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Abstract

The investigations on the removal of ibuprofen (IBU) in a hybrid system coupling ozonation
and nanofiltration with functionalized catalytic ceramic membrane are presented. The gaseous
ozone into feed water in concentration of 11 g Nm was supplied. Positive influence of catalytic
ozonation on ibuprofen decomposition was observed. The application of catalytic nanofiltration
membrane led to the ibuprofen removal of 91% after the first 15 minutes from the beginning of
the Os/NF process, while at the same time for the pristine membrane it was equal to 76%. The
investigations revealed incomplete degradation of drug under pH 3 after 2 h, i.e. 89%. On the
other hand, the addition of inorganic salts did not affect the catalytic ibuprofen removal
efficiency. Under acidic pH the highest permeate flux decline (26%) was noted, whereas no
differences between permeate flux measured under natural and alkaline conditions were
observed. During the treatment process three IBU by-products were detected, which
significantly affected the permeate toxicity, however, after 2 h of catalytic nanofiltration the

product of treatment process was found as nontoxic.

Keywords: Ozonation; ceramic membrane; nanofiltration; ibuprofen; Aliivibrio fischeri;
toxicity

List of symbols and abbreviations
do/d; - outer/inner diameter
ESI - Electro Spray ionization
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IBU - ibuprofen

MBR - membrane bioreactor

MF - microfiltration

MWCO - molecular weight cut off

NF - nanofiltration

NSAIDs - non-steroidal anti-inflammatory drugs
PhACs - pharmaceuticals

UF - ultrafiltration

UV - ultraviolet

VIS - visible

1. Introduction

The pollution of the aquatic environment by pharmaceuticals has become a serious
problem. The discharge of brine wastewater containing pharmaceuticals degrades water quality
and thus water cannot be directly used as potable water, even after desalination, and for
industrial applications (Panagopoulos et al. 2022). Conventional technologies applied in water
or wastewater treatment plants are not efficient enough in drugs removal, therefore there is an
urgent need to develop new methods. Ozonation is an effective process for pharmaceutical
degradation (Schmitt etal. 2020; Brillas 2022), however, it can generate smaller and more toxic
by-products than the initial micropollutants. Hence, a promising solution could be the coupling
of ozonation with membrane filtration, which allows for rejection of by-products and other
molecules (e.g. colloids and ions) (Mansas et al. 2020a). Studies in literature survey related to
pharmaceuticals elimination with application of both ozonation and membrane filtration are
very limited. Most of the studies investigated ozonation or ozonation enhanced with H,O, or
UV as either effective pretreatment stage for removal of organics in membrane filtration feed
stream or post-treatment stage to treat both effluent streams — permeate and retentate (Real et
al. 2012; Byun et al. 2015; Miralles-Cuevas et al. 2017). For instance, Real et al. (Real et al.
2012) studied the efficiency of combined some chemical oxidation processes such as ozonation,
chlorination, Os/H-0,, UV or UV/H,0, and membrane separation, i.e. ultrafiltration (UF) or
nanofiltration (NF) for removal of five PhACs (amoxicillin, hydrochlorothiazide, metoprolol,
naproxen and phenacetin) from various water matrices. They applied two approaches in their
investigations. In the first case, the membrane processes were used as a pretreatment step, and

effluents were subsequently treated by one of abovementioned chemical oxidation processes.
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In turn, second approach involved application of chemical oxidation as a pretreatment stage
before NF. The best removal efficiency of PhACs for pretreatment via NF followed by
ozonation was found. In case of experiments conducted with natural water, the PhACs removal
in the permeate reaching values higher than 97% at initial ozone dose of 2.25 mg L. When as
a feed matrix a secondary effluent was applied, significantly higher initial ozone dose, i.e. 3.75
mg L, was needed to obtain the same effectiveness of pharmaceuticals removal. Treatment
with using chlorination as post-treatment stage or UF pretreatment, were characterized as less
effective. In turn, chemical oxidation pretreatment followed by NF, were much more effective
for PhACs removal. In other studies (Byun et al. 2015) the effect of feed water pre-ozonation
via reactions with molecular O3 or with radical species as primary oxidants on the permeate
flux during NF of synthetic humic acid solution was investigated. Various combinations of pre-
ozonation pH, calcium concentration and O3z dosage were evaluated. According authors on the
permeate flux strongly affected calcium concentration and ozone dosage rather than the
ozonation mechanism. The researchers emphasized that fouling was mainly due to cake
filtration and not pore blockage, and partial mineralization of feed organics compounds via
oxidation caused fouling mitigation. On the other hand, Miralles-Cuevas et al. (Miralles-Cuevas
etal. 2017) stressed the role of understanding the degradation pathways leading to the formation
of various degradation intermediates, since, based on the authors' research, more toxic products
were produced during the treatment process than the starting compounds in the feed. The
authors investigated the ozonation of NF retentates from real municipal wastewater treatment
plant in terms of microcontaminants removal and toxicity. Treatment of NF rejection needed
2.75-4.5 g O3 m3, while 4.5 g O3 m?3, was less than 50% of the ozone required for direct
treatment of effluent.

The work of Ouali (Ouali et al. 2022) describes hybrid ozonation/NF process enhanced
with H,O, for treatment of drinking and river water enriched with pharmaceuticals
(carbamazepine and sulfamethoxazole). Nevertheless, in this system flat sheet organic
polyethersulfone and polyamide, not ceramic NF membranes, were applied. Moreover, they
were not catalytic membranes. In the literature several processes which employed UF or
microfiltration (MF) catalytic ceramic membranes were investigated (Karnik et al. 2005; Park
etal. 2012; Zhu et al. 2012; Wang et al. 2013a; Mei et al. 2015). These studies mostly focused
on removal of humic substances (Park et al. 2012; Zhu et al. 2012; Wang et al. 2013a; Mei et
al. 2015) or trihalomethanes (Karnik et al. 2005; Wang et al. 2013a). Regardless of the
membrane type, the ozonation can be performed before membrane filtration or it can be
enhanced by membrane filtration, where the feed water and ozone are directly injected into the

