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ABSTRACT 12 

In this work, the performances of ozonation, photolytic ozonation (UV-C/O3), and 13 

photocatalytic ozonation (UV-A/TiO2/O3) in degrading ozone recalcitrant 14 

micropollutants in four different real domestic wastewaters were evaluated in semi-15 

continuous operation, together with the influence of water matrices in the ozone mass 16 

transfer and pollutant degradation rates. The •OH exposure per consumed ozone ratio, 17 

defined as ROH,O3, was applied for single ozonation and modified for light-assisted 18 

ozonation processes to evaluate and compare the contribution of radical pathway on 19 

micropollutants abatement for the different wastewaters studied. ROH,O3 plots presented 20 

good fitting (R2 > 0.95) in two stages, corresponding to different ozone mass transfer 21 

regimes, for all cases. Light-assisted ozonation attained higher pollutant degradation for 22 
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all water matrices compared to single ozonation, although the performance of UV-23 

assisted processes was more sensitive to matrix factors like composition and turbidity. 24 

Moreover, the improvement brought by both light-based processes on ROHO3 values 25 

mainly took place during the second stage. Thus, photocatalytic ozonation reached ROHO3 26 

values higher than double for all wastewaters, compared with single ozonation (between 27 

105% and 127% increase).  These values represent a saving of almost half of the overall 28 

ozone needs (42%) for the same ozone recalcitrant micropollutant depletion, although it 29 

would require the adoption of higher ozone doses than the currently employed for 30 

ozonation in wastewater treatment plants. 31 
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1. Introduction 37 

The ever-growing development, production and consumption of new chemical 38 

substances have raised the need of developing new technologies for wastewater treatment 39 

because many of these substances show a bio-accumulative and non-biodegradable 40 

character, persisting in the environment [1].  These substances are commonly called 41 

micropollutants (MP) because their presence on water bodies and wastewater treatment 42 

plants (WWTP) effluents ranges from nano (ng L-1) to micro (µg L-1) scale [2, 3]. Their 43 

presence in the aquatic environment is associated to a variety of negative effects, 44 

including short and long-term toxicity, endocrine disruption and antibiotic resistance in 45 

microorganisms [4,5].  46 
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The high oxidation potential of ozone (O3) makes it an effective tool for 47 

wastewater treatment, with demonstrated performance by many studies from laboratory 48 

to full scale [6, 7, 8]. The quick decomposition of ozone leaves no traces of its presence 49 

in water, unlike chlorine. However, ozone is a selective oxidant. Second-order rate 50 

constants for ozone vary several orders of magnitude, between < 0.1 M s-1 and 7x109 M 51 

s-1 [9]. Due to its high production costs, ozone doses typically employed are relatively 52 

low: TOD/DOC (transferred ozone dose/dissolved organic carbon) ratios range between 53 

0.5 and 1.5 [10]. 54 

The stress caused by global water scarcity has been increasing demands of 55 

wastewater reuse for direct human consumption [11]. Therefore, higher purity standards 56 

have to be attained to eliminate all pollutants and allow a safe use of water. Higher O3 57 

doses can be a way of reaching this goal, because the natural decomposition of ozone 58 

generates hydroxyl radicals (•OH) in non-acidic pHs (equations 1 and 2).  These radicals 59 

have a higher oxidation potential than ozone and they are non-selective oxidants, being 60 

able to oxidize many molecules that ozone cannot. Therefore, this is an interesting option 61 

for the abatement of recalcitrant micropollutants and attain a high level of water purity 62 

[12]. 63 

𝑂𝑂3 + 𝑂𝑂𝑂𝑂−  →  𝑂𝑂𝑂𝑂−2 + 𝑂𝑂2               (1) 64 

𝑂𝑂3 + 𝑂𝑂𝑂𝑂−2  →  𝑂𝑂𝑂𝑂 ∙  + 𝑂𝑂2∙− + 𝑂𝑂2             (2) 65 

Degradation of a micropollutant during ozonation can be described by equation 3, 66 

accounting for the sum of molecular ozone and hydroxyl radicals contribution [13]. There 67 

is a considerable number of data on kinetic constants of pollutants reactions with 68 

molecular ozone and the hydroxyl radical [14, 15], being those for hydroxyl radical in the 69 

range of 109 – 1010 M s-1 for most of micropollutants. 70 
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� =  𝑘𝑘𝑀𝑀𝑀𝑀,𝑂𝑂3 �[𝑂𝑂3] 𝑑𝑑𝑑𝑑 +  𝑘𝑘𝑀𝑀𝑀𝑀,𝑂𝑂𝑂𝑂∙ �[𝑂𝑂𝑂𝑂 ∙] 𝑑𝑑𝑑𝑑                    (3) 71 

