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Advanced oxidation processes for waste water treatment: from laboratory-scale
model water to on-site real waste water
Julien G. Mahy a,b,d, Cédric Wolfsa, Christelle Vreulsc, Stéphane Drotc, Sophia Dircksd, Andrea Boergersd,
Jochen Tuerkd, Sophie Hermans b and Stéphanie D. Lamberta

aDepartment of Chemical Engineering – Nanomaterials, Catalysis & Electrochemistry, University of Liège, Liège, Belgium; bInstitute of
Condensed Matter and Nanosciences (IMCN), Université catholique de Louvain, Louvain-la-Neuve, Belgium; cEnvironmental Department,
Celabor, Research Centre, Herve, Belgium; dInstitut für Energie- und Umwelttechnik e.V. (IUTA, Institute of Energy- and Environmental
Technology), Duisburg, Germany

ABSTRACT
A process combining three steps has been developed as a tertiary treatment for waste water in
order to remove micropollutants not eliminated by a conventional waste water treatment plant
(WWTP). These three processes are ozonation, photocatalysis and granulated activated carbon
adsorption. This process has been developed through three scales: laboratory, pilot and pre-
industrial scale. At each scale, its efficiency has been assessed on different waste waters:
laboratory-made water, industrial waste water (one from a company cleaning textiles and
another from a company preparing culture media, both being in continuous production mode)
and municipal waste water. At laboratory scale, a TiO2-based photocatalytic coating has been
produced and the combination of ozonation-UVC photocatalytic treatment has been evaluated
on the laboratory-made water containing 22 micropollutants. The results showed an efficient
activity leading to complete or partial degradation of all compounds and an effective carbon for
residual micropollutant adsorption was highlighted. Experiments at pilot scale (100 L of water
treated at 500 L/h from a tank of 200 L) corroborated the results obtained at laboratory scale.
Moreover, tests on municipal waste water showed a decrease in toxicity, measured on Daphnia
Magma, and a decrease in micropollutant concentration after treatment. Finally, a pre-industrial
container was built and evaluated as a tertiary treatment at the WWTP Duisburg-Vierlinden. It is
shown that the main parameters for the efficiency of the process are the flow rate and the light
intensity. The photocatalyst plays a role by degrading the more resistant micropollutants.
Adsorption permits an overall elimination >95% of all molecules detected.
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1. Introduction

For decades, environmental issues have been in the
centre of attention concerning the production of green-
house gases, deforestation or pollution of air, soil and
water. Indeed, degradation of the environment quality
can cause serious damages to human health, fauna
and flora [1]. In particular, water pollution can lead to
eutrophication of lakes or rivers, development of ill-
nesses such as cancer and hormonal imbalance. The pol-
lutants can be heavy metals, pesticides, pharmaceutical
products, chlorinated compounds or other organic

compounds [1]. For a few years, micropollutants have
been attracting considerable attention [2–4]. Indeed,
these compounds are present only in trace amounts at
the exit of conventional waste water treatment plants.
Even if these micropollutants represent very low quan-
tities, a long-term exposure to this pollution can have
negative consequences.

The European Union has started to list some priority
micropollutants in its water framework directive (WFD)
[5]. For now, research focuses on the development of
efficient processes for micropollutant elimination [6,7].
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Among these processes, advanced oxidative processes
(AOP) represent a potential way to degrade a large
range of organic micropollutants. These AOPs can be
ozone oxidation [6,8], titania-based photocatalytic pro-
cesses [9–11] or (photo)-Fenton reactions [12,13]. They
require the production of radicals, especially the
hydroxyl radical (OH·), to oxidize and degrade these
organic substances.

