
1 

 

Continuous versus single H2O2 addition in peroxone process: performance 1 

improvement and modelling in wastewater effluents 2 

 3 

Alberto Cruz-Alcalde*, Santiago Esplugas, Carme Sans 4 

 5 

Department of Chemical Engineering and Analytical Chemistry, Faculty of Chemistry, 6 

Universitat de Barcelona, C/Martí i Franqués 1, 08028 Barcelona, Spain  7 

 8 

*Corresponding author: alberto.cruz@ub.edu 9 

 10 

ABSTRACT 11 

 12 

Ozonation combined with continuous addition of H2O2 was studied as potential strategy 13 

for the effective abatement of ozone-resistant micropollutants from wastewater effluents. 14 

Oxidant doses within and beyond immediate ozone demand completion were tested. 15 

Through experiments involving the continuous addition of H2O2 in a semi-continuous 16 

contactor, it was demonstrated that this new approach could lead to a 36% reduction of 17 

the overall O3 needs for a constant H2O2/O3 molar ratio of 0.25 compared to single 18 

ozonation, representing a 28% reduction in energy consumption. This improvement was 19 

mainly attributed to H2O2 addition during the secondary ozonation stage, where the direct 20 

ozone demand becomes less important. The •OH-exposure per consumed ozone (i.e., 21 

ROHO3 concept) calculation demonstrated that higher (0.5-1) and lower (0.25) oxidant 22 

relationships work better in improving the process performance during initial and 23 

secondary stages, respectively. Moreover, continuous versus total initial addition of H2O2 24 

were compared and the first one showed better performance, representing differences in 25 
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energy costs up to 21%. Finally, two strategies for the real-time control of the O3-26 

recalcitrant MPs fate were tested, one based on the ROHO3 concept and the other on 27 

UVA254 monitoring. Both resulted in accurate predictions (R2 > 0.96) for different 28 

compounds, effluents and processes. 29 

 30 
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1. Introduction 36 

 37 

Even though ozonation is nowadays stablished as one of the most effective end-of-pipe 38 

solutions for micropollutants (MPs) abatement in municipal wastewater effluents [1–5], 39 

this process still presents some drawbacks that limit its widespread application. As a 40 

consequence of the low reactivity with ozone (O3) exhibited by some of the MPs typically 41 

present in wastewater effluents, as well as the relatively low availability of hydroxyl 42 

radicals (•OH) in the system, some of these compounds are not effectively removed when 43 

applying this technology [5]. These species are known as ozone-resistant micropollutants, 44 

and they typically present second-order rate constants with O3 lower than 10 M-1s-1 [1]. 45 

Although current ozone applications do not focus on the complete abatement of these 46 

recalcitrant chemicals, water resources stress in some parts of the world may eventually 47 

trigger the need for producing high-quality reclaimed wastewater. In this situation, the 48 

monitoring and removal of ozone-resistant micropollutants –especially if these represent 49 

potential risks to human and environmental health– during ozonation may become 50 
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necessary [6–8]. Increasing the oxidant exposure required to effectively remove these 51 

species from wastewater effluents would involve the application of larger ozone doses, 52 

which can make the process unaffordable, as well as potentially lead to significant 53 

generation of harmful oxidation byproducts, such as bromate [9,10]. Combining O3 with 54 

hydrogen peroxide (H2O2) can be a practical alternative to improve single ozonation 55 

performance while keeping as low as possible the required dose of ozone. By means of 56 

this process application, hydroxyl radical (•OH) production is increased with respect to 57 

single ozonation, thus allowing larger removals of ozone refractory MPs for equivalent 58 

ozone doses [11]. In addition, bromate formation during ozonation of water matrices 59 

containing significant amounts of bromide can be significantly reduced in the presence 60 

of H2O2 [5,12]. 61 

 62 

A number of previous studies have reported experimental evidence on the benefits –in 63 

terms of micropollutants abatement– of employing the O3/H2O2 combination (also known 64 

as peroxone process) for drinking water applications [13–15]. However, this enhancement 65 

in micropollutants abatement appears to be minimal for water matrices presenting a 66 

higher pollution load (i.e., wastewater effluents) [15–17]. Furthermore, interesting 67 

aspects of the process –such as the employed H2O2 dosing strategy– remain barely 68 

explored. In most of the lab-scale studies dealing with the peroxone process, hydrogen 69 

peroxide at known H2O2/O3 ratios is dosed before ozone addition from a concentrated 70 

ozone stock solution [1,13,16,18]. Similarly, in semi-batch or continuous ozone 71 

applications this reagent is added before ozone bubbling or injection [15].  72 

 73 

Moreover, the currently employed ozone doses in lab- pilot- and full-scale ozone 74 

applications are, in general, not higher than 20 mg L-1. Under these conditions, the 75 
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immediate ozone demand (IOD) of secondary effluents is not greatly exceeded, thus 76 

limited ozone residual is detected in the reaction medium [19,20]. Therefore, the ozone 77 

demand can be considered constant during the whole process and, consequently, there is 78 

a single optimal H2O2/O3 ratio for each application. However, as previously stated, the 79 

final quality demands for the treated effluent can be more restrictive, requiring the 80 

employment of ozone doses beyond IOD completion. In this situation –which would 81 

involve a change in the ozone mass transfer regime from gas to liquid phase [20]–, it must 82 

be explored if independent H2O2/O3 ratios during each one of the two stages of the process 83 

could be required in order to optimize the overall process performance in terms of 84 

oxidation efficiency.  85 

 86 

Another aspect of the peroxone process that requires to be further investigated in its 87 

application is the monitoring and control of ozone-resistant micropollutants abatement. 88 

