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Featured Application: The device is envisaged as a flexible tool to degrade organic com-20 

pounds and sanitize different kinds of contaminated water, even on-site. 21 

Abstract: Effective treatments improving both the chemical and microbiologi-22 

cal quality of reclaimed wastewater are urgently requested. Ozone is a clean, 23 

economic, and environmental-friendly treatment to sanitize solutions and sur-24 

faces and to degrade organic pollutants. A simple, continuous-flow water-ozo-25 

niser system was tested to evaluate its effectiveness in batch treating various 26 

kinds of wastewater, including the effluents from small municipal plants. The 27 

degradation effects on a mixture of urban and industrial standard pollutants 28 

were investigated by HPLC-UV-MS analysis and biotoxicological assays. The 29 

results revealed that the concentration of most organic pollutants was reduced 30 

to 20-0% of the initial one within one hour. One compound resulted recalcitrant 31 

(40%. reduction only) The bioassays indicate the definitive reduction of toxic 32 

effects after treatment. Similar results were obtained when secondary, post sed-33 

imentation, wastewater treatment plant effluents were treated. Heterotrophic 34 

plate counts confirmed the good biocide activity of ozone. The developed pro-35 

totype can successfully treat locally produced wastewater, secondary effluents 36 

from small-medium plants, and non-potable water resources. 37 

Keywords: wastewater reuse; ozone; AOPs; sanitization; recirculation method 38 

 39 

1. Introduction 40 

Recycling and reusing any kind and volume of wastewater (WW) seems 41 

one of the immediately feasible ways to cope with water scarcity. However, in 42 

order to provide safe water for human consumption the disinfection and re-43 

moval of pollutants are mandatory to avoid undesirable ecological and human 44 

health effects. Besides, wastewater of different quality and origin, surface wa-45 

ter, and groundwater can be equally contaminated by microorganisms and 46 
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chemical compounds, thus always requiring adequate treatments before being 47 

considered safe for human consumption [1-3].  48 

Despite their low concentration (μg.L-1 to ng.L-1), micropollutants, and spe-49 

cifically emerging pollutants, are object of great concern because of their toxic, 50 

genotoxic, endocrine disrupting effects. Pharmaceuticals, endocrine disruptors, 51 

personal care products, pesticides, industrial dyes, and polycyclic aromatic hy-52 

drocarbons contaminate both urban and industrial wastewater since they are 53 

released mostly into the environment unchanged in their structure and activity, 54 

are resistant to biodegradation, and accumulate in water bodies, crops, and soil 55 

[4, 5]. Wastewater treatment plants (WWTPs) are not designed to remove these 56 

pollutants, thus new effective treatments are urgently needed and some of them 57 

had already been implemented.  58 

Moreover, the chemical disinfection procedures based on chlorine com-59 

pounds can give rise to disinfection by-products, some of which are carcino-60 

genic for humans and toxic to the environment [6, 7]. In addition, some patho-61 

genic organisms are not inactivated by these treatments [8, 9] and this can limit 62 

the reuse of the treated effluents [10].  63 

For decades, Advanced Oxidation Processes (AOPs) [11], based on fast 64 

radical reactions, have been tested as an alternative to, or have been used in 65 

combination with, classical WW treatment methods, exploiting their disinfect-66 

ant and oxidative degradation abilities [12-18]. Among them, ozone demon-67 

strated to act as an effective parasiticide, germicide, and virucidal agent [19-21], 68 

ensuring the sanitization of several fresh and dry foods, [22-27] working places, 69 

and surfaces. As far as water is concerned, ozone treatment improves the color, 70 

smell, and taste at typical disinfection doses [28] and oxidizes inorganic com-71 

pounds (arsenic, iron, manganese) to form insoluble substances, breaking 72 

down quickly without leaving residues or toxic compounds, and enhancing the 73 

biodegradability of wastewater by its oxidative action on organic pollutants 74 

[29]. These features further indicate ozone as the most appropriate approach in 75 

several particular cases [30-35].  76 

In various countries, wastewater utilities have installed or are in the pro-77 

cess of installing ozone generators to treat secondary effluents [36, 37] and po-78 

table water utilities do the same to remove a variety of contaminants in potable 79 

water, surface, and groundwater [1, 19].  80 

However, wastewater not reaching the treatment plants or drinking water 81 

not coming from a suitable potable water utility are a highly common reality 82 

which requires effective and flexible solutions worldwide. 83 

The present study aimed to investigate the performance of a new proto-84 

type of a self-assembled ozone treatment system in which the generator is cou-85 

pled to a recirculation system to create a continuous flow of water and a re-86 

peated injection of ozone. We tested the rate of pollutant degradation by HPLC-87 

UV-MS assays, the variation in toxicity by biotoxicological tests and the saniti-88 

zation capacity by heterotrophic plate count.  89 

These batch experiments should demonstrate the capability of the system 90 

in reducing biotoxicity and in sanitizing biologically contaminated water, of-91 

fering a versatile tool for water reclamation, especially in locations without or 92 

far from wastewater and potable water utilities. 93 

 94 

2. Materials and Methods 95 

2.1 Experimental set-up. 96 

To evaluate the capability of the system to degrade organic pollutants in 97 

complex solutions, a mixture of six compounds, which represent the most com-98 

mon classes of pollutants, was prepared at a concentration higher than usually 99 

detected in real wastewater in order to follow the oxidative degradation by 100 
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HPLC-UV-MS assay. 25 mg of each compound were dissolved in 250 ml of 101 

methanol and the solution was treated in an ultrasound bath (Bransonic 5, Cec-102 

chinato A. sas, Mestre, Italy) for 15 min. 100 μL were diluted 1:10 with distilled 103 

water and starting from this solution the calibration curves for the HPLC meas-104 

urements were prepared. The remaining mixture was then diluted in 50 L of 105 

tap water.  106 

Samples of WWTP secondary effluent were kindly supplied by the WW 107 

utility manager HERA SpA (Bologna, Italy), coming from the municipal WWTP 108 

of Cesena (Italy). The WWTP (about 195,000 Inhabitant Equivalent) treats do-109 

mestic contributions from Cesena and Cesenatico cities, industrial discharges, 110 

and sewage trucks. A past monitoring campaign, carried out by ENEA, found 111 

a concentration of E. coli on the secondary effluents in the range of 2,000-25,000 112 

Colony Forming Unit (CFU)/100mL, while at the final discharge point, the pa-113 

rameter was always below 5,000 CFU. A volume of 50 L was collected in a ster-114 

ilized container at the outlet of the sedimentation tanks, refrigerated, and stored 115 

at 4°C until the experimental treatments. The samples appeared clear, without 116 

suspended solids.   117 

 118 

2.2 Chemicals and reagents. 119 

The compounds selected to prepare the solution in methanol were: Im-120 

idacloprid (insecticide), benzophenone- 4 (sunscreen in personal care prod-121 

ucts), Bisphenol-A (plasticizer), Carbamazepine (anticonvulsant), Cyprodinil 122 

(fungicide), and Ofloxacin (fluoroquinolone antibiotic). Tap water was chosen 123 

as the solvent. The compounds and the methanol were supplied by Sigma Al-124 

drich (Milano, Italy). To perform the HPLC-UV-MS analysis ammonium ace-125 

tate, formic acid, and LC-MS grade acetonitrile were purchased from Sigma-126 

Aldrich (Milano, Italy) in the highest available purity and used without any 127 

further purification. The components of the Vibrio fisheri nutrient broth: (NaCl 128 