3
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membrane area. However, there are no literature reports regarding the hybrid systems utilizing
catalytic ozonation and membrane separation (nanofiltration), which proves the novelty of the
presented investigations. In addition, the cited works did not carry out toxicity analyses of the
purified solutions, which were presented in this article. In this context, the objective of the
research is to investigate the possibility of removal of a model pharmaceutical - ibuprofen
(IBU), being a representative of non-steroidal anti-inflammatory drugs (NSAIDs), with
application of the hybrid process coupling NF and catalytic ozonation. The NF is a promising
separation method, which could reject small organic contaminants (200 Da), whereas Os; was
used to decompose the harmful pharmaceutical. In the experiments a tubular catalytic ceramic
membrane was applied, which is ozone-resistant, in combination with ozonation let for
achieving a high permeate flux without membrane damage in opposite to polymeric ones
(Karnik et al. 2005). The ozonation of the feed water and membrane filtration were
simultaneously performed. By the coupling of ozonation with the action of the catalyst
deposited onto NF membrane an enhanced production of hydroxyl radicals could be obtained
and, in result, the degradation of IBU was improved. During the research the effectiveness of
the treatment process was evaluated based on changes of ibuprofen concentration in time.
Moreover, the use of ozonation can be beneficial as it could reduce the NF membrane fouling
due to the strong oxidative properties of ozone, what has significant impact on the practical
application of this technology in a full scale. The membrane performance was analyzed during
the study based on changes of permeate flux intime as well. Since, the intermediates products
of ozonation could exhibit in some case higher toxicity than the initial contaminants (Gomes et
al. 2017), the monitoring of the toxicity not only of the treated feed water but the produced
permeate as well is of high importance. Hence, the standardized acute toxicity tests were
performed with application of bacteria Aliivibrio fischeri in order to evaluate possible
toxicological effect of feed and permeate, what further emphasizes the novelty of the presented
research.

Ibuprofen was selected for the investigations as a representative of non-steroidal anti-
inflammatory drugs. It is characterized by carcinogenic and non-steroidal endocrine disrupting
drug with harmful effects over fungal, bacterial, algae, microorganisms, crustaceans, fishes and
can be potentially hazard for human health (Brillas 2022). It is derived from propionic acid, and
a broad spectrum of action, making it one of the most consumed drugs worldwide (Almeida et
al. 2022). The pharmaceutical is widely found in the aquatic environment. Due to its complex
degradability, several intermediates formed during its decomposition are not completely
removed by conventional methods treatment (Almeida et al. 2022).

4
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In the present investigation, the hybrid system coupling ozonation and NF with catalytic
ceramic membrane for ibuprofen removal was proposed. Especially, the effect of pH and
inorganic salts on the membrane performance and effectiveness of treatment process was

determined. Additionally, the ecotoxicity tests of treated solutions were conducted.

2. Experimental
2.1. Chemicals

Ibuprofen (IBU) (Ci3H1s02, 206,28 g mol?) and inorganic salts (MgSO,-7H-0,
NaHCOs, NaNOs;, NaH,PO4-2H,0, CaCly) were obtained from Sigma Aldrich, USA. The
concentrations of the salts applied in the experiments were selected based on the literature
(Nawrocki and Kasprzyk-Hordern et al. 2010, Szymanski et al. 2016a, Khuntia et al. 2016) in

order to evaluate the influence of typical inorganic compounds present in natural waters.

Table 1. Concentration of inorganic salts applied in the experiments. The values of

standard deviations are given in the brackets.

Compound [mg L]
MgSOa-7H20 769(2)
NaHCOs 420(1)
NaNOs 3(0.2)
NaH2P04-2H20 8(0.2)
CaCl, 111(2)

2.2. Feed

During the experiments 10 mg L of ibuprofen was applied. In the experiments with
salts the proper amount of inorganic salts (Tab. 1) was added into distilled water and mixed

thoroughly.
2.3. Membrane

One channel asymmetric tubular ceramic membrane with outer/inner (do/d;) diameter of
10/7 mm and length of 250 mm was applied (IKTS, Germany). The membrane had an effective
filtration area of 5.5-10° m? and molecular weight cut off (MWCO) of 200 Da (according to
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the manufacturer). The support of the membrane is made of a-Al,Oz; and the microporous
separation layer is based on TiO..

This commercial ceramic nanofilter was functionalized by depositing an additional
mesoporous layer made of iron oxide (thickness of ~80 nm) on its microporous separative layer
(thickness of ~100 nm). Synthesis conditions as well as physicochemical characteristics and
catalytic efficiency of such functionalized membranes are detailed in a previous paper (Mansas
et al. 2020b).

2.4. The installation set-up and process conditions

The experiments were carried out in a laboratory scale installation, which scheme is
presented in the Fig. 1
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Figure 1. Schematic diagram of the installation applied in the experiments. 1-Overflow, 2-

Brooks flow meter, 3-Check valve, 4-Three-way valve, 5,6,7-Valves.

The membrane was inserted in a stainless-steel module and was held in a vertical
position with clamps at its two ends. The total volume of the feed circulated in the system at
the beginning of the process was 4 L. The feed was pumped in the loop using a positive
displacement pump at a flow rate of 69 L h! with a tangential speed of 0.5 m s The
transmembrane pressure was 10 bar and the temperature of the feed was kept at 20 °C. The gas

flow rate of Os injected in the tank reactor was 20 L h? and the concentration of the injected
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gaseous ozone was 11 g Nm®. Before opening the permeate valve and starting ozonation the
feed circulated in the system for 2 hours up to reaching the stable concentration of IBU
(adsorption of ibuprofen onto membrane) was performed. During the experiments the
weighting of the collected permeate during 2 hours were performed and permeate flux after
determined time intervals was evaluated. After each experiment, the membrane was rinsed with
pure water, cleaned by filtration of ozonized water during 40 min and again rinsed with distilled
water. The permeability of the pristine and functionalized membranes with O3 as well as
without ozone was measured. The pH was corrected to a value of 3 with using HCI. While after
adding inorganic salts to the water it was 8.5. In this case no correction of pH was needed.

The summary of experiments carried out during the research has been presented in the
Tab. 2.

Table 2. The experiments carried out during the investigations on ibuprofen removal.

Experiment Process description

Pristine, NF pH 6.5, process time: 2 h, IBU concentration: 10 mg L1

pH 6.5, process time: 2 h, IBU concentration: 10 mg L1, injected gaseous

Pristine, Os/NF
S : ozone: 11 g Nm-3

Functionalized, NF pH 6.5, process time: 2 h, IBU concentration: 10 mg L1
Functionalized, pH 6.5, process time: 2 h, IBU concentration: 10 mg L1, injected gaseous
Os/NF ozone: 11 g Nm-3

pH 3, process time: 2 h, presence of salts: MgSQO4:7H20, NaHCOz, NaNOs,
NaH2P04-2H20, CaCl,, IBU concentration: 10 mg L-1, injected gaseous
ozone: 11 g Nm3

Functionalized,
Os/NF_pH 3

pH 8.5, process time: 2 h, presence of salts: MgSOa4-7H20, NaHCOs,
NaNOs, NaH2P04-2H20, CaCl, IBU concentration: 10 mg L, injected
gaseous ozone: 11 g Nm-3

Functionalized,
Oa/NF_pH 8.5

In the first stage of the research, the reference experiments with using pristine membrane
and in the presence or in the absence of ozone were conducted (Tab. 2). No salts were added
during these processes. In case of second stage of the studies, the experiments with application
of functionalized catalytic membrane were performed (Tab. 2). Herein, the processes with or
without ozonation were carried out as well. Moreover, the influence of salts and pH during
hybrid ozonation-NF processes was evaluated (Tab. 2).

