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Water impact statement 
 
Water treatment tends towards increasingly numerous treatment steps. A better understanding 
of the effects of ozonation on the optical and photochemical properties of dissolved organic 
matter is necessary to optimize treatment processes. Ozonation induces a decrease in light 
absorbance and can help downstream UV-based treatment steps or for wastewater leads to 
improvements of the aesthetics of the water.
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19 Abstract

20 This study focuses on the effects of ozonation on the optical and photochemical 

21 properties of dissolved organic matter (DOM). Upon ozonation, a decrease in light absorption 

22 properties of DOM was observed concomitantly with a large increase in singlet oxygen (1O2) and 

23 hydroxyl radical (•OH) quantum yields (Φ1O2 and Φ 
•OH, respectively). The decrease in 

24 absorbance was linked to the reaction of DOM chromophores with ozone and •OH, formed as a 

25 secondary oxidant, while the increase in Φ1O2 and Φ 
•OH are linked to the formation of quinone-

26 like moieties from the reaction of ozone with phenolic DOM moieties. Investigations using 

27 benzoic acid as a •OH probe and methanol as a •OH scavenger indicated that not only is •OH 

28 formed, but that other hydroxylating species (•OH-like) are also produced upon DOM photo-

29 irradiation.
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30 Introduction

31 Ozonation is a process widely applied in drinking water treatment and more recently also 

32 as a polishing step in secondary effluents of municipal wastewater treatment plants.(1, 2) In 

33 addition to its use as a disinfectant and for the oxidation of micropollutants, ozone reacts with the 

34 dissolved organic matter (DOM) present in the water, leading to changes in its physico-chemical 

35 properties.(3-5) Because wastewater is usually discharged to a receiving water body (e.g., river, 

36 lake, sea) and can represent an important fraction of the receiving water, ozone-induced 

37 transformations of DOM are of interest.(6, 7)

38 DOM plays an important role in the photo-transformation of contaminants in surface 

39 waters by absorbing a portion of sunlight, thereby decreasing the direct photo-transformation of 

40 contaminants (equation 1), and by producing reactive intermediates (RI). These RI include 

41 excited triplet state of the DOM (3DOM*, equation 2), singlet oxygen (1O2, equation 3) and 

42 hydroxyl radical (•OH, equation 4, where DOM’ represents a transformed chromophore of 

43 DOM). The RI can react with contaminants leading to transformation products (equation 5).(8-

44 12) Ozonation of DOM will affect this photochemistry by changing the light absorption 

45 properties of DOM and potentially affecting the yields of the RI.(3)

46 Contaminant + hν → Products (1)

47 DOM + hν → 1DOM* → 3DOM* (2)

48  3DOM*+ O2 → DOM + 1O2 (3)

49 DOM + hν → DOM’ + •OH (4)

50 (1O2 or 3DOM* or •OH) + Contaminant → Products (5)
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51 Studies have shown that ozonation of DOM leads to changes in its physicochemical 

52 properties, including decreases in light absorption, fluorescence intensity, chemical oxygen 

53 demand, and electron donating capacity, as well as the formation of low molecular weight 

54 compounds such as carboxylic acids and aldehydes.(1, 3, 4, 13, 14) DOM moieties have a large 

55 range of reactivity towards ozone. DOM moieties with high ozone reactivities are believed to be 

56 mostly phenolic compounds that react to quinones, ketones, catechol, and ring opening 

57 products.(15, 16) Ozone reactions with DOM were covered in recent publications and we refer 

58 the reader to those for more information.(3, 4) Reaction of ozone with DOM forms •OH as a side 

59 product that can further react with the DOM.(17-19) •OH reacts with aromatic or conjugated 

60 DOM moieties by •OH addition or with unsaturated moieties by H• abstraction.(1)  Typical 

61 second order rate constants for •OH addition reactions are between 1-10×109 M˗1 s˗1 and are 

62 relatively faster than H• abstraction reactions, with typical second order rate constants in the 

63 range of  0.1-1×109 M˗1 s˗1.(20)

64 In a previous publication, we discussed the effects of ozone on the optical properties of 

65 DOM and its effect on the photochemical generation of 1O2.(3) Specifically, it was shown that 

66 during ozonation in the presence of t-butanol to quench •OH (formed via ozone decomposition), 

67 both the fluorescence and 1O2 quantum yield (Φ1O2) increased concomitantly.  The fluorescence 

68 quantum yield increased by 92-111% for increasing specific ozone doses from 0 to 1 mmolO3 

69 mmolC
-1. Similarly, the Φ1O2 increased by 273-844%. In this previous publication it was 

70 hypothesized that this was due to the preferential reactions of ozone with phenolic DOM 

71 moieties and low fluorescence chromophores. This hypothesis is based on the following 

72 observations: (1) Ozone reacts towards DOM faster at high pH than at low pH.(4) This can be 

73 explained by the reaction of ozone towards phenolate being several orders of  magnitude faster 
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74 than towards phenols (e.g. kO3, phenolate = 1.4×109 M˗1 s˗1 vs kO3, phenol =  1.3×103 M˗1 s˗1 (1)). (2) 

75 The aforementioned formation of quinones from ozonation of phenols. (3) The fact that phenols 

76 have low Φ1O2 (1-6%)  (21) while quinones have generally higher Φ1O2 (20-98%).(22-25) (4) 

77 Low ozone doses can induce an increase in 1O2 production rate. (3) It should be noted that ref. 

78 (3) attributes the observed increase in fluorescence quantum yield upon DOM ozonation to a 

79 preferential ozone reaction towards chromophores absorbing at long wavelengths that have low 

80 fluorescence quantum yields. Such preferential reactions of ozone with chromophores absorbing 

81 at long wavelengths may also explain part of the observed increase in Φ1O2. However, given the 

82 magnitude of the effect, it cannot be the sole explanation for the observed increase in Φ1O2.

