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ABSTRACT  19 

Secondary effluent from wastewater treatment plants contains trace organic 20 

contaminants (TrOCs) that are subsequently discharged into the environment. 21 

Ozonation can offer a solution for TrOCs removal from effluent and has been 22 

extensively investigated with respect to reaction mechanisms, performance and control 23 

strategies in view of full-scale application. The ozone-activated peroxymonosulfate 24 

process (O3/PMS) is a relatively new and promising upgrade of ozonation for which 25 

research under real conditions is, however, still lacking. Therefore, this work focuses 26 

on the removal of 11 TrOCs with different ozone reactivity at relevant environmental 27 

concentrations in effluent by using O3/PMS. At short reaction times, the hydroxyl 28 

radical exposure is approximately 2 times higher in O3/PMS than during ozonation at 29 

O3 concentrations exceeding the instantaneous ozone demand (IOD). The radical 30 

production during O3/PMS is even noticeable at ozone concentrations lower than the 31 

IOD, which indicates that radical reaction pathways are more important during the IOD 32 

phase in O3/PMS than during ozonation. At longer reaction times, also direct PMS 33 

oxidation enhanced the removal of some TrOCs at low ozone concentrations (< IOD). 34 

However, the extra TrOCs removal during O3/PMS is overall minimal compared to 35 

ozonation, i.e. up to 24% extra removal at the highest ozone concentrations (12.3 36 

mg/L). In a second part of this research, spectral surrogate models based on UV 37 

absorbance at 254 nm (UVA254) and fluorescence were developed for the prediction of 38 

TrOCs removal. The intensity of both surrogates decreased in a similar way as a 39 

function of the applied ozone concentration. However, the regression parameters of 40 

the surrogate models and particularly the location of the inflection point showed 41 

differences between O3 and O3/PMS. 42 

 43 
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1. INTRODUCTION 45 

Trace organic contaminants (TrOCs) such as pharmaceuticals, personal care 46 

products, pesticides and endocrine disrupting chemicals are found in the aquatic 47 

environment at low concentrations, i.e. ranging from ng/L to µg/L [1–3]. Wastewater 48 

treatment plants (WWTPs) have been identified as a major pathway through the 49 

discharge of secondary effluent in the environment [1]. To remove these TrOCs from 50 

the secondary effluent, a change in the design and operation of WWTPs is needed [4]. 51 

More specifically, an extra polishing step should be introduced that focuses on the 52 

removal of biorecalcitrant TrOCs. Advanced oxidation processes (AOPs) are 53 

extensively investigated [2] and ozonation (O3) has recently been implemented in 54 

WWTPs in Switzerland and other countries for this purpose [5,6].  55 

The mechanisms of the ozonation process are well-known, and control strategies for 56 

optimal ozone dosage have been investigated in recent years [5,7–10]. Ozonation 57 

depends on both direct ozone and indirect hydroxyl radical (●OH) reactions for the 58 

removal of TrOCs [11]. In a first phase, ozone quickly reacts with the effluent organic 59 

matter (EfOM), which initiates the production of ●OH. Some TrOCs are also ozone-60 

reactive, but their impact on the radical production is minimal in comparison to that of 61 

EfOM, given the lower concentrations at which TrOCs are present in the effluent (µg/L 62 

vs mg/L). This phase is characterized by the instantaneous ozone demand (IOD), 63 

which represents the ozone that is consumed by the highly ozone-reactive EfOM 64 

components and inorganic ozone scavengers such as nitrite [12]. Although the radicals 65 

produced during this phase can contribute to the degradation of ozone-recalcitrant 66 

TrOCs [13], this is reduced at high IOD values because of lower or delayed ●OH 67 

exposures [14,15]. Therefore, in these effluents, it is crucial that higher ozone 68 

concentrations are added to exceed the IOD value and to achieve higher TrOCs 69 

removal  [5]. It is critical that the TrOC concentration or their removal can be monitored 70 
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during ozone applications. However, TrOC analyses are cost- and time consuming, 71 

and cannot be used as a real-time measurement in order to make changes in ozone 72 

dosage. Therefore, the use of surrogate measurements is suggested within a 73 

monitoring strategy to observe TrOCs removal. Spectral parameters such as UV 74 

absorbance at 254 nm (UVA254) and fluorescence are often investigated as surrogate 75 

parameters [5,7,9]. These parameters are easily measured on-site and are related to 76 

the water quality of the effluent. Hence, a reduction in the surrogate parameter intensity 77 

is observed as EfOM is oxidized by ozone and radicals during the process. This 78 

reduction can be correlated with the  TrOCs removal. Typically, a (two-stage) linear 79 

relationship exists between the reduction in the intensity of the surrogate parameter 80 

and the TrOCs removal [5,7,9]. Correlation models are used to control the TrOCs 81 

removal in full-scale ozonation plants [16–19]. 82 

As ●OH are easily scavenged by bulk organic components in the wastewater matrix, 83 

the ozonation process has proven to be less efficient for TrOCs removal in highly 84 

loaded wastewaters compared to e.g. spiked clean water which is often used as a 85 

model matrix. For example, Souza et al. [20] observed a decrease in reaction rate for 86 

atrazine (ATZ) removal by approximately a factor of 15 in secondary effluent compared 87 

to spiked clean water. Deniere et al. [21] observed a reduction in ATZ and 88 

chloramphenicol removal of respectively 60% and 40% when changing the matrix from 89 

spiked clean water to secondary effluent. Therefore, there is an increased interest in 90 

AOPs that produce sulfate radicals (SO4
●-), as these are less scavenged by organic 91 

components due to their lower reactivity. For example, the reaction rate constant 92 

between ●OH and natural organic matter (NOM) varies between (1.4 – 4.6) x 108 M-1s-93 

1, while the reaction rate constant between SO4
●- and NOM is (0.46 – 8.2) x 107 M-1s-1 94 

[22–25]. The O3 process can be upgraded to the ozone-activated peroxymonosulfate 95 
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process (O3/PMS) which simultaneously generates both ●OH and SO4
●- from the 96 

reaction between ozone and PMS (k = 2.12 x 104 M-1s-1) [26]. The pathway of radical 97 

formation is described below  (Eq. 1-8) [26]: 98 

SO5
2- + O3 → SO8

2-         Eq. (1) 99 

SO8
2- → SO5

●- + O3
●-        Eq. (2) 100 

SO8
2- → SO4

2- + 2O2        Eq. (3) 101 

SO5
●- + O3 → SO4

●- + 2O2         Eq. (4) 102 

2SO5
●- → 2SO4

●- + O2         Eq. (5) 103 

2SO5
●- → S2O8

2- + O2        Eq. (6) 104 

O3
●- ⇄ O●- + O2         Eq. (7) 105 

O●- + H2O → ●OH + OH-         Eq. (8) 106 

Most O3/PMS research has been performed on the removal of ozone-recalcitrant 107 

TrOCs in spiked clean water, while only a few studies are available about its application 108 

in real water matrices. Sbardella et al. [27] assumed that if both radicals are in solution 109 

at the same time, organic matter will react faster with ●OH than with SO4●- making 110 

the latter less scavenged and thus more available for TrOCs removal [27]. However, it 111 

has recently been observed that ●OH are the dominant species during O3/PMS in 112 

natural waters and wastewater [21], while mainly SO4
●- are contributing to TrOCs 113 

removal in synthetic clean water [26,28–30]. The pH of both water matrices was similar 114 