15 g, peptone 2.5 g, yeast extract 1.5 g, glycerol 1.5 mL, HEPES 0.01 M in 500 129 

mL, pH 7) were supplied by Sigma-Aldrich (Milano, Italy), as well as the salts 130 

to prepare the Jaworski’s culture medium: Ca(NO3)2·4H2O 20 g L-1; KH2PO4 12.4 131 

g L-1; MgSO4·7H2O 50 g L-1; NaHCO3 15.9 g L-1; EDTAFeNa and EDTANa2 both 132 

at 2.25 g L-1; H3BO3 2.48 g L-1; [(NH4)6Mo7O24·4H2O] 1 g L-1; MnCl2·4H2O 1.4 g L-133 
1, cyanocobalamin, biotin, and thiamine, each one 0.04 g L-1, NaNO3 80 g L-1; 134 

NaH2PO4·2H2O 36 g L-1  in distilled water and the f/2 medium: EDTANa2  4.16 g 135 

L-1, FeCl2 6H2O 3.15 g L-1 , CuSO4 5 H2O 0.01 g L-1 ,ZnSO4 7H2O 0.022 g L-1, CoCl2 136 

6H2O 0.01 g L-1, MnCl2·4H2O 0.18 g L-1, Na2MoO4 2H2O 0.006 g L-1, Cyanocobal-137 

amin and biotin, each one 0.0005 g L-1 ,Thiamine HCl 0.1g L-1 , NaNO3 0.075 g 138 

L-1 , NaH2PO4·2H2O 0.0056g L-1 in artificial seawater (Instant Ocean Sea salts, 139 

from Instant Ocean, Blacksburg, VA, US) to growth the alga Raphidocelis subcap-140 

itata and Dunaliella tertiolecta, respectively. The non-selective solid medium em-141 

ployed in the heterotrophic plate count assay was the “Plate Count Agar” (Ca-142 

sein-peptone, Dextrose, Yeast Agar) from Sigma-Aldrich. 143 

 144 

2.3 The ozone treatment system 145 

The system is quite simple, very flexible in its structure, easy to displace, 146 

and can work on site. Currently, the generator is employed with and without a 147 

hydraulic system, to treat seasoning or storage cells, food washing lines, toilets, 148 

showers, and swimming pool water, respectively. The ozone generator “Pool-149 

san” and the hydraulic system to perform the continuous water flow treatment 150 

were designed and assembled at the company MET SrL (Bologna, Italy). The 151 

ozone generator was available in two models, producing 2 or 4 g/h, with a 152 

power consumption of 300 or 400 Watt/h, respectively. Pure gaseous ozone was 153 

produced by an electric discharge (7,000-15,000 V) in a pure oxygen atmosphere 154 
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obtained from compressed and molecular sieve-filtered air. A Venturi jet mixer 155 

continuously fed the liquid flow with the ozone microbubbles stream. The liq-156 

uid flow was conveyed to a blender tower designed to improve the water-ozone 157 

mixing: the blender is divided into two inner compartments and it functions by 158 

converse flows supported by a recirculation pump (delivery of 40L min-1). The 159 

volume of the blender is defined by the volume of water under treatment, in 160 

our experiments it was 1 L to treat 50 L of water. The concentration of dissolved 161 

ozone, 4 ppm, was measured by an analytical kit based on the indigo method 162 

[38] and a photometer, both provided by Hack-Lange (Milano, Italy). The gen-163 

erator can be connected to a computer network for remote control. 164 

The generator “Poolsan” and most of the hydraulic system for water treat-165 

ment are shown in Figure 1. 166 

 167 

 168 
Figure 1. The water ozone treatment system assembled at MET, based on the ozone 169 

generator “Poolsan” and hydraulic component to perform the recirculation procedure. 170 

The generator and the main component of the hydraulic system are mounted on a mo-171 

bile support. 172 

 173 

2.4 The HPLC-UV-MS analyses 174 

The untreated and the treated mixture collected at different sampling times 175 

were analyzed by HPLC-DAD-MS. The analyses were performed on a Dyonex 176 

Ultimate 3000 HPLC (Thermo Fisher Scientific, Italy) equipped with a diode 177 

array UV and a mass spectrometer TSQ Quantum Access Max with an elec-178 

trospray ionization source detector. 0.5 mL samples were used for the auto-179 

mated injection. The chromatographic separation was performed on a reverse 180 

phase Zorbax SB-C18 column 4.6x150 mm, 5 microns (Agilent Technologies Ita-181 

lia, Cernusco sul Naviglio, Italy), at a flow rate of 0.5 mL/min. Details of the 182 

HPLC and UV-MS analysis conditions were reported in Tables 1 and 2, respec-183 

tively. 184 

 185 

Table 1.  Chromatographic separation details. 186 

Time 

(min) 

A: NH4OAc 5mM in wa-

ter/0.01% HCOOH 

B: ACN C: 

H2O 

0 98 2 0 
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14 5 95 0 

15 0 95 5 

35 0 95 5 

40 98 2 0 

 187 

Table 2. UV-MS analysis details. 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

The degree of degradation was calculated by using the respective calibra-201 

tion curves, and the limit of detection (LOD) for each analyte was established 202 

as the first lowest calibration point. The analysis of each sample has been per-203 

formed in duplicate. 204 

 205 

2.5 The samples organic load 206 

The organic load of the WWTP effluent samples was evaluated determin-207 

ing spectrophotometrically the COD by using the Hack LCK 314 Cuvette Test 208 

15 - 150 mg/L O₂ and the TOC value by the TOC Hack-Lange test kit, following 209 

the manufacturer’s instructions. Measurements were done on a DR5000 spec-210 

trophotometer. The above-mentioned kits and the spectrophotometer were 211 

from Hack-Lange, Milano, Italy.  212 

 213 

2.6 The biotoxicity assays 214 

2.6.1 The bioluminescent bacteria light emission inhibition assay 215 

Lyophilized aliquots of the luminescent bacteria V. fischeri were prepared 216 

from fresh cultures at our laboratory starting from an original batch supplied 217 

by the Pasteur Institute (Paris, France). The 96-well “Black Cliniplate” micro-218 

plates were supplied by Thermo Scientific (Vantaa, Finland) and the luminom-219 

eter was the Victor Light 1420 model from Perkin-Elmer, USA.  220 

To perform the assay, according to [39,] lyophilized aliquots of V. fischeri 221 

containing NaCl 3% w/v were reconstituted with 1 mL of distilled water and 222 

re-suspended in 10-30 mL of nutrient broth. Treated and untreated solutions 223 

were added with NaCl to reach the concentration of 3% w/v. 200 µL of the bac-224 

teria suspension and 100 µL of each sample were dispensed into the microplate 225 

wells. The controls consisted of 200 µL of bacteria plus 100 µL of a 3% NaCl 226 

solution in tap water. The emitted light was recorded at fixed intervals in the 227 

range of 0-48 hours. From 5 to 12 replicates were tested for each sample and the 228 

light emission intensity, reported as Relative Luminescence Units (RLU), was 229 

expressed as mean ±SD. Moreover, the bioluminescence inhibition percentage 230 

(I %) was used to express the toxicity of the samples and calculated according 231 

to:  232 

                                                                                                      𝐼% =
𝐿 𝑏𝑙𝑎𝑛𝑘−𝐿 𝑠𝑎𝑚𝑝𝑙𝑒

𝐿 𝑏𝑙𝑎𝑛𝑘
  * 100 233 

where L is the light emitted intensity of the sample or of the control (blank). 234 

