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ABSTRACT 
Investigating Photosensitized Properties of Natural Organic Matter and Effluent Organic 

Matter 

Xi-Zhi Niu 

 

The photosensitized processes significantly enhance photolysis of various chemicals in 

the aqueous system with dissolved organic matter (DOM) as sensitizer. The excitation of 

chromophores on the DOM molecule further generates reactive species as triplet states 

DOM, singlet oxygen, hydroxyl radical, carbonate radical etc. We investigated the 

photosensitization properties of Beaufort Fulvic Acid, Suwannee River Fulvic Acid, 

South Platte River Fulvic Acid, and Jeddah wastewater treatment plant effluent organic 

matter with a sunlight simulator. DOM photochemical properties were characterized by 

observing their performances in 3DOM*, singlet oxygen, hydroxyl radical production 

with indirect probing protocols. Sensitized degradation of 0.1 µM and 0.02 µM 2, 4, 6- 

Trimethylphenol exhibited higher pseudo-first-order rate constant than that of 10 µM. 

Pre-irradiated DOMs were found to be depressed in photochemical properties. Photolysis 

of 5 different contaminants: ibuprofen, bisphenol A, acetaminophen, cimetidine, and 

caffeine were found to be enhanced in the presence of sensitizers. The possible reaction 

pathways were revealed. Long time irradiance induced change in contaminants 

degradation kinetics in some DOM solutions, which was proposed to be due to the 

irradiation initiated indirect transformation of DOMs.  

Key Words: Photolysis Dissolved Organic Matter, Triplet State DOM, Singlet Oxygen, 

Hydroxyl Radical, Contaminants Degradation. 
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1. Introduction 

1.1 Photo-inductive reactions in chemical degradation 

The impacts of different processes on the fate and transport of organic contaminants are 

of great interest in environmental science and engineering. In the past, a lot of researches 

focused on the emerging group of organic contaminants and how they enter the natural 

water system as used chemicals or directly discharged from the effluent of the sewage 

treatment plants. Sorption, biodegradation, hydrolysis, and photolysis are the dominant 

degradation pathways (Schwarzenbach, 1993). There are generally two pathways for 

photolysis: direct photolysis and indirect photolysis. Direct photolysis is the process 

where contaminants molecules are excited after direct absorption of photon with energy 

level sufficient to induce transformation, and indirect photolysis occurs when a 

photosensitizer absorbs sunlight and initiates a series of reaction that result in the 

transformation of the contaminants (Schwarzenbach, 1993). Various photosensitizers 

exist in different water bodies, of which dissolved organic matter (DOM) and 

nitrate/nitrite (Vaughan & Blough, 1998; Zepp, Hoigne, & Bader, 1987) contribute a lot. 

The intermediate species of significance include hydroxyl radical (Vaughan & Blough, 

1998), singlet oxygen (Zepp, Wolfe, Baughman, & Hollis, 1977), and triplet state of the 

sensitizers (Cooper, Zika, Petasne, & Fischer, 1989). DOM ubiquitously exists in natural 

water bodies, it is considered as a complex mixture of aromatic and aliphatic hydrocarbon 

structures that have attached functional groups (Leenheer & Croue, 2003). DOM is the 

aquatic component that can cause colors, tastes, and odors; leads to binding and transport 

of organic and inorganic contaminants; produce disinfection by-products (DBPs); 

mediate photochemical transformation etc. (Leenheer & Croue, 2003). The DOM-
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mediated reactions are of great interest and significance as researchers were attempting to 

reveal mechanism and efficiency of the induced reactions.  

1.1.1 Triplet state of dissolved organic matter (3DOM*) 

Photochemical formation of reactive species and transformation processes are initiated by 

the excitation of DOM molecule after absorbing light. The structure of DOM molecule is 

not well understood as it is dependent on the origin and abiotic and biotic transformation. 

Chromophores in this complex matrix absorb the sunlight with specific wavelengths and 

thus are transformed into the excited states. Light absorption elevates a DOM molecule to 

its first excitation singlet state (1DOM*), singlet state of the molecule always exists far 

too short to significantly react with the substrate or di-oxygen as its lifetime being 10 ns 

or less (the life time should be  at a range of ns to µs depending on the concentration and 

properties of the nature solutions, e.g. Wilkinson et al. reported the life time being 4 µs 

(Wilkinson, Helman, & Ross, 1995)). Molecule in singlet state, however, will decay to its 

triplet state (3DOM*) which is considerably longer lived. The life time of 3DOM* was 

estimated to be 2 µs in air-saturated solutions (Zepp, Schlotzhauer, & Sink, 1985), this 

resembles the life time range of 1O2 (i.e., 20~80 µs (Sharpless, 2012)). Steady-state 

concentration of the triplet states was found to be at the range of 10-15~10-13 M, half of 

which have energy of 250 KJ/mol (Zepp et al., 1985). The excited triplet states will 

continuously be quenched by O2, contaminant molecules etc. Two pathways are 

considered after reaction with contaminant molecules: 3DOM* is reduced to the ground 

state (DOM) and the contaminant molecules will be transformed, meanwhile, another 

possible pathway is that 3DOM* is reduced to DOM and the energy is transferred to the 
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contaminant molecules, however, mass of energy is not adequate to have the target 

contaminant molecules oxidized or isomerized.  

DOM + hυ             1DOM*           3DOM* 

3DOM* + C             DOM +·C+ (Photoreactions) 

3DOM*             DOM + Energy emission (e.g. Fluorescence) 

3DOM* + C            DOM+ C 

(C: contaminant molecules; ·C+: oxidation intermediate of contaminants.) (Zepp et al., 

1985)  

3DOM* is significantly promoting the phototransformation of many chemicals. As 

mentioned above, it has different energy levels (Zepp et al., 1985), and it reacts in 

different ways. Canonica et al. conducted phenol phototransformation experiments in the 

presence of natural organic materials and model sensitizers to estimate the degradation of 

different substituted phenols (S. Canonica, Jans, Stemmler, & Hoigne, 1995). Model 

photosensitizers (aromatic ketones, Figure 1) were used to reveal some possible reaction 

pathways as the molecular structure of the DOM is unclear. For example, pseudo-first-

order decay of 2, 4, 6-Trimenthylphenol (TMP) was used to model this reaction 

considering a steady-state concentration of 3DOM* as a constant. Furthermore, same 

literature reported that the dominant reactive species was 3DOM* (S. Canonica et al., 

1995), this has provided one an ideal compound to look at the reactivity of 3DOM*. 

Canonica and co-workers then reported an observed reaction rate constant, kobs, 

depending on the target molecule concentration: an initial TMP concentration at 0.1 µM 
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exhibited significantly higher kobs than that with an initial TMP concentration of 10 µM. 

The reason for this interesting phenomenon is unknown (S. Canonica & Freiburghaus, 

2001). This further supports the complexity of reactions involving 3DOM*. Grebel et al. 

studied the isomerization of sorbic acid (trans, trans-hexadienoic acid, t, t-HDA) in the 

presence of 3DOM*, which was developed to be an scavenger for 3DOM* and a possible 

probe molecule (Grebel, Pignatello, & Mitch, 2011). Xu et al. investigated the 

photosensitized transformation of amoxicillin in different DOM solutions, 3DOM* was 

the dominant reactive species, however, its importance highly depends on the origin of 

DOMs (Xu, Cooper, Jung, & Song, 2011).  Chen et al. reported 3DOM* to be the main 

reactive species in the photosensitized degradation of atenolol and metoprolol and they 

proposed an electron-transfer mechanism (Chen et al., 2012). Similar results were 

obtained from Wang et al., where they also recognized 3DOM* as the major reactive 

species in the photosensitized degradation of atenolol, metoprolol, and nadolol (Wang, 

Xu, Cooper, & Song, 2012). 

 

Figure	  1.	  Reduction	  of	  triplet	  state	  ketones	  to	   its	  ketyl	   radical,	  with	  subsequent	  oxidant	  of	  the	  
latter	  to	  the	  ground	  state	  ketone	  (S.	  Canonica	  et	  al.,	  1995)	  
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Figure	  2.	  3DOM*	  triggers	  the	  isomerization	  of	  sorbic	  acid	  (Grebel	  et	  al.,	  2011)	  

	  

1.1.2 Singlet oxygen (1O2) 

The interaction of 3DOM* with di-oxygen in water resembles the mechanism of that with 

contaminant molecules. The main excited products are singlet oxygen and extremely low 

concentrations of superoxide (Garg, Rose, & Waite, 2011). Released 1O2 interacts further 

with contaminants or is quenched by water. The reaction with specific contaminants may 

somehow oxidize the contaminants or simply return 1O2 to ground states of 3O2 and emit 

energy. Singlet oxygen is considered to be responsible for oxidative transformation of 

certain classes of organic contaminants, particularly those with phenolic, heterocyclic, 

olefinic, and sulfidic moieties (Larson & Weber, 1994). Steady-state concentration of 1O2 

was estimated to be < 10-12M, Swiss researchers found that the surface water 

concentrations of 1O2 from different waters were (0.3-3) ×10-14M (W. R. Haag & Hoigne, 

1986a). The energy required to excite the ground state di-oxygen to singlet state is 94 

KJ/mol (Zepp et al., 1985), explaining the possibility of being excited by 3DOM*. In 

addition, 1O2 reacts with proteins, DNA, and other biomolecules and thus is capable of 
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damaging cells, causing mutations, inducing cell death, and inactivating viruses (Briviba 

et al., 2007). 