(pH = 7.5-8.2), hence, this shift in radical contribution could not be ascribed to pH 115 

changes. It was suggested that SO4
●- are transformed into ●OH via reactions with 116 

chloride in real waters [21]. Furthermore, competition has been noticed between PMS 117 

and organic matter for the consumption of ozone which reduced the removal efficiency 118 

of TrOCs during the O3/PMS process [21,31]. The results discussed above were 119 

obtained at high TrOCs concentrations (approximately 1 mg/L) and the studies mostly 120 



6 
 

focussed on the removal of one TrOC. Hence, knowledge is missing about the 121 

performance of O3/PMS at low TrOCs concentrations and for mixtures of TrOCs. 122 

Furthermore, the applicability of spectral surrogate parameters to monitor TrOCs 123 

removal during the O3/PMS process has not been investigated yet. Hence, it is 124 

unknown how the existing correlation models developed for the ozonation process will 125 

change (or not) when PMS is added and if a correct ozone dosing would be possible 126 

while using these existing correlation models. 127 

To fill these knowledge gaps about O3/PMS, the research goal of this study is three-128 

fold: (1) to evaluate the performance of O3/PMS for the removal of a mixture of TrOCs 129 

at environmentally relevant concentrations in a real water matrix, (2) to investigate the 130 

intensity reduction in spectral surrogate parameters during O3/PMS, and (3) to develop 131 

and evaluate the applicability of surrogate models as an ozone dose control tool in 132 

O3/PMS applications. This work is the first to investigate these research topics, in view 133 

of the practical application of the O3/PMS process for TrOCs removal from secondary 134 

effluent. To address the research objectives, the removal efficiency of 11 TrOCs with 135 

a broad range in ozone reactivity (0,1 ≤ kO3 (M-1s-1) ≤ 106, see Table S1) was 136 

investigated with both O3/PMS and the conventional ozonation process (further 137 

denoted as O3 and considered as a benchmark). The experiments were performed in 138 

secondary effluent spiked at realistic low µg/L levels, and a range of ozone 139 

concentrations (0.8-12.3 mg O3/L) was added. At the same conditions, radical 140 

exposure experiments were performed to get a more in-depth view of the mechanisms 141 

of the O3/PMS process.  142 

  143 

2. MATERIALS AND METHODS 144 

2.1 Chemicals 145 
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Flumequine (FLU) and ciprofloxacin (CIP) were provided by MpBio (Belgium), while 146 

metronidazole (METR), levofloxacin (LEVO) and trimethoprim (TRIM) were obtained 147 

from Fluka (Belgium). Atrazine (ATZ), chloramphenicol (CHLOR), amantadine (AMA), 148 

amitriptyline (AMI), venlafaxine (VEN), diclofenac (DFC) and p-nitrobenzoic acid 149 

(pNBA) were provided by Sigma Aldrich (Belgium), as well as ascorbic acid (AA), 150 

oxone (known as peroxymonosulfate or PMS), EDTA disodium salt (Na2EDTA.2H2O) 151 

and indigo trisulfonate (≥ 60%). Sodium bisulfite (NaHSO3) and formic acid (LC-MS 152 

grade, 99%) were purchased at Fischer Scientific. HPLC grade water, methanol 153 

(MeOH) and acetonitrile were obtained from VWR (Belgium). All solutions were made 154 

in deionized water. 155 

 156 

2.2 Experimental setup & design 157 

Ozone was produced from oxygen by an ozone generator (up to 8 g O3 h-1, COM-AD-158 

O2, Anseros GmbH, Germany). Ozone stock solutions (80-100 mg/L) were prepared 159 

by bubbling ozone gas (150 mL/min) through a sintered glass filter in ice-cooled 160 

deionized water [17,21,32]. A PMS stock solution was made by dissolving oxone in 161 

deionized water (20 g/L). Individual stock solutions of the 11 TrOCs were prepared at 162 

a concentration of 20 mg/L (ATZ), 500 mg/L (FLU, AMI and CHLOR) or 1 g/L (AMA, 163 

METR, VEN, CIP, LEVO, TRIM, DFC) in water. Next, a mixture of the TrOCs was 164 

prepared at a concentration of 2 mg/L in water and further used in the experiments.  165 

The experiments were performed in secondary effluent, which was filtered – before 166 

spiking – by a 0.45 µm Whatman nylon membrane. The secondary effluent was 167 

collected from a conventional activated sludge process at the WWTP Harelbeke, 168 

Belgium (operated by Aquafin NV, Belgium) [21,33]. The characteristics of the effluent 169 

can be found in Table 1.  170 
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The experiments were performed in glass beakers, with a total working volume of 100 171 

mL and 300 mL for respectively the radical exposure experiments and the TrOCs 172 

degradation experiments. The difference in total working volume between the two 173 

experiments is because of the higher sample volume needed for TrOCs analysis. The 174 

effluent was diluted in all experiments, i.e. 100 mL of reaction solution consists of 80 175 

mL secondary effluent and 20 mL ozone stock solution. During the degradation 176 

experiments, 11 TrOCs were added to the matrix at a concentration of 1 µg/L. The 177 

reaction was started by the addition of ozone (O3 process) or ozone and PMS (O3/PMS 178 

process) to the spiked effluent. Ozone concentrations were varied between 0.8 and 179 

12.3 mg/L, while PMS was each time added at a concentration of 64 mg/L. The PMS 180 

concentration was identical as in previous research [21,28]. Preliminary experiments 181 

with the probe compounds showed that 0.5 min and 30 min are appropriate sampling 182 

times. At 0.5 min, the comparison between ozonation and O3/PMS can be made, as 183 

O3/PMS has a faster radical production [21,28]. The sampling time of 30 min was 184 

chosen because all reactions during ozonation were finished as no further degradation 185 

of the TrOCs was noticed (results not shown).   Hence, samples were taken for TrOCs, 186 

PMS and surrogate analysis at 0.5 min and 30 min. First, 5 mL of sample was 187 

quenched with MeOH and bubbled through with N2 to remove respectively radicals and 188 

residual ozone. This sample was further used to determine the PMS concentration. 189 

Next, 30 mL of sample was taken for surrogate analysis and quenched with NaHSO3 190 