Com-

pound 

max 

(nm) 

ESI  

Parent ion 

Product 

ion 

Collision 

energy 

OFLOX 296 [M+1] 362.000 318.000 20 

IMID 220 [M+1] 256.000 208.900 16 

BP-4 282 [M-1] 307.000 226.900 30 

CBZ 285 [M+1] 237.000 193.900 18 

BPA 275 [M-1] 227.000 212.200 20 

CPD 260 [M+1] 226.000  93.000 34 
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 235 

2.6.2 The algal growth inhibition assay 236 

The Istituto Zooprofilattico Sperimentale of Abruzzo and Molise "G. Cap-237 

orale" (Teramo, Italy) supplied the freshwater microalga Raphidocelis subcapitata 238 

(previously Pseudokirchneriella subcapitata) and the marine green alga Dunaliella 239 

tertiolecta cultures. The assays were performed according to [40] with a little 240 

modification concerning the evaluation of the results: we determined the effects 241 

on the growth after 7-10 days from the beginning of the test. 242 

The starter culture of Raphidocelis subcapitata was prepared by inoculating 243 

in Erlenmeyer flasks 1 mL of microalgae suspension per 100 mL of the Jawor-244 

ski’s culture medium. The flasks were illuminated by a white lamp/red lamp 245 

Osram daylight 2 x 36W plus an Osram Gro-Lux lamp 36W (Osram, Milano, 246 

Italy) following the cycle: 8 hours light/16 hours dark, at room temperature 247 

(20°C). To start the tests, flasks were filled with treated or untreated samples 248 

added with a suitable amount of Jaworski’s medium salts and diluted algal sus-249 

pension (approximately 105 cells mL-1), and were kept in the same conditions of 250 

the starting culture. Controls were prepared by adding algae suspension to the 251 

Jaworski’s salts mixture. After 7-10 days the algal growth was evaluated by 252 

measuring the absorbance at 663 nm, according to a standardized indirect 253 

method for cell counting [41]. Aliquots of carefully hand shaken samples or 254 

controls were measured, in triplicate, and then the aliquots were poured back 255 

into the flask.  256 

In parallel, the starter culture of Dunaliella tertiolecta was prepared by in-257 

oculating in Erlenmeyer flasks 1 mL of microalgae suspension per 100 mL of f/2 258 

medium. The tests were performed exactly as for R. subcapitata. 259 

2.7 The heterotrophic plate count 260 

The Petri dishes,  9 cm, for the heterotrophic plate counts (HPC) were 261 

supplied by Nuova Aptaca srl (Asti, Italy). Different volumes of ozone treated 262 

and untreated effluent samples, in the range 100-1000 μL, were distributed in 263 

the plates in triplicate. The solid medium solution was sterilized and poured 264 

into the plates when its temperature was about 37°C. In this way, the samples 265 

were perfectly included in the still liquid medium. Incubation was performed 266 

at 37°C for 24-48 h and then the number of Colony Forming Units (CFU) was 267 

determined. A regrowth test was carried out on specimens of the treated sam-268 

ples stored in stopped, sterile vials for 7 days at room temperature. These spec-269 

imens were plated and the CFU was counted as described above. 270 

3. Results 271 

3.1 Samples 272 

The mixture prepared to evaluate the degradation of pollutants by HPLC-273 

UV-MS determination was stored in the dark at room temperature, and em-274 

ployed without any further manipulation after the ozone treatment. The efflu-275 

ent samples were stored refrigerated both before and after the treatment Neg-276 

ligible or no changes were detected in the pH values before, during, and after 277 

the treatment ensuring ozone solution stability. This parameter was deter-278 

mined also in the case of the WWTP samples. A moderate pH increase was ob-279 

served as treatment time increased. In Table 3 the mean values of different ex-280 

periments for both kinds of the sample were reported. 281 

 282 

Table 3. pH values of the pollutants’ mixture and WWTP samples before and after 283 

the various treatment intervals. Mean values of n=4 experiments. 284 

___________________________________________________ 285 

Time interval                      pH value ± uncertainty   286 
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(h)    Mixture                    WWTP samples 287 

0 (before treatment) 7.87±0.11   7.43±0.10 288 

1    7.66±0.25   7.63±0.15 289 

2    7.89±0.38   7.75±0.21 290 

4    7.96±0.40   7.78±0.25 291 

6    7.98±0.33   7.92±0.09 292 

8    8.06±0.21   7.93±0.21 293 

Tap water   7.80±0.21   8.02±0.05 294 

 295 

3.2. The ozone degradation of contaminants. 296 

The mixture of the six pollutants was bubbled with ozone continuously for 297 

8 h. Samples were withdrawn during the treatment after 1, 2, 4, 6 hours and, 298 

again at the end of the treatment. We employed such a long treatment, with 299 

respect to the usual treatment time with ozone, because our aim at the begin-300 

ning of this work was to obtain information on the performance of the system 301 

in the same conditions of a previously developed device [42]. Moreover, it is 302 

known that not all organic contaminants are easily degraded by ozone or hy-303 

droxyl radicals in a short time. As the results will show, the molecular structure 304 

of the compounds in the mixture, shown in Figure 2, was suitable to be attacked 305 

by ozone thanks to the presence of several double bonds, but this characteristic 306 

is not always a guarantee of rapid degradation.  307 

During the treatment of the WWTP effluent samples, we followed a differ-308 

ent sampling schedule, collecting samples after 15 min, 30 min, and 1, 2, 4, and 309 

6 h. We estimated that the sanitizing effect should be evaluated after a time 310 

shorter than 1 h. 311 

 312 

 313 

 314 

 315 

                 Benzophenone-4         Carbamazepine               Bisphenol A 316 

 317 

 318 

 319 

                            Cyprodinil         Imidacloprid                    Ofloxacin 320 

Figure 2. The chemical structure of the active principles mixed in solution to test the 321 

degradation power of the ozone treatment. 322 

 323 

3.2.1. The HPLC-DAD-MS analysis 324 

The mixture specimen collected at 1, 2, 4, 6, and 8 h from the beginning of 325 

the treatment were analyzed by HPLC-UV-MS to evaluate the degree of the 326 

disappearance of the parent molecule. No detailed analysis on the degradation 327 

products of each compound was performed since this procedure was out of the 328 

scope of this work. The effectiveness of the treatment from the environmental 329 

point of view was determined by the changes in toxicity it produced. 330 

Figure 3 reports the chromatographic peak position of the single compo-331 

nents obtained by the UV-MS analysis of the untreated mixture. 332 

 333 

 334 
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 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

Figure 3: HPLC-UV-MS/MS analysis of the mixture at 0,1 mg/L. a) individual ion current 362 

of each contaminant; b) UV chromatogram at λ = 285 nm 363 

 364 

In Table 4, we report the average values of the pollutants’ concentration in 365 

treated and untreated mixture, compared with the respective LOD values. 366 

 367 

Table 4. Concentration of the pollutants before (T=0) the treatment and in the treated samples. 368 

 369 

It is possible to observe that after 1 h of treatment most of the parent mol-370 

ecules disappeared; the concentrations were under the limit of determination 371 

by the mass spectrometry analysis. This was an interesting information, since 372 

the concentration of each compound was about 0.5 mg/L, definitively higher 373 

 Time  

   (h) 

