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Abstract 18 

Combined sewer overflows (CSO), generated during the wet weather flow from the 19 

combination of the inflow and stormwater runoff in sewer system, result in an overflow 20 

of untreated wastewater from sewer system, which might ultimately contain different 21 

micropollutants (MPs). In this study, a coagulation-flocculation-sedimentation (CFS) 22 

pretreated CSO spiked with MPs was treated by catalytic ozonation using carbon, iron 23 

and peroxide based catalysts. The catalysts were characterized and their activity on MPs 24 

removal was studied at two different ozone (O3) doses (5 and 10 mg L‒1). The effect of 25 

the treatment on the spiked CSO effluent was also assessed from the acute toxicity of the 26 

effluent using Microtox®, Yeast and Macrophage cell-line toxicity assay tests. All the 27 

carbon-based catalysts showed large surface area, which was strongly influenced by the 28 

activation technique in the preparation of the catalyst. The CFS treatment strongly 29 

reduced the turbidity (≥ 60%) but had marginal effect on the UV254, dissolved organic 30 
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carbon (DOC) and pH. Sludge Based Carbon (SBC) showed strong adsorption capacity 31 

(≥ 60% removal efficiency) for all MPs studied compared to other carbon and iron-based 32 

catalysts. Ozonation alone was effective for the degradation of easily oxidizable MPs 33 

(sulfamethoxazole, mecoprop, and 2,4-dichlorophenoxyl acetic acid), achieving more 34 

than 80% degradation efficiency at 10 mg L‒1 of ozone, but not effective for atrazine (≤ 35 

60% degradation efficiency) at similar O3 dose. Catalytic ozonation (at 10 mg L‒1 O3 36 

dose) improved the degradation of the MPs at low catalyst dosage but higher dosage 37 

strongly inhibited their degradation. In all cases, the effluents showed negligible acute 38 

toxicity, indicating the suitability of the process for the treatment of CSO.   39 

Keywords 40 
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 43 

1. Introduction 44 

In general, surface runoff from urban areas can be transported in separate sewer systems 45 

(i.e., separated from sewage) or combined sewer systems (i.e., combined with sewage). 46 

In a separate sewer system, stormwater is collected and discharged to the receiving water 47 

body or passed over stormwater management facilities. Combined sewer systems, on their 48 

part, are sewers that are designed to collect rainwater runoff, domestic sewage, and 49 

industrial wastewater in the same pipe. The total flow is transported to wastewater 50 

treatment plants (WWTP) where it is treated and then discharged to a water body. 51 

However, during heavy rainstorms a part of the total flow is diverted out of the sewer 52 

system to receiving waters at overflow structures. Otherwise, high water flows would 53 

exceed the sewer system or WWTP capacity. These overflows contain municipal sewage 54 

and are known as Combined Sewer Overflows (CSO). This type of waters may be highly 55 

polluted and usually are discharged without any treatment [Kumar Chhetri et al., 2014], 56 

causing environmental impacts to receiving systems. This is a common problem in cities 57 

in the United States and Canada, among other world regions where combined sewer 58 

systems are implemented. The negative consequences for the receiving aquatic 59 

ecosystems can range from short- to long-term type (bioaccumulation, eutrophication, 60 

fish mortality increment, low level of dissolved oxygen, etc.) [Riechel et al., 2020; Kumar 61 

Chhetri et al., 2016]. In any case, it is necessary to implement a back-up treatment system 62 

capable to treat CSO during heavy rainstorm events. 63 



CSO can contain a large amount of organic matter, pathogens and micropollutants (MPs). 64 

MPs are recalcitrant and present in low concentrations in the environment [López-Vinent 65 

et al., 2020; López-Vinent et al., 2019; Richardson and Kimura]. They can enter in the 66 

aquatic ecosystem causing harmful ecological and human health effects [De la Cruz et 67 

al., 2012; Ortiz de García et al., 2013]. Conventional treatments (such as biological 68 

treatments) are not suitable to remove MPs due to the properties of these compounds 69 

[Ganiyu et al., 2015; López et al., 2017], and they are not designed for occasional 70 

applications. In order to protect the ecosystems and water resources, and in accordance 71 

with future law requirements, additional techniques are necessary to eliminate MPs. In 72 

this sense, chemical treatment appears as a good choice. In the last decades, a common 73 

alternative to conventional treatments has been the use of Advanced Oxidation Processes 74 

(AOPs). Among the different AOPs, ozonation seems to be one of the most cost-effective 75 

and easily implementable technologies to remove organic compounds from water and 76 

wastewater [Cruz-Alcalde et al., 2019a]. However, a pretreatment is necessary before the 77 

ozonation step in order to eliminate the large amount of organic matter present in CSO, 78 

including solids. A good removal of this organic matter can be achieved by chemical 79 

coagulation-flocculation [El Samrani et al, 2008]. 80 

Concerning ozonation, an extensive number of studies from laboratory to large-scale have 81 

reported the efficiency of ozone (O3) application for MPs removal in wastewater effluents 82 

[Blackbeard et al., 2016; Bourgin et al., 2018; Cruz-Alcalde et al., 2019a; Chys et al., 83 

2017; Dogruel et al., 2020; Mecha et al., 2016; Singh et al.]. Nevertheless, O3 is a selective 84 

oxidant, which means that not all compounds can be removed with direct O3 reaction [von 85 

Gunten, 2003]. However, the decomposition of O3 in water matrices produces hydroxyl 86 

radical (•OH), which is a non-selective oxidant [von Gunten, 2003; Lee and von Gunten, 87 

2009], with a high oxidative power. In order to enhance the natural formation of •OH 88 

during wastewater ozonation, a promising strategy is the addition of catalysts and other 89 

reagents capable of reacting with ozone to yield •OH [Li et al., 2008; Malvestiti et al., 90 

2019; Zhu et al., 2017]. In particular, carbon-, iron- and peroxide-based materials have 91 

previously shown promising performances as potential catalysts in ozonation [Li et al., 92 

2018; Rajah et al., 2019; Vatankhah et al., 2019; Yin et al., 2016; Ziylan and Ince, 2015]. 93 

Moreover, solid catalysts, especially carbon-based materials, can present additional 94 

advantages, regarding MPs removal, as adsorption. Studies reporting potential strategies 95 

for CSO treatments are scarce, and only a few works reported the use of O3 and AOPs for 96 



disinfection of this kind of waters [Wojtenko, 2001; Tondera et al., 2015]. To the best of 97 

our knowledge, no studies about MPs removal from CSO have been reported so far. The 98 

main goals of this study were i) to evaluate the efficiency of primary treatment for CSO 99 

water consisting of a first coagulation-flocculation-sedimentation step and subsequent O3 100 

oxidation, with the main goal of removing organic contaminants, ii) to test different 101 

oxidants and catalysts combined with ozone in order to determine alternatives for an 102 

enhanced primary treatment during wet weather flow and iii) to assess potential impacts 103 

of these treatment strategies on the biodegradability and acute toxicity of CSO .  104 

 105 

2. Methodology 106 

2.1. Chemicals and reagents 107 

Sulfamethoxazole (SMX), mecoprop (MCP), atrazine (ATZ) and 2,4-dichlorophenoxy 108 

acetic acid (2,4-D) purchased from Sigma-Aldrich (Germany) were used as target 109 

compounds. These contaminants were selected according to their reactivity with O3, as 110 

this parameter determines their degradation efficiency during the process. SMX is highly 111 

reactive with O3 (kSMX,O3 = 5.5 × 105 M‒1 s‒1 [Huber et al., 2003]), whereas MCP and 2,4-112 

D both display medium reactivity (kO3 values of 111.0 M‒1 s‒1 [Beltrán et al., 1994] and 113 

21.9 M‒1 s‒1 [Benitez et al., 2004], respectively). ATZ, on its part, is an ozone-resistant 114 

compound (kATZ,O3= 6 M‒1 s‒1) [Acero et al., 2000]. Regarding •OH reactivity, all 115 

compounds present high second-order rate constants with the radical (values of 5.5 × 109 116 

M‒1 s‒1 [Huber et al., 2003], 9.1 × 109 M‒1 s‒1 [Beltrán et al., 1994], 5.1 × 109 M‒1 s‒1 117 

[Benitez et al., 2004] and 3 × 109 M‒1 s‒1 [Lee and von Gunten, 2009] for SMX, MCP, 118 

2.4-D and ATZ, respectively). Granular Activated Carbon (GAC), zero valent iron (ZVI), 119 

magnetite (Fe3O4), peracetic acid (PAA), hydrogen peroxide (H2O2, 30% w/w), ferrous 120 

sulfate (FeSO4· 7H2O) were tested as catalysts or oxidants in combination with O3. They 121 

were all also purchased from Sigma-Aldrich. Aluminium sulphate (Al2(SO4)3), acquired 122 

from Sigma-Aldrich (USA), was used in the coagulation-flocculation process. For HPLC 123 

determinations, Milli-Q® water and acetonitrile (Fisher, USA) were used as mobile 124 

phases. Sodium bisulfite (NaHSO3) was employed as quencher of H2O2 and PAA in 125 