In most related works, a prediction based in the use of the time-integrated concentration 89 

of hydroxyl radicals in the reaction medium (i.e., the hydroxyl radical exposure ∫[•OH]dt) 90 

has proven to be feasible and accurate [17,21,22]. However, this term needs to be 91 

previously calculated by means of experiments involving the use of a probe compound 92 

[23], fact that hinders the full-scale application of this control strategy for real-time 93 

monitoring. In this sense, the use of easily measurable parameters such as the transferred 94 

ozone dose (TOD) or the evolution of ultraviolet absorbance at 254 nm (UVA254) as 95 

surrogates for hydroxyl radical exposure could be a practical option. Recently, it has been 96 

shown that these two parameters were highly correlated during single ozonation process 97 

[24,25]. Thus, they could also be helpful for the kinetic modelling of peroxone process 98 

with simultaneous O3 and H2O2 addition. 99 

 100 
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In summary, this work aimed to evaluate the use of simultaneous ozone and hydrogen 101 

peroxide addition as new strategy in peroxone process applied for the enhancement of 102 

ozone-resistant micropollutants abatement in a semi-batch ozone contactor. The main 103 

objective was describing the process performance in terms of oxidation efficiency under 104 

different operational conditions (i.e., H2O2/O3 ratios), stablishing comparisons between 105 

continuous (i.e., simultaneous to ozone bubbling) and initial (i.e., before ozone bubbling) 106 

addition of H2O2. The concluding objective was testing practical modelling strategies 107 

potentially allowing the real-time monitoring and control of ozone-resistant MPs removal 108 

during this process application. 109 

 110 

2. Materials and methods  111 

 112 

2.1. Chemicals and reagents 113 

 114 

N-[(6-chloro-3-pyridyl)methyl]-N'-cyano-N-methyl-acetamidine (acetamiprid, ACMP) , 115 

6-chloro-N2-ethyl-N4-(propan-2-yl)-1,3,5-triazine-2,4-diamine (atrazine, ATZ) and 2-116 

(4-(2-methylpropyl)phenyl)propanoic acid (ibuprofen, IBU) analytical standards were 117 

acquired from Sigma-Aldrich (Germany). Ammonium vanadate (V) (99.0%) was 118 

supplied by Fluka. Ultrapure water was produced by a filtration system (Millipore, USA). 119 

Pure oxygen (≥ 99.999%) for ozone production was supplied by Abelló Linde (Spain). 120 

The rest of reagents, including hydrogen peroxide solution (30% w/v), were acquired 121 

from Panreac (Spain). 122 

 123 

2.2. Wastewater effluents 124 

 125 
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Three wastewater effluents were collected from WWTPs in the Metropolitan Area of 126 

Barcelona (Spain) were employed in this work. Two of them (MBR-1, MBR-2) came 127 

from membrane biological reactor (MBR) systems, whereas sample CAS-3 was collected 128 

from the secondary settler after a conventional activated sludge (CAS) unit. Their quality 129 

parameters are summarized in Table 1. All samples were refrigerated at 4 ºC until use. 130 

 131 

Table 1. Effluent quality parameters. All measurements were carried out per triplicate, being discrepancies 132 

between obtained values lower than 5% in all cases.  133 

WWTP 

ID 

Location  pH 

TOC 

[mg C L-1] 

DOC 

[mg C L-1] 

UVA254 

[m-1] 

Turbidity 

[NTU] 

Alkalinity 

[mg CaCO3 L-1] 

NO2
- 

[mg N L-1] 

MBR-1 Vallvidrera 7.8 7.2 7.1 0.091 0.3 448.1 0.03 

MBR-2 

Gavà-

Viladecans 

7.7 13.6 13.3 0.174 0.5 208.3 0.19 

CAS-3 

Gavà-

Viladecans 

7.8 51.1 21.7 0.503 18.5 469.4 0.16 

 134 

Main differences in water quality presented by effluents were, in summary: the relative 135 

content in both, organic and inorganic carbon (the latter expressed as alkalinity) and the 136 

presence of solid and colloidal matter of the CAS-3 sample, compared with the MBR 137 

effluents. These marked variations in water properties were expected to illustrate the 138 

matrix effect on the process performance for a wide range of effluent qualities.  139 

 140 

2.3. Ozonation of wastewater effluents 141 

 142 

Ozonation experiments were performed in a semi-continuous, jacketed contactor with a 143 

working volume of 750 mL. Ozone was produced by a 301.19 lab ozonizer (Sander, 144 
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Germany) and injected at the bottom of the reactor by means of a fritted glass diffuser 145 

(pore size: 150-250 µm). A proper contact between gas and liquid phases was ensured by 146 

means of a mechanical mixing system. Experiments were performed at a temperature of 147 

20±1 ºC, without pH adjustment. The gas flow rate and the inlet ozone concentration were 148 

set at 0.1 NL min-1 and 30 mg NL-1, respectively. The ozone concentrations at the inlet 149 

and the outlet gas streams were continuously measured by means of two BMT 964 ozone 150 

analyzers (BMT Messtechnik, Germany). A Q45H/64 dissolved O3 probe (Analytical 151 

Technology, USA) was placed in a liquid recirculation stream (flow rate: 0.2 L min-1) and 152 

allowed the measurement of the ozone concentration in the reaction medium. A detailed 153 

scheme of the ozonation setup can be found elsewhere [24]. 154 

 155 

Ozone consumption at each reaction time was determined as the transferred ozone dose 156 

(TOD), which represents the accumulated amount of ozone that is transferred to the water 157 

sample per unit of volume and time, according to Eq. 1. Fg, Vliq stand for, respectively, 158 

the gas flow and the volume of the liquid phase; t is the contact time; and [O3]in and 159 

[O3]out represent the inlet and outlet ozone concentrations in the gas phase, respectively. 160 