(50 mg/L). These samples were stored in the fridge (7°C) and analysed within 1 week 191 

analysis to avoid high variations in the organic matrix during storage [34]. The samples 192 

cannot be stored in the freezer (-21°C) due to the influence of freeze/thaw effects on 193 

the fluorescence intensity [34]. At last, the remaining volume in the beaker was 194 

quenched with AA and MeOH and was transferred into flasks to which Na2EDTA.2H2O 195 
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was added until 1 g/L in final solution was present. The pH was lowered to 3 by the 196 

addition of formic acid, prior to sample storage in the freezer (-18°C). In the 197 

Supplementary Information (SI-Text 1), additional information is given about the 198 

performance of different types of quenchers investigated for sampling in view of TrOCs 199 

analysis. 200 

The radical exposure experiments were performed in a similar manner. Two radical 201 

probes, i.e. ATZ and pNBA, were added to the matrix to reach a final concentration of 202 

100 µg/L each and were degraded via the O3 and O3/PMS process. Identical ozone 203 

and PMS concentrations were used as in the degradation experiments. The samples 204 

for PMS and surrogate analysis were taken as described above at 0.5 min and 30 min 205 

and stored in the fridge (7°C). Next to that, a sample was taken at 0.5 and 30 min and 206 

quenched with AA and MeOH to determine the residual radical probe concentration. 207 

These samples were stored in the freezer (-18°C) upon further analysis.  208 

 209 

2.3 Analytical methods 210 

2.3.1 General 211 

The ozone concentration in the stock solutions was measured by the indigo method 212 

[35]. PMS concentrations were measured by a spectrophotometric method using 213 

potassium iodide [36]. 214 

COD and nitrite concentrations were determined spectrophotometrically using Hach 215 

cuvettes (Hach LCK 1414 and LCK 341) and a DR6000 spectrophotometer (Hach, 216 

Belgium). The alkalinity was determined according to standard methods, i.e. by titration 217 

using a pH meter (HQ40d multimeter) [37]. Chloride and sulfate concentrations were 218 

also determined according to standard methods by using a Dionex ion chromatograph, 219 

equipped with an AS14A column (150 x 3.0 mm, 5 µm) [37]. The composition of the 220 
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mobile phase and regenerant is specified in Deniere et al. [21]. Turbidity was measured 221 

with a portable Hi 98703 (Hanna Instruments). 222 

The instantaneous ozone demand (IOD) represents the rapid ozone consumption by 223 

highly ozone-reactive compounds in the matrix. IODPMS also includes the additional 224 

ozone consumption when PMS is added to the matrix. IOD and IODPMS were 225 

determined according to the method of Bader and Hoigné (1981), which involves the 226 

quenching of the reaction after 5 s by adding an indigo solution [21].  227 

 228 

2.3.2 SPE-LC-HRMS for TrOCs analysis 229 

The samples of the degradation experiments are brought back to room temperature 230 

before further handling. Next, the pH was adjusted to 7.0 ± 0.1 by the addition of 231 

(diluted) NaOH and formic acid solutions, and solid phase extraction (SPE) was 232 

performed on an automated GX-271 ASPECTM instrument (Gilson). Therefore, Oasis 233 

HLB cartridges (6 mL, 200 mg sorbent, Waters, Belgium) were first conditioned with 234 

MeOH (6 mL) and water (6 mL). Next, 200 mL sample was loaded on the HLB 235 

cartridge. After washing with water (18 mL) and drying with N2, the analytes were 236 

eluted with a mixture of MeOH and acetone (50/50 (v/v)). The extract was dried under 237 

a N2 stream before reconstitution in 1 mL 10:90 (v/v) MeOH/water with 0.1% FA and 238 

0.01% Na2EDTA.2H2O. 239 

The reconstituted extract was subsequently injected (10 µL) on a UHPLC reversed 240 

phase Hypersil Gold column (2.1 x  50 mm, 1.9 µm, Thermo Scientific). The mobile 241 

phase consisted of water and MeOH, both acidified with 0.1% FA, and was pumped at 242 

a flow rate of 350 µL/min (Accela 1250 pump, Thermo Scientific) through the column. 243 

The applied gradient is specified in Vergeynst et al. [3] and took 26 min. Mass 244 

spectrometric detection was performed on a hybrid quadrupole-Orbitrap HRMS (Q-245 
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ExactiveTM, Thermo Scientific) equipped with a heated electrospray ionization (HESI-246 

II) source and operating in full scan mode (120-760 m/z) at a resolving power of 70,000 247 

at full width at half maximum at 200 m/z. The optimal HESI-II parameters are specified 248 

in Vergeynst et al. [3]. All TrOCs except CHLOR are measured in the positive ionization 249 

mode. To measure CHLOR, a switch to the negative ionization mode was made within 250 

the retention time interval 5.7 – 7.0 min. 251 

 252 

2.3.3 HPLC-PDA analysis for ATZ and pNBA measurements 253 

ATZ and pNBA were measured in the samples of the radical exposure experiments by 254 

use of a Surveyor HPLC system (Thermo Finnigan, Germany) coupled to a photodiode 255 

array detector (Thermo Finnigan, Germany). A Gemini C18 column (150 x 3.0 mm, 5 256 

µm, Phenomenex) was kept at 35°C during the analysis. The mobile phase consisted 257 

of water (acidified to pH 2 by H3PO4) and acetonitrile, applying the gradient as detailed 258 

in Deniere et al. [21]. ATZ and pNBA were detected at a wavelength of 221 nm and 259 

260 nm, respectively. 260 

 261 

2.3.4 Surrogate analysis 262 

UV-visible (UV-VIS) absorption spectra between 200 and 800 nm were obtained by 263 

using a Shimadzu UV-1601 spectrophotometer with a 1 cm quartz cuvette. 264 

Fluorescence excitation and emission matrices (EEM) spectra were measured using a 265 

RF-5301 Shimadzu spectrofluorometer. Fluorescence intensities were measured at 266 

excitation wavelengths of 220 – 450 nm in 5 nm increments and emission wavelengths 267 

of 280 – 600 nm in 1 nm increments [17]. Raman scans of deionized water were 268 

measured at an excitation wavelength of 350 nm and emission wavelengths of 365 – 269 

450 nm were recorded in 0.2 nm increments. These Raman measurements were used 270 
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to normalize the fluorescence intensity of all spectra and to report the intensity in 271 

Raman units (R.U.). Parallel factor analysis (PARAFAC) was performed via MATLAB 272 

9.11 using the drEEM toolbox [38]. A four-component model was validated before 273 

further use [17,39]. 274 

 275 

2.4 Calculations 276 

2.4.1 Removal efficiencies 277 

The removal efficiency of TrOCs (∆TrOC) was calculated according to Equation 1. 278 

∆TrOC = 1 −
[TrOC]t

[TrOC]0
         (Eq. 1) 279 

For which [TrOC]t is the TrOC concentration at 0.5 or 30 min and [TrOC]0 is the initial 280 