2.5. Analytical methods

The concentration of ibuprofen and presence of by-products were determined using the

high-performance liquid chromatography coupled with two mass spectrometers (LC/MS/MS)
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using an e2695 apparatus from Waters Alliance and mass spectrometers of Quattro Micro and
PDA 996 types. The involved equipment was as follow: a Waters 2695 pump, an autosampler
with a 20 pl loop, a Waters 2695 separation module (HPLC), and a Waters Micromass
(Wythenshawe, Manchester, UK) a Quattro Micro mass spectrometer (MS) equipped with a
Electro Spray ionization (ESI) probe in negative mode. A column (C18 Waters HSS-T3 : 100
mm * 2.1 mm, 3.5 um particle size) was used with a buffer A (95% LC grade water + 5% LC
grade acetonitrile + 0.1% formic acid) and a buffer B (100% LC grade acetonitrile + 0.1%
formic acid). For ozone analyses, the indigo method was used (Bader 1982). It is based on the
decolorization of the indigo reagent by ozone. The absorbance at 600 nm was measured using
a UV-VIS spectrometer (Jenway 7315). The pH was monitored with using pH meter (Thermo
Fisher Scientific). Conductivity was determined using Ultrameter™ 6P (MYRON L
COMPANY, USA).

2.6. Toxicity measurements

The toxicity of feed and permeate samples was evaluated using the Microtox® LX
system (Modern Water, USA). In the Microtox® toxicity test, marine bacteria Aliivibrio
fischeri for evaluating the toxicity of substances are applied. The test is based on the decreasing
of bioluminescence of bacteria after exposure to the toxic factors (Ngwoke et al. 2021). In brief,
the idea of the test is as follows: 1) freeze dried cultures of A. fischeri were reconstituted and
their luminescence was measured, 2) then the bacterial culture was gently mixed with a sample
and incubated for 15 min, 3) the luminescence was read after 5 min and again after 15 min, 4)
the changes of luminescence intensity were given as a nominal % change value compared to

the luminescence measured inthe control sample.

3. Results and discussion
3.1. Permeability of the membranes

The water permeability of the both ceramic pristine and functionalized NF membranes
were determined to be 7.6 and 10.1 L m? h' bar?, respectively for pure water. During
application O3 the permeability of pristine membrane slightly decreased to value 7.1 L m
h? bar?, and in case of catalytic membrane there was no influence of ozone (Fig. 2). The
observed results could be related to the 0zone consumption during the crossing through the
catalytic layer of the functionalized membrane (Mansas et al. 2020b). On the other hand,
the presence of ozone nanobubbles positioned indirectly next to the micropores of the TiO-
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layer of pristine membrane could cause pores blockage and, in results the decreasing of

permeance (Fig. 2).

12
m Ultrapure water

101 = O,tultrapure water

P (L h't m2 bar?)
»

Pristine membrane Functionalized membrane

Figure 2. Permeability of the pristine and functionalized membranes for pure water and with

ozone application.

3.2. Ibuprofen removal

Before each NF process, the ibuprofen adsorption step (NF carried out with closed
permeate valve) was carried out for 2 hours. After this time, the permeate valve was opened
and, additionally, in the case of processes with ozone, the ozone generator was switched on.
Then, for the next 2 hours of the process, the removal of the model pharmaceutical in the
feed and permeate was assessed. The functionalized membrane was used in the experiments

at different pH. The results are presented in the Fig. 3 for various feed characteristics.
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281  Figure 3. Effect of feed composition on the ibuprofen removal in the a) permeate and b) feed.
282 Initial concentration of ibuprofen in the feed: 10 mg L%, transmembrane pressure: 10 bar.

283

284 As a comparison, the NF processes were performed using both a pristine and a catalytic
285 membrane. In this case, the pristine membrane separated the ibuprofen for about 40%, and the
286  functionalized one, for more than 50% (Fig. 3a). The application of ozone led to remove the
287  pharmaceutical after 90 minutes of the O3/NF process in more than 90%, while after two hours
288  of the process, almost complete removal of ibuprofen was noted, both for the pristine and
289  catalytic membranes (Fig. 3a). It should be also emphasized that in the case of the catalytic
290 membrane, the ibuprofen removal reached the result of 91% after the first 15 minutes from the
291  start of the Os/NF process, while at the same time for the pristine membrane it was equal to
292 76% (Fig. 3a).
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In the next stage of the research, the influence of the presence of inorganic salts in the
feed and pH was analyzed. In the presence of salt and pH 3, the removal of the model
pharmaceutical was significantly slower from the beginning of the process. After 15 min it was
41% solely, and after 2 h of the process it was 89% using functionalized membrane. In turn, at
pH 8.5, after the first 15 min of the experiment, the removal of IBU was almost two times higher
(75%), and after 90 min it reached the value of 99% (Fig. 3a).

Considering the ibuprofen removal results in the feed (Fig. 3b), a similar removal trend
for this pharmaceutical can be seen. Nevertheless, it should be emphasized that in the previous
case the removal of IBU in the permeate was influenced by ozone and the membrane, while in
the feed only by ozonation. Based on the results shown in the Figs. 3aand b it can be concluded
that the main role in the ibuprofen removal was due to the ozonation process, however,
membrane separation contributed to the quite high overall treatment efficiency.

Since the decomposition of ozone in solution to form OH radicals is highly pH
dependent, the present results could find the explanation in the O3z evolution during the process
(Fig. 4). It is established that there is strong correlation between ozone decomposition in water
and pH — it occurs faster with an increase of pH (Nawrocki and Kasprzyk-Hordern 2010). No
changes of pH after adjusting the pH to 3 or 8.5 during the process were noted. In case of
catalytic ozonation-NF experiment (Os/NF) the pH was 6.5 and maintained constant during 2
h.