 161 

𝑇𝑂𝐷 = ∫
𝐹𝑔

𝑉𝑙𝑖𝑞
· ([𝑂3]𝑖𝑛 − [𝑂3]𝑜𝑢𝑡) · d𝑡

𝑡

0

 (1) 

 162 

Each wastewater effluent was spiked with 100 µg L-1 of ACMP, which was employed as 163 

•OH probe compound according to the methodology explained in detail by Elovitz and 164 

von Gunten and based on the use of an ozone-resistant compound to that purpose [23]. 165 

Then, the solution was homogenized by the mechanical stirring prior to the treatment. 166 

Subsequently, the wastewater was ozonized for 60 min under the operational conditions 167 
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before described. Samples withdrawn at specific reaction times were analyzed for ACMP 168 

and H2O2 residuals, as well as for UV absorbance at 254 nm when required.  169 

 170 

Additional experiments were performed in order to illustrate the usefulness of ROHO3 171 

concept in the prediction of ozone-recalcitrant micropollutants removal during peroxone 172 

process application. In this case, the pesticide atrazine (ATZ) and the drug ibuprofen 173 

(IBU) were selected because both are typical ozone-resistant compounds.  Thus, each 174 

wastewater effluent was spiked with low concentrations (50 µg L-1) of ATZ and IBU.  175 

 176 

MPs, including ACMP, ATZ and IBU are typically found in wastewater effluents at 177 

concentrations not higher than the µg/L level. Being so, we selected these concentrations 178 

(100 µg/L for ACMP and 50 µg/L for ATZ and IBU) because they did not represent a 179 

high oxidant scavenging during the process and allowed us to monitor their residual 180 

concentrations by HPLC-DAD.  181 

 182 

2.4. Hydrogen peroxide dosing 183 

 184 

During O3/H2O2 experiments, hydrogen peroxide addition was performed by means of 185 

two different methods: a) continuous dosing through a metering pump; or b) direct spiking 186 

from the commercial solution, before ozone injection. For O3/H2O2 experiments with 187 

continuous hydrogen peroxide dosing, an Ismatec 829 metering pump (Cole-Parmer, 188 

Germany) connecting the contactor and a reservoir tank containing the H2O2 solution was 189 

employed. The flow-rate was set at the lowest possible value (0.33 mL min-1) to minimize 190 

the medium dilution. In order to apply H2O2/O3 molar ratios of 0.25, 0.5 and 1 when 191 

working in continuous dosing mode, the transferred ozone dose per unit time (TOD/t, mg 192 
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O3 L-1 min-1) was employed as reference for H2O2 addition. As ozonation typically 193 

exhibits a two-stage –one fast, one slow– behavior regarding the ozone transfer to the 194 

liquid phase [20], two TOD/t values determined in single ozonation experiments were 195 

employed as reference in each experiment to calculate the H2O2 flow-rate required to 196 

meet the working H2O2/O3 ratios during the whole treatment. Two fresh H2O2 solutions 197 

–one per process stage– were prepared just before starting the peroxone experiments 198 

(concentrations of stock solutions included in Table S1 in the Supplementary 199 

Information). Hydrogen peroxide was initially supplied from the first solution –more 200 

concentrated, due to a faster ozone consumption at the beginning of the process–, until 201 

the characteristic transition between fast and slow ozone transfer regimes was reached. 202 

From this point, and until the end of the experiment, H2O2 was pumped from the second 203 

–and more diluted– stock solution. In experiments with initial H2O2 dosing, a dose 204 

equivalent to the total amount of peroxide added in continuous addition experiments was 205 

transferred to the reaction medium shortly before ozone bubbling. Details regarding 206 

particular dosing conditions for all the experiments performed are gathered in Section 3.2 207 

(Table 2).  208 

 209 

2.5. Analytical procedures 210 

 211 

Total organic carbon (TOC) and dissolved organic carbon (DOC, previous filtration 212 

through 0.45 µm PTFE filters) were determined by means of a TOC-VCSN analyzer 213 

(Shimadzu, Japan). UVA254 was measured by means of a DR6000 spectrophotometer 214 

(Hach, USA). Turbidity was determined by means of a 2100Q turbidimeter (Hach, USA). 215 

Alkalinity was measured employing an automatic titrator (Hach, Spain). Nitrite (NO2
-) 216 

concentration was measured by ion-exchange chromatography with UV detection. H2O2 217 



10 

 

residual concentration was determined through the vanadate (V) spectrophotometric 218 

procedure [26]. The concentrations of ACMP, ATZ and IBU were quantified by means 219 

of a high performance liquid chromatograph (HPLC) equipped with a diode array detector 220 

(DAD), all supplied by Agilent (1260 Infinity). The column employed was a Teknokroma 221 

Mediterranea Sea18 (250 mm x 4.6 mm and 5µm size packing). The flow rate and 222 

injection volume were set, respectively, at 1.0 mL min-1 and 100 µL in all determinations. 223 

For ACMP analyses, the mobile phase consisted of 30:70 volumetric mixtures of 224 

acetonitrile and Milli-Q water acidified at pH 3 by the addition of H3PO4. The detection 225 

wavelength was set to 250 nm. For ATZ and IBU quantification, the mobile phase 226 

consisted of 70:30 volumetric mixtures of acetonitrile and pH 3 Milli-Q water, and the 227 

UV detection was performed at 225 nm. The limits of quantitation were 3.3 µg L-1, 0.9 228 