H2O2/O3 and PAA/O3 oxidation experiments. 126 

2.2. Combined Sewer Overflows and coagulation-flocculation-sedimentation treatment 127 



CSO water used in this study was simulated by mixing one part of primary effluent of a 128 

WWTP in the city of Edmonton (Alberta, Canada) (obtained during dry weather 129 

conditions) and one part of deionized water (50:50). A pretreatment based on coagulation-130 

flocculation-sedimentation (CFS) was firstly performed on CSO water to enhance the 131 

subsequent ozone-based oxidation processes. In brief, 2 L of simulated CSO were placed 132 

in glass containers equipped with mechanical stirring, that is, a jar-test device (PB-700 133 

Jartester, Phipps & Bird, USA). A concentration of 75 mg L‒1 of Al2(SO4)3 was added, 134 

and immediately a fast stirring regime (1500 rpm) was firstly applied for 1 min, followed 135 

by slow stirring at 150 rpm for 30 min. Finally, the agitation was turned off, and after 1 h 136 

of settling the supernatant was taken to conduct oxidation experiments [Alameddine, et 137 

al., 2020].  138 

2.3. Ozonation experiments 139 

Adsorption, ozonation and catalytic ozonation experiments were performed in 30 mL 140 

vials containing simulated CSO, after CFS, and spiked with 1 mg L‒1 of each target 141 

compound (SMX, MCP, 2,4-D and ATZ, mixed simultaneously). The pH of the solution 142 

was the natural pH (7.5) of CSO matrix. O3 was generated from pure oxygen by means 143 

of a GSO-30 ozone generator (Wedeco, USA). O3 stock solutions were prepared by 144 

bubbling an O2/O3 gaseous mixture in Milli-Q water cooled in an ice bath. The resulting 145 

O3 concentrations of these solutions were ~ 1 mM. In the case of O3 combined with 146 

catalysts and other oxidants, the latter were added at the solution just before the O3 147 

dosage. Two O3 doses (5 and 10 mg O3 L
‒1) were selected to perform the experiments 148 

based on literature, as these doses can be regarded as typical treatment conditions in 149 

ozone-based processes [Lee et al., 2013]. The catalyst dosages selected for ZVI, Fe3O4 150 

and carbon-based catalysts were 50, 100 and 500 mg L‒1. In the case of homogeneous 151 

catalysts, different concentrations were chosen depending on each case. Thus, in the case 152 

of H2O2 and PAA three ratios related to the following O3 molar concentrations (i.e., 153 

peroxide/O3) were selected: 0.25, 0.5 and 1, as these are common ratios discussed in 154 

literature [Cruz-Alcalde et al., 2019b]. The concentrations of iron (II) in the case of 155 

O3/Fe2+ experiments were 1, 5 and 10 mg L‒1 Fe2+. All experiments were performed for 156 

30 min (time required for total consumption of selected O3 doses) and the vials were 157 

constantly shacked. Samples were filtered with 0.25 μm PVDF filters prior to analysis. In 158 

the experiments with PAA and H2O2, the samples were quenched with NaHSO3. All 159 

experiments were performed in duplicate and average value was reported. Adsorption 160 



experiments were also carried out as controls at similar experimental conditions in the 161 

absence of O3.  162 

The information about the preparation of the carbon-based catalyst and the 163 

characterization of all catalysts investigated in this study can be found in Text S1-S2 of 164 

supplementary material.  165 

2.4. Analytical methods  166 

Ultrospec 2100 UV-Visible Spectrophotometer (Biochrom, USA) was used to measure 167 

the UV absorption and standardize the O3 stock solutions. The Indigo method [Bader and 168 

Hoigné, 1981] was also employed for dissolved O3 measurements. MPs were detected 169 

using an Infinity Series HPLC of Agilent coupled with UV/Vis detector. A Zorbax 170 

Eclipse XBD C18 (150 × 4.6 mm i.d; 5 μm particle size) was the employed column. 171 

Acetonitrile (A) and Milli-Q water adjusted to pH = 3 by orthophosphoric acid (B) were 172 

employed as mobile phases. The analyses were performed under a gradient method as 173 

follows: 30% A and 70% B initially kept for 5 min, 30% A to 60% A during 5 min, 60% 174 

A and 40% B kept for 25 min, 60% A to 80% A during 5 min, 80% A and 20% B kept 175 

for 30 min, 80% A to 30% A during 10 min and finally 30% A and 70% B kept for 10 176 

min. Total organic carbon (TOC) was determined using a TOC-V CNS Total Organic 177 

Carbon analyzer by Shimadzu (Japan).  178 

3. Results and discussion 179 

3.1. CSO pretreatment  180 

CFS pretreatment was performed in order to enhance the subsequent catalytic ozonation. 181 

Table 1 lists the characteristics of the CSO before and after the CFS process. El-Samrani 182 

and coworkers [El Samrani et al., 2008] studied the physicochemical characteristics of 183 

CSO corresponding to a weak rain and storm event, with turbidity values of 44.8 and 114 184 

NTU, respectively. In storm events, typical values of turbidity are high (114 NTU in their 185 

study) and from weak rain episode the values of turbidity are much lower (44.8 NTU 186 

from their study). In the present study, the turbidity of simulated CSO before CFS was 187 

33.6 NTU, which could be associated to a weak rain event. After the CFS pretreatment, 188 

turbidity decreased by 61% (13.2 NTU). A similar trend was followed by DOC, with an 189 

observed drop of 27% after the CFS treatment. The value of pH was very close before 190 

and after the CFS, and 20% reduction of UV254 was achieved, giving a rough idea of the 191 

remaining aromatic character of the water effluent.  192 



 193 

 194 

 195 

                   Table 1. Characteristics of the final CSO effluents before and after coagulation-flocculation-196 

sedimentation. (Before spike the MPs). 197 

Parameter Before CFS After CFS 

pH 7.5 7.6 

Turbidity (NTU) 33.6 13.2 

UV254 (cm‒1) 0.20 0.16 

DOC (mg C L‒1) 23.0 16.7 

 198 

 199 

 200 

 201 

 202 

3.2. Ozone-based oxidation treatments  203 

3.2.1. Catalysts adsorption capacities for the MPs 204 

Fig. 1 presents the adsorption of the selected MPs (ATZ, SMX, 2,4-D and MCP) on the 205 

carbon-based materials and ZVI for three different catalyst dosages (50, 100 and 500 mg 206 

L‒1). All experiments were performed using MPs spiked CFS pretreated CSO and 207 

continuously shacked for the duration of 30 min. These tests were carried out to evaluate 208 

the adsorption capacity of the carbon-based and solid Fe-based catalysts for the MPs and 209 

take this into consideration when determining the catalytic activity of these catalysts 210 

during catalytic ozonation treatment. For Fe3O4, Fe2+ and peroxide-based materials, blank 211 

tests were also performed. However, neither MPs degradation nor adsorptions were 212 

observed when these were tested without O3. 213 

 214 

 215 

 216 

 217 
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 233 

 234 

Figure 1. Removal efficiency (%) of the selected MPs: (a) ATZ, (b) SMX, (c) 2,4-D and (d) MCP obtained during 235 

the 30 min adsorption test using 50, 100 and 500 mg L‒1 catalyst dosage.  236 

As observed in Fig. 1, major adsorptions for all MPs took place onto SBC. These results 237 

are in accordance to textural properties detailed in supplementary material (Text S6, Text 238 

S7, Table S2, Table S3 and Figure S1). As can be seen in Table S2, SBC presented more 239 

mesopores than the other carbon-based catalysts and the highest Vmicro/Vtotal ratio (0.16). 240 

Therefore, the presence of a higher number of mesopores was the reason behind the 241 

observed highest adsorption capacity. Additionally, the lower treatment temperature and 242 

the precursor for the SBC gives the catalyst many surface functional groups, which aided 243 

the adsorption of the pollutants. Concerning GAC and their derivatives, it was observed 244 

that the increase in the material treatment temperature directly impacted the adsorption 245 

capacity of these materials. GAC-900, which was treated at 900 ºC, did not present 246 

adsorption at any dosage for any of the micropollutant, even with its highest surface area. 247 

This can be attributed to the high temperature treatment, which liberates most of the 248 

surface functional groups that may serve as adsorption site in the catalyst. However, 249 

a) b) 

c) d) 



GAC-400, which was treated at 400 ºC, exhibited similar adsorption performance than 250 