1
Pristine, O4/NF Functionalized, O4/NF
0.8 1 Functionalized, O4/NF_pH 8.5 Functionalized, O5/NF_pH 3
-
£06 - ‘ ; T
_/g\ L “, I
@04 -
5 | |
0.2 - ®
. 4 T T
0 T " T l T T v
0 20 40 60 80 100 120
Time [min]

Figure 4. Changes of dissolved ozone concentration in the feed during the process. Operation

conditions: continuous ozonation, ozone gas concentration 11 g Nm=,

Generally, alkaline conditions during ozone oxidation of organic compounds are in
favor of the indirect hydroxyl radicals forming (oxidation potential 2.80 V), and could be
beneficial to the degradation of targets than acidic conditions (O3 oxidation potential 2.07 V)

11
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(Miao et al. 2015), what is reflected in the present investigations. When the pH increases, the
IBU decomposition enhancement is observed, since the larger amount of OH radicals is
generating, due to more OH anions forming on the catalytic membrane surface (Ejhieh et al.
2010). Taking into account the results in the Fig. 4, it can be seen that the lowest O3
concentration during the whole process carried out in the presence of salts under alkaline
conditions was noted. Considering the abovementioned ibuprofen removal results, it can be
concluded that from the first minutes of the experiment ozone was consumed for IBU
degradation (Fig. 3b) under these conditions. On the other hand, in the case of acidic pH, ozone
consumption was significantly slower (Fig. 4). It means, some small amount of O3 was used for
hydroxyl radicals production. In turn, for catalytic membrane, a fast increasing of the ozone in
time was observed, due to high transfer of ozone to OH radicals and IBU decomposition. A
significantly slower ozone concentration increasing in case of pristine membrane was caused
by lower amount of hydroxyl radicals forming and not so fast using them for oxidation of
pharmaceutical. Catalytic ozonation, contrary to application of ozonation solely, enables the

formation of hydroxyl radicalsalso at a low pH (Nawrocki and Kasprzyk-Hordern 2010).

3.3. By-products detected during the IBU degradation

Reactions of ozone with ibuprofen led to formation of by-products and among them the
most probable are ketones, aldehydes and carboxylic acids (lkhlag et al. 2015). A high number
of papers have reported the generation of some by-products of IBU upon the action of the OH
radicals generated during ozonation (Michael et al. 2014; Saeid et al. 2020; Huang et al. 2021,
Brillas 2022; Krakstrom et al. 2022). Three parallel oxidation pathways after initial degradation
of ibuprofen by -OH are possible: hydroxylation, demethylation and decarboxylation (Fig. 5)
(Brillas 2022). Additionally, they can interact with each other and create various by-products
(Brillas 2022). The obtained results revealed three intermediates, i.e. 2-(4-(1-Hydroxy-2-methyl
propyl)phenyl) propanoic acid formed during hydroxylation and further oxidation (Saeid et al.
2020), 2-(4-1sobutylphenyl) ethanoic acid (demethylation and further oxidation) (Michael et al.
2014), and 4-Isobutylacetophenone in result of decarboxylation and further oxidation (Fig. 5)
(Huang et al. 2021). The molecular masses of the identified by-products are as follows: 221.12
Da, 193.12 Da and 177.13 Da, respectively.

12



358

359
360
361
362
363
364
365
366
367
368
369
370
371
372

373

Ibuprofen

CHs
OH
CH;
(0]
CH3
hydroxylation, demethylation, decarboxylation,
oxidation oxidation oxidation
CH, 0
OH
CH3 CH3 COQH CH3 CH3
0
HaC H,C CHg
OH
2-(4-(1-Hydroxy-2-methyl 2-(4-1sobutylphenyl) ethanoic acid 4-Isobutylacetophenone

propyl)phenyl) propanoic acid

Fig. 5. Ozonation pathways and by-products of ibuprofen during hybrid Os/NF process.

Determination of intermediate decomposition products is very important from practical
point of view, since the oxidation of organic compounds in many cases led to formation more
complex and toxic compounds than the initial pollutants (Miralles-Cuevas et al. 2017). These
compounds can reduce the efficiency of the NF process and/or affect the toxicity of the

permeate (Miralles-Cuevas et al. 2017). These issues are discussed in the further paragraphs.

3.4. Membrane performance during IBU removal

The idea of proposed system, i.e. the hybrid ozonation-NF process, was the degradation
of ibuprofen by ozonation and the separation of the products decomposition by the membrane
in order to obtain a purified product (permeate). Nevertheless, intermediates formed during the
process and undecomposed IBU could effectively block the pores of the membrane, thus
reducing the efficiency of the filtration process was observed (Karnik et al. 2005). Figure 6
presents the normalized permeate flux decline after 2 h of removal of the model PhAC

depending on the feed composition and pH.
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Figure 6. Normalized permeate flux decline after 2 h of removal of the ibuprofen depending on
the feed composition and pH.

The largest decrease of the permeate flux was measured in the case of NF with the using of
pristine membrane, probably due to blocking the pores of the membrane by IBU molecules
presented in the feed. Interestingly, aslight increase in the permeate flux was also observed for
this membrane during ozonation. It could be caused by the electrostatic interaction between the
PhAC molecules and the hydrophilic surface of the pristine membrane, which separation layer
was made of TiO, (Zhao et al. 2018; Hossain et al. 2019). On the other hand, in the case of NF
of the ibuprofen solution through a functionalized membrane, a decrease in the permeate flux
by 25% after 2 hours of the process was observed. During catalytic ozonation, the flux
practically did not decrease (only 2% after 2 h) (Fig. 6), which was reflected in the
decomposition of ibuprofen from the beginning of the experiment (Fig. 3b). A slight decrease
could have been influenced by the residual undecomposed ibuprofen or the intermediate
products of catalytic ozonation. Since the catalyst was coated on ceramic membrane for
simultaneous proceeding of catalytic ozonation and membrane separation process, the
membrane foulants could be timely decomposed before their accumulation on the membrane
surface or within its pores (Zhang et al. 2016). In the presence of salt (pH 8.5) the decrease of
the permeate flux was negligible as well (4% after 2 h). On the other hand, during the removal
of ibuprofen at the feed pH of 3, a 26% decrease in the permeate flux was noted after 2 h of the
experiment (Fig. 6). These results were also reflected in the degree of decomposition of the

model PhAC. Moreover, the obtained results may also be the result of electrostatic interactions
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between ibuprofen molecules and the membrane surface. It is well established that, the pH of
the solution is a crucial parameter which has a significant effect on the -OH formation and
organic pollutant properties related to decomposition (Dalrymple etal. 2007). Since the pH was
adjusted at 8.5, the IBU degradation increased, due to the formation higher amount of OH
radicals, whereas the reverse situation occured for pH 3 (Kezzim et al. 2017). And this, in turn,
was reflected into the values of the observed permeate flux.

It is worth noting that the membrane did not reject inorganic salts presented in the
feed due to their lower molecular weights than MWCO of NF membrane applied in the
experiments (200 Da). Initial conductivity of the feed solution was about 1720-1732 uS cm
for samples with inorganic salts both at pH 3 and 8.5. After 2 h of process in the permeate
conductivity varied from 1918 to 2215 uS cm™ and in the feed was 1952 - 2287 uS cm™. The
higher value of the feed and permeate conductivity in relation to the treated solution was most
likely due to the presence of intermediate products of ibuprofen decomposition. Such low salts
rejection, expressed in a high conductivity, by ceramic NF membrane was obtained as well by
Fujioka et al. (Fujioka et al. 2018).