Cyprodinil 

mg/L±SD 

Bisphenol-A 

mg/L±SD 

Carbamazepine 

mg/L±SD 

Imidacloprid 

mg/L±SD 

Benzophenone-4 

mg/L±SD 

Ofloxacin 

mg/L±SD 

LOD→    (25ng/L) (0.1mg/L) (25 ng/L) (25 ng/L) (5  g/L) (25 ng/L) 

0 0.225±0.003 0.535±0.014 0.561±0.015± 0.500±0.011 0.385±0.002 0.640±0.003 

1 < LOD < LOD        < LOD 0.433±0.005 < LOD 0.012±0.002 

2 _ _ _ 0.419±0.002 _ 0.009±0.004 

4 _ _ _ 0.356±0.007 _ < LOD 

6 _ _ _ 0.303±0.005 _ _ 

8 _ _ _ 0.284±0.005 _ _ 

BENZOPHENONE-4 

OFLOXACIN 

IMIDACLOPRID 

CARBAMAZEPINE 

BISPHENOL-A 

CYPRODINIL a) 

b) 
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than those present in wastewater or environmental samples. Conversely, 4 h of 374 

treatment was necessary to reach this result in the case of Ofloxacin, confirming 375 

the high stability of the fluoroquinolone antibiotics and their long persistence 376 

once dispersed in the environment.  377 

The most recalcitrant compound, however, was the insecticide Imidaclo-378 

prid At the end of the treatment, its concentration decreased only by 40%. This 379 

insecticide was recently banned in the European Union [43] but its resistance to 380 

degradation accounts for the concern about its accumulation in the environ-381 

ment, soil and surface water. 382 

 383 

3.2.2. The organic load  384 

The concentration of the organic material was determined in the effluent 385 

samples as the COD and the TOC, which values showed in both cases little dif-386 

ferences before and after the treatment. These data (Table 5) underline that the 387 

parent compounds disappear, but their oxidation products were still present, 388 

and negligible mineralization occurred.  389 

 390 

Table 5. The COD and the TOC of treated and untreated samples of secondary effluent. 391 

 392 

Samples     COD (mg/mL)      TOC (mg/L) 393 

                                                                            (± uncertainty) 394 

 395 

Untreated                                     19.24±5.12     21,6±2.4 396 

         Treated 6 h                                 14,6±1.8 397 

         Treated 8 h                                    15.57±1.52   398 

      ∆ COD= 21,1±%         ∆TOC= 32,4±2.2% 399 

 400 

3.2.3 The biotoxicity assays: the bioluminescent bacteria 401 

The biotoxicity test based on the inhibition of the Vibrio fisheri light emis-402 

sion is widely used to determine the presence of toxic compounds in liquid or 403 

solid samples through rapid screening tests. Bacterial bioluminescence is an en-404 

ergy-consuming phenomenon and light is emitted only when the organisms are 405 

in their best metabolic and physiologic conditions. Any component in the envi-406 

ronment injuring the bacterial integrity or functions will produce a reduction 407 

or the disappearance of the light emission in a way directly proportional to the 408 

intensity of the suffered damage. 409 

As expected, the mixture of the six pollutants was highly toxic to the lumi-410 

nescent bacteria reducing the light emission intensity quite to zero. The ozone 411 

treatment was effective in the cleavage of the parent molecules, leading to a 412 

partial restoration of luminescence emission, as shown in Figure 4. Prolonged-413 

time treatment seems to increase and not reduce the toxicity of the mixture. 414 

Probably, the degradation process produces smaller fragments able to interact 415 

more effectively with bacterial physiology This figure shows how the chronic 416 

toxicity assay offers more precise information with respect to the acute one: af-417 

ter one hour, the untreated sample looked very similar to the control. The sen-418 

sitivity of the assay is underlined by the fact that even the tap water employed 419 

to prepare the solution produced a 20% of light emission inhibition with respect 420 

to the control, probably due to the sanitizing treatment residues.  421 

 422 

 423 
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 424 
Figure 4. Light emission of luminescent bacteria in contact with the untreated (0) 425 

and the treated (1, 2, 4, 6, 8) mixture of pollutants. T=0 is the light emission immediately 426 

after the microplate was prepared. T=1 (6, 8, 21, 24) is the light emission after 1 (6, 8, 21, 427 

24) h the microplate was prepared, or the “Time after contact” (between bacteria and 428 

sample) T=1 corresponds to the acute toxicity and T=24 to the chronic toxicity. 429 

 430 

By testing the effluent samples, no particular toxicity of both the untreated 431 

and treated samples was revealed with respect to the acute (1 h contact time 432 

between bacteria and the sample) or the chronic toxicity assay (24 h or longer 433 

contact time). Conversely, at the chronic toxicity time, treated sample fre-434 

quently showed a light emission   higher than that of Control. This is not sur-435 

prising since WW is rich in nutrients and the ozone degradation of the organic 436 

contaminants produces smaller molecules acting as nutrients. The stimulation 437 

degree produced by these nutrients must be carefully considered when plan-438 

ning the reuse of reclaimed water. In Figure 5 are reported the emissions of 439 

Vibrio fisheri in presence of the effluent samples.  440 

 441 

                                                   

a) b) 

Figure 5. Biotoxicity assay of WWTP effluent samples treated for 0, 1, 2, 4, 6, and 8 h 442 

with ozone. (a) acute toxicity, after 1 h of contact of the samples with the bioluminescent 443 

bacteria. (b) chronic toxicity, after longer contact time (24 or 36 h). The light emission 444 
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values at T=5 were included to underline the significant growth over time of bacteria in 445 

contact with the samples, which resulted just slightly toxic.  446 

On some occasions, it must be mentioned that the results were quite different: 447 

some of the samples were definitely more toxic than expected or greatly stimu-448 

lated the light emission. Both effects seem to be present in the samples whose 449 

acute and chronic toxicity data are shown in Figure 6. These samples were 450 

treated according to the new schedule, which included sampling at 15 and 30 451 

min. The 30- and 120-min samples resulted heavily inhibited, the untreated ef-452 

fluent and the other samples showed a stimulated light intensity. The assay was 453 

repeated various times to exclude a behavior artefact. The chemical composi-454 

tion of the effluent can be different at each sampling and its effects on living 455 

organisms can be unpredictable, but the biotoxicological data are nevertheless 456 

indispensable warning tools.  457 

 458 

Figure 6. Light emission intensity of WWTP effluent samples collected according to the 459 

new schedule. The samples collected after 30 min and after 120 min of treatment re-460 

sulted, surprisingly, highly toxic. Less surprising was the intensity of stimulation pro-461 

duced by the untreated sample. 462 

 463 

3.2.4 The biotoxicity assays: the green algae 464 

The food chain is founded on the unicellular green algae, thus knowing 465 

their response to the presence of pollutants in water bodies is of paramount 466 

importance. Nonetheless,,the sensitivity of the various strains can differ 467 

greatly: the marine strains are usually more sensitive than the freshwater ones. 468 

During the test with the pollutants’ mixture, the tap water produced a 10% in-469 

hibition of the growth of Dunaliella t. with respect to the control, as previously 470 

observed for Vibrio f., another marine organism. The untreated sample pro-471 

duced a 97% reduction of the growth and all treated samples 100%. The effects 472 

on the growth of Raphidocelis s. were just a little less important. The inhibition 473 

percentage for the various samples is reported in Figure 7. These data indicate 474 

that the ozone treatment was not sufficient to remove all components responsi-475 

ble for negative effects on algae vitality at the high concentration considered. 476 