83 The goal of this study is to expand on our earlier work and investigate the impact of 

84 ozone on the photochemical formation of •OH from DOM. Specifically, this paper focuses on the 

85 effects of ozonation on (1) the optical properties of DOM, such as the absorbance spectra and of 

86 parameters that can be derived from the absorbance, and (2) the potential of DOM to generate 

87 singlet oxygen (1O2) and hydroxyl radical (•OH) under simulated sunlight irradiation. In this 

88 study, we evaluated the impact of ozone without a •OH quencher, therefore, providing a realistic 

89 depiction of the expected effects during the application of ozone in engineered systems.  In 

90 addition to these effects of ozone, this paper also provides new insights on the molecular 

91 composition of DOM.
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92 Materials and Methods

93 Analytical instrumentation

94 UV-Vis spectra and absorbance were measured on a Cary 100 Bio UV-Visible 

95 spectrophotometer using 0.2, 1, or 5 cm pathlength quartz cuvettes. The pH was measured using 

96 a calibrated Orion Star A211 pH-meter using a Thermo Scientific Orion pH electrode model 

97 8157BNUMD.

98 Following the photo-irradiation experiments, concentrations of the probe compounds and 

99 of the actinometer were measured in duplicate using an Agilent 1200 high-performance liquid 

100 chromatography (HPLC) system equipped with a UV-Vis detector, a fluorescence detector and 

101 an Agilent Eclipse Plus C-18 5μm particle size reverse phase column. Details of the applied 

102 isocratic method are provided in Table S1 of the electronic supplementary information (ESI).

103 Chemicals and solutions

104 Chemicals were used as received except for p-nitroanisole (PNA), which was recrystallized 

105 in hexane, and benzoic acid (BA), which was recrystallized in water to remove some salicylic 

106 acid (SA) impurities from the commercially available product. For a complete list of chemicals, 

107 refer to Text S1 (ESI). All solutions were prepared in ultrapure water (resistivity 18.2 MΩ cm) 

108 obtained from a Sartorios Stedim or equivalent dispenser. A 100 mM buffer stock solution was 

109 prepared by adding the appropriate amount of sodium phosphate salts. Diluted 1/10 v/v with 

110 water, it resulted in a 10 mM pH 7 phosphate buffer used for the experiments.  

111 Two DOM isolates were selected from the International Humic Substance Society (IHSS, 

112 St-Paul, MN, USA) as representative of autochthonous (Pony Lake fulvic acid (PLFA), 1R109F) 

113 and allochthonous (Suwannee River fulvic acid (SRFA), 1S101F) DOM. The carbon content of 
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114 the DOM solutions was measured spectrophotometrically using the specific ultraviolet 

115 absorbance value at the wavelength λ=254 nm (SUVA254) of 4.2 and 2.5 L mgC
-1 m-1 for SRFA 

116 and PLFA, respectively.(5) Stock solutions of the two DOM types were prepared at 

117 concentrations of ≈50mgC L-1 in pH 7 buffer. After stirring for 3-4 hours, the stock solutions 

118 were filtered by ultrapure water prewashed 0.45μm pore size polyethersulfone filters (Whatman) 

119 and the carbon content was then measured spectrophotometrically.

120 Ozonation experiments

121 An ozone/oxygen gas mixture was obtained from an Ozone Solutions ozone generator 

122 model TG-40 and bubbled in a cooled (2°C) 2 L cylindrical vessel filled with ultrapure water. An 

123 aqueous ozone stock solution with an ozone concentration of ≈1 mM was obtained and was 

124 measured using a 0.2 cm path length quartz cuvette on the aforementioned spectrophotometer 

125 and a molar absorption coefficient value of 3200 M-1 cm-1 at λ=260nm.(1) The ozone solution 

126 was then added to buffered (pH 7, using the aforementioned phosphate buffer) DOM solutions 

127 (final concentration 5 mgC L-1) at various specific ozone doses (≤1 mmolO3 mmolC
-1) and the 

128 solutions were kept for a minimum of 2 days at 4°C to allow ozone to react to completion. The 

129 specific ozone doses were chosen to be similar to those used in drinking water or wastewater 

130 facilities.(26-29) It should be noted that for the specific ozone doses of 0.75 and 1 mmolO3 

131 mmolC
-1 only the UV-vis absorbance spectra are presented. These two doses have low 

132 absorbance values (< 0.01 at λ=350nm) that could suffer from systematic errors on the 

133 absorbance measurements and we decided not to use them for further calculations.