µg L-1 and 2.1 µg L-1 for ACMP, ATZ and IBU, respectively. 229 

 230 

3. Results and discussion 231 

 232 

3.1. Fate of ACMP as a model O3-resistant compound during wastewater single 233 

ozonation 234 

 235 

Fig. 1 shows the evolution of ACMP as a function of the TOD in single ozonation 236 

experiments extended to ozone doses up to 60 mg L-1. ACMP is a neonicotinoid pesticide 237 

which barely reacts with ozone (kO3 = 0.25 M-1s-1) and presents a high second-order rate 238 

constant for its reaction with hydroxyl radicals (k•OH) of 2.1·109 M-1s-1 [27]. Because of 239 

these properties, this chemical was selected in the present study as model ozone-240 

recalcitrant micropollutant. In the view of the obtained ACMP degradation profiles, 241 

typically employed ozone doses (according to multiple lab-, pilot- and full-scale studies 242 
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found in literature, ranging from 5 to 20 mg L-1), represented by a shaded area in Fig. 1, 243 

do not provide enough •OH-exposure to achieve important removal levels for this 244 

compound (between 20% and 40% depending on the effluent). Similar conclusions can 245 

be drawn from results reported over the last years in ozonation studies focused in the 246 

abatement of selected micropollutants that also included in their list some compounds 247 

with low ozone reactivity [1,2,4,13,28]. However, the ozone doses required to achieve 248 

acceptable degradation levels (e.g., > 80%) for these species were insufficiently discussed 249 

in those reports, probably because ozonation of wastewater effluents was not extended 250 

beyond typically employed O3 dosages. For the three wastewater effluents, and depending 251 

on their different contents in organic matter and alkalinity (that is, the water matrix 252 

components considered to be mainly responsible for •OH scavenging during ozonation 253 

[5]) the applied doses to achieve an 80% degradation level should be 37 mg L-1, 43 mg 254 

L-1 and 51 mg L-1 for MBR-1, MBR-2 and CAS-3, respectively. This represents an 255 

increment, compared to the considered maximum dose of 20 mg L-1, between 46% and 256 

61%. Another interesting information drawn from these results is the fact that the IOD 257 

(represented in Fig. 1 by dashed lines) needs to be completed –and indeed significantly 258 

exceeded– in order to reach the transferred ozone doses required for O3-recalcitrant MPs 259 

abatement. 260 

 261 
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 262 

Figure 1. Removal of ACMP from wastewater effluents by means of single ozonation: C/C0 profiles versus 263 

TOD. The shaded area indicates the currently applied range of O3 doses in full- pilot- and lab scale 264 

applications, and the dashed lines represent the IOD values of the tested effluents. Experimental conditions: 265 

[ACMP]0: 100 µg L-1; Fg: 0.1 NL min-1; [O3]in: 30 mg NL-1; T: 20 ºC. 266 

 267 

Fig. S1 (see the Supplementary Information) illustrate changes taking place in the ozone 268 

transfer efficiencies during single ozonation experiments extended up to transferred 269 

ozone doses (TOD) of 60 mg L-1. Approximately after IOD completion –which according 270 

to the results obtained took place for TOD values between 10 mg L-1 and 22 mg O3 L
-1, 271 

depending on the water source (see Fig. S1, right column plots) – the ozone transfer 272 

efficiency from gaseous to liquid phase notably decreases (before IOD, ηtr1: 0.69-0.74; 273 

after IOD, ηtr2: 0.12-0.19). This two-stage behavior in ozone transfer is a consequence of 274 

two different O3 demands exerted by the water matrix components at different oxidation 275 

extents [20]. As above mentioned, if ozone demand is different during the two regimes 276 

of the process, the optimal H2O2/O3 ratios to enhance the •OH production are expected to 277 

vary from primary to secondary ozonation stages. This is explored in the next section. 278 
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 279 

3.2. Peroxone with H2O2 continuous addition for enhanced abatement of ozone-280 

recalcitrant ACMP 281 

 282 

Peroxone process extended beyond IOD with continuous H2O2 addition were conducted 283 

in semi-batch ozonation mode. Table 2 gathers particular H2O2 dosing conditions for each 284 

one of the experiments carried out. First, the process is described in terms of oxidation 285 

performance and then comparisons between continuous or initial addition of hydrogen 286 

peroxide are presented. In experiments with initial H2O2 addition, the dose of this oxidant 287 

was selected according to the total H2O2 dose in continuous addition experiments (Table 288 

2, last column). 289 

 290 

Table 2. Hydrogen peroxide dosing conditions during peroxone experiments. Total H2O2 dose values 291 

presented in the last column represent the total amount of hydrogen peroxide dosed in continuous addition 292 

experiments, and also the dose of this reagent applied in experiments with total initial addition. 293 

Effluent 

H2O2/O3 

ratio 

(molar) 

H2O2 dose, Stage 1 

[mg L-1] 

H2O2 dose, Stage 2 

[mg L-1] 

Total H2O2 dose 

[mg L-1] 

MBR-1 

0 - - - 

0.25 4.00 8.15 12.15 

0.5 6.95 17.35 24.30 

1 14.65 33.95 48.60 

MBR-2 

0 - - - 

0.25 3.97 8.38 12.35 

0.5 6.95 17.74 24.69 

1 14.35 35.03 49.38 
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CAS-3 

0 - - - 

0.25 3.81 11.05 14.86 

0.5 7.28 22.50 29.78 

1 17.52 42.00 59.52 

 294 

3.2.1. Removal of ACMP at different H2O2/O3 ratios: process efficiency 295 

 296 

Although peroxone process has proven to be effective for enhanced •OH production from 297 

O3 decomposition, some studies dealing with the use of this combination in wastewater 298 

effluents have reported that only a little improvement in O3-resistant MPs abatement is 299 

observed, compared to single ozonation [15–17]. All previous works were performed 300 

with total H2O2 addition at the beginning of the ozonation process. Fig. 2 (left column) 301 

show ACMP degradation profiles during continuous hydrogen peroxide dosage in 302 

peroxone application in wastewater effluents MBR-1, MBR-2 and CAS-3 at different 303 

H2O2/O3 constant ratios. As it can be observed, addition of hydrogen peroxide improves 304 

the overall degradation efficiency, even at the lowest employed H2O2/O3 ratio (i.e., 0.25). 305 