 477 
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 478 
 Figure 7. Chlorophyll absorbance quantifies the growth of freshwater alga in con-479 

tact with the pollutant mixture treated by ozone. Above each sample is reported the % 480 

inhibition with respect to the Control.  481 

 482 

The behavior of the two strains was different also while testing the effluent 483 

samples. The marine alga Dunaliella t. revealed a significant growth inhibition 484 

by the untreated sample and a slow recovery in parallel with the increase in the 485 

treatment duration. The maximum growth was produced by the 4 h treated 486 

sample (Figure 8a) and this result, independently from the effect of the un-487 

treated water, was always recorded. The growth of the freshwater alga was 488 

equally inhibited by untreated samples, but the recovery was more rapid and 489 

less regular (Figure 8b). The need for the larger possible set of biotoxicological 490 

tests to evaluate correctly the toxicity of complex samples is more than evident, 491 

since each kind of organism has a unique reaction to the presence of the same 492 

xenobiotic.  493 

 494 

 495 
 496 

Figure 8 The histogram reports the absorbance values of chlorophyll in the cultures 497 

of Dunaliella t. and Raphidocelis s. in contact with the effluent samples, treated or not (0), 498 

and compared with the respective Control, pure culture of algae.   499 

 500 

3.3. The heterotrophic plate counts 501 

At present, the main application of ozone is in the sanitization of rooms, 502 

surfaces, devices, foods, or solutions. To evaluate the effectiveness of the “Pool-503 

san” device in sanitizing the secondary effluent samples we plated both the 504 
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freshly treated samples and a specimen of the same samples 7 days after, to 505 

evaluate the effects of ozone on the number of CFU and the possible regrowth 506 

of surviving bacteria. We employed the heterotrophic plate count of thermo-507 

phile bacteria as the screening test for sanitization capacity. The results are sum-508 

marized in Table 6. 509 

 510 

Table 6. The heterotrophic plate counts for freshly treated wastewater samples and 511 

for the same samples plated 7 days later. Regrowth phenomena did not occur, no colony 512 

was grown on plates of treated samples. 513 

 514 

4. Discussion 515 

In this study, we investigated the performance of a self-assembled device 516 

to treat different kinds of wastewater by ozone injected into the water stream. 517 

O3 dissolved in water has been used for sterilization and detoxification of fluids 518 

in all kinds of contexts [14, 44-46], rarely alone but usually as a pre or post treat-519 

ment, according to the chemical/biological content and to the final use of the 520 

reclaimed water.  521 

Our aim was to test the possibility to employ our system to treat small-522 

moderate volumes of wastewater produced locally during various activities, 523 

such as agriculture, small industries, isolated communities, or to sanitize sur-524 

face water or groundwater not suitable for human use in areas where no pota-525 

ble water utilities are present, or are not available because of some kind of emer-526 

gency.  527 

Concerning the removal of chemical pollutants from WW, the experiments 528 

on a concentrated solution of six representatives of the so-called micropollu-529 

tants or emerging pollutants gave positive results. The system was able to de-530 

grade completely most of the parent molecules after 1 h of treatment and prob-531 

ably in shorter time after optimization. Only one compound maintained more 532 

than 50% of its initial concentration. The effectiveness of our system concerning 533 

the degradation of organic pollutants at high concentrations like in industrial 534 

WW is further confirmed by the comparison with similar, already published 535 

data [2, 31, 35, 47].  536 

The COD and TOC values indicated that the overall organic content was 537 

not greatly changed after treatment, but the known role of ozone and its radi-538 

cals is just to start the molecular degradation by oxidative attacks, enabling an 539 

easier biodegradation process, not to obtain extensive mineralization of the 540 

molecules [3, 48, 49].  541 

Identifying the degradation products was out of our interest, because sev-542 

eral studies have been already published on the degradation of various com-543 

pounds included in our solution [2, 3, 34, 50, 51] and mainly because we wished 544 

to replicate real cases, where a detailed identification of all the components and 545 

their changes is not feasible. Moreover, the treatment’s effects are evaluated by 546 

Samples 
    CFU/100 mL 

      ±uncertainty 

Regrowth 

 CFU/100 mL 

Untreated 14,600±4,000 --- 

O3 treatment: 15 min  1,300±600 0  

30 min       800±300 0  

60 min     300±100 0  

120 min                     100±40 0  

240 min  100±50 0  

360 min 80±30 0  
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simpler tests, for example the biotoxicological or microbiological ones. We eval-547 

uated the changes in toxicity produced on the pollutants’ mixture focusing on 548 

the long-term effects of samples, since short-term toxicity assays can result in 549 

not realistic information. This is confirmed, for example, by data reported in 550 

Figure 4: the real toxicity of the untreated solution can be observed only in long-551 

term measurements. The green algae response was also evaluated as a long-552 

term assay, to ensure the full expression of the pollutants’ effects. The results 553 

can be considered consistent with those from bacteria, even though the sensi-554 

tivity of these organisms was different: the marine one, more sensitive, showed 555 

no growth. The freshwater alga was able to grow, but only about 20% with re-556 

spect to the control, without significant differences among the various treat-557 

ment times. These differences are the rule and each research work will define a 558 

different order of sensitivity for the same organisms but different analytes [52]. 559 

Moreover, it must be taken into consideration not only the metabolic dif-560 

ferences among the organisms we employed, but also the controversial effects 561 

of organic pollutants degradation: often the degradation products are more 562 

toxic than the parental molecule, the increased toxicity in treated samples must 563 

not be surprising.  564 

The samples of municipal, post precipitation plant effluent produced just 565 

in a few cases toxic effects, more frequently a growth stimulation both on bac-566 

teria and algae. This is not surprising, since the municipal WWTP effluents, 567 

containing not more than few μg/L of toxic micropollutants are rich in nutrients 568 

which can help the growth of living organisms [3]. This information is im-569 

portant since it is not fully positive: an effluent containing a lot of nutrients will 570 

produce eutrophication phenomena in the receiving water bodies.  571 

The second aspect of ozone treatment dealing with the microbiological 572 

content of water, was evaluated by the non-selective heterotrophic plate count 573 

assay, and although we could not identify specific strains, these preliminary 574 

results were satisfying. In the freshly treated samples, the CFUs were reduced 575 

accordingly to the treatment time, but the results from the same samples plated 576 

after 7 days were surprising: they showed no one CFU. This feature, if it will be 577 

confirmed and accompanied by specific microbiological tests, would indicate 578 

that treated wastewater can stay sanitized over time. This finding is consistent 579 

with various previous works dealing with conditions for wastewater disinfec-580 

tion [53-55].  581 

 582 

5. Conclusion 583 

The present was a preliminary work aimed to ascertain the potentialities 584 

of the continuous-flow device in improving the various aspects determining 585 

water quality. The next step concerning the sanitization aspect will be the in-586 

vestigation on the actual inactivation of typical bacterial strains such as Fecal 587 