GAC. GAC-U showed slightly low adsorptions for the three tested dosages, contrarily to 251 

GAC which only presented adsorption for a dose of 500 mg L‒1. ZVI presented very low 252 

adsorptions and were only noticeable in the case of ATZ for 100 and 500 mg L‒1 (3 and 253 

6%, respectively).  254 

Regarding catalysts dosage, as expected, the higher the dosage the greater the observed 255 

adsorption of the MPs. For instance, in SBC, ATZ removal efficiency was 15.84, 30.08 256 

and 76.44 % for 50, 100 and 500 mg L‒1, after 30 min of treatment, demonstrating the 257 

increase in adsorption sites and capacity with increased catalyst dosage.  258 

The differences observed, between the four selected MPs in the removal efficiency by the 259 

catalysts, can be associated to the different adsorption mechanisms of the MPs and their 260 

physicochemical properties. Nevertheless, SMX presented the lowest adsorption, which 261 

was well appreciated in the case of SBC material. These results are in accordance to the 262 

relative polarity of the different MPs, typically expressed in terms of the log Kow (octanol-263 

water partition coefficient) value. Thus, log Kow values for ATZ, SMX, 2,4-D and MCP 264 

are 2.61, 0.89, 2.81 and 3.13, respectively. SMX presents the lowest log Kow in agreement 265 

with its lowest adsorption.  266 

3.2.2. Catalytic ozonation using carbon-based catalysts 267 

SBC, GAC, GAC-400, GAC-U and GAC-900 were used for the catalytic ozonation of 268 

the four selected MPs (see Figs. 2-6). Two O3 concentrations were tested: 5 and 10 mg 269 

L‒1, as previously mentioned.  270 

Single ozonation experiments with the same oxidant doses were also performed for 271 

comparison purposes, and results of catalytic experiments were presented discounting the 272 

adsorption in order to see better the catalytic effect. The employment of 10 mg L‒1 of O3 273 

in single ozonation produced an improvement of MPs degradation compared to 274 

adsorption. This enhancement was mostly seen in ATZ, 2,4-D and MCP. However, 5 mg 275 

L‒1 of O3 were enough to achieve complete degradation of SMX.  This fact is explained 276 

by the kinetics of the reaction of each compound with O3. SMX presents the highest 277 

reactivity with O3. On the other hand, ATZ displays a poor reactivity, whereas 2,4-D and 278 

MCP show medium reactivity. For instance, 26, 100, 49 and 60% degradation efficiency 279 

were achieved for ATZ, SMX, 2,4-D and MCP, respectively, with 5 mg L‒1 of O3. While 280 



using 10 mg L‒1 of O3, the degradation efficiency was 56, 100, 83 and 93%, respectively 281 

at similar reaction time.  282 

Regarding SBC (Fig. 2), no catalytic activity was observed, and in fact the removal of 283 

MPs due to the combination of both agents (i.e., ozonation and adsorption on SBC) 284 

decreased as the catalyst concentration increased. This may imply that there is quenching 285 

and scavenging of the O3 by the SBC catalyst. Nevertheless, if the contribution of both 286 

adsorption and ozonation is considered, treatment of MPs spiked CSO at 10 mg L‒1 O3 287 

dose showed better removal of MPs at all SBC dosages compared to treatment at 5 mg L‒288 

1 O3 dose, even though the observed MPs removal efficiency was all due to the adsorption. 289 

This fact was explained in section 3.2.1 and related to textural properties of SBC as well 290 

as its surface functional groups. 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

Figure 2. Catalytic activity (without adsorption) of SBC with (a) 5 mg L‒1 and (b) 10 mg L‒1 doses of O3 for three 301 

catalyst dosages (50, 100 and 500 mg L‒1) and for each MP degradation in CSO. 302 

Results corresponding to experiments with commercial GAC and their derivatives as 303 

catalysts are shown in Fig. 3. Contrary to SBC, GAC did not display a high adsorption 304 

capacity. Only when highest commercial GAC dose (500 mg L‒1) was tested, 10-25% 305 

MPs removal efficiency due to adsorption were observed, ATZ being the highest 306 

adsorbed compound (26%) and SMX the lowest one (11%). A positive enhancement was 307 

observed in ATZ removal with 100 mg L‒1 dose, being 11 and 9% higher (Fig. 3a and 3b) 308 

in the case of catalytic ozonation than in single ozonation (for O3 doses of 5 and 10 mg 309 

L‒1, respectively). However, the sum of adsorption and oxidation in ATZ promoted high 310 

removal when 500 mg L‒1 of GAC was tested. The degradation efficiencies for catalytic 311 

a) b) 



ozonation (5 and 10 mg L‒1 of O3) were 50 and 72%, (Fig. 4a and 4b) respectively, versus 312 

26 and 56% for single ozonation. 313 

In catalytic ozonation, GAC not only acts as an adsorbent, but also as a catalyst increasing 314 

the decomposition of O3 to •OH via hydroperoxyl radical formed in the reaction of O3 315 

with pyrrole group at graphene layer of GAC (Eqs. (1-4)) [Sanchez-Polo et al., 2005].  316 

HO2
• ↔ O2

•‒ + H+       (1) 317 

O3 + O2
•‒ → O3

•‒ + O2      (2) 318 

O3
•‒+ H+ → HO3

•       (3) 319 

HO3
• → •OH + O2       (4) 320 

 321 
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 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

a) b) 

c) d) 
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 347 

 348 

 349 

 350 

 351 

Figure 3. Catalytic activity (without adsorption) of (a,b) GAC, (c,d) GAC-400, (e,f) GAC-U (g,h) GAC-900 with 352 

(a,c,e,g) 5 mg L‒1 and (b,d,f,h) 10 mg L‒1 O3 doses for three catalytic dosages (50, 100 and 500 mg L‒1) and for each 353 

MP degradation in CSO. 354 

 355 

Among the derivatives of GAC, GAC-400 and GAC-U showed the best performances 356 

compared to commercial GAC (see Figs. 3c and 3d, and 3e and 3f). For instance, for ATZ 357 

removal, using 5 mg O3 L
‒1 and 50 mg L‒1 of catalyst, the degradations (oxidation + 358 

adsorption) were: 27, 32 and 41 % for GAC, GAC-400 and GAC-U, respectively. In the 359 

case of GAC-U there was a slight adsorption of ATZ (~ 4%). For the other catalysts, no 360 

adsorption was observed in these experimental conditions. Even though there was 361 

adsorption, the use of GAC-U as catalyst showed a high removal of MPs by oxidation or 362 

by an improvement of the adsorption capacity of the catalyst upon surface oxidation by 363 

O3 and/or •OH.  364 

g) h) 

e) f) 



When 100 mg L‒1 of catalysts was used, in all cases the oxidation was higher than 365 

adsorption. However, for the highest dose of catalysts (500 mg L‒1), a curious fact was 366 

observed. For GAC-400 and commercial GAC, the removal of MPs by oxidation or 367 

adsorption was balanced, presenting similar results by both catalysts (24% of oxidation 368 

and adsorption). When GAC-U was tested (500 mg L‒1), 43% and 15.70% of ATZ 369 

removal were registered for oxidation and adsorption, respectively. These differences 370 

were probably due to the nitrogen incorporated in GAC-U, which apparently increased 371 

the reactivity of the GAC surface towards O3, enhancing the yield of •OH. This agrees 372 

with the highest basicity of GAC-U (pHpzc= 8.1, i.e., the highest value among all tested 373 

catalysts), which in turn could be associated to a larger presence of electron-donating 374 

moieties at its surface.  375 

GAC-900 did not exhibit any adsorption capacity in the range of dosage tested. The 376 

results of oxidation are shown in Fig. 3g and 3h and were similar compared to GAC. 377 

Thus, no improvement was seen from the commercial catalyst. GAC-900 was treated at 378 

900 ºC and this high temperature probably caused the removal of acidic and basic 379 

functional groups from the catalyst surface [Figueiredo et al., 1999]. The elimination of 380 

acidic groups on the catalyst surface may enhance the reactivity of the material with O3 381 

and probably the production of •OH, as acidic groups tend to be more electronegative than 382 

basic groups [Figueiredo et al., 1999]. This fact was observed for GAC-400 and GAC-U. 383 

However, in GAC-900, the removal of basic groups also took place because of high 384 

temperature, eliminating the potential positive effect and leading to similar results than 385 

those observed in experiments with commercial GAC.  386 

Besides the previous reasons for the low removals of MPs, this behavior was also caused 387 

by the complexity of the matrix. The EfOM (Effluent organic matter) contained in the 388 