134 Irradiation experiments

135 The methods to determine 1O2 steady-state concentration ([1O2]ss) and quantum yield 

136 (Φ1O2) are described elsewhere.(3) Briefly, [1O2]ss during photoirradiation of the ozonated DOM 
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137 solutions was measured by spiking the solution with 22.5 μM of furfuryl alcohol (FFA) and 0.1 

138 M of methanol (to quench •OH). At this FFA concentration, 1O2 is mostly (≈99%) deactivated by 

139 collision with water and the presence of FFA does not affect but allows to determine the 

140 [1O2]ss.(30) The solutions were then irradiated in 5 mL glass vials in a Rayonet photo-reactor 

141 model RPR-100 equipped with 16 RPR-3500A lamps that had an emission spectrum centered 

142 around 366 nm (see Figure S1 (ESI) for an emission spectrum of the lamps). 100 μL aliquots 

143 were taken at regular time intervals (total irradiation time ≈1 hour), diluted 1/1 (v/v) with 

144 ultrapure water and subsequently the FFA concentration was analyzed by HPLC. The abatement 

145 of FFA was fitted to a first-order kinetic model using the software Origin 2018. The steady-state 

146 concentration of 1O2 ([1O2]ss) during the experiments was determined using the second-order rate 

147 constant kFFA,1O2 of (1.00±0.04)×108 M-1 s-1.(31) Φ1O2 was then determined by dividing [1O2]ss by 

148 the rate of light absorption.

149 The experiments to determine the production rate of •OH and the Φ•OH where conducted 

150 similarly as for the determination of 1O2 and are described in Text S2 (ESI). Briefly, we spiked 

151 the samples with 1 mM of BA and the •OH production was determined by following the zero-

152 order production of SA from the reaction of BA with •OH using the yield of the reaction of BA + 

153 •OH  SA of 15.5%.(32) For the experiments that used both BA and methanol as •OH probes, 

154 the experiment’s irradiation time was relatively longer due to the overall lower rate of SA 

155 production and we observed a small (≈10% in control experiments containing the ozonated 

156 DOMs, 100 nM SA and 0.01 M methanol, irradiated for 225 minutes) degradation of SA during 

157 the experiments. The rate of SA production was calculated in these experiments by fitting the SA 

158 concentration to a zero-order production rate followed by a first-order degradation rate for SA. 
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159 The corresponding equation is derived in Text S3 (ESI) and an example of fitting is provided in 

160 Figure S8 (ESI).

161 Concomitantly to the FFA or BA irradiation experiments, we ran chemical actinometry 

162 daily to determine the irradiance of the lamps in the reactor. We used the PNA + pyridine 

163 actinometer at a concentration of 10 μM of PNA and of 5 mM of pyridine.(33) At this pyridine 

164 concentration, the quantum yield for the phototransformation of PNA (which depends on the 

165 pyridine concentration) is 1.74×10-3.(34) All results were normalized by using the daily 

166 measured PNA phototransformation rate to the average PNA phototransformation value of 

167 8.68×10-4 s-1. The photon fluence rate in the interval λ= 340-410nm was calculated to be of 

168 1.40×10-3 einstein m-2 s-1.

169 Calculation of optical parameters

170 Optical parameters calculated from the UV-Vis absorption spectra are often used because 

171 absorption spectra are easy to measure and the optical parameters correlate with DOM properties 

172 that are harder to measure such as Φ1O2 and Φ•OH. Several optical parameters were calculated 

173 using the measured UV-Vis absorbance spectra of the solutions. The specific UV absorbance 

174 SUVA254 (unit L mgC
-1 m-1) was calculated by dividing the absorbance at the wavelength 

175 λ=254nm by the carbon concentration (5mgC L-1). Fitting a single-parameter exponential 

176 regression to the absorbance spectra in the wavelength range 300-600nm, the spectral slope (S, 

177 unit nm-1) was calculated as the coefficient of the exponential fit (according to equation 6) using 

178 Absλ=350nm as a constant. The E2/E3 ratio was calculated as the ratio of the absorbance values at 

179 the wavelengths λ=250 over λ=365nm. Both the spectral slope and the E2/E3 ratio inversely 

180 correlate with the molecular weight of the DOM and positively correlate with Φ1O2 and Φ•OH.(35-

181 37) The wavelength averaged specific absorption coefficient (SUVAavg, unit L mgC
-1 m-1), which 
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182 is a proxy for the amount of light absorbed by the solutions, was calculated in the wavelength 

183 interval 340-410 nm according to equation 7, where SUVAλ is the specific absorption coefficient 

184 at a wavelength λ (unit L mgC
-1 m-1) and Iλ is the normalized photon irradiance of the Rayonet 

185 reactor. 