3.5. Ecotoxicity study during IBU removal

Toxicity testing is a very important method to evaluate the effectiveness of treatment
technologies. The solutions exhibit different toxicity effects expressed by microorganisms
mortality rate. The Microtox® test applied in this experiment is a well-established test
measuring the acute toxic impact on the bacteria Aliivibrio fischeri. The exposure time of the
bacteria with the samples was 15 min and the luminescence analysis was then performed. The
toxicity evolution was expressed in terms of percentage of luminescence inhibition. The
samples for which the results are less than 20% are considered as non-toxic, between 20 and
50% as low-toxic, and above 50% as toxic (Persoone etal. 2003). In case of the treated solutions
under acidic pH and in the presence of inorganic salts all samples were characterized as toxic
regardless of process time (99.99% of toxicity) (data not presented). The obtained results were
caused by such low pH. The most common stressor, which had an impact on the
microorganisms is high osmotic pressure of the feed. In the acidic environment the wall cell of
bacteria was disrupted and bacteria cell died, what affected on the observed toxicity.
In turn, in the present of salts under alkaline conditions the initial feed did not exhibit toxicity
(13%) (Fig. 7). During the Os/NF process some increasing of toxicity of treated feed was noted,
nevertheless the samples still were non-toxic. After 15 and 60 minutes the toxicity was 15 and
18%, respectively. Finally, at the end of the process toxicity of F120 sample was two times
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lower than FO, i.e. 7 vs. 13% (Fig. 7). Opposite situation for permeates was noted. The permeate
after 15 minutes exhibited high toxicity (54%). The applied treatment led to decrease of the
permeate toxicity to about 47% after 60 minutes of the experiment (Fig. 7). These results
indicate that the presence of the other feed components, i.e. by-products, which passed through
NF membrane affected the toxicity values (Quero-Pastor et al. 2014; Miralles-Cuevas et al.
2017). The course of changes of mortality suggests that although the efficiency of degradation
was high (Fig. 3b), the formation of by-products of oxidation was still faster than their complete
removal. Finally, atthe end of the process treatment the permeate (product of treatment process)
was characterized as non-toxic. The toxicity was the same like in case of the initial feed
solution. The ecotoxicity of IBU (10 mg L) towards alga Selenastrum capricornium cultures
and for optimal pH (8.5-9) and stirring of the system for 20 min during ozonation was studied
by Quero-Pastor et al. (Quero-Pastor et al. 2014). No toxic effect of PhAC on the model
organism was noted at the beginning of the treatment process. However, after the stirring and
pH adjustment, the percentage inhibition visible increased, in results of formation of hydroxy-
ibuprofen metabolite. Moreover, at concentration of IBU 10 mg L*?, a higher toxicity due to

oxidative process proceeding was found (Quero-Pastor et al. 2014).

o
I
O_ -

mFO0 mF15 =mF60 “F120 mP15 mP60 mP120

Figure 7. Toxicity of treated solution during hybrid catalytic ozonation-NF process under pH
8.5 and in the presence of inorganic salts. FO - initial feed, F15, F60, F120 - feed samples
collected after 15, 60 and 120 minutes of the process, P15, P60, P120 - permeate samples
collected after 15, 60 and 120 minutes of the process.

3.6. Economic aspects of IBU removal in the O3/NF system
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The cost of proposed treatment process is mainly related to the energy of ozone
generation and NF. Nevertheless, it should be emphasized that the costs of novel treatment
technologies depend mostly on the type of process and design configuration proposed, therefore
itis difficult to compare the costs of various technologies properly. For instance, the application
of Oz at low doses is economically effective and less expensive than Granular Activated Carbon
(GAC) (Pistocchi etal. 2022). The ozonation is considered as a promising method for increasing
the efficiency in microbial load and pharmaceutical reductions with moderate treatment costs
(Zagklis et al. 2022). For ozonation systems it was reported that the cost of treatment of 1 m?®
of secondary effluent is 0.03 EUR (Chys etal. 2018, Zagklis etal. 2022). According to Choubert
et al. (Choubert et al. 2017) in France itis 0.1-0.2 EUR m™ depending on the size of the plant,
operating conditions and the supply chain of reagents. In some publication it was reported that
the energy consumption (kWh) of catalytic ozonation and filtration in the cross flow system for
Lake Lansing water was 3.032*10° and 6.2*10*, respectively, calculated for 1000 L of treated
water with O3 dose of 20 pg s* (Wang et al. 2017b). Taking into the calculation the price of 1
KWh as 0.2126 EUR (mean price in Europe), the cost of such system is 0.0008 EUR m3.
Assuming the energy consumption of 0.3 kwh m® of treated water in case of ozonation and 1
KWh m® for NF (Rizzo et al. 2019), the presented hybrid Oz/NF system required 0.0011 EUR
m3. This cost is lower than the values reported in the abovementioned literature (Choubert et
al. 2017, Chys et al. 2018, ZagkKlis et al. 2022), however, it must be noted that the system was
not optimized and the investigations were carried out in the laboratory scale installation. Such
low value could also result from using functionalized catalytic membrane, which significantly
improved decomposition efficiency (Pistocchi et al. 2022). For comparison, Zagklis et al.
(Zagklis et al. 2022) stated that chlorination and UV irradiation are characterized by the lowest
treatment costs (0.004 EUR m?®). The cost of photocatalytical TiO,/UV treatment of 1 m® of
water containing 0.8 mg L* total organic carbon was 0.44 USD, whereas in case of 8.0 mg L
total organic carbon it was 0.81 USD (Basile et al. 2018). On the other hand, the cost of phenol
degradation, calculated on a basis of degradation rate constants, was significantly higher, i.e.
2285 USD m?, than that of trichloroethylene degradation (3.99 USD m?®) (Basileet al. 2018).
In case of membrane bioreactors (MBR) the treatment cost varied from 0.10 to 0.68 USD m3
(Gao etal. 2022). A ketoprofen decomposition in asubmerged photocatalytic membrane reactor
generated cost of 13-24.4 USD m® order, depending on applied conditions (Szymanski et al.
2023c).

