-1

 for EfOM and 0.0078 L mgC
-1

 L
-1

 for DOM) such that the different mixtures were 

expected to show comparable photoreactivities.  Nonetheless, the mixture of 25/75 EfOM and DOM 

isolates for this river – which most closely matches the water downstream of the WWTP outfall – had a 

lower fTMP value than the pure DOM isolate (Fig. 3, B1), indicating the possibility that there could be 

EfOM quenching of DOM triplets in the downstream whole water.  Together, the comparison of 

measured and calculated apparent quantum yields for OM mixtures suggests that the lack of differences in 

upstream and downstream 
3
DOM* and 

1
O2 production in whole water samples may be attributed to 

quenching of triplet state DOM by EfOM, particularly in the case of the Hockanum R. that received the 

largest OM mass contributions from treated municipal wastewater.  

 

Correlation of Quantum Yields with E2/E3 Ratios 

 To expand on recent reports
25,29,30,67,69

 and to provide additional comparisons between EfOM and 

DOM photochemical reactivity, we examined trends between optical properties (E2/E3) and 

photoreactivity for whole waters and organic matter isolates.  A positive correlation between Φ1O2 and 

E2/E3 for organic matter samples was reported previously
25,29,30,67,69

 and attributed to the efficiency of 

3
DOM* formation from OM precursor moieties.  It is hypothesized that intermolecular complexes 

between electron-donating and accepting moieties in OM result in long-wave absorption (low E2/E3) that 

is inefficient at producing triplet state photochemistry.
67

Although correlations between fTMP and 
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E2/E3ratios have not been examined in the literature, a positive correlation should exist because of the fact 

that 
1
O2 is produced by 

3
DOM*.  Indeed, both fTMP and Φ1O2 correlated positively with E2/E3 for our 

complete sample set (Figure 4).  Previously published values
25

 of Φ1O2 for effluent whole water samples 

and E2/E3 ratios also were within the bounds of our correlation (Figure 4, ‗×‘).  Furthermore, all the 

samples examined here (whole water, OM isolates, and EfOM/DOM mixtures) showed trends of fTMP and 

Ф1O2with E2/E3 that were similar to the ones observed for reference fulvic and humic acids (Figure 4).  

Notably, despite the differences in absolute values of fTMP for whole water samples and their 

corresponding DOM isolates, fTMP for both sample types showed similar relationships to E2/E3.  The 

similar trends in fTMP and Ф1O2 with E2/E3 for isolated OM and whole water samples – both parameters 

increasing by a factor of approximately 10 over the same E2/E3 range (Figure 4) – reveal a subset of 

3
OM* and 

1
O2 precursors that were simultaneously isolated by solid phase extraction and likely have a 

high degree of overlap in their reactivities.
36,69

  Our results corroborate previous reports
25,29,30

 that 

proposed that E2/E3 may be a simple parameter to estimate apparent quantum yields of 
3
DOM* and 

1
O2 

(and hence, production rates and steady-state reactive species concentrations) in cases that photochemical 

determinations are not feasible or impossible.  We note a caveat in cases when DOM samples undergo 

photooxidation for which destruction of sensitizing chromophores increases E2/E3 but decreases fTMP
67

; 

however, this should be more relevant for open water bodies because OM in rivers is less subject to 

photooxidation due to shorter residence times. 

 

OM Redox Properties and Photochemistry 

 To extend our knowledge of how photochemical reactivity is linked to chemical composition of 

EfOM and DOM, we also explored relationships between quantum yields and electron-donating and 

accepting capacities (EDC and EAC) of large-scale EfOM and DOM isolates.  DOM substructures 

suspected to be involved in photoreactivity (phenols and quinones)
69,70

 are also thought to be active in 

electron transfer.
56,57

Recently, quantum yields of 
1
O2 have been shown to correlate negatively to EDC for 
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several OM samples undergoing photooxidation.
67

  Such a relationship was also observed here between 

EDC and both fTMP and Φ1O2 for isolated EfOM and DOM, and a similar trend was observed with 

reference fulvic and humic acids (Figure 5).  These trends are consistent with the current model for the 

structural basis of DOM photochemistry, i.e., that electron donating moieties participate in charge transfer 

complexes
29,69,71

 and that the formation of 
3
DOM* is impaired in DOM that has a high abundance of these 

complexes.  We also note that neither fTMP nor Φ1O2 showed a correlation with EAC (results not shown), 

which is consistent with a report by Sharpless et al.,
67

 who argued that a weak relationship of these 

properties to EAC indicates only a minor role for quinones in 
3
DOM* photochemistry of aquatic DOM.

67
  

Collectively, these findings suggest that photoreactivity in OM isolated by solid phase extraction 

correlates negatively with the concentration of redox active substructures and further suggest that 

aromatic ketones, rather than quinones, are primary triplet sensitizers in these OM isolates.  

 

2.5 Environmental Implications 

 

When placed in the context of treated municipal wastewater discharge scenarios, our findings 

suggest that effluent may have a smaller influence on downstream photochemistry than previously 

anticipated.  Mostafa et al.
25

 and Dong et al.
26

 showed EfOM to have greater quantum yields of 
1
O2 and 

OH• than for reference fulvic and humic materials.  If our fTMP- and Φ1O2-E2/E3 ratio relationships are 

indicative, there is likely overlap between the photoreactivity of EfOM and that of DOM from natural 

waters.  Values of E2/E3 for EfOM are not widely reported; literature values, including our study, of E2/E3 

ratios for EfOM range from 4 to 8 (n = 11, 7 WWTP)
24,25

 with most values between 4.8 and 5.7.  EfOM 

characterized by the lower range of E2/E3 ratios (< 5) may have similar photoreactivity as receiving water 

DOM that we, and others,
29,30

 have found to have greater E2/E3 ratios than some commonly studied 

reference fulvic and humic materials.  According to Eq. 1, the maximum influence of EfOM discharges 

on downstream apparent quantum yields depends on the relative values of fTMP and Φ1O2 of the EfOM and 
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DOM, their fractional contribution to the total DOC contribution in the mixture and the relative 

magnitude of the EfOM and DOM absorption coeffieicnts, which are fixed for a particular combination of 

OM sources.  However, as shown above, conservative mixing estimates of downstream apparent quantum 

yields are complicated by what appears to be quenching of triplet states by EfOM, which reduces the 

effective EfOM contribution to overall photochemical reactivity.  Typical effluent DOC concentrations 

range from 5 to 20 mgC L
-1

.
72

  For low DOC effluents, effects on downstream photoreactivity will likely 

only occur for conditions of both high mass contributions (volumetric discharge) and high EfOM E2/E3 

ratios (indicative of high triplet photoreactivity).  However, even under these conditions, it is possible that 

EfOM self-quenching will greatly suppress EfOM photoreactivity.  Relationships, such as shown in 

Figure 4, do suggest promise for using mixture E2/E3 ratios to estimate photoreactivity provided that they 

are constructed under a representative DOC concentration (Figure S7).  Studies including a broader array 

of ecosystems should be undertaken to validate the predictive ability of this approach and to assess 

whether the trends in apparent quantum yields reported here are, or are not, ecosystem dependent.
67

 

Furthermore, our results suggest that the use of TMP as a probe can lead to 
3
OM* quantum yields 

that are higher in whole water than for samples prepared with OM isolates from the same water samples. 

Additional study is warranted to evaluate whether isolated DOM (by XAD 8 or other solid phase 

extraction methods) should be used in 
3
OM* reactivity studies and the extent to which the choice of probe 

compound may influence the results.
14,44,64
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Table 2.1.  Water quality and optical properties of whole waters and solutions prepared with OM 

isolates (small-scale) collected in July 2013.  Parameters for large-scale OM isolates are italicized. 

 

Sample pH [DOC]
a
 

(mg L
-1

) 

SUVA254
b
 

(L mgC
-1 

m
-1

) 

E2/E3
c
 Fluorescenc

e  

Index
d
 

Hockanum River (22% (v/v) effluent flow) 

Whole water upstream 6.8 4.5 5.5 4.1 1.5 

Whole water downstream 7.5 4.5 5.1 4.4 1.4 

OM isolate upstream 8.0/6.9
e
 4.0 4.4 4.4 1.7 

OM isolate downstream 8.0/6.9 5.0 2.7 4.9 2.3 

2012 DOM isolate upstream 8.0/6.9 5.0 2.6 5.3 1.2 

2012 EfOM isolate 8.0/6.9 5.0 2.0 7.2 1.9 

EFL Miami River (11% (v/v) effluent flow) 

Whole water upstream 7.2 6.2 2.9 5.2 1.3 

Whole water downstream 7.1 6.5 2.8 5.2 1.5 

OM isolate upstream 8.0/6.9 3.0 3.4 5.8 1.8 

OM isolate downstream 8.0/6.9 5.0 2.0 5.2 2.1 

2012 DOM isolate upstream 8.0/6.9 5.0 3.4 5.0 1.1 

2012 EfOM isolate 8.0/6.9 5.0 2.5 4.6 1.4 

Pomperaug River (6% (v/v) effluent flow) 

Whole water upstream 7.4 2.4 3.6 4.3 1.2 

Whole water downstream 7.1 2.8 3.9 4.3 1.2 

OM isolate upstream 8.0/6.9 5.8 3.5 5.2 1.3 

OM isolate downstream 8.0/6.9 5.7 3.4 5.1 1.4 

2013 DOM isolate upstream 8.0/6.9 5.0 1.6 4.3 1.8 

2013 EfOM isolate 8.0/6.9 5.0 0.8 6.0 2.2 

2012 DOM isolate upstream 8.0/6.9 5.0 1.3 4.7 1.9 

2011 DOM isolate upstream 8.0/6.9 5.0 1.8 3.9 1.5 

a 
DOC (± 0.2 mg L

-1
) for isolates is the prepared concentration in photochemistry experiments, 

b 
SUVA254 

( ± 0.006 L mgC
-1

m
-1

), 
c 
E2/E3 (± 0.07), 

d 
Fluorescence index (± 0.07), 

e
10 mM phosphate buffer pH for 

3
DOM* experiments/ pH for 

1
O2 experiments.  
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Figure 2.1.  Influence of dissolved organic carbon (DOC) concentration on triplet quantum yield 

coefficients (fTMP(M
-1

)) for large-scale OM isolates of Hockanum R. (A1) dissolved organic matter 

(DOM) and (B1) effluent organic matter (EfOM) and EFL Miami R. (A2) DOM and (B2) EfOM, all 

collected in 2012.  
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Figure 2.2.  Triplet quantum yield coefficients (fTMP(M
-1

)) and 
1
O2 apparent quantum yields (Φ1O2 

(%)) for 2013 (A1 & A2) whole water samples and (B1 & B2) OM isolates collected in 2013 at river 

locations upstream (white bar) and downstream (grey bar) of the WWTP discharges, where Hock = 

Hockanum R., Miami = EFL Miami R. and Pomp = Pomperaug R. 
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Figure 2.3.  Triplet quantum yield coefficients (fTMP(M
-1

)) and 
1
O2 apparent quantum yields ((Φ1O2 

(%)) for mixtures of large-scale dissolved organic matter (DOM) and effluent organic matter 

(EfOM) isolates collected in 2012 from (A1 & A2) the Hockanum R and (B1 & B2) the EFL Miami 

R.  Calculated yields assuming conservative mixing (Eq. 1) are shown for the Hockanum R. (●).  
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Figure 2.4.  Trends in sample (A) triplet quantum yield coefficient (fTMP(M
-1

)) and (B) 
1
O2 apparent 

quantum yields (Φ1O2 (%)) with DOM optical characteristics and comparison with International 

Humic Substance Society (IHSS) reference materials: ○ IHSS; □ small/large-scale OM isolates from 

upstream of the WWTP; ■ small-scale OM isolates from downstream of the WWTP; ● large-scale 

EfOM isolates; ◊ EfOM:DOM isolate mixtures; ∆ whole water from upstream of the WWTP; ▲ 

whole water from downstream of the WWTP.  Previously reported values
25

 (×) are shown in B.  
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Figure 2.5.  Relationship between (A) triplet quantum yield coefficients (fTMP(M
-1

)) and (B) 
1
O2 

apparent quantum yields (Φ1O2 (%)) and electron-donating capacities (EDC, pH 7, 0.61 V vs. 

standard hydrogen electrode) of (●) OM isolates collected in 2012 and comparison with(○) IHSS 

reference materials obtained from previous work by Aeschbacher et al.
56
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Figure S5:  Excitation-emission matrices (EEMs) for Hockanum River whole water samples obtained  

(A) upstream, from (B) within, and (c) downstream of the WWTP discharge  

Figure S6:  Singlet oxygen apparent quantum yields (Φ1O2 (%))at different dissolved organic carbon 

concentrations of large-scale OM isolates of EfOM collected in 2012 
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Figure S7:Trends in sample triplet quantum yield coefficient (fTMP (M
-1

)) with OM optical characteristics 

(E2/E3) for EfOM, DOM and EfOM:DOM mixtures  
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MATERIALS AND METHODS 

Organic Matter Isolation and Photochemistry Solution Preparation 

Organic matter isolation was undertaken using PPL cartridges (Agilent).  Cartridges were 

conditioned by washing with 50 pore volumes of methanol, followed by washing with a large volume of 

high purity water (Milli-Q, Waters).  Two extraction procedures were undertaken with minor variations 

for large-scale (20 L) and small-scale (250 mL) samples.  For large-scale extractions, water samples were 

filtered through a glass fiber filter (0.7 μm nominal pore size, Whatman) then acidified to pH 2.5 with 

hydrochloric acid and pulled through two 5-gram PPL cartridges in parallel attached to a vacuum 

manifold at a flow rate of ~10 mL/min.  Cartridge breakthrough was monitored by collecting aliquots of 

the cartridge effluent and measuring absorbance at 254 nm to ensure that it did not exceed 50% of the 

initial acidified water sample.  No samples exceeded the PPL cartridge capacity.  Once the water 

extraction was complete, the PPL cartridges were subsequently washed with 3 pore volumes of high-

purity water and eluted with 3 pore volumes of methanol.  Methanol was removed from the organic 

matter extracts by nitrogen blow-down under gentle warming.  The dried organic matter extracts were 

then dissolved in high purity water and freeze-dried.  Stock solutions for photochemistry experiments 

were prepared by dissolving organic matter isolates in 10 mM phosphate buffer at pH 8 (
3
DOM* yields) 

or 6.9 (
1
O2 yields) to yield ~5 mgC L

-1
.  Stock solutions were also used to prepare mixtures of upstream 

DOM and EfOM isolated from the same watershed.  Final pH and dissolved organic carbon (DOC) 

concentration values for the experimental solutions are reported in Table 1.  DOC was measured using a 

Total Organic Carbon analyzer with high temperature combustion (Apollo 9000 TOC analyzer, Teledyne 

Tekmar, MDL = 0.5 mgC L
-1

). 

Small-scale (250 mL) organic matter isolates were obtained from 2013 whole water samples 

following the same procedure as for large-scale isolates with the following differences:  Samples were 

acidified with sulfuric acid before pulling through 100 mg PPL cartridges at a flow rate of ~5 mL/min.  

Methanol eluents were evaporated to dryness and the OM residues were dissolved directly in Milli-Q 
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water to create stock solutions that were subsequently diluted with 10 mM phosphate buffer at pH 8 or 

6.9.  Differences in 
3
OM* quantum yield coefficients (fTMP) and 

1
O apparent quantum yields (Φ1O2) 

between small-scale isolates and large-scale isolates of the same water (2013 Pomperaug R., Table S1) 

were within the range of annual variations for large- and small-scale isolates.  
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Table S1.  Triplet quantum yield coefficients (fTMP(M
-1

)) and 
1
O2 apparent quantum yields (Φ1O2 

(%)) for OM isolate samples collected upstream of the wastewater treatment plant discharges. 

 

fTMP(M
-1

) 

 

Φ1O2 (%) 

Sample 2011
a
 2012 2013 2011 2012 2013 

Hockanum R. -
b
 93.8 ± 13.0

c
 39.6 ± 6.2

d 
- 4.4 ± 0.3 3.1 ± 0.2 

EFL Miami R. - 62.0 ± 4.9 61.8 ± 4.1 - 2.5 ± 0.2 4.1 ± 0.3 

Pomperaug R. 

 

37.7 ± 4.1 

- 

89.3 ± 8.6 

- 

48.6 ± 3.8 

35.1 ± 2.5 

 

2.8 ± 0.6 

- 

3.6 ± 0.4 

- 

3.0 ± 0.3 

2.8 ± 0.2 

 

a
 year in which the samples were collected, 

b
 dash indicates no sample collected, 

c
 ± standard deviation,    

d
 normal font = large-scale isolates; italicized font = small-scale isolates  

 

Photochemistry Experiments 

Studies at UConn employed a ―merry-go-round‖ photoreactor (Ace Glass) equipped with a 

mercury vapor lamp (220 W, Ace Glass) and a borosilicate, water-cooled immersion well.  The 

immersion well cuts off radiation below 300 nm, and under these conditions the majority of the 

photochemically active radiation was emitted at 365 nm (Fig. S1, solid line).  Samples (7 mL) were 

irradiated in borosilicate tubes (13 mm o.d.) on a rotating stage, and small aliquots (250 L) were 

removed for analysis at selected time intervals.  At UMW, a custom-built photoreactor was employed that 

consists of six black light lamps (Philips, TL-D 15W BLB) that emit an approximately 20 nm-wide band 

of radiation centered around 365 nm (Fig. S1, dashed line).  The lamps were mounted in sets of three on 

either side of a sample stage that is air-cooled by two small 12 V fans and is capable of accommodating a 

row of up to eight sample tubes.  These experiments used 5.1 mL samples in 13 mm o.d. borosilicate 

tubes and 100 L subsamples for analyses. 
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Figure S1: Spectral output of the lamps used in UCONN (solid grey line) and UMW (dashed black 

line) photoreactors. 

 

To examine possible bias in the quantum yields measured using the two different photoreactors, 

we directly compared certain samples by conducting measurements in both reactors.  The spectral photon 

flux for each reactor was measured by combining p-nitroanisole/pyridine actinometry and the emission 

spectra of the lamps measured by spectrometers calibrated for both spectral accuracy and wavelength 

sensitivity (Ocean Optics S2000 at UMW, and ASD Inc. FieldSpec HH at UConn).
1,2

  Overall light 

intensities were quite similar for the two systems: 2.6 × 10
-5
 Es L

-1
 s

-1
 at UConn and 2.4 × 10

-5
 Es L

-1
 s

-1
 at 

UMW.  Triplet quantum yield coefficients (fTMP (M
-1

)) for 2012 OM isolates of DOM and EfOM (both 5 

mgC L
-1

) from the Hockanum R. and East Fork Little Miami R. were not significantly different between 

the two photoreactors, except in the case of EfOM from the Hockanum R. (Fig. S2).  A greater quantum 

yield coefficient for TMP was measured for EfOM with the UConn photoreactor and could indicate 

contributions of substructures of the Hockanum R. EfOM that exhibit photoreactivity at longer 

wavelengths (e.g., 400-410, Fig. S1).  The UConn photoreactor was used to measure fTMP values for whole 

water samples, whole water OM isolates and mixtures of DOM and EfOM so intercomparisons of these 

samples are not affected by lamp source.  The UMW photoreactor was used to measure fTMPvalues for 

reference humic and fulvic acid samples and, since no systematic bias in DOM sample measurements 

Wavelength (nm) 

Relative 
intensity 



 
 
 

63 

were shown between the two reactors, can be compared to DOM and EfOM sample fTMP values measured 

with the UConn reactor. 

 

 

Figure S2:  Consistency of the quantum yield measurements between two photoreactors used in the 

study.  Triplet quantum yield coefficient (fTMP (M
-1

)) for 2012 OM isolates (5 mgC L
-1

) of Hockanum 

R. (DOM = dissolved organic matter, EfOM = effluent organic matter, UCONN = University of 

Connecticut and UMW = University of Mary Washington) 

 

International Humic Substance Society (IHSS) Reference Materials 

Solutions prepared with IHSS reference materials were analyzed to compare yields of 
3
OM* and 

1
O2 with those of whole water and isolates obtained from our sample sites (noted with superscript ‗1‘ 

following).  IHSS reference materials from previously published work
3
 were used for comparison of 

electron donating and accepting capacities of large-scale OM isolates from our sample sites (noted with 

superscript ‗2‘ following).  The following IHSS samples were selected: Suwanee River Natural Organic 

Matter (SROM)
1,2

, Suwanee River Fulvic Acid (SRFA)
1,2

 , Suwanee River Humic Acid (SRHA)
1,2

, Pony 

Lake Fulvic Acid (PLFA)
1
, Waskish Peat Fulvic Acid (WPFA)

1
, Nordic Aquatic (reservoir) Fulvic Acid 
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(NFA)
1,2

, Nordic Aquatic Natural Organic Matter (NNOM)
1,2

, Nordic Aquatic Humic Acid (NHA)
2
 and 

Waskish Peat Humic Acid (WPHA)
2
. 

 

Sample Analysis by High Performance Liquid Chromatography (HPLC) 

Subsamples of experimental solutions containing the 
3
OM* and 

1
O2 probe compounds were 

analyzed by HPLC as detailed in Table S2. 

Table S2.  Operating conditions for photolysis experiments and HPLC. 

a
 University of Connecticut, 

b
 University of Mary Washington. Both instruments used C18 (3 µm, 150 × 

4.6 mm) columns. 

 

Calculation of Quantum Yields 

 Reactive intermediate quantum yields (Φi) were derived from the rate of species formation (Ri, 

mol L
-1

 s
-1

) and the rate of light absorption (Ra, Es L
-1
 s

-1
): 

 Ri = Ra Φi   (S1) 

Reactive 

Species 

Probe 

Molecule 

Initial 

Concentration 

HPLC method 

UCONN
a
 UMW

b
 

3
DOM* 2,4,6-Trimethylphenol

4 
5 µM 70% ACN: 

30% PO4 buffer 

(2 mM, pH 2.5) 

λ = 277 nm 

83% MeOH: 

17% H2O 

λ = 220 nm 

1
O2 Furfuryl alcohol

5
 25 µM 60% H2O: 

40% ACN 

λ = 220 nm 

65% H2O: 

35% MeOH 

λ = 220 nm 
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The rate of light absorption was obtained from the measured lamp emission intensity incident on the 

samples (I0, Es L
-1

 s
-1

) and the solution absorbance (A, due solely to organic matter in our samples) for a 1 

cm path length at the wavelength of the greatest emission intensity, 365 nm (UConn) or using a 

summation over the wavelengths emitted by the black lights (UMW). 