186 (6)𝐴𝑏𝑠λ = 𝐴𝑏𝑠λ = 350nm 𝑒 ―𝑆(𝜆 ― 350𝑛𝑚)

187 (7)𝑆𝑈𝑉𝐴avg =
∫410𝑛𝑚

340𝑛𝑚𝑆𝑈𝑉𝐴λ𝐼λ𝑑𝜆

∫410𝑛𝑚
340𝑛𝑚𝐼λ𝑑𝜆

188 Standard deviation

189 The standard deviations were calculated for the first-order degradation curves of FFA and 

190 PNA and for the zero-order production lines for SA and propagated from there. The error on the 

191 rate constants from the literature used in the calculations were also incorporated in the error 

192 calculation. The standard errors calculated for FFA degradation and SA production were used in 

193 addition to the standard errors for SUVAavg in the calculation of Φ1O2 and Φ•OH. The standard 

194 errors for SUVAavg were calculated as the standard deviation of triplicate UV-Vis absorbance 

195 measurements of the DOM solutions and propagated from there. Examples of calculations are 

196 shown in Text S4 (ESI).
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197 Results and discussion

198 Effects of ozonation on the optical properties of DOM

199 Absorption properties

200 As shown previously, ozonation induces a large decrease in the UV-Vis absorption of the 

201 two DOM isolates tested in this study (Figure 1). The allochthonous SRFA absorbs more light 

202 because it has a higher content of aromatic moieties than PLFA. While the absolute difference 

203 (AO3 dose=0-AO3,dose) of the absorbance is more important at shorter wavelengths (Figures 1C and 

204 D), the relative decrease (AO3/AO3=0) in absorbance is smaller at shorter wavelengths (Figures 1E 

205 and D). Upon ozonation, the relative decrease in absorbance (AO3/AO3=0) differs for the two 

206 DOM types (Figures 1E and D). For PLFA, the relative decrease is more significant at longer 

207 wavelengths, whereas for SRFA the wavelength dependence is relatively small (see Figure S2, 

208 ESI). Typically, small ozone doses induce a large decrease in absorbance (Figures 1 and S2). For 

209 SRFA at λ=254 nm, the absorbance decreases by 52% for a specific ozone dose of 0.2 mmolO3 

210 mmolC
-1 while for PLFA the decrease is 63%.
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211

212 Figure 1. Effects of the specific ozone doses on the absorbance spectra of the two DOM samples 
213 Pony Lake and Suwannee River fulvic acid (PLFA and SRFA respectively). (A) and (B): Mass 
214 absorptivity as a function of the specific ozone dose for (A) PLFA, and (B) SRFA. (C) and (D): 
215 variation of the mass absorptivity (AO3,dose=0-AO3,dose) as a function of the specific ozone dose for 
216 (C) PLFA and (D) SRFA. (E) and (F): Ratio of the absorptivity (AO3,dose/AO3,dose=0) as a function 
217 of the specific ozone dose for (E) PLFA and (F) SRFA. The samples were buffered at pH 7 using 
218 10 mM phosphate buffer, with a DOM concentration of 5mgC L-1.

219

220 The observed effects of ozone on the absorption properties of DOM for specific ozone 

221 doses of up to 0.2 mmolO3 mmolC
-1 are similar to a previous study conducted with the same 
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222 DOM types in presence of a •OH scavenger (as seen by similar reduction in SUVA254, SUVA280 

223 and SUVA350 values, see Figure S3, ESI)(3) and are similar to what was observed for three 

224 specific ozone doses for the same DOM types in the absence and presence of a •OH 

225 scavenger.(5) These observations can be mainly rationalized by the reaction of ozone with highly 

226 reactive activated aromatic compounds such as phenols. For specific ozone doses > 0.2 mmolO3 

227 mmolC
-1, the extent of SUVA254 decrease was higher in the current study compared to our 

228 previous investigation.(3) This can be attributed to a depletion of the pool of highly ozone-

229 reactive chromophores for specific ozone doses > 0.2 mmolO3 mmolC
-1 and the reactions of •OH 

230 with these chromophores, which is possible due to the absence of a •OH scavenger. Such 

231 chromophores can be non-activated aromatic moieties such as benzene or methylated benzenes, 

232 which have low second order rate constants for the reactions with ozone but are highly reactive 

233 towards •OH (k•OH,benzene = 3.3×109 M-1 s-1).(38) The reaction of benzene with •OH produces 

234 phenol, which then reacts quickly with ozone.

235 Optical parameters

236 Optical parameters such as SUVA254, the ratio E2/E3, and the spectral slope are often 

237 calculated from the UV-Vis absorbance spectra for the characterization of waters.(35)  In turn, 

238 these parameters are used to develop correlations with other reactivity measures of DOM, 

239 including the photochemical formation of 1O2 or •OH as well as other properties such as 

240 aromaticity and molecular weight. (37, 39-41) Changes in these parameters are presented in 

241 Figure S4 (ESI) as a function of the specific ozone dose. A marked decrease in SUVA254 with 

242 increasing specific ozone dose can be observed for both SRFA and PLFA (Figure S4A, ESI). In 

243 contrast, an increase in both the ratio E2/E3 and the spectral slope can be observed for increasing 
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244 specific ozone doses (Figures S4B and C, ESI), respectively), being more pronounced for PLFA 

245 than for SRFA.

246 The results for ozonation in the presence and absence of an •OH scavenger (t-butanol) 

247 also show that the decrease in SUVA254 and the increases in E2/E3 and the spectral slope are 

248 more important for PLFA in absence of an •OH scavenger (Figure S4, ESI). For SRFA, SUVA254 

249 behaves similarly, however, for E2/E3 and the spectral slope the observed increases are more 

250 pronounced in presence of the •OH scavenger. The spectral slope PLFA results are in 

251 contradiction with the results presented in ref. (5) where the absence of the •OH scavenger 

252 produced the opposite effect. The observed difference could be attributed to differences in the 

253 experimental conditions, with different DOM concentrations (10 mgC L-1 in ref. (5) vs 5 mgC L-1 

254 in the current study) and a difference in the way the ozonation experiments was conducted (in 

255 ref. (5) the residual ozone was quenched after 2 hours vs 2 days in the present experiments). 