3.7. A comparison of proposed system with other techniques dedicated to IBU removal
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The literature survey reported other techniques dedicated to IBU removal. Among them
there are photolysis (Yan and Song 2014), non-thermal plasma treatment (Zeng et al. 2015),
UV/H2O, (Liu etal. 2017) and UV/O3 (Mehrjouei et al. 2020) hybrid processes, Fenton (Zhang
et al. 2019), membrane separation processes (Ganiyu et al. 2015, Arefi-Oskoui et al. 2019) as
well as adsorption (Silva et al. 2023). It was found that the application of single non-thermal
plasma treatment led to quite fast IBU degradation (91.7% in 80 min), however, the
mineralization was very low (ca. 30%) (Zeng et al. 2015). In general, the main drawback of
such technology is low ability to mineralize ibuprofen and its by-products. Shu et al. (2013)
studied the degradation of IBU in concentration of 10-40 mg L* with addition of 25 or 50 mg
Lt H,O, at neutral pH in the reactor equipped with an inner Hg lamp (200-320 nm). By
increasing of hydrogen peroxide concentration, the ibuprofen removal was 1.6-fold greater.
Nevertheless, H2O, due to its strong reactive potential creates a high toxicity of treated solution
(Szymanski et al. 2018b). A hybrid Os/H,O, system is the most widely investigated among
hybrid ozonation techniques, despite high toxicity of reagents (Mehrjouei et al. 2020). It has
been applied for pure and natural waters, hospital wastewater and wastewater treatment plant
effluents (Brillas 2022). The first recognized research involving Os/H;O, system for IBU
removal is work of Zwiener and Frimmel (2000). They treated 2 pg L of ibuprofen in pure
water and river water (total organic carbon concentration was 3.7 mg L) and pH 7.5 by
application of 0.4-1.8 mg L* of H,O, and tank reactor under continuous supply of 1-5mg Os
Lt After 10 min of ozonation, 99% of ibuprofen removal was achieved for 1.8 mg H,O, L
and 5 mg Oz L. In order to remove ibuprofen Fenton-based processes were applied as well.
However, they have two main drawbacks, i.e. process optimum at pH near 3 and generation of
a large amount of sludge rich in iron hydroxides, which requires post-treatment step
(Chehrenegar et al. 2016). An interesting and novel technique of IBU removal based on
adsorption has been proposed by Silva et al. (Silva et al. 2023). External magnetic field caused
the adsorption of IBU on magnetic beads of alginate/polypyrrole/ZnFe,Os (Alg/PPy/ZnFe,04)
in the amount of 108.2 mg g in 70 min. Despite high efficiency of this method, there is a
necessity of adsorbent regeneration. Our research group investigated a photocatalytic
membrane reactor utilizing membrane distillation, equipped with capillary polypropylene
membrane inorder to remove the ibuprofen, naproxen and diclofenac from water or wastewater
(Mozia et al. 2016). It was found that the efficiency of the treatment process was strictly
dependent on the feed composition, and the key factors that influenced the photodegradation of

the IBU were inorganic ions, organic compounds and turbidity.
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The method described in this article is undoubtedly very effective for removing
ibuprofen (99% after 15 min) and obtaining a non-toxic permeate. In addition, the simultaneous
conducting of catalytic ozonation and NF significantly reduces the time needed for its removal.
Nevertheless, tests with a real matrix are required.

All applied treatment technologies depend on the feed matrix and required degree of
purification. Then, the type of process and design configuration are proposed. Hence, the
comparison of the technologies and clear indication of the best method for ibuprofen removal

is complex.

Conclusions

A removal of ibuprofen in a hybrid ozonation-NF system equipped with catalytic
ceramic membrane was investigated. The permeability of the pristine and functionalized
membranes were determined to be 7.6 and 10.1 L m? h' bar?, respectively for pure water. The
application of ozone caused slight decrease of pristine membrane permeability to value 7.1 L
m? h? bar?, and for catalytic membrane no influence of O3 was observed. It was found that
high effectiveness of decomposition of pharmaceutical occurred even inthe present of inorganic
salts and pH 8.5. During the first 15 min of the experiment, the removal of IBU was equal to
75%, and after 90 min it reached the value of 99%. Significantly lower degradation of ibuprofen
under acidic pH was observed, i.e. 41% and 89%, after 15 min and 120 min, respectively. This
was associated with the low amount of OH radicals formed from ozone. The highest permeate
flux decline was noted in the presence of salts and at pH 3 as well (26% after 2 h of process).
Under alkaline conditions and in the absence of salts the flux decreasing was negligible due to
fast decomposition of ibuprofen (4% and 2%, respectively). In case of the process with
inorganic salts and under pH 8.5 the O3 consumption was the highest during whole time. Three
by-products, i.e. 2-(4-(1-Hydroxy-2-methyl  propyl)phenyl) propanoic acid, 2-(4-
Isobutylphenyl) ethanoic acid and 4-Isobutylacetophenone were detected during ozonation,
which had an influence on the acute toxicity towards Aliivibrio fischeri. The initial feed was
assigned as non-toxic. The applied treatment resulted in an increase of toxicity in the case of
permeate, which was attributed to the formation of more intermediates, which passed through
the membrane upon NF. Nonetheless, it was found that the product of Os/NF process (i.e.
permeate) was non-toxic at the end of the process (after 2 h). Finally, it can be concluded that
the hybrid ozonation-NF system thanks to synergistic effects induced by contaminant oxidation
and rejection using catalytic ceramic membrane showed excellent performance towards the

elimination of ibuprofen, promoting its efficient removal (98%) and also decreasing its toxicity.
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This configuration will be tested with a real wastewater treatment plant effluent so as to deeply
investigate the beneficial effect of this coupling on fouling dynamics.

The results in the present manuscript demonstrated that proposed Os/NF system can be
considered as useful for ibuprofen removal. Nevertheless, further studies are still needed before
taking advantage of their potentiality at industrial level. First of all, the investigations with
application of real matrices should be considered and economical assesment of proposed system
in a pilot plant scale should be carried out. Coupling of catalytic ozonation and NF processis a
promising solution, due to the potential rejection of small molecules and fast degradation of
organic compounds, including by-products, with a very good membrane performance. Despite
the fact that ceramic membranes are more expensive than organic ones, they are characterized
by high potential for catalytic ozonation, since they exhibit strong resistance to ozone and a
catalytic layer could be easily deposited on their surface. Future work should be focused as well
on finding the optimal conditions of the process in order to reduce the treatment costs, especially
related to the using of low amount of ozone. It could be obtained e.g. by application of the

ozonation contactor.

Ethical Approval
Not applicable

Consent to Participate

Not applicable

Consent to Publish
Not applicable

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding

author on reasonable request.

References

Almeida VM, Orge CA, Fernando M, Pereira R, Salome O, Soares GP (2022) O3 based
advanced oxidation for ibuprofen degradation. Chinese J Chem Eng 42:277.
https://doi.org/10.1016/j.cjche.2021.04.032

20



589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621

Bader H (1982) Determination of ozone in water by the indigo method: A submitted standard
method. Ozone-Sci Eng 4:169. https://doi.org/10.1080/01919518208550955

Basile A, Mozia S, Molinari R (2018) Current Trends and Future Developments on (Bio-)
Membranes, Photocatalytic Membranes and Photocatalytic Membrane Reactors, Elsevier.
https://doi.org/10.1016/C2016-0-02120-4

Brillas E (2022) A critical review on ibuprofen removal from synthetic waters, natural waters,
and real wastewaters by advanced oxidation processes. Chemosphere 286:131849.
https://doi.org/10.1016/j.chemosphere.2021.131849