CSO can also react with the O3 and only a small part of that is available for the catalysts 389 

to generate •OH. Moreover, this organic matter can be adsorbed by the catalysts, 390 

saturating their pores and decreasing the efficiency to react with the O3. 391 

3.2.3. Catalytic ozonation using Iron-based catalyst  392 

ZVI, Fe3O4 and Fe2+ were used as a catalyst combined with O3 (see Fig. 4). The same 393 

concentrations of O3 than those used in carbon-based catalytic experiments were tested 394 

(5 and 10 mg L‒1 O3 doses). Regarding the catalytic experiments with ZVI (Fig. 4a and 395 

4b), slight differences were observed compared to single ozonation (see 3.2.1). The 396 



highest improvement was an increase from 26 to 36% in the removal of ATZ, achieved 397 

by using 100 mg L‒1 of ZVI and 5 mg L‒1 of O3. Again, this is explained by the poor 398 

reactivity of ATZ with O3. In catalytic ozonation, the reaction between catalyst and O3 is 399 

expected to enhance the natural generation of •OH, which is not selective and can easily 400 

oxidize ATZ (kOH,ATZ = 3.00 × 109 M‒1 s‒1 vs kO3,ATZ= 6 M‒1 s‒1).The employment of 401 

different catalyst dosages did not achieve significant differences. For example, in the case 402 

of ATZ abatement with 5 mg L‒1 of O3, the removals were 33, 36 and 24% for 50, 100 403 

and 500 mg L‒1, respectively. The increase in removal efficiency was only 4%, raising 404 

from 50 to 100 mg L‒1 ZVI. However, the ATZ removal using 500 mg L‒1 of ZVI was 405 

similar than single ozonation, indicating that higher catalyst dosage does not necessarily 406 

trigger a positive effect in catalytic ozonation with ZVI. 407 

 408 
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 421 

 422 

  423 

 424 

a) b) 

c) d) 



 425 
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 428 

 429 

 430 

 431 

 432 

 433 

Figure 4. Catalytic activity (without adsorption) of (a,b) ZVI, (c,d) Fe3O4 and (e,f) Fe2+ with (a,c,e) 5 mg L‒1 and 434 

(b,d,f) 10 mg L‒1 O3 doses for (a,b,c,d) three catalyst dosages of ZVI and Fe3O4 (50, 100 and 500 mg L‒1) and (e,f) 435 

three concentrations of Fe2+ (1, 5 and 10 mg L-1)  for each MP degradation CSO. 436 

 437 

Fe3O4 was also tested as potential catalyst. Fig. 4c and 4d shows the removals (%) for 438 

ATZ, SMX, 2,4-D and MCP with 5 and 10 mg L‒1 of O3. Comparing these data with those 439 

obtained when using ZVI, similar results were achieved with different doses of catalyst 440 

and MPs. The most probable explanation to this relatively poor performance of these 441 

catalysts is the fact that reactions of both Fe3O4 and ZVI with O3 are slow [Ziylan and 442 

Ince, 2015]. Moreover, it also has to be taken into account that CSO present high DOC, 443 

which is typically the main sink of •OH formed in AOPs.  444 

No significant differences were seen with the increase of dosage from 50 to 100 mg L‒1 445 

of Fe3O4. The highest difference was found in the case of ATZ removal (5 mg L‒1 of O3), 446 

with an additional 5% of abatement (Fig. 4c). However, in other cases, such as in 2,4-D 447 

or MCP (at 5 mg L‒1 of O3), raising the catalyst dosage caused the decrease in the 448 

percentage of degradation (4 and 3% lower with 100 mg L‒1 for 2,4-D and MCP, 449 

respectively). A negative effect was also seen when 500 mg L‒1 of Fe3O4 were used for 450 

ATZ removal with 5 mg L‒1 of O3. In that case, the degradation was even lower than 451 

single O3 (15 and 26% for 500 mg L‒1 of Fe3O4 and single O3, respectively). However, 452 

with 10 mg L‒1 O3 dose, similar degradation efficiency of MPs was achieved at all catalyst 453 

dosages studied.  In essence, the use of solid iron-based catalyst in excess of 50 mg L‒1 454 

for catalytic ozonation either had no significant impact on or reduced the degradation 455 

efficiency of the MPs at both O3 doses studied. This can be attributed to (i) aggregation 456 

e) f) 



of the ZVI and Fe3O4 particles due to their strong magnetic properties, thus reducing the 457 

active surface area and catalytic sites for the activation of the O3 to •OH and (ii) 458 

scavenging effect of excess catalyst on the •OH since it is non-selective oxidant.  459 

Compared to single ozonation, the highest difference was, similarly to that observed when 460 

employing ZVI as catalyst, in ATZ removal. An extra 11% abatement was achieved with 461 

catalytic ozonation in contrast with only O3 (100 mg L‒1 of Fe3O4 and 5 mg L‒1 of O3). 462 

As can be observed, these differences were higher with 5 mg L‒1 compared to 10 mg L‒1 463 

of O3. As commented before, the complexity of the matrix, which contains different types 464 

of organic matter, strongly influences the MPs degradation. When low concentration of 465 

ozone is used, a high fraction of ozone is consumed by the organic matter present in CSO. 466 

However, when 10 mg·L-1 of O3 are used, a lesser amount of the oxidant is consumed by 467 

the background organic matter, and then its availability to remove MPs is higher than that 468 

when using 5 mg L-1 of O3. Thus, the MPs degradations were higher with 10 mg L-1 O3 469 

but the effect of adding a catalyst is more noticeable when employing the low O3 dose .    470 

 471 

Fe2+ was also tested as iron-based homogeneous catalyst. Fig. 4e and 4f show the 472 

removals (%) for ATZ, SMX, 2,4-D and MCP with 5 or 10 mg L‒1 of O3. In this case, the 473 

concentrations tested were 1, 5 and 10 mg L‒1 of Fe2+. The enhancement in MPs removal 474 

compared to single ozonation was more noticeable than that observed when using solid 475 

iron-based catalysts, especially in the case of low and medium reactive MPs and iron 476 

concentrations of 1 and 5 mg L‒1. This can be explained by the faster activation of O3 to 477 

•OH by the homogeneous Fe2+ ions due to the proximity of the O3 to Fe2+ ions in the 478 

homogeneous solution. The aqueous phase of both reactants enhanced the reaction rate 479 

compared to the reaction between O3 with ZVI and Fe3O4 which are heterogenous solid 480 

catalysts. Additionally, there was no aggregation of catalysts in this case of Fe2+ as was 481 

observed with ZVI and Fe3O4. However the removals of these compounds dramatically 482 

decreased, when 10 mg L‒1 of Fe2+ were used. This can be explained by the oxidation of 483 

Fe2+ by ozone to yield Fe3+ (Eqs. (4-6)), followed by precipitation of iron in the form of 484 

Fe(III) hydroxide. Formation of this precipitate was in fact observed during the 485 

experiments, especially when employing higher initial concentrations of Fe2+. 486 

Additionally, the observed performance decrease can be attributed to the scavenging 487 

effect of the excess Fe2+ (Eq. (9)), which quenched the •OH generated from the activation 488 

of O3. The scavenging effect of excess Fe2+ in Fe-catalyzed AOPs such as Fenton and 489 



related processes are well studied [Brillas et al., 2009; Ganiyu et al., 2018]. The 490 

mechanisms of activation of O3 by Fe2+ ions in catalytic ozonation are summarized in 491 

Eqs. (5-12) and they involve the generation of ozonide (O3
•‒) and •OH, which are 492 

responsible of the MPs degradation in the O3/Fe2+ system [Beltran et al., 2005]. 493 

Fe2+ + O3 → Fe3+ + O3•‒     (5) 494 

Fe2+ + O3 → FeO2+ + O2    (6) 495 

FeO2+ + H2O → Fe3+ + •OH + OH‒     (7) 496 

Fe3+ + O3 → FeO2+ + H+ + •OH + OH‒    (8) 497 

Fe2+ + •OH → Fe3+ + OH‒     (9) 498 

Fe2+ + FeO2+ + 2H+ → 2Fe3+ + H2O    (10) 499 

Fe2+ + HO2
• → Fe3+ + HO2

‒    (11) 500 

Fe3+ + HO2
• → Fe2+ + H+ + O2    (12)  501 

 502 

 503 

3.2.4 Peroxide- ozonation treatments 504 

H2O2 and PAA were also tested with O3. The ratios (mg oxidant / mg O3) employed to 505 

perform the experiments were 0.25, 0.5 and 1. Blank tests with only H2O2 or PAA were 506 

performed and no MPs removal was observed in any case. The results are depicted in Fig. 507 