For that particular condition, ozone doses required to eliminate 80% of the initial ACMP 306 

were reduced from 37 mg L-1 to 24 mg L-1 for MBR-1, from 43 mg L-1 to 26 mg L-1 for 307 

MBR-2 and from 51 mg L-1 to 34 mg L-1 for CAS-3. Those changes represent a 36% 308 

decrease in the overall O3 needs. Of course, the use of hydrogen peroxide involves 309 

additional costs that need to be considered when performing the corresponding economic 310 

assessment. However, if we consider typical energy costs of 15 kWh/kg and 10 kWh/kg 311 

for O3 and H2O2 production [18], respectively, the overall energy consumption is reduced 312 

in this particular case by 28%, pointing out the global benefit of peroxone process on 313 

recalcitrant micropollutant removal in municipal effluents. This is in contrast with 314 

previous results from literature in which the power consumption was incremented by 25% 315 
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[18]. This, however, can be attributed to the fact that ozone was always dosed at sub-IOD 316 

concentrations, that is, when O3 demand exerted by the water matrix was high. In this 317 

situation, ozone is very unstable and its decomposition in water is controlled by radical-318 

type chain reactions with effluent organic matter (EfOM) [5]. In addition, •OH generation 319 

may be hindered by ozone reactions not conducting to hydroxyl radical formation (e.g., 320 

reaction between O3 and nitrite [29]).  321 

 322 
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 323 

Figure 2. Removal of ACMP by O3 and O3/H2O2 processes from effluents MBR-1, MBR-2 and CAS-3 with 324 

continuous H2O2 addition at different oxidant ratios (left column); and ∫[•OH]dt vs TOD plot for each 325 

experiment (right column). Dashed lines in the first plot indicate the IOD values. Insets in the latter are a 326 

zoom of the plot region corresponding to the initial reaction stage. Experimental conditions: [ACMP]0: 100 327 

µg L-1; Fg: 0.1 NL min-1; [O3]in: 30 mg NL-1; T: 20 ºC. 328 
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 329 

From the degradation profiles of ACMP, it is clear that the effect of continuous H2O2 330 

addition on the oxidation efficiency becomes more significant after IOD completion. 331 

During the initial (or IOD) stage, the ozone decay process is mainly controlled by O3 332 

reactions with EfOM, and little enhancement in the pesticide removal is observed. 333 

However, during the secondary stage (i.e., after IOD has been satisfied), more O3 is 334 

available to react with the deprotonated form of hydrogen peroxide (HO2
-), leading to an 335 

enhancement in •OH production compared to single ozonation. That is the main reason 336 

why the improved oxidation of the model compound was mostly observed during the 337 

second stage of the process.  338 

 339 

The mechanisms explaining hydroxyl radical generation in peroxone are well described 340 

by Eqs. gathered in Table 3. Most of these reactions are common to the mechanism of 341 

ozone decay initiated by the hydroxide anion (Eq. 2), although this initiation step is 342 

markedly slower than the peroxone reaction (Eq. 5). In fact, the contribution of 343 

hydroxide-initiated mechanisms to ozone decomposition in wastewater ozonation is 344 

typically insignificant, and O3 decay is mainly driven by reactions with other matrix 345 

constituents such as EfOM [5]. In the peroxone process, on the contrary, the higher 346 

reaction kinetics can, to some extent, compete with the main O3 decay reactions and give 347 

rise to •OH generation with a yield of 0.5 [30]. 348 

 349 

Table 3. Ozone decomposition mechanisms initiated by the hydroxide (OH-) and hydroperoxide (HO2
-) 350 

anions. 351 

Reaction Rate constants Reaction No. References 

O3  +  OH-  →  HO4
- k2 = 70 M-1s-1 (2) [31–33] 
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HO4
-  ↔  HO2

•  +  O2
•- k3 ~ 107 s-1  

k-3 = 5·109 M-1s-1  

(3) [31] 

HO2
•  +  O2

•-  →  HO2
-  +  O2 k4 = 108 M-1s-1 (4) [31] 

O3  +  HO2
-  →  HO5

- k5 = 2.8·106 M-1s-1 (5) [32,34] 

HO5
-  ↔  HO2

•  +  O3
•- k6 > 107 s-1  

k-6 ~ 5·109 M-1s-1 

(6) [34] 

HO5
-  →  2O2  +  OH- k7 ~ k5  (7) [34] 

HO2
•  ↔  O2

•-  +  H+ k8 = 3.2·105 s-1 

k-8 = 2.0·1010 M-1s-1 

(8) [32] 

O3  +  O2
•-  →  O3

•-  +  O2 k9 = 1.6·109 M-1s-1 (9) [35] 

O3
•-  ↔  O•-  +  O2    k10 = 1.94·103 s-1 

k-10 = 3.5·109 M-1s-1 

(10) [34] 

O•-  +  H2O  ↔  HO•  +  OH-   k11 = 9.6·107 s-1 

k-11 = 1.2·1010 M-1s-1 

(11) [31,36] 

HO•  +  O3  →  O2  +  HO2
• k12 = 2.0·109 M-1s-1 (12) [33] 

H2O2  +  •OH  →  HO2
•  +  H2O k13 = 2.7·107 M-1s-1 (13) [5] 

 352 

In addition, carbonate radicals (CO3
•-) usually formed during the O3/H2O2 treatment are 353 

expected to promote ozone decomposition (Eq. 14, [37]) to finally yield hydroxyl radicals 354 

by some of the aforementioned mechanisms. This effect may become more significant 355 

during the second stage of the process, as selective CO3
•‒ reactivity with EfOM –which 356 

contributes to the inhibition of ozone decomposition (Eq. 15, [38])– may be lower after 357 