 Ra = I0 (1 – 10
-A

)    (S2) 

 

3
OM* quantum yield coefficient 

The quantum yield coefficient for 
3
OM*, fTMP(M

-1
), was derived from the pseudo-first order rate 

constant of the reaction of the probe 2,4,6-trimethylphenol (TMP) with 
3
OM*.  Assuming a steady state 

concentration of 
3
OM*, the rate (RTMP) of the reaction between TMP and 

3
OM* is given as: 

 RTMP = kTMP[
3
OM*]ss[TMP] = k

’
TMP[TMP]   (S3) 

where, kTMP (M
-1
 s

-1
) is the second order rate constant between TMP and 

3
OM*, [

3
OM*]SS (M) is the 

steady state triplet concentration, [TMP] (M) is the probe concentration and kTMP
’
 (s

-1
) is the pseudo-first 

order rate constant for triplet loss which is measured in the irradiation experiment. Although [
3
OM*]SS is 

unknown, a generalized equation for k
’
TMPcan be written that replaces it by the ratio of the 

3
OM* 

formation rate and loss rate constants: 

 k
’
TMP= kTMPRaΦ3OM*/ Σkd,3OM*   (S4) 

where Φ3OM* is the quantum yield of triplet production and Σkd,3OM* (s
-1
) is the sum of all the first and 

pseudo-first order rate constants of 
3
OM* loss reactions

5
.  In this formalism, RaΦ3OM* / Σkdequals the 

steady state concentration of 
3
OM*.  The terms kTMP and Σkd,3OM* are not known with certainty but are 

assumed to be approximately constant across OM samples.  The 
3
OM*quantum yield coefficient is then 

expressed as
6
: 

 fTMP = k
’
TMP/ Ra =  kTMPΦ3OM*/ Σkd,3OM*  (S5) 

 

 



 
 
 

66 

1
O2 apparent quantum yield 

1
O2 quantum yields were calculated using established methods

7,8
: 

 Φ1O2 = kobs,1O2kd,1O2 / kFFA,1O2Ra        (S6) 

where kobs,1O2(s
-1

) is the pseudo first-order rate constant for loss of furfuryl alcohol in the irradiation 

experiment, kd,1O2(s
-1

) is the rate constant for quenching of 
1
O2 by water (2.4 × 10

5
 s

-1
)

9 
and kFFA,1O2 (s

-1
) is 

the rate constant for reaction between FFA and 
1
O2 (1.2 × 10

8
 M

-1
 s

-1
).

10
 

 

Effect of Isopropanol on fTMP 

Experiments to measure fTMP in whole water samples were also conducted in the presence of 

added isopropanol to assess the extent to which OH reaction with TMP contributed to its degradation.  

As shown in Figure S3, there was generally a small or insignificant effect of isopropanol on the observed 

fTMP.  The small decrease in fTMPfor samples containing isopropanol is attributed to the quenching of OH 

produced either from OM or nitrate in the water,
11

 or possibly direct quenching of 
3
OM* due to H-atom 

transfer from isopropanol.
12

 

Hockanum R. and EFL Miami R. samples showed increases in nitrate concentrations downstream 

of the WWTP discharge, compared to the water samples upstream of the WWTP (Table S3), consistent 

with the lack of advanced nitrogen removal at these two plants.  Nitrate contributions were also reflected 

in the absorbance spectra of whole water downstream of the WWTP discharge of both Hockanum R. and 

EFL Miami R. (Figure S4 A and B).  In the case of the Pomperaug R., the nitrate concentration of whole 

water upstream and downstream of the WWTP remained essentially unchanged (Table S3).  Similarly, the 

absorbance spectra of whole water above the WWTP discharge overlapped that below the Pompraug R. 

WWTP (Figure S4 C).  Overall, nitrate was a minor contributor to sample absorbance at wavelengths 

above 254 nm for all whole water samples (Figure S4), and it is unlikely that it was an important source 

of OH in these waters.  
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As indicated by the isopropanol scavenging experiments, iron (Table S3) also was likely not a 

significant source of photo-Fenton generated OH in these water samples. 

 

 

Figure S3.  Effect of isopropanol (25 mM) on measured fTMP values in whole water experiments. 

Hockanum River (Hock), EFL Miami River (Miami), Pomperaug River (Pomp) (note: up = 

upstream and dn = downstream) 

 

Table S3.  Additional water quality parameters for river water samples 

Sample 
[NO3

-1
] [Fe] 

(mg L
-1

) (µg L
-1

) 

Hockanum River  

  Whole water, upstream 6.7 882.6 

Whole water, downstream 13.0 783.2 

EFL Miami River  

  Whole water, upstream 1.0 12.9 

Whole water, downstream 5.8 11.9 

Pomperaug River  

  Whole water, upstream 2.9 176.3 

Whole water, downstream 3.0 148.0 
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Figure S4.  Absorbance spectra of upstream and downstream whole water samples and EfOM 

isolates from (A) Hockanum River, (B) EFL Miami River and (C) Pomperaug River 

 

Experimental Details of Excitation-Emission Matrix Analysis 

Fluorescence measurements were taken following the procedures of McKnight et al.
13

 and 

Quaranta et al.
14

to produce excitation-emission matrices (EEMs).  The excitation wavelength was scanned 

from 200 to 450 nm in 10 nm intervals
14

 and emission wavelength from 250 to 550 nm in 2 nm intervals 

and corrected for inner filter effects.  Characteristic regions of the EEMs spectra - A, B, C and T peaks 

are identified in Figure S5.  

 

Experimental Details of OM Electron Donating and Accepting Capacities (EDC and EAC) 

 EDC and EAC of the large-scale OM isolates collected in 2012 were measured following the 

methods from Aeschbacher et al.
3,15

All OM isolates were dissolved in pH 7 phosphate buffer (0.1 M KCl, 

0.1 M phosphate) to yield about 1 g (OM) L
-1
 experimental solutions.  Solutions were sonicated in a 

sonication bath until complete dissolution of OM and sparged in butyl-rubber stoppered vials with 

nitrogen to remove oxygen.  The samples were subsequently transferred into an anoxic glove box (N2 

atmosphere) for electrochemical measurements.  Mediated electrochemical reduction and oxidation (MER 

and MEO) were carried out in electrochemical cells filled with buffer (5.5 mL and pH 7) containing either 

diquat (65 µL of 10 mM diquat) in MER or 2,2‘-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) 
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diammonium salt (ABTS) (195 µL of 10 mM ABTS) in MEO.  The glassy carbon working electrodes 

were polarized to potentials of Eh = -0.49 V for MER and + 0.61 V for MEO, both vs. the standard 

hydrogen electrode.  The counter electrode was a platinum wire separated from the working electrode by 

a glass frit and Ag/AgCl reference electrodes were used (but values are reported versus SHE).  The 

addition of OM samples resulted in oxidative and reductive current peaks in MEO and MER, 

respectively, which were integrated and normalized to the added mass of OM to obtain the EDC and EAC 

values (in mmole- gOM
-1

) of OM solutions. 

 

RESULTS AND DISCUSSION 

Excitation-emission Matrices (EEMs) for Hockanum River 

The greatest changes in optical properties of the whole water samples were observed for OM 

fluorescence in upstream and downstream samples from the Hockanum R. which received the highest 

effluent contributions.  The water sample obtained above the WWTP showed higher fluorescence 

intensities in the humic ‗A‘ and ‗C‘ regions (Ex: 240 -400 nm, Em: 400 - 550 nm) (Figure S5 A).  In 

contrast, the EEM for treated wastewater showed protein-like fluorescence (Ex: 240- 270 nm, Em: 350 - 

420 nm) and the humic ‗C‘ peak was shifted to shorter wavelengths (Em: 400 nm) relative to terrestrially-

derived DOM (Em: 457 - 461 nm)
13

 (Figure S5 B).  The water sample obtained below the WWTP outfall 

had characteristics of both upstream DOM and EfOM contributions (Figure S5 C).  In particular, there 

appeared to be a significant contribution of EfOM to the humic ‗C‘ peak in the downstream sample.  In 

contrast to the Hockanum R., the EEMs of water samples from upstream and downstream of the WWTP 

discharge points were similar in both the EFL Miami R. and Pomperaug R. (data not shown).  We 

attribute this observation to the lower effluent contributions from the WWTP in those rivers, compared to 

the Hockanum R. 
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Figure S5.  Excitation-emission matrices (EEMs) for Hockanum River whole water samples 

obtained  (A) upstream, from (B) within, and (c) downstream of the WWTP discharge. 

 

Natural Variability 

 In the case of the Hockanum R., we obtained additional measurements of the organic matter 

optical properties upstream and downstream of the WWTP.  While the absolute values of SUVA254 and 

E2/E3 ratio do show some variability between sample dates, the general trends of decreased SUVA254 and 

increased E2/E3 ratio was observed on all occasions.  Furthermore, effluent samples showed the lowest 

SUVA254 and highest E2/E3 ratios on a given date (Table S3). 

Table S3.  Variation in organic matter optical properties measured in whole water samples from 

the Hockanum River. 

Sample Location SUVA254 (L mgC
-1

 m
-1

) E2/E3 

July 2013 (22% (v/v) effluent flow) 

Upstream 5.5 4.1 

Downstream 5.1 4.4 

May 2014 (12% effluent flow) 

Upstream 3.5 4.3 

Effluent 1.9 7.0 

Downstream 3.3 4.6 

Sept. 2014 (24% effluent flow) 

Upstream 2.7 4.8 

Effluent 2.2 8.2 

Downstream 2.3 6 
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Effect of DOC on 
1
O2 Apparent Quantum Yields  

 Increasing DOC levels caused an inhibiting effect on 
1
O2 apparent quantum yieldsΦ1O2) for EfOM 

isolates of Hockanum R. and the EFL Miami R. (Figure S6).  However, the magnitude of this effect was 

substantially smaller than that observed for fTMP, as noted in the main manuscript.
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Figure S6.  Singlet oxygen apparent quantum yields (Φ1O2 (%)) at different dissolved organic 

carbon (DOC) concentrations for large-scale OM isolates of EfOM collected in 2012 from  (A1) 

Hockanum River and (A2) EFL Miami River 

 

Relationship Between Apparent Quantum Yields and E2/E3 Ratio 

 Quantum yield coefficients for 
3
OM* and apparent quantum yields for 

1
O2 were obtained for two 

mixing scenarios with OM isolates: (i) at low total DOC (5 mgC L
-1

) so that self-quenching of triplet 

states was minimized, and (ii) under conditions of high DOC.  Findings from the first scenario are 

discussed in the manuscript.  The second mixing scenario used EfOM and DOM dissolved organic carbon 

concentrations that were much greater than typically reported either for treated municipal wastewaters 

(Hockanum R. EfOM 59 mgC L
-1

; EFL Miami R. EfOM 13 mgC L
-1
) or for rivers (Hockanum R. DOM 26 

mgC L
-1

; EFL Miami R. 22 mgC L
-1

).  According to Figure 1, EfOM quenching of triplet states was to be 



 
 
 

72 

anticipated for both of the EfOM samples.  
3
OM

*
 quenching was also evident for mixtures of Hockanum 

R. isolates as fTMP values plateaued near the 75:25 (v/v) EfOM/DOM ratio at values close to that for the 

EfOM isolate solution.  When the yields of individual sample sets were plotted against E2/E3 ratios, 

increasing trends were observed for both mixing scenarios (Figure S7).  However, the trends differ with 

total DOC concentrations.  The low DOC mixing scenario showing a greater increase in fTMP(Figure 7, 

solid symbols) than for the high DOC mixing scenario (Figure 7, open symbols) over a similar range of 

E2/E3 values. 
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Figure S7:  Trends in sample triplet quantum yield coefficient (fTMP (M
-1

)) with OM optical 

characteristics (E2/E3) for EfOM, DOM and EfOM:DOM mixtures (25:75, 50:50, 75:25 v/v): ●/▲ 

Hockanum R./ EFL Miami R. OM isolates with low total DOC concentration (5 mgC/L) and ○/∆ 

Hockanum R./ EFL Miami R. OM isolates with high DOC concentrations (see text). 
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3.1 Abstract 

 

The photoreactivity of treated wastewater effluent organic matter differs from that of natural 

organic matter, and the indirect phototransformation rates of micropollutants originating in wastewater 

are expected to depend on the fractional contribution of wastewater to total stream flow.  

Photodegradation rates of four common compounds of wastewater origin (sulfamethoxazole, 

sulfadimethoxine, cimetidine and caffeine)were measured in river water, treated municipal wastewater 

effluent and mixtures of both to simulate various effluent-stream water mixing conditions that could occur 

in environmental systems.  Compounds were chosen for their unique photodegradation pathways with the 

photochemically produced reactive intermediates, triplet-state excited organic matter (
3
OM*), singlet 

oxygen (
1
O2), and hydroxyl radicals (OH•).  For all compounds, higher rates of photodegradation were 

observed in effluent relative to upstream river water.  Sulfamethoxazole degraded primarily via direct 

photolysis, with some contribution from OH• and possibly from carbonate radicals and other unidentified 

reactive intermediates in effluent-containing samples.  Sulfadimethoxine also degraded mainly by direct 

photolysis, and natural organic matter appeared to inhibit this process to a greater extent than predicted by 

light screening.  In the presence of effluent organic matter, sulfadimethoxine showed additional reactions 

with OH• and 
1
O2.  In all water samples, cimetidine degraded by reaction with 

1
O2 (> 95%) and caffeine 

by reaction with OH• (> 95%).  In river water mixtures, photodegradation rate constants for all 

compounds increased with increasing fractions of effluent.  A conservative mixing model was able to 

predict reaction rate constants in the case of hydroxyl radical reactions, but it overestimated rate constants 

in the case of 
3
OM* and 

1
O2 pathways.  Finally, compound degradation rate constants normalized to the 

rate of light absorption by water correlated with E2/E3 ratios (sample absorbance at 254 nm divided by 

sample absorbance at 365 nm), suggesting that organic matter optical properties may hold promise to 

predict indirect compound photodegradation rates for various effluent mixing ratios. 
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Keywords:  dissolved organic matter, DOM, photochemistry, wastewater treatment, pharmaceuticals, 

emerging contaminants and environmental fate. 

Highlights 

• Sulfamethoxazole, sulfadimethoxine, cimetidine and caffeine photodegradation rates were greater in 

effluent than river water. 

• Compound photodegradation rates increased with increasing fraction of effluent in river water. 

• Compound photodegradation reactions via 
3
OM* or 

1
O2 pathways were quenched by river water organic 

matter. 

• Indirect photodegradation rate constants correlated with water optical properties (E2/E3). 

 

3.2.  Introduction 

 

Photodegradation can be an important mechanism for the attenuation of pharmaceutical 

compounds and other micropollutants released to aquatic systems in treated municipal wastewater 

effluent. 
1-10

  Compound photodegradation occurs through direct and/or indirect pathways initiated with 

light energy from the sun.  For direct photodegradation, compounds excited to a higher energy state by 

absorption of a photon undergo transformation to products;
2,7,11

 whereas, indirect degradation pathways 

involve secondary reactions with intermediate species produced by the sunlight excitation of dissolved 

photosensitizers. 
4,5,7-9,11-13

  Dissolved organic matter (DOM) is a ubiquitous natural photosensitizer of 

photochemically produced reactive intermediates (PPRIs) such as triplet-state excited organic matter 

(
3
OM*), singlet oxygen (

1
O2) and hydroxyl radical (OH•).

13-19
  To date, most understanding of 

photochemical production of reactive intermediate species from DOM has been gained from studies of 

well-characterized terrestrial organic matter isolates
14-25

 with less attention to the residual dissolved 

organic matter that is co-released with pharmaceutical compounds and other micropollutants during the 

discharge of treated municipal wastewater.
26-30
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Because of compositional differences between organic matter from the treated wastewater and 

river water, 
31-35

 effluent organic matter inputs may alter the photochemical characteristics of waters 

downstream from WWTPs, compared to upstream river waters.  Although the structural composition of 

organic matter in treated municipal effluent has not been characterized as extensively as riverine DOM, 

effluent organic matter does contain a large contribution of protein- and carbohydrate-rich components 

originating from microbial metabolism 
36,37

 that can account for up to 80% of the effluent total organic 

carbon 
38

  Greater yields of 
3
OM*, 

1
O2 and OH• have been reported for effluent organic matter than for 

reference humic substances and natural organic matter samples. 
26-30

  However, our previous work 

simulating effluent discharge mixing scenarios showed that the 
3
OM* photoreactivity and, to a lesser 

extent, the 
1
O2 photoreactivity of effluent organic matter was not additive and even inhibited upon mixing 

with river water DOM. 
27

  This implies that the potential for effluent organic matter-produced reactive 

species to react with micropollutants released from WWTPs will be lower than expected under given 

discharge scenarios.  Although faster indirect photodegradation rates of pharmaceutical compounds have 

been reported for treated effluent samples than for natural waters, 
8,39

 comparisons have not been made 

under more typical environmental conditions in which effluent organic matter is mixed with natural 

organic matter in aquatic systems. 

Given the variation in effluent discharge scenarios, even seasonally at a fixed location, it is 

relevant to examine whether the downstream mix of effluent and DOM has a predictable effect on 

compound photodegradation rates.  Ultimately, watershed managers are interested in assessing exposure 

risks posed by the release of micropollutants in treated wastewater, so it is important to be able to predict 

or constrain estimated rates of downstream attenuation processes.  A possible strategy to make such 

estimates for varied discharge scenarios is to use optical properties of the water, such as the E2/E3 ratio 

(sample absorbance at 254 nm divided by sample absorbance at 365 nm).  E2/E3 ratios appear to correlate 

with the quantum yields of 
3
OM*, 

1
O2 and OH• for natural and effluent organic matter 

29,30,40
 and their 

mixtures. 
27

 This is relevant because steady-state concentrations of reactive species are proportional to 
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their quantum yields.  Thus, pseudo-first order rate constants for micropollutant loss by reaction with 

PPRI species are expected to correlate with DOM optical properties, such as E2/E3 ratios, after accounting 

for differences in the rate of light absorbance between water samples.  While the quantitative nature of the 

correlation may be specific to a particular source water and target compound, the extent of this variation 

has not been established.  Such a relationship between micropollutant degradation rates and the E2/E3 

ratios of water samples could be beneficial for situations in which micropollutant second order 

bimolecular rate constants are not well established, such as for reactions with 
3
OM*. 

 The purpose of this work was to evaluate how effluent organic matter influences aqueous 

photochemistry downstream from municipal wastewater treatment plants by measuring photodegradation 

rates of typical compounds of wastewater origin under various simulated discharge scenarios.  Test 

compounds (Table 1) were selected for their frequent detection in river waters receiving treated municipal 

effluent 
41-47

 and because they have been previously reported to have unique photodegradation pathways 

in the presence of OM: sulfamethoxazole via direct photolysis,
8,39

sulfadimethoxine by reaction with 

3
OM*, 

9
 cimetidine by reaction with 

1
O2 

10
 and caffeine with OH•. 

48
  Sample waters included upstream 

river water, treated municipal effluent, and mixtures thereof to represent different downstream effluent 

contributions.  Measured compound pseudo-first order rate constants were compared with those expected 

for direct photolysis to examine the roles of effluent and natural organic matter on the sensitization or 

inhibition of compound degradation.  Competitive quenching experiments were performed to validate 

compound indirect degradation pathways.  Finally, correlations between quantum yield coefficients for 

photodegradation of each target compound and E2/E3 ratios were investigated to examine the relationship 

between compound indirect photodegradation rates and water optical properties. 
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3.3.  Materials and Methods 

Chemicals 

Sulfamethoxazole (99%), sulfadimethoxine (>98.5%), cimetidine (>99%), caffeine (>99%), isopropyl 

alcohol (>99.7%) and deuterated water (99.9% atom D) were purchased from Sigma Aldrich.  2,4,6- 

trimethylphenol (99%), furfuryl alcohol (98%), potassium sorbate (>99%) and sodium azide (>99%) were 

purchased from Fisher Scientific.  All other chemicals were analytical grade from common commercial 

sources.  These compounds were used as received.  Concentrated stock solutions of all compounds were 

made in high purity water (> 18 MΩ, MilliQ, Waters, Corp); small volumes of sodium hydroxide and/or 

sulfuric acid were added as necessary to aid dissolution of sulfamethoxazole, sulfadimethoxine and 2,4,6- 

trimethylphenol. 

Sample Preparation and Characterization 

Grab samples of water were collected in May 2014 from the Hockanum River, CT, USA, upstream and 

downstream of the Vernon wastewater treatment plant.  No additional effluent discharges are located 

upstream of this treatment plant.  Treated effluent samples were also collected on the same day as it 

exited the wastewater treatment plant.  The downstream sampling location contained 11% effluent by 

volume, based on boron dilution ratios. 
49

All water samples were filtered through glass fiber filters 

(Whatman GFF 0.7 μm nominal pore size).  Additional samples were prepared by mixing effluent water 

with upstream river water in v/v ratios of 25:75, 50:50, and 75:25 to simulate a range of other effluent 

discharge scenarios.  All samples were used directly in photochemistry experiments without any pH 

adjustments (Table 2). 