Many studies showed the efficiency of AOPs for
organic pollutant elimination. For example, Lopez-
Vinent et al. [14] showed the efficiency of a photo-
Fenton process using UV-A LEDs for the degradation
of diphenhydramine hydrochloride after only 1 h. In
Yang et al. [15], graphitic carbon nitride modified TiO2

combined with persulfate was able to remove bisphe-
nol A in only 15 min. This system was also efficient
on the degradation of caffeine, phenol and acetamino-
phen. In Wardenier et al. [16], different AOPs, such as
O3, UV or plasma-ozonation, were evaluated on a
model water composed of 4 micropollutants (atrazine,
alachlor, bisphenol A and 1,7-α-ethinylestradiol) at con-
centration 1 mg/L each. Plasma-ozonation showed the
fastest elimination rate, degrading more than 95% of
the pollutants in only 20 min despite a high energy
cost. In Seo et al. [17], an UV/H2O2 process was tested
on real waste water at laboratory scale showing its
efficiency regarding micropollutant elimination (pheno-
lic and olefinic moieties). The review of Miklos et al. [18]
detailed the different AOPs studied in the literature, and
links different parameters (nature of the process, scale,
type of water etc.) to the median energy consumption
of these processes. In this review, UV/O3 processes lie
among the realistic candidates for full-scale appli-
cations, whereas photocatalysis is considered much
less efficient.

Nevertheless, the large majority of published works
concerns laboratory-scale studies on model water.

In this work, a tertiary waste water treatment was
developed and evaluated through laboratory scale,
pilot scale and pre-industrial scale. This process com-
bines an ozonation step, a UVC-photocatalytic step and
a granulated active carbon (GAC) adsorption step. At lab-
oratory scale, an efficient TiO2-based coating was devel-
oped and assessed on water containing 22
micropollutants. The details of this development were
published in [5]. In this work, deposition of titania at
pilot and pre-industrial scale was done with spray
coating. The efficiency of the pilot reactor was assessed
on laboratory-made water, real waste water from indus-
trial plants and municipal waste water. Besides this pilot
reactor, a pre-industrial set-up was also tested on up to
5 m3/h of waste water originating from the treatment
plant.

2. Materials and methods

2.1. Photocatalyst synthesis

The photocatalyst is a TiO2 material doped with 2 wt.% of
silver mixed with 10 wt.% of commercial Evonik P25,
what we named Ag2/10P25. The synthesis is detailed
in [5]. The composition of the TiO2 coating is based on
our previous study [5] for the removal of micropollutants.
The role of P25 is to increase the roughness of the
coating which leads to better activity via an increase of
the specific surface of the layer. Using silver also
increases the degradation efficiency by its role of elec-
trons trap. Moreover, silver has also anti-microbial prop-
erties which could have a biological role on the
contaminants. The composition was optimized in [5].

First, silver acetate (Merck, purity ≥ 99%, called AgAc)
was stirred in 2-methoxyethanol (Acros Organics, purity
≥ 99.5%, called MetOH). Then, N-[3-(trimethoxysilyl)pro-
pyl]ethylenediamine (Sigma-Aldrich, purity 97%, called
EDAS) was added to the solution. Pre-hydrolysis of
EDAS was made by adding ultrapure water
(18.2 MΩ·cm−1) to the solution.

In another container, titanium tetraisopropoxide
(Sigma-Aldrich, purity ≥ 97%, called TTIP) was dissolved
in MetOH. Evonik P25 particles were added to this sol-
ution, which was then heated to 80°C under stirring.
Twelve hours later, the P25+TTIP solution was sonicated
by ultrasound (Branson 2510 ultrasonicator) for 15 min.
Then, the sonicated solution was added to the main sol-
ution. The solution was put under a nitrogen atmos-
phere. Ultrapure water was mixed with the solution.

The weights and volumes of the reagents are shown
in Table S1 in Supplementary Materials.

2.2. Laboratory scale

2.2.1. Coating
The TiO2 photocatalyst is deposited on stainless steel
slides (316L steel, Mecanic Systems, Braine-l’Alleud,
Belgium) of dimension 25 mm× 75 mm× 0.7 mm.

The slides were washed, dipped in a 2 mol/L solution
of HNO3 for 5 s and dried. Then, they were manually
spray-coated using an airbrush (Harder & Steenbeck)
with the nozzle at about 5 cm above the slide and
using 3-bar compressed air for spraying. The amount of
TiO2 solution sprayed was 2 mL with a flow of 0.13 mL/
min. Afterwards, the slides were calcined at 390°C for
12 h.