TrOC concentration. Similar calculations (Equation 2 and 3) were performed to 281 

determine the intensity reduction of the surrogate parameters (∆UVA254 and ∆Fmax1-282 

4). Fmax values were obtained from the PARAFAC analysis in MATLAB and represent 283 

the intensity values at peak wavelengths of the defined PARAFAC components (C1-284 

C4). 285 

∆UVA254 = 1 −
UVA254;t

UVA254;0
        (Eq. 2) 286 

∆Fmax1−4 = 1 −
Fmax1−4;t

Fmax1−4;0
        (Eq. 3) 287 

In which  UVA254;t or Fmax1-4;t is the surrogate intensity after 0.5 or 30 min reaction time 288 

and UVA254;0 or Fmax1-4;0 is the initial surrogate intensity of the matrix. 289 

 290 

2.4.2 Radical exposure and contribution 291 

Radical probes were used to determine the radical exposure and contribution to TrOCs 292 

removal during the O3/PMS process. pNBA was used as an ●OH probe, as the reaction 293 

rate constants express a high reactivity with ●OH (kOH = 2.6 x 109 M-1s-1) and a low 294 
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reactivity with ozone and SO4
●- (kO3 < 0.15 M-1s-1, kSO4 < 106 M-1s-1) [40]. ATZ was used 295 

as the SO4
●- probe, as it is reactive with both ●OH and SO4

●- (kOH = kSO4 = 2.6 x 109 M-296 

1s-1). Both probes are also not reactive with PMS: (1) pNBA is unlikely to react with 297 

PMS as electron withdrawn groups (-NO2) are not favourable for a non-radical reaction 298 

[41,42], and (2) ATZ reacts slowly with PMS (k = 0.04 M-1s-1) [43]. This has also been 299 

confirmed in additional experiments discussed in SI-Text 1. The kinetic equations that 300 

describe the degradation of ATZ and pNBA can be found in SI-Text 2. The reactions 301 

with ozone (pNBA, ATZ) and SO4
●- (pNBA) can be neglected, hence the equations can 302 

be simplified to: 303 

ln (
[pNBA]

[pNBA]0
) = −kOH,pNBA × ∫[OH]dt       (Eq. 4) 304 

ln (
[ATZ]

[ATZ]0
) = − kOH,ATZ × ∫[OH]dt − kSO4,ATZ × ∫[SO4]dt      (Eq. 5) 305 

As pNBA and ATZ are present as a mixture, the ●OH exposure is assumed equal for 306 

both probes. The pNBA removal is thus used to calculate the ●OH exposure (∫[OH]dt) 307 

in the matrix, while the removal of ATZ provides information about the SO4
●- exposure 308 

(∫[SO4]dt).  309 

The concentration of ATZ and pNBA was 100 µg/L instead of 1 µg/L (which was used 310 

in the TrOCs degradation experiments) to increase the ●OH and SO4
●- scavenging 311 

capacity by at least one order of magnitude without affecting the oxidation processes 312 

with the bulk components. 313 

 314 

2.4.3 Statistical analysis 315 

The regression analysis during analytical calibration (n = 11) was done by using the 316 

software RStudio. Statistical tests were performed by using SPSS at a 5% level of 317 

significance [44].  318 

 319 
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3. RESULTS AND DISCUSSION 320 

3.1 Water quality parameters of the collected effluent 321 

The characteristics of the collected effluent are shown in Table 1. These values are 322 

similar to those of previous sampled batches from the same WWTP [21], although the 323 

chloride and sulfate content are considerably higher (up to 2 times difference) this time. 324 

Chloride is one of the scavengers of SO4
●-  (kSO4 = 3 x 108 M-1s-1) in the O3/PMS 325 

process, as well as organic matter (kSO4 = (0.46-8.2) x 107 M-1s-1) [22,25,45] of which 326 

the amount can be estimated based on the COD value. Most important ●OH 327 

scavengers are organic matter (kOH = (1.4-4.6) x 108 M-1s-1) and alkalinity (kOH = 8.5 x 328 

106 M-1s-1) [10,25,45]. The concentration of metal ions (e.g. Fe2+and Cu2+) is not 329 

measured during the characterisation. It is supposed that the catalytic effect of metals 330 

on the ozonation process is negligible as low concentrations are expected [46–50].  331 

 332 

3.2 Performance of O3/PMS at environmentally relevant conditions 333 

This section is focussed on (1) the radical production during both ozone-based 334 

oxidation processes (ozonation and O3/PMS), and (2) the removal of a mixture of 11 335 

TrOCs at low concentrations in secondary effluent. The results of the radical exposure 336 

(M.s) experiments are shown in Figure 1 (Section 3.1.1). Figures 2 (and S4) and 3 (and 337 

S5) show the removal (1-C/C0, %) of the 11 selected TrOCs after the addition of various 338 

ozone concentrations (0.8-12.3 mg O3/L) during ozonation and O3/PMS at respectively 339 

0.5 min and 30 min of reaction time. The results are discussed (Sections 3.1.2 and 340 

3.2.2) based on the range of the applied ozone concentration in comparison with the 341 

IODPMS (5.2 mg O3/L).  342 

 343 

3.2.1 Radical exposure 344 
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Figure 1 shows that the total radical exposure in both processes increases at higher 345 

dosed ozone concentrations. At 0.5 min, the ●OH exposure is at average 2 times higher 346 

during O3/PMS than during ozonation at ozone concentrations exceeding the IOD. 347 

Similar results are reported by Wert et al. [51] for the peroxone process (mass ratio 348 

O3:H2O2 = 2). They found that, at ozone concentrations exceeding the IOD, the 349 

O3/H2O2 process produces more ●OH than ozonation at 0.5 min as the pCBA removal 350 

was up to 5 times higher [51]. The ozonation process is thus slower in radical 351 

production in comparison to synergistic ozonation (O3/H2O2 and O3/PMS). This is also 352 

reflected in the fact that the ●OH exposure was similar (≤ 20% deviation) in O3/PMS at 353 

0.5 min as in ozonation at 30 min. For practical applications, O3/PMS provides the clear 354 

advantage that wastewater can be treated at shorter contact times and hence in 355 

smaller reactors. The contribution of SO4
●- to the overall radical exposure in O3/PMS 356 

is maximal 13% at 0.5 min and 23% at 30 min, at ozone concentrations above the IOD. 357 

The SO4
●- exposure in secondary effluent is thus relatively low compared to the ●OH 358 

exposure, which confirms our recent findings [21].  359 

At 0.8 and 1.7 mg O3/L, the total radical exposure is low (< 3.4 x 10-11 M.s) in both 360 

ozonation and O3/PMS after 0.5 min of reaction. At 2.6 mg O3/L, the overall radical 361 

exposure drastically increases in O3/PMS, up to a value being 4.2 times higher than in 362 

ozonation. This suggests that PMS was activated by ozone, producing extra radicals 363 

(mainly ●OH), even at ozone concentrations below the IOD. However, almost no SO4
●-