Additional water quality parameters reported in Table 2 were obtained as follows.  Dissolved 

organic carbon was measured by high temperature combustion (Apollo 9000 TOC analyzer, Teledyne 

Tekmar, MDL = 0.5 mgC L
-1

).  Optical properties of all samples were obtained from blank-corrected 

absorbance spectra (Agilent Cary 100, 1 cm path length, 1 nm slit width).  E2/E3 ratios were obtained by 

dividing the absorbance at 254 nm by the absorbance at 365 nm.
40

  Specific absorbance (SUVA254) values 
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(L mgC
-1

 cm
-1

) were calculated by dividing the absorbance at 254 nm by the DOC concentration. 
50

  

Nitrate concentrations were determined colorimetrically following cadmium reduction (EPA Method 

8039).  Iron concentrations were determined by inductively coupled plasma mass spectrometry (EPA 

Method 200.8, ICP-MS, Agilent 7700x with He collision cell). 

Photochemistry Experiments 

Irradiation experiments employed a ―merry-go-round‖ photoreactor (Ace Glass) equipped with a mercury 

vapor lamp (220 W, Ace Glass) and a borosilicate, water-cooled immersion well.  The immersion well 

blocks radiation below 290 nm so that the majority of the photochemically active radiation was emitted 

between 313 and 450 nm (Figure S1). 
27

  The total incident photon flux on experimental samples was 

approximately 2.6 × 10
-5 

(Es L
-1

 s
-1

) as determined by p-nitroanisole/pyridine actinometry. 
51

Experiments 

were conducted in borosilicate tubes (13 mm o.d.), so measured photodegradation rate constants are 

indicative of near surface conditions.  All degradation experiments of target compounds or probe 

compounds (for apparent quantum yields or PPRI steady state concentrations) were measured in triplicate.  

Values of best-fit lines (ln C vs time) from each replicate were averaged and reported throughout with ± 

standard error of triplicate measures.  Comparisons between values were undertaken using the t-test to 

establish differences between means. 

Pseudo-first order rate constants for compound degradation were determined individually using 

solutions prepared by spiking small volumes of a concentrated aqueous stock into water samples, yielding 

an initial concentration of 20 µM of test compounds.  During irradiation of samples (7 mL), small aliquots 

(250 µL) were removed for analysis at selected time intervals.  Changes in compound concentration over 

time were measured by high performance liquid chromatography (HPLC) using isocratic elution with a C-

18 reverse phase column and UV absorbance detection (see Supplemental Information, Table S1).  

Irradiation times were varied (Table S1) to achieve >25% compound degradation.  Dark controls were 

included, but no compound degradation was observed.  PPRI species‘ contributions to indirect 

photodegradation were assessed by conducting experiments in the presence of selective scavengers: 
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potassium sorbate 
52

 (3 mM) was used to quench 
3
OM*, sodium azide 

53
 or furfuryl alcohol 

54
 (3 mM) was 

used for scavenging 
1
O2, and isopropyl alcohol 

10
 (3 mM) was a scavenger for OH•.  Except for furfuryl 

alcohol, scavenger concentrations were sufficient to reduce reactive species concentration by 95% as 

discussed in the Supplemental Information (Table S2).  The 3 mM concentration of furfuryl alcohol was 

sufficient to scavenge only 60% of the 
1
O2. 

PPRI species production by organic matter in river water and effluent samples was characterized 

with quantum yield measurements.  Quantum yield coefficients for 
3
OM* (fTMP) and apparent quantum 

yields for 
1
O2 (Φ1O2) were determined by established methods with 2,4,6-trimethylphenol and furfuryl 

alcohol, respectively. 
27

  Caffeine degradation was used to determine the apparent quantum yields for OH• 

(ΦOH•) (see SI for calculation details). 
55

  Although loss of caffeine could occur via both ‗free‘ OH• and 

low energy hydroxylators produced by photo-excited organic matter, the initial caffeine concentration (20 

μM) was sufficiently high for the OH• pathway to dominate, as reported by others. 
4
  Long-lived, low-

energy oxidants that are important to caffeine degradation at compound concentrations less than 0.1 μM 

can thus be neglected. 

 

3.4. Results and Discussion 

 

Trends in PPRI species‘ quantum yields and water optical properties were generally consistent 

with our previous observations.  The quantum yield coefficients of 
3
OM* (fTMP) and the apparent quantum 

yields of 
1
O2 (Φ1O2) and OH• (ΦOH•) were greater in effluent than in upstream and downstream waters 

(Table S3).  Although wastewater effluent was more photoreactive than upstream water, the contribution 

of 11% effluent by volume into the downstream water did not enhance the quantum yields of 
3
OM* and 

1
O2 in the downstream sample, as reported previously.

27
ΦOH•, which we had not previously examined, was 

approximately 10 times higher in effluent than upstream water (Table S3) and increased by 55% 

downstream from the WWTP, relative to the upstream water.  Thus, due to the much higher ΦOH• in 
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effluent, even the moderate effluent contribution observed here (11%) enhanced downstream 

photoreactivity for this PPRI.  With regard to optical properties, effluent had a greater E2/E3 ratio than the 

upstream and downstream samples, while both the river samples had similar values (Table 2), also 

consistent with our previous observations.  Additionally, effluent had lower specific absorption 

coefficients at 254 nm (SUVA254) and 365 nm (α365) than the upstream and downstream samples (Table 

2).  The dissolved organic carbon concentrations were similar for upstream river water and effluent and, 

based on previous observations, the range of 5 to 6 mgC L
-1
 (Table 2) was sufficiently low to minimize 

self-quenching reactions of OM in photochemistry experiments with whole waters or mixtures thereof. 

27,56
 

Because nitrate and iron were present in our samples, we made an effort to assess their potential 

contributions to the measured ΦOH• values.  Calculations to estimate the percent contribution of nitrate to 

the total OH• production (see SI for details) showed that in the upstream water nitrate contributed about 

10% of the total OH• production, while it accounted for 14 to 16% in the other samples and mixtures 

(Table S4).  Thus, either DOM or photo-Fenton chemistry produced the vast majority of the OH• in our 

experiments.  The photo-Fenton reaction occurs between photochemically produced H2O2 and Fe(II),
57,58

 

but with DOM there may also be photo-Fenton-like chemistry between H2O2 and unknown organic 

photoreductants.
59

  Previous research suggests that true photo-Fenton chemistry is a potential source of 

OH• in some of our experiments.  Vermilyea et al., 2009 carrying out studies under similar experimental 

conditions to those used here (DOC, total iron, pH, and irradiation conditions), measured photo-Fenton 

OH• production rates of approximately 2 × 10
-11

 M s
-1

. 
57

  This rate estimate is corroborated by Miller et 

al., who used a kinetic model applying similar conditions to calculate OH• production rates as being 

approximately 2.8 × 10
-11

 M s
-1

.
58

  From the data in Tables S2 and S7, and using equation S1, OH• 

production rates here ranged from 7 × 10
-11

 M s
-1

 (upstream water) to 2.7 × 10
-10

 M s
-1
 (effluent).  

Comparison of these results with the previous reports suggests that photo-Fenton chemistry may 

contribute up to approximately 30% of the observed OH• reactivity of the river water samples, with 
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correspondingly lower quantum yields of free OH• from DOM.  Photo-Fenton processes would be 

especially important in upstream reaches where the much lower pH of the river water would drive such 

reactions.
57

  However, in the case of effluent, the comparison suggests that the photo-Fenton reaction is 

likely negligible due to the higher pH regimes and much lower iron levels (Table 2).  Finally, Page et al. 

reported that DOM produces hydroxylating photoreactants that are H2O2-depdendent and are thus not free 

OH•.
59

  While some of what they observed was likely photo-Fenton chemistry, it is possible that organic 

photoreductants rather than Fe(II) also contributed to this reactivity.  In total, they found that up to 

approximately 60% of the apparent ―OH•‖ could be attributed to H2O2-dependent pathways.  Thus, 

conservative estimates of the true OH• quantum yields in our samples would lower them by 

approximately 50%, with the difference being attributable to H2O2-dependent hydroxylation of caffeine. 

Photodegradation rate constants of test compounds in the sample waters followed trends that were 

consistent with the enhanced photoreactivity of effluent organic matter, compared to DOM.  Degradation 

rate constants for all compounds were greatest in effluent (Figure 1, gray bars).  The higher rates of 

analytes undergoing direct photolysis in effluent relative to river waters results from the lower specific 

light absorption and screening for the effluent samples (Table 2).  Alternatively, for compounds 

undergoing indirect photolysis, larger analyte rate constants in effluent samples results from their higher 

yields of PPRI species relative to river water (Table S3).  In upstream and downstream river water 

samples, similar photodegradation rate constants were observed (Figure 1) with the exception of caffeine, 

for which the downstream rate constant was 40% higher.  This trend in OH• reactivity is consistent with 

greater downstream yields of OH• (Table S3), which is the primary reactive species leading to caffeine 

degradation.
4
  Overall, these observations of photodegradation rate constants suggest that small 

proportions (here, 11%) of wastewater will have little effect on in-stream production of reactive species 

unless the species‘ quantum yield is significantly greater in effluent than in the river water, as was 

observed for OH•. 
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Differences in test compound degradation rate constants between water samples could not be 

explained by pH differences in compound speciation.  Compound photodegradation was examined 

without altering the sample pH (Table 2) to represent natural environmental conditions.  All test 

compounds except caffeine exhibit pH-dependent speciation over the pH 5.5 to 7.8 range of the water 

samples, so reaction rates could be affected by species-specific direct and indirect reaction rates. 
10,11,60

 

Although we observed lower direct photodegradation rates at higher pH for sulfamethoxazole (pH 7.5 

50% lower than pH 5.5) and sulfadimethoxine (pH 7.5 20% lower than pH 5.5) in experiments with pH-

adjusted MilliQ water (Table S5), these trends were not observed in natural waters, suggesting that pH did 

not control the differences in photodegradation rates of these compounds in effluent and river water 

samples (see section 3.1).  For cimetidine, the ratios of rate constants for upstream, effluent and 

downstream water samples (1:3.5:1, Figure 1C) were quite similar to the sample Φ1O2 ratios (1:3.7:1.3, 

Table S3), supporting the idea that reaction with 
1
O2 is the primary control on cimetidine photolysis.

10
  

Other work has reported bimolecular rate constants between cimetidine species and 
1
O2

10
 that would give 

a five times greater rate of reaction in downstream (pH 6.9) vs upstream (pH 5.6) water samples, which 

we did not observe. 

Direct Photodegradation 

To account for the various processes contributing to compound photodegradation, we first assessed the 

extent of direct photolysis.  Compound degradation rate constants measured in high purity water at the 

appropriate pH were adjusted for light screening to estimate the expected rate constants for direct 

photolysis in river and effluent water samples (see SI for details, Table S6).  Direct photodegradation rate 

constants obtained at pH 7.5 were assumed to apply to all samples with pH greater than 6.9.  Direct 

photodegradation for sulfamethoxazole and sulfadimethoxine (Figure 1 A and B, black circles) accounted 

for a large fraction of the total observed rate constants (Figure 1 A and B, gray bars), but direct 

photodegradation was an insignificant contribution to overall cimetidine and caffeine degradation (Figure 

1 C and D). 
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In the case of sulfamethoxazole, the measured rate constant for upstream water was very similar 

to the calculated direct photodegradation rate constant (0.12 h
-1
) (Figure 1A), indicating direct 

photodegradation to be the sole removal process.  In effluent and downstream water, the 

sulfamethoxazole photodegradation rate constants were 0.18 h
-1

 and 0.13 h
-1
, respectively, which are 

much larger than the calculated direct photodegradation rate constants of 0.07 h
-1
 and 0.06 h

-1
, 

respectively, for these waters.  The greater observed than expected direct photodegradation rate constant 

indicated substantial contributions of PPRI species from effluent organic matter, a hypothesis that is 

supported by the generally higher apparent quantum yields observed for effluent and downstream water 

compared to upstream river water (Table S3). 

For sulfadimethoxine, a large proportion of the reaction rate constant (Figure 1B, gray bars) could 

be attributed to direct photodegradation (Figure 1B, black circles).  However, the upstream rate constant 

was slightly lower than calculated solely from direct photolysis.  This suggests that light screening and/or 

quenching by DOM occurred in upstream river water.  Others have reported reduced rates of sulfonamide 

direct photodegradation in the presence of riverine DOM and have attributed this to either screening 

effects 
9
 or quenching via reduction of sulfonamide photodegradation intermediates by anti-oxidant 

phenolic species. 
61

  To help clarify the nature of this process for sulfadimethoxine, we attempted to 

identify the excited state involved in its direct photodegradation by adding scavengers to solutions made 

with high purity water.  Addition of sorbate (3 mM) reduced the direct photodegradation rate of 

sulfadimethoxine by about 50% (Figure S4), indicating that triplet state sulfadimethoxine could be an 

intermediate in its degradation mechanism and raising the possibility that quenching of triplet state 

sulfadimethoxine by DOM could inhibit its photodegradation.  That sulfadimethoxine photodegradation 

was enhanced in effluent relative to direct photolysis (Figure 1B) suggests that effluent organic matter 

lacks antioxidants present in natural DOM that can inhibit triplet species oxidation and/or additional 

indirect reaction pathways.  Thus, for this compound indirect photodegradation occurs in wastewater 

effluent that outweighed any potential direct photolysis inhibiting effect observed for riverine DOM. 
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Indirect Photodegradation Processes 

We used a scavenger approach to examine the contributions of suspected PPRI species to indirect 

photolysis of the test compounds.  The relative contributions of photodegradation pathways to overall 

compound degradation rate constants, as detailed below, is shown for effluent in Figure 2.  The fractional 

contribution of PPRI species to overall indirect photodegradation is also shown in detail. 

Sulfamethoxazole degradation in downstream and effluent water was much greater than could be 

accounted for solely by direct photolysis (Figure 1A, gray bars greater than black circles), and could be 

attributed to reaction with OH• but not to carbonate radicals or 
1
O2.  Previous reports suggest that 

reactions with OH• can be important for sulfamethoxazole photodegradation in effluent (36-42% mass 

loss).
8,39

  Addition of isopropyl alcohol (3 mM), as an OH• scavenger, decreased sulfamethoxazole 

photolysis by 22 and 14 percent in effluent and downstream water, respectively (Table 3).  The difference 

between sulfamethoxazole rate constants without, and with, isopropyl alcohol addition corresponded to a 

pseudo-first order rate constant for sulfamethoxazole reaction with OH• of 0.040 h
-1

 in effluent and 0.017 

h
-1

 in downstream water (Table 3).  These experimental values were very similar to calculated pseudo-

first order values using [OH•]ss (Table S7) and the reported bimolecular rate constant for OH• reaction 

with sulfamethoxazole at pH 7 (5.5 × 10
9 
M

-1
s

-1
).

62
  Further, secondary carbonate radicals formed through 

the reaction of OH• with carbonate species in high alkalinity waters can react with substituted aniline 

compounds, such as sulfamethoxazole. 
63,64

  Our calculations showed that carbonate radicals were less 

important than OH• in the indirect photolysis of sulfamethoxazole in effluent and downstream waters (see 

details in SI).  Previous literature studies suggest that sulfamethoxazole reaction with 
1
O2 is unimportant, 

8,60,65
 which we confirmed.  Addition of furfuryl alcohol (3 mM) to sample waters did not affect 

sulfamethoxazole degradation rate constants (Table 3).  Similarly, 50% dilution of effluent with D2O 

(much less efficient 
1
O2 quencher relative to water) showed unchanged sulfamethoxazole 

photodegradation rates, relative to the same dilution of effluent with water (Figure S5A). 
66

  Though 

possible contributions of 
3
OM* reaction with sulfamethoxazole have been noted, 

8
 we were unable to 
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confirm this pathway.  Efforts to evaluate the significance of 
3
OM* to sulfamethoxazole degradation 

using sorbate as a 
3
OM* scavenger were unsuccessful because of poor chromatographic separation of 

sulfamethoxazole in the presence of a much greater concentration of sorbic acid.  Thus, the remaining 

50% (effluent) to 70% (downstream) loss of sulfamethoxazole via indirect photodegradation was 

attributed to unidentified reaction species 
8,14,39

 that may include 
3
OM*. 

The role of reactive intermediates was also assessed for sulfadimethoxine in effluent where the 

enhanced photodegradation rate was at least twice as large as expected for direct photolysis (Figure 1 B, 

gray bars greater than black circles) and could be ascribed to 
1
O2 and OH•.  Involvement of 

1
O2 in 

sulfadimethoxine degradation was shown through two lines of evidence – reaction quenching by furfuryl 

alcohol, a specific scavenger of 
1
O2, and by sorbate, a scavenger of 

3
OM* that is a precursor to 

1
O2 

formation.  Addition of furfuryl alcohol (3 mM) reduced the sulfadimethoxine photodegradation rate in 

effluent water by 25% (Table 3).  At the applied concentration of 3 mM furfuryl alcohol, only about 60% 

of the total 
1
O2 produced was expected to be quenched (Table S2) which suggests that sulfadimethoxine 

degradation by 
1
O2 could account for up to 35% of the overall photodegradation in effluent, or up to 70% 

of indirect photodegradation.  A similar trend was observed for sorbate (3 mM) addition that quenched 

80% of the sulfadimethoxine degradation (Table 3), a greater extent of quenching than the 50% reduction 

in the sulfadimethoxine direct photodegradation rate constant with sorbate addition (Figure S2).  This 

difference between sorbate quenching in effluent versus high purity water (30%) suggested that about 

60% of the indirect sulfadimethoxine degradation being quenched by sorbate and was consistent with 

lower 
1
O2 production from the quenched 

3
OM* precursors.  This may also be suggestive that, for our 

waters, the direct reaction of sulfadimethoxine with 
3
OM* was an unimportant pathway for photolysis of 

this compound.  The remaining indirect photodegradation of sulfadimethoxine could be accounted for by 

reaction with OH•.  Addition of the OH• scavenger, isopropyl alcohol, reduced the overall 

sulfadimethoxine rate constant in effluent by about 12% (Table 3), corresponding to about 24% of the 

observed indirect photodegradation.  Comparison of the experimental pseudo first-order rate constant for 
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sulfadimethoxine loss via OH• (without vs. with isopropyl alcohol) with the theoretical pseudo first-order 

rate constant from [OH•]ss and the sulfadimethoxine- OH• bimolecular rate constant of 6 ×10
9
 M

-1
 s

-111
 

showed the experimental value was reasonably comparable with the theoretical value, suggesting again 

that carbonate radicals were negligible reactants in these waters.  We note that the occurrence of indirect 

reaction pathways (
1
O2, OH•) for photodegradation of sulfadimethoxine precluded an assessment of the 

possible role of triplet state effluent organic matter in quenching sulfadimethoxine triplet states produced 

as intermediates of direct photolysis in effluent water and thus, direct photodegradation compound losses 

could possibly be overestimated. 

Cimetidine photodegradation occurred by reaction with 
1
O2 in all waters.  Addition of sorbate and 

sodium azide lowered the degradation rate constants by more than 90%, compared to the unaltered river 

and effluent waters, while addition of isopropyl alcohol had no effect (Table 3).  The decreased rate of 

cimetidine degradation in both the presence of sorbate, a known 
3
OM* quencher, and azide, a known 

1
O2 

quencher, is consistent with a 
1
O2 pathway and corroborates the previous findings for natural waters. 

10
  

Involvement of 
1
O2 was confirmed further by using D2O as a solvent, 

66
 where degradation rates of 

cimetidine in water samples diluted by 50% D2O were twice as fast relative to samples that were diluted 

by 50% high purity water (Figure S5 B).  No influence of OH• was seen, since there was no difference in 

photodegradation rate constants when isopropyl alcohol was added as a scavenger (Table 3). Furthermore, 

cimetidine is not known to react with carbonate radicals.
63

 

Photodegradation of caffeine occurred via OH• in all waters.  The dominance of the OH• reaction 

pathway was confirmed by addition of isopropyl alcohol that essentially halted caffeine indirect 

photolysis in all samples (Table 3).  Although additional scavengers were not assessed for caffeine, 

mechanistic studies by others confirm OH• to be the major caffeine photodegradation pathway. 
4,55

 

Impact of Varied Effluent Contributions on Compound Degradation 

Photodegradation of test compounds was performed in mixtures of effluent and upstream river water to 

simulate various discharge scenarios.  In the downstream river water with a modest effluent contribution 
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(11%), we found that the high photoreactivity of effluent organic matter was important only in the case of 

analyte degradation via the OH• pathway (Figure 3, Table S3 upstream vs. downstream yields).  For many 

wastewater treatment plants effluent organic matter constitutes a greater proportion of total organic matter 

in the downstream water.  Our previous work demonstrated that downstream yields of PPRI species may 

be lower for mixtures of organic matter from river and effluent sources than might be anticipated from 

conservative mixing of the two end members, 
27

 which we ascribed to inhibition of the effluent 

sensitization by river DOM.  Such inhibition could reduce downstream yields of PPRI species, leading to 

lower than anticipated indirect photodegradation rates of micropollutants discharged with treated 

municipal effluent.  As a way to evaluate possible inhibition effects from mixing organic matter sources 

in our experiments, we modeled, to the extent possible, rates expected from confirmed degradation 

pathways assuming conservative mixing of organic matter components (see SI for calculation details) and 

compared the calculated rates to measured photodegradation rates. 

Mixtures containing effluent showed faster compound photodegradation rates than upstream river 

water (Figure 3A, C, D).  For sulfamethoxazole, a clear incremental increase in the photodegradation rate 

was observed as the fraction of effluent increased, suggesting that light screening continuously decreased 

and/or that degradation by reactive species continually increased as effluent was added (Figure 3A, gray 

bars).  Expected photodegradation rate constants for sulfamethoxazole in each sample were calculated by 

summing the rate constant for direct photolysis that accounted for light screening effects in the water 

mixtures (Table S6) with the expected proportional contribution of OH• reactions using the rate constant 

for reaction of sulfamethoxazole with OH• extracted from scavenger experiments with effluent.  .  The 

expected sulfamethoxazole photodegradation rate constants increased steadily with increasing effluent 

content of the mixtures consistent with increases in the steady state concentrations of OH• (Table S7).  