3DOM* + O2             DOM +1O2 

1O2+ C            O2+ COX 

1O2+ C            O2 + C + Energy Emission 

1O2            O2 + Energy Emission 

(C: contaminant molecules; ·Cox: oxidation product of contaminants) 

(Sharpless, 2012; Zepp et al., 1985) 

The 1O2-mediated reactions are also important pathways for the fate of aqueous 

chemicals. Haag et al. investigated the reaction of furfuryl alcohol (FFA) with 1O2, where 

the bimolecular second-order rate constant was provided (W. R. Haag, Hoigne, Gassman, 

& Braun, 1984). This work demonstrated FFA is an ideal reagent to quantify the steady-

state concentration of singlet oxygen in photosensitization processes. The reaction 

pathway was also revealed (Figure 3). 1O2 was also found to be important for degradation 

of dissolved amino acid with riboflavin as 1O2 photosensitizer (Remucal & McNeill, 

2011), and the transformation of cimetidine (Latch, Stender, Packer, Arnold, & McNeill, 

2003).  
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Figure	  3.	  Mechanism	  for	  the	  reaction	  of	  1O2	  with	  FFA	  (W.	  R.	  Haag	  et	  al.,	  1984)	  

	  

The complexity of 1O2 is not less than 3DOM*. It varies in distribution in the aqueous 

system as a derivative from 3DOM*. Latch et al. and Peterson et al. investigated its 

distribution in the DOM enriched solution, the concentration of 1O2 decreases as the 

distance to the DOM molecule becomes larger (Latch & McNeill, 2006; Peterson et al., 

2012). Another important contribution of 1O2 in water quality issue is the 1O2-mediated 

inactivation of microbes. Previous work studied the photo-inactivation of indicator 

organisms and viruses based on the oxidation from singlet oxygen induced by 

photosensitizers (Boehm et al., 2009; Kohn & Nelson, 2007; Romero, Straub, Kohn, & 

Nguyen, 2011). Schematic mechanism is given in Figure 4. The real time application of 

this treatment processes saw success in projects conducted in some developing countries, 

where conventional disinfection system is not available due to economic or 

environmental barriers. SODIS (Solar Disinfection), as an emerging treatment process, 

demonstrated the potential contribution of this process to drinking water supply (Sommer 

et al., 1997). 
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Figure	  4.	  Photo-‐inactivation	  of	  rotaviruses	  associated	  with	  DOM	  (Romero	  et	  al.,	  2011)	  

	  

1.1.3 Hydroxyl radical (·OH) 

Naturally occurring hydroxyl radicals (·OH) are considered to be mainly photochemically 

produced from nitrate (Vaughan & Blough, 1998; Zepp et al., 1987): 

NO2
-+hv              NO + ·O- 

NO3
-+ hv              NO2 +·O- 

·O-+H2O             ·OH+ OH- 

(Zepp et al., 1987) 

Hydroxyl radicals present at very low concentration with DOM as the sole 

photosensitizer, later work found that there was a ‘loss of source’ for ·OH, the lost source 

of ·OH was proposed to be DOM-photosensitized (Mopper & Zhou, 1990). The steady-

state concentration of ·OH was found to be in the range of 10-18~10-17 M in the seawater 
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(Mopper & Zhou, 1990). The photo-formation of ·OH from effluent organic matter 

(EfOM) was observed in a recent published article, the proposed mechanism was H-

abstraction from H2O by 3EfOM* (Dong & Rosario-Ortiz, 2012). The mechanism of 

DOM photosensitized formation of ·OH still needs further investigation. ·OH together 

with other reactive species can contribute to the photosensitized degradation of 

contaminants although it was considered to be less important. Part of the degradation of 

amoxicillin was attributed to ·OH at a contribution of 10%-25% to the overall observed 

removal (Xu et al., 2011). ·OH was also found to be responsible for the photosensitized 

degradation of bisphenol A, cimetidine, sulfamethoxazole, and ibuprofen (Chin, Miller, 

Zeng, Cawley, & Weavers, 2004; Latch et al., 2003; Packer, Werner, Latch, McNeill, & 

Arnold, 2003). Phenol has a known bimolecular reaction rate constant with ·OH as 

reported (Kochany & Bolton, 1992), Tamar et al. developed phenol as a molecular probe 

for ·OH quantification (Kohn & Nelson, 2007). 

As been discussed, DOM photo-induced reactions play a critical role in the fate and 

transport of contaminants in aqueous system, triplet states of DOM, hydroxyl radicals, 

singlet oxygen are considered of significant contribution, which are initiated by the 

absorption of light by DOM molecules. Accelerating photolysis transformation rate in 

presence of DOM was observed, however, DOM can also contribute to the decrease of 

the phototransfomation rate by three effects: quenching of the oxidative species, 

screening effect, and scavenging of the reaction intermediates (Wenk, von Gunten, & 

Canonica, 2011). The light screening effect is mainly due to the absorption of light by 

DOM and other molecules, resulting in the attenuation of light density from the top to the 
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bottom of the water body, which can be corrected according to Leifer et al. (Leifer, 

1988). The scavenging of the intermediates by DOM can be explained as follow: 

RS + C                    RSRED +·C+ 

·C+                       COX 

·C+ + DOM                        DOM·+ C 

(RS: reactive species; RSRED: reduced form of reactive species; C: contaminant 

molecules; ·Cox: oxidation product of contaminants; ·C+: oxidation intermediate of 

contaminants) (Wenk et al., 2011) 

Another important process is the photobleaching effect of DOM, which has been reported 

in numerous literatures, however, the effect of photobleaching of DOM on DOM photo-

induced transformation has never been revealed. The photobleaching of DOM can be 

from the direct destruction of DOM molecule by the UV-Vis light and this can also come 

from the reaction of DOM molecule with different reactive species. Del Vecchio et al. 

characterized the change of DOM before and after irradiation using UV-Vis spectrum and 

fluorescence excitation emission matrix, both parameters showed observable change (Del 

Vecchio & Blough, 2002). Loiselle et al. found that 3DOM* is major reactive species that 

promoted the photodegradation of DOM (Loiselle et al., 2012a). Brinkmann et al. 

investigated the photo-bleaching of hydrophobic and transphillic fractions of DOM and 

found that the hydrophobic fraction was not significantly changed, however, the 

transphillic fraction was more susceptible to irradiation (T. Brinkmann, D. Sartorius, & F. 

H. Frimmel, 2003). The possible role of singlet oxygen in DOM transformation was 
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proposed by previous work, where increases were observed in DOM constituents with 

higher oxygen content and release of H2O2 was detected (Cory et al., 2010). For a long 

exposure time of DOM solutions under sunlight irradiation, this bleaching process might 

be changing the kinetics of the reactions. 

1.2  Contaminants degradation 

The DOM photosensitized degradation of various chemicals has been studied, including 

pharmaceuticals (Chen et al., 2012; Xu et al., 2011), pesticides (S. Canonica, Hellrung, 

Muller, & Wirz, 2006; Zeng & Arnold, 2012), substituted phenols (S. Canonica et al., 

1995; Kouras-Hadef, Amine-Khodja, Halladja, & Richard, 2012), amino acids (Remucal 

& McNeill, 2011) etc. Five contaminants of different categories were selected to study 

their photosensitized degradation. Contaminants of interest are all prevalently detected in 

natural water and wastewater systems, arising from human use and disposal, 

incompletely removed in conventional wastewater treatment processes, and affecting the 

ecosystem and human health. 

1.2.1 Caffeine 

Caffeine is found in varying quantities in the seeds, leaves, and fruits of some plants, 

where it acts as a natural pesticide that paralyzes and kills certain insects feeding on the 

plants, as well as enhancing the reward memory of pollinators. It is most commonly 

consumed by humans in infusions extracted from the seed of the coffee plant and the 

leaves of the tea bush, as well as from various foods and drinks containing products 

derived from the kola nut. It is a constituent of a variety of beverages (coffee, tea, 

caffeinated soft drinks) and of numerous food products (chocolate, pastries, dairy 
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desserts). Coffee, tea, cacao, and cola contain about 100, 50, 10, and 40 mg of caffeine 

per serving, respectively (Forth, 1996). Caffeine is of further importance in 

pharmaceuticals. It enhances the effect of certain analgesics in cough, cold, and headache 

medicine. Caffeine is used as a cardiac, cerebral, and respiratory stimulant and as a 

diuretic. Considering its uptake with beverages and foods, caffeine is probably the most 

widely consumed drug in the world (Ogunseitan, 1996). It is included on the U.S. EPA 

list of High Production Volume Chemicals. It is also applied as an anthropogenic marker 

for wastewater contamination of surface water; the occurrence was documented in 

various global wastewater effluents (Buerge, Poiger, Muller, & Buser, 2003). 

In terms of its direct and indirect photolysis in aqueous systems, caffeine exhibits mainly 

physical quenching with triplet state benzophenone (Murgida, Aramendia, & Erra-

Balsells, 1998). Caffeine degrades slowly by direct photolysis (>170 h in artificial 

sunlight), but enhanced photodegradation was observed in waters containing fulvic acids 

or nitrate (Jacobs, Weavers, Houtz, & Chin, 2012). However, in their work, wavelength 

range of 290 nm and above and a light energy of 500 W/m2 were used, which might result 

in a higher degree of removal. Decomposition of caffeine using photo-fenton reactions 

was reported (Klamerth et al., 2010).  Another AOP process that has been studied for the 

degradation of caffeine was photo-catalytic oxidation, Marques et al. reported the role of 

single-walled carbon nanotubes, and nano-TiO2 synthesized in different ways (Marques 

et al., 2012), where they focused on the impact of different fabrication methods of nano-

catalyst.  
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Caffeine is undoubtedly important and prevalent compounds in surface water, marine 

water, and also in municipal water supply systems. However, the photosensitized 

degradation by UVA and lower-energy photons has not been proved to exhibit significant 

results. A marker of surface water contamination, the role of caffeine will be one of the 

target organic micropollutant and also a reference compound in our work. 