Ultra-violet light is commonly adopted on wastewater treatment plants for 72 

disinfection [16]. Many pollutants and cell membranes of microorganisms undergo 73 

photolysis. Their degradation rates vary with light intensity and wavelength, matrix 74 

composition and geometry of the reactor [17]. 75 

Ozone absorbs light at UV-C range, presenting a peak value at wavelength of 254 76 

nm [12]. Equations 4-6 show the formation of hydroxyl radicals under these 77 

circumstances [18], creating a highly oxidative medium in a process called photolytic 78 

ozonation. 79 

𝑂𝑂3 +  𝑂𝑂2𝑂𝑂 
ℎ𝑣𝑣
��  𝑂𝑂2 +  𝑂𝑂2𝑂𝑂2         (4) 80 

 𝑂𝑂2𝑂𝑂2  
ℎ𝑣𝑣
��   2𝑂𝑂𝑂𝑂 ∙          (5) 81 

2𝑂𝑂3 + 𝑂𝑂2𝑂𝑂2 → 2𝑂𝑂𝑂𝑂 ∙  +3𝑂𝑂2         (6) 82 

Besides contributing on radical formation, when UV light is included in the 83 

system, a first-order degradation rate photolysis of a target micropollutant should be 84 

accounted on the equation describing its abatement [18] (Eq. 7). 85 

− ln � [𝑀𝑀𝑀𝑀]
[𝑀𝑀𝑀𝑀]0

� = 𝑘𝑘𝑀𝑀𝑀𝑀,𝑂𝑂3 ∫[𝑂𝑂3]𝑑𝑑𝑑𝑑 +  𝑘𝑘𝑀𝑀𝑀𝑀,𝑂𝑂𝑂𝑂∙ ∫[𝑂𝑂𝑂𝑂 ∙]𝑑𝑑𝑑𝑑 +  𝑘𝑘 𝑀𝑀𝑀𝑀,𝑈𝑈𝑈𝑈 ∫ 𝑑𝑑𝑑𝑑       (7)   86 

 The high photocatalytic activity of TiO2 and some of its properties (economical, 87 

non-toxic, insoluble and stable in water [19]) make it a substance of great interest for 88 

wastewater treatment and recalcitrant pollutants abatement. With a band gap between 3.0 89 

and 3.2 eV (UV-A, near visible), electrons on its valence band (evb-) can be promoted to 90 

conduction band (ecb-), generating a reactive electron-hole pair when irradiated by UV 91 

light [20]. This pair can go back to its original place or engage in oxidation reactions with 92 
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the surrounding medium. In wastewater matrices, this can generate hydroxyl radicals and 93 

contribute to micropollutants abatement [21, 22]. 94 

Ozonation and photocatalysis can be combined to attain a higher degree of 95 

pollutant degradation in a process called photocatalytic ozonation. Ozone reacts with the 96 

conductive-band electron, thus preventing its return to the valence band, and forms 97 

ozonide radicals (𝑂𝑂3∙−), an initial step towards the formation of more hydroxyl radicals 98 

in this system, shown by equations 8 and 9 [23, 24, 25]. The degradation efficiency of 99 

photocatalytic ozonation has been demonstrated in many lab-scale studies [26, 27, 28, 29, 100 

30], but few of them have been performed on real wastewaters [31, 32]. 101 

𝑂𝑂3 +  𝑒𝑒−  →  𝑂𝑂3− ∙       (8) 102 

𝑂𝑂3− ∙ +𝑂𝑂2𝑂𝑂 →  𝑂𝑂2 +  𝑂𝑂𝑂𝑂− + 𝑂𝑂𝑂𝑂 ∙          (9) 103 

The control of micropollutants removal and the optimization of the required ozone 104 

dose during the process are still unaccomplished challenges. One of the most common 105 

difficulties is the impossibility of directly measuring the hydroxyl radical concentration, 106 

due to its nearly instantaneous reaction rates [33, 34]. Attempts to work around this 107 

problem were made by the development of the recent ROHO3 concept, which is a valuable 108 

step towards the prediction of pollutant abatement in ozonation processes [35]. The ROHO3 109 

concept is defined as the hydroxyl radical exposure per transferred ozone dosage 110 