Further, observed degradation rate constants (Figure 3A, gray bars) were greater than calculated values 

(black circles), indicating possible contributions of 
3
OM* and/or other PPRI species that we were not able 

to identify using scavengers. 
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In comparison to sulfamethoxazole, a much greater effect of effluent-produced OH• was observed 

for caffeine.  Calculated caffeine degradation rate constants (Figure 3D, black circles) were in excellent 

agreement with measured values (Figure 3D, gray bars).  The results show a linear relationship between 

the fraction effluent and steady state OH• concentration, which indicates conservative mixing behavior of 

the two organic matter sources for the photo-formation of this PPRI species.  In our previous work 

examining apparent quantum yields for mixtures of effluent and natural organic matter, 
27

 we had not 

evaluated the applicability of conservative mixing behavior for OH• quantum yields.  Here, we validate 

that measured steady state concentrations of OH• for water mixtures (Table S7) match values calculated 

for the mixture proportions from the end member quantum yields (Table S3).  Thus, effluent contributions 

to river water appear to enhance the reaction rates proportionately to the mixed end members for 

compounds that degrade via direct photodegradation (due to less light screening) and OH•-mediated 

degradation. 

In contrast to the behavior of OH•, reactions of compounds through 
1
O2 appeared to be quenched 

by natural organic matter upon mixing river water with effluent. The results with cimetidine, which 

degrades via 
1
O2, also showed strong evidence for natural organic matter quenching of effluent 

3
OM* 

precursors in mixtures of effluent and upstream water (Figure 3 C).  Calculated degradation rate constants 

assuming conservative mixing (Figure 3 C, black circles) were greater than measured values at all but the 

highest mixing ratio (75:25) of effluent and upstream water.  This trend suggests that natural organic 

matter in the mixture samples quenched the triplet reactivity of effluent organic matter, the precursor of 

1
O2, which we previously observed for triplet quantum yield coefficient measurements. 

27
 

Sulfadimethoxine presents a more complicated case because of its multiple degradation pathways 

and shows the greatest extent of reaction quenching in water mixtures of all of the compounds.  First, 

sulfadimethoxine degradation rates in mixtures (Figure 3 B, gray bars) were lower than the calculated 

expected photodegradation rates (Figure 3 B, black circles).  This observation suggests that 
1
O2 reaction 

with sulfadimethoxine is substantial in effluent but considerably quenched in effluent-river water 
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mixtures, again agreeing with our prior findings of 
3
OM* and 

1
O2 quantum yields. 

27
In fact, the observed 

sulfadimethoxine degradation rates in the mixture samples were close to the direct photodegradation rates 

expected from those samples (Table S6) that could be interpreted to suggest that no indirect 

photodegradation reactions occurred in the mixtures.  Given that 
1
O2 reactions were calculated to account 

for about 1/3 of the sulfadimethoxine degradation in the 75% effluent-25% river water sample, and given 

that OH• reactions appear to be conserved upon mixing of the two waters, it appears that some amount of 

3
OM* quenching of sulfadimethoxine photodegradation intermediates was occurring in the mixtures, as 

observed for river water.  Thus, photochemical reactivity of 
3
OM

*
 and 

1
O2 with micropollutants in river 

mixtures will be lower than expected based on conservative mixing, although increasing effluent 

concentrations may still cause a net increase in compound degradation over upstream waters.   

Optical Property Correlations 

We examined whether optical properties of water correlated with degradation rate constants for 

compounds exhibiting substantial indirect photolysis (Figure 4).  DOM E2/E3 ratios have been correlated 

with fTMP, Φ1O2 and ΦOH•
27,30,40

 which are, in turn, directly proportional to steady-state PPRI concentrations 

in waters with the same rate of light absorbanc. 
12

  Here, we defined a quantum yield coefficient for each 

target compound, fcmpd (M
-1

) to examine the relationship between compound indirect photodegradation 

rates and water optical properties: 

f
cmpd

=
kobs − kdir,w

Ra
  (1) 

where, kobs (s
-1

) is the observed rate constant for the compound measured in a given water sample, kdir,w (s
-

1
) is the calculated direct photolysis rate constant of the compound in that sample, and Ra(Es L

-1
 s

-1
) is the 

rate of light absorption by the water sample to correct for differences in light absorption across the 

samples.  As shown in Figure 4, fcmpdvalues for indirect photodegradation pathways of sulfamethoxazole 

(OH•), cimetidine (
1
O2) and caffeine (OH•) correlated positively with E2/E3 ratios.  We did not include 

sulfadimethoxine in this analysis because of the complex nature of its degradation pathways (with a 

possible role for OM quenching of photodegradation intermediates) and the fact that, in most cases, direct 
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photolysis appeared to account for the majority of its reactivity (Figure 2).  The results in Figure 4 extend 

previous work to show that simple optical characteristics of water positively correlate to the 

photoreactivity of the water.  However, for this approach to move forward as a modeling tool, more 

complete data are needed to compile training sets for the relationship between OH• quantum yields and 

E2/E3 ratios.  Further, a better understanding of how surrogate data for 
3
OM* yields, i.e., fTMP, can be used 

to predict reaction rates for compounds susceptible to triplet oxidation is needed. 

3.5.  Conclusions 

 

This study suggests a close relationship between indirect photodegradation of compounds present in 

wastewater and trends in PPRI species production in river waters receiving treated effluent.  Previous 

reports implied that greater degradation rates of organic compounds in effluent could contribute to higher 

attenuation in downstream waters receiving effluent discharges (
8,39

).  We have shown that, while 

increasing effluent contributions to downstream waters may enhance compound photodegradation, the 

extent to which this occurs is only directly proportional to the effluent contribution in cases of direct 

photodegradation (without triplet intermediates) and/or by reaction with OH•.  In contrast, quenching of 

effluent 
3
OM* by river water organic matter 

27
appears to produce lower photodegradation rates than 

predicted by conservative mixing for compounds that degrade via
3
OM* and 

1
O2 pathways.  Despite this 

complication, positive correlations exist between fcmpd and E2/E3 ratios which suggest that optical 

properties of aqueous and effluent DOM may allow us to predict the extent of indirect photodegradation.  

E2/E3 ratios are not conserved when effluent and river water DOM mix, nonetheless they do seem to 

capture the critical (apparent) quantum yield coefficient behavior across mixtures 
27

 in a manner that 

makes them a potentially useful predictor of indirect compound photodegradation.  The actual extent to 

which photodegradation processes will reduce micropollutant mass downstream of a wastewater 

treatment plant discharge location is dependent upon river channel morphology that could attenuate light 
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penetration and produce actual degradation rate constants that are reduced relative to the near-surface 

conditions simulated in our reactor system.   
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Table 3.1:  Chemical structures of the target compounds used in photodegradation experiments. 

Compound Compound Structures pKa,1 pKa,2 Reference 

Sulfamethoxazole 

 

1.7 5.6 
67

 

Sulfadimethoxine 

 

2.9 6.1 
11

 

Cimetidine 

 

6.8 7.1 
10

 

Caffeine 

 

NA NA NA 

Note: NA= not applicable
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Table 3.2.  Optical properties and water quality parameters in whole water and prepared mixtures of upstream (Up) and effluent (Ef) 

samples from the Hockanum River. 

Samples E2/E3 SUVA254 

(L mgC
-1

 m
-1

) 

α365 

(L mgC
-1

 cm
-1

) 

DOC 

(mg L
-1

) 

pH Nitrate 

(µmol L
-1

) 

Iron  

(µmol L
-1

) 

Upstream 4.3 3.5 0.0082 5.2 5.6 57.1 5.7 

Ef:Up 25:75% (v/v) 4.6 2.7 0.0059 5.3 6.9 128
a
 4.4

a
 

Ef:Up 50:50% 4.9 2.4 0.0048 5.6 7.0 200
a
 3.2

a
 

Ef:Up 75:25% 5.5 2.1 0.0039 5.6 7.3 270
a
 2

a
 

Effluent 7.0 2.0 0.0028 6.0 7.8 340.8 0.7 

Downstream  

(11% v/v effluent) 

4.6 3.3 0.0072 5.0 6.9 126.4 5.3 

Note: 
a
Calculated values based on mixing ratio
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Figure 3.1.  Measured photodegradation rate constants (kobs (h
-1

), gray bars) of (A) 

sulfamethoxazole, (B) sulfadimethoxine, (C) cimetidine and (D) caffeine in sample waters, where Up 

= upstream, Ef = Effluent and Dn = downstream.  Error bars represent the standard error for 

triplicate measurements.  Black circles denote expected direct photodegradation rates (see SI for 

calculation details).  Note scale differences between plots.
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Table 3.3.  Degradation rate constants (± standard error of triplicate measures) of compounds in the absence and presence of scavengers. 

 Experimental degradation rate constants (kobs (h
-1

)) 

Compound Water  sample No scavenger + Sorbate (3 mM) 

 

(triplet scavenger) 

+ Sodium azide/furfuryl 

alcohol (3 mM) 

(
1
O2 scavenger) 

+ Isopropyl 

alcohol (3 mM) 

(OH• scavenger) 

Sulfamethoxazole 

Upstream 0.12 ± 0.01 -
b 

0.125 ± 0.007
a
 0.121 ± 0.009 

Effluent 0.180 ± 0.007 - 0.18 ± 0.01
a
 0.140 ± 0.003 

Downstream 0.131 ± 0.008 - 0.127 ± 0.002
a
 0.113 ± 0.001 

Sulfadimethoxine Effluent 0.131 ± 0.001 0.0230 ± 0.0004 0.104 ± 0.004
a
 0.115 ± 0.007 

Cimetidine 

Upstream 0.21 ± 0.02 0.032 ± 0.004 0.021 ± 0.003 0.18 ± 0.07 

Effluent 0.68 ± 0.08 0.044 ± 0.008 0.021 ± 0.003 0.61 ± 0.02 

Downstream 0.20 ± 0.01 0.032 ± 0.005 0.020 ± 0.001 0.18 ± 0.04 

Caffeine 

Upstream 0.0110 ± 0.0004 - - 0.0010 ± 0.0001 

Effluent 0.043 ± 0.002 - - 0.004 ± 0.001 

Downstream 0.016 ± 0.001 - - 0.0010 ± 0.0004 

Note: 
a
 Furfuryl alcohol (3 mM) used as the scavenger, 

b
 Dash denotes experiment not performed. 
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Figure 3.2. Percentage contribution of direct photolysis (black), 
1
O2 (light gray), OH• (dark gray) 

and other processes (white) to photodegradation of compounds in effluent.  For each compound, the 

leftmost ‘Total’ bar shows pathway contributions to the total photodegradation rate constant in 

effluent; the rightmost ‘Indirect’ bar shows pathway contributions only to the portion of compound 

indirect degradation via reactions with PPRI species.  Stacked bars plotted based on values 

calculated from Table 3 and Table S6.  None of the compounds were confirmed to react with 
3
OM*.  
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Figure 3.3.  Degradation rate constants (kobs, (h
-1

), gray bars with error bars) for (A) 

sulfamethoxazole, (B) sulfadimethoxine, (C) cimetidine and (D) caffeine in mixtures of upstream 

(Up) water and effluent (Ef).  Error bars represent one standard error for triplicate measurements.  

Black circles denote calculated overall rate constants as detailed in SI.  Note scale differences 

between plots.  
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Figure 3.4.  Trends in compound indirect degradation rate normalized to rate of sample light 

absorption (f
cmpd

(M−1)) with optical characteristics of water samples (E2/E3 = A254 / A365).  Values for 

cimetidine are plotted on the right axis while sulfamethoxazole and caffeine are plotted on the left 

axis (indicated by arrows).  
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MATERIALS AND METHODS 

HPLC Operating Conditions.  Compound degradation rates and yields of photochemically-produced 

reactive intermediate (PPRI) species were obtained by removing aliquots from water samples at various 

times and quantifying analytes (target or probe compounds) by HPLC with isocratic elution, as detailed in 

Table S1. 

Table S1.  Operating conditions for photodegradation experiments and sample analysis by high 

performance liquid chromatography (HPLC). 

 

Compound Initial  

Concentration 

Experiment 

Duration 

HPLC Eluent and  

Detector Wavelength (λ) 

Sulfamethoxazole 20 µM 4 h 60% ACN:40% PO4 buffer  

(2 mM, pH 2.5), λ = 256 nm 

Sulfadimethoxine 20 µM 5 h 45% ACN:55% PO4 buffer  

(2 mM, pH 2.5), λ = 200 nm 

Cimetidine 20 µM 4 h 15% ACN:85% PO4 buffer  

(2 mM, pH 2.5), λ = 225 nm 

Caffeine 

(also used as the probe 

molecule for OH•) 
1
 

20 µM 24 h 60% ACN:40% H2O: 

λ = 275 nm 

2,4,6-Trimethylphenol 

(probe molecule for 

3
OM*) 

2
 

5 µM 2-4 h 70% ACN:30% PO4 buffer  

(2 mM, pH 2.5), λ = 277 nm 

Furfuryl alcohol (probe 

molecule for 
1
O2) 

3
 

25 µM 2 h 40% ACN:60% H2O 

λ = 220 nm 
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Verification of Scavenger Efficiency.  Scavenger experiments were performed to verify the 

intermediacy of PPRI species in indirect photodegradation of the target compounds.  Added scavenger 

concentrations of 3 mM were generally sufficient to scavenge over 95% of the target intermediate (Table 

S2).  Scavenger efficiency was calculated by considering competition from sink reactions.  In the absence 

of scavenger compounds, the steady-state reactive intermediate species concentration, [RI]SS(M), is given 

by: 

 RI SS =
Rp,i

ksink
      (S1) 

where, Rp,i(M s
-1

) is the production rate of the reactive intermediate and ksink is the rate constant for 

reaction with other species present in the water sample.  At steady state, the PPRI species concentration in 

the presence of the scavenger molecule, [RI]SS,S, is: 

 RI SS ,S =
Rp,i

ksink+kbimol [S]
           (S2) 

where, kbimol (M
-1
 s

-1
)is thebimolecular rate constant between the PPRI species and the scavenger 

molecule, and [S] (M) is the scavenger concentration.  The scavenging efficiency can be calculated from 

the fractional change in PPRI species concentration in the presence and absence of the scavenger: 

scavenging efficiency =   1 −
 RI SS ,S

 RI SS
 × 100% (S3)
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Table S2.  Parameters used for calculating percentage of target intermediate scavenged by added scavengers.
 

RI
a
 Loss by  

sink rxn 

with 

Rate constant 

for reaction with sink 

(ksink, s
-1
) 

Scavenger 

(3 mM) 

Bimolecular rate 

constant for RI + S
b
 

(kbimol, M
-1

 s
-1

) 

Scavenging 

Efficiency 

(%) 

1
O2 Water 

2.5 × 10
5
 s

-1
 

(4)
 

sodium 

azide 

2.0 × 10
9(5)

 96 

furfuryl 

alcohol 

1.2 × 10
8(6) 

60 

OH• 

organic  

matter 

2.7 × 10
4
 L mgC

-1
 s

-1
 × 

(DOC) 
(7)

 

isopropyl 

alcohol 
1.9 × 10

9(8) 
96 

3
OM* 

dissolved  

O2 
3.0 × 10

9
 M

-1
 s

-1 
× [O2] 

(9)
 sorbate 4.0 × 10

9(10)
 98 

Note: 
a
 RI = photochemically-produced reactive intermediate, 

b
 S = scaveng
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  Calculation of OH• quantum yields and steady state OH• concentrations.PPRI species‘ 

quantum yields (Φi) were derived from the rate of species formation, Rp,i (M s
-1

), and the rate of light 

absorption, Ra, (Es L
-1
 s

-1
): 

Φi = Rp,i / Ra                                         (S4) 

The rate of light absorption was obtained from the incident photon flux, I0 (Es L
-1

 s
-1

), determined by p-

nitroanisol/pyridine actinometry (
11

), and the solution absorbance, A (originating from organic matter in 

our samples) for a 1-cm path length at the wavelength of the greatest emission intensity, 365 - 450 nm: 

Ra = Σλ I0,λ (1 – 10
-A,λ

)    (S5) 

 Under steady-state conditions, the rate of production of OH• is balanced by the rate of 

consumption of OH• by scavenging reactions with dissolved organic matter: 

Rp,OH• = ksink,OH•DOC[OH•]SS                           (S6) 

where, ksink,OH•is the second order rate constant for reaction of OH• with DOM that is estimatedto be    2.7 

× 10
4
 L mgC

-1
 s

-1(12)
 and DOC (mgC L

-1
) is the dissolved organic matter concentration.  The steady state 

OH• concentration, [OH•]SS (M), can be obtained by following the reaction of a probe compound, here, 

caffeine: 

ROH•,CFN = k OH•,CFN[OH•]ss[CFN] = kobs,CFN[CFN]    (S7) 

where, ROH•,CFN (M s
-1

) is the rate of reaction between caffeine and OH•, k OH•,CFN (M
-1

 s
-1

) is the second 

order rate constant between caffeine and OH• (6 × 10
9
 M

-1
s

-1
) (

1
), and [CFN] (M) is the probe 

concentration.  The pseudo-first order rate constant, kobs,CFN (s
-1

), for the reaction between OH• and 

caffeine is measured in the irradiation experiments by following the change in caffeine concentration with 

time.  By rearranging equation S7 for [OH•]SS in terms of the measured kobs,CFN and the known k OH•,CFN: 

[OH•]SS = kobs,CFN / kOH•,CFN,     (S8) 

An expression for Rp,OH• can be obtained to calculate the OH• yield by substituting equations S6 and S7 

into equation S4: 

 ФOH• = kobs,CFN ksink,OH• [DOM] / Ra k OH•,CFN    (S9) 

Apparent quantum yield values for OH• are reported in Table S3. 
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RESULTS AND DISCUSSION 

Quantum yield coefficient of 
3
OM* (fTMP (M

-1
)) and apparent quantum yields of 

1
O2 (Ф1O2 

(%)) and OH• (ФOH• (%)) in sample waters.
3
OM* quantum yield coefficientsand 

1
O2 and OH• 

production quantum yields were estimated in upstream, effluent and downstream water samples following 

our previous methods.
13

  Greater yields of all reactive intermediates were observed for effluent than for 

upstream and downstream waters, and there were no significant variations of the yields of 
3
OM* and 

1
O2 

between upstream and downstream waters, in agreement with our previous work. 
13

  OH• quantum yields 

were significantly greater in the downstream than the upstream river water, reflecting contributions from 

the effluent.  Assuming conservative mixing of the waters, the calculated fTMP was 92 M
-1
 for downstream 

water, which was slightly greater than the experimental value (72 ± 11 M
-1
).  This is also consistent with 

our previous observations.
13

  In contrast, the calculated Φ1O2 (5.9%) and ΦOH• (0.0069%) for downstream 

water assuming conservative mixing of upstream river water and effluent were very similar to the 

experimentally measured values (Table S3). 

 

Table S3.  Measured apparent quantum yields (± standard error of triplicate measures) of PPRI species in 

sample waters. 

Sample 

Ra,tot
b
 

(Es L
-1

 s
-1

) fTMP (M
-1

) Φ1O2 (%) ΦOH• (%) 

Upstream 1.5×10
-6

 73 ± 12 4.9 ± 0.2 0.005 ± 0.0002 

Effluent 7.5×10
-7

 451 ± 8 18 ± 0.01 0.04 ± 0.002 

Downstream 1.3×10
-6

 72 ± 11 6.3 ± 0.01 0.007 ±0.0003 

Ef:Up
a
 25:75% (v/v) 9.4×10

-7
 -

c
 - 0.01 ± 0.0007 

Ef:Up 50:50% 8.1×10
-7

 - - 0.02 ± 0.0008 

Ef:Up 75:25% 7.1×10
-7

 - - 0.03 ± 0.0004 
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Note: 
a
 Ef = effluent and Up = upstream, 

b
Ra,tot = the total rate of light absorption >290 nm, 

c
 dash 

denotes experiment not performed or data not calculated.   

Optical properties were obtained for the sample waters, as well as mixtures of the upstream river 

water and effluent.  The SUVA254 values were calculated by dividing the absorbance at 254 nm by the 

DOC concentration 
14

 and specific absorption coefficients at 365 nm (α365 (L mgC
-1

 cm
-1

)) at 365 nm were 

obtained by dividing the absorbance at 365 nm by the DOC concentration.  E2/E3 ratios were obtained by 

dividing the absorbance at 254 nm by the absorbance at 365 nm.
15

 

Contribution of nitrate to OH• formation.  Calculations were performed to estimate the 

contribution of both nitrate and organic matter to the total production of OH• in sample waters and 

mixtures.  The results are summarized in Table S4. 

Production rates of OH• by nitrate were calculated as follows.  The overlap of the mercury lamp 

emission spectrum (Figure S1) with nitrate‘s longest wavelength absorption band, which has a maximum 

at 308 nm, 
16

 make it such that light absorption by nitrate occurred only at 313 nm in our experiments.  

The rate of light absorption at 313 nm by nitrate, Ra,NO3- (Es L
-1

 s
-1

), in the solution can be expressed as 

(S10): 

 

Ra,NO3- = Ra,313× fNO3-    (S10) 

Ra,313 = I0,313 (1 – 10
-α(313)× z

)                   (S11) 

 

Here, Ra,313 is the total rate of light absorption by the solution at 313 nm, I0,313 (Es L
-1
 s

-1
) is the incident 

photon flux (Figure S1) determined by p-nitroanisol/pyridine actinometry,
11

α(313) (cm
-1

) is the solution 

absorption coefficient at 313 nm, z (cm) is the path length of the light in the sample cuvette, and fNO3- is 

the fraction of light absorbed by nitrate at 313 nm, and was calculated from 
17

: 

 

fNO3- = (313)[NO3
-
] / α(313)                 (S12) 
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where,  is nitrate‘s molar absorption coefficient at 313 nm (8 M
-1 

cm
-1

) 
16

 and [NO3
-
] (M) is the 

concentration of nitrate in the sample waters. The rate of production of OH• by nitrate, Rp,NO3- (M s
-1
), was 

calculated by rearranging equation S4 and using the rate of light absorption by nitrate as Ra,i and the 

reported quantum yield of 0.013 for nitrate production of OH• at 313 nm. 
16

 

 The difference between the experimentally determined total OH• production rate, Rp,OH• (M s
-1

), 

and Rp,NO3-  gives the production rate of OH• by organic matter, Rp,OM .  From this value and the overall 

rate of light absorption by the solution (due almost completely to OM), the quantum yield for production 

of OH• by organic matter was obtained using equation S4.  The results in Table S4 show that greater than 

84% of the OH• production was due to OM in each of our experiments. 