 364 

contribution is noticed at 0.5 min at ozone concentrations lower than 8 mg/L. The 365 

produced SO4
●-

 are most likely rapidly consumed by the organic matrix or transformed 366 

into ●OH through reaction with Cl- (Table 1, chloride 160 mg/L) [21,27,52]. At ozone 367 

concentrations higher than 8 mg/L, more SO4
●- are produced and available for 368 

reactions with TrOCs. 369 
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After 30 min, the total radical exposure is on average 1.9 and 1.4 times higher than at 370 

0.5 min during ozonation and O3/PMS, respectively. Hence, extended contact times 371 

are more a requisite for ozonation. At low ozone concentrations (< 4.3 mg/L), the total 372 

radical exposure in O3/PMS was up to 8 times higher than the ●OH exposure during 373 

ozonation. This is remarkable as the low concentrations of ozone (< 4.3 mg/L) are 374 

quickly consumed by the matrix and PMS at 0.5 min (see Figure S4), resulting in 375 

negligible residual ozone concentrations at longer reaction times. Hence, no extra 376 

radical formation was expected at higher reaction times. A possible explanation is that 377 

a reaction between PMS and some components in the organic matter took place, 378 

resulting in the production of extra SO4
●-

 which can be transformed into ●OH via 379 

reaction with Cl- [53]. This is advantageous as residual PMS can offer some oxidation 380 

potential without being activated by ozone.    381 

 382 

3.2.2 TrOCs removal at applied ozone concentrations below IODPMS 383 

The ozone-reactive TrOCs (kO3 > 1000 M-1s-1) achieve complete removal at ozone 384 

concentrations just below the IOD and IODPMS (i.e. respectively 4.2 and 5.2 mg O3/L), 385 

while the removal efficiency of ozone-recalcitrant TrOCs (kO3 < 1000 M-1s-1) was not 386 

higher than 65% during both processes and at both reaction times.  387 

Small differences were noticed between the removal patterns of the different TrOCs in 388 

both processes, depending on their ozone reactivity. At 0.5 min (Figure 2), the removal 389 

efficiencies of CHLOR, ATZ, FLU, AMA and METR were up to 19% higher during 390 

ozonation than during O3/PMS. Especially for ATZ and CHLOR, ozone concentrations 391 

of at least 3.8 mg/L were needed to observe any removal with O3/PMS, whereas 392 

already higher removal was noticed during ozonation at lower ozone concentrations. 393 

However, at the same reaction time and at 0.8 mg O3/L, O3/PMS shows to be more 394 
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efficient (up to 27% higher removal than with ozonation) for the ozone-reactive TrOCs 395 

(AMI, VEN, CIP, LEVO, TRIM and DFC). At ozone concentrations equal to IOD and 396 

IODPMS, the TrOCs removal is approximately the same (i.e. less than 8% difference) 397 

for both processes, or slightly higher with ozonation for the ozone-reactive compounds. 398 

From these observations, two important points of attention can be addressed. First, 399 

ozone-recalcitrant TrOCs depend on radical reactions for their removal. Hence, the 400 

lower removal efficiencies during O3/PMS suggest that less radicals were available 401 

during O3/PMS at 0.5 min, in comparison with ozonation. However, higher total radical 402 

exposures during O3/PMS were noticed when applying ozone concentrations equal to 403 

or higher than 2.6 mg O3/L (Figure 1a). This suggests that the main pathway of radical 404 

formation is via PMS (and not via bulk organic matter as in ozonation) which explains 405 

the higher observed total radical exposure. However, it appears that the (in)organic 406 

matrix highly scavenges these radicals, resulting in lower TrOCs removal efficiencies 407 

in comparison to ozonation. This might be caused by the fact that the (in)organic matrix 408 

encounters less direct ozone reactions during O3/PMS than in ozonation, which results 409 

in more residual ozone-reactive organic bulk compounds. These organic compounds 410 

are also highly reactive towards SO4
●- and ●OH, which leads to a higher scavenging 411 

capacity for radicals [27]. Wert et al. [51] made a similar observation for the O3/H2O2 412 

process, i.e. ozonation showed 10-40% higher ●OH exposure than O3/H2O2 in waters 413 

with high ●OH scavenging rate, leading to a reduced pCBA removal during O3/H2O2 in 414 

comparison to ozonation. 415 

Second, in O3/PMS, the ozone exposure of TrOCs is reduced at all ozone 416 

concentrations due to the extra ozone consumption by PMS. Nonetheless, highly 417 

ozone-reactive TrOCs were more efficiently removed during O3/PMS, compared to 418 

ozonation, at low ozone concentrations. This indicates that these compounds were 419 
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also removed by radical pathways, as the reaction (0.5 min) was too short for removal 420 

through direct PMS oxidation [54]. Sbardella et al. [27] noticed that competition for 421 

SO4
●- occurs between pharmaceuticals and the electron-rich moieties of EfOM at low 422 

oxidant doses. Produced SO4
●- during this phase can thus be consumed by the highly 423 

ozone-reactive TrOCs and EfOM.  424 

Similar removal patterns are observed for the low ozone-reactive TrOCs after 30 min 425 

of reaction (Figure 3), compared to 0.5 min. For some ozone-reactive TrOCs, more 426 

pronounced differences between both processes are noticed at 30 min. For example, 427 

for CIP and LEVO, O3/PMS reached respectively 67% and 98% removal at 0.8 mg 428 

O3/L, while this was only 25% and 36% with ozonation. As the added ozone 429 

concentration is lower than the IOD of the secondary effluent, the ozone is completely 430 

consumed by the (in)organic matrix (see Figure S4). Consequently, the absence of 431 

residual ozone and radicals is expected which makes it hard to understand the higher 432 

removal efficiencies at 30 min than at 0.5 min of reaction time during O3/PMS. 433 

Therefore, the impact of direct PMS reactions with the 11 selected TrOCs was 434 

investigated (Figure S3). LEVO and CIP show to be the most susceptible to PMS 435 

reactions, as at least 60% removal is observed after 30 min. Recent literature confirms 436 

that fluoroquinolones, except flumequine, are susceptible for (unactivated) PMS 437 

oxidation [55,56]. Hence, their removal does not solely depend on reactions with ●OH, 438 