The coating crystallinity was characterized by grazing
incidence X-ray diffraction (GIXRD) in a Bruker D8 diffr-
actometer (Bruker, Billerica, MA, USA) using Cu-Kα radi-
ation and operating at 40 kV and 40 mA. The incident
beam angle was 0.5°.
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A corresponding powder sample (i.e. powder made
from the same sol as the studied layer) was studied
using transmission electron microscopy (TEM-Philips
CM-100 operating at 130 kV) as well as scanning trans-
mission electron microscopy (STEM) coupled with
energy-dispersive X-ray (EDX) to confirm the presence
of silver.

Titania coatings were also investigated using a JEOL
JSM-840 (JEOL, Peabody, MA, USA) scanning electronic
microscope (SEM) at an acceleration voltage of 20 kV.
An elemental analysis by energy-dispersive X-ray spec-
troscopy (EDX) was also performed.

2.2.2. Degradation test on the model water
The model water is composed of 22 micropollutants with
a concentration of 10 µg/L for each one. The micropollu-
tants were lindane, atrazine, 2,2′,4,4′,6-penta-bromodi-
phenyl ether, tributylphospate, di(2-
ethylhexyl)phthalate, metoprolol, carbamazepine, diclo-
fenac, sulfamethoxazole, 1H-benzotriazole, desethylatra-
zine, 2,6-dichlorobenzamide, bromacile, simazine,
chlortoluron, isoproturon, dichlorodiphenyltrichlor-
oethane (DDT), acetyl-4-sulfamethoxazole, iohexole,
iopromide, clarithromycin and terbutryn.

Using EU’s Water Framework Directive (Directive
2000/60/EC) as a starting point, the identification of rel-
evant micropollutants was focused on ‘priority pollu-
tants’, such as pesticides, industrial chemicals,
pharmaceuticals and personal care products (PCP).
Each of the chosen micropollutants appears clearly in
that directive. The most common medicines and pesti-
cides in Belgium and Germany were focused on, in
order to facilitate the study of real waste water.

The degradation experiment is fully detailed in [5] and
detailed in the following paragraphs.

2.2.2.1. Degradation experiment protocol. The testing
protocol was as follows:

i 420 mL of a solution containing all 22 pollutants
was poured into a stirred glass bottle. The first
sample of 60 mL was immediately taken to
measure the initial concentration of the 22 pollu-
tants [5].

ii The glass bottle was wrapped in an aluminium foil
in order to protect the solution from light. An
Aqua Medic Ozone 200 device was used for the
ozonation (ozone was injected by a diffuser),
which produces 200 mg O3/h. The solution was
ozonated for 30 min (with a concentration of
15 mg/L in the solution measured with the Ozone
MColortest Disk comparator test from VWR). The
second sample of 60 mL was then taken [5].

iii The solution was transferred into a crystallizing
bowl with four coated slides. The bowl was
covered by a quartz plate, which was transparent
to UVC radiation. It was stirred by an orbital
shaker (Grant Bio POS 300) throughout the rest of
the experiment. The system was placed inside a
thermostatic box at 15°C in the dark for 30 min.
After that, the third sample of 60 mL was taken [5].

iv The UVC lamp (λ = 254 nm, 20 W/m2 at the photo-
catalyst surface) was turned on. After different
times (1, 2, 4, 6 h), a sample of 60 mL was taken
(from the total of 240 mL at the end of (iii)) and
one of the four slides was removed, in order to
keep the concentration of photocatalyst constant
in the solution until the end of the photocatalytic
test [5].

In addition, one experiment was conducted without
any slides, but with an otherwise identical protocol.
Measurements of the degradation of the 22 pollutants
by ozone and UVC alone were made possible by this
‘blank experiment’ [5].

Finally, another experiment was carried out in the
presence of the slides but without light. This was done
in order to evaluate the adsorption of the micropollu-
tants onto the slides (dark experiment) [5].

For the laboratory scale, the concentration of catalyst
was 2.5 * 10–2 m2 of catalyst/L.

Each sample was analyzed using GC/MS-MS and LC/
MS-MS. Detailed information about the chromatography
is given in the next sections.

2.2.2.2. GC-MS method. A stock solution of all the micro-
pollutants was prepared at 1000 ppm in methanol and
stored at –20°C. Ultrasonication was used to improve
solubility. A calibration curve was constructed from
0.01 ppm to 5 ppm for the GC/MS-MS technique [5].