256 As aforementioned, the SUVA254, the ratio E2/E3, and the spectral slope correlate with 

257 Φ•OH and Φ1O2. These correlations are presented in Figure S5 and Table S2 (ESI). The slopes of 

258 the Φ1O2 regressions (Figures S5A-C) are comparable (factor 2) to our previous study with the 

259 same isolates in the presence of a •OH scavenger and to Everglades DOM (Table S2, ESI).(3, 37) 

260 The slopes of the Φ•OH regressions in this study are significantly larger (by a factor of 2-6) than 

261 that of the Everglades DOM.(37) This observed difference in slope for the Φ•OH regressions 

262 makes the direct use of any of the parameters (SUVA254, the ratio E2/E3, and the spectral slope) 

263 as predictors of Φ•OH questionable. The difference in slope may reflect a change in DOM 

264 chemical composition due to ozonation, as opposed to DOM composition of the Everglades 

265 DOM.
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266 Effects of ozonation on the photochemical generation of 1O2 from DOM

267 The extent of light absorbed in the wavelength interval 340-410 nm by the two DOM 

268 isolates can be characterized by SUVAavg as a proxy, which decreases in an exponential-like 

269 fashion upon ozonation (Figure 2A). The steady-state concentration of 1O2 produced upon UV 

270 irradiation (centered at λ=366 nm, see Figure S1, ESI) increases slightly for low specific ozone 

271 doses (0 to 0.1 mmolO3 mmolC
-1) and then decreases sharply (by a factor of 3) for PLFA and 

272 moderately for SRFA (Figure 2B). Because [1O2]ss is decreasing relatively less compared to 

273 SUVAavg (Figure 2A) it can be concluded that Φ1O2 (i.e., the ratio of the production of 1O2 over 

274 the extent of light absorption) should increase with increasing specific ozone doses. This is 

275 illustrated in Figure 2C, where Φ1O2 increases close to linearly with increasing specific ozone 

276 doses. The increase in Φ1O2 is more significant for PLFA, with an increase from 1.9% (non-

277 ozonated) to 13.1% (0.5 mmolO3 mmolC
-1), than for SRFA for which an increase from 1.0 to 

278 8.5% for the same specific ozone doses was observed.
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279

280 Figure 2. Effects of specific ozone doses on (A) the light absorption, (B) the generation of 
281 singlet oxygen (1O2) and (C) the 1O2 quantum yields (Φ1O2) for Pony Lake and Suwannee River 
282 fulvic acids (PLFA and SRFA, respectively). (A) Specific UV-Vis absorption (SUVAavg) in the 
283 wavelengths range 340-410 nm. (B) Measured steady-state 1O2 concentration ([1O2]ss) as a 
284 function of the specific ozone doses. (C) 1O2 quantum yield (Φ1O2) as a function of the specific 
285 ozone dose. Red squares/lines: PLFA; black circles/lines: SRFA, at a concentration of 5mgC L-1. 
286 Solutions were buffered with 10 mM phosphate at pH 7, without hydroxyl radical scavenger. 
287 Error bars represents standard errors in (B) and (C) were obtained from pseudo-first order fittings 
288 (FFA experiments in duplicate). Lines are shown to guide the eye.
289
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290 Increases in Φ1O2 were similar in a previous study on wastewater ozonation (13) and in a 

291 study with the same DOM isolates but in the presence of a •OH scavenger (3) (see Figure S7, 

292 ESI) for a comparison with the data from ref. (3)). The Φ1O2 values were 3.2 ± 0.4 % for the non-

293 ozonated wastewater and increased to 9.3 ±1.8 % for a specific ozone dose of 0.25 mmolO3 

294 mmolC
-1,(13) which is similar to the observations for PLFA. For ozonation of the same DOM 

295 isolates in presence of an •OH scavenger, Φ1O2 also increased close to linearly for low specific 

296 ozone doses (< 0.35 mmolO3 mmolC
-1) but leveled off for higher specific ozone doses.(3) This 

297 increase in Φ1O2 was attributed to the formation of quinones from the reaction of ozone with 

298 phenolic DOM moieties and the observed increase of Φ1O2 in Figure 2 can most likely also be 

299 attributed to a formation of quinones.

300  The normalized (to the non-ozonated experiment) Φ1O2 in this study was compared to the 

301 data from ref. (3), where the ozonation was carried out in the presence of an •OH scavenger (see 

302 Figure S7, ESI). The ratio of Φ1O2 from this study and the data from ref. (3) for PLFA is close to 

303 1 for specific ozone doses up to 0.35 mmolO3 mmolC
-1 and increases to 1.5 for a specific ozone 

304 dose of 0.5 mmolO3 mmolC
-1 (see Figure S7, ESI). To determine if this specific ozone dose was 

305 anomalous, Φ1O2 was examined in detail by compiling the corresponding extent of 1O2 

306 production and extent of light absorption as a function of the ozone dose (see Table S3, ESI). 