SO4
●- or singlet oxygen (1O2), but for example LEVO is primarily oxidized by PMS 439 

through O-addition and dealkylation pathways [56]. Direct oxidation pathways by PMS 440 

can thus play an important role during the removal of some TrOCs at low ozone 441 

concentrations (< IOD) and extended reaction times. However, at full-scale 442 

applications of O3/PMS, higher ozone doses (> IOD) and short reaction times (0.5 min) 443 
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will be most likely used which means that PMS oxidation will only be relevant for 444 

residual oxidation, for example in pipes. 445 

 446 

3.2.3 TrOCs removal at applied ozone concentrations exceeding IODPMS 447 

The highly ozone-reactive TrOCs were completely removed at ozone concentrations 448 

exceeding IODPMS, in both processes and at both reaction times. FLU and AMA only 449 

obtained complete removal (95%) at the highest ozone concentration (12.3 mg O3/L), 450 

while the removal efficiency of ATZ, CHLOR and METR was up to 54%, 75% and 90% 451 

during both processes and at both reaction times. 452 

The removal efficiency of CHLOR, ATZ, AMA and METR was higher during O3/PMS 453 

than during ozonation at 0.5 min and at ozone concentrations exceeding IODPMS. For 454 

example, at 12.3 mg O3/L, the difference in removal efficiency between both processes 455 

was 24 ± 4 %, 18 ± 14 %, 6 ± 1% and 10 ± 5%, respectively. Thus, at short reaction 456 

times and for ozone-recalcitrant TrOCs, the added value of PMS is noticeable at ozone 457 

concentrations higher than IODPMS, which can be explained by the clearly higher  458 

radical production (Figure 1A) resulting from the activation of PMS at increased ozone 459 

concentrations. This agrees with our previous research at higher (order of mg/L) TrOC 460 

concentrations [21]: the increase in ATZ and CHLOR removal was 9% and 12% during 461 

O3/PMS in comparison to ozonation, at 0.5 min and high ozone dosages (≥ 10 mg/L). 462 

Furthermore, one of the conclusions of [8] is that the synergetic effect of H2O2 in the 463 

peroxone process (O3/H2O2) only occurs when the applied ozone concentration 464 

exceeds the IOD of the matrix [8], which is similar tat o the results of this work. The 465 

added value of PMS is the most pronounced for TrOCs that are highly recalcitrant 466 

during ozonation. So the highest impact of PMS addition is seen for ATZ and CHLOR, 467 

which could be removed for respectively 54 ± 11% and 72 ± 2% during O3/PMS, after 468 
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0.5 min at 12.3 mg O3/L. At 30 min, the added value of O3/PMS compared to ozonation 469 

was no longer noticeable, even for the ozone-recalcitrant ATZ and CHLOR (less than 470 

3% difference at 12.3 mg O3/L), despite the higher radical exposure for O3/PMS shown 471 

in Figure 1B. The study of Wert et al. [51] found similar results at ozone concentrations 472 

exceeding the IOD, i.e. similar ●OH exposures were noticed during ozonation after 10 473 

min as during O3/H2O2 after 0.5 min. The organic matrix promotes the radical 474 

production during ozonation at higher reaction times [8], which leads to similar TrOCs 475 

removal compared to O3/PMS. However, these similar removal efficiencies suggest 476 

that a part of the produced radicals during O3/PMS are scavenged by the organic 477 

matter instead of being used for TrOCs removal.  478 

 479 

3.3 Surrogate intensity decrease and its correlation to TrOCs removal 480 

3.3.1 Surrogate intensity decrease 481 

UVA254 was chosen as a surrogate representing the electron rich aromatic or 482 

conjugated double bond moieties, which are both susceptible for ozone and SO4
●- 483 

induced reactions [27]. Zhang et al. [57] identified fast reacting chromophores within 484 

different DOM (dissolved organic matter) fractions. The reaction rate constants with 485 

SO4
● (kSO4) for these fractions are in the order of 108 M-1s-1, while the highest reported 486 

reaction rate constant with ozone (kO3) for DOM fractions is in the order of 107 M-1s-1 487 

[10]. With respect to the fluorescence data, four PARAFAC components (C1-C4) were 488 

identified. C1, C2 and C3 are linked to humic- and fulvic-like compounds, while C4 489 

represents soluble microbial by-products (Table 2 and Figure S5).  490 

Figure 4 shows the decrease of UVA254 and Fmax1 (∆UVA254 and ∆Fmax1) at different 491 

ozone doses during ozonation and O3/PMS. The same type of data for Fmax2, Fmax3 492 

and Fmax4 is shown in Supplementary Information (Figure S6) and, as compared with 493 
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Fmax1, the same conclusions can be made. The fluorescence components are more 494 

easily degraded than UVA254 as e.g. approximately 20% of the fluorescence 495 

components is removed at 0.8 mg O3/L during O3/PMS, while no reduction was noticed 496 

for UVA254. The intensity of both surrogate parameters decreased to a larger extent 497 

when applying increasing ozone concentrations. However, two regions can be 498 

distinguished with a different behaviour. In a first phase, a steep increase in ∆UVA254 499 

and ∆Fmax1-4 is noticed as a function of the applied ozone concentration, while a 500 

smaller slope was noticed in the second phase. Table S4 summarizes the slopes and 501 

intercepts of the linear relationships in the two regions. For all 4 fluorescence 502 

surrogates, the slope of the first phase was 3.6 – 6.0 times higher compared to that of 503 

the second phase. For UVA254, the difference was a factor of 1.8 – 3.3 since the slope 504 

of the second phase is higher than for the fluorescence surrogates. This means that 505 

UVA254 is more sensitive than Fmax to the applied ozone concentrations above the 506 

inflection point .  507 

Furthermore, the location of the inflection point is at approximately 4.2 mg O3/L, which 508 

corresponds to the IOD of the effluent. Hence, the highly ozone-reactive DOM moieties 509 

that absorb in the fluorescence and UV region are quickly degraded at ozone 510 

concentrations lower than IOD, which caused a strong reduction in the surrogate 511 

parameter at increasing ozone concentrations. At ozone concentrations exceeding the 512 

IOD, less ozone-reactive organic moieties are still present or produced from the 513 

previous phase, which explains the slower reduction in the surrogate parameter. This 514 

confirms the important role of the IOD with respect to surrogate intensity decrease 515 

[14,19,21].  516 

In Figure S7, the intensity changes of the surrogate parameters during O3/PMS are 517 

plotted versus those during ozonation. Table S5 reports the linear regression 518 
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parameters of these graphs. For all surrogates and at both reaction times, except for 519 

Fmax1 at 30 min, the intercept is not statistically significant (p < 0.05). The slope varies 520 

between 0.92 and 1.03, with one outlier of 0.83 for Fmax1 at 30 min.  As these slopes 521 

are almost equal to 1 and the intercept is not significant, it can be concluded that the 522 

decrease in UVA254 and Fmax1-4 during both processes is similar at both reaction 523 

times. As the ozone exposure towards the bulk organic matter is lower during O3/PMS 524 

(due to the addition of PMS), it was expected to observe a difference in the ∆UVA254 525 

and ∆Fmax1-4 results between both ozone-based processes. However, the lack of this 526 

observation suggests that the produced radicals during O3/PMS decrease these 527 

surrogates to a similar extent as ozone does in the ozonation process. 528 

 529 

3.3.2 Surrogate-based prediction of TrOCs removal 530 

Figure 5-6 and Figure S9-S11 show the relationship between TrOCs removal (∆TrOC, 531 