IOD completion [39–41]. 358 

 359 

𝐶𝑂3
•− + 𝐻2𝑂2 → 𝐻𝐶𝑂3

− + 𝐻𝑂2
• (14) 

𝐶𝑂3
•− + 𝐸𝑓𝑂𝑀 ↔ 𝐶𝑂3

2− + 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (15) 

 360 
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Variations between effluents or operational conditions in the peroxone process 361 

performance, in terms of oxidation efficiency, can be well reflected by the ROHO3 concept. 362 

This parameter is calculated as the •OH-exposure per consumed ozone [42] and represents 363 

a recent alternative to related parameters established decades ago for performance 364 

characterization of ozone-based processes. In fact, it is a modified version of both the 365 

oxidation-competition value (ΩM) and the Rct concept –introduced by Hoigné and Bader 366 

[43] and Elovitz and von Gunten [23], respectively– which according to experimental 367 

evidences overcomes some limitations presented by these classical parameters [42]. In 368 

the present work, the ROHO3 value has been calculated according to Eq. 16. 369 

 370 

𝑅𝑂𝐻𝑂3
=  

∫[• 𝑂𝐻] d𝑡

𝑇𝑂𝐷
 (16) 

 371 

Fig. 2 (right column) show the ROHO3 plots for each wastewater. Data fitted well a two-372 

stage linear model, each one of these stages corresponding to the two ozone transfer 373 

regimes observed during the process. For the initial stage, characterized by a strong 374 

oxidant demand, ROHO3 values were between 0.11·10-6 s and 0.39·10-6 s for different 375 

wastewaters and experimental conditions (i.e., H2O2/O3 ratios). After IOD, however, 376 

significantly larger values (between 0.96·10-6 s and 4.2·10-6 s) were registered. Like 377 

single ozonation processes, differences observed between effluents can be attributed to 378 

water properties, mainly organic matter content and alkalinity. Both components, organic 379 

species and carbonates, exert a scavenging effect over hydroxyl radicals that reduces their 380 

availability in the reaction medium and decreases the MPs oxidation efficiency. Detailed 381 
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explanations regarding the influence of these parameters in the value of ROHO3 during 382 

ozonation can be found elsewhere [24,42]. 383 

 384 

 385 

Figure 3. Comparison of ROHO3 values obtained from ACMP degradation experiments from effluents MBR-386 

1, MBR-2 and CAS-3 employing O3 and the combination O3/H2O2 at different oxidant ratios (data 387 

represented in Fig. 1), before (Stage 1) and after (Stage 2) IOD. Experimental conditions: [ACMP]0: 100 388 

µg L-1; Fg: 0.1 NL min-1; [O3]in: 30 mg NL-1; T: 20 ºC. 389 

 390 

The ROHO3 concept can be also useful to investigate the optimal conditions (i.e., H2O2/O3 391 

ratios) for extended peroxone application with continuous H2O2 addition. Fig. 3 shows 392 

the ROHO3 variation for effluents MBR-1, MBR-2 and CAS-3 at different H2O2/O3 ratios, 393 

before (Stage 1) and after (Stage 2) IOD. One can readily notice that the effect of H2O2 394 

addition is much more significant after the IOD, as already advanced in view of the 395 

ACMP degradation profiles. On the contrary, the oxidation efficiency during the initial 396 

stage of the process is little afected. The above mentioned differences in the scale of 397 

values from initial to secondary regimes are also noticed in the view of this graph. It is 398 
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also interesting here the observed fact that for all three effluents, regardless of their water 399 

properties, the H2O2/O3 ratios showing best performances for pre- and post-IOD stages 400 

are different. Larger relationships (and therefore, larger amounts of H2O2) are required 401 

during the initial stage of the process, compared to the post-IOD phase. Concretely, 402 

H2O2/O3 ratios between 0.5 and 1 showed better perfomances for initial process stage, 403 

whereas for post-IOD step the best oxidant relationship was 0.25. This fact may be 404 

attributed to the strong O3 demand exerted by the water matrix during the initial steps of 405 

the treatment, which control the ozone decomposition process. In this situation, higher 406 

H2O2/O3 ratios are required if some enhancing effect by H2O2 (i.e., •OH-exposure 407 

increase) is wanted to be observed. On the contrary, after IOD completion the oxidant 408 

demand exerted by the water matrix is much lower, which allows a larger ozone 409 

availability in the reaction medium compared to the first stage. Therefore, the amount of 410 

hydrogen peroxide required to initiate ozone decomposition to •OH is also lower. Dosing 411 

H2O2 during the second stage at H2O2/O3 ratios larger than 0.25 appeared to conduct to a 412 

decrease in the oxidation efficiency for all three effluents, as observed in Fig. 3. Although 413 

differences are not very large, these can be most probably attributed to •OH scavenging 414 

by hydrogen peroxide accumulated after IOD completion (see Table S2). In fact, only 415 

limited consumption of H2O2 (11-23% of the total) took place during the initial ozonation 416 

stage, whereas most of it (i.e., 77-89% of the total) was consumed during the second stage 417 

of the process. Although other components of wastewater such as EfOM and 418 

carbonate/bicarbonate typically contribute more to hydroxyl radical scavenging than 419 

H2O2 [5], the scavenging capacity of the water matrix could have been altered after TOD 420 

values of 10, 16 and 22 mg O3 L
-1 (consumed by effluents MBR-1, MBR-2 and CAS-3, 421 

respectively). This, together with the mentioned accumulation of hydrogen peroxide 422 
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during IOD completion, therefore constitute the most logical explanation to the modest, 423 

although significant, observed decreases in the treatment efficiency. 424 

 425 

From the above results, the optimal point to start the addition of hydrogen peroxide during 426 

the ozonation process for an improvement on ozone recalcitrant MP removal appears to 427 

be after IOD completion. The scarce enhancement in the model compound removal 428 

observed at the initial stage, especially compared with the good performance observed 429 

once IOD is completed, constitutes a strong argument to make this decision. Moreover, 430 

ozone doses applied at the initial stage are relatively low, and this oxidant is 431 

instantaneously consumed by high organic and inorganic compounds content during that 432 

period. Therefore, the potential formation of significant amounts of bromate is an unlikely 433 

risk. Nevertheless, this last statement should be experimentally corroborated. 434 