1.2.2 Ibuprofen 

Ibuprofen (2-(4-(2-methylpropyl) phenyl) propanoic acid) is a non-steroidal anti-

inflammatory drug that is widely used nowadays as the active principle of many “over the 

counter” pharmaceutical products. Excretion by humans after partial metabolism and 

incorrect drug disposal are two important ways of ibuprofen entering sewage waters 

(Vione et al., 2011). One important elimination pathway is biodegradation (de Graaff et 

al., 2011; Tiehm et al., 2011) , however, it is only partially removed by WWTPs 

(Morasch et al., 2010; Oulton, Kohn, & Cwiertny, 2010) , and the treatment efficiency 

considerably decreases during the winter months (Castiglioni et al., 2006; Santos et al., 

2009), when the ibuprofen discharge tend to increase considerably (Daneshvar et al., 

2010). World-wide detection of ibuprofen was documented (Fernández, González-

Doncel, Pro, Carbonell, & Tarazona, 2010; Lewandowski, Putschew, Schwesig, 

Neumann, & Radke, 2011; Moldovan, Chira, & Alder, 2009; Teijon, Candela, Tamoh, 

Molina-Díaz, & Fernández-Alba, 2010; Waiser, Humphries, Tumber, & Holm, 2011; 

Zhao et al., 2010; Zuccato, Castiglioni, & Fanelli, 2005). Phototransformation is another 

important degradation pathway on the ground that WWTPs are incompletely removing 

these pharmaceuticals (Szabó et al., 2011).  Photolytic degradation and identification of 

its by-products was investigated previously (Castell, Miranda, & Morera, 1987). Szabó et 
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al. performed the photo-mineralization of ibuprofen with UV (254 nm) and VUV (185 

nm) which showed higher efficiency compared with that of 300 nm plus irradiation 

(Szabo et al., 2011). Packer et al. investigated direct and hydroxyl radical mediated 

photolysis of ibuprofen (wavelength > 290 nm), rate constant for direct photolysis was 

ca. 0.001 hr-1 while it was considerably enhanced to 0.0075 hr-1 in Mississippi River 

water. Hydroxyl radical was found to be mostly responsible for photosensitized 

degradation with a second order rate constant, to be 6.5×109 M-1S-1 (pH~3.0) (Packer et 

al., 2003). The modeling of the reaction mechanism of photo-transformation of ibuprofen 

in the presence of fulvic acids was studied in terms of reactivity with different reactive 

species, including 3DOM*, carbonate radicals, singlet oxygen, and hydroxyl radical 

(Vione et al., 2011). In accordance with Packer et al. they came to similar conclusion: 

hydroxyl radical and triplet states of DOM were dominating the indirect photolysis of 

ibuprofen. Photo-degradation of ibuprofen in sea water and under sunlight was 

documented as a close rate constant compared with surface water; however, the sunlight 

without any cut-off of wavelength exhibited considerably enhanced degradation as 

expected (Matamoros, Duhec, Albaigés, & Bayona, 2008). Ibuprofen and its protonated 

form react with hydroxyl radical, singlet oxygen, and triplet state of DOM in different 

ways, in which, pH of the matrix and pKa of ibuprofen are critical factors to determine 

the second-order rate constants. 

1.2.3 Bisphenol A 

Bisphenol A (4, 4'-propane-2,2-diyldiphenol, BPA) is one of the highest volume 

chemicals produced worldwide, with over 6 billion pounds produced each year and over 

100 tons released into the atmosphere by yearly production. BPA is the building block of 
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polycarbonate plastic. Numerous studies found that BPA leaches from polycarbonate 

baby bottles (Vandenberg, Maffini, Sonnenschein, Rubin, & Soto, 2009) and reusable 

water bottles (Le, Carlson, Chua, & Belcher, 2008). BPA was detected in plastic waste 

(Yamamoto, Yasuhara, Shiraishi, & Nakasugi, 2001) in plasma stored in polycarbonate 

tube (Sajiki & Yonekubo, 2003) in aquatic environment and air and on land (Staples et 

al., 2000). Wastewater containing BPA can be source of contamination of aquatic 

environment, as BPA been found to be concentrated in wastewaters (Kang, Kondo, & 

Katayama, 2006). Endocrine Disrupting Chemicals (EDCs) have been reported to affect 

the reproduction function in many different species living on earth, though the depression 

effect on human being has not been clearly revealed (Harries et al., 1996). Evidence was 

available to support BPA as one of the commonly detected EDCs, which is considered to 

be a weak EDC compared with estradiol (Vandenberg et al., 2009). Pathways for BPA to 

interfere the functionality of organisms were summarized in a review, where other 

toxicities were also presented (Vandenberg et al., 2009). Free, unconjugated BPA 

concentrations in human serum were detected at levels ranging from 0.2–20 ng/ml serum 

(Vandenberg et al., 2009).   

With its increasing production in recent years, BPA was detected at considerably high 

level ranging from 4.4 ×10-10 to 5.3 ×10-8 mol/L in surface water (Kolpin, Skopec, 

Meyer, Furlong, & Zaugg, 2004) and 5.7×10-9 to 7.5 ×10-5 mol/L in landfill leachates 

(Yamamoto et al., 2001). Furthermore, environmental behavior and fate of BPA is of 

great concern due to its endocrine-disrupting effect. BPA was reported to be degraded by 

microbial processes, which requires a long time (Staples et al., 2000). Previous work 

focused on different techniques to remove BPA in the wastewater treatment processes 
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(Ohko et al., 2001; Tanaka, Nakata, Kuramitz, & Kawasaki, 1999).  Together with 

microbial degradation, phototransformation is another important pathway for the 

elimination of BPA. Direct photolysis is less important as the transparent BPA solution 

was not capable of absorbing light at a UVA and above range (Figure 11). Therefore, 

sensitized degradation becomes dominant in the photochemical fate of BPA. Studied 

sensitizers include nitrate (Zhan, Yang, Xian, & Kong, 2006), DOM (Chin et al., 2004), 

riboflavin (Barbieri et al., 2008).  Photosensitized transformation of BPA was reported to 

be even more significant than microbial degradation and it was reported to be 

transformed both by the photosensitized hydroxyl radical and triplet states of Suwannee 

River Fulvic Acid and Lake Fryxell Fulvis Acid (Chin et al., 2004).  Potential 

photobleaching induced decrease in the kobs was also assumed in the same work.  

1.2.4 Acetaminophen 

Acetaminophen (AAP) (para-acetylaminophenol) is widely used as an analgesic and 

antipyretic drug all over the world. It is ranked as one of the top 25 prescriptions in the 

UK (Jones, Voulvoulis, & Lester, 2002). It has been reported to be present with a 

concentration up to 6 µg/L in European Sewage Treatment Plant (STP) effluents, up to 10 

µg/L in natural waters in USA, and even more than 65 µg/L in the Tyne river (Kolpin et 

al., 2004; Ternes, 1998). The treatment of AAP by chemical or electrochemical methods 

has been reported (Brillas et al., 2005; Ikehata, Jodeiri Naghashkar, & Gamal El-Din, 

2006) . Nowadays, advanced oxidation processes (AOPs) have emerged as an important 

class of technologies for the destruction of pollutants in aqueous suspensions. AOP 

generates a powerful oxidizing agent, hydroxyl radical, which may completely destroy 

the pollutants in wastewater. AAP solutions have been treated using ozonation/H2O2/UV 
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(Ikehata et al., 2006), ozonation/UV/Fe+2/Cu+2 (Skoumal et al., 2006), UV/ TiO2 (Yang, 

Yu, & Ray, 2008), photo-fenton under black light and solar irradiation (Trovo, Melo, & 

Nogueira, 2008) or solar/TiO2 and solar/photo-fenton processes (Radjenović, Sirtori, 

Petrović, Barcelo, & Malato, 2009). It was shown to be directly UV-degraded at 254 nm 

and catalyzed with presence of TiO2 (Kim & Tanaka, 2009). The photoproduct of UV- 

Transformed AAP was identified as 1-(2-amino-5-hydroxyphenyl) ethanone (Kawabata, 

Sugihara, Sanoh, Kitamura, & Ohta, 2012).  

To date, photosensitized transformation of AAP has not yet been revealed in different 

photosensitizers enriched waters. AAP is known to have high reaction rate constant with 

·OH and was used as a reference compound to calculate the second-order rate constant 

between ·OH and some contaminants (Werner R Haag & Yao, 1992). AAP was chosen 

as a compound which has a high reactivity with hydroxyl radical and the role of different 

reactive species in AAP degradation was also of interest. 

1.2.5 Cimetidine 

Another high-use pharmaceutical compounds that may be of environmental importance 

are the histamine H2-receptor antagonists cimetidine (Christensen, 1998). Its existence in 

the US waterways has been reported by USGS (Kolpin et al., 2002). Latch et al. revealed 

the reaction rate constant of cimetidine with HO· and 1O2, enhanced photolysis were also 

investigated in natural waters (Latch et al., 2003). It has relatively high and known 

reaction second-order rate constants towards HO· and 1O2. It has been chosen as a most 

reactive compound compared with previous contaminants. 
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The objectives of this work were to reveal the different conditions affecting 

photochemical properties of DOMs with different origins, to characterize their 

photochemical production of ·OH and 1O2, and to investigate the role of these processes 

in contaminants degradation. The selected five contaminants are all prevalently found 

chemicals in wastewater effluent and are of concern to human health and water quality. 

Five different DOMs were selected as photosensitizers, because they have different 

origins and different chemical properties, this will help to evaluate their role in 

photochemical fate of contaminants and to reveal the possible reaction pathways. 
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2. Materials and Methods 

2.1 Chemicals and reagents 

The following chemicals were of the purest grade available from commercial sources and 

were used as received: sodium phosphate monobasic/sodium phosphate diabasic (99+% 

Sigma-Aldrich); furfuryl alcohol (FFA, 98% Acros Organics); phenol (99.5+% Sigma-

Aldrich); 2, 4, 6-trimethylphenol (TMP, 99% Sigma-Aldrich); sorbic acid (trans, trans-

hexadienoic acid, t, t-HDA, 99% Acros Organics); sodium nitrite (97+% Sigma-Aldrich); 

phosphoric acid (85+% in water, Sigma-Aldrich); sodium bicarbonate (100% Fisher 

Chemical); pyridine ( PYR, 99+% Fluka Analytical); p-nitroanisole ( PNA, 98+% Sigma-

Aldrich ); sodium azide (99.5+% Sigma-Aldrich); sodium formate (99+% Sigma-

Aldrich); rose bengal sodium salt (Dye Content 90+% Sigma-Aldrich); benzonephenone 

(99+% Sigma-Aldrich); caffeine ( 99% Loba Chemie); bisphenol A (99+% Sigma-

Aldrich); Cimetidine (99% Fluka Analytical); acetaminophen (98+% Sigma-Aldrich); 

ibuprofen (98+% Sigma-Aldrich).  