%) and the intensity reduction of the surrogate parameters (∆UVA254 and ∆Fmax1-4, %) 532 

during ozonation and O3/PMS both at 0.5 min and 30 min reaction times. A complete 533 

removal of the most ozone-reactive TrOCs (LEVO, TRIM and DFC) was reached at a 534 

∆UVA254 of 21-22% (ozonation) and 0-31% (O3/PMS) and at a ∆Fmax1 of 41-55% 535 

(ozonation) and 20-60% (O3/PMS), considering both time points. The TrOCs with 536 

moderate ozone activity (AMI, VEN and CIP) reached complete removal at a higher 537 

surrogate intensity decrease, i.e. at a ∆UVA254 of 22-44% (ozonation) and 19-46% 538 

(O3/PMS) and at a ∆Fmax1 of 55-65% (ozonation) and 48-70% (O3/PMS). The ozone-539 

recalcitrant TrOCs (kO3 < 1000 M-1s-1) are removed up to 96% within a ∆UVA254 range 540 

of 65-78% (ozonation) and 78-94% (O3/PMS) and a ∆Fmax1 range of 85-90% 541 

(ozonation) and 82-89% (O3/PMS).  542 
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The relationship between ∆TrOC and the surrogate intensity reduction was the best 543 

described by two linear curves. For the components with a low ozone reactivity (kO3 < 544 

1000 M-1s-1), this results in a moderate slope in the first phase and a steep slope in the 545 

second phase (up to 31 times higher). On the other hand, for highly and moderate 546 

ozone-reactive TrOCs (kO3 ≥ 1000 M-1.s-1), a steep slope in the first phase and a 547 

moderate slope in the second phase (up to 9 times smaller) was noticed. This profile 548 

has been earlier reported for ozonation [5,17] and is confirmed in this work for the 549 

O3/PMS process. The inflection point was determined by minimizing the mean squared 550 

error between the predicted and experimental data, while also minimizing the 551 

(prediction) difference (∆y) between the two curves at the inflection point [17]. The 552 

location of the inflection point for the different surrogates is summarized in Table 3.  553 

Two observations suggest that the first phase in the correlation model between 554 

surrogate and TrOCs removal is dominated by the fast reactions occurring within the 555 

IOD phase of ozonation and O3/PMS. First, the TrOCs with high and moderate ozone 556 

reactivity (kO3 ≥ 1000 M-1.s-1) obtain a removal efficiency of at least 90% in both 557 

processes during this first phase. Second, results shown in Figure 4 reveal that up to 558 

40% UVA254 and 65% Fmax1 is removed during the IOD phase of the processes, which 559 

means that the inflection points observed in Figures 5 and 6 are located before the 560 

IOD is reached.  561 

The inflection points of the UVA254 correlation models at both sampling times are 562 

located at a higher value in O3/PMS than in ozonation, while the opposite is observed 563 

in the fluorescence models. According to Chys et al. [17] the region before the inflection 564 

point is a representation of the fast direct ozone reactions that takes place during the 565 

ozonation process, while the second phase is more related to ●OH reactions. As direct 566 

ozone reactions are reduced in O3/PMS due to ozone consumption of PMS, other 567 
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(radical) reaction pathways become more dominant during that first phase. At 0.5 min, 568 

more radicals were produced during the IOD phase in O3/PMS compared to ozonation 569 

(Figure 1a). Thus, the higher inflection point in O3/PMS indicates that the UVA254 570 

surrogate intensity decreased to a larger extent by radicals than by ozone to obtain an 571 

equal removal of > 90% of the highly and moderate ozone-reactive TrOCs (kO3 > 1000 572 

M-1s-1). The fluorescence surrogates have lower removal efficiencies, which suggests 573 

that the fluorophores are less susceptible for radical reactions. 574 

At 30 min, also direct reactions with PMS might become important. However, direct 575 

PMS oxidation appeared to have more impact on the TrOCs removal (as was seen for 576 

some TrOCs like CIP and LEVO (Figure S3) than on the surrogate removal (Figure 4). 577 

If the comparison is made between the models of O3/PMS at 0.5 min and 30 min, it is 578 

noticed that the inflection point has a lower value in the fluorescence models and a 579 

similar value in the UVA254 models. This means that the control range of the first phase 580 

can be reduced in the fluorescence models using PMS. As this phase takes place at 581 

ozone concentrations below the IOD, the second phase will be of higher importance 582 

due to the higher radical production at ozone concentrations exceeding the IOD. Large 583 

control ranges within the reduction of a surrogate parameter are more favourable, as 584 

it provides a higher sensitivity for the prediction of TrOCs removal. 585 

Hence, the second phase is the most useful to predict the removal of ozone-recalcitrant 586 

TrOCs as almost complete removal was already obtained for TrOCs with a kO3 of at 587 

least 8 M-1s-1. At 0.5 min, the slopes of the linear relationships are more similar among 588 

the different TrOCs during O3/PMS than during ozonation. For example, the relative 589 

standard deviation (RSD, %), calculated for the slopes in the second phase of the 5 590 

ozone-recalcitrant TrOCs, are 46% and 48% in respectively the UVA254 and Fmax1-591 

based correlation model during the ozonation process, while these values were only 592 
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13% and 17% during O3/PMS. This smaller variation is advantageous for the prediction 593 

of the TrOCs removal, as the value of the slope can be seen as a constant which 594 

simplifies the data processing. The surrogate models of the ozonation process also 595 

show this advantage, but at longer reaction times (30 min). For example, the RSD 596 

value of the slopes is 22% for both UVA254 and Fmax1-based correlation models during 597 

ozonation at 30 min. An explanation for these differences in reaction time can be found 598 

in the radical production. As seen in Figure 1, similar radical exposures were obtained 599 

between O3/PMS at 0.5 min and ozonation at 30 min. The ozonation process needs 600 

longer reaction times to produce radicals, while O3/PMS has a fast radical production 601 

due to the reaction between ozone and PMS. Hence, the surrogate-based prediction 602 

models can be applied with high accuracy at short reaction times (0.5 min) during 603 

O3/PMS, but not during ozonation.  604 

All these observations show the need for specific surrogate-based prediction models 605 

for the O3/PMS process. If not, using the prediction models of the ozonation process 606 

will result in under- or overpredicting the required ozone concentration. For example, 607 

if 50% ATZ and CHLOR removal is targeted by O3/PMS, and we assume a reaction 608 

time of 0.5 min, the model of ozonation will predict 1.7 (ATZ) and 1.3 (CHLOR) times 609 

higher ∆UVA254 values (and thus higher ozone concentrations) than that are needed 610 

during O3/PMS. However, if for ozonation the correlation model is used at 30 min 611 

reaction time, it will underestimate the needed ozone concentration and thus a lower 612 