5a and 5b, and 5c and 5d for H2O2 and PAA, respectively. As can be observed in Fig. 5a 508 

and 5b, the ratio H2O2/O3 does not has influence on the ATZ removal with 5 mg L‒1 O3 509 

dose (34, 33 and 35% for 0.25, 0.5 and 1 ratio, respectively) (Fig. 6a). The same trend 510 

was observed when 10 mg L‒1 O3 were used with similar degradation efficiency observed 511 

for each MP at different ratios studied. The highest improvement in MPs degradation 512 

efficiency during H2O2/O3 treatments compared to single ozonation were around 8% and 513 

13% for 5 and 10 mg L‒1 O3, respectively. These low enhancements are caused by the 514 

EfOM present in the CSO, as explained above. The consumption of ozone is mainly 515 

controlled by its reaction with EfOM, and not by the reaction with H2O2. Thus, only a 516 

small part of O3 is available to react with H2O2 to form •OH. The mechanisms of peroxone 517 

are described by reactions in Eqs. (13-21). In addition, the decomposition of ozone can 518 



be initiated by hydroxide anion but, in wastewater ozonation, this mechanism is negligible 519 

due to the EfOM present in wastewater, as explained above [Cruz-Alcalde, et al. 2019b]. 520 

O3 + HO2
‒ → HO5

‒        (13) 521 

HO5
‒ ↔ HO2

• + O3
•‒       (14) 522 

HO5
‒ → 2O2 + OH‒       (15) 523 

HO2
• ↔ O2

•‒ + H+        (16) 524 

O3 + O2
•‒ → O3

•‒ + O2      (17) 525 

O3
•‒ ↔ O•‒ + O2        (18) 526 

O•‒ + H2O ↔ •OH + OH‒      (19) 527 

•OH + O3 → O2 + HO2
•      (20) 528 

H2O2 + •OH → HO2
• + H2                                                                 (21) 529 
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 564 

Figure 5. Catalytic activity (without adsorption) of (a,b) H2O2 (c,d) PAA with (a,c) 5 mg L‒1 and (b,d) 10 mg L‒1 O3 565 

doses for three ratios  (0.25, 0.5 and 1) (H2O2 or PAA)/O3 (mg/mg) for each MP degradation in CSO. 566 

Fig. 5c and 5d shows the MPs degradation for PAA-ozonation treatments. In this case, 567 

the lower ratio (0.25) presented the best degradation efficiency of the MPs whereas, a 568 

higher ratio (0.5 or 1) achieves either similar (0.5 PAA with 5 mg L‒1 O3) or a lower MPs 569 

degradation. This behavior is due to the fact that PAA is an organic compound and can 570 

acted as scavenger for •OH. Taking into account the value of pKa (8.2) [Luukkonen and 571 

Pehkonen, 2017] and the constants for the reaction of •OH with deprotonated PAA (PAA‒572 

) (kPAA
‒, •OH· = 9.33 × 108 M‒1s‒1) and neutral species (PAA0) (pH 3-7) (kPAA

o, •OH = 9.97 573 

× 109 M‒1s‒1) [Meiquan et al., 2017], the kPAA, •OH·  of reaction between •OH and PAA at 574 

pH 7.5 (pH of the solution) was calculated to be 2.44 × 109 M‒1s‒1. However, the value 575 

of the rate constant (kH2O2, •OH) of the reaction of H2O2 with •OH is 2.7 × 107 M‒1s‒1, which 576 

is lower than that of PAA [Meiquan et al., 2017].   577 

a) b) 

c) d) 



Comparing the results achieved when ratio of 0.25 was tested at 5 mg L‒1 O3 dose with 578 

peroxone and PAA-ozonation treatments, these were similar for ATZ degradation but 579 

with peroxone process achieved better degradation efficiency for 2,4-D and MCP (11 and 580 

7% higher for 2,4-D and MCP, respectively) compared to PAA-ozonation.  In contrast, 581 

at 10 mg L‒1 O3 dose, peroxone achieved better degradation efficiency for ATZ, 2,4-D 582 

and MCP at all ratios studied compared to PAA-ozonation.    583 

3.4. Toxicity and biodegradability 584 

Toxicity assessments of treated CSO were performed for catalysts with the best MPs 585 

removals during the catalytic ozonation treatment. One catalyst from each class of 586 

materials was selected (Fe3O4, GAC-400 and H2O2) and used for the treatment of MPs 587 

spiked CFS pretreated CSO. The effluents were collected for each treatment conditions, 588 

filtered and used for toxicity experiments. To perform the analysis, the experimental 589 

conditions chosen were 50 mg L‒1 of Fe3O4 and GAC-400, ratio H2O2/O3 0.25 and 10 mg 590 

L‒1 of O3 dose. Single ozonation was also included at the same O3 dose.  591 

When new remediation techniques or catalysts were tested in real water, different toxicity 592 

assays have to be performed due to the different sensitivity of each analysis. These 593 

different toxicological studies allow the evaluation of the toxicity of final effluent more 594 

precisely. In this work, biodegradability, Microtox with Vibrio Fischeri, mammalian cell 595 

line toxicity and YES tests were performed. More information about these analyses can 596 

be found in supplementary material (see Text S3-S5). 597 

The results of Microtox toxicity, displayed in Fig. 6, were shown as percentage inhibition 598 

of bioluminescence of V. fischeri bacteria after 5 and 15 minutes of exposure to the 599 

samples. For 5 minutes of cell contact the effect was always lower than for 15 minutes. 600 

Bigger differences were observed when oxidative treatments were carried out. In those 601 

cases, especially when applying single ozonation and ozonation catalyzed by by GAC-602 

400, slightly higher toxicity was observed compared to the other measurements. Probably, 603 

the differences in the % inhibition, when treatment was applied, were due to the 604 

intermediate products formed when target MPs were degraded. The oxidation of most 605 

MPs usually leads to the formation of organic intermediates, which in some cases are 606 

more toxic than the parent compound. However, in case of single ozonation, GAC-400 607 

and Fe3O4 catalyzed ozonation, the % inhibition was less than 10%, which means that 608 

none of final effluent was significantly toxic to V. fischeri. In contrast, MPs spiked CFS 609 



pretreated CSO treated by H2O2-ozonation (results not shown) exhibited complete (100 610 

%) inhibition of V. fischeri, which was due to the residual H2O2 in the effluent.    611 

 612 

 613 
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 620 

 621 

 622 

 623 

 624 

 625 

Figure 6. Inhibition of luminescence of V. Fischeri after 5 and 15 min of exposure to the effluents of MPs spiked 626 

CSO treated by single and catalytic ozonation with Fe3O4 and GAC-400. [O3] =10 mg L‒1; [GAC-400 and Fe3O4] = 627 

50 mg L‒1. 628 

 629 

YES assay was also performed in this study. This test evaluates the potential estrogenic 630 

activity of treated water. The results are listed in Table 2.  631 

Table 2. Percentage of Induction from YES assay for single and catalytic ozonation with Fe3O4, GAC-400. [O3] = 10 632 

mg L‒1; [GAC-400 and Fe3O4] = 50 mg L‒1. 633 

Samples % Induction 

Control 2.3 

Control 4.6 

O3 0.9 

O3 1.2 

GAC-400 -0.4 

GAC-400 0.8 

Fe3O4 2.1 

Fe3O4 2.1 

 634 



Final effluents of single ozonation and catalytic ozonation with GAC-400 and Fe3O4 635 

examined by YES assay presented percentages of induction below 10%, demonstrating 636 

no estrogenic activity for neither sample. Unlike Microtox assays, where the acute 637 

toxicity increased with the treatments, the % of induction decreases for estrogenic assays. 638 

Again, trial conducted with effluent obtained after H2O2-ozonation treatment killed all 639 

the yeast cell owing to the oxidizing nature of the residual H2O2. This fact evidences the 640 

necessity to evaluate the toxicity using different tests due to the different sensitivity of 641 

organisms.  642 

Murine RAW 264.7 macrophage toxicity assay was carried out to identify the overall 643 

cytotoxic effects of treated CSO with single ozonation and catalytic ozonation with Fe3O4 644 

and GAC-400. Different percentages of dilution of final effluents were evaluated: 10, 30, 645 

50, 70 and 90% v/v and results were related to those obtained for the PBS dilution control 646 

(Fig. 7).  647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 

 658 

 659 

Figure 7. Cell line toxicity with 10, 30, 50, 70 and 90% of dilution of treatment for single and catalytic ozonation 660 

with Fe3O4, GAC-400 and H2O2. [O3] =10 mg L‒1; [GAC-400 and Fe3O4] = 50 mg L‒1; ratio (H2O2/O3) =0.25. 661 

 662 

As can be observed in Fig. 7, PBS-exposed cells showed no significant changes in the 663 

number of dead cells at any dilution (i.e. % v/v) tested, indicating that changes in the 664 

volume of media up to 90% of a sample did not induce cytotoxic effects. For untreated 665 