2.2 Experimental setup for sunlight simulator 

Photo-degradation experiments with purified DOM isolates and model sensitizers were 

performed using an ATLAS Suntest XLS + photosimulator (Chicago, IL) equipped with 

a xenon arc lamp. The solar simulator included a filter (Atlas MTS, Cat. 56052372), 

which attenuated the irradiance below 320 nm and was used for all degradation 

experiments. Additional filters (Newport, FSQ-WG320) were placed on top of the 

reactors, and used to completely avoid the UVB portion of the spectra responsible for 

possible direct photolysis. The solar simulator intensities were set to 400 W·m-2 

integrated over 320-800 nm wavelengths, and were maintained constant throughout all 



30	  
	  
experiments. All reactors used were painted black to prevent light reflection and were 

submerged in a circulating water bath set at 25°C. An automatic pump (Cole-Parmer 

Masterflex) was used to provide fresh room temperature water into the water bath at 

constant time interval of 2 hours. All sample solutions were stirred using magnetic stir 

bars set to 150 rpm, to maintain homogeneity of the solution.  

2.3 Selection of photo-sensitizers, probes, and quenchers  

Three purified natural organic matter (NOM) and two different fractions of jeddah 

wastewater effluent organic matter (EfOM) isolate solutions were used: Suwannee River 

Fulvic Acid (SRFA), Beaufort Fulvic Acid (BFFA), South Platte River Fulvic Acid 

(SPRFA), Jeddah wastewater effluent hydrophobic fraction (JWW-HPO), and Jeddah 

wastewater effluent transphillic fraction (JWW-TPI). Raw Jeddah wastewater effluent 

(TOC=4.26 mg C/L, pH=7.27) was collected in JWW Treatment Plant and filtered 

through a 0.22 µm membrane and stored at 4°C in the dark. Different model sensitizers, 

probe molecules and quenchers were used to investigate the role of different reactive 

species (Table 1). 

Table	  1.	  Sensitizers,	  probe	  molecules	  and	  quenchers	  

 Model Sensitizer Probe Molecules Quencher 

1O2 Rose bengal Furfuryl alcohol Sodium azide 

·OH Nitrite Phenol Sodium formate 

Triplet States Benzophenone 2,4,6- Trimethylphenol Sorbic acid 

 

2.4 Experimental Conditions 

2.4.1 Characterizing photosensitizing properties of DOM 
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 Photosensitized degradation of 2, 4, 6- Trimethylphenol. To select the best buffer for 

this work, photosensitized degradation of 10 µM 2,4,6-Trimethylphenol (TMP) was 

conducted under different buffer conditions (pH=8) with 20 mg C/L BFFA as the 

sensitizer. Different buffers include: phosphate buffer (prepared by titrating 5 mM 

Na2HPO4 with 5 mM NaH2PO4 to pH=8, same method for pH adjustment hereafter), 5 

mM borate buffer (adjusted to pH=8 with HCl), MQ (adjusted to pH=8 with sodium 

hydroxide), 1 mM carbonate buffer (pH of 1 mM sodium bicarbonate solutions was 

slightly higher than 8). TMP was then used as a probe molecule to investigate factors 

affecting the reactivity of 3DOM*. Different initial concentrations of TMP (10 µM, 0.1 

µM, and 0.02 µM), different DOM concentrations (4 mg C/L and 20 mg C/L), and 

DOMs with different origins were investigated respectively. Experimental setup was as 

previously described. Samples were taken at regular time interval and immediately 

analyzed with HPLC (Table 3). Dark controls were also included for all chemical probe 

experiments to confirm that other degradation pathways, such as hydrolysis and non-

photolytic oxidation reactions, were not responsible for the decays.  

Quantification of ·OH and 1O2. The steady-state concentrations of 1O2 and ·OH in 

irradiated DOM solutions were indirectly measured by monitoring the decay of probe 

compounds furfuryl alcohol (FFA) and phenol, respectively (W. R. Haag & Hoigne, 

1986b; Kochany & Bolton, 1991). Applied probe compounds have known quenching rate 

constants (1.2×108 M-1s-1 for FFA; 1.4×1010 M-1s-1 for phenol). Initial concentrations of 

probe compounds in the reactors were 10 µM for phenol and 40 µM for FFA. Reaction 

solutions were buffered to pH 8 with 5 mM phosphate buffer. Reactors were irradiated in 

the solar simulator under the same conditions as described for contaminant degradation 
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experiments. Sample aliquots (600 µL) were taken at regular intervals and transferred to 

2 mL amber glass vials with a crimp seal. Probe compounds were analyzed immediately 

after sampling by HPLC (Table 3). 

2.4.2 DOM solutions irradiation experiments 

4 mg C/L raw effluent and solutions of BFFA, JWW-HPO, and JWW-TPI were 

irradiated with wavelength range of 300 nm – 800 nm. In correspondence with raw 

effluent, JWW-HPO and JWW-TPI solutions were adjusted to pH=7.26 with 5 mM 

phosphate buffer, and BFFA solutions was buffered to pH= 8. Irradiation time was 12 

hours. Samples after irradiation were then characterized by looking at their performance 

in photosensitized TMP degradation, and photochemical yields of 1O2 and ·OH. 

2.4.3 Contaminant degradation experiments  

a. Non-selective reactions 

The reactors for photo-degradation of different contaminants (Table 2) experiments with 

purified DOM isolates (20 mg C/L) contained 5 mM phosphate buffer (pH=8) and an 

initial contaminants concentration of 10 µM. All reactors contained an initial sample 

volume of 8 mL. Sample aliquots (600 µL) were taken at time interval of 2 hours, 4 hour, 

6 hours, 8 hours, and 20 hours, and immediately analyzed with a Waters HPLC (Table 3).  
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Table	  2.	  Contaminants	  of	  interest	  

 pka Logkow Solubility MW(g/mol) Category 

Caffeine 6.1 -0.07 200 mg/L 194.19 Stimulant 

Ibuprofen 5.2 2.5 <1 mg/ml 206.29 Antiplatelet 

Bisphenol A 10.3 3.4 1.2 mg/L 228.29 EDCs 

Cimetidine 6.8 0.4 9380 mg/L 252.34 H2-receptor antagonist 

Acetanimophen 9.4 0.5 12.8 mg /ml 151.17 Analgesic&Antipyretic 

 

b. Selective reactions 

Quenching experiments were also performed to determine the contribution of each 

reactive species to photo-degradation of acetaminophen. In this study, NaN3 was used as 

a quencher for 1O2, sorbic acid for triplet state DOM, and formate for ·OH (Davies-

Colley, Donnison, Speed, Ross, & Nagels, 1999; Grebel et al., 2011; Kohn & Nelson, 

2007). Quenching experiments were conducted using the same setup with that for 

degradation experiments. Concentrations used for quenching were: sodium azide at 1 

mM, sorbic acid at 5 mM, and sodium formate at 5 mM. 

2.5  Analytical procedures 

HPLC. A Waters HPLC equipped with an XDB-C18 column (Agilent Technologies) was 

used. UV-Detector (Waters 2489 UV/Vis Detector) was used for the quantification of 

contaminants, furfuryl alcohol, phenol, and 10µM TMP. Fluorescence detector (Waters 

2475 Multi λ Fluorescence Detector) was used for the analysis of 0.1 µM and 0.02 µM 

TMP. HPLC methods for different chemicals were listed in Table 3. 
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Table	  3.	  HPLC	  methods	  for	  different	  chemicals 

 Methanol+ Acetonitrile+ MQ+a UV-Detectorb FLR-Detectorb 

Acetaminophen 0.17 - 0.83 243 - 

Bisphenol A - 0.45 0.55 275 - 

Caffeine 0.3 - 0.7 275 - 

Cimetidine - 0.08 0.92 219 - 

Ibuprofen - 0.6 0.4 230 - 

TMP-UV 0.7 - 0.3 277 - 

TMP-FLR 0.6 - 0.4 - 230/235c 

Phenol 0.6 - 0.4 210 - 

FFA - 0.1 0.9 216 - 
+ unit of flow rate: ml/min. a pH of MQ water was buffered to 2.9 with phosphoric acid.  

b detection wavelength (nm). c excitation wavelength/ emission wavelength (nm). 

 

TOC. The TOC measurement of raw effluent and reconstituted DOM isolates was 

achieved using a Shimadzu TOC Analyzer. Organic matter solutions were diluted to a 

concentration range of 1-3 mg C/L to fit the detection domain of calibration curve; 

duplicate was conducted for the measurements. 

FEEM. Fluorescence excitation-emission matrix (FEEM, HORIBA FluoroMax-4) was 

used to look at the possible change of DOM solutions in irradiation experiments with 

excitation wavelength of 240nm-500nm and emission wavelength of 290nm-550nm with 

a 1 cm quartz cell. 

UV-Vis Absorbance. UV-Vis spectrometer (SHIMADZU UV-Vis 2550) was used for 

absorbance measurement of contaminants and DOM solutions. Absorbance of 200 nm- 

800 nm was measured for all samples with a 1 cm quartz cell. 
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3. Results and Discussion 

3.1  Investigating reaction properties of 3DOM* 

The energy source of 1O2, possible precursor of ·OH, and being reactive itself, 3DOM* is 

the most important reactive species in the photosensitization processes in irradiated DOM 

solutions. To investigate factors affecting reaction properties of 3DOM*, TMP was 

selected because it is dominantly degraded by 3DOM* in these photosensitized processes 

(S. Canonica et al., 1995). TMP photo-degradation in the presence of different DOMs 

was investigated under different conditions: different buffer solutions; different DOM 

origins; different initial concentrations of TMP. 