TrOCs removal. 613 

 614 

4. CONCLUSIONS 615 

This work has investigated for the first time the performance of the O3/PMS process 616 

for the removal of a broad range of selected TrOCs at environmentally relevant 617 

conditions. The reaction between ozone and PMS already takes place within the IOD 618 
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phase, which indicates a high level of competition between PMS and bulk organic 619 

matter for the consumption of ozone. After 0.5 min of reaction and at ozone 620 

concentrations exceeding the IOD, the total radical exposure in O3/PMS was already 621 

at the same level as after 30 min of conventional ozonation. Hence, the O3/PMS 622 

process shows better removal efficiencies for ozone-recalcitrant TrOCs at short 623 

reaction times (0.5 min) and at ozone concentrations exceeding the IOD of the effluent. 624 

This is advantageous in terms of reactor design, as smaller reactors and contact times 625 

can be applied. The fast ozone-reactive TrOCs have a similar removal efficiency in 626 

ozonation and O3/PMS at 0.5 min. However, the increase in removal efficiency for all 627 

TrOCs during O3/PMS is limited (up to 24% at 12.3 mg O3/L) in comparison to 628 

ozonation. The process should still be optimized to achieve higher TrOCs removal 629 

during O3/PMS in comparison to ozonation, in order to increase its added value for 630 

implementation in practice. For example, previous research has shown that the TrOC 631 

removal can be enhanced by adapting the ozone dosing strategy from one-time dosing 632 

to sequential dosing [58]. Further research could focus on optimizing the dosing 633 

strategy, on the type of scavenging reactions in effluent, and on appropriate techniques 634 

to reduce scavenging (e.g. by use of pre-filtration techniques).  635 

Next to that, this work demonstrates that – also for the O3/PMS process – spectral 636 

surrogates, i.e. ∆UVA254 and ∆Fmax (fluorescence), have the potential to be used in 637 

ozone dosage control strategies to maintain a certain TrOCs removal. The established 638 

correlation models are most efficiently used in differential ozone dosage control 639 

strategies, taking into account the load, scavenging capacity and reactivity of the water 640 

matrix, which can highly influence the efficiency of TrOCs removal [5]. In future 641 

research, the correlation models could even be extended to predict the radical 642 

scavenging capacity using surrogate measurements [59], and should be validated with 643 
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different secondary effluents. The intensity of both surrogates decreased in a similar 644 

way in both the ozonation and O3/PMS process, which indicates that the extra radicals 645 

that were produced in O3/PMS do not result in additional removal of chromophores and 646 

fluorophores. However, some differences were noticed in the surrogate models 647 

developed to predict TrOCs removal, which makes the correlations not 648 

interchangeable between ozonation and O3/PMS. TrOCs removal 649 
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Table 1. Physical-chemical characteristics of the secondary effluent. 908 

Parameter Value 

COD (mg O2/L) 18.2 

Nitrite (mg NO2-N/L) < 0.015 

Alkalinity (mg/L as CaCO3) 226 

Chloride (mg Cl-/L) 160 

Sulfate (mg SO4
2-/L) 79 

pH 7.85 

Turbidity (NTU) a 0.47 

IOD (mg/L)b 4.2 

IODPMS (mg/L)b 5.2 
a Measured before filtration. b The added ozone concentration during determination of IOD and IODPMS 909 
was 8.5 ± 0.1 mg/L. 910 
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Table 2. Identification of the PARAFAC components (C1-C4). 912 

 Ex/Em (nm) Fluorophore type Reference 

C1 320/410 Humic-like or fulvic acid-like (microbial origin) [60] 

C2 275,365/434 Humic-like or fulvic acid-like (microbial origin) [60,61] 

C3 275,380/484 Humic-like (terrestrial origin) [60,61] 

C4 290/338 Soluble microbial by-products [61] 
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Table 3. Location of the inflection point – expressed as a value of surrogate intensity reduction 915 

– in the surrogate based models for the prediction of TrOCs removal. 916 

 0.5 min 30 min 

 O3 O3/PMS O3 O3/PMS 

∆UVA254 21% 31% 22% 32% 

∆Fmax1 65% 60% 60% 48% 

∆Fmax2 63% 55% 59% 46% 

∆Fmax3 62% 49% 49% 45% 

∆Fmax4 71% 48% 57% 49% 
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 919 

 920 

Figure 1. The ●OH and SO4
●- exposure during O3 and O3/PMS after (a) 0.5 min and (b) 30 min of 921 

reaction. The error bars represent the standard deviation (n = 2). The vertical solid line and dotted 922 

line represent the IOD and IODPMS, respectively. Conditions: [O3] = 0 – 12.3 mg/L, [PMS] = 64 mg/L. 923 
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 924 

 925 

Figure 2. Removal efficiency of the 11 selected TrOCs as a function of the applied ozone 926 

concentration after 0.5 min of reaction during O3 (black circles) and O3/PMS (grey triangles). A = 927 

CHLOR, B = ATZ, C = FLU, D = AMA, E = METR, F = AMI, G = VEN, H = CIP, I = LEVO, J = DCF, K = TRIM. 928 

The error bars represent the standard deviation (n = 2).The vertical line and dotted line represent the 929 

IOD and IODPMS, respectively. Conditions: [O3] = 0 – 12.3 mg/L, [PMS] = 64 mg/L, [TrOC] = 1 µg/L. 930 

 931 
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 933 

 934 

Figure 3. Removal efficiency of the 11 selected TrOCs as a function of the applied ozone 935 

concentration after 30 min of reaction during O3 (black circles) and O3/PMS (grey triangles). A = 936 

CHLOR, B = ATZ, C = FLU, D = AMA, E = METR, F = AMI, G = VEN, H = CIP, I = LEVO, J = DCF, K = TRIM. 937 

The error bars represent the standard deviation (n = 2). The vertical line and dotted line represent 938 

the IOD and IODPMS, respectively. Conditions: [O3] = 0 – 12.3 mg/L, [PMS] = 64 mg/L, [TrOC] = 1 µg/L. 939 
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 943 

 944 

Figure 4. The reduction of UVA254 and Fmax1 as a function of the applied ozone concentration after 945 

0.5 and 30 min of reaction, divided in 2 phases. Results are presented for both the O3 (black squares) 946 

and O3/PMS (grey circles) process. The vertical line and dotted line represent the IOD and IODPMS, 947 

respectively. Conditions: [O3] = 0 – 12.3 mg/L, [PMS] = 64 mg/L. 948 
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 956 

 957 

Figure 5. Correlation models between TrOCs removal and ΔUVA254, divided in two phases. The dotted 958 

line indicates the inflection point. Models are given for both O3 and O3/PMS and at both reaction 959 

times (0.5 and 30 min). 960 
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 969 

 970 

Figure 6. Correlation models between TrOCs removal and ΔFmax1, divided in two phases. The dotted 971 

line indicates the inflection point. Models are given for both O3 and O3/PMS and at both reaction 972 

times (0.5 and 30 min). 973 
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