(equation 10). 111 

𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂3= 
∫[𝑂𝑂𝑂𝑂∙]𝑑𝑑𝑑𝑑
𝑇𝑇𝑂𝑂𝑇𝑇𝑡𝑡

                                 (10) 112 

The •OH exposure can be obtained through the monitoring of a probe compound 113 

with kMP,O3 < 10 M-1 s-1 [37]. For those ozone-resistant substances, substituting equation 114 
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10 on equation 7 results in equation 11, that can be used to predict pollutant degradation 115 

[36]: 116 

− ln�
[𝑀𝑀𝑀𝑀]𝑑𝑑
[𝑀𝑀𝑀𝑀]0

� =  𝑘𝑘𝑀𝑀𝑀𝑀,𝑂𝑂𝑂𝑂∙ ∗ 𝑅𝑅𝑂𝑂𝑂𝑂,𝑂𝑂3 ∗ 𝑇𝑇𝑂𝑂𝑇𝑇𝑑𝑑              (11) 117 

The goals of this study were: 1) to compare the performance of single, photolytic 118 

and photocatalytic removal of ozone-resistant micropollutants in real municipal 119 

wastewaters coming from different sources and processes, thus having very different 120 

compositions; 2) to adapt and check the utility of the ROHO3 concept in the modelling of 121 

these ozone-based processes; 3) to evaluate the influence of light and catalyst on the 122 

ozonation of different real domestic wastewaters trough the ROHO3 parameter.  123 

 124 

2. Materials and Methods 125 

2.1 Chemical and reagents 126 

Acetamiprid (ACMP) and atrazine (ATZ) analytical standards were acquired from 127 

Sigma-Aldrich (Germany). Ultrapure water was produced in site by a filtration system 128 

(Millipore, USA). Pure oxygen (≥ 99.99%) was supplied by Abelló Linde (Spain). 129 

Titanium Dioxide P-25 was supplied by Evonik (primary particle size of 21 nm). 130 

2.2 Wastewater characterization 131 

 Four wastewater effluents were employed in this work from two different WWTPs 132 

in Gavà and El Prat (Barcelona, Spain). Two of them came from Gavà station (MBR – 133 

outlet of a membrane bioreactor, MBBR – outlet of a moving bed biofilm reactor) and 134 

the other two came from El Prat station (CAS – conventional activated sludge, CAS-DN 135 

- conventional activated sludge with denitrification). Their main quality parameters are 136 
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gathered in Table 1. (TOC: total organic carbon; COD: chemical oxygen demand; UV254: 137 

specific absorbance at 254 nm) All the effluent samples were filtered with conventional 138 

filter paper, to remove coarse particles, and stored at 4 ºC prior to use. 139 

 140 

Table 1. Effluent characterization 141 

Wastewater 

ID 

pH Turbidity 

[NTU] 

TOC  

[mg C L-1] 

COD  

[mg O2 L-1] 

UV254 

[m-1] 

DOC 

[mg C L-1] 

Alkalinity           

[mg CaCO3 L-1] 

MBR 7.7 0.5 13.6 14.9 17.4 13.3 208 

CAS-DN 7.5 2.6 13.2 27.3 24.6 13.4 275 

CAS 8.0 20.1 37.8 70.5 48.9 18.7 449 

MBBR 7.8 18.5 51.1 71.3 50.3 21.7 469 

 142 

2.3 Single and light assisted ozonation experiments 143 

Ozone was produced from pure oxygen by a 301.19 lab ozonizer (Sander, 144 

Germany). The ozonation of wastewaters was performed in a 1.5 L jacketed reactor 145 

covered with aluminum foil, to avoid radiation losses, and operated in semi-continuous 146 

mode. Ozone was injected at the bottom of the reactor by a porous diffuser.  A magnetic 147 

stirrer ensured the good contact between liquid and gas phases and a homogeneous liquid 148 

phase. Experiments were performed at 22 ± 2 ºC. The gas flow rate was maintained at 0.3 149 

L min-1 and the inlet concentration of ozone at 10 mg L-1 (values at STP conditions). Gas-150 

phase ozone concentrations were continuously monitored by two BMT 964 ozone 151 

analyzers (BMT Messtechnik, Germany) placed on the reactor inlet and outlet. The ozone 152 

concentration in the liquid phase was measured by a Q45H/64 dissolved O3 probe 153 