3.1.1 Effect of different buffer conditions 

Different buffer conditions were used for similar photochemical processes in previous 

literatures: 50 mM borate buffer (Vaughan & Blough, 1998); 20 mM phosphate buffer 

(Wu & Linden, 2010); 5 mM phosphate buffer (Song, Cooper, Mezyk, Greaves, & Peake, 

2008; Wenk et al., 2011); 1 mM carbonate buffer (Romero et al., 2011). A pH of 8 is 

widely used in DOM photosensitized reaction processes for DOMs of terrestrial origin 

(Wenk et al., 2011; Wu & Linden, 2010). In this work, different buffer conditions were 

examined to investigate their role in 3DOM*-mediated transformation of TMP with the 

objective to select the appropriate one: MilliQ water adjusted to pH=8 with sodium 

hydroxide; 5 mM borate buffer (pH=9.2); 5 mM borate buffer (adjusted to pH=8 with 

HCl); 5 mM phosphate buffer (pH=8); 1 mM carbonate buffer (pH=8). BFFA 

photosensitized degradation of 10 µM TMP was investigated (Figure 5). 
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Figure	  5.	  Photosensitized	  degradation	  of	  TMP	  in	  BFFA	  solutions	  (TOC=	  4	  mg	  C/L)	  with	  different	  
buffers	  

	  

The presense of inorganic species may induce physical and chemical scavenging effects 

that can compete 3DOM* with TMP. The pseudo-first-order rate constant, kobs, of TMP 

degradation in different buffers were: 5 mM borate buffer (pH=9.2) > 5 mM phosphate 

buffer (pH=8) > 5 mM borate buffer (pH=8) > MQ (pH=8) > 1 mM carbonate buffer 

(pH=8). This result showed that the scavenging effect of 1 mM carbonate buffer was the 

most significant among all different conditions. This is mainly due to the chemical 

interference of bicarbonate ion and carbonate ion which can react with 3DOM* to form 

carbonate radical (Silvio Canonica et al., 2005). 5 mM borate buffer at pH=9.2 is 

theoretically the best option; however, the target pH of our experiment was 8. The 

addition of HCl to 5 mM borate buffer to reach a pH of 8 significantly depressed the 

reaction, this may due to the increase of ionic strength and the scavenging effect of halide 

0.0 1.5 3.0 4.5
-0.9

-0.6

-0.3

0.0

 MQ(pH=8)
 5 mM Borate Buffer (pH=9.2)
 5 mM Borate Buffer (pH=8)
 1 mM Carbonate Buffer (pH=8)
 5 mM Phosphate Buffer (pH=8)

ln
(C

/C
0)

Time (h)



37	  
	  
ions (Grebel, Pignatello, & Mitch, 2012). 5 mM phosphate buffer was demonstrated to be 

the desired buffer for this work and was used hereafter. 

3.1.2 Influence of TMP initial concentration on kobs, TMP determination 

Most experiments with TMP as 3DOM* probing reagent had an initial TMP 

concentration of 10 µM. Figure 6 shows an example:  results obtained with SRFA 

solution. 

 

Figure	  6.	  Photosensitized	  degradation	  of	  TMP	  in	  SRFA	  solution	  (pH=8,	  TOC=20	  mg	  C/L,	  TMP=10	  
µM)	  

	  

Initial TMP concentrations of 0.1 µM and 0.02 µM were used to investigate the role of 

target compounds concentration on photosensitized degradation kinetics in different 

DOM solutions (Table 4). Under a pseudo-first-order reaction model, kobs for TMP 

degradation showed an increasing trend with the decrease of concentration in three 

surface water DOM solutions: kobs, 0.02 µM > kobs, 0.01 µM > kobs, 10 µM. This finding agrees with 
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previous research where initial TMP concentrations of 10 µM and 0.1 µM were used (S. 

Canonica & Freiburghaus, 2001). The possible reason was due to the different 

contributions of long-lived and short-lived 3DOM* in TMP transformation. TMP with an 

initial concentration of 10 µM was proposed to be mainly photo-transformed by the 

short-lived 3DOM*, while for initial concentrations of 0.1 µM and 0.02 µM long-lived 

3DOM*were proposed to play a major role (S. Canonica & Freiburghaus, 2001). 

However, kobs , TMP was found to decrease at an initial concentration of 0.02 µM in the 

two EfOM solutions: JWW-HPO and JWW-TPI. The pseudo-first-order R2 values also 

decreased with the decrease of initial concentration which may be due to the TMP-

dilution induced change in dominant reactive 3DOM*. The character of the DOM, i.e., 

nature of the chromophores, seems to play a significant role in these reaction complex 

mechanisms. 

Table	  4.	  Pseudo-‐first-‐order	  rate	  constant	  of	  TMP	  degradation	  with	  different	  initial	  concentrations+	  

 
kobs , JWW-HPO 

(h-1) 

kobs, JWW-TPI 

(h-1) 

kobs, BFFA 

(h-1) 

kobs, SRFA 

(h-1) 

kobs, SPRFA 

(h-1) 

10 µM 
0.096 0.132 0.164 0.091 0.130 

R2 > 0.99 R2 > 0.99 R2 > 0.99 R2 > 0.99 R2 > 0.99 

0.1 µM 
0.103 0.140 0.177 0.219 0.175 

R2= 0.99 R2 > 0.98 R2 > 0.98 R2 > 0.94 R2 = 0.99 

0.02 µM 
0.070 0.072 0.221 0.289 0.209 

R2= 0.94 R2 > 0.96 R2 > 0.97 R2 > 0.97 R2 > 0.97 

SUVA(L/mg-m)* 3.3 2.1 3.8 4.6 2.9 

* SUVA (specific UV absorbance) = UVA (cm-1) / DOC (mg/L) × 100 cm/m. 
+ All experiments were in duplicate and values are the average, TOC= 4 mg C/L. 
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A simplified reaction model is used for the interpretation of this TMP concentration 

dependence phenomenon based on a previous reaction model (S. Canonica & 

Freiburghaus, 2001). 

DOM ∗! ss, i =   !!
!!!!!,!"#×[!"#]

                                            (Eq-1) 

𝑘!,!"#,!"# =
!!×!!,!"#×!!,!"#
!!!!!,!"#×[!"#]

               (Eq-2)        

Where αi is the formation rate of a specific 3DOM*i, ki is the quenching rate constant of 

the solution before adding TMP, ki, TMP ×[TMP] is the quenching rate constant of TMP 

which is proportional to TMP concentration. Eq-2 is obtained by substituting [3DOM*]ss.i 

with eq-1 in ki,obs, TMP = [3DOM*]ss,i × ki, TMP × φi,TMP. ki,obs, TMP refers to an observed 

pseudo-first-order reaction rate constant between TMP and a specific 3DOM*i, φi,TMP 

refers to the reaction efficiency. For a group of 3DOM* where ki » ki, TMP × [TMP], the 

approximation of [3DOM*]ss is given in eq-3: 

DOM ∗! ss, i =   !!
!!

                                                                     (Eq-3) 

This group of 3DOM* was found to be short-lived 3DOM* (S. Canonica & Freiburghaus, 

2001). However, for some other groups of 3DOM* that do not support ki » ki, TMP × 

[TMP], a significant decrease in [TMP] will increase the ki,obs, TMP, and the corresponding 

group of 3DOM* was proposed to be long-lived. No significant kobs, TMP increase with 

lower [TMP] in JWW-HPO and JWW-TPI solutions indicates the insignificant 

contribution of long-lived 3DOM* in these conditions. In fact, kobs, TMP for JWW-HPO 

and JWW-TPI solutions showed slight decrease with decreasing concentration, this may 
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be due to a reduced accessibility of short-lived 3DOM* at a molecular level (a decrease in 

ki, TMP). 

As we extended the lower TMP detection limitation to 0.02 µM, our results revealed even 

more significant contribution of long-lived 3DOM* in TMP degradation, especially in 

SRFA and SPRFA, where the kobs,SRFA tripled and kobs,SPRFA almost doubled from an 

initial concentration of 10 µM to 0.02 µM. However, 3DOM* in JWW-HPO and JWW-

TPI seems to be less diverse in life time, where short-lived 3DOM* is dominant. 

3.1.3 Impact of different DOM origins and concentrations 

Two different fractions were isolated from the Jeddah wastewater treatment plant 

effluent: the hydrophobic fraction (JWW-HPO) isolated from XAD-8 resin and the 

transphillic fraction (JWW-TPI) from the XAD-4 resin placed in series. The 

photosensitized degradation of 10 µM TMP in JWW-TPI solution, raw effluent, JWW-

HPO solution, and the hybrid of JWW-TPI and JWW-HPO (a ratio of 1:2 similar to the 

isolation recovery) are given in Figure 7. The pH value used for JWW-HPO and JWW-

TPI was the same as the pH of the raw Jeddah wastewater effluent, which was 

determined to be 7.27. 
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Figure	  7	  .	  Photosensitized	  degradation	  of	  TMP	  in	  the	  presence	  of	  Jeddah	  WWTP	  effluent	  organic	  
matter	  (pH=	  7.27,	  TOC=4	  mg	  C/L),	  R2	  >0.98.	  

	  

Significant difference of kobs in different solutions was observed, where kobs, JWW-TPI > kobs, 

hybrid ̴̴ kobs, raw effluent > kobs, JWW-HPO. The light screening effect in all samples was 

insignificant as the TOC of the solutions was 4 mg C/L which exhibited a light screening 

factor of 1.01-1.05 (Table 5). The aim of using hybrid of JWW-HPO and JWW-TPI at 

the ratio of 2/1 was to reconstitute Jeddah wastewater effluent (i.e., 2/1 is the ratio of 

their approximate presence as per obtained during the XAD4/XAD8 isolation process). 

The high similarity between kobs, hybrid and kobs, raw effluent provides one confidence to apply 

phosphate buffer and confirms EfOM isolates as representative to investigate the 

photosensitized properties of the raw effluent. It also demonstrated that our organic 

matter isolation protocol did not change the photo-inductive properties of EfOM. Same 

experiments were conducted for 10 µM TMP with another three different DOMs (SRFA, 

SPRFA, and BFFA) isolated from natural waters and a triplet model sensitizer 
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(benzophenone (BPH)) (Dorman & Prestwich, 1994) (Figure 8). Results showed that the 

DOMs photosensitized degradation of TMP efficacies highly depend on their origins. 

However, the range of kobs, TMP values obtained for the different DOM solutions are 

comparable to previous literature (S. Canonica & Freiburghaus, 2001). 