 

 

Figure S1: Spectral output of the Hg lamp used in the ―merry-go-round‖ photoreactor.
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Table S4.  Results of calculations to obtain OH• production quantum yields associated with organic matter (ΦOH•,OM (%)). 

Sample 

Ra,313 

(Es L
-1
 s

-1
) 

fNO3- 

Ra,NO3- 

(Es L
-1

 s
-1

) 

Rp,NO3- 

(M s
-1

) 

Ra 

(Es L
-1

 s
-1

) 

Rp,OH• 

(M s
-1
) 

Rp,OM 

(M s
-1
) 

ΦOH•,OM 

(%) 

Upstream 1.1×10
-7

 0.0051 5.6×10
-10

 7.3×10
-12

 1.5×10
-6
 7.2×10

-11
 6.5×10

-11
 0.0042 

Effluent 6.6×10
-8

 0.0532 3.5×10
-9

 4.5×10
-11

 7.5×10
-7
 3.2×10

-10
 2.7×10

-10
 0.0364 

Downstream 1.0×10
-7

 0.0125 1.3×10
-9

 1.6×10
-11

 1.4×10
-6
 9.9×10

-11
 8.3×10

-11
 0.0061 

Ef:up
a
 25:75% (v/v) 9.2×10

-8
 0.0140 1.3×10

-9
 1.7×10

-11
 9.4×10

-7
 1.1×10

-10
 9.7×10

-11
 0.0103 

Ef:up 50:50% 8.2×10
-8

 0.0248 2.0×10
-9

 2.6×10
-11

 8.1×10
-7
 1.9×10

-10
 1.6×10

-10
 0.0204 

Ef:up 75:25% 7.5×10
-8

 0.0367 2.8×10
-9

 3.6×10
-11

 7.1×10
-7
 2.4×10

-10
 2.1×10

-10
 0.0290 

Note: 
a
 Ef = effluent and up = upstream, Ra,313 = the total rate of light absorption at 313 nm, fNO3-= fraction of light absorbed by nitrate, Ra,NO3- = the 

rate of light absorption at 313 nm by nitrate, Rp,NO3- = the rate of production of OH• by nitrate, Ra = the wavelength averaged total rate of light 

absorption by solution, Rp,OH• = the total rate of production of OH• by solution and Rp,OM = the total rate of production of OH• by organic matter
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pH Dependence of Sulfamethoxazole and sulfadimethoxine direct photodegradation.  

Sulfamethoxazole and sulfadimethoxine exhibited photodegradation rates that decreased with increasing 

pH.
18,19

  The pH of our water samples varied from 5.6 to 7.8.  We measured the photolysis rate constants 

for sulfamethoxazole and sulfadimethoxine in pH-adjusted high purity water (Table S5) and saw similar 

trends as reported in previous studies. 
18,19

 

 

Table S5.  Sulfamethoxazole and sulfadimethoxine direct photodegradation rate constants (± standard 

error of triplicate measures) in pH-adjusted high purity water. 

Compound Pseudo-first order photolysis rate constant (h
-1

) 

pH 5.5 pH 7.5 

Sulfamethoxazole 0.14 ± 0.02 0.07 ± 0.01 

Sulfadimethoxine 0.090 ± 0.004 0.072 ± 0.004 

 

Calculation of direct photolysis rates of compounds in sample waters.  The maximum 

possible direct photolysis rate of compounds in sample waters (Table S6) was calculated from the 

measured direct photolysis rates in high purity water (Table S5) with correction for light screening in the 

sample waters.  The quantum yield for direct photolysis of compound j in high purity water, Φdir,j (mol Es
-

1
), is obtained by dividing the direct degradation rate constant of the compound determined in high purity 

water, kdir,j(s
-1

), by the specific rate of light absorption by the compound in high purity water, ka,j(Es mol
-1

 

s
-1
): 

Φdir,j =  
kdir,j

ka,j
       (S13) 

The value of ka,j can be calculated as (
17

): 

ka,j =  λ  
I0 λ p λ  1−10(−z (ε λ  C + α  λ  ) 

α λ + ε λ C
 ε λ     (S14) 

where, p(λ) is the relative light intensity at a wavelength λ (nm) normalized to the total light intensity, 

ε(λ)(M
-1 

cm
-1

) is the molar absorption coefficient of the compound, α(λ) (cm
-1

) is the solution absorption 
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coefficient, and z (cm) is the path length of the light in the sample cuvette.  The expected direct photolysis 

rate constant for the compound in a water sample (kdir,j) can then be obtained by rearranging equation S13 

and using the value for Φdir,j obtained from high purity water and with a value of ka,j calculated for the 

water sample where α(λ) from organic matter in the water sample will dominate over compound 

absorption, ε λ C.  Expected direct photolysis rate constants for all water samples are reported in Table 

S6. 

Molar absorption spectra for sulfamethoxazole, sulfadimethoxine, cimetidine and caffeine were 

determined using dilution series (20, 50, 100, 200 and 400 µM) and performing regression to determine 

the absorption coefficients at each wavelength.Sulfamethoxazole and sulfadimethoxine exhibited some 

absorbance at wavelengths greater than 300 nm that overlapped with the emission spectrum of the lamp 

used in this study, showing potential for direct photolysis of these compounds.  However, we found that 

direct photolysis of caffeine is negligible (Figure S3). 

 

Figure S2.  (A) Molar absorption spectra of sulfamethoxazole, sulfadimethoxine, cimetidine and caffeine 

and (B) absorbance spectra of upstream, effluent, downstream, and effluent and upstream mixtures.  
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Figure S3.  Photodegradation of caffeine (20 µM) in effluent and high purity water (direct).  Error bars 

represent one standard deviation for triplicate measurements.
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Table S6.  Direct photolysis rate constants in high purity water and calculated direct photolysis rate constants for compounds in sample waters. 

Compound Experimental direct photolysis rate 

constant in high purity water  

(kdir,j (h
-1

)) 

Calculated direct photolysis rate constant 

 

Upstream Ef:Up
e
 

25:75%(v/v) 

Ef:Up 

50:50%  

Ef:Up 

75:25% 

Effluent Downstream 

pH 5.5 pH 7.5 

Sulfamethoxazole 0.14 ± 0.02
a 

0.07 ± 0.02
b 

0.119 0.063 0.064 0.065 0.066 0.062 

Sulfadimethoxine 0.098 ± 0.004
a 

0.072 ± 0.004
b 

0.086 0.063 0.064 0.064 0.065 0.061 

Cimetidine 0.017 ± 0.007
c 

-
d
 0.015 - - - 0.016 0.015 

Caffeine 0.00013 ± 

0.00004
c 

- 0.00011 - - - 0.00012 0.00012 

Note:
 a 

Value used for calculation in upstream water, 
b
Value used for calculations in effluent, effluent mixtures and downstream water, 

c
Value used 

for all water calculations, 
d
 dash denotes experiment not performed or data not calculated, 

e
 Ef = effluent and Up = upstream.  Values reported after 

± are one standard deviation for triplicate measurements. 
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Triplet sulfadimethoxine intermediates.  The possible role of triplet state sulfadimethoxine in 

its direct photolysis was examined with the use of 3 mM sorbate, a known triplet quencher.  A lower 

photolysis rate in the presence of sorbate (Figure S4) suggests that excited state triplet sulfadimethoxine 

plays a role in the direct photodegradation pathway of this compound. 

High purity water0 1 2 3

k
o

b
s 

(h
-1

)
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0.04
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0.08

0.10

0.12

High purity water + 3 mM sorbate

 

Figure S4.  Effect of the triplet quencher, sorbate (3 mM), on the direct photolysis rate constant for 

sulfadimethoxine in high purity water.  Error bars represent one standard deviation for triplicate 

measurements. 

 

D2O evaluation of 
1
O2 degradation pathways.  The possibility of 

1
O2 involvement in both 

sulfamethoxazole and cimetidine degradation was examined by comparing photodegradation rates in 

water samples that had been diluted 50% with D2O and 50% with high purity water.  A contribution from 

1
O2 reactions would result in an enhancement in the compound degradation rate by a factor of 

approximately two in the D2O treatment, compared to high purity water, because 
1
O2 has an enhanced 

lifetime in D2O. 
20

  Such a change was not observed for sulfamethoxazole (Figure S5 A), ruling out 



 127 

involvement of 
1
O2.  In contrast, cimetidine showed about a factor of two greater degradation rate in 

mixtures diluted with 50% D2O than in the corresponding sample mixed 50% with high purity water 

(Figure S5 B).  This finding confirmed reaction with 
1
O2 as the major pathway for cimetidine 

photodegradation. 

 

 

Figure S5.  Comparison of (A) sulfamethoxazole and (B) cimetidine in water or D2O.  All mixing ratios 

were 50:50%.  Error bars represent one standard deviation for triplicate measurements. 

 

Sulfamethoxazole reaction with carbonate radicals.  Calculations were performed to estimate 

contributions of carbonate radicals (CO3•
-
) to sulfamethoxazole photodegradation.  Jasper and Sedlak (

21
) 

reported a model for carbonate radical steady state concentrations, [CO3•
-
]SS (M), as a function of 

carbonate species and steady state OH• concentrations:  

 [CO3
•−]SS =

kOH •,HCO 3 HC O3
− [OH•]SS  + kOH •,CO 3 CO3

2− [OH •]SS  

kCO 3•,DOM (DOC )
 (S15) 

where kOH•,HCO3is the bimolecular rate of reaction of OH• with HCO3
-
 (8.5 × 10

6
 M

-1
 s

-1
), 

8
kOH•,CO3 is the 

biomolecular rate of reaction of OH• with CO3
2-

 (3.9 × 10
6
 M

-1
 s

-1
) 

8
 and kCO3•,DOM is the bimolecular rate 

of the sink reaction between CO3•
-
 and dissolved organic matter (3.7 × 10

2
 M

-1
 s

-1
, (

21
)).  We assumed that 
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our organic matter was similar to that used to quantify kCO3•,DOM from open water municipal effluent 

wetland treatment cells.  Equation S15 was used with our measured steady state OH• concentrations 

(Table S7) and an alkalinity of 2 mM for a recent Vernon effluent sample (HCO3
-
 = 2 × 10

-3
 M, CO3

2-
 = 2 

× 10
-6

 M, pH = 7.4) to calculate expected steady state CO3•
-
 concentrations of 1.6 ×10

-14
 M for effluent 

and 6.1 ×10
-15

 M for downstream water.  Using these in conjunction with a bimolecular rate constant of 

4.4 × 10
8
 M

-1
 s

-1
 (

21
) for sulfamethoxazole reaction with CO3•

-
 we calculated indirect photodegradation 

rate constants for sulfamethoxazole reaction with CO3•
-
 to be 0.025 h

-1
 in effluent and 0.0097 h

-1
 in 

downstream river.  In each case, these rate constants would account for about half of the indirect 

sulfamethoxazole photodegradation that could be quenched by isopropyl alcohol addition (Table 3).  In 

the tests undertaken by Jasper and Sedlak,
21

 the difference between total sulfamethoxazole degradation 

rate constant and the direct photodegradation rate constant was about 5 d
-1
 at pH 8.5 and can be accounted 

for by reactions with OH• (1 d
-1
 = 2.2 × 10

-15
 M OH• * 3600 s d

-1
 * 5.5 × 10

9
 M

-1
s

-1(22)
 plus CO3•

-
 (4 d

-1
 = 

1 × 10
-13

 M CO3•
-
 *3600 s d

-1
 * 4.4 × 10

8
 M

-1
s

-1
) through independent calculations.  Addition of isopropyl 

alcohol to wetland water reduced the sulfamethoxazole rate constant by a difference of about 6 d
-1

, 

suggesting that this OH• scavenger also effectively reduces secondary production of CO3•
-
.  That the 

reduction of sulfamethoxazole rate constants by isopropyl alcohol in our studies was about equal to the 

expected rate constant from bimolecular reaction of sulfamethoxazole with OH• suggests that CO3•
-
 is 

less important than OH• in our water samples.  Such a condition could arise from effluent organic matter 

being a more effective sink (higher kCO3•,DOM) than assumed through application of equation S15.  Indeed, 

wetland DOM, a mixture of treated effluent and algal and bacterial products, is more reactive toward 

CO3•
-
 than terrestrial organic matter isolated from the Suwannee River. 

21
 

 

Calculation of Expected Indirect Photodegradation Rates in Effluent-River Water 

Mixtures.  Expected indirect photodegradation rate constants were calculated for cimetidine and caffeine 

by estimating the expected pseudo-first order degradation rate constant, kindir,i (s
-1
), of the compound with 

reactive intermediate species, i: 
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   kindir,i = kbimol,i,j [RIj]SS        (S16) 

where, kbimol,i,j (M
-1
 s

-1
) is the bimolecular rate constant of the reaction between target compound, j,  and 

PPRI species, i, and [RI]SS can be obtained from equation S1 with modifications as follows.  First, the rate 

of production of the intermediate species, Rp,i (M s
-1
), in water mixtures was calculated assuming that the 

photochemical properties of the individual waters are conserved upon mixing water from two sources: 

Rp,i =  I0  1-10
-α1f(DOC)1z Φi,1+I0  1-10

-α2 (1−f)(DOC)2  z Φi,2           (S17) 

where, α1 and α2 (L mgC
-1

 cm
-1

) are the specific absorption coefficient of water samples 1 and 2, f is the 

fractional mixing ratio for source water 1, DOC1 and DOC2 are the chromophoric dissolved organic 

matter concentrations, Φi are the quantum yields for the production of the PPRI species, i, and the other 

terms have been defined previously.  Finally, the consumption of PPRI through specific sink reactions 

was accounted for using literature values of the pseudo-first order reaction rate constants, ksink,i, for each 

PPRI (Table S2): 

kindir ,i  =  kbimol, i

I0 1-10-α1f(DOC )1z Φi,1+I0 1-10-α2(1−f)(DOC )2z Φi,2

ksink ,i
        (S18) 

In the case of sulfamethoxazole and sulfadimethoxine, a modification to the above approach was 

undertaken because direct photolysis contributed a significant fraction of the overall compound 

degradation.  The overall expected degradation rate constants of these compounds were obtained by 

adding the expected direct photolysis rate constant in the water sample to the rate constant for reaction 

with PPRIs.  The overall expected rate constant for sulfamethoxazole degradation was obtained by adding 

the expected direct photolysis rate constant in the water sample to the rate constant for reaction of 

sulfamethoxazole with OH• extracted from scavenger experiments (Table 3).  For sulfadimethoxine, 

estimates of overall rate constants were made using the expected direct degradation rate constant, 

neglecting the unknown amount of sulfadimethoxine triplet intermediate quenching that was occurring 

and indirect photolysis rate constants for reaction pathways with 
1
O2 and OH• extracted from scavenger 

experiments (Table 3). 
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Table S7.  [OH•]ssof experimental water samples 

Samples [OH•]ss (M) 

Upstream 5.2 × 10
-16

 

Ef:up
a
 25:75% (v/v) 8.0 × 10

-16
 

Ef:up 50:50% 1.2 × 10
-15

 

Ef:up 75:25% 1.6 × 10
-15

 

Effluent 2.0 × 10
-15

 

Downstream 7.3 × 10
-16

 

Note: 
a
 Ef = effluent and up = upstream,   
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4.1  Abstract 

Studies have reported greater excited state triplet production of effluent organic matter 

(EfOM)than that ofnatural organic matter (NOM). The differing triplet photoreactivity of EfOM are 

believed to arise from different photoactive chemical groups present in its structure that may not be 

present in NOM.  This study evaluated the role ofphotochemically active chemical groups in EfOM and 

NOM in their triplet photoreactivity employing 2,4,6-trimethylphenol (TMP) probe to measure the 

quantum yield coefficient of oxidizing triplet production (fTMP).  The TMP degradation rates were lower in 

sodium borohydride treated EfOM than the non-treated EfOM.  That indicated the aromatic carbonyl 

groups to be the precursor groups of oxidizing triplets of EfOM.  The dissolved organic matter (DOM) 

containing lower phenol content showed greater fTMPindicating the lower phenol concentration of EfOM 

may be a factor for its greater oxidizing triplet production.  The DOM of microbial origin (e.g.: PLFA and 

EfOM) showed greater inhibitions of fTMP when phenol and tryptophan present in the DOM mixtures.  

This may indicate that oxidizing triplet precursors in DOM of microbial origin slightly differ from those 

of NOM.  Photoexcitation of such triplet precursors of EfOM that may not be present in NOM may lead 

to greater fTMP of EfOM.  Like phenols ground electronic state amino acids could possibly participate in 

oxidizing triplet-quenching reactions.  The decay rates of triplet excited state 2-acetonaphthone in EfOM 

was greater than the NOM and SRFA samples indicating EfOM to be an efficient oxidizing triplet 

quencher than NOM.  Presence of both phenols and amino acids antioxidants in EfOM may be associated 

with this greater triplet quenching capacity of EfOM.  However the fTMP measurements seemed not to be 

affected by amino acid quenching of oxidizing triplets since TMP is a selective oxidizing triplet probe but 

phenols.  
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4.2.  Introduction 

Effluent organic matter (EfOM) can be an important component of the dissolved organic matter 

in waters that receive treated municipal wastewater.  EfOM can contribute to enhanced photodegradation 

of wastewater-derived micropollutants because of its greater photochemical reactivity than natural 

organic matter (NOM) counterparts.
 1-3

  Compared to isolated and reference NOM, EfOM has lower 

specific absorbance and higher production yields of the reactive intermediates triplet-state organic matter 

(3OM*), singlet oxygen (1O2), and hydroxyl radicals (OH•).
1,2,4

  Of these, triplet states are particularly 

important in organic matter photophysics
5
 as a precursor to other photochemical intermediates or via 

direct participation in reactions with organic compounds.
 6-8

  Apparent quantum yield coefficiences of 

3
EfOM* are among the highest reported for triplet state organic matter, yet 

3
EfOM* is sensitive to self-

quenching with increasing EfOM concentration and 
3
EfOM* is susceptible to quenching by mixing with 

natural organic matter.
 1,9

  Such trends have been explained only through correlative links to known 

structural differences between microbially-derived EfOM and terrestrially-derived NOM.
 3
  Efforts to 

better characterize the structural basis for differing triplet photochemistry trends of EfOM, compared to 

NOM, have not been undertaken. 

Current understanding of NOM triplet excited states attributes their origin to photoexcitation of 

aromatic carbonyl groups in the organic matter structure (Figure 1A).  This view emerged from controlled 

NOM photochemistry studies that were designed analogously to experiments with known triplet 

sensitizers.  Like low molecular weight aromatic ketones (e.g., look up Zepp, include 2-acenaphthone + 

possible others from Canonica), photoexcited NOM facilitates cis-trans isomerization of olefin 

compounds
10

 and production of 
1
O2 by energy transfer to dissolved solutes (Figure 1, reaction 1)

 10,11
 and 

participates in rapid electron transfer reactions with substituted phenol compounds.
 11-13

   The role of 

aromatic NOM ketone groups is additionally supported by photochemistry studies using borohydride-

reacted (a selective reductant of aromatic ketones) NOM that showed lowered reaction rates with the 

model phenol, 2,4,6-trimethylphenol, compared to unaltered material.
 14

  Further, the ability of cesium to 

quench NOM reactions with phenol compounds pointed to the importance of n → π* transitions in NOM 



 138 

triplet production.
 13

  Comparisons of the relative rates of NOM reactions with a series substituted phenols 

suggested that aromatic NOM carbonyl groups have photochemistry that is similar in nature to 3’-

methoxyacetophenone 
12

or 2-acetonaphthone.
 10

 

The complete model of NOM triplet state photoreactivity also integrates internal interactions with 

phenol groups within the NOM structure (Figure 1A, reaction 2).  Aromatic ketones have well-

documented reactivity with phenol compounds
15

 and the incorporation of lignin residues into terrestrially-

derived organic matter can give rise to phenol moieties in close proximity to NOM aldehyde and ketone 

groups.  Evidence to this effect has been derived from the long wavelength absorbance of NOM that 

cannot be explained by additive contributions of light absorbance by multiple, or highly-extended, 

aromatic structures.
 16

  Such phenol/methoxyphenol group and carbonyl-group interactions can alter the 

sequence of pathways following photon absorption by a carbonyl group.  Triplet state NOM groups may 

be deactivated to form charge-separation species by electron transfer between donor (phenol) and 

acceptor (ketone) groups as an alternate pathway to energy transfer to oxygen to form 
1
O2 (Figure 1A, 

reaction 2).
 5
  (Note that charge-separation species may also be formed directly through deactivation of 

singlet state NOM groups, following photon absorption and prior to intersystem crossing to the triplet 

state.
 5
)  The importance of such charge-separation species to the photochemical fate of triplet state NOM 

groups has been captured through empirical relationships between apparent quantum yield coefficients of 

3
OM* and 

1
O2 and the bulk optical characteristic, E2/E3 (ratio of absorbances at 365 nm to 254 nm)

 2,9,17
:  

Production of 
3
OM* and 

1
O2 on a per photon basis increases with increasing E2/E3, an NOM characteristic 

that is consistent with decreasing extents of coupled phenol/methoxyphenol-carbonyl interactions.
17

 

The conceptual model for NOM triplet state photochemistry provides insights into a hypothesized 

model for EfOM triplet state photochemistry with some modifications that account for known structural 

differences between these two organic matter types (Figure 1B).   EfOM has high reactivity with 2,4,6-

trimethylphenol 
9
that can be quenched via competing energy transfer reactions which cause sorbic acid 

isomerization.
 1
  These observations are consistent with the presence of aromatic carbonyl groups in 

EfOM that are excited to triplet states upon photon absorption.  Borohydride reduction of EfOM to target 
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removal of such aromatic ketones, thereby confirming their presence, has not been reported at the time of 

this publication.  The higher apparent quantum yield coefficients of 
3
EfOM*, than 

3
NOM*, could result 

from either a greater abundance of excited triplet state groups, or a lower extent of quenching through 

charge-separation species because EfOM is expected to have a lower phenol group content than NOM. 