(Analytical Technology, USA), which was connected to a liquid recirculation stream. For 154 

experiments with TiO2, the dissolved ozone was not measured to preserve the 155 

equipment’s probe membranes from small solid particles. 156 
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A detailed scheme of the ozonation setup is shown elsewhere [36].  157 

For experiments assisted by UV radiation, two different reactor configurations 158 

were employed. In experiments with UV-C radiation, a single lamp (4W, 254 nm, 159 

Phillips) with a photon fluence rate of 1.01 mW cm-2 (obtained by atrazine’s actinometry 160 

[37]) was used. For experiments with UV-A light, three black light bulb (BLB) lamps 161 

(Philips TL 8 W-08 FAM) of 8 W each with a wavelength range 350-400 nm (maximum 162 

at 365 nm) and a fluence rate of 5.47 mW cm-2 were used instead. In both cases, the lamps 163 

–protected by means of quartz sleeves– were immersed and placed at the center of the 164 

reaction vessel. Prior to start experiments, they were turned on for 20 minutes to attain a 165 

constant photon flow. 166 

For experiments using titanium dioxide, its addition to the reaction medium was 167 

made at the concentration of 0.1 g L-1. A magnetic stirrer homogenized the system for 20 168 

minutes prior to the beginning of treatment.  169 

The transferred ozone dose (TOD), which represents the accumulated amount of 170 

ozone that is transferred to reactor per unit of volume during a given time, was 171 

determined as explained in supplementary information (Text S1) [38]. 172 

All experiments ran for one hour. ACMP was used as •OH probe compound, since 173 

it is an O3-resistant micropollutant (kACMP,O3 = 0.25 M-1 s-1 and kACMP,•OH = 2.1·109 M-1 s-174 

1) [39]. The spiked concentration of ACMP in all effluents was 100 µg L-1. Samples were 175 

withdrawn at known time intervals and kept at room conditions until complete 176 

consumption of dissolved ozone was achieved.  177 

On each sample, the residual concentration of ACMP was measured by HPLC-178 

UV [39]. Prior to the analysis, samples were filtered using 0.45 µm PVDF syringe filters.  179 
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All different ozonation processes and the corresponding blank experiments were 180 

also performed on Milli-Q water buffered with a pH 7 phosphate solution (1 M). The 181 

results can be found on the Supplementary Information, Figs. S1 and S2. 182 

 183 

3. Results and discussion 184 

3.1 Ozone mass transfer and ozone demand 185 

Ozone mass balance and demand could be assessed through continuously 186 

monitoring inlet and outlet (gas phase) ozone concentrations, as well as dissolved (liquid 187 

phase) ozone (Figs. S3-S7). Clearly, two kinetic regimes could be discerned: initially, 188 

ozone mass transfer was very fast, attaining a ηtr value (slope of transferred versus applied 189 

ozone doses plot) above 0.8 for all matrices and processes (see Table 2 and Fig. S8 on the 190 

SI). During the first stage, all wastewaters contained substances that are highly reactive 191 

with ozone, consuming it faster.  In the second stage, encompassing the last 30 minutes 192 

of experiment, the transfer yield decreased because it got controlled by moderate or slow 193 

ozone rate reactions [12] and it was possible to discern the influence of different matrices: 194 

wastewaters with a higher organic and inorganic carbon content (CAS and MBBR) had 195 

higher ozone transfer yields.  196 

When UV-C light was turned on, the ηtr value increased for all wastewaters in the 197 

second stage. UV-C light accelerates ozone depletion (equation 4) leading to less ozone 198 

leaving the system, thus optimizing the transfer yield for all cases. Ozone transfer yield 199 

increase was higher for less turbid matrices, Milli-Q, MBR and CAS-DN, due to the better 200 