 

Figure	   8.	   Photosensitized	   degradation	   of	   TMP	   in	   different	   DOM	   solutions	   (TOC=4	  mg	   C/L	   for	  
DOMs	  and	  effluent;	  concentration	  of	  BPH	  was	  5	  mg/L;	  in	  JWW-‐TPI,	  JWW-‐HPO,	  raw	  effluent,	  pH=	  
7.27;	  in	  surface	  water	  DOM	  solutions,	  pH=8),	  R2	  >0.98.	  

	  

Similar experiments were conducted for all different DOM solutions with TOC of 20 mg 

C/L at pH = 8.0. Results are compared in Table 5. Light screening correction factor (CF) 

due to the absorbance of DOM was also listed for TOC of 20 mg C/L. Method for CF 

calculation was described elsewhere (Kohn, Grandbois, McNeill, & Nelson, 2007). The 

kTMP (after taking into consideration of CF) at two different TOC follows the same trend 

(in terms of relative value), the increase in TOC increased kTMP, however, it was not 
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found to be directly proportional to TOC, this can be due to the increased quenching rate 

constant in the solutions (eq-1) and possible increase in internal quenching of  3DOM*. 

Table	  5.	  Pseudo-‐first-‐order	  rate	  constant	  of	  TMP	  degradation	  with	  different	  TOC+	  

TOC(mg C/L) 
kobs, JWW-HPO 

(h-1) 

kobs, JWW-TPI 

(h-1) 

kobs, BFFA 

(h-1) 

kobs, SRFA 

(h-1) 

kobs, SPRFA 

(h-1) 

4 
0.096 0.132 0.164 0.091 0.130 

CF= 1.03 CF= 1.02 CF= 1.06 CF= 1.07 CF= 1.03 

20 
0.13* 0.21* 0.14* 0.12* 0.25* 

CF= 1.29 CF= 1.16 CF= 1.43 CF= 1.58 CF= 1.22 

+ All experiments were in duplicate and values are the average. 
* Values before taken into consideration of CF, rate constant in corrected systems equals kobs × CF (Kohn et 
al., 2007). 
 

 

3.2 Characterization of the presence of 1O2 and ·OH in DOM photosensitization 

processes 

FFA and phenol were used as probe molecule for steady-state concentrations of 1O2 and 

·OH respectively. The reaction of probing molecule with corresponding reactive species 

(RS) under a pseudo-first-order reaction model is given in eq-4: 

𝑘!"# = [𝑅𝑆]!!×𝑘!              (eq-4)  

Where kobs (s-1) is the observed rate constant of the probe molecule reacting with 

corresponding reactive species, [RS]SS (M) refers to the steady-state concentration of the 

reactive species, kq (M-1s-1) is the bimolecular rate constant between the probe molecule 

and the reactive species. [RS]SS can be obtained with a known kq (1.2×108 M-1s-1 for FFA, 

Haag and Hoigne, 1986; 1.4×1010 M-1s-1 for phenol, Kochany and Bolton, 1991) and the 
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kobs from the experiments. Steady-state concentrations of 1O2 and ·OH are listed both for 

TOC of 4 mg C/L and 20 mg C/L in Table 6. BFFA has considerably higher 1O2 and ·OH 

yield than other DOM sensitizers both at TOC of 4 mg C/L and 20 mg C/L. In 

comparison with JWW-TPI, JWW-HPO has higher 1O2 yield, however, lower in ·OH 

yield. Similar to the case in TMP degradation, increase in TOC enhanced the production 

of both reactive species. This protocol might not be valid in complicated matrix as raw 

effluent, where there may be unknown composition that can either promote or inhibit 

probe transformation. 

Table	  6.	  1O2	  and	  ·∙OH	  yields	  in	  different	  DOM	  solutions+*	  

 TOC (mg C/L) JWW-HPO JWW-TPI BFFA SRFA SPRFA Effluent 

1O2 

(10-13 M) 

4 0.524 0.32 0.75 ND ND 0.26 

20 3.3 2.4 4.4 1.9 1.9 - 

·OH 

(10-16 M) 

4 1.7 2.0 3.1 ND ND 6.81 

20 3.0 4.0 7.3 4.1 6.2 - 

CF 
4 1.03 1.02 1.06 1.07 1.03 - 

20 1.29 1.16 1.43 1.58 1.22 - 

* Steady-state concentration values are given without taking into consideration of CF. 

ND: not detected. 

+ All experiments were in duplicate and values are the average. 

 

3.3 Characterizing pre-irradiated DOMs 

DOM molecules in our irradiation conditions can undergo photolysis or be subjected to 

photochemically produced reactive species. This also somehow agrees with kobs,TMP 

(TOC= 20 mg C/L) < 5×kobs,TMP (TOC= 4 mg C/L). Previous work documented the 
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irradiation induced change in DOM characteristic (Thomas Brinkmann, Daniel Sartorius, 

& Fritz H. Frimmel, 2003; Del Vecchio & Blough, 2002; Loiselle et al., 2012b; White, 

Vaughan, & Zepp, 2003). However, the impact of these changes on the photochemical 

properties of DOMs is still unknown. The influence of pre-irradiation on the 

photochemical properties of raw effluent, JWW-HPO, JWW-TPI, and BFFA solutions 

was investigated. UVA (UV absorption at 254 nm) and fluorescence excitation-emission 

matrix (FEEM) of the samples were measured to reveal possible changes in DOM 

characteristics.  

 

Figure	  9.	  FEEM	  spectrum	  of	  JWW-‐HPO	  solution	  before	  pre-‐irradiation	  (excitation	  wavelength:	  
240nm-‐500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L).	  

	  

As an example, Figure 9 gives the FEEM mapping of JWW-HPO solution before 

exposure to irradiation. FEEM signals indicate the presence of non-humic chromophores, 
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humic chromophores, and protein-like chromophores in this EfOM isolate (Figure 9). 

FEEM spectrums for all samples are available in appendix. Signals from these three areas 

were then compared for all samples before and after irradiation. Peak values were taken 

at each area and listed in Table 7. Significant decrease in non-humic chromophore and 

humic chromophore signals were observed in all pre-irradiated solutions, however, 

protein-like chromophore signals were not significantly changing. 

Table	  7.UVA	  and	  FEEM	  characteristics	  for	  DOM	  solutions	  before	  and	  after	  pre-‐irradiation+	  

	   JWW-HPO JWW-TPI BFFA Raw effluent 

FEEM 

Non-Humic before 2.61×105 2.69×105 1.76×105 3.57×105 

after 1.25×105 1.61×105 1.59×105 1.35×105 

Humic before 5.32×105 4.84×105 4.01×105 5.39×105 

after 3.65×105 3.47×105 3.77×105 3.44×105 

Protein-like before 2.74×105 2.52×105 8.54×104 2.15×105 

after 2.50×105 2.59×105 9.24×104 2.02×105 

UVA (nm) before 0.138 0.091 0.169 0.104 

after 0.129 0.082 N N 
+	  before:	  before	  irradiation;	  after:	  after	  irradiation;	  N:	  not	  available	  

	  

	  

	  

	  

	  

	  

	  

 

 

TMP, FFA, and phenol were then used to quantify the potential change in DOM-

photosensitized properties, by examining the kTMP, 1O2 and ·OH yields respectively in 

pre-irradiated samples (Figure 10). The kobs,TMP decreased considerably in pre-irradiated 

JWW-TPI and BFFA, however, no significant change was observed in JWW-HPO or raw 

effluent. This indicates the stability of JWW-HPO and raw effluent in terms of 3DOM* 

property. JWW-HPO is the hydrophobic fraction of a WWTP effluent collected after 
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biological treatment. JWW-HPO has been shown to be less reactive than BFFA (Table 5 

and Table 6), a hydrophobic DOM fraction isolated from river water. Humic-like 

chromophores present in river water DOM mainly originate from terrestrial sources (i.e., 

lignin derivatives). They are known to be strong photosensitizers and subjected to 

photobleaching. Aromatic moieties present in humic like structures i.e., HPO fraction, 

originating from microbial synthesis and potential wastewater appeared to be less 

sensitive to solar irradiation. The photoinduced properties of JWW-TPI, a fraction that 

incorporates lower and more photoreactive molecules than JWW-HPO, were more 

impacted by pre-irradiation than the later one. Raw effluent exhibits resistance to 

irradiation, which may be attributed to the existence of reactive species scavengers. These 

scavengers can be halide (Grebel et al., 2012), organic molecules in the effluent, the 

scavenging of reactive species prohibited the contact of DOM molecules with reactive 

species. 

The capabilities of producing 1O2 and ·OH in three different DOM solutions also showed 

significant decrease due to pre-irradiation. There was no change in 1O2 yield in pre-

irradiated raw effluent, however, a strong reduction in ·OH production was observed in 

pre- irradiated raw effluent. This important decrease was unknown due to the lack of a 

clear ·OH production pathway in DOM enriched waters.  
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Figure	   10.	   Comparison	   of	   photochemical	   parameters	   between	   irradiated	   samples	   and	   not	  
irradiated	  samples.	  P	  on	  the	  vertical	  axis	  refers	  to	  the	  tested	  photochemical	  parameters	  of	  the	  
solutions	  (kobs,TMP,	  [·∙OH]ss,	  [1O2]ss),	  the	  horizontal	  dash	  line	  represents	  Pirradiated/PNot	  Irradiated	  =1.	  

	  

3.4 Photosensitized degradation of contaminants 

Reactive species can be important transformation intermediates in the fate of different 

contaminants. The role of different photosensitizers on the transformation of five 

contaminants was investigated. In addition to different DOMs, benzophenone was used 

as triplet state model sensitizer (Dorman & Prestwich, 1994), nitrite was used as ·OH 

model sensitizer (Mack & Bolton, 1999), and rose bengal was used as 1O2 model 

sensitizer (Lamberts & Neckers, 1985). 
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Figure	  11.	  UV-‐Vis	  absorbance	  of	  different	  contaminants	  (contaminant	  concentration=	  10	  µM)	  

	  

UV-Vis absorbance of the five contaminants showed almost no absorption at wavelength 

range of 320 nm -800 nm (Figure 11), which was also the irradiation wavelength range 

for the sunlight simulator. This indicates that these contaminants cannot undergo direct 

photolysis. Because caffeine did not exhibit significant photodegradation in DOM 

solutions, the results are not detailed below. 