Coliforms and other pathogenic and/or particularly resistant organisms. These 588 

data are necessary to confirm the efficacy of the treatment. When possible, the 589 

analytical evaluation of organic contaminants degradation in WW samples will 590 

be carried out. 591 

Nevertheless, it is possible to affirm that the degradation rates of several 592 

very dangerous molecules at unusually high concentrations after 1 h of treat-593 

ment and the zero CFU in the regrowth test were interesting and encouraging 594 

results. 595 

Following this first test on the system, we are planning to optimize its de-596 

sign, obtaining the best performance in the different situations in which it can 597 

be employed. In the continuous flow system, the blender tower size and the 598 

flow speed can be tailored on the water volume to be treated, on the final use 599 

of the treated water, and on the initial organic content. The amount of ozone 600 
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and the treatment time will be recalculated according to the biological and 601 

chemical characteristics of the fluid under treatment, optimizing the costs and 602 

working time. 603 

The development of such a simple, extremely flexible, and effective system 604 

can offer an interesting way to recycle WW produced in small communities, 605 

during limited agricultural or industrial activities, or to improve drinking wa-606 

ter quality in developing areas, small communities, and emergency situations.  607 

Locally sanitizing and remediating minor volumes of wastewater or not 608 

potable water sources through economic and easily conveyable systems is as 609 

important as remediating and reusing great volumes of wastewater produced 610 

by municipal and industrial treatment plants. Failing these local actions, the 611 

only alternative will be to dissipate the wastewater, to contaminate the envi-612 

ronment, or be detrimental to human health.  613 

 614 

Author Contributions: “Conceptualization, B. E., G. S., F.P. and E.N. F.; methodology, 615 

M. C.; validation, R.G., L.B.; formal analysis, F.R.; investigation, B. E., M.L.  N., L.B. G.L.; 616 

data curation, ML. N., R.G..; resources, G.S., F.P.; writing—original draft preparation, 617 

E.N. F.; writing—review and editing, EN F, B. E., M. C.; F. R.;  618 

All authors have read and agreed to the published version of the manuscript.”  619 

Funding: “This research received no external funding”  620 

Institutional Review Board Statement: not applicable 621 

Informed Consent Statement: not applicable 622 

 623 

Data Availability Statement: The data presented in this study are available on request 624 

from the corresponding author with the permission of the company involved in the 625 

study, MET srl.  626 

 627 

Acknowledgments: The author acknowledge the staff of MET srl for the kind supply of 628 

the Poolsan system and their technical support.  629 

Conflicts of Interest: The authors declare no conflict of interest 630 

References 631 

 632 

1.  De Battisti, A.; Formaglio, P.; Ferro, S.; Al Aukidy, M.; Verlicchi, P. Electrochemical disinfection of groundwater for 633 

civil use – An example of effective endogenous advanced oxidation process. Chemosphere, 2018, 207, 101-109. 634 

https://doi.org/10.1016/j.chemosphere.2018.05.062 635 

2. Snyder, S.A.; Wert, E.C.; Rexing, D.J.; Zegers, R.E.; Drury, D.D. Ozone oxidation of endocrine disruptors and phar-636 

maceuticals in surface water and wastewater. Ozone: Sci Eng., 2007, 28, 445-460. 637 

https://doi.org/10.1080/01919510601039726 638 

3. Luo, Y.; Guo, W.; Ngo, H.H.; Nghiem, L.G.; Hai, F.I.; Zhang, J.; Liang, S.; Wang, X.C. A review on the occurrence of 639 

micropollutants in the aquatic environment and their fate and removal during wastewater treatment. Sci. Total En-640 

viron., 2014, 473-474, 619-641. https://doi.org/10.1016/j.scitotenv.2013.12.065 641 

4. Arman, N.Z.; Salmiati, S.; Aris, A.; Salim, M.R.; Nazifa, T.H.; Muhamad, M.S.; Marpongahtun, M. A Review on 642 

Emerging Pollutants in the Water Environment: Existences, Health Effects and Treatment Processes. Water (Swit-643 

zerland) 2021, 13. 644 

5. Krzeminski,P.; Tomei, M.C.; Karaolia, C.; Langenhoff, A.; Almeida, C.M.R.; Felis, E.; Fatta-Kassinos, D. Performance 645 

of secondary wastewater treatment methods for the removal of contaminants of emerging concern implicated in 646 

https://doi.org/10.1016/j.chemosphere.2018.05.062
https://doi.org/10.1080/01919510601039726
https://doi.org/10.1016/j.scitotenv.2013.12.065


Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 19 
 

crop uptake and antibiotic resistance spread: a review. Sci. Total Environ. 2019, 648, 1052-1081. 647 

https://doi.org/10.1016/j.scitotenv.2018.08.130 648 

6. Wang, W.; Wang, H.; Li, G.; An, T.; Zhao, H.; Wong, P.K. Catalyst-free activation of persulfate by visible light for 649 

water disinfection: Efficiency and mechanisms. Water Res. 2019, 157, 106-118. https://doi.org/10.1016/j.wa-650 

tres.2019.03.071 651 

7. Diaz, V.; Ibanez, R.; Gomez, P.; Urtiaga, A.M.; Ortiz I. Kinetics of electro-oxidation of ammonia-N, nitrites and COD 652 

from a recirculating aquaculture saline water system using BDD anodes. Water Res. 2011, 45, 125-134. 653 

https://doi.org/10.1016/j.watres.2010.08.020 654 

8. White, G.C. Handbook of chlorination and alternative disinfectants. 4th ed. John Wiley & Sons Inc., 1999; pp. 264-265, 655 

353-358, 1350-1352. 656 

9. Predmore, A.; Sanglay, G.; Li, J.; Lee, K. Control of human norovirus surrogates in fresh food by gaseous ozone and 657 

a proposed mechanism of inactivation. Food Microbiol. 2015, 50, 118-125. http://dx.doi.org/10.1016/j.fm.2015.04.004 658 

10. Bailey, E.S.; Sobsey, M.D. Quantitative microbial risk assessment of North Carolina type 2 reclaimed water for agri-659 

cultural reuse. Appl. Sci., 2022, 12, 10159. https://doi.org/10.3390/app121910159 660 

11. Glaze, W.H.; Kang, J.W.; Chapin, D.H. The chemistry of water treatment processes involving ozone, hydrogen per-661 

oxide and ultraviolet radiation. Ozone Sci. Eng. 1987, 9, 335-352. https://doi.org/10.1080/01919518708552148 662 

12. Vogelpohl, A. Applications of AOPs in wastewater treatment. Water Sci. Technol. 2007, 55, 207–211. 663 

https://doi.org/10.2166/wst.2007.408 664 

13. Chen, Y.; Duan, X.; Zhou, X.; Wang, R.; Wang, S.; Ren, N.; Ho, S-H. Advanced oxidation processes for water disin-665 

fection: Features, mechanisms and prospects. Chem Eng. J. 2021, 49, 128207. https://doi.org/10.1016/j.cej.2020.128207 666 

14. da Silva, L.M.; Jardim, W.F. Trends and strategies of ozone application in environmental problems. Quím. Nova, 667 

2006, 29,310-317. https://doi.org/10.1590/S0100-40422006000200023 668 

15. Lee, O.M.; Kim, H.Y.; Park, W.; Kim, T.H.; Yu, S. A comparative study of disinfection efficiency and regrowth control 669 

of microorganism in secondary wastewater effluent using UV, Ozone, and ionizing irradiation process. J. Hazard 670 

Mat. 2015 ,295, 201-208. https://dx.doi.org/10.1016/j.jhazmat.2015.04.016 671 

16. Collivignarelli, C.; Bertanza, G.; Pedrazzani, R. A. comparison among different wastewater disinfection systems: 672 

Experimental results. Environ. Technol. 2000, 21, 1-6. https://doi.org/10.1080/09593332108618137 673 