UV-C radiation transmission on these media. 201 

When UV-A was added to TiO2 experiments, ozone mass transfer of the Milli-Q, 202 

MBR and CAS-DN matrices improved considerably. Less turbidity and lower organic 203 
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matter content (see table 1) allowed more photon absorption by TiO2, leading to a higher 204 

e-cb production. Equation 8 shows how this may lead to additional ozone consumption in 205 

the system.  206 

Table 2 also includes the instantaneous ozone demand (IOD) and the pseudo-first 207 

order decay rate of ozone (kd) values obtained for ozonation (for definition and calculation 208 

methods see Text S1). Values for photolytic ozonation were not obtained because no 209 

ozone was detected in the liquid phase during those experiments due to the efficient ozone 210 

decomposition under those integrated systems. IOD describes the ozone demand when it 211 

is instantaneously consumed by the wastewater, and consequently represents the dose of 212 

ozone at the point of the transition between primary (fast) and secondary (slow) ozonation 213 

stages [38]. As it is expected, more polluted matrices had higher IODs. For real 214 

wastewaters, an IOD/DOC ratio of approximately 1.0 ± 0.1 was obtained for all 215 

wastewaters tested. Milli-Q water presented two phases and IOD value of 4 mg/L due to 216 

the ACMP addition.  217 

kd values were higher for more polluted water, but since the TOC value of MBR 218 

and CAS-DN are similar, the latter had a slower O3 decomposition due to its higher 219 

alkalinity content [40]. 220 

 221 

 222 

              Table 2: O3 mass transfer, IOD and kd for all studied waters. All R2 > 0.99  223 

Process MATRIX 
ID 

   ηtr [trans. O3/app. O3] 
IOD [mgO3 L-1] kd [min-1] 

Stage 1 Stage 2 
Ozonation 

Milli-Q 

0.86 0.14 4 0.10 
UV-C/O3 0.90 0.40 - - 
TiO2/O3 0.89 0.04   

TiO2/UV-A/O3 0.87 0.40   
Ozonation MBR 0.82 0.17 12 0.14 
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UV-C/O3 0.82 0.37 - - 
TiO2/O3 0.87 0.14   

TiO2/UV-A/O3 0.83 0.35   

Ozonation 

CAS-DN 

0.88 0.17 15 0.05 
UV-C/O3 0.91 0.41 - - 
TiO2/O3 0.82 0.20   

TiO2/UV-A/O3 0.80 0.29   

Ozonation 

CAS 

0.85 0.30 18 0.29 
UV-C/O3 0.89 0.44 - - 
TiO2/O3 0.88 0.27   

TiO2/UV-A/O3 0.83 0.30   

Ozonation 

MBBR 

0.88 0.31 25 0.54 
UV-C/O3 0.94 0.37 - - 
TiO2/O3 0.95 0.27   

TiO2/UV-A/O3 0.85 0.28   

 224 

3.2 Degradation of a model O3-resistant compound: ACMP 225 

First of all, control tests for UV-A and UV-C photolysis and UV-A/TiO2 226 

photocatalysis were performed to verify their contribution on photocatalytic ozonation. 227 

ACMP did not show any degradation due to UV-A photolysis, and UV-A/TiO2 228 

photocatalysis presented little degradation for the MBR effluent sample (less than 6%) 229 

and no degradation for all the other wastewaters (figure S9 of the supplementary 230 

information).  ACMP degradation by UV-C radiation ranked from 45% for MBBR up to 231 

60 % for MBR, increasing with the decrease of organic matter content and turbidity of 232 

wastewater (Figure S10). 233 

Figure 1 shows degradation of ACMP for single, photolytic (UV-C), 234 

photocatalytic (UV-A/TiO2) and catalytic (TiO2) ozonation in all matrices tested, at 235 

different TOD/DOC ratios. Figure S11 shows the same degradation per reaction time (60 236 

minutes). 237 

 TiO2/O3 did not bring any clear improvement with respect to single ozonation. 238 

However, photo-assisted processes significantly improved the abatement of ACMP, 239 
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demonstrating the enhanced •OH production.  Photolytic ozonation showed final ACMP 240 

degradations above 90% for all matrices. Photocatalytic ozonation was the most matrix-241 

influenced process: MBR matrix reached 100% of ACMP final degradation – being the 242 

highest of all the experiments – but this value dropped on each of the other matrices: final 243 

degradation in CAS-DN was 93% and in CAS and MBBR, 89%. As more organic matter 244 

adsorbed on the catalyst surface hinders its photo-activity, photocatalytic ozonation 245 

efficiency decreases. Moreover, turbid matrices also hinder photo-activity, as well as the 246 

presence of dissolved UV-absorbent organic species, thus decreasing the amount of 247 

photons reaching the catalyst surface.  248 

 249 

Figure 1. ACMP degradation per TOD/DOC0 ratio for all studied wastewaters.     Gas flow rate = 0.3 L 250 

min-1; Inlet (g) ozone concentration = 10 mg O3 L-1; Treaction = 20 ± 2 ºC; Tin (gas) = 22 ± 2 ºC; Pin (gas) = 251 