CSO and treated effluent with single ozonation and catalytic ozonation with Fe3O4 and 666 

GAC-400, the same trend among them was observed. When the percentage of sample 667 

was between 10 and 50% no changes in the number of dead cells was observed for GAC-668 

400, Fe3O4 or single ozonation alone treated samples, indicating no cytotoxicity. 669 

However, for dilutions greater than 50% v/v, significant increases in the number of dead 670 

cells were observed for all CSO and treated effluent. For example, the number of dead 671 

cells ranged between 500 and 2200 at v/v/ dilutions of 70% and 90%, respectively. In 672 

comparison, H2O2 treated sample exposed cells showed significant increases in the 673 

number of dead cells at all dilutions examined relative to controls indicating significant 674 

cytotoxic effects.  These profiles compared with untreated CSO indicate that treatments 675 

overall did not alter cytotoxicity of samples in anyway with the exception of the H2O2 676 

treatment. 677 

The cytotoxicity observed using the RAW 264.7 cell line was not fomented by MPs due 678 

to the reduction of these in different treatments. For untreated CSO with MPs at 50% of 679 

sample percentage, the percentage for all MPs was 50% and no cytotoxicity effect was 680 

observed. For other treatments (O3, O3+Fe3O4 and O3+GAC-400) at 70 and 90% of 681 

sample, none of the MPs exceeded 50% of their concentration, indicating the effect is not 682 

caused by spiked MPs. These results can be found in supplementary material (Figure S2-683 

S6).  684 

Contrary to other treatments, catalytic ozonation with H2O2 presented high cytotoxicity 685 

with all percentages of sample. With a 10% v/v the number of dead cells was 686 

approximately 2000 and, at percentages from 30 to 90%, this number remained relatively 687 

high (~2300 cells). These results indicate that H2O2 treated water exposures are cytotoxic 688 

regardless of the dilution tested and this is likely due to non-consumed H2O2 within these 689 

treated samples with the maximum effect at a 30% v/v dilution.  690 

The biodegradability is also an important assay to perform in the final treated effluent. 691 

The results are displayed in Table 3. As can be observed, the treatments performed with 692 

O3, and catalytic ozonation with GAC-400 and Fe3O4, presented higher biodegradability 693 

than control. These results are a consequence of the MPs oxidation, leaving more simple 694 

structures which can be degraded by microorganisms. The highest biodegradability was 695 

shown with catalytic ozonation using GAC-400, which corresponds to the treatment with 696 

better results in MPs removal.  697 



The lowest biodegradability was achieved in peroxone. However, the MPs removal was 698 

not the highest. Thus, probably the low value of DBO5 was due to the inhibition of 699 

microorganisms by unreacted H2O2 as observed in the cell line test.  700 

Table 3. Biodegradability for catalytic ozonation with Fe3O4, GAC-400 and H2O2. [O3] = 10 mg L‒1; [GAC-400 and 701 

Fe3O4] = 50 mg L‒1; ratio mg H2O2/mg O3 = 0.25 702 

Samples mg L‒1 
Standard  

Deviation 

Control 61.85 ±8.55 

O3 66.20 ±3.27 

GAC-400 73.63 ±0.22 

Fe3O4 65.57 ±8.99 

H2O2 34.88 ±7.23 

 703 

 704 

4. Conclusions 705 

Single and catalytic (using carbon, iron and peroxide based catalysts) ozonation has been 706 

studied for the remediation of MPs from CFS pretreated CSO. The CFS pretreatment 707 

significantly reduced the turbidity and DOC of the CSO but had minimal impact on UV254 708 

and pH of the water. The prepared carbon based catalysts showed highest surface area 709 

and pore volumes compared to iron-based catalysts and their surfaces were either slight 710 

acidic (GAC, GAC-400 and SBC, prepared at low or medium temperatures) or basic 711 

(GAC-900 and GAC-U, prepared at high temperature with alkaline surface modification 712 

respectively). Among the carbon-based materials studied, SBC exhibited the highest 713 

adsorption capacity for the removal of MPs from the CFS pretreated CSO, even though 714 

it had lower surface area compared to GAC and its derivatives materials. Solid iron-based 715 

catalyst showed negligible adsorption capacity for the removal of the MPs.  716 

In both single and catalytic ozonation, higher degradation efficiency of MPs was always 717 

observed at 10 mg L‒1 O3 dose compared to lower dose (5 mg L‒1) irrespective of the 718 

catalyst material used. The MPs degradation efficiency was enhanced by catalytic 719 

ozonation with optimum catalyst/peroxide dose except in the case of SBC. Additionally, 720 

the use of excess catalyst dosage resulted in declined degradation efficiency due to 721 

scavenging effect, catalyst aggregation (solid iron-based catalysts) or organic nature of 722 

the added oxidant (PAA). 723 



Among the MPs, SMX (highly reactive) was easily and completely degraded even by 724 

single ozonation at lower O3 dose. 2,4-D and MCP (medium reactivity) showed medium 725 

and excellent degradation efficiency at 5 and 10 mg L‒1 O3 dose, respectively, in both 726 

single and catalytic ozonation, except in the case of catalytic ozonation with SBC, where 727 

all the MPs were poorly removed from the CSO due to quenching of O3 by the SBC 728 

catalyst. ATZ (highly resistant to oxidation by O3) was least degraded among the MPs at 729 

all conditions studied. 730 

GAC-400 showed the highest catalytic activity for the degradation of MPs during 731 

catalytic ozonation among the carbon-based catalysts. For iron-based catalysts, both ZVI 732 

and Fe3O4 showed similar and higher MPs degradation efficiency compared to Fe2+ at all 733 

conditions studied. Peroxone process showed better degradation of all the MPs compared 734 

to PAA-ozonation at all H2O2/O3 ratio and O3 doses. 735 

The effluents obtained after single ozonation, catalytic ozonation using GAC-400 and 736 

Fe3O4 showed no significant acute toxicity to marine bacteria V. fischeri, estrogenicity 737 

towards yeast cells and cytotoxicity towards macrophage cell line. In contrast, effluent 738 

obtained after peroxone process exhibited high toxicity towards all the microorganisms 739 

studied, due to the strong oxidation nature of the residual H2O2. Both single ozonation 740 

and catalytic ozonation using GAC-400 and Fe3O4 treatments improved the 741 

biodegradability of the organics in spiked CSO, but peroxone treatment did not.  742 

The combined CFS and ozonation processes can be an effective treatment strategy for the 743 

remediation of MPs from sewer overflow prior to discharge to the environment.          744 
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Text S1. Preparation of the carbon-based catalysts  

Untreated GAC was the starting material to prepare three surfaced modified GACs (GAC-

400, GAC-900 and GAC-U). Table 1 shows a brief catalyst description and their 

corresponding abbreviations. The methods used to prepare these materials were described 

elsewhere [Messele et al., 2015; Messele et al., 2014; Pereira et al., 2003]. The starting 

GAC was first oxidized with nitric acid (HNO3, 6M) and then heat-treated under a flow 

of N2 at 400 oC (GAC-400) and 900 oC (GAC-900), respectively. For GAC-U, the starting 

material was impregnated with urea and heat-treated at 400 oC, under a flow of N2. A 

sludge-based catalyst (SBC) is also included in Table 1 and it was prepared by a method 

previously reported [Li et al., 2016]. Commercial Fe3O4 (Nanostructured & Amorphous 

Materials, Inc. USA; particle size: 50-100 nm and purity: 97%) and ZVI (Connelly – 

GMP, Inc. USA; particle size: 40-60 nm; purity: 99%) were also used as solid catalysts 

in this study. 

            Table S1. Description and notation of prepared carbon-based catalysts 

Abbreviation Catalyst description 

SBC Dried sludge modified with ZnCl2 and carbonized at 600 ºC 

GAC-400 HNO3-treated GAC, and heat-treated under N2 flow at 400 ºC 

GAC-900 HNO3-treated GAC, and heat-treated under N2 flow at 900 ºC 

GAC-U Urea-treated GAC, and heat-treated under N2 flow at 400 ºC 

 

Text S2. Characterization of the catalysts 

N2 adsorption measurements were performed at –196 oC on gas adsorption system ASAP 

2000 (Micrometrics, USA). Prior to the measurements, the catalyst sample was grounded 

to particle size of ≤ 2μm and about 100 mg was outgassed at 120 oC for 5 h under vacuum. 