EfOM derives primarily from microbial processes in municipal wastewater treatment
18,19

 where lignin 

precursors are much less abundant; indeed, high E2/E3 ratios of EfOM are consistent with lower extents of 

phenol-carbonyl interactions, although correlations with quantum yield still follow empirical NOM 

trends.
 9
 

The protein-rich characteristics of EfOM could also play a role in EfOM photochemistry, 

compared to NOM that has little protein content.  Direct photoexcitation of the amino acids, tyrosine, 

tryptophan and phenylalanine with UV-B light is known to produce 
1
O2.

 20-22
  Greater amounts of protein 

carbon, as quantified by NMR analysis, in certain EfOM fractions was put forward as an explanation for 

the higher effective quantum yields of 
1
O2 for those EfOM fractions.

 3
  None of these studies examined 

direct links between amino acids and EfOM triplet photoreactivity, however, tyrosine, with its phenol 

structure, would be expected to quench aromatic carbonyl triplet states.  Additionally, interactions with 

NOM triplet states by tryptophan were inferred through applications of selective quenching agents that 

eliminated other possible reaction pathways for indirect tryptophan photodegradation.
 23

  Both the 

observations for tyrosine and for tryptophan indicate that certain amino acid groups in EfOM could act to 

lower apparent quantum yields of 
3
EfOM* through electron transfer to triplet state aromatic carbonyl 

groups.  Thus, the protein-rich content of EfOM is expected to contribute an opposite trend than expected 

with the high reported apparent quantum yield coefficients of 
3
EfOM*, compared to 

3
NOM*.  On the 

other hand, tyrosine and/or tryptophan interactions with aromatic carbonyl triplet states
24

 could explain 

the much higher organic matter concentration sensitivity of quantum yield coefficient measures for EfOM 

than observed for NOM. 

The formation of neutral radical species following electron transfer to triplet state groups from 

tyrosine or tryptophan groups does have implications with respect to possible artifacts in apparent triplet 
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quantum yield coefficient measurements.   Such quantum yield measurements are often made using the 

probe molecule, 2,4,6-trimethylphenol,
 25

 that has a high bimolecular reaction rate with triplet state 

aromatic carbonyl groups.
 12

  As electron donors, substituted phenols are expected to have high reactivity 

with radicals and the phenoxyl-type neutral radical formed by tyrosine is expected to have three orders of 

magnitude greater reaction rate with phenols than the indole-type neutral radical formed by tryptophan.
 

26,27
  Radical-phenol interactions would decrease the concentration of 2,4,6-trimethylphenol, thereby 

counting this loss of the triplet probe toward the apparent triplet quantum yield coefficient that is assumed 

to capture triplet state carbonyl group reactions.  Thus, organic matter samples with high concentrations 

of tyrosine and/or tryptophan would appear to have high triplet state yields for reaction pathways other 

than probe reaction with triplet state carbonyl groups. 

The purpose of this work was to examine EfOM triplet reactivity in more detail by following 

some of the standard experimental protocols that led to the development of the NOM triplet 

photochemistry model.  Borohydride reduction was used to selectively removal aromatic carbonyl groups 

from EfOM so that a reduction in apparent triplet quantum yields would indicate these groups to be 

contributors to triplet states in EfOM.  Measurements of EfOM phenol content were undertaken to 

ascertain whether low values were correlated with high apparent triplet quantum yields.  Individual 

additions of phenol, tryptophan and tyrosine compounds to solutions of EfOM were used to verify their 

capacity to quench triplet EfOM excited states.  Finally, laser flash photolysis with the model triplet 

sensitizer, 2-acetonaphthone,
 28

 in solutions of EfOM or well-characterized triplet quenchers was used to 

assess the extent to which EfOM is a quencher of triplet aromatic carbonyl groups.  Because aromatic 

carbonyl groups in organic matter samples cannot be quantified directly, comparative observations with 

NOM were also included in all of the sample manipulations. 
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4.3.  Materials and Methods 

Chemicals 

Phenol (liquid/certified), 3,4-dimethoxyphenol (DMP) (>97%), L-tryptophan (Trp) (>99%), L-tyrosine 

(Tyr) (>99%), bovine serum albumin solution (BSA, in phosphate buffer (DPBS)), gallic acid (>98%), 

Folin & Ciocalteu‘s phenol reagent (2 N), 2,4,6- trimethylphenol (TMP) (99%), furfuryl alcohol (FFA) 

(98%) and potassium sorbate (>99%) were purchased from Fisher Scientific.  HPLC peptide standard 

mixture (contains Gly-Tyr, Val-Tyr-Val and other peptides), the peptide, Lys-Lys-Lys-Lys ((Lys)4) 

(>95%), 2-acetonaphthone (AN)( >99%) and sodium borohydride (≥98%) were purchased from Sigma 

Aldrich.  All other chemicals were analytical grade from common commercial sources.  All compounds 

were used as received.  Concentrated stock solutions of TMP and FFA were made in high purity water (> 

18 MΩ, MilliQ, Waters, Corp) and stock solutions of model phenols, amino acids, peptides and protein 

were prepared in 10 mM phosphate buffer at pH 7.5.  Suwanee River fulvic acid (SRFA) and Pony Lake 

fulvic acid (PLFA) isolates were purchased from the International Humic Substances Society.  

Sample Collection and Preparation 

Treated wastewater effluent was collected from six wastewater treatment plants (WWTPs) in the State of 

Connecticut in June 2015.  Four of these plants were sampled during previous studies of bulk EfOM 

characteristics
29

 and EfOM photochemistry
1,9

 and two additional plants with long sludge residence times 

were added in this study.  Each of the treatment plants receives wastewater primarily from residential 

sources with small contributions from commercial sources.  All of the WWTPs employ conventional 

activated sludge treatment,albeit with differences in operation(see SI Table S1 for details).  Two-liter grab 

samples of effluent were obtained from the discharge pipe where it exited the wastewater treatment plant.  

A whole water sample (2 L) from the Hockanum River, upstream of the CT5 WWTP outfall, was also 

collected.  All whole water samples were filtered through glass fiber filters (0.7 μm nominal pore size, 

Whatman) and used directly in whole water EfOM and NOM photochemistry experiments without any 

pH adjustments (Table 1).  Additional photochemistry experiments were undertaken using organic matter 

from these whole water samples that were isolated using a small-scale PPL extraction procedure that is 
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detailed elsewhere.
 9
Isolated organic matters were used for phenol content characterization, 

photochemistry studies with added quenching agents, and laser flash photolysis experiments.  Previously 

collected
9
 paired WWTP EfOM-upstream river NOM PPL-isolates from the Hockanum R., CT and the 

East Fork Little Miami R., OH were used to evaluate the effects of borohydride treatment because larger 

quantities of these materials were available. 

Quantum Yield Measurements 

Irradiation experiments were performed employing a ―merry-go-round‖ photoreactor (Ace Glass) 

equipped with a mercury vapor lamp (220 W, Ace Glass) and a borosilicate, water-cooled immersion 

well.  Experiments were conducted with 0.15 M sodium nitrate in the borosilicate immersion well to filter 

out all wavelengths of light below 315 nm, thereby eliminating direct photoexcitation of any added 

reagents (Figure S1).  The one exception was apparent quantum yield coefficients with unaltered and 

borohydride-reduced organic matter isolates that did not use the nitrate filter so that irradiation 

wavelengths between 290 and 315 nm were also available for photoexcitation during these experiments.  

The total incident photon flux was calculated using p-nitroanisol/pyridine actinometry
30

to be 2.6 × 10
-5 

Es 

L
-1
 s

-1
 with the nitrate filter and 3.1 × 10

-5 
 Es L

-1
 s

-1
 for the borohydride experiments without the nitrate 

filter.  Note that use of the recently updated quantum yield values for this actinometry system
 21

 would 

have given photon fluxes of 1.7 × 10
-5

 Es L
-1
 s

-1
 and 2.0 × 10

-5
 Es L

-1
 s

-1
, respectively, for systems with 

and without the nitrate filter.  Quantum yield values would be 54% higher in that case than the values 

reported herein following the historical actinometry calculations to maintain consistency with our prior 

publications.
 1,9

 

Quantum yield coefficients for 
3
OM* (fTMP) and apparent quantum yields for 

1
O2 (Φ1O2) were 

determined by established methods with selective probes, 2,4,6-trimethylphenol (TMP) and furfural 

alcohol (FFA), respectively.
 9
Irradiation times were varied between experiments to achieve >25% probe 

compound degradation.  Organic matter isolate samples were prepared by diluting stock solutions with 10 

mM phosphate buffer at pH 7.5 to give a final dissolved organic carbon (DOC) concentration of 6.5 mgC 

L
-1
 and consistent with whole water conditions.   Whole water samples were used as obtained and 
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contained 4 – 7.6 mgC L
-1

 (Table 1).  Mixture samples of whole water and model triplet quenching agents 

(substituted phenols, amino acids, peptides, proteins) were prepared by diluting whole water with stock 

solutions containing 6.5 mgC L
-1

 of quenching agent.  This approach gave quenching agent concentrations 

that ranged from 49 to 68 µM because of their varied molecular weights.  TMP and FFA probe compound 

concentrations in experimental solutions were followed over time by HPLC analysis (see Table S2 for 

operating conditions) and used to determine fTMP and Φ1O2, as described previously.
9,31

 

Organic Matter Phenol Content 

The phenol content of OM isolates was determined using the Folin-Ciocalteu method.
 32

  Briefly, 0.25 mL 

each of OM samples (>100 mgc L
-1) and Folin-Ciocalteu reagent were at room temperature for 5 min, 

followed by addition of 0.75 mL of sodium carbonate solution (2 M).  Sample volume was brought up to 

3 mL with MilliQ water.  Samples were incubated for 10 min at 75 °C before absorbance was read using a 

spectrophotometer at 760 nm.  Gallic acid was used to develop a calibration curve so that organic matter 

phenol contentsare reported as gallic acid equivalents.  

Sodium Borohydride Reduction 

Sodium borohydride (NaBH4) was used to reduce OM isolates from prior sampling trips to the Hockanum 

R. and East Fork Little Miami R., following previously reported methods.
 16,33

  A solution of organic 

matter was prepared as 30 mgc L
-1

 in 10 mM phosphate buffer at pH 8.5.  Fifteen milliliters was 

transferred to a sample vial with a septum top that was sparged with nitrogen gas for 30 min prior to 

addition of NaBH4 (13 mg of NaBH4 was used to achieve a NaBH4-to-DOC mass ratio of 29).  The vial 

was closed and allowed to react for 3 h with continued sparging and magnetic stirring.  The reaction was 

quenched by adding a small amount of sulfuric acid to bring the solution pH to 5.  Air sparging was 

continued for another 1 h.  Solution pH was readjusted to 7 using NaOH.  Solutions were stored at room 

temperature overnight before use in irradiation experiments.  

Laser Flash Photolysis 

Lifetime measurements of 2-acetonaphthone (AN) triplets were determined in the presence of selected 

OM isolates and tryptophan using nanosecond laser flash photolysis following a previous method
 25

 that is 
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provided in more detail in the Supplemental Information.  Solutions were prepared by varying OM 

concentrations from 5 to 30 mgC L
-1

 or tryptophan from 0.2 to 1.0 mM.  An initial concentration of 0.6 

mM AN was found to be optimal for these experiments.   Triplet state AN was produced by a nanosecond 

laser pulse (40 mW) at the excitation wavelength of 355 nm and 
3
AN* was monitored at 435 nm.  

Transient decay curves were used to extract lifetimes of 
3
AN* from which bimolecular rate constants 

could be extracted from Stern-Volmer plots (Figure S2).  The average lifetime of excited state triplet of 

3
AN* in 10 mM phosphate buffer at pH 7 was measured to be 1.43 µs, matching previous reports.

15,28
 

 

4.4.  Results and Discussion 

Effluent Organic Matter Photoreactivity 

The optical characteristics of EfOM used in this study were consistent with our previous experience and 

are reported here to expand the range of EfOM samples for which photochemical yields have been 

measured.  Whole water effluent samples had specific UV absorbance (SUVA, A254/DOC) values that 

were lower than whole Hockanum R. water and Suwanee River fulvic acid (SRFA) and similar in 

magnitude to Pony Lake fulvic acid (PLFA) (Table 1).  Low specific UV absorbance values for EfOM 

and PLFA) are consistent with lower aromatic content for this material, in contrast to river water organic 

matter with a greater influence of lignin in organic matter of terrestrial origin.   Likewise, EfOM showed 

greater E2/E3 ratios than river NOM sources which is consistent with a lowered extent of charge-separated 

complexes forming in organic matter of microbial origin (Table 1).  In contrast, the E2/E3 ratio of PLFA 

was closer in characteristic to the organic matter from river sources, although still slightly greater in value 

than for SRFA.  Isolation of organic matter from the WWTP effluents yielded materials with increased 

SUVA values and decreased E2/E3 ratios, compared to the whole waters.  This trend in shifting optical 

characteristics shows the PPL isolation procedure to have a slight preference toward the more aromatic 

components in EfOM as we have observed previously.
9
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 Quantum yield measurements for EfOM showed trends that were consistent with optical 

properties of this material.  Whole water effluent samples showed larger quantum yield coefficients, fTMP, 

for 
3
EfOM* than 

3
NOM*, as measured by reaction of 2,4,6-trimethylphenol that was applied as a probe of 

excited aromatic carbonyl triplet states.  Trends in fTMP with E2/E3 ratios for whole water (Table 1) 

generally followed previously reported trends of higher fTMP values with higher E2/E3 ratios.
 9
 Apparent 

quantum yields, Ф1O2, of singlet oxygen in whole waters followed the same trends as observed for 

3
EfOM* yields which is to be expected given that 

3
EfOM* should be a precursor of 

1
O2 formation via 

energy transfer with dissolved oxygen (Figure 1).  Thus, the photoreactivity of the EfOM samples used in 

this study show trends that are consistent with previous studies.
 2,9

 

 Sample-to-sample intercomparisons of EfOM photoreactivity could only be undertaken for 

isolated EfOM materials because these materials were studied under uniform experimental conditions.  

Whole water effluent sample variations in DOC concentration and pH between samples could partially 

account for observed differences between fTMP and Ф1O2 among samples because EfOM is sensitive to 

self-quenching of triplet intermediates
9
and pH effects can contribute to differences in probe reaction rates.  

Under the constant DOC concentration and pH conditions of our EfOM isolate measurements, no clear 

trends in fTMP and Ф1O2 with treatment plant operation were observed.  Our choice of treatment plants 

from which to obtain effluent samples was motivated by the rationale that there could be differences in 

EfOM photoreactivity arising from the age of activated sludge community; longer sludge retention times 

possibly could be associated with more ‗humified‘, older organic matter
18

 in the EfOM extracts.  

Apparent quantum yields did not follow those trends as fTMP and Ф1O2 values for the WWTPs CT1 and 

CT5, with low sludge retention times (4 -7 d), overlapped those for WWTPs CT3, CT4, CT7, and CT8 

with long sludge retention times (11 – 45 d) (Table 1).  Likewise, plant operation to achieve advanced 

nutrient removal (CT3, CT4, CT8) did not show clear trends in fTMP and Ф1O2, compared to the other 

plants that did not achieve denitrification conditions (Table 1).  Two of the lowest fTMP and Ф1O2 

measurements were for WWTP CT3 and CT8 and could suggest some influence of nutrient removal; 

however, WWTP CT4 that also effective nutrient removal had quantum yield values that were among the 
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highest of the EfOM set in this study.  Nor did disinfection treatment 
2
 appear to be linked to EfOM 

quantum yields (CT1, CT2 UV disinfection vs other WWTP employing chlorination, Table 1).  
3
EfOM* 

quantum yield coefficients and apparent 
1
O2 quantum yields bracketed the value for PLFA and were 

greater than for SRFA for all but CT8 and CT3 (Table 1). 

Oxidizing Triplet Precursor Sites in EfOM 

Borohydride reduction of EfOM was used to demonstrate that a portion of the excited EfOM 

triplet state groups are contributed by aromatic carbonyl-type groups.  Borohydride selectively reacts 

aromatic aldehyde and ketone groups irreversibly to alcohol groups.
 14

  Borohydride can also reduce 

quinone groups to semiquinone; however, under the oxygenated conditions of our experiments, 

semiquinones would be rapidly oxidized back to quinones.
 14

  Thus, complete removal of aromatic 

carbonyl triplet groups would not be expected if quinone groups are notable contributors to EfOM triplet 

states, or if ketone groups did not react completely.  Indeed, a portion of the EfOM triplet reactivity 

remained after borohydride treatment of Hockanum R. and East Fork Little Miami R. isolates (Table 2).  

Borohydride treated samples of EfOM showed TMP reaction rates that were 3 and 11 percent of the 

untreated samples for the Hockanum R. and East Fork Little Miami R. WWTP, respectively.  TMP 

degradation rates for borohydride-treated upstream NOM in both cases were about 20% of the values for 

untreated NOM isolates (Table 2).  Thus, a portion of EfOM triplet photoreactivity appears to originate 

from aromatic carbonyl groups as inferred for NOM (Figure 1A) and proposed for EfOM (Figure 1B) 

EfOM Phenol Content 

Lower concentrations of oxidizing triplet quenchers are thought to contribute to greater triplet reactivity 

of EfOM.  The isolated EfOM with lower concentration of phenols showed greater fTMP  and Ф1O2(Figure 

3 A and B) values.  Isolated EfOM from three of the WWTPs contained lower phenol concentrations 

compared to that of NOM and those EfOM isolates showed the greatest fTMP or Ф1O2values among all of 

the organic matter samples evaluated (Figure 3).  The isolated EfOM samples with phenol concentrations 

similar to or greater than for NOM showed lower photoreactivity.  SRFA and PLFA were used as 

comparators and the measured phenol concentrations for these NOM samples corroborated previous 
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reports (0.07 and 0.05 mg/mgC in gallic acid equivalent, respectively).
 3
PLFA found to be an effective 

triplet producer,despite its greater phenol content.  PLFA contained the second highest phenol 

concentration but found was to be the third most photoreactive OM type among the nine-isolated OM 

samples examined.  We suspect that this behavior of the PLFA may arise from its differing structural 

characteristics compared to other tested DOM samples since it is solely derived from microbial sources in 

the Antarctic.
 34

This microbially-derived DOM may have more efficient triplet precursor groups than 

NOM derived from decomposed plant materials.  However, these observations suggested that the lower 

phenol concentration of DOM may also result in greater production of oxidizing
3
DOM*.  This might be 

arising from the lower interactions between the phenol groups and excited state oxidizing triplets in 

EfOM.
12,15,25,35

 

Effectiveness of Quenching Agents 

Phenol compounds were selectively added to EfOM samples prior to photoexcitation to examine the 

effect of quenching characteristics on 
3
EfOM

*
.  As the electron-donating character of the substituent 

increases, the one-electron oxidation potential of the phenols decreases.
 36

The substituted phenols 

containing groups with greater electron-donating character were degraded in faster rates when irradiated 

in DOM solutions.
 12

That means phenols containing substituted groups with greater electron-donating 

capacity are able to quench oxidizing triplets more effectively.  The degradation of phenols was suggested 

to occur by reaction with excited state triplets of DOM.
 12

We determined the fTMPin solution mixtures 

containing various fractions of whole water EfOM or NOM or SRFA/PLFA and phenol or 3,4-

dimethoxylphenol (DMP)(Figure 4).  For this experiment, whole water EfOM samples from CT3, CT5 

and CT7 WWTPs were utilized as they were representative of lower, greater, and moderate triplet 

photoreactivity, respectively, among the ranges observed for the whole water EfOM samples examined.  

Two phenols, phenol and DMP, were employed in order to represent probes that were less and more 

selective, respectively, towards the oxidizing
3
DOM*, compared to the oxidizing-triplet probe (TMP) used 

in this study.
 12

The mixture containing phosphate buffer and DOM solution in each ratio case was used as 

a comparative reference case because fTMP is known to be DOC concentration-sensitive so dilution that 
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lowers the DOC concentration would also contribute to increased fTMP values.  As the fraction of phenol 

and DMP increased, we observed an increasing inhibition in the fTMP in CT5 whole water EfOM (Figure 4 

A: black bar vs bar with vertical stripes and black bar vs lighter gray bars, respectively, in each set with 

same mixture ratio).  Therefore, it clear that greater concentrations of phenols in DOM leads to lower 

oxidizing triplet production. 

The extent of fTMPinhibition was lower when phenol was present compared to that of 

DMP.Samples containing 50% of phenol (by volume) did show inhibition in the fTMP except for NOM 

from Hockanum River and EfOM from CT7 and CT3 sample while all the mixtures containing DMP 

showed inhibition of fTMP (Figure 4B).  When DMP was present in these mixtures fTMP had reduced by 60-

90%, compared to the corresponding phosphate buffer diluted organic matter samples.  Previous work by 

Canonica et al
12

showed that the substituted phenols containing electron-donating groups reacted faster 

with excited state triplet DOM.  Therefore, we speculated that some mixtures containing phenol did not 

show inhibition of fTMP because of phenol being a less selective quencher of oxidizing
3
DOM* in 

comparison to DMP.  We observed a greater inhibition of fTMP when phenol was present in PLFA and 

CT5 EfOM than other DOM (Figure 4B).  Triplets produced by CT5 EfOM and PLFA seemed to be 

sensitive towards phenol while other tested DOM samples were not.  This may be indicative that very 

similar types of triplet precursor molecules are involved in production of oxidizing
3
DOM* in these two 

DOM samples.  PLFA is derived from microbial sources and it showed the third greatest triplet reactivity 

among the DOM samples tested while CT5 EfOM showed the greatest photoreactivity.  These findings 

may indicate that triplet sensitizer groups of microbial origin tend to have greater oxidizing triplet 

production.  However, it is obvious that triplet-quenching capacity of a particular organic matter depends 

on the type of phenol groups present in the structure. 