3.4.1 Photosensitzed contaminants degradation with nitrite and Rose Bengal as 

sensitizers 

Rose Bengal (RB) and nitrite can photochemically produce 1O2 and ·OH in our 

wavelength range. They were selected as sensitizers to look at the reactivity of the 

contaminants with the two reactive species by observing the photosensitized kobs,contaminant 

in nitrite and RB enriched solutions. Experimental conditions were the same with that of 

DOM photosensitization reactions. Concentrations of nitrite and Rose Bengal were 1 mM 
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and 5 mM. Kobs,caffeine was used as a reference as caffeine being the most stable one 

among all contaminants. The following parameters were used to evaluate the relative 

reactivity of contaminants with 1O2 and ·OH: 

𝛾 𝑂! ! = 𝐿𝑜𝑔(
𝑘!",!"#$%&'#%#$(
𝑘!",!"##$!"#

) 

𝛾 ∙ 𝑂𝐻 = 𝐿𝑜𝑔(
𝑘!"#$"#%,!"#$%&'#%#$(
𝑘!"#$"#%,!"##$%&$

) 

Because the reactivity difference of 1O2 or ·OH with contaminants can be several orders, 

logarithm values were preferred. Obtained reference values were listed in Table 8. 

Table	  8.	  Reference	  values	  for	  contaminant	  reactivity	  

 Acetaminophen Ibuprofen Bisphenol A Cimetidine Caffeine 

γ (1O2) 0.98 -0.58 1.08 1.84 0 

γ (·OH) 2.19 0.56 2 1 0 
+ All experiments were performed in duplicate and presented values are the average of the two. 

 

Relative reactivity of contaminants with 1O2 and ·OH as listed in Table 8 can help one to 

analyze possible reactive species in the DOM photosensitized degradation processes. 

Bisphenol A and acetaminophen both showed high reactivity with ·OH, cimetidine 

exhibited high reactivity with both reactive species, especially 1O2. However, ibuprofen 

was found to be less reactive with 1O2 or ·OH, its reactivity with 1O2 is even lower than 

that of caffeine. 

3.4.2 Photosensitzed contaminants degradation with DOMs as sensitizers 
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Pseudo-first-order reaction was observed for DOM photosensitized degradation of all 

contaminants (Table 9), however, a significant decrease in kobs over time was observed 

for some DOM v.s. contaminants. For these cases, the first eight hours were considered 

for the calculation of kobs, and examples of well-fitting degradation curves are given. 

Table	  9.	  Pseudo-‐first-‐order	  rate	  constant	  in	  contaminant	  v.s.	  DOM	  matrix+	  	  

 JWW-HPO JWW-TPI BFFA SRFA SPRFA BPH Corresponding RS 

Acetaminophen 

(10-3 h-1 ) 
8.2 11.4 13 12 12 10 

1O2, OH , 3DOM 

(Quenching Experiments) 

Ibuprofen 

(10-3 h-1 ) 
6.4 8.2 6.0 3.9 3.9 18 

3DOM, HO 

(Vione et al., 2011) 

Bisphenol A 

(10-3 h-1 ) 
8.2 8.5 10 6.1 8.9 15 

3DOM, HO 

(Chin et al., 2004) 

Cimetidine 

(10-3h-1 ) 
180 80 290 110 230 50 

1O2,HO 

(Latch et al., 2003) 

Caffeine 

(10-3h-1 ) 
~0 ~0 ~0 ~0 ~0 ~0 

Mainly Physical 
Quenching with 3DOM 

(Murgida et al., 1998) 

Underlined: samples showing kobs-decreasing trend  for long irradiation time i.e., 24 hours; 
+All data were taken as average of duplicate; TOC= 20 mg C/L; CF were not included; the first 8 hours 
were used to calculate the kobs 

Corresponding RS: reactive species contributing to the degradation of contaminants. 

 

i. Acetaminophen 

No previous literature reported the DOM photosensitized degradation of acetaminophen 

or its transformation pathway with different reactive species. The reactions fitted pseudo-

first-order for all DOM solutions, and slight direct photolysis was observed. Results 



52	  
	  
obtained with SRFA and SPRFA are given as examples in Figure 12. BFFA has the 

highest kobs, which can be attributed to its high yield of 1O2 and ·OH, and the relatively 

high reactivity of acetaminophen with 1O2 and ·OH (Table 8). Kobs, BPH indicates that 

triplet state BPH can contribute to the degradation of acetaminophen as the 1O2 and ·OH 

produced from irradiated BPH were smaller than any DOM solutions. 

Figure	  12.	  Photosensitized	  degradation	  of	  acetaminophen	  in	  SRFA	  and	  SPRFA	  solutions.	  (TOC=20	  
mg	  C/L,	  pH=8;	  CF	  was	  not	  included).	  

 

Quenching experiments were conducted to study the responsible reactive species in 

different DOM solutions: sodium azide for 1O2; sodium formate for ·OH; sorbic acid for 

3DOM* (JWW-HPO and SRFA, as examples, are given in Figure 13). Photodegradation 

of acetaminophen was depressed with addition of different reactive species quenchers.  

All reactive species were found to be responsible for acetaminophen degradation in 

irradiated JWW-HPO solutions (Figure 13- a), and 1O2 seems to be the most important 

one. Addition of sorbic acid was also largely decreasing the kobs, however, the sole 
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contribution of 3DOM* cannot be extracted because 1O2 production can also be depressed 

due to the scavenging of 3DOM*. The addition of 1O2 and ·OH quenchers significantly 

inhibited acetaminophen photodegradation in SRFA solutions (Figure 13- b), this 

confirms the importance of these two reactive species. Sorbic acid did not induce 

siginificant change in this case, this may be due to the lower energy level of 3SRFA* 

compared with 3JWW-HPO* because both 1O2 production and sorbic acid quenching are 

based on energy transfer from 3DOM* (Grebel et al., 2012; Zepp et al., 1985).  

  

Figure	  13.	  Photosensitized	  degradation	  of	  acetaminophen	  in	  the	  presence	  of	  reactive	  species	  
quenchers	  (a	  for	  JWW-‐HPO,	  b	  for	  SRFA;	  CF	  was	  not	  included).	  

 

ii.  Cimetidine 

Cimetidine has relatively high reactivity with both 1O2 and ·OH (Table 8), its 

photodegradation was significantly enhanced with the presence of dissolved organic 

materials from rivers (Latch et al., 2003). Photosensitized degradation of cimetidine was 

investigated at presence of five different DOMs (Figure 14). Benzophenone, as a 

comparison, was also used as a model sensitizer. 
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Pseudo-first-order reactions were observed (degradation rate constants available in Table 

9). No significant direct photolysis was detected, which was in agreement with its UV-

Vis absorbance spectrum (Figure 11). Kobs, BPH is mainly attributed to the triplet state of 

BPH, indicating the role of triplet states in the photosensitized degradation of cimetidine. 

BFFA, which is the best photosensitizer for 1O2 and ·OH among all, has the highest kobs. 

The exact percentage of contribution of each reactive species cannot be extracted due to 

the lack of information on the complicated 3DOM*. 

 

Figure	  14.	  Photosensitized	  degradation	  of	  cimetidine	  (TOC=20	  mg	  C/L,	  pH=8;	  CF	  was	  not	  
included)	  

 

iii. Bisphenol A 

·OH is a very important reactive species towards bisphenol A degradation inferring from 

Table 8, previous literatures also support the importance of ·OH together with 3DOM* in 

photosensitized degradation of bisphenol A in irradiated fulvic acids solutions (Chin et 

al., 2004). The degradation curve in BFFA solutions fits pseudo-first-order kinetics, and 
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no apparent direct photolysis was observed (Figure 15). BFFA still has the highest kobs 

among all DOMs, which might be due to the contribution of ·OH it produces. A high 

kobs,BPH confirmed the importance of triplet states in bisphenol A degradation 

 

Figure	  15.	  Photosensitized	  degradation	  of	  bisphenol	  A	  in	  BFFA	  solutions	  (TOC=20	  mg	  C/L,	  pH=8;	  
CF	  was	  not	  included)	  

 

iv. Ibuprofen 

Table 8 reveals the high reactivity of ibuprofen with ·OH, however, extremely low 

reactivity with 1O2 which is even lower than that of caffeine. One can expect relatively 

higher [1O2] in these DOM solutions due to insufficient reaction of 1O2 with ibuprofen. 

Moreover, kobs, BPH is very high for ibuprofen (Table 9). All these characteristics support 

the major reactive species to be ·OH and 3DOM*, and previous work was in favor with 

this hypothysis (Vione et al., 2011). Direct photolysis is not important and pseudo-first-

order kinetics was observed for some DOM solutions (e.g. JWW-HPO, Figure 16).  
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Figure	  16.	  Photosensitized	  degradation	  of	  ibuprofen	  in	  JWW-‐HPO	  solutions	  (TOC=20	  mg	  C/L,	  
pH=8;	  CF	  was	  not	  included)	  

	  

3.4.3  kobs-decreasing effect in specific contaminant v.s. DOM  

The kobs-decreasing trend with time only occurred in specific contaminant v.s. DOM 

(Table 9), which indicates the occurrence of this phenomenon is selective depending on 

the properties of both DOM and contaminant. Some irradiated samples showed a decline 

in photochemical properties (Figure 17), however, it was unknown whether this decline 

was induced by direct or indirect photolysis of DOM molecules. Different DOMs 

photosensitized cimetidine degradation all exhibited well-fitting pseudo-first-order 

kinetics: this ruled out the possible impact of DOM direct photolysis on its 

photochemical properties. JWW-HPO showed well-fitting pseudo-first-order 

photochemical degradation kinetics with all different contaminants, which means that its 

photochemical properties has not been changed during the time of irradiation— this also 

agrees with Figure 10. JWW-TPI, also in agreement with Figure 10, showed its instability 
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under irradiation. All kobs-decreasing samples have relatively low kobs compared with 

other samples (Table 9), one considers kobs as overall quenching capacity of the 

contaminant towards reactive species. Lower kobs indicates inferior quenching capacity, 

reactive species then can contact with DOM molecules to induce a change in DOM 

photochemical properties. On the contrary, if the quenching capacity of these 

contaminants are high enough (e.g. cimetidine), they can play the role of reactive species 

scavenger and protect the DOM molecules from reactive species attack (Figure 18).  