The specific surface area of the mesopores (Smeso) and the micropore volume (Vmicro) were 

calculated by the t-method [de Boer et al., 1966]. Moreover, the surface area (SBET) and 

the pore size of the sample was calculated by the Brunauer–Emmett–Teller (BET) method 

[Brunauer et al., 1932] and Barrett-Joyner-Halenda (BJH) method [Barrett et al., 1951], 

respectively. Point of zero charge (pHpzc) of the carbon-based materials was determined 

using a solid addition method. 50 mL aliquots of 0.1 M NaCl solutions were adjusted to 

initial pH (pH0) between 3 and 12 using 0.1 M HCl or NaOH and transferred to 125 mL 
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stoppered flasks. 1 g of each grounded carbon sample (≤ 2μm) was added to the stoppered 

flasks, and capped immediately. Suspensions were shaken for 48 h to allow them to reach 

equilibrium and the final pH (pHf) of the supernatant was recorded. The difference 

between the final and initial pH values (ΔpH = pHf – pH0) was plotted against the pH0. 

The point of intersection of the curve at which ΔpH = 0 corresponds to the pHPZC. Surface 

morphology and elemental composition of the prepared carbon-based catalysts was 

recorded on scanning electron microscope (SEM-EDX, VEGA 3 Tescan, Tescan USA, 

Inc., PA, USA). The samples were fixed with 2.5% (v/v) glutaraldehyde (C5H8O2) and 

1.0% (v/v) osmium tetroxide (OsO4) (Ted Pella Inc., Redding, CA, USA) in phosphate 

buffered saline (PBS) for 24 h. After fixation, the samples were dehydrated with 50, 70, 

and 100% ethanol (C2H5OH) and dried completely in a critical point dryer. Carbon 

material samples were attached to an aluminum sample holder with carbon tape and 

sputter coated with gold for 30 s prior to imaging. 

Text S3. Toxicity tests 

The acute toxicity of the solution was assessed via Vibrio fischeri bioluminescence 

inhibition assay using Microtox® standard method (Azur Environmental, Delaware 

USA). All samples were check (and adjusted if necessary) to ensure it is around circum-

neutral (6.5 – 7.5) pH values and 100 μL of osmotic adjustment solution (22% NaCl 

solution) was added to 900 μL sample to ensure an osmotic protection for bacteria. The 

bioluminescence inhibition percentage was measured after 5 and 15 min using the M500 

microplate reader equipment (BioTek Instruments, USA).  

The estrogenicity of the samples was assessed using yeast assay test using β-galactosidase 

and estrogen (YES) cell following the procedure described in ISO/DIS 19040-2 [Hettwer 

et al., 2018]. Hettwer and coworkers have reported the details of this method [Hettwer et 

al., 2018]. Briefly, 10 μL of dimethysulfoxide was added to 990 μL of the sample in well 

plate and kept at 4 oC prior to analysis. Freeze-dried yeast cells were washed three times 

with alternating centrifugation and resuspension steps. The washed cell was reactivated 

at 30 oC for 1 h on an incubation shaker. 100 μL of YES cells are diluted with 900 μL 

growth medium.  To all the needed well plate, 300 μL of the dilute YES was added to the 

samples. The plate was sealed with gas permeable foil and incubated at 31 oC during 18 

h with agitation (100 rpm). After incubation, the assay was read at 690 nm and the data 

used to calculate growth factor. New well plate was filled with 50 μL of sample, 

thoroughly mixed and 30 μL of incubated dilute YES was added. The mixture was 
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incubated for 30 min at 31 oC with agitation (100 rpm). The OD570 and OD590 of each 

plate was read on plate reader.  

 

Text S4. Biodegradability  

The biodegradability of the untreated and treated MPs spiked CSO samples was assessed 

using biological oxygen demands after five days (BOD5). An YSITM Pro 20 DO kits 

(YSITM, USA) was used to measure the initial and final dissolved oxygen (DO) for both 

treated and untreated MPs spiked CSO. The phosphate buffer solution was prepared by 

dissolving 42.5 g of potassium phosphate monobasic (KH2PO4) and 1.7 g of ammonium 

chloride (NH4Cl) in 1 L Milli-Q water and the pH adjusted to 7.3 with 30% sodium 

hydroxide (NaOH). Solutions of magnesium sulfate (MgSO4) (22.5 g L‒1), iron III 

chloride (FeCl3) (0.22 g L‒1) and calcium chloride (CaCl2) (27.5 g L‒1) were prepared 

using the analytical grade of the chemicals. In all samples, pH was checked to ensure it 

was between 7.0 – 7.5. Dilution water used for the biodegradability test was prepared by 

transferring 10 L deionized water into tank and aerated for 12 h to enhance the DO 

concentration. 1 mL each of prepared phosphate buffer, MgSO4, CaCl2 and FeCl3 solution 

was added per liter of dilution water and mixed thoroughly to ensure homogenization. A 

300 mL BOD bottle was used for all the tests. Each bottle contained 10 mL sample, 2.5 

mL seed suspension (prepared from raw activated sludge obtained from municipal 

wastewater treatment plant) and the rest was filled with dilution water. Seed, water and 

glucose-glutamic acid check samples were prepared to evaluate the activity of the 

microbial community. All the samples were incubated for 5 days at temperature of 20 0C. 

The BOD5 was estimated from Eq. (1): 

BOD5, (mg L‒1) = 
(𝐷1−𝐷2)−(𝑆)𝑉𝑠

𝑝
                           (1) 

where D1 and D2 are the DO of diluted sample immediately after preparation and after 5 

days incubation (mg L‒1), S is oxygen uptake of seed, Vs is volume of seed in the test 

bottle (mL) and p is the decimal volumetric fraction of sample used.  
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Text S5. Mouse Macrophage Cell Viability Assay 

The in-vitro viability of mouse immune cells exposed to various water samples (untreated 

vs treated) was examined as a measure of their immunocytotoxic effects. Specifically, 

RAW 264.7 mouse macrophage cells were seeded (5 × 105 cells per well) into a 24-well 

culture plate and incubated at 37 °C/5% CO2 overnight in complete cell culture media 

(Dulbecco’s Modified Eagle Medium (DMEM); Sigma, Canada). The following day, 

cells were exposed to water samples at dilution doses between 10-90% v/v, for 18 h at 37 

°C. To control for any changes in viability due to media displacement, cells were also 

exposed to phosphate buffered saline solution (PBS; Sigma Canada) at all dilutions tested 

for the experimental waters (i.e. 10-90% v/v).  After 18 h, cell viability was examined by 

first detaching cells from culture wells using 1 mM ethylenediaminetetraacetic acid 

(EDTA) in 0.25% trypsin (Sigma, Canada) and transferring them to 1.5 mL centrifuge 

tubes. Cells were then stained for the absence or presence of free amines, a marker of cell 

death, on both the plasma membrane as well as intracellularly by incubating cells with 

PBS containing 0.1% v/v of the cell permeable Live-Dead Yellow Cell Stain 

(Thermofisher, Canada) for 30 min at room temperature. By staining for increased 

membrane and intracellular free amines, cells that are alive (i.e. no significant free amines 

present) and those cells that are dead (i.e. significant free amines present) can be 

distinguished using flow cytometric analysis. After live/dead staining was performed, 

cells were washed twice with 500 μL of PBS to remove any excess staining solution and 

were then re-suspended in 1% paraformaldehyde (PFA; Sigma, Canada) for 30 min at 4 

°C for cell fixation. Cells were then examined using an ImagestreamTM Mark II (Amnis 

Corporation) for the absence or presence of the live/dead stain. Three independent 

experiments were conducted for each water sample exposure and data represents the mean 

of these experiments ±SEM. Statistics were conducted using a two-tailed paired Student 

T-test with a significance of P<0.05.  

 

Text S6. Textural properties of solid catalysts  

Textural properties, such as specific surface area (SBET, m2 g‒1), total pore volume (Vtotal, 

cm3 g‒1) and micropore or mesopore nature (Smicro and Smeso, m
2 g‒1, and Vmicro and Vmeso, 

cm3 g‒1) of carbon and iron-based catalysts are shown in Table S2. The pHpzc values have 

been also included. All carbon-based catalysts had a large SBET. The highest SBET was 
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obtained for the GAC-900 (1002 m2 g‒1) and the smallest was for SBC (583 m2 g‒1). The 

materials derivatives of GAC had also high SBET and are essentially microporous (Smicro 

> Smeso). However, SBC presented results in the same order of magnitude for specific 

mesopore surface area and specific micropore surface area, representing a significant 

difference compared to GAC-based materials. In fact, contrary to GAC derivatives, SBC 

had higher mesoporous (331 m2 g‒1) than microporous (252 m2 g‒1) specific surface. 

These differences in carbon materials were also reflected by the ratio Vmicro/Vtotal. In 

particular, SBC had a ratio Vmicro/Vtotal = 0.16, while GAC derivatives revealed an 

intermediate microporous character with Vmicro/Vtotal = 0.64, 0.65, 0.62 and 0.57 for GAC, 

GAC-400, GAC-900 and GAC-U, respectively.  