Upon dilution of whole water EfOM with phosphate buffer an increase in the fTMP was observed 

(Figure 4A).  The samples containing 75% and 50% (by volume) of EfOM only showed a very little 

change between their fTMP values.  This dilution changed the DOC concentration of these mixtures from 

5.7 to 3.8 mgc L
-1

.  The inhibitions observed in fTMP at these concentration levels are similar to what we 
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showed in our study on DOC concentration-dependent fTMPinhibitions in EfOM.
 9
  However, comparison 

tothe later two samples showed a considerable increase of the fTMPwas noticed in the sample containing 

25% of EfOM.  The DOC concentration of this sample was ~1.5 mgc L
-1
 and it seems like at this level of 

the DOC concentrations inhibition of fTMPin EfOM is minimized. 

Amino acids as quenchers of oxidizing 
3
DOM* 

Proteins are important components present in EfOM that are not in NOM.
 3,29,37

  Even though 

their involvement in EfOM photochemistry has been suggested,
 3
their role in the EfOM triplet 

photochemistry is largely unknown.  One reason for that would have been the limitations to identify them 

quantitatively in EfOM microenvironment.  Therefore, our approach was to, first, measure the fTMP of 

mixtures containing amino acid, peptide or proteincompounds and whole water DOM.  Secondly, we 

compared those with the fTMPof corresponding mixtures containing fraction of phosphate buffer and 

organic matter (Figure 5) in order to evaluate the possible effect from amino acid, peptide or protein on 

the triplet photoreactivity. Here, Trp and Tyr were used as model amino acids, (Lys)4 and the HPLC 

standardization peptide mix were used as model peptides, and BSA was used as the model protein. 

The presence of Trp in DOM solutionsinhibited the production of oxidizing
3
DOM*.  As the 

fraction of Trp, increased we observed an increasing inhibition of fTMP in CT5 whole water EfOM (Figure 

5A: black bar vs. white bar in each set with same mixture ratio).  The experiment was extended to more 

EfOM and NOM samples by measuring fTMP in selected whole water OM containing 50% (by volume) of 

Trp solution (Figure 5B).  These results suggested that presence of Trp molecules in the solutions 

quenched the production of oxidizing
3
DOM*.  However, we found that the extent of triplet quenching by 

Trp in PLFA and the three whole water EfOM samples (25-60%) were greater than the SRFA and 

Hockanum R. NOM (<20%).  PLFA and EfOM consist of chemical groups of microbial origin.  It 

appears that oxidizing triplets produced by these samples are more sensitive towards quenching by Trp.  

The fTMP values for PLFA and the three EfOM are greater than the SRFA and Hockanum R. NOM (black 

bars, Figure 5B).  This may indicate that DOM of microbial origin contains effective oxidizing triplet 

precursors that may not be in NOM. 
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The inhibition of fTMP by Trp may take place through two mechanisms.  First, Trp may reduce 

TMP radical cation (TMP•/+) produced by the electron transfer reaction between TMP and 

oxidizing
3
DOM* (Figure 2, reaction A) back to ground state TMP molecules.

 26
Second, Trp may quench 

oxidizing
3
DOM* through an electron transfer reaction(Figure 2, reaction B).

 38
  Here, we considered the 

EfOM:Q 75:25% sample set (Figure 5A) to evaluate the possibility of the first case.  The reduction of 

phenoxyl radicals by amines takes place through an electron transfer from the amine.  The bimolecular 

reaction rate constants for primary aminesare around 2 × 10
-4

 M
-1

 s
-1
.
 26

  Here, we assumed that the 

bimolecular rate constant between Trp and TMP•/+ to be similar to the above.  If TMP•/+ is reduced back 

to TMP molecule by reacting with Trp the sample that contains 25% (or 3.9 × 10
-6
 M) of Trp should 

lower the TMP degradation by ~8 × 10
-10

 s
-1

 comparison to sample containing 25% of phosphate buffer.  

However according to our experimental data that reduction was 8 × 10
-4

 s
-1

, much greater than the 

calculated value.  Therefore, the observed reduction when Trp was present in solutions was unlikely a 

result of the Trp reduction of TMP•/+ back to ground state TMP.  The excited state electron transfer 

reaction between Trp and oxidizing
3
DOM* were more likely to result in the observed fTMP inhibitions. 

If Trpis in ground electronic state,it can readily donate electrons to electron acceptors such as 

oxidizing 
3
DOM*.

38
  In our irradiation experiments, we used nitrate cut-off filters to avoid light below 

313 nm sothat Trp molecules in mixtures were less likely to undergo electronic excitation. The electron 

transfer reaction between ground electronic state Trp molecules and oxidizing 
3
DOM* may lead to the 

formation of a ketyl radical and the Trp radical cation (Trp•/+) (Figure 2, reaction B)
 24

 and thus, it results 

in lower triplet production.  The inhibition of fTMPobserved in the mixtures of CT5 whole water EfOM and 

Trp was greater when samples were irradiated with nitrate cut-off filters than that of without the filters 

(Figure S3).  Also, when irradiation was done without nitrate filters (wavelengths > 290 nm), degradation 

of TMP was observed in 100% Trp solution, while no TMP degradation was observed when nitrate filter 

was used (Figure S3).  Under irradiation condition of wavelengths > 290 nm, Trp molecules may undergo 

electronic excitationsto produce Trp radical (Trp•). 
24

  Therefore, at this irradiation condition TMP may 

react with Trp•, which is produced by direct light excitation and it may lead to greater degradation rates of 
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TMP. Therefore, our observations suggested that ground electronic statesof Trp inhibits the production of 

oxidizing 
3
DOM* through an electron transfer mechanism. 

While mixtures containing Trp quenched the production of oxidizing
3
DOM*, mixtures with Tyr 

showed enhanced degradation rates of TMP indicating the contribution of tryptophan to greater 

production of oxidizing
3
DOM*.  Mixtures containing 50% (by volume) of Tyr showed an increase in the 

fTMPfor all organic matter solutions (Figure 5B).  Similarly, the presence of peptide Mix (50% by volume), 

which contains Tyr as the terminal group in most of the peptides in the mixture, showed greater fTMPin 

SRFA, PLFA and CT5 EfOM solutions (Figure 5B).  However, mixtures containing Tyr (50% by 

volume) indicated inhibition of Ф1O2 (Figure S4).  Our calculations suggested that these inhibitionsby Tyr 

arise as a result of oxidizing triplet quenching by Tyrbecause energy transfer from triplets to oxygen 

molecules produces
1
O2 (see SI for calculation details).  Therefore, the enhancedfTMP in the mixtures 

containing Tyr are more likely to arise from a radical reaction between TMP and photoexcited Tyr 

intermediates. 

 Photochemically-produced Tyr radicals were thought to enhance the TMP degradation rates in 

mixtures containing Tyr that in turn result in greater fTMP values.  Tyrosine, similar to tryptophan, 

molecules at ground electronic state participate in electron transfer reactions with excited state oxidizing 

triplets.
 15,24

  The electron transfer reaction between ground electronic state Trp or Tyr  and oxidizing 

3
DOM* may generate neutral amino acid radicals (e.g.: Figure 2, B5 of reaction B).

 24,27
  Under the 

irradiation conditions used in this work (wavelengths >313nm), the lack of TMP degradation in 100% Trp 

or Tyr solutions was suggestive that these amino acid radicals were only produced in the presence of 

DOM (Data not shown).  Both of the neutral radicals have greater reduction potentials (Trp• - 1.0 V
27

 and 

tyrosine neural radical (Tyr•) - 0.5-0.8 V) so they can accept a proton by antioxidants such as phenols.  

However, phenoxyl type neutral radicals (i.e.: Tyr•) have about three order of magnitude greater reaction 

rates with phenols compared to that for indole type neutral radicals (i.e.: Trp•).
26,27

  Therefore, we 

speculated that Tyr• can react with TMP more efficiently than Trp• before these radicals are quenched by 

DOM in the solution.
 24

  Tyrosine radical reactions with TMP might have led to the enhanced fTMP values 
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obtained for the mixtures consisting Tyr and the peptide mix which contains Tyr components (Figure 5B).  

We evaluated the possibility of TMP reaction with Tyr• leading to enhanced fTMP values of EfOM (see SI 

for calculation details).  These calculations suggest that presence of Tyr components in EfOM may have 

some contribution to enhance the TMP degradation rates through the radical reaction that might influence 

fTMPvalues. 

 Peptides, which do not contain Trp or Tyr components, seemed not to affect the photoproduction 

of oxidizing
3
DOM*.  We determined fTMP in mixture samples containing 50% by volume of (Lys)4 and 

DOM (Figure 5B).  The comparisons of above mixture samples containing (Lys)4 and phosphate-diluted 

organic matter samples did not indicate any variations of fTMP between corresponding samples.  The 

quenching of oxidizing
3
DOM* amino acids is thought to take place through anelectron transfer 

mechanism, even though the exact mechanism of the reaction is still not elucidated.
 38

  The measured rate 

constants for electron transfer between ketone triplets and primary amines were about factor of 10 lower 

than that of secondary amines.
 38

  Lysine contains primary amine groups therefore we could expect lower 

quenching of oxidizing
3
DOM* comparison to Trp via excited state CT interactions. 

The study was extended to evaluate the role of amino acids present in complex structures on the 

triplet photoreactivity.  In real EfOM samples, the majority of amino acids are likely to be present in 

complex structures such as in proteins, rather than free molecules (Figure 1).
 37

  Therefore, it is important 

to evaluate how these amino acids in complex structures influence the production ofoxidizing
3
DOM* 

from EfOM.  We measured fTMP in various DOM mixtures containing BSA.  BSA contains amino acid 

residues and that are thought to undergo electron transfer reactions with oxidizing 
3
DOM*.

38
  We 

observed an increasing inhibition offTMP (9 - 44% loss) as the fraction of BSA increased in CT5 whole 

EfOM and the sample containing 75% (by volume) of BSA showed the greatest inhibition (Figure 5A).  

When 50% (by volume) of BSA was present in various DOM samples,little or no inhibition in the 

production yields of oxidizing
3
DOM* (Figure 5B) was observed.  Therefore, it is clear that when these 

amino acids are present in complex structures, their CT interactions with oxidizing 
3
DOM* are not 
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effective as they are present in free molecules.  However, at greater concentrations (>50% by volume) 

BSA seemed to produce greater inhibition of oxidizing
3
DOM* production. 

 

Triplet Quenching Capacity 

The fTMP measurements of effluent organic matter seemed not to be affectedby its oxidizing triplet 

quenching capacity.  We measured the decay rates of the triplet sensitizer, 
3
AN*, in different isolated OM 

solutions to determine if the lower decay rates of oxidizing triplets translated to enhanced production of 

oxidizing
3
DOM* forEfOM (Table 3).  The quenching rate constant of 

3
AN* in isolated CT5 EfOM, 

which showed the highest triplet photoreactivity and lowest phenol content, was the greatest among the 

OM samples tested in this study.  Isolated CT7 EfOM contained the highest phenol content of the EfOMs 

tested and it showed a lower quenching rate than that of CT5 EfOM.  We expected a greater triplet-

quenching rate constant for CT7 sample since it contained greater phenol content and phenols are thought 

to inhibit triplet production.
 12

  However, the sample that contained lowest phenol concentration showed 

the greatest oxidizing triplet-quenching rate.  Therefore we speculated that CT5 EfOM might have 

contained greater concentration of other triplet quenching components such as amino acids and proteins 

than that of CT7 EfOM.  In the previous section we showed the contribution of amino acids and proteins 

in the inhibition of triplet production.  If the greater triplet quenching capacity arises from greater 

concentration of amino acid and proteins of CT5 EfOM, the fTMP measurements that were extracted from 

TMP degradation rates seemed not to be affected by the quenching associated with these chemical groups. 

TMP has a greater bimolecular rate constant to react with 
3
AN* than that of amino acids (Table 3).  

Therefore, it may be capable of capturing excited state oxidizing triplets before being quenched by amino 

acids or proteins in the OM structure. 

NOM samples showed lower quenching rates than the tested EfOM isolates.  This greater 

oxidizing triplet quenching rates of EfOM than NOM may indicate the participation of amino acids and 

proteins in this process in addition to phenolic moieties (Figure 1).  Previous studies indicated the 

presence of protein-like components in EfOM by their fluorescence signature in excitation emission 
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matrices.
 3,29

  Our transient absorption decay studies and other studies have shown that tryptophan and 

tyrosine can quench oxidizing triplets (Table 3).
 15,28

Under the excitation conditions we used for laser 

flash photolysis experiment (355 nm), amino acids are more likely to be at their ground electronic level.  

Therefore, these experiments suggested that ground electronic state amino acids lead to the inhibition of 

oxidizing triplet production.  The oxidizing triplet quenching rate constants for EfOM or NOM estimated 

in this study are very similar to the Wenk et al.
 28

  The presence of amino acids and proteins in EfOM, in 

addition to phenolic moieties,make EfOM to be an efficient oxidizing triplet quencher than that of NOM.  

 

4.5.  Conclusions 

This study suggests that EfOM is an efficient excited state oxidizing triplet producer and a 

quencher.  EfOM contains both phenols and amino acids that can be involved in quenching of 

oxidizing
3
DOM* but NOM contains only phenol quenchers (Figure 1).  The inhibition of oxidizing 

triplets by phenol and amino acids is thought to arise through excited state CT interactions.
 

12,38
Thereforethe greater quenching rates for oxidizing

3
DOM* of EfOM may arise from the involvement 

of both phenols and amino acids.  The greater DOC concentration-dependent inhibition of oxidizing 

triplet reactivity of EfOM than NOM may be a result of greater quenching capacity of EfOM.  Despite the 

greater oxidizing triplet quenching capacity of EfOM, it showed greater fTMP values than NOM.
 9
  The fTMP 

is extracted by TMP photodegradation rates in DOM samples.  However, these rates seemed not to be 

affected by the triplet inhibitions caused by amino acids but phenols.  This may be explained through two 

lines of evidence.  First, the fTMP was greater in DOM samples with lower phenol concentrations.  Second, 

EfOM sample with greatest triplet quenching capacity, which is thought to predominantly arise from 

amino acids, showed the greatest triplet reactivity.  TMP is a selective reactant than amino acids towards 

the oxidizing triplets and that demonstrated by greater bimolecular rate constants of TMP with 
3
AN* than 

that of amino acids (Table 3).  Therefore, we speculated that fTMP determined using photodegradation rates 

of TMP is sensitive to the phenol concentration of the DOM, but less likely to the amino acid content.  



 155 

Lower concentration levels of phenols may be considered to be one factor that is associated with greater 

oxidizing triplet reactivity of DOM.  Also, DOM of microbial-origin showed greater triplet production 

and their triplets were more sensitive to be quenched by phenol and tryptophan.  This may indicate that 

oxidizing triplet precursors of DOM with microbial origin (e.g.: PLFA and EfOM) may have slightly 

different properties than that of NOM and possibly contribute to greater oxidizing triplet production.  
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Table 1:  Water quality parameters and 
3
OM* and 

1
O2 production yields for whole water and isolated organic matter  

Sample pH 

[DOC] 

(mgC L
-1

) 

SUVA 

(L mgC
-1

 m
-1

) E2/E3 fTMP (M
-1

) Ф1O2 % 

Phenol 
content 

(mg/mgC) 

CT1 whole EfOM 6.7 5.4 2.0 5.9 140.9 ± 9.8 10.0 ± 0.4 - 
a
 

CT3 whole EfOM 7.4 5.0 1.5 6.5 190.4 ± 36.6 11.6 ± 2.3 - 

CT4 whole EfOM 6.9 5.6 2.5 5.4 62.2 ± 3.5 5.3 ± 0.5 - 

CT5 whole EfOM 6.9 3.9 1.7 10.8 325.3 ± 27.7 29.7 ± 3.1 - 

CT7 whole EfOM 7.4 7.6 2.6 7.6 433.1 ± 15.1 17.6 ± 1.1 - 

CT8 whole EfOM 6.8 7.1 1.9 4.4 44.4 ± 2.4 4.1 ± 0.2 - 

Hockanum R. whole NOM 7.0 3.7 3.7 4.8 61.4 ± 0.8 4.6 ± 0.7 - 

CT1 isolated EfOM 7.5 6.5 2.8 4.8 80.8 ± 4.4 6.1 ± 0.6 0.019 
b
 

CT3 isolated EfOM 7.5 6.5 2.0 5.9 113.7 ± 6.9 6.5 ± 0.5 0.039 

CT4 isolated EfOM 7.5 6.5 3.7 4.6 45.6 ± 0.3 5.0 ± 0.3 0.011 

CT5 isolated EfOM 7.5 6.5 1.8 8.4 179.0 ± 7.5 13.1 ± 1.0 0.013 

CT7 isolated EfOM 7.5 6.5 3.5 6.1 201.0 ± 8.0 10.2 ± 0.5 0.013 

CT8 isolated EfOM 7.5 6.5 2.9 3.7 39.4 ± 0.6 3.7 ± 0.4 0.026 

Hockanum R. isolated 

NOM 7.5 6.5 3.3 4.8 81.9 ± 3.4 5.4 ± 0.2 0.019 

SRFA 7.5 6.5 4.5 4.0 58.2 ± 4.0 3.3 ± 0.2 0.075 

PLFA 7.5 6.5 2.0 4.9 165.5 ± 21.8 7.5 ± 0.6 0.054 

Note: Dissolved organic carbon concentrations were determined using high temperature combustion (Apollo 9000 TOC analyzer, Teledyne 

Tekmar, MDL = 0.5 mgC L
-1

), 
a 
phenol content was not measured. 

b
phenol content in gallic acid equivalent.
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Table 2:  2,4,6-Trimethylphenol (TMP) degradation rates (±standard error of triplicate 

measures)measured with untreated and sodium borohydride-reduced organic matter isolates. 

Samples 

Pseudo-first order TMP degradation rate (s
-1

) 

Untreated BH4-reduced 

Hockanum R. NOM (1.5± 0.1) × 10
-4

 (3.0 ±0.0) × 10
-5

 

Hockanum R. EfOM (5.9± 0.1) × 10
-4

 (6.5 ± 0.2) × 10
-5

 

Miami R. NOM (1.6± 0.3) × 10
-4

 (2.7± 0.2) × 10
-5

 

Miami R. EfOM (1.1± 0.2) × 10
-4

 (3.6± 0.0) × 10
-6
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Table 3:  Quenching rate constants for triplet excited state 2-acetonaphthone 

Solution 
3
2-AN* quenching rate constant (L molC

-1
 s

-1
) 

CT7 isolated EfOM 2.76 × 10
7
 

CT5 isolated EfOM 4.68 × 10
7
 

Hockanum R. isolated NOM 2.90 × 10
7
 

SRFA 1.92 × 10
7
 

Tryptophan 2.5 × 10
7
 

Tyrosine
a
 4.1 × 10

6
 

2,4,6-Trimethylphenol
a
 8.0 × 10

7
 

Note: 
a
 Obtained from previous work by Canonica et al.

15
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Figure 1:  Comparison of anticipated deactivation and reaction pathways for triplet excited states 

(denoted ‘*’) for NOM and EfOM.  (A) Triplet excited states of NOM may be deactivated by energy 

transfer to oxygen or other solutes, or may undergo electron transfer reactions with phenol donor 

groups.  (B) Triplet excited states of EfOM may undergo similar reactions as NOM with the 

addition of electron transfer reactions with amino acid donor groups (tyrosine or tryptophan).  R 

denotes alkyl groups, Qphenol – quenching from phenol-like moieties and Qprotein/peptide/amino acid – 

quenching from amino acid moieties.  
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Figure 2.  Excited state ketone triplet (e.g.: oxidizing excited state triplet organic matter) quenching 

reactions with phenolic antioxidant (A), amino acid antioxidant (tryptophan) (B) and reoxidation of 

ketyl radical to form the ketone.   
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Figure 3:  fTMP (A) and ΦO2% (B) against the phenol concentration (in gallic acid equivalent) of 

various isolated DOM samples.  EfOM (diamonds), isolated NOM (black circle), SRFA (black 

square) and PLFA (black triangle).  X-axis error bars on SRFA and PLFA sample represent one 

standard deviation of triplicate measurements.  
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Figure 4:  The change of excited state oxidizing triplet production (fTMP (M
-1

)) in various DOM 

samples when fraction of phenol and dimethoxyphenol (DMP) present. (A) Change of fTMP as the 

fraction of phenols increased in the CT5 whole water EfOM. (B) Change of fTMP when phenol and 

DMP were present (50% by volume)in various DOM samples. Experiments were conducted with 

0.15 M NaNO3 cut-off filter (>313 nm).  Error bars represent 95% confidence of the regression.  
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Figure 5:  The change of excited state oxidizing triplet production (fTMP (M
-1

)) in various DOM 

samples when tryptophan (Trp), tyrosine (Tyr), Lys-Lys-Lys-Lys ((Lys)4), peptide mix and bovine 

serum albumin (BSA) present.  (A) Change of fTMP as the fraction of Trp and BSA increased in the 

CT5 whole water EfOM.  (B) Change of fTMP when Trp, Tyr, (Lys)4, peptide mix and BSA present 

(50% by volume)in various DOM samples.  Experiments were conducted with 0.15 (M) NaNO3 cut-

off filter (>313 nm).  Error bars represent 95% confidence of the regression.  
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MATERIALS AND METHODS 

Table S1: Overview of wastewater treatment plant operations.  