Byun S, Taurozzi JS, Tarabara VV (2015) Ozonation as a pretreatment for nanofiltration: Effect
of oxidation pathway on the permeate flux. Sep Purif Technol 149:174.
https://doi.org/10.1016/j.seppur.2015.05.035

Chehrenegar B, Hu J, Ong SL (2016) Active removal of ibuprofen by Money plant enhanced
by ferrous ions. Chemosphere 144:91. https://doi.org/10.1016/j.chemosphere.2015.08.060
Chys M, Audenaert W, Stapel H, Ried A, Wieland A, Weemaes M, Van Langenhove H, Nopens
I, Demeestere K, Van Hulle S (2018) Techno-economic assessment of surrogate-based realtime
control and monitoring of secondary effluent ozonation at pilot scale. Chem Eng J 352:431.
https://doi.org/10.1016/j.cej.2018.07.041

Dalrymple OK, Yeh DH, Trotz MA (2007) Removing pharmaceuticals and endocrine-
disrupting compounds from wastewater by photocatalysis. J Chem Technol Biot 82:121.
https://doi.org/10.1002/jcth.1657

Ejhien AN, Khorsandi M (2010) Photodecolorization of Eriochrome Black T using NiS—P
zeolite as a heterogeneous catalyst. J Hazard Mater 176:6209.
https://doi.org/10.1016/j.jhazmat.2009.11.077

Fujioka T, Hoang AT, Okuda T, Takeuchi H, Tanaka H, Nghiem LD (2018) Water reclamation
using a ceramic nanofiltration membrane and surface flushing with ozonated water. Int J
Environ Res Pu 19:799. https://doi.org/10.3390/ijerph15040799

Gao T, Xiao K, Zhang J, Xue W, Wei C, Zhang X, Liang S, Wang X, Huang X (2022) Techno-
economic characteristics of wastewater treatment plants retrofitted from the conventional
activated sludge process to the membrane bioreactor proces. Front Env Sci Eng 16:49.
https://doi.org/10.1007/s11783-021-1483-6

Gomes J, Costa R, Quinta-Ferreira RM, Martins RC (2017) Application of ozonation for
pharmaceuticals and personal care products removal from water. Sci Total Environ 586:265.
https://doi.org/10.1016/j.scitotenv.2017.01.216

21



622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

Hossain T, Bothun GD, Illias S (2019) Transport of liquid and supercritical CO, and selected
organic solvents through surface modified mesoporous y-alumina and titania membranes. Separ
Sci Technol 54:2098. https://doi.org/10.1080/01496395.2019.1594901

Huang Y, Liang M, Ma L, Wang Y, Zhang D, Li L (2021) Ozonation catalysed by ferrosilicon
for the degradation of ibuprofen in water. Environ Pollut 268:115722.
https://doi.org/10.1016/j.envpol.2020.115722

Ikhlag A, Brown DR, Kasprzyk-Hordern B (2015) Catalytic ozonation for the removal of
organic contaminants in water on alumina. Appl Catal B-Environ 165:408.
https://doi.org/10.1016/j.apcath.2014.10.010

Karnik BS, Davies SHR, Chen KC, Jaglowski DR, Baumann MJ, Masten SJ (2005) Effects of
ozonation on the permeate flux of nanocrystalline ceramic membranes. Water Res 39:728.
https://doi.org/10.1016/j.watres.2004.11.017

Kezzim A, Boudjemaa A, Belhadi A, Trari M (2017) Photo-catalytic degradation of ibuprofen
over the new semiconducting catalyst a-(Cu,Fe).O3 prepared by hydrothermal route. Res Chem
Intermediat 43:3727. https://doi.org/10.1007/s11164-016-2837-8

Krakstrom M, Saeid S, Tolvanen P, Kumar N, Salmi T, Kronberg L, Eklund P (2022)
Identification and quantification of transformation products formed during the ozonation of the
non-steroidal anti-inflammatory pharmaceuticals ibuprofen and diclofenac. Ozone-Sci Eng
44:157. https://doi.org/10.1080/01919512.2021.1898928

Khuntia S, Majumder SK, Ghosh P (2016) Catalytic ozonation of dye ina microbubble system:
Hydroxyl radical contribution and effect of salt. J Environ Chem Eng 4:2250.
https://doi.org/10.1016/j.jece.2016.04.005

Mansas C, Atfane-Karfane L, Petit E, Mendret J, Brosillon S, Ayral A (2020) Functionalized
ceramic nanofilter for wastewater treatment by coupling membrane separation and catalytic
ozonation. J Environ Chem Eng 8:104043. https://doi.org/10.1016/j.jece.2020.104043

Mansas C, Mendret J, Brosillon S, Ayral A (2020) Coupling catalytic ozonation and membrane
separation: A review. Sep Purif Technol 236:116221.
https://doi.org/10.1016/j.seppur.2019.116221

Mehrjouei M, Miller S, Moller D (2020) A review on photocatalytic ozonation used for the
treatment of water and wastewater. Chem Eng J 263:209.
https://doi.org/10.1016/j.cej.2014.10.112

Mei H, Xu H, Zhang H, Jing W, Xing W (2015) Application of airlift ceramic ultrafiltration
membrane ozonation reactor in the degradation of humic acids. Desalin Water Treat 56:285.
https://doi.org/10.1080/19443994.2014.934733

22



656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689

Miao HF, Cao M, Xu DY, Ren HY, Zhao MX, Huang ZX, Ruan WQ (2015) Degradation of
phenazone in aqueous solution with ozone: Influencing factors and degradation pathways.
Chemosphere 119:326. https://doi.org/10.1016/j.chemosphere.2014.06.082

Michael 1, Achilleos A, Lambropoulou D, Torrens VO, Pérez S, Petrovi¢ M, Barcel6 D, Fatta-
Kassinos D (2014) Proposed transformation pathway and evolution profile of diclofenac and
ibuprofen transformation products during (sono)photocatalysis. Appl Catal B-Environ
147:1015. https://doi.org/10.1016/j.apcatb.2013.10.035

Miralles-Cuevas S, Oller I, Aguera A, Llorca M, Sanchez Perez JA, Malato S (2017)
Combination of nanofiltration and ozonation for the remediation of real municipal wastewater
effluents: Acute and chronic toxicity assessment. J Hazard Mater 323:442.
https://doi.org/10.1016/j.jhazmat.2016.03.013

Mozia S, Morawski AW, Toyoda M (2016) The influence of solution composition on the
effectiveness of degradation of ibuprofen sodium salt in a hybrid photocatalysis — membrane
distillation system. J Adv Oxid Technol 15:21. https://doi.org/10.1515/jaots-2012-0102
Nawrocki J, Kasprzyk-Hordern B (2010) The efficiency and mechanisms of catalytic
ozonation. Appl Catal B-Environ 99:27. https://doi.org/10.1016/j.apcath.2010.06.033