To quantify phthalates and prevent contamination,
plastic containers could not be used. All glass apparatus
was rinsed with acetone and then with hexane Pestis-
can®. Nitrile gloves had to be used [5].

The decantation took place in a separatory funnel of
100 ml under agitation for 1 h. About 50 mL of sample
was mixed with 5 g of MgSO4 and 20 mL of a 90/10
mixture of hexane/acetate ethyl. The aqueous phase
was collected and a second extraction was performed
for 1 h with 20 mL of a mixture of 50/50 hexane/
acetate ethyl. The organic phase was filtered on anhy-
drous Na2SO4 and evaporated until 0.5 mL remained.
1.5 mL of hexane was added and samples were separ-
ated into 2 vials for GC-MS injection [5].

The XLB-type chromatography column, a Trace GC
Ultra system from Thermo Scientific (Thermo Fisher
Scientific, Waltham, MA, USA), was of dimensions
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30 m × 0.25 mm× 0.25 µm. Helium was used as a carrier
gas and the temperature gradient could reach 320°C [5].

The retention times of the different micropollutants
are described in Table S2. The chromatogram (see
Figure S2 from [5]) highlights that the different com-
pounds are well separated in terms of retention time.
Simazine and atrazine were co-eluted but had different
daughter ions to differentiate them [5].

The substances were analyzed with an ITQ Series GC/
MS Ion Trap Mass Spectrometer from Thermo Scientific
[5].

2.2.2.3. LC-MS/MS method. Methods were first devel-
oped for the quantification of the model water com-
posed of 5 micropollutants [5]. Afterwards, the
quantification method was adapted for the extended
model water containing 10 micropollutants [5]. More
information about the LC-MS/MS measurement
method is shown in Table S3.

The chromatogram from Figure S3 in [5] shows the
detection peaks of almost all substances of the extended
micropollutant list. For all substances, it can be seen that
the substance peaks are well separated [5].

The substances described were measured with an
Agilent 1100 LC system (Agilent Technologies Deutsch-
land GmbH, Germany) coupled to a Sciex QTRAP 6500
mass spectrometer (AB Sciex Germany GmbH,
Germany) according ISO 21676 (2018). For separation, a
Raptor ARC-18 (Resteck GmbH, Germany) column was
used. LC-MS-grade water (A) and acetonitrile (B), each
with 0.1% formic acid, were used as solvents. The gradi-
ent of the solvents is shown in Table S4 [5].

For calibration, an intermediate dilution was prepared
from the stock solution. The stock solution was prepared
at 1 g/L in 50% acetonitrile and 50% LC-MS water and
stored below 8°C. Each calibration had to be prepared
daily for each sample series. It was calibrated in the
range of 0.001–100 ng/mL.

2.2.3. Adsorption step
As the last step of the whole process at large scale will be
an adsorption on GAC, adsorption experiments were
conducted at laboratory scale to find an efficient and
low-cost commercial GAC material adapted for micropol-
lutant adsorption.

Seven different activated carbons were chosen (Table
1) for laboratory-scale selection. They were chosen
among three different suppliers and covered their full
price range (∼1880–2700 €/ton), in order to check if
the price was correlated with adsorption capacities.
Their specific surface area (SBET) was determined thanks
to nitrogen adsorption–desorption isotherms measured

with an ASAP 2420 multi-sampler adsorption–desorption
volumetric device from Micromeritics.

The carbons were ground to particulate activated
carbon (PAC) and sieved. PACs with a particle size
smaller than 50 µm were used to produce a carbon sus-
pension of 10 mg/L. Each PAC was put in contact with
water containing a certain type of micropollutant (meto-
prolol or 1H-benzotriazole, 10 µg/L). These samples were
stirred for 120 min on a shaker rotating at 200 rpm. After
0, 5 15, 30, 60 and 120 min, the samples were filtered
with a syringe filter of 0.45 µm and analyzed via LC-
MS/MS to follow the micropollutant concentration.