307 The increase to a value of 1.5 for a specific ozone dose of 0.5 mmolO3 mmolC
˗1 can be attributed 

308 to a decrease in the extent of 1O2 production.(3) Ref. (3) presents additional specific ozone doses, 

309 which confirm that this observation is reproducible. Therefore, the observed value of a ratio of 

310 1.5 observed in Figure S7 (ESI) is not an outlier. For SRFA, the ratio decreases to a value of 0.7 

311 for specific ozone doses up to 0.15 mmolO3 mmolC
-1 and then increases to 1.5 for specific ozone 

312 doses between 0.15 and to 0.5 mmolO3 mmolC
-1.
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313 The increase in the normalized quantum yield ratio to 1.5 for higher specific ozone doses 

314 can likely be attributed to the reaction of •OH with non-activated aromatics, which are less 

315 reactive to ozone. For the experiments in presence of a •OH scavenger, the pool of chromophores 

316 that are non-reactive towards ozone are maintained and should overall have a lower Φ1O2 than 

317 the pool of ozonated chromophores. Alternatively, in the present study in absence of a •OH 

318 scavenger, the pool of ozone-resistant chromophores should react with •OH to produce phenols 

319 and then quinones upon reaction with ozone,(15) which have a higher Φ1O2.
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320 Effects of ozonation on the •OH generation potential of DOM during UV irradiation

321 An approach similar to the Φ1O2 experiments was chosen to elucidate the factors 

322 influencing Φ•OH upon ozonation. The light absorbed by the two DOM types (quantified by 

323 SUVAavg) decreases dramatically as a function of the specific ozone dose (Figure 2A). Figure 3A 

324 shows that the rate of •OH production upon irradiation, r•OH, is fairly constant with increasing 

325 specific ozone doses for PLFA, while for SRFA it first increases for specific ozone doses   

326 0.2mmolO3 mmolC
-1 and then decreases for higher specific ozone doses. Because SUVAavg is 

327 decreasing while r•OH remains fairly constant with increasing specific ozone doses, it can be 

328 concluded that Φ•OH is increasing, similarly to Φ1O2. This is confirmed in Figure 3B, with a 

329 significant increase in Φ•OH for PLFA (by a factor of 28) and for SRFA (by a factor of 8.6) when 

330 the specific ozone dose increases from 0-0.5 mmolO3 mmolC
-1.
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331

332 Figure 3. UV irradiation of DOM: Effects of the specific ozone dose on (A) the hydroxyl radical 
333 (•OH) production rate (r•OH) and (B) the •OH quantum yield (Φ•OH) for Pony Lake and Suwannee 
334 River fulvic acid (PLFA and SRFA, respectively). Red squares/lines: PLFA; black circles/lines: 
335 SRFA at a concentration of 5mgC L-1. Solutions were buffered with 10 mM phosphate at pH 7, 
336 without hydroxyl radical scavenger. Error bars represent standard errors obtained from pseudo-
337 first order fittings (BA experiments in duplicate). Lines are shown to guide the eye.
338

339 The formation pathway of •OH upon DOM irradiation is not entirely elucidated and many 

340 pathways have been proposed, which are summarized in a recent review.(11) Two main 

341 mechanisms are usually considered, H2O2-dependent and H2O2-independent pathways. The 

342 H2O2-dependent pathways involve Fenton and photo-Fenton chemistry and account for up to 
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343 50% of the •OH production in some samples.(42, 43) A variety of possibilities have been 

344 proposed for the H2O2-independent pathways. They include the photolysis of hydroxy substituted 

345 benzoic acids and phenols(44) and the oxidation of water or hydroxide ions by 3DOM*, a 

346 mechanism that was seen to take place for a few photosensitizers such as 1-nitronaphthalene or 

347 anthraquinone-2,6-disulfonate.(45-47) If the production of •OH was due only to the photolysis of 

348 hydroxy substituted benzoic acids and phenols, one would expect Φ•OH to decrease upon 

349 ozonation due to the reaction and decomposition of the phenolic DOM moieties with ozone.(4, 

350 15, 16, 48) The observed increase in Φ•OH indicates that the source of •OH is probably the 

351 oxidation of water or hydroxide ions by 3DOM*, or the formation of H2O2 during ozonation, 

352 which could induce the H2O2-dependent pathway.

353 The one-electron oxidation potentials of water and hydroxide are -2.73 V and -1.90 V 

354 respectively.(49) Quinones are known to have a high intersystem crossing yield and under 

355 photoirradiation form triplets that have a one-electron reduction potential in the range of 2.2-2.4 

356 V (9) which is high enough to react with hydroxide and potentially with water. Therefore, it is 

357 hypothesized that the observed increase in Φ•OH could be attributed to the formation of quinones, 

358 which are common products from the reactions of ozone with hydroxylated aromatic compounds 

359 (e.g., phenols). (4, 15, 16, 48) It should be noted that for non-ozonated DOM, the photolysis of 

360 hydroxy substituted benzoic acids and phenols should not be excluded as a •OH source. A 

361 scenario for which ozonation increases the •OH production from DOM quinone moieties and 

362 decreases the production of •OH from the photolysis of substituted benzoic acid and phenols is 

363 also possible.