 435 

3.2.2. Continuous versus initial H2O2 dosing 436 

 437 

During the application of extended peroxone process, and according to the results 438 

presented so far in this work, it seems clear that two different H2O2/O3 ratios individually 439 

optimized for each one of the process stages should be employed if the best possible 440 

overall treatment performance is wanted to be achieved. In order to further prove the 441 

necessity of optimizing the H2O2 addition strategy, continuous versus initial dosing of 442 

H2O2 was compared in additional experiments. Fig. 4 (a-c) shows ACMP degradation 443 

profiles for peroxone experiments applied to effluents MBR-1, MBR-2 and CAS-3 at a 444 

H2O2/O3 ratio of 0.25 and continuous or initial hydrogen peroxide dosing. In Fig. 4d, 445 

ROHO3 variations corresponding to those experiments are also represented. As it can be 446 

seen, the overall process efficiency for all effluents was better when operating with 447 
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continuous peroxide addition. These differences, however, were more significant in the 448 

case of experiments with effluents MBR-1 and MBR-2. In those cases, the addition of 449 

H2O2 in continuous and initial mode resulted in mean decreases of the ozone requirements 450 

to abate ACMP by 80% of 37% and 18 %, respectively, compared to single ozonation 451 

process. These reductions in the ozone dose correspond to overall energy savings of 452 

around 30% and 9%, respectively. The potential benefits of continuous H2O2 453 

implementation instead of total initial dosing, therefore, become evident in the view of 454 

these data. On the other hand, overall differences observed in the oxidation performance 455 

when employing one or other operational modes were less obvious in the case of effluent 456 

CAS-3. For that particular scenario, the reduction in the O3 needs only represented an 457 

extra 5% of energy savings when comparing continuous to initial addition (26% vs 21%, 458 

respectively). 459 

 460 
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 461 

Figure 4. Removal of ACMP from effluents MBR-1, MBR-2 and CAS-3 by O3 and O3/H2O2 combination: 462 

comparison between continuous and initial addition of H2O2 (H2O2/O3 ratio = 0.25). Figs. a) - c): ACMP 463 

evolution with TOD; Fig. d): ROHO3 percent variation for experiments with initial addition compared to 464 

experiments with continuous dosing. Experimental conditions: [ACMP]0: 100 µg L-1; Fg: 0.1 NL min-1; 465 

[O3]in: 30 mg NL-1; T: 20 ºC. 466 

 467 

According to Figure 4, it seems that the excess of hydrogen peroxide at the beginning of 468 

the reaction in experiments with initial H2O2 addition slightly favored the process 469 

performance during its first stage, but negatively affected it –compared to experiments 470 

with continuous dosing of H2O2– after IOD completion. Similarly to the observed 471 

decrease of the treatment efficiency observed in experiments with simultaneous addition 472 
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of both oxidants, hydroxyl radical scavenging by an excess of H2O2 is most probably the 473 

main explanation to these findings. 474 

 475 

Overall, H2O2 initial addition compared to simultaneous oxidant application resulted in a 476 

clearly lower performance of ACMP oxidation. The initial enhancement followed by a 477 

decrease in the oxidation efficiency was more evident for the cleanest waters (i.e., MBR-478 

1 and MBR-2), as illustrated in Figs. 4(a-c) and especially in Fig. 4d. The latter clearly 479 

show how the ROHO3 parameter, which indicates the •OH availability per ozone dose, is 480 

between 2 and 10% higher during the initial stage of experiments with initial H2O2 481 

addition compared with experiments carried out with continuous dosing. The contrary 482 

happened during stage 2, for which this value was significantly lower (up to 24%, 483 

depending on the effluent) compared to continuous addition experiments.  484 

 485 

It is important to mention that the reduction in the overall O3 needs required for ACMP 486 

oxidation observed in continuous versus initial H2O2 experiments at a H2O2/O3 ratio of 487 

0.25 was also noticed in experiments performed at larger H2O2/O3 relationships (i.e., 0.5 488 

and 1). These results can be found in the SI (Fig. S2). Differences in the O3 savings 489 

observed when comparing continuous to initial addition slightly increased for the 490 

particular case of effluent CAS-3 to 8% and 12% for H2O2/O3 ratios of 0.5 and 1, 491 

respectively. However, these extra savings, compared to the one obtained with a H2O2/O3 492 

ratio of 0.25, would probably not justify the application of higher amounts of hydrogen 493 

peroxide, which would increase the absolute costs of the treatment. 494 

 495 

In the view of the results presented in this section, adding hydrogen peroxide 496 

simultaneously to ozone could be useful to maximize the oxidation efficiency during the 497 
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peroxone process application. This novel strategy also involves the change of H2O2 498 

dosing between the primary and secondary stages of the process, or even the decission of 499 

starting the addition of this reagent once IOD has been completed, as H2O2 dosing at the 500 

first stage does not contribute in a significant way to the overall improvement of ozone- 501 

recalcitrant micropollutant depletion. 502 

 503 

3.3. Monitoring of O3-resistant micropollutants removal 504 

 505 

For a reliable, cost-effective real-time monitoring and control of the fate of O3-recalcitrant 506 