2.3. Pilot scale

2.3.1. Coating
The pilot-scale reactor being a cylindrical steel reactor
(picture in [5]), the coating needed to be done on the
inside surface. An industrial spray-coater (Aquatic
Science S.A.A, Herstal, Belgium) was used for deposition.
A nozzle moving vertically along the central axis of the
reactor from the top allowed the deposition. First, a
nitric acid solution (weight concentration 50%) was
abundantly sprayed inside the reactor, which was then
dried at 120°C [5]. 7 mL of a freshly prepared TiO2 sol
was sprayed on the dry inner surface, and the reactor
was dried at 120°C again, before being calcined at 390°
C for 12 h [5].

2.3.2. Pilot scale degradation experiments on model
water and real waters
The pilot set-up was shown in [5]. It is composed of a
tank (200 L), an ozonation reactor (O3 generation of
60 g/h, ozone was injected by a Venturi injector) and a
photocatalytic reactor (UVC 254 nm monochromatic
lamp, 110 W/m2 at the interior surface). The polluted
water circulated continuously at a flowrate of 500 L/h.
Sampling was done after 30 min of ozonation (with an
ozone concentration of 0.42 mg/L at permanent

Table 1. Carbon properties.

Carbon Notation
Cost [19–21]

(€/ton)
SBET (m

2/
g)

Donau Carbon Hydraffin 30N DC 30N 1880 1035
Donau Carbon Hydraffin CX
30

DC CX30 2300 916

Donau Carbon Hydraffin A
8x30

DC A 2700 1159

Donau Carbon Hydraffin CC
8×30 plus

DC CC plus 3895 1240

CSC GAK 1 GAK 1 2265 943
CSC GAK 2 GAK 2 2165 981
CarboTech DGF 8×30 DGF

Carbotech
1410 1060

SBET: specific surface area estimated by the Brunauer, Emmett, Teller (BET)
method [22].
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regime), and after a further 1 h of photocatalysis. The
concentration of catalyst was 1.36 * 10–3 m2 of catalyst/
L. The experiments were repeated with an uncoated
reactor in order to check the efficiency of the photocata-
lyst layer.

Different polluted waters were tested: the laboratory-
made water containing 22 micropollutants; two types of
industrial waste water (one from a company cleaning
textiles containing biocides, the other from a company
preparing culture media); and finally, the outlet of a
municipal waste water treatment plant (Esneux WWTP,
Belgium).

The water parameters denoted in Table 2 were
measured before applying the AOP process.

In the case of laboratory-made water, the pollutant
concentrations were evaluated with GC-MS and LC-MS/
MS. As for the two types of industrial waste water, only
the toxicity before and after treatment was evaluated.
The toxicity test is based on the ISO 6341 standard
[23]. During this experiment, Daphnia magna microcrus-
taceans were incubated for 24 h in the toxic water at
different concentrations [5]. After 24 h of contact, the
number of immobile microcrustaceans was counted [5].
This number was plotted against the concentration of
the toxic water. From this, the relative concentration
EC50, at which half of the microcrustaceans died, was
found [5]. EC50 is expressed in the per cent of the
initial concentration of the toxic water. The toxicity unit
(TU) of the water is defined as TU = 100%/EC50. The
water was considered toxic if 1 < TU < 10, and very
toxic if TU > 10 [5].

The toxicity test was also performed on the municipal
waste water, and the micropollutant content before and
after treatment was assessed with LC-MS/MS.

2.4. Pre-industrial scale

2. 4.1. Container building
The pre-industrial test was conducted on the installation
represented as Figure 1. 40 g/h of ozone was produced
locally from an electric discharge in the presence of
oxygen, so that the ozone concentration at permanent
regime was equal to around 5 mg/L. The water is then
sent to the UV reactor. The UV reactor is equipped with

a light sensor, able to measure the energy at the inner
surface of the reactor, as well as a pH electrode. The
water flows out into a cylindrical GAC adsorber of
height 2.5 m and of diameter 1.2 m. This adsorber can
be filled with up to 700 kg of the chosen carbon (i.e. Car-
botech DGF 8×30 GL). Between the UV-system and the
adsorber, the flowrate is measured, and samples can
also be taken for analysis.