25 ± 2 mbar. 252 
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On figure 1 it is possible to see that the two light-based ozonation processes started 253 

to improve its effectiveness compared with single ozonation or TiO2/O3 at different 254 

TOD/COD values. The cleaner matrices MBR and CAS-DN required a TOD/DOC ratio 255 

of about 1.5, much higher than currently employed ratios for these types of waters (from 256 

0.5 up to 1).  This can be related to the two-stage character of the process: initially, 257 

reactivity between O3 and matrix compounds is very high, hindering radical production 258 

with or without light. During second stage, quick O3 reactions are less prominent and 259 

radical formation paths are favored.  Moreover, a decrease in turbidity during ozonation 260 

would have allowed more photons to reach O3 or TiO2 molecules, promoting the radical 261 

pathway as well. This means that, in order to improve ozone-resistant micropollutants 262 

removal by light assisted processes, the employed ozone doses should also increase.  In 263 

return, the ozone doses required to reach satisfactory degradation levels of recalcitrant 264 

micropollutants will be reduced due to the increase of •OH-exposure provided by light 265 

assisted processes compared to single ozonation.  In the case of ACMP, for 65% of initial 266 

concentration removal, the needed TOD/DOC ratio decreased from 2.3 to 1.7 for MBR 267 

and from 2.4 to 2.0 for CAS-DN, and consequently the corresponding ozone dose demand 268 

for both light assisted processes would be lower (27% and 17%, respectively). 269 

The addition of UV-C light and UV-A/TiO2 in the more polluted waters CAS and 270 

MBBR clearly improved the overall AMCP degradation efficiency from lower 271 

TOD/DOC ratios of 1.2 and 0.6, respectively. That is, improvement of •OH-exposure 272 

provided by light assisted processes were assessed at TOD/COD ratios closer to currently 273 

employed ones. Still, due to high organic content and alkalinity of these types of 274 

wastewaters, the TOD/DOC needed for recalcitrant micropollutants abatement and 275 

consequently the required ozone doses would be much higher.  Thus, in the case of 65% 276 

removal achievement of initial ACMP concentration, the TOD/COD ratio decreased from 277 
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2.2 in single ozonation to 1.7 for light assisted processes in CAS effluent, while for 278 

MBBR wastewater, this ratio dropped from 2.4 down to 1.7 for photolysis and to 1.3 for 279 

photocatalytic ozonation.  The latter represents a saving of almost half of the overall 280 

ozone needs (42%) for the same micropollutant degree of depletion. 281 

 282 

3.3 ROHO3 determination 283 

In this work, the recalcitrant pesticide acetamiprid was used as model compound 284 

for ROHO3 estimation during wastewater ozonation.  UV-C photolysis blank tests were 285 

carried out for all wastewaters to quantify their contribution on ACMP degradation during 286 

photolytic ozonation (equation 7). The first-order degradation rate 𝑘𝑘𝑀𝑀𝑀𝑀,𝑈𝑈𝑈𝑈 obtained for 287 

each matrix was used to deduct the amount of hydroxyl radical exposure at each reaction 288 

time t, according to equation 12. During ozonation the matrices undergo several changes, 289 

and it can be a source of error on degradation rate determination [12]. Being so, it is not 290 

possible to determine separately how much of acetamiprid degradation is due to direct 291 

photolysis and how much to the oxidation by the hydroxyl radical. Thus, factors affecting 292 

photolysis were considered constant for all experiments and included in the 𝑘𝑘𝑀𝑀𝑀𝑀,𝑈𝑈𝑈𝑈 value. 293 

 294 

�[𝑂𝑂𝑂𝑂 ∙]𝑑𝑑𝑑𝑑 =
ln �[𝑀𝑀𝑀𝑀]𝑑𝑑

[𝑀𝑀𝑀𝑀]0
� + 𝑘𝑘𝑀𝑀𝑀𝑀,𝑈𝑈𝑈𝑈 ∗ 𝑑𝑑

−𝑘𝑘𝑀𝑀𝑀𝑀,𝑂𝑂𝑂𝑂∙
                   (12) 295 

Data of •OH exposure per consumed ozone dose fitted to linear model according 296 

to equation 10 (R2>0.95), obtaining ROHO3 values for all water matrices. These are shown 297 

on table 3, and their plots are given on figure 2.  298 

 299 
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Table 3. ROHO3 values for plots on figure 2 and TOD to 65% of ACMP degradation. All R2 > 0.95 300 