MPs during the application of O3 and O3/H2O2 processes, it may be necessary the use of 507 

surrogate parameters whose evolution along the treatment is closely correlated with the 508 

abatement of these species. Moreover, the continuous measurement of the selected 509 

surrogate along the wastewater treatment should be technically feasible in order to 510 

represent a potentially implementable option in full-scale applications. In this sense, the 511 

use of UVA254 seems to be one of the most practical choices [25,44–47]. In previous 512 

studies, it has been experimentally demonstrated how the decay of this parameter can be 513 

well correlated to hydroxyl radical exposure (see [24,25] and Eq. 17) when applying 514 

single ozonation process to wastewater effluents. However, the potential use of this 515 

prediction strategy during the application of peroxone process has not been explored yet. 516 

As an example, Fig. 5 shows the natural logarithm of UVA254 residual versus hydroxyl 517 

radical exposure for O3/H2O2 experiments with effluent MBR-1 and continuous addition 518 

of hydrogen peroxide. Data obtained for effluents MBR-2 and CAS-3 can be found in the 519 

SI (Fig. S3). Linear correlation coefficients (R2) higher than 0.95 were obtained in all 520 

cases. In accordance with results, two different linear regressions were observed for each 521 

experiment, corresponding to the fast and slow kinetic regimes of the process. Since 522 
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hydrogen peroxide can absorb radiation at 254 nm [48], residual H2O2 concentrations 523 

measured during peroxone experiments with initial peroxide addition should be taken into 524 

account for potential corrections. However, the poor molar absorptivity of this oxidant 525 

and the relatively low residual concentrations detected during experiments with 526 

continuous addition of H2O2 resulted in minor impacts on ∫[•OH]dt-UVA254 correlations. 527 

Thus, data without further corrections was employed this time. 528 

 529 

 530 

Figure 5. Correlation between UVA254 abatement and hydroxyl radical exposure during continuous H2O2 531 

addition peroxone experiments with effluent MBR-1 and different H2O2/O3 ratios. Experimental conditions: 532 

[ACMP]0: 100 µg L-1; Fg: 0.1 NL min-1; [O3]in: 30 mg NL-1; T: 20 ºC. 533 

 534 

Predictions in •OH-exposure based on the use of UVA254 monitoring (Eq. 17) allow the 535 

estimation of O3-resistant MPs abatement, according to second-order kinetics (Eq. 18, 536 

[5]). In addition, the ROHO3 concept (Eq. 16) can be used to estimate the ∫[•OH]dt term if 537 

the TOD is known at any time interval, which was the case of the present work. 538 

 539 
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−𝑙𝑛 (
𝑈𝑉𝐴254

𝑈𝑉𝐴254,0
) = 𝑘𝑈𝑉𝐴,𝑂𝐻 · ∫[• 𝑂𝐻] d𝑡 (17) 

 540 

−𝑙𝑛 (
[𝑀𝑃]

[𝑀𝑃]0
) =  𝑘•𝑂𝐻 ∫[• 𝑂𝐻] d𝑡 (18) 

 541 

Fig. 6 shows predicted and experimental data obtained for single ozonation and peroxone 542 

experiments (continuous peroxide addition and H2O2/O3 ratios of 0.25) in the studied 543 

effluents regarding the abatement during this process of two typical O3-resistant 544 

micropollutants: the drug ibuprofen (IBU, kO3: 9.6 M-1s-1 and k•OH: 7.4·109 M-1s-1 [49]) 545 

and the pesticide atrazine (ATZ, kO3: 6.0 M-1s-1 and k•OH: 3.0·109 M-1s-1 [21]). The 546 

predicted fate of these chemicals during the process was estimated by means of both 547 

UVA254- and ROHO3-based models. Good agreements between model predictions and 548 

measured data was observed in all cases (R2 of 0.97 and 0.96 for data predicted through 549 

ROHO3- and UVA254-based models, respectively), with apparent independence from 550 

effluents, oxidation processes or micropollutants employed.  551 

 552 
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 553 

Figure 6. Measured versus predicted removals for atrazine and ibuprofen in effluents MBR-1, MBR-2 and 554 

CAS-3 in single ozonation and peroxone experiments (H2O2/O3 ratio = 0.25, continuous addition). 555 

Predictions were performed employing two different models: one based on the ROHO3 concept (left figure) 556 

and the other on the existing correlation between •OH-exposure and the UVA254 decay during the treatment. 557 

Experimental conditions: [ACMP]0: 100 µg L-1; Fg: 0.1 NL min-1; [O3]in: 30 mg NL-1; T: 20 ºC. 558 

 559 

Conclusions 560 

 561 

This work demonstrates that the optimization of the H2O2 addition strategy is essential to 562 

improve the oxidation performance of peroxone process. Continuous dosing of H2O2 563 

during ozonation significantly enhanced both •OH availability and MP abatement, for all 564 

studied wastewaters. Larger relationships (from 0.5 to 1) worked better during the initial 565 

or IOD stage, whereas H2O2/O3 ratio of 0.25 was optimal during the secondary ozonation 566 

stage. By following this strategy, overall ozone needs could be reduced by 36% 567 

(employed H2O2/O3 ratio: 0.25) with respect to single ozonation, which approximately 568 

corresponded to 28% savings in the overall energy costs associated to oxidants use. In 569 
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addition, continuous H2O2 dosing was demonstrated to perform better than total initial 570 

addition of this reagent, estimating energy requirements to be up to 21% lower in the first 571 

case and for the cleanest effluents. The observed improvement in the oxidation efficiency, 572 

however, was generally little during the initial stage and became especially important 573 

after IOD. This work also demonstrated that UV absorbance of the water matrix, as 574 

surrogate for •OH-exposure estimation, can be used to control the fate of organic species 575 

with low ozone reactivity. This strategy has proven to be useful for the accurate abatement 576 

prediction of different O3-recalcitrant MPs from water matrices presenting a wide range 577 

of quality, employing single ozonation or the peroxone process as oxidative treatment. 578 
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