The full process can be transported in a standard 10 ft
container (length 6.06 m, width 2.44 m, height 2.6 m).
This ease of transportation will facilitate future research
on the subject, since the location of the system, and
thus the composition of the inlet waste water, can be
changed readily. As indicated on the diagram, a work
bench is also installed for operation and maintenance
of the equipment.

2.4.2. Coating
Two pre-industrial scale reactors were coated in the
same manner as the pilot scale reactor. These reactors
are cylindrical, and are of resp. diameter and length
20 × 90 cm (the catalyst surface area was equal to
0.565 m2) and 40 × 90 cm (the catalyst surface area was
equal to 1.131 m2). Again, a nozzle moved vertically
along the central axis of the reactors. First, a nitric acid
solution (weight concentration 50%) was abundantly
sprayed inside each reactor, which was then dried.
Then, 20 mL of a freshly prepared TiO2 sol was
sprayed onto the inner surface of each reactor. Both reac-
tors were calcined at 550°C for 2 h.

2.4.3. Degradation experiments on the waste water
treatment plant
Degradation experiments were carried out using water at
the outlet of Duisburg’s Waste Water Treatment Plant in
Germany.

Depending on the experiment, several combinations
were tested, amongst the following parameters:

i type of lamp: either medium pressure (power 7 kW)
or low pressure (power 200 W), emitting monochro-
matic light (wavelength 254 nm);

ii choice of reactor: one of those described in 2.4.2;
iii coating: either present or absent;
iv waste water flow rate: anywhere between 0 and

5 m3/h.
For each experiment, micropollutant concentrations

were assessed with LC-MS/MS methods similarly to the
laboratory experiments (LC-MS/MS methods are detailed
in Supplementary Materials)

Table 2. Characteristic waste water parameters before the pilot
scale experiments.
Waste water COD (mg O2/L) Ntotal (mg/L) Ptotal (mg/L)

Textile water 1416 14.5 2.1
Culture media water 500 20.0 2.0
Municipal water 83 11.6 1.8

COD: chemical oxygen demand; Ntotal: total nitrogen amount; Ptotal: total
phosphorus amount.
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3. Results and discussion

3.1. Laboratory scale

3.1.1. TiO2 coating
The crystallinity of the TiO2 coating deposited on steel
slides at laboratory scale was observed with GIXRD, as
shown by the pattern represented in Figure 2. Three
peaks are observed: one at 25° corresponding to the
TiO2 anatase phase of the coating, and two at 43.5°
and 50.7°, corresponding to chromium iron carbide
from the steel substrate. The silver present in the
coating was not detected with GIXRD as the amount is
very low (2 wt. %) [5,24] and the crystallites supposedly

very small (around 3 nm as described in [2,5,24,25]).
Evonik P25, which is TiO2 composed of anatase (80%)
and rutile (20%) [26,27], was also not seen as such.
Indeed, the amount of rutile is also too low to be
detected [5]. The anatase phase, which is the most
photoactive phase of titania, is present in the sample
and ensures sufficient photocatalytic activity.

STEM-EDX measurements were performed on the
powder sample to show the presence of silver. Figure 3
shows a STEM image of its surface as well as silver and
titanium mapping. Ag and Ti are both homogeneously
dispersed on the surface (Figure 3(b,c)). Silver is a well-
known additive in TiO2 materials as it increases their

Figure 1. Pre-industrial installation scheme.

Figure 2. Grazing incident X-ray diffraction (GIXRD) pattern of the laboratory TiO2 coating on steel. (A) Reference pattern of anatase and
(C) Reference pattern of chromium iron carbide.
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photoefficiency by electron trapping [25,28]. The SEM-
EDX measurement of the coating on steel is presented
in Supplementary Materials (Figure S1). The presence of
silver at the surface is made less obvious by the high
noise caused by the support’s iron and chromium.

3.1.2. Degradation tests
The degradation efficiency of the combined ozonation-
photocatalytic process was evaluated at laboratory
scale on the laboratory-made water containing 22 micro-
pollutants. The results are presented in Table 3. These
substances were chosen because they are listed in the
WFD [29–31] of the European Commission as priority
substances found at the exit of a WWTP.