 

Figure	  17.	  (a)	  photosensitized	  degradation	  of	  ibuprofen	  in	  SPRFA	  and	  JWW-‐TPI	  solutions;	  (b)	  
photosensitized	  degradation	  of	  bisphenol	  A	  in	  SRFA	  and	  BPH	  solutions;	  dash	  curves	  were	  
plotted	  to	  show	  the	  decreasing	  trend	  over	  irradiation	  time.	  	  	  

	  

Photosensitized processes, including formation and scavenging of reactive species, 

reactions between reactive species and contaminants, and reactions between reactive 

species and DOM molecules, were schematically described in figure 18.   
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Figure	   18.	   Schematic	   pathways	   of	   contaminants	   and	   DOM	   interaction	   in	   photosensitized	  
processes	   (α	   refers	   to	   the	   formation	   rate	   of	   3DOM*;	   k1,	   k2,	   and	   k3	   refer	   to	   the	   reaction	   rate	  
constants	   of	  DOM	  with	   3DOM*,	   ·∙OH,	   and	   1O2;	  kq1,	  kq2,	   and	  kq3	   refer	   to	   the	   rate	   constants	   of	  
contaminants	  with	  3DOM*,	  ·∙OH,	  and	  1O2;	  ks1,	  ks2,	  and	  ks3	  refer	  to	  the	  solutions	  quenching	  rate	  
constants	   for	   3DOM*,	   ·∙OH,	   and	   1O2;	   kd	   refers	   to	   the	   reaction	   rate	   constant	   of	   DOM	  
indirect	   photo-‐transformation;	   red	   lines	   corresponds	   to	   the	   behavioral	   pathways	   of	  
3DOM*,	  and	  black,	  yellow,	  and	  blue	  for	  that	  of	  DOM,	  ·∙OH,	  and	  1O2).	  

	  

The reaction between DOM and a specific reactive species is given in eq- 5 (derivation 

process is available in the appendix): 
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𝑅! =
!!×!!

!!!!!"!!!×[!"#$%&'#%#$]
                               (eq-5) 

Where Rq refers to the reaction rate constant of a specific reactive species towards DOM, 

ki refers to the quenching rate constant of reactive species by DOM, ksi refers to the 

quenching rate constant from other components of the solution, αi is the formation rate 

constant of the reactive species, kq refers to the second order rate constant of this reactive 

species with a specific contaminant. A high kq will result in a low Rq of the DOM with 

reactive species of concern which reduces the possibility of this DOM being transformed, 

and vice versa. If a specific DOM is susceptible to particular reactive species (high ki), 

coexistence of contaminants with higher kq will ‘protect’ the DOM molecule by 

quenching this reactive species, this is then reflected by stable kobs (photosensitized 

contaminant degradation) as a feedback (Figure 18). 

To further investigate the role of specific reactive species on this phenomenon, the 

reference values in Table 8 were used to compare kobs-decreasing samples as underlined 

in Table 9. γ (·OH) and γ (1O2) are references for the contaminant reactivity and also 

reference values for the quenching capacity (kq) of the contaminants towards ·OH and 

1O2.

JWW-TPI showed a decreased kobs with all contaminants except cimetidine (Table 9), as 

shown in Table 8: kobs (cimetidine) » kobs (ibuprofen, bisphenol A, acetaminophen), which 

means a high overall quenching capacity prevented the change of JWW-TPI 

photochemical properties induced by reactive species. Specific effect of 3JWW-TPI*, 

1O2, or ·OH cannot be extracted (Table 10). 
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BFFA and SPRFA exhibited decreased kobs in contaminant degradation of ibuprofen 

(Table 9): γ (1O2) (ibuprofen) « γ (1O2) (cimetidine, acetaminophen, bisphenol A), which 

very likely indicates the reactive species changing the photochemical properties of BFFA 

and SPRFA is 1O2, however, 3DOM* and ·OH are not likely to play the role (Table 10). 

SRFA was the only DOM exhibiting decreasing kobs in degradation of bisphenol A (Table 

9): ·OH is not likely to play the role of changing DOM photochemical properties because 

γ (·OH) (bisphenol A) > γ (·OH) (cimetidine and ibuprofen); neither can 1O2 play the role 

because γ (1O2) (bisphenol A) > γ (1O2) (ibuprofen and acetaminophen). Therefore, one 

proposes the responsible reactive species changing SRFA photochemical properties to be 

3SRFA* (Table 10). 

	  

Table	  10.	  Possible	  reactive	  species	  affecting	  the	  photosensitized	  properties	  of	  specific	  DOM	  

 JWW-TPI JWW-HPO BFFA SPRFA SRFA 

Affecting RS Susceptiblea Stablea 1O2  ; OH * 1O2  ; OH *  3SRFA* 
a Results agree with figure 10;* possible affecting reactive species. 
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4. Conclusions 

Effluent organic matter (EfOM) isolated from WWTP effluent is a reliable representative 

to the raw effluent in terms of photochemical properties with phosphate as buffer 

solution. 3DOM* reactivity is highly dependent on its origin. Different fractions of EfOM 

also exhibited different photochemical reaction properties. Increasing TOC by four times 

was not correspondingly increasing kTMP by the same order, which may be due to the 

inner quenching from DOM molecules. Reliability of using FFA and phenol as probe 

molecule for 1O2 and ·OH in complex matrix (e.g. waste water) is not guaranteed. TMP 

photodegradation in surface water DOM solutions with initial concentration of 0.1 µM 

and 0.02 µM is faster than that of 10 µM. Long-lived 3DOM* is dominating 

photosensitized TMP degradation at TMP initial concentration of 0.1 µM and 0.02 µM. 

However, same trend was not found in EfOM solutions. 

Pre-irradiated samples exhibited change in photochemical properties: JWW-TPI and 

BFFA both showed a decrease in kobs, TMP, [1O2]ss and [·OH]ss compared with non-

irradiated ones; however, raw effluent photochemical properties showed resistance in 

terms of kobs, TMP and [1O2]ss, however, [·OH]ss  of irradiated raw effluent was 

significantly decreased; Pre-irradiated JWW-HPO remained stable in kobs, its 

performance in [1O2]ss and [·OH]ss was also declined. 

 Photosensitized degradation of different contaminants reacts in different ways; the 

contributions of different reactive species to the bulk kobs vary according to the properties 

of both DOMs and contaminants. Contaminants in aqueous matrix quench RS and the 

reactivity of this quenching processes will further affect the contact of DOM v.s. RS, this 

contact can result in the change in the photosensitized properties of DOM evidenced by 
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the kobs-decreasing effect. Photosensitization of JWW-HPO was not significantly changed 

under any irradiation condition; JWW-TPI was found to be very susceptible to photo-

chemically produced reactive species; SRFA was only changed in matrix with BPA 

which might be attributed to 3SRFA*; photosensitization of BFFA and SPRFA was only 

observed to change in ‘1O2-Rich’ solutions (possible role of OH and triplet states is 

unknown). 
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APPENDICES 

	  

Figure	  19.FEEM	  spectrum	  of	  JWW-‐TPI	  solution	  before	  pre-‐irradiation	  (excitation	  wavelength:	  
240nm-‐500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L).	  

	  

Figure	  20.FEEM	  spectrum	  of	  JWW-‐TPI	  solution	  after	  pre-‐irradiation	  (excitation	  wavelength:	  
240nm-‐500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L).	  
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Figure	  21.	  FEEM	  spectrum	  of	  JWW-‐HPO	  solution	  before	  pre-‐irradiation	  (excitation	  wavelength:	  
240nm-‐500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L).	  

	  

	  

Figure	  22.	  FEEM	  spectrum	  of	  JWW-‐HPO	  solution	  after	  pre-‐irradiation	  (excitation	  wavelength:	  
240nm-‐500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L).	  
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Figure	  23.	  FEEM	  spectrum	  of	  raw	  effluent	  before	  pre-‐irradiation	  (excitation	  wavelength:	  240nm-‐
500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L).	  

	  

Figure	  24.	  FEEM	  spectrum	  of	  raw	  effluent	  after	  pre-‐irradiation	  (excitation	  wavelength:	  240nm-‐
500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L).	  
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Figure	  25.	  FEEM	  spectrum	  of	  BFFA	  solution	  before	  pre-‐irradiation	  (excitation	  wavelength:	  
240nm-‐500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L).	  

	  

Figure	  26.	  FEEM	  spectrum	  of	  BFFA	  solution	  after	  pre-‐irradiation	  (excitation	  wavelength:	  240nm-‐
500nm,	  emission	  wavelength:	  290nm-‐550nm;	  TOC	  =	  4	  mg	  C/L;	  signal	  on	  the	  left	  of	  the	  graph	  is	  
from	  TMP,	  which	  is	  not	  affecting	  the	  signal	  of	  humic	  and	  non-‐humics).	  
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Reaction rate constant of reactive species with DOM: 

Steady-state concentration of reactive species (RS) can be given as follow: 

[𝑅𝑆]!! =
𝛼!
𝑘  

Where k refers to the quenching rate constant of the solution: 

𝑘 = 𝑘! + 𝑘!" + 𝑘!×[𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡] 

Where ki is the quenching from the DOM molecules, kq×[contaminant] is the quenching 

rate constant from the contaminant which is proportional to contaminant concentration, 

ksi refers to the quenching effect from other components in the solution. The reaction rate 

constant between reactive species and DOM is determined: 

𝑅! = 𝑘!×[𝑅𝑆]!! 

The Rq is then obtained as follow: 

𝑅! =
𝑘!×𝛼!

𝑘! + 𝑘!" + 𝑘!×[𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡]
 