17. Ishida, C.; Salverson, A.; Robinson, K.; Bowman, R.; Snyder, S. Ozone disinfection with the HiPOX ™ reactor stream-674 

lining an “old technology” for wastewater reuse. Water Sci Technol. 2008, 58, 1765–1773. 675 

https://doi.org/10.2166/wst.2008.548 676 

18. Mondala, A.H.; Hernandez, R.; French, W.T.; Estevez, L.A.; Meckes, M.; Trillo, M., Hall, J. Preozonation of primary-677 

treated municipal wastewater for reuse in biofuel feedstock generation. Environ Progress Sust. Energy, 2011, 30, 666-678 

664.  https://doi.org/10.1002/ep.10514 679 

19. Hussain, K.; Khan, N.A.; Vambol, V.; Vambol, S.; Yeremenko, S.; Sydorenko, V. Advancement in Ozone based 680 

wastewater treatment technologies: Brief review. Ecol. Quest. 33, 2022, 2, 7-19. http://dx.doi.org/10.12775/EQ.2022.10 681 

20. Orta de Velasquez, M.T.; Neftali Rojas-Valencia, M.; Ayala, A. Wastewater disinfection using ozone to remove free-682 

living, highly pathogenic bacteria and amoebae. Ozone Sci Eng. 2008, 30, 367-375. 683 

https://doi.org/10.1080/01919510802333738 684 

21. Rangel, K.; Cabral, F.O.; Lechuga, G.C.; Carvalho, J.P.R.S.; Villas-Bôas, M.H.S.; Midlej, V.; De Simone, S.G. Potent 685 

activity of a high concentration of chemical ozone against antibiotic-resistant bacteria. Molecules, 2022, 27, 3998. 686 

https://doi.org/10.3390/molecules27133998 687 

https://doi.org/10.1016/j.scitotenv.2018.08.130
http://dx.doi.org/10.1016/j.fm.2015.04.004
https://doi.org/10.3390/app121910159
https://doi.org/10.1080/01919518708552148
https://doi.org/10.2166/wst.2007.408
https://doi.org/10.1016/j.cej.2020.128207
https://doi.org/10.1590/S0100-40422006000200023
https://dx.doi.org/10.1016/j.jhazmat.2015.04.016
https://doi.org/10.1080/09593332108618137
https://doi.org/10.2166/wst.2008.548
https://doi.org/10.1002/ep.10514
http://dx.doi.org/10.12775/EQ.2022.10
https://doi.org/10.1080/01919510802333738
https://doi.org/10.3390/molecules27133998


Appl. Sci. 2023, 13, x FOR PEER REVIEW 17 of 19 
 

22. Aslam, R.; Alam, M.S.; Saeed, P.A. Sanitization potential of ozone and its role in postharvest quality management 688 

of fruits and vegetables. Food Eng. Rev. 2020, 12, 48-67. https://doi.org/10.1007/s12393-019-09204-0 689 

23. Baggio, A.; Marino, M.; Innocente, N.; Celotto, M.; Maifreni, M. Antimicrobial effect of oxidative technologies in 690 

food processing: An overview. Eur. Food Res. Technol. 2020, 246, 669-692. https://doi.org/10.1007/s00217-020-03447-6  691 

24. Dolci, P.; Ingegno, B.L.; Mangia, E.; Ghirardello, D.; Zaquini, L.; Costarelli, S.; Tavella, L.; Perrot, S.; Candaele, B.; 692 

Bagarri, O.; Cerutti, E.; Zeppa, G. Electrolyzed water and gaseous ozone application for the control of microbiolog-693 

ical and insect contamination in dried lemon balm: Hygienic and quality aspects. Food Control, 2022, 142, 109242. 694 

https://doi.org/10.1016/j.foodcont.2022.109242 695 

25. Kaur, K.; Kaur, P.; Kumar, S.; Zalpouri, R.; Singh, M. Ozonation as a potential approach for pesticide and microbial 696 

detoxification of food grains with a focus on nutritional and functional quality. Food Rev. Int., 2022, 697 

https://doi.org/10.1080/87559129.2022.2092129 698 

26. Panebianco, F.; Rubiola, S.; Chiesa, F.; Civera, T.; Di Ciccio, P.A. Effect of gaseous ozone on Listeria monocytogenes 699 

planktonic cells and biofilm: An in vitro study. Foods, 2021, 10, 1484. https://doi.org/10.3390/foods10071484 700 

27. Wei, C.; Zhang, F.; Hu, Y.; Feng, C.; Wu, H. Ozonation in water treatment: the generation, basic properties of ozone 701 

and its practical application. Rev. Chem. Eng. 2017, 33, 49-89. https://doi.org/10.1515/revce-2016-0008  702 

28. Beniwal, D.; Taylor-Edmonds, L.; Armour, J.; Andrews, R.C. Ozone/peroxide advanced oxidation in combination 703 

with biofiltration for taste and odour control and organics removal. Chemosphere, 2018, 212, 272-281. 704 

https://dx.doi.org/10.1016/j.chemosphere.2018.08.015 705 

29. Derco, J.; Gotvajn, A.Z.; Čižmárová, O.; Dudáš, J.; Sumegová, L.; Šimovičová. Removal of micropollutants by ozone-706 

based processes. Processes, 2021, 9, 1013. https://doi.org/10.3390/pr90611013 707 

30. Phan, L.T.; Schaar, H.; Saracevic, E.; Krampe, J.; Kreuzinger, N. Effect of ozonation on the biodegradability of urban 708 

wastewater treatment plant effluent. Sci Total Environ., 2022, 812, 152466. https://dx.doi.org/10.1016/j.sci-709 

totenv.2021.152466 710 

31. Aleksic, S.; Zgajnar Gotvajn, A.; Premzl, K.; Kolar, M.; Turk, S.S. Ozonation of amoxicillin and ciprofloxacin in model 711 

hospital wastewater to increase biotreatability. Antibiotics, 2021, 10, 1407.  https://doi.org/10.3390/antibiot-712 

ics10111407 713 

32. Paraskeva, P.; Graham, N.J.D. Ozonation of municipal wastewater effluents. Water Environ. Res. 74, 516-581. 714 

https://doi.org/10.2175/106143002X140387 715 

33. Martínez, S.B.; Pérez-Parra, J.; Suay, R. Use of ozone in wastewater treatment to produce water suitable for irrigation. 716 

Water Res. Manage. 2011, 25, 2109-2124. https://doi.org/10.1007/s11269-011-9798-x 717 

34. Ikehata, K.; El-Din, M.G. Aqueous pesticide degradation by ozonation and ozone-based advanced oxidation pro-718 

cesses: a review (Part I), Ozone Sci Eng. 2005, 27, 83-114. https://doi.org/10.1080/01919510590925220 719 

35. Hey, G.; Vega, S.R.; Fick, J.; Tysklind, M.; Ledin, A.; Jansen, J.; Andersen, H.R. Removal of pharmaceuticals in WWTP 720 

effluents by ozone and hydrogen peroxide. Water SA, 2014, 40, 165-173. http://dx.doi.org/10.4314/wsa.v40il.20 721 

36. Oneby, M.A.; Bromley, C.O.; Borchardt, J. H.; Harrison, D.S. Ozone treatment of secondary effluent at US municipal 722 

wastewater treatment plants. Ozone Sci. Eng 2010, 32, 43-55. https://doi.org/10.1080/01919510903482780 723 