Process WASTEWATER ID 
            ROHO3 [107 s-1]  TOD ACMP 65%  

[mg O3 L-1] 
 

S1 S2   

Ozonation 

MBR 

3.9 8.9 30  
UV-C/O3 1.6 16.0 22  
TiO2/O3 4.1 9.0 31  

UV-A/TiO2/O3 5.1 19.7 22  
Ozonation 

CAS-DN 

2.5 8.5 34  
UV-C/O3  1.6 12.8 28  
TiO2/O3 3.4 9.1 29  

UV-A/TIO2/O3 4.5 17.4 28  
Ozonation 

CAS 

2.4 7.0 45  
UV-C/O3  1.7 9.6 33  
TiO2/O3 1.5 7.2 43  

UV-A/TiO2/O3 1.4 14.3 33  
Ozonation 

MBBR 

1.7 6.5 50  
UV-C/O3  1.2 9.3 35  
TiO2/O3 0.8 7.2 53  

UV-A/TiO2/O3 1.8 14.8 29  
 301 

Two different ozonation regimes –stage 1 (S1) and stage 2 (S2)- were observed 302 

for all tests, corresponding to the two ozone transfer rates previously observed, and two 303 

ROHO3 values were fitted for each stage. Stage 2 values were higher than stage 1 for all 304 

cases. In stage 2, the slower molecular ozone consumption by the matrix allows more 305 

radical formation per transferred ozone by the different mechanism involved in the 306 

processes, increasing the ROHO3, as previously discussed.  307 

By comparing ROHO3 it was possible to verify the matrix influence on radical 308 

production: waters with higher alkalinity and organic carbon content had smaller ROHO3 309 

values because many organic substances, bicarbonates and carbonates ions are well 310 

known radical scavengers [41, 42].  311 

Comparing the ROHO3 values obtained for single and photolytic ozonation, the 312 

latter presented smaller values for stage 1 for all matrices. This can be explained by the 313 

hypothesis of a too low concentration of the peroxide generated intermediate. On stage 1 314 
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only a small amount of ozone is available for photolysis due to its quick reactivity with 315 

the medium, generating a small amount of peroxide (equation 4). While ozone has a high 316 

absorptivity at 254 nm in both liquid (3300 M-1cm-1) and gas (2950 M-1cm-1) phases [12], 317 

peroxide absorbs at a much lower rate (19 M-1cm-1) [43].  The efficiency of its photolysis 318 

(equation 5, the final step for radical generation) has been reported to be considerably 319 

impaired by the presence of pollutants found on wastewaters, especially for small 320 

peroxide concentrations [43, 44]. The consequence is that, for stage 1, ozone is being 321 

photolyzed (more ozone is being transferred) but less hydroxyl radicals are being formed. 322 

Photolysis of ozone reduces the O3 available for reactions of equations 1 and 2, thus 323 

decreasing the hydroxyl radical production and the ROHO3 value in comparison to single 324 

ozonation. In addition, there is possibly an overestimation of the initial rate of ACMP 325 

degradation via direct photolysis, resulting in an underestimation of the total hydroxyl 326 

radical exposure value (equation 12). The degradation rate of ACMP was obtained for 327 

each matrix in a blank experiment without ozone flow, using only UV light. Since ozone 328 

strongly absorbs UV at the 254 nm wavelength [45], less photons reached ACMP, 329 

producing lower degradation by that route. During stage 2, the turbidity of the medium 330 

and the ozone’s reactivity with the matrices has been reduced. Consequently, more ozone 331 

is available for photolysis, thus increasing peroxide formation and consequently •OH 332 

generation (equation 5 and 6). Stage 2 ROHO3 values for UV-C/O3 experiments were much 333 

higher than in single ozonation for all wastewaters (80% for MBR, 51% for CAS-DN; 334 