364 In studies on the oxidation of water or hydroxide ions by 3DOM*, it has been shown that 

365 some other hydroxylating species (•OH-like) are also generated, that have similar hydroxylating 
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366 properties as •OH but lower reactivity.(42) Experiments involving photosensitizers indicate that 

367 some of them produce •OH(45, 50), but that for some photosensitizers, irradiation yielded 

368 species that were assigned to sensitizer-water exciplexes that could potentially be •OH-like 

369 species.(46, 51-53)

370 It should be noted that the probe used to quantify •OH in our experiments, BA, could potentially 

371 also react with •OH-like species (42, 52) and that part of the •OH measured in the experiments 

372 presented in Figure 3 could be caused by •OH-like species.

373

374 Qualitative assessment of the production of •OH and of other hydroxylating species ( •OH-like)

375 To qualitatively assess the potential formation of •OH-like species upon DOM ozonation, 

376 we designed the following competition kinetic experiment using BA as a probe and methanol as 

377 an •OH scavenger (it should be noted that it is also possible to quantify the formation of •OH 

378 using methanol but we only used it as a scavenger here). The assumption of these experiments is 

379 that the ratio  (where kBA,•OH =5.9×109 M-1 s-1 or kMeOH,•OH = 9.7×108 M-1 s-1 are the 
𝑘BA, ⋅ OH

𝑘MeOH, ⋅ OH 

380 second-order rate constants for the reactions between BA or methanol and •OH, respectively)(20) 

381 will be different than the ratio  (where kBA,•OH-like and kMeOH,•OH-like are the second-order 
𝑘BA,•OH ― like

𝑘MeOH,•OH ― like 

382 rate constants for the reactions between BA or methanol and •OH-like species, respectively). The 

383 methanol quenching experiments were modeled using equation 8, where f is the fraction of •OH 

384 reacting with BA, kDOM,•OH is the second-order constant between DOM and •OH (4.6×108 and 

385 1.9×108 MC
-1 s-1 for PLFA and SRFA respectively (54)) and kNO2˗,•OH is the second-order rate 

386 constant for the reaction between nitrite and •OH (1×1010 M-1 s-1 (20)).

387 (8)𝑓 =
𝑘BA,•OH[BA]

𝑘BA,•OH[BA] + 𝑘MeOH,•OH[MeOH] + 𝑘DOM,•OH[DOM] +  𝑘NO2
― ,•OH[NO2

― ] 
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388 Note that the reactions of •OH with the phosphate buffer and carbonate/bicarbonate from 

389 atmospheric CO2 were neglected, as the fractional consumption of •OH by these components was 

390 small (f value <0.0001 for the phosphate buffer and <0.01 for the carbonate/bicarbonate, 

391 considering saturation conditions at 20°C for the carbonate/bicarbonate concentration).

392 A control experiment was performed where nitrite was used as an alternative source of •OH to 

393 confirm the validity of equation 8 and to verify that methanol acts as an ideal quencher (a 

394 potential drawback of the use of methanol is that its reaction with •OH produces O2
•˗ 

395 quantitatively,(1) and O2
•˗ disproportionation forms H2O2 that is potentially an additional source 

396 of •OH in the system).

397

398 Figure 4. Normalized salicylic acid (SA) production rate as a function of the methanol 
399 concentration. (A) Control nitrite experiment (violet, 6μM NaNO2). (B)  Pony Lake Fulvic Acid 
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400 (PLFA) treated with specific ozone doses of 0, 0.2 and 0.5 mmolO3 mmolC
-1. (C) Suwannee 

401 River Fulvic Acid (SRFA) treated with specific ozone doses of 0, 0.2 and 0.5 mmolO3 mmolC
-1. 

402 The black lines represent the fraction of •OH reacting with BA according to Eq. 8. Benzoic acid 
403 concentration 1mM, carbon concentration 5mgC L-1. Solutions were buffered with 10 mM 
404 phosphate at pH 7.  Lines are shown to guide the eye.

405 Figure 4 presents the normalized (to [methanol]=0) rate of SA production. Figure 4A 

406 shows that equation 8 accurately describes the experiments performed with the photolysis of 

407 nitrite as a source of •OH. In Figures 4B and 4C, a deviation from equation 8 is observed, 

408 indicating that BA is not only reacting with •OH in the system. In contrast, •OH-like species 

409 might also be produced and involved in BA abatement. The ratio of the calculated value from 

410 equation 8 over the experimental value is 1 for the nitrite control experiment. For PLFA the ratio 

411 is fairly constant for all specific ozone doses with a mean value of 0.47 for the non-ozonated 

412 samples and 0.46 and 0.55 for specific ozone doses of 0.2 and 0.5 mmolO3 mmolC
-1, respectively. 

413 For SRFA the ratio is 0.66 for the non-ozonated samples and 0.48 and 0.92 for specific ozone 

414 doses of 0.2 and 0.5 mmolO3 mmolC
-1, respectively.

415 The results for non-ozonated PLFA and SRFA can be compared to studies in which 

416 methane was used as a probe that is specific for •OH and non-reactive towards •OH-like 

417 species.(42) Methane quenching experiments indicate that for PLFA both •OH and •OH-like 

418 species are produced, while for SRFA •OH is produced.(42) One reason for this discrepancy 

419 might be the unknown sensitivity of terephthalic acid used in ref. (42) towards •OH-like species. 