Ngwoke M, Igwe O, Ozioko O (2021) Acute toxicity assessment of produced water effluent
stream on selected local organisms in Delta state, Nigeria. Environ Monit Assess 193:254.
https://doi.org/10.1007/s10661-021-09032-y

Ouali S, Biard P-F, Loulergue P, You R, Nasrallah N, Maachi R, Szymczyk A (2022) Water
treatment intensification using a monophasic hybrid process coupling nanofiltration and
ozone/hydrogen  peroxide advanced oxidation. Chem Eng J 437:135263.
https://doi.org/10.1016/j.cej.2022.135263

Panagopoulos A (2022) Brine management (saline water & wastewater effluents): Sustainable
utilization and resource recovery strategy through Minimal and Zero Liquid Discharge (MLD
& ZLD) desalination systems. Chem Eng Process 176:108944.
https://doi.org/10.1016/j.cep.2022.108944

Park H, Kim 'Y, An B, Choi H (2012) Characterization of natural organic matter treated by iron
oxide nanoparticle incorporated ceramic membrane-ozonation process. Water Res 46:5861.
https://doi.org/10.1016/j.watres.2012.07.039

Persoone G, Marsalek B, Blinova I, Torokne A, Zarina D, Manusadzianas L, Nalecz-Jawecki
G, Tofan L, Stepanova N, Tothova L, Kolar B (2003) A practical and user-friendly toxicity
classification system with microbiotests for natural waters and wastewaters. Environ Toxicol
18:395. https://doi.org/10.1002/tox.10141

23



690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721

Pistocchi A, Andersen HR, Bertanza G, Brander A, Choubert JM, Cimbritz M, Drewes JE,
Koehler C, Krampe J, Launay M, Nielsen PH, Obermaier N, Stanev S, Thornberg D (2022)
Treatment of micropollutants in wastewater: Balancing effectiveness, costs and implications.
Sci Total Environ 850: 157593. https://doi.org/10.1016/j.scitotenv.2022.157593

Quero-Pastor MJ, Garrido-Perez MC, Acevedo A, Quiroga JC (2014) Ozonation of ibuprofen:
A degradation and  toxicity  study. Sci Total Environ  466-467:957.
https://doi.org/10.1016/j.scitotenv.2013.07.067

Real FJ, Benitez FJ, Acero JL, Roldan G (2012) Combined chemical oxidation and membrane
filtration techniques applied to the removal of some selected pharmaceuticals from water
systems. J Environ Sci Heal A 47:522. https://doi.org/10.1080/10934529.2012.650549

Rizzo L, Malato S, Antakyali D, Beretsou VG, Doli¢ MB, Gernjak W, Heath E, Ivancev-
Tumbas I, Karaolia P, Ribeiro Lado AR, Mascolo G, McArdell C, Schaar H, Silva A, Fatta-
Kassinos D (2019) Consolidated vs new advanced treatment methods for the removal of
contaminants of emerging concern from urban wastewater. Sci Total Environ 10:986.
https://doi.org/10.1016/j.scitotenv.2018.11.265

Saeid S, Krakstrom M, Tolvanen P, Kumar N, Eranen K, Peurla M, Mikkola JP, Mael L,
Kronberg L, Eklund P, Salmi T (2020) Synthesis and characterization of metal modified
catalysts for decomposition of ibuprofen from aqueous solutions. Catalysts 10:786.
https://doi.org/10.3390/catal 10070786

Schmitt A, Mendret J, Roustan M, Brosillon S (2020) Ozonation using hollow fiber contactor
technology and its perspectives for micropollutants removal in water: A review. Sci Total
Environ 729:138664. https://doi.org/10.1016/j.scitotenv.2020.138664

Silva EC, Soares VR, Fajardo AR (2023) Removal of pharmaceuticals from aqueous medium
by alginate/polypyrrole/ZnFe;O4 beads via magnetic field enhanced adsorption. Chemosphere
316:137734. https://doi.org/10.1016/j.chemosphere.2022.137734

Szymanski K, Morawski AW, Mozia S (2016) Humic acids removal in a photocatalytic
membrane  reactor with a ceramic UF membrane. Chem Eng J 305:19.
https://doi.org/10.1016/j.cej.2015.10.024

Szymanski K, Morawski AW, Mozia S (2018) Effectiveness of treatment of secondary effluent
from a municipal wastewater treatment plant in a photocatalytic membrane reactor and hybrid
UV/H,0O--ultrafiltration system. Chem Eng Process 125:318.
https://doi.org/10.1016/j.cep.2017.11.015

24



722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755

Szymanski K, Mozia S (2023) Submerged photocatalytic membrane reactor utilizing
ultrafiltration for ketoprofen removal from surface water. Chem Eng Process 183:109251.
https://doi.org/10.1016/j.cep.2022.109251

Wang Y, Chen K, Chen C (2013) Combined catalytic ozonation and membrane system for
trihalomethane control. Catal Today 216:261. https://doi.org/10.1016/j.cattod.2013.06.018
Wang X, Davies SH, Masten SJ (2017) Analysis of energy costs for catalytic ozone membrane
filtration. Sep Purif Technol 186:182. https://doi.org/10.1016/j.seppur.2017.04.055

Zagklis DP, Bampos G (2022) Tertiary wastewater treatment technologies: A Review of
technical, economic, and life cycle aspects. Processes 10:2304.
https://doi.org/10.3390/pr10112304

Zhang J, Yu H, Quan X, Chen S, Zhang Y (2016) Ceramic membrane separation coupled with
catalytic ozonation for tertiary treatment of dyestuff wastewater in a pilot-scale study. Chem
Eng J 301:19. https://doi.org/10.1016/j.cej.2016.04.148

Zhao Y, Wang X, Yang H, Xie YF (2018) Effects of organic fouling and cleaning on the
retention of pharmaceutically active compounds by ceramic nanofiltration membranes. J
Membrane Sci 563:734. https://doi.org/10.1016/j.memsci.2018.06.047

Zhu Y, Quan X, Chen F, Fan X, Feng Y (2012) CeO»-TiO; coated ceramic membrane with
catalytic ozonation capability for treatment of tetracycline in drinking water. Sci Adv Mater
4:1191. https://doi.org/10.1166/sam.2012.1413

Zwiener C, Frimmel FH (2000) Oxidative treatment of pharmaceuticals in water. Water Res
34:1881. https://doi.org/10.1016/S0043-1354(99)00338-3

Statements and Declarations
Funding

This researchwas supported by a French Government Scholarship.

Competing Interest
The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Author contributions

Kacper Szymanski: conceptualization, designed the experiments, conducted the research and
analysed the data, funding acquisition, writing and editing; Sylwia Mozia: conceptualization,
revised the project; Andre Ayral: review and editing; Stephan Brosillon: review and editing;

25



756 Julie Mendret: supervision, writing, review and editing. All authors read and approved the final

757  manuscript.

26