37. Loeb, B.L.; Thompson, C.M.; Drago, J.; Takahara, H.; Baig, S. Worldwide ozone capacity for treatment of drinking 724 

water and wastewater: A review. Ozone Sci. Eng. 2012, 34, 64-77. http://dx.doi.org/10.1080/01919512.2012.640251 725 

38. Bader, H.; Hoigne, J. Determination of ozone in water by the indigo method – a submitted standard method. Ozone 726 

Sci Eng. 1982, 4, 169-176. 727 

39. BS EN ISO 11348-3:2008+A1:2018 Water quality. Determination of the inhibitory effect of water samples on the light 728 

emission of Vibrio fischeri (Luminescent bacteria test) Part 3: Method using freeze-dried bacteria. CEN, Brussels 729 

https://doi.org/10.1007/s12393-019-09204-0
https://doi.org/10.1007/s00217-020-03447-6
https://doi.org/10.1016/j.foodcont.2022.109242
https://doi.org/10.1080/87559129.2022.2092129
https://doi.org/10.3390/foods10071484
https://doi.org/10.1515/revce-2016-0008
https://dx.doi.org/10.1016/j.chemosphere.2018.08.015
https://doi.org/10.3390/pr90611013
https://dx.doi.org/10.1016/j.scitotenv.2021.152466
https://dx.doi.org/10.1016/j.scitotenv.2021.152466
https://doi.org/10.3390/antibiotics10111407
https://doi.org/10.3390/antibiotics10111407
https://doi.org/10.2175/106143002X140387
https://doi.org/10.1007/s11269-011-9798-x
https://doi.org/10.1080/01919510590925220
http://dx.doi.org/10.4314/wsa.v40il.20
https://doi.org/10.1080/01919510903482780
http://dx.doi.org/10.1080/01919512.2012.640251


Appl. Sci. 2023, 13, x FOR PEER REVIEW 18 of 19 
 

40. ISO 14442-2006. Water quality –Guidelines for algal growth inhibition test with poorly soluble materials, volatile 730 

compounds, metals and wastewater. ISO 14442, 2nd Ed., 2006, Geneva, Switzerland. 731 

41. ISO 8692:2004. Water quality – Freshwater algal growth inhibition test with unicellular green algae. (Revised by ISO 732 

8692:2012). Available online: https://www.iso.org/standard/29924.html  733 

42. Esposito, B.; Riminucci, F.; Di Marco, F.; Metruccio, E.G.; Osti, F.; Sangiorgi, S.; Ferri, E.N. A simple device for the 734 

on-site photodegradation of pesticide mixes remnants to avoid environmental point pollution. Appl Sci. 2021, 735 

11,3593. https://doi.org/10.3390/app11083593 736 

43. EU Commission. Commission Implementing Regulation (EU) 2020/1643 of 5 November 2020.OJ L 370, 6.11.2020, 737 

18–20.  738 

44. Rice, R.G.; Netzer, A. (Eds.). Handbook of ozone: Technology and Applications. Ann Arbor Science, Michigan,1982. 739 

45. Sameena, M.N.; Prakash, C.G.; Atul, N.V.; Sandeep, N.M. Ozone pre-treatment of molasses-based biomethanated 740 

distillery wastewater for enhanced bio-composting. J. Environ. Manage., 2019, 246,42-50. https://doi.org/10.1016/j.jen-741 

vman.2019.05.087 742 

46. Miranda N.D.; Oliveira, L.; Silva G.H.R. Study of constructed wetlands effluents disinfected with ozone. Water Sci. 743 

Technol. 2014, 70,108-113. https://doi.org/10.2166/wst.2014.202 744 

47. Gonzales-Ospina, A.; Domenjou, B.; Vulliet, E.; Bony, S.; Baig, S. Biological and chemical-ozone oxidation of emerg-745 

ing micropollutants in wastewater treatment plants. Environ. Risques Santé. 2018, 17, 75-83. 746 

http://dx.doi.org/10.1684/ers.2017.1097 747 

48. Arlsan-Alaton, I.; Anyur-Koyunluoglu, S. Toxicity and biodegradability behavior of xenobiotic chemicals before 748 

and after ozonation: A case study with commercial textile tannins. Ozone Sci Eng. 2007, 29,443-450. http:// 749 

dx.doi.org/10.1080/01919510701613354 750 

49. Wang, Y.M.; Yang, M.; Zhang, J.; Zhang, Y.; Gao, M.C. Improvement of biodegradability of oil field drilling 751 

wastewater using ozone. Ozone Sci Eng. 2004, 26, 309-315. http://dx.doi.org/10.1080/01919510490456132 752 

50. Umar, M.; Roddick, F.; Fan, L.; Abdul Aziz, H. Application of ozone for the removal of bisphenol A from water and 753 

wastewater – A review. Chemosphere, 2013, 90, 2197-2207. https://dx.doi.org/10.1016/j.chemosphere.2012.09.090 754 

51. Hübner, U.; Seiwert, B.; Reemtsma, T.; Jekel, M. Ozonation products of carbamazepine and their removal from sec-755 

ondary effluents by soil aquifer treatment – Indications from column experiments. Water Res. 2014, 49, 34-43. 756 

http://dx.doi.org/10.1016/j.watres.2013.11.016 757 

52. Arslan-Alaton, I.; Aytac, E.; Kusk, K.O. Effect of Fenton treatment on the aquatic toxicity of bisphenol A in different 758 

water matrices. Environ Sci Pollut. Res. 2014, 21, 12122-12128. http://doi.org/10.1007/s11356-014-2877-9 759 

53. Liberti, L.; Notarnicola, M.; Lopez, A. Advanced treatment for municipal wastewater reuse in agriculture. III – 760 

Ozone disinfection. Ozone Sci Eng. 2000, 22, 151-166. http://dx.doi.org/10.1080/01919510008547217 761 

54.  Kirchner, K.; Brueckner, I.; Klaer,K.; Hammers-Wirtz, M.; Pinnekamp, J.; Rosenbaum, M.A. Microbial counts and 762 

antibiotic resistances during conventional wastewater treatment and wastewater ozonation. Ozone Sci Eng. 2020, 42, 763 

108-119. http://dx.doi.org/10.1080/01919512.2019.1645641 764 

55. Janex, ML.; Savoye, P.; Roustan, M.; Do-Quang, Z.; Laine, JM.; Lazarova, V. Wastewater disinfection by ozone: In-765 

fluence of water quality and kinetics modelling. Ozone Sci. Eng., 2000, 22, 113-121. 766 

http://dx.doi.org/10.1080/01919510008547215 767 

 768 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the in-769 

dividual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsi-770 

bility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the 771 

content. 772 

https://www.iso.org/standard/29924.html
https://doi.org/10.3390/app11083593
https://doi.org/10.1016/j.jenvman.2019.05.087
https://doi.org/10.1016/j.jenvman.2019.05.087
https://doi.org/10.2166/wst.2014.202
https://dx.doi.org/10.1016/j.chemosphere.2012.09.090
http://doi.org/10.1007/s11356-014-2877-9
http://dx.doi.org/10.1080/01919510008547217
http://dx.doi.org/10.1080/01919512.2019.1645641
http://dx.doi.org/10.1080/01919510008547215


Appl. Sci. 2023, 13, x FOR PEER REVIEW 19 of 19 
 

 773 