Treatment 

Plant
a 

Avg 

Flow 

Rate 

Primary 

Clarifier 

Treatment Technology Denitrification Disinfection 

CT1 60 MGD 

 

Yes Traditional activated sludge 

treatment with coarse bubble 

diffusers 

No designed denitrification   

process 

 

UV 

CT3 24 MGD Yes Activated sludge and modified 
Ludzacke Ettinger process, fine 

bubble diffusers in aeration tanks 

Nitrification and denitrification 
by modified Ludzacke 

  Ettinger process 

UV 

CT4 1.5 MGD No Activated sludge with EIMCO 
carousel aeration tanks, 

mechanical aeration 

Nitrification and denitrification 
by  aerobic and 

anaerobic  zones of carousel 

chlorination/ 
dechlorination 

CT5 3 MGD Yes Activated sludge treatment with 

granular activated carbon 
suspended growth media 

No designed denitrification   

process 

 

chlorination/ 

dechlorination 

CT7 0.08 

MGD 

Yes Traditional activated sludge 

treatment with extended aeration 

No designed denitrification   

process 

chlorination/ 

dechlorination 

CT8 2.4 MGD Yes Traditional activated sludge 
treatment 

Designed four-stage 
denitrification   process 

chlorination/ 
dechlorination 

Note: 
a
Treatment plants CT1-5 match those in Quaranta et al.

 1
Treatment plants CT7 and CT8 are new to this study.  Influent sources for all 

WWTPs are mainly residential and commercial office buildings with the exception that CT4 has additional contributions from laboratories. The 

average sludge resident time for CT3, 4, 7 and 8 was 11 - 45 days and for CT1 and 5 was 4 - 7 days.
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HPLC Operating Conditions.  Quantum yield coefficients for excited state triplets (fTMP) and apparent 

quantum yields for singlet oxygen (Φ1O2) were obtained by removing aliquots from experimental 

solutions at various times and quantifying probe compound by HPLC with isocratic elution, as detailed in 

Table S2. 

Table S2.  Operating conditions for sample analysis by high performance liquid chromatography 

(HPLC). 

 

In the irradiation experiments, we used sodium nitrate (0.15 M) cut-off filters to avoid emissions 

below 313 nm.
 4
The absorbance spectra of all of the model compounds show no absorbance above 313 

nm (Figure S1).  Therefore employing a sodium nitrate (0.15 M) cut-off filter excluded direct 

photoexcitations of these model compounds in our experimental protocol. 
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Figure S1: Absorbance spectra of model phenols, amino acids, peptide and protein 

Reactive 

Species 

Probe Compound Initial 

Concentration 

HPLC Eluent and  

Detector Wavelength (λ) 

3
OM* 2,4,6-trimethylphenol

 2
 5 µM 65% ACN:35% PO4 buffer (2 mM, pH 2.5) 

λ = 205 nm, run time 5 min 

1
O2 Furfuryl alcohol

 3
 25 µM 35% ACN:65% Water 

λ = 220 nm, run time 4 min (7 min for samples 

with added phenol) 
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Nanosecond Laser Flash Photolysis: To obtain the corresponding second-order quenching rate constant 

(kQ,OM) in selected OM isolates and tryptophan, lifetime measurements of 2-acetonaphthone triplets were 

determined using laser flash photolysis following a previous method.
 5
 Lifetime measurement of 2-

acetonaphthone triplets was undertaken for each OM sample by increasing dissolved organic carbon 

concentrations from 5 to 30 mgC L
-1

.  Measurements with tryptophan had tryptophan concentrations that 

varied from 0.2 to 1.0 mM.  The 2-acetonaphthone triplet lifetime (τ (s)) for each solute concentration 

was determined by the transient absorbance decay curve with time (A).  This lifetime data was used to 

obtain kQ,OMaccording to:
 5

 

kTD =  kQ,OM  DOC + kQ,O2 O2 + kQ    (1) 

where, kTD (s
-1

) is the first-order relaxation rate constant of triplet state excited intermediates, kQ,O2 is the 

second order quenching rate constant of triplet state excited intermediates by molecular oxygen and kQ is 

the unimolecular and solvent-induced first-order decay constant.  The value of kTD is equal to the inverse 

of the triplet lifetime (kTD = τTD
-1
, (s

-1
)).  Therefore, the slopes of the Stern-Volmer plots of τTD

-1
 vs DOC 

(or tryptophan) concentration give the kQ,OM values.  The Stern-Volmer plot intercepts represent the 

relaxation rate constants (kQ,O2 + kQ) in the absence of organic matter (Figure S2B). 

An example transient absorption decay for the 2-acetonaphthone triplet is shown in Figure S2A.   

Software best fits were used to obtain triplet lifetimes, tau (Figure S2A).  Inverse ‗tau‘ values were 

plotted against solute concentrations, here tryptophan concentration, in the example Stern Volmer plot 

Figure S2B. 
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Figure S2:  (A) Transient absorption decay curve of 2-acetonapthtone triplets in 1 mM tryptophan 

solution and (B) inverse lifetime (τTD
-1

) of 2-acetonapthtone triplets with increasing tryptophan 

concentration. 

 

RESULTS AND DISCUSSION 

Effect of Irradiation Wavelength on Tryptophan Interactions with 2,4,6-Trimethylphenol.  Most 

experiments in this study were undertaken using a sodium nitrate (0.15 M) filter to filter out irradiation 

wavelengths below 313 nm where direct photolysis of tryptophan occurs.  Here we demonstrate the 

potential interference of tryptophan reactions with the target 
3
OM* probe, 2,4,6-trimethylphenol (TMP), 

under conditions in which tryptophan direct photoexcitation is allowed.  Comparisons between sample 

manipulations were made by monitoring the effective first order degradation of TMP and then deriving an 

apparent quantum yield coefficient, fTMP (M
-1

). 

 Photoexcited tryptophan reacts with TMP to cause TMP loss from solution.  Irradiation of a 5 µM 

solution of TMP in phosphate buffer (10 mM, pH 7.5) showed no loss and consequently, the calculated 

apparent quantum yield of such a solution is effectively zero (absence of black bar for EfOM:Q = 0:100 

conditions (no added EfOM), Figure S3).  Addition of 45 µM tryptophan also showed no reaction of TMP 

when a sodium nitrate filter was in place to prevent direct light absorption by tryptophan (absence of 

white bar for EfOM:Q = 0:100, Figure S3).  However, when the nitrate filter was removed and 
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wavelengths greater than the 290 nm cut-off of the borosilicate glass reactor were allowed to irradiate the 

sample, a large apparent triplet quantum yield coefficient was measured with TMP (gray bar for EfOM:Q 

= 0:100, Figure S3).  In the absence of EfOM in this sample, the loss of TMP is not attributable to 

reaction with excited state triplet groups and rather is an artifact of the fast reaction of substituted phenols 

with tryptophan radical cations formed from the tryptophan excited state.
 6
 

 The influence of photoexcited tryptophan on measurements of EfOM triplet apparent quantum 

yields was assessed by comparing fTMP values obtained with and without nitrate filters in the irradiation 

system.  Three mixtures of whole effluent water (CT5, DOC = 7.6 mgC L
-1

) and tryptophan (49 µM) were 

examined with the intent to examine whether tryptophan is an effective quencher of 
3
EfOM* states.  In 

each case, the addition of tryptophan to the whole effluent water reduced the measure apparent quantum 

yield when a nitrate filter was in place.  This was evidenced by white bars for EfOM:Q = x:100-x that 

were lower than the black bars for EfOM mixed in the same ratio with phosphate buffer (Figure S3).  

Such trends are consistent with ground state tryptophan producing charge transfer complexes with excited 

state triplets.
6
  Removal of the nitrate filter (gray bars, Figure S3) on EfOM:Q = x:100-x mixtures showed 

lower fTMPvalues than for equivalent EfOM dilutions with phosphate buffer; the additional reactions of 

photoexcited tryptophan with TMP enhanced the effective apparent triplet quantum yield coefficients that 

were calculated for these samples (Figure S3).  The relative importance of these side reactions increased 

with the greater fraction of tryptophan in the mixture samples (fractional greater size of gray bars than 

white bars in mixture samples, Figure S3).  Thus, failure to exclude direct photoexcitation of tryptophan 

when using TMP as a triplet probe will lead to overestimations of the actual sample apparent quantum 

yield coefficient as a result of tryptophan excited state intermediate reactions that consume TMP. 

 



 178 

 

 

Figure S3:  Tryptophan shows reductions in fTMP (M
-1

) when direct tryptophan photoexcitation is 

suppressed by a 0.15 M NaNO3 light filter (< 313 nm cutoff).  The source of EfOM was CT5 whole 

water effluent (7.6 mgC L
-1

) mixed in proportion with 10 mM (pH 7.5) phosphate buffer or 49 µM 

tryptophan.  Solutions with no filter applied have a < 290 nm cutoff.  Error bars represent 95% 

confidence of the regression. 

 

Influence of amino acid quenchers on 
1
O2 production by EfOM.  The effect of tryptophan and 

tyrosine on 
1
O2 yields from organic matter samples was examined.  Quantum yields (Ф1O2) were 

measured using furfural alcohol in solutions of  6.5 mgC L
-1
 of Suwannee River (SRFA) and Pony Lake 

(PLFA) fulvic acid and whole water effluent from CT5 (3.8 mgC L
-1

) and solutions with the same amount 

of organic matter plus either 24 µM tryptophan or 30 µM tyrosine. 

 The presence of tryptophan or tyrosine inhibited quantum yields of 
1
O2 in all organic matter 

samples (Figure S4).  Quantum yields of 
1
O2 were greater for the organic matter sources that were largely 

microbial in origin, PLFA and CT5 whole water effluent.  Values of (Ф1O2) were between 30 to 60% 
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lower with the addition of tryptophan or tyrosine with only a minor difference in effects between the two 

amino acids (white and gray bars vs black bars, Figure S4).  These reductions in Ф1O2 cannot be explained 

by lower overall 
1
O2 concentrations in the presence of tryptophan or tyrosine that will react with 

1
O2.

 7
 

Scavenging calculations
 8
 assuming competitive bimolecular reaction between the amino acid and 

1
O2 

(Table S3) show negligible reaction of 
1
O2 for the µM concentrations of tryptophan or tyrosine addition.  

Thus, tryptophan and tyrosine were concluded to quench the excited triplet states in the organic matter 

and thereby limiting the availability of such groups for energy transfer to dissolved oxygen in solution.  

Tryptophan and tyrosine have been reported previously to quench excited states of known oxidizing 

triplets by formation of charge transfer complexes between the amino acids and excited state oxidizing 

triplets.
 9
  Further, observations of tryptophan quenching of 

1
O2 yields support the observations of 

tryptophan quenching of EfOM excited triplet states through direct measures of 
3
EfOM* apparent 

quantum yield coefficients (Figure S3).  

 

Table S3.  Parameters used for calculating percentage inhibitions by amino acids 

RI
a
 Loss by  

sink rxn 

with 

Rate constant 
for reaction with 

sink 

(s
-1

) 

Scavenger 
concentration 

(µM) 

Bimolecular rate 
constant

 10
 for  

RI + S
b
  (M

-1
 s

-1
) 

Scavenging 
Efficiency 

(%) 

1
O2 Water 

2.5 × 10
5
 

 

Tryptophan 
(24) 

3.0 × 10
7 

 Negligible 

Tyrosine 

(30) 
8.0 × 10

6
 Negligible 

Note: 
a
 RI = photochemically-produced reactive intermediate, 

b
 S = scavenger (tryptophan or tyrosine). 
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Figure S4:  Quantum yields of 
1
O2 for mixtures of organic matter with phosphate buffer (10 mM, 

pH 7.5), tryptophan (24 µM in phosphate buffer), or tyrosine (30 µM in phosphate buffer).  

Suwannee River (SRFA) and Pony Lake (PLFA) fulvic acids were 2.5 mgC L
-1

 and CT5 whole water 

effluent had 3.8 mgC L
-1

 in all sample sets.  Error bars represent 95% confidence of the regression. 

 

Evaluation of enhanced fTMP values through tyrosine radical reactions with 2,4,6-trimethylphenol.  

Evidence for tyrosine radical reactions with the triplet probe, 2,4,6-trimethylphenol (TMP), was obtained 

by comparing the apparent quantum yields of 
3
EfOM* and 

1
O2 in EfOM in the absence and presence of 

tryptophan.  EfOM in CT5 whole water effluent (3.8 mgC L
-1

) gave a TMP degradation rate of 2.2 × 10
-4
 

s
-1
.  This rate increased to 8.3 × 10

-4
 s

-1
 when 30 µM tyrosine was added into the sample.  In contrast, 

addition of 30 µM tyrosine caused the degradation rate of furfural alcohol, a probe for 
1
O2, decrease by a 

factor of about two in CT5 whole water effluent.  Because EfOM triplet precursors
 7
likely dominate 

1
O2 

concentrations in these samples, addition of 30 µM tyrosine to CT5 whole water effluent should have 

been expected to also decrease the TMP degradation rate by a factor of about two.  Such disagreement is 

indicative of additional reactions between tyrosine and TMP that are supported by literature reports that 
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triplet excitation of ground state tyrosine leads to the formation of the neutral tyrosine radical, Tyr•, that is 

highly reactive with substituted phenols.
 11

 

 The difference between expected and observed TMP degradation rates in the EfOM sample with 

30 µM tyrosine provides some insights into the nature of the TMP interaction with tyrosine.  

Correspondingly, the first order degradation rate of TMP with tyrosine would be about 7 × 10
-4

 s
-1 

(= 8.3 

× 10
-4

 s
-1
 – 0.5*2.2 × 10

-4
 s

-1
).  With the reaction between TMP and Tyr• having a bi-molecular rate 

constant of 3 × 10
8
 M

-1
 s

-1
,
 12

 the required Tyr• concentration to increase the TMP degradation by 7 × 10
-4

 

s
-1
 would be about 2 × 10

-12
 M.  The actual concentration of tyrosine added to the sample was 3 × 10

-5
 M, 

suggesting that 1 in 10
7
 tyrosine molecules was ultimately a reacting cation.  If such a ratio can be 

assumed for EfOM with a tyrosine concentration on the order of 2 × 10
-8

 M,
 13

side reactions between 

tryrosine residues in the EfOM and the TMP triplet probe should be an insignificant contributor to 

measures of the overall quantum yield coefficient for EfOM.  
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5. General Conclusions 

Photochemical degradation processes are important reactions that control the fate of 

micropollutants in aquatic environment.  Micropollutants are known to reach the natural river channels 

via anthropogenic contributions such as effluent discharges from the municipal treated wastewater 

treatment plants, agricultural activities and others.  The fate of these micropollutants has gained an 

increasing interest because it is largely unknown for most of the compounds and has direct relation to the 

ecological health.  Numerous studies have reported that photochemical reactions contribute to the 

transformation of these micropollutants through direct and/or indirect mechanisms.  In the direct 

degradation processes a contaminant directly absorbs sunlight energy and undergoes chemical 

transformation.  In the indirect photolysis transformation of a micropollutant occurs via a 

photochemically produced reactive intermediate/s (PPRI/s) by an electronically excited sensitizer.  

Photosensitizers that are present in environmental waters include dissolved organic materials and 

nitrate/nitrite, iron ions and others.  These sensitizers are capable of producing various types of PPRIs.  

Even though, the steady state concentrations of these PPRIs in environmental waters are low as ~10
-18

 – 

10
-9
 M, these levels are sufficient to the contribution of phototransformation of micropollutants.  The 

reported greater photochemical reactivity of dissolved organic matter of treated wastewater effluent 

(EfOM) may lead to enhance the photochemical reactivity of rivers receiving treated effluent from 

treatment plants.  That may also influence the phototransformation of micropollutants in downstream 

waters. 

The goal of this dissertation was to investigate how greater production yields of excited state 

triplet dissolved organic matter (
3
DOM*) and singlet oxygen (

1
O2) influence the photoreactivity of EfOM 

mixed river waters and to determine how enhanced quantum yields of EfOM translate to the degradation 

of micropollutants susceptible to reactions with 
3
DOM*, 

1
O2 and hydroxyl radicals (OH•).  Finally, the 

study was extended to determine what chemical substructural moieties contribute to the greater triplet 

photoreactivity of EfOM comparison to NOM.  Our simulation experiments demonstrated possible 

quenching of photochemical production yields of 
3
DOM* and 

1
O2 in mixture solutions of EfOM/NOM.  
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We also observed lower photodegradation rates of compounds in the same mixtures that undergo 

photodegradation via 
3
DOM* and 

1
O2 pathways.  These studies led to the demonstration of effluent 

contribution up to 25% (v/v) to river system have a negligible influence on photochemical production of 

the studied reactive species and photodegradation rates of possible compounds in downstream waters via 

the same PPRIs.  Briefly, these studies demonstrated that the expected ‗photoreactivity‘ of mixtures is not 

always observed in actual samples.  We speculated that inhibition reactions arise from antioxidant 

moieties in NOM might cause these differences.  When precursors molecules of 
3
DOM*; aromatic 

aldehyde, ketones and quinones, are at triplet excited state they are able to form charge transfer 

complexes with ground state phenolic antioxidants.  Natural organic matter is an abundant source of 

phenolic antioxidants.  Therefore, when EfOM mixes with NOM, triplet precursor moieties in EfOM may 

be susceptible to undergo charge transfer interactions lowering the inherent photoreactivity of EfOM.  

However, OH• production yields seemed not to inhibit by NOM components in the mixtures.  Previous 

report also showed that OH• reaction with moieties in DOM was not effective as expected that 

corroborated our observations. 

The greater production of 
3
DOM* and 

1
O2 of EfOM may arise from its distinct structural 

properties comparison to NOM.  EfOM contains proteinaceous moieties such as amino acids, peptides 

and proteins that are not present in NOM.  These moieties are thought to result in greater triplet 

photoreactivity of EfOM.  However, our experiments showed inhibition in the production yields of 

3
DOM* in mixtures containing DOM and amino acids or peptide or protein when we used 2,4,6-

trimethylphenol (TMP) chemical probe to capture excited state triplets.  TMP only captures excited state 

triplets produced by oxidizing sensitizers (e.g. aromatic aldehyde, ketones and quinones).  These 

oxidizing triplets can form charge transfer complex with ground electronic state amino acid moieties.  The 

charge transfer interactions of the mixtures (DOM:amino acids) may lead to retard the rate of loss of TMP 

that may result in lower oxidizing triplet production yields.  The possible inhibition of oxidizing triplet 

production by ground state amino acid moieties in EfOM could result in the inhibition of production yield 

of 
1
O2 because 

3
DOM* is the precursor for 

1
O2.  However in environmental conditions amino acid 
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moieties such as tryptophan, tyrosine and phenylalanine that can be in EfOM can absorb small portion of 

the sunlight and undergo excitation to their triplet state (reducing triplets).  These reducing triplets along 

with oxidizing triplets can contrite to the production of 
1
O2via energy transfer from triplets to ground state 

oxygen molecules.  Therefore, proteinaceous moieties may involve in greater 
1
O2 production in EfOM but 

may not in oxidizing 
3
DOM*.  Further more, our analysis indicated greater production of oxidizing 

3
DOM* in organic matter containing lower phenolic moieties.  That may be arise as a result of lower 

charge transfer interactions between phenolic moieties and oxidizing 
3
DOM* precursors.  Therefore, we 

speculated that lower phenolic content in EfOM may lead to the greater oxidizing 
3
DOM* production in 

EfOM comparison to NOM.   

We observed an efficient concentration dependent inhibition of oxidizing 
3
DOM* production in 

EfOM comparison to NOM.  In EfOM both the substituted phenolic groups and amino acid residues may 

involve in oxidizing 
3
DOM* quenching while amino acid residues are not a large component in NOM.  It 

is well known that phenolic moieties in NOM involve in oxidizing triplet quenching.  However, as the 

dissolved carbon concentration increased proteinaceous moieties or combination of proteinaceous and 

phenolic moieties in EfOM seemed to cause an efficient inhibition of production of oxidizing triplets.  We 

speculated that these efficient inhibitions in EfOM are more like to arise as a result of greater competition 

for TMP to directly react with oxidizing 
3
DOM* in a complex matrix that contains bulk proteinaceous 

components.  However, in order to provide a quantitative estimation on to what extent direct reaction of 

oxidizing triplet with amino acid moieties involve in these inhibition reactions, concentration levels of 

proteinaceous species in EfOM sample may be required. 

 Briefly, this dissertation work enhance the understanding of how greater photochemical reactivity 

of EfOM translate to the effluent mixed rivers and downstream fate of micropollutants and what structural 

factors cause the greater triplet reactivity of EfOM. 

However, there are other important aspects of EfOM that need to be investigated systematically.  

The pool of the excited state 
3
DOM* of EfOM may be comprised with oxidizing moieties (aromatic 

aldehyde, ketone and quinone moieties) and/or reducing moieties (amino acid moieties).  These triplets 
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may involve in important redox reactions with micropollutants that coelute with treated wastewater.  

Therefore, systematic evaluations are required to study the production of these two types of triplets from 

moieties in EfOM.  Use of TMP probe only provides information about oxidizing 
3
DOM*.  TMP reacts 

with oxidizing 
3
DOM* through electron transfer mechanism.  Here, it is possible to use chemical probe 

that reacts with both the oxidizing triplets and reducing triplets such as sorbic acid.  The reaction between 

sorbic acid and excited triplet is an energy transfer reaction.  Using of chemical probes that react with 

triplets in different reaction mechanisms would provide an understanding of the nature of photochemical 

reactivity of EfOM. 

 The nature of photoreactivity of environmental waters is always different than we expected.  For 

example, our study suggested an inhibition of sulfadimethoxine degradation in EfOM/NOM mixtures.  

The anti-oxidant moieties in DOM samples seemed to inhibit the photodegradation rates of some 

compounds.  Both the NOM (phenolic moieties) and EfOM (phenolic and amino acid moieties) contain 

anti-oxidant moieties.  However, role of these anti-oxidant moieties in DOM on the inhibition of 

compound degradations has not been well investigated.  Since these inhibitions may lead to lower the 

photodegradation rates of compounds than the expected levels proper understanding on the inhibition 

mechanisms may be helpful to accurate prediction of compound degradations in natural waters. 
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