37% for CAS and 43% for MBBR) indicating the expected increase on hydroxyl radical 335 

exposure per ozone consumed and the overall efficiency improvement of photolytic 336 

ozonation. 337 

When TiO2 is added to ozonation, stage 2 ROHO3 values increased slightly for all 338 

cases, while stage 1 value decreased for more polluted matrices CAS and MBBR. The 339 
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understanding of this is limited due to the lack of data regarding heterogeneous catalytic 340 

ozonation performed in highly polluted wastewaters and the multiple interactions that 341 

might be taking place between light, ozone, the catalyst and the matrix. However, possible 342 

hypothesis is that the presence of TiO2 may change the reactivity of molecular ozone with 343 

the matrix, thus affecting the ROHO3 value. Further studied should be performed in this 344 

direction. 345 

 The effect of photocatalytic ozonation on ROHO3 values was also much more 346 

significant during second stage.  Stage 2 ROHO3 values for photocatalytic ozonation were 347 

the highest of all assayed processes– which can be explained by the multiple radical 348 

formation routes provided by the synergistic effect of ozonation and heterogeneous 349 

photocatalysis combined [23]. Thus, stage 2 ROHO3 values reached values higher than 350 

double for all wastewaters, compared with single ozonation (105% increase in CAs-DN 351 

and CAS; 121% increase in MBR and 127% increase in most polluted wastewater 352 

MBBR).  These values confirm the importance of phtotocatalytic process on promoting 353 

the radical pathway in ozonation. On the other hand, stage 1 values for less turbid waters 354 

MBR and CAS-DN were higher than on single ozonation, most probably due to the 355 

smaller effect of organic matter and higher light absorption by TiO2. 356 

 Table 3 also shows the amount of TOD needed to reach 65% of ACMP 357 

degradation for each process and matrix. As expected, less polluted matrices and light-358 

assisted ozonation processes attaining higher ROHO3 needed less transferred ozone in 359 

general to reach this degradation value.  360 
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 361 

Figure 2. ROHO3 plots for all experiments. Gas flow rate = 0.3 L min-1; Inlet (g) ozone concentration = 10 362 

mg O3 L-1; Treaction = 20 ± 2 ºC; Tin (gas) = 22 ± 2 ºC; Pin (gas) = 25 ± 2 mbar. 363 

  364 

The results confirm that ROHO3 is an important parameter to determine the 365 

availability of hydroxyl radical on each wastewater matrix, being useful to compare 366 

radical production for each process and wastewater tested. It can also be used to predict 367 

the amount of TOD required for degrading ozone-resistant micropollutants during 368 
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ozonation (equation 11) [35, 36]. Last assays were performed to evaluate the application 369 

of 2 stage ROHO3 values of MBR effluent for the prediction of atrazine removal.  This 370 

pesticide presents low reactivity towards ozone, with second-order rate constant of 6 M-371 

1s-1 and high reactivity with hydroxyl radicals (k•OH of 3.0·109 M-1s-1) [33]. Plots of the 372 

predicted and experimental atrazine abatement in ozonation and photocatalytic ozonation 373 

are presented in Figure S12.  In both cases, a good agreement between model predictions 374 

and experimental measurements was observed.  Further experiments should be performed 375 

with different micropollutants for its final validation. 376 

 377 

4. Conclusions 378 

In this work, UV light-assisted ozonation processes attained higher degradation 379 

results of recalcitrant and ozone-resistant pesticide acetamiprid than single ozonation on 380 

real domestic wastewaters.  381 

More polluted matrices had higher ozone transfer yields due to their reactivity 382 

with the oxidant. The presence of UV-C increased ozone consumption mass for all cases 383 

due to ozone photolysis, while adding UV-A in the presence of TiO2 increased ozone 384 

consumption only for the less polluted matrices because they allowed a more efficient 385 

photocatalytic activity.  386 

The adaptation of the ROH,O3 concept presented good fitting results for all 387 

experiments, adopting ACMP as a probe compound. The plots had to be divided in two 388 

stages, before and after the corresponding IOD, due to the initial presence of highly 389 

reactive compounds towards molecular ozone in all wastewaters.  390 

The improvement brought by both UV light-based processes on ACMP 391 

degradation was directly related with the increase in stage two ROHO3 values in all 392 
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matrices. On that stage, photolytic ozonation values were up to 54% higher compared 393 

with single ozonation while for photocatalytic ozonation values were higher than double 394 

for all wastewaters studied (between 105 to 127%).  These results demonstrate the 395 

capacity of light assisted ozonation processes on the enhancement of radical pathway 396 

degradation of ozone recalcitrant micropollutants, as well as the usefulness of modified 397 

ROHO3 parameter on its quantification. To take advantage of the improvements in radical 398 

production brought by UV light addition, the adoption of higher O3 doses than the values 399 

typically used for ozonation in WWTPs is required.  400 
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