420 This might not capture the full extent of •OH-like species produced in the SRFA experiments in 

421 ref. (42). 

422
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423 Comparison between the effects of ozonation on the generation potential of 1O2 and •OH 

424 during UV irradiation.

425 The measured Φ1O2 values were approximatively two orders of magnitude higher than 

426 Φ•OH. This reflects the fact that 1O2 is formed by oxygen reacting with 3DOM* (eq. 3) with an 

427 efficiency that was evaluated to be approximately 30% (55), while •OH can be formed through 

428 several pathways that are relatively inefficient (vide supra).

429 A comparison of Φ1O2 and Φ•OH (Figure 5) shows that the two quantum yields increase 

430 significantly with increasing specific ozone doses. Figure 5A shows that Φ•OH and Φ1O2 increase 

431 more for PLFA than for SRFA. Plotting  (i.e., the relative ratio of increases 

𝛷•OH,O3
𝛷•OH,O3 = 0

𝛷1O2,O3
𝛷1O2,O3 =  0

432 of the two quantum yields; Figure 5B) indicates that for PLFA, the increase in Φ•OH is more 

433 important than for Φ1O2, while for SRFA the ratio of increase of the two quantum yields is near 

434 unity for most specific ozone doses except for 0.2 and 0.25 mmolO3 mmolC
-1, where higher ratios  

435 were observed.

436

437 Figure 5. Comparison between the effects of ozonation on the hydroxyl radical quantum yield 
438 (Φ•OH) and the singlet oxygen quantum yield (Φ1O2) for Pony Lake and Suwannee River fulvic 
439 acids (PLFA and SRFA, respectively). (A) %Φ•OH vs %Φ1O2. (B) Ratio of the normalized (to a 
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440 specific ozone dose of 0 mmolO3 mmolC
-1) Φ•OH over the normalized (to a specific ozone dose of 

441 0 mmolO3 mmolC
-1) Φ1O2 as a function of the specific ozone dose. Red squares/lines: PLFA; 

442 black circles/lines: SRFA. DOM at concentrations of 5mgC L-1. Solutions were buffered with 10 
443 mM phosphate at pH 7, without hydroxyl radical scavenger. Error bars represent standards errors 
444 obtained from the pseudo-first order fittings (FFA or BA experiments in duplicate). Lines are 
445 shown to guide the eye.
446

447 The observed increase in Φ1O2 was attributed to the formation of quinones from the 

448 ozonation of phenolic DOM moieties. Only a relatively small subset of DOM chromophores 

449 produces •OH. The relative increase in Φ•OH is related to either a selective destruction of DOM 

450 chromophores that do not produce •OH or the formation of new DOM moieties that can produce 

451 •OH. An example of such new DOM moieties is quinones that are formed during ozonation and 

452 that under photoirradiation form triplets that have potentially high enough triplet one-electron 

453 oxidation potential to form •OH from water or hydroxide ions (see above).

454 Based on the current understanding of DOM photochemistry, it is difficult to develop an 

455 overarching model that explains the results observed in this study, as well as in other 

456 investigations by the authors. It is possible that the results observed in this study are explained by 

457 the recalcitrance of quinone-derivatives to transformation by ozone and •OH. However, it is not 

458 clear if the photochemistry of quinones results in direct •OH formation or the formation of •OH-

459 like species and the relative efficiency of these two processes. It is also not clear how 

460 hydroxylation of quinones would affect 1O2 formation.

461 In a previous study, we had also observed a positive correlation between the fluorescence 

462 quantum yield and the yield for the formation of 1O2 during pre-ozonation in the presence of an 

463 •OH scavenger.(3) Although we did not measure the fluorescence quantum yield in the current 

464 study, we expect that the same positive relationship would apply. Given that quinones are not 
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465 fluorescent, it is unclear whether these observed correlations have any causational basis. More 

466 work is needed to ascertain these intercorrelations.
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467 Conclusion

468 This study focused on the effects of ozonation on the optical and photochemical properties of 

469 two DOM types. Ozonation induced a significant decrease in DOM light absorbance properties 

470 and significant increases in the quantum yields of singlet oxygen (Φ1O2) and hydroxyl radical 

471 (Φ•OH). For SRFA, the Φ•OH was observed to increase similarly to Φ1O2, while for PLFA the 

472 increase in Φ•OH was approximately a factor four larger than the observed increase in Φ1O2. The 

473 increases in Φ1O2 and Φ•OH were linked to the reactions of phenolic DOM moieties with ozone, 

474 which lead to the formation of quinones. The simultaneous use of a •OH probe and a •OH 

475 scavenger allowed for the distinction between the formation of •OH and of other hydroxylating 

476 species (•OH-like species).

477 Overall, ozonation leads to an important decrease in the light absorption properties of 

478 DOM, which makes it a useful pre-treatment for UV-based treatment since the 

479 transparency of the water increases. For municipal wastewaters, where ozonation is 

480 used as a polishing step before discharge, the results of this study indicate that 

481 ozonation improves the visual aesthetics of the treated wastewater and also increases the 

482 potential for 1O2- and •OH-induced reactions. 
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