The thermal treatment at 900 ºC enabled the development of further porosity in GAC-900 

(SBET GAC-900 > SBET GAC). However, when lower temperature was applied to the 

catalyst (GAC-400) a lower porosity was detected. Although differences in the porosity 

were observed between the catalysts prepared by thermal treatment, and HNO3 and GAC, 

these were minimal. The highest differences concerning the porosity and Vmicro/Vtotal ratio 

were observed between GAC and GAC-U.  

The values of pHpzc are important to know the acidic or basic nature of the adsorbent, 

which is related to functional groups. Thus, the pHpzc evaluation is important for the 

determination of the predominant functional groups present in the material, and their 

influence on MPs adsorption/degradation. The acidic functional groups include 

carboxylic acids, lactones and phenols. The basic functional groups are carbonyls and 

quinones, pyrenes and chromenes [Figueiredo et al., 2007]. As can be observed in Table 

3, the surface nature of all carbon-based catalysts is near neutral, indicating the presence 

of both basic and acidic functional group. These functional groups have been reported to 

be crucial in activation of oxidant precursors such as persulfate and subsequent MPs 

degradation [Cheng et al., 2017]. GAC-900 shown the highest value of pHpzc (8.1) and 

GAC-400 presented the lowest (5.9). The starting material, GAC, shown a value of pHpzc 

of 6.2 being similar than GAC-400. The low temperature applied to the treatment (400 

ºC) was not enough to remove the acidic functional groups, and the employment of HNO3 

could have lowered a little the pHpzc value [Messele et al., 2015]. The high temperature 

(900 ºC) used to produce GAC-900 removed the most acidic groups, leaving in the surface 

functional groups with a more basic nature [Pereira et al., 2003]. In the case of GAC-U, 

even though the temperature of the treatment (400 ºC) was low, the introduction of urea 
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seems to be enough to change the nature of the starting material increasing the basicity of 

its surface [Messele et al., 2014].  

Table S2. Textural properties of the carbon-based and iron-based catalysts 

Catalyst 
SBET  

(m2 g‒1)1 

Smicro 

(m2 g‒1)2 

Smeso  

(m2 g‒1)3 

Vtotal 

(cm3 g‒1)4 

Vmicro 

(cm3 g‒1)5 

Vmeso 

(cm3 g‒1)6 
pHpzc

7 

SBC 583 252 331 0.740 0.115 0.625 6.9 

GAC 976 839 137 0.599 0.386 0.213 6.2 

GAC-400 959 832 127 0.549 0.358 0.191 5.9 

GAC-900 1002 861 141 0.582 0.363 0.219 8.1 

GAC-U 883 770 113 0.487 0.278 0.209 7.5 

Fe3O4 326.0 145.0 181.0 0.128 0.087 0.215 n.a 

ZVI 121.0 49.0 72.0 0.112 0.086 0.198 n.a 

      1SBET is the BET-specific surface area 

    2\Smicro is the t-plot-specific micropore surface area calculated from the N2 adsorption-desorption isotherm 

    3Smesois the specific mesopore surface area estimated by subtracting Smicro from SBET 
      4Vtotal is the total specific pore volume determined by using the adsorption branch of the N2 isotherm at P/P0=0.99 
      5Vmicro is the specific micropore volume calculated by a non-local density functional theory (NLDFT) method 
      6Vmeso is the specific mesopore volume calculated by subtracting Vmicro from Vtotal 
      7pHpzc is the pH at the point of zero charge 

 

 

Text S7. Elemental composition and morphology of solid catalysts 

The elemental compositions of the carbon-based and iron-based materials are shown in 

Table S3. The acidic nature of the GAC-400 could be due to the introduction of carboxylic 

groups in the course of the treatment, in accordance with the oxygen content and the value 

of pHpzc, compared to commercial GAC [Álvarez-Torrellas et al., 2016]. However, in the 

case of GAC-900 the small increase in the oxygen percentage (7.34 wt% for GAC and 

8.35 wt% for GAC-900) did not involve an increase in the acidic character, in accordance 

with the value of pHpzc. This is probably explained by a higher amount of oxygen 

functionalities such as carbonyl, chromenes and pyrenes compared to other more acidic 

groups. The highest value of oxygen content corresponded to SBC (20.35%), being thus 

the most hydrophilic material [Álvarez-Torrellas et al., 2016]. Regarding nitrogen 

content, GAC-U, doped with urea, was the material with high percentage of this element 

(3.50 wt%). The other carbon-based catalysts shown small percentage of nitrogen (from 

0.08 wt% to 0.85 wt%). 

SEM images of carbon-based materials were acquired to study the morphological 

characteristics of each carbon-based material. These are shown in Fig. S1. Morphology 
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of the SBC (Fig. S1a) shows different surface than other GAC derivatives materials (Fig. 

S1b‒e). For example, the presence of mesoporous is more remarkable in SBC than that 

in other catalysts, which agrees with the N2 adsorption analysis. Fig. S1b‒d, on the 

contrary, present similar morphology with more micropores and less dense structure 

compared to SBC. Nevertheless, Fig. S1e, corresponding to GAC-U is not so similar than 

the other GAC derivatives materials, probably due to the treatment with urea and 

subsequent incorporation of more nitrogen content. 

The FTIR spectra for the carbon based materials are shown in Fig. S1f. Two distinct 

absorption bands was observed in all the carbon-based materials; however, the spectra of 

the SBC exhibited more intense peaks compared to other carbon materials. This implies 

that the density of the functional groups on the SBC is higher which was expected because 

of the raw materials and temperature used to synthesize it. The band at 1620 cm‒1 could 

be attributed to the vibration of C=C and C=O in the structure of the aromatic carbon, 

while the band at 1110 cm‒1 can be assigned to C‒O‒H of the aliphatic groups of the SBC 

[Messele et al., 2014]. Other bands at the lower wavelength (745 – 873 cm‒1) in the 

spectra of the SBC maybe ascribed to vibration band of metallic oxides such as Zn, Fe 

and Si [Messele et al., 2015]. This agrees with the compositional analysis of the carbon-

based materials which showed that the SBC contains significant amounts of Zn, Fe, and 

Si.            

 

Table S3. Elemental analysis of the carbon-based and iron-based catalysts 

Catalyst 
C 

(wt%) 

O 

(wt%) 

N  

(wt%) 

Na 

(wt%) 

Al 

(wt%) 

Si 

(wt%) 

P 

(wt%) 

S 

(wt%) 

K 

(wt%) 

Ti 

(wt%) 

Fe 

(wt%) 

Zn 

(wt%) 

SBC 63.77 20.35 0.08 0.24 0.90 6.94 0.08 0.61 0.14 0.32 2.89 3.68 

GAC 90.02 7.34 0.12 n.a 0.85 0.70 n.a 0.56 n.a n.a 0.75 n.a 

GAC-400 86.82 11.21 0.19 n.a 0.72 0.75 n.a 0.65 n.a n.a 0.59 n.a 

GAC-900 89.08 8.35 0.09 n.a 0.81 0.68 n.a 0.69 n.a n.a 0.62 n.a 

GAC-U 85.30 10.93 3.50 n.a 0.76 0.63 n.a 0.58 n.a n.a 0.52 n.a 

Fe3O4 - 32.15 - - - - - - - - 67.8 - 

ZVI - - - 0.03 - - - - - - 99.97 - 
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Figure S1. SEM images of a) SBC, b) GAC, c) GAC-400, d) GAC-900 and e) GAC-U and f) FTIR of (a – e). 

 

 

 

 

  

 

 

 

 

 

Figure S2. Concentrations of ATZ, SMX, 2,4-D and MCP for different dilutions of the sample in untreated CSO 

containing 1 mg L‒1 each of the MPs (pH of the solution is 7.5). 
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Figure S3. Concentrations of ATZ, 2,4-D and MCP for different dilutions of the sample in single ozonation 

containing 1 mg L‒1 each of the MPs (pH of the solution is 7.5); [O3]= 10 mg L-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Concentrations of ATZ, 2,4-D and MCP for different dilutions of the sample in catalytic ozonation with 

Fe3O4 containing 1 mg L‒1 each of the MPs (pH of the solution is 7.5); [O3]= 10 mg L-1; [Fe3O4]= 50 mg L-1. 
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Figure S5. Concentrations of ATZ, and 2,4-D for different dilutions of the sample in catalytic ozonation with GAC-

400 containing 1 mg L‒1 each of the MPs (pH of the solution is 7.5); [O3]= 10 mg L-1; [GAC-400]= 50 mg L-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Concentration of ATZ for different dilutions of the sample in catalytic ozonation with H2O2 containing 1 

mg L‒1 of ATZ (pH of the solution is 7.5); [O3]= 10 mg L-1; ratio (H2O2/O3) =0.25. 
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