The limit of detection is 0.4 µg/L for the GC-MS/MS
method (first half of the micropollutants list in Table 3)
and 0.025 µg/L for the LC-MS/MS method (second half
of the micropollutants list in Table 3). The error,

therefore, is around 5% for the GC-MS/MS method and
1% for the LC/MS-MS method.

Only the concentrations of the initial molecules are
followed, and the measured degradation does not
necessarily correspond to a mineralization.

The results show that 8 substances are completely
removed and 5 partially eliminated after the ozona-
tion step. With the use of UVC light, 9 pollutants par-
tially or fully resistant to ozonation are now
completely eliminated. Two more compounds are
also partially eliminated. With the use of TiO2 photoca-
talysis, 6 molecules resistant or partially resistant to
the previous processes now experience a higher
degradation.

As described before, an additional step of GAC
adsorption is used at pre-industrial scale in order to
adsorb residual pollutants and transformation products
from the ozonation and the UVC photocatalysis

Figure 3. (a) STEM images of a particle of TiO2 powder corresponding to the deposited layer, (b) Ag mapping and (c) Ti mapping.

Table 3. Degradation efficiencies in absolute percentage on the model polluted water for the sprayed sample at laboratory scale.
Pollutant Degradation with O3 (%) Degradation with UVC (%) Degradation with UVC - photocatalysis (%) Total degradation (%)

Lindane 0 0 18 18
Atrazine 0 100 – 100
Brominated diphenyl ether 0 100 – 100
Tributylphosphate 0 0 62 62
Di(2-ethylhexyl)phthalate 0 9 74 83
Metoprolol 50 11 39 100
Carbamazepine 100 – – 100
Diclofenac 100 – – 100
Sulfamethoxazole 100 – – 100
1H-benzotriazole 0 84 10 94
Desethylatrazine 0 100 – 100
2,6-dichlorobenzamide 0 0 32 32
Bromacile 85 15 – 100
Simazine 100 – – 100
Chlortoluron 100 – – 100
Isoproturon 100 – – 100
DDT 9 91 – 100
Acetyl-4-Sulfamethoxazole 43 57 – 100
Iohexole 6 94 – 100
Iopromide 0 100 – 100
Clarithromycin 100 – – 100
Terbutryn 100 – – 100

–: already eliminated before this treatment.
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treatments. In the next section, the different GAC will be
tested to select an efficient adsorbent on the target
micropollutants.

3.1.3. Adsorption experiments
As observed in Table 3, some micropollutants were not
fully degraded after the combined ozonation-UVC
photocatalysis treatment: an adsorption step will be
necessary to purify the water completely.

Two resistant micropollutants largely present in
Germany were selected for the adsorption experiments:
metoprolol and 1H-benzotriazole. Seven commercial

carbon materials were chosen; the list is denoted in
Table 1.

Each carbon sample (2 mg) was mixed with 200 mL of
a solution of 10 µg/L of both micropollutants; their con-
centrations were followed for 120 min. The evolution of
the concentration is represented on Figure 4(a) for meto-
prolol and 4b for 1H-benzotriazole.

For all carbon materials, similar shapes were observed
when analyzing the curves in Figure 4, corresponding to
a quick adsorption in the first 30 min, then a slower
adsorption. Five carbon materials presented higher
adsorption rates for both compounds: DC CX30, DC A,

Figure 4. Evolution of the concentration of (a) metoprolol and (b) 1H-benzotriazole with the different carbon materials.
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DC CC plus and DGF Carbotech. The best one was DC CC
plus.

In order to refine the selection of the carbonmaterial for
a large scale application, two other criteria were explored:
the specific surface area and the cost of thematerials. Both
parameters are reported in Table 1. The specific surface
area, SBET, is related to the available surface of the material
to adsorb pollutant and the cost is obviously an important
criterion for industrial applications.

Concerning the price, DC 30N and DGF Carbotech
materials have the lowest price (1880 and 1410 €/ton,
respectively). They both have a similar specific surface
area (around 1000–1050 m2/g), but DGF Carbotech pre-
sented better adsorption properties on both micropollu-
tants (Figure 4(a,b)). DC A and DC CC plus showed the
highest SBET values and also the best adsorption proper-
ties, but they were quite expensive (2700 and 3895 €/ton,
respectively). GAK 1, GAK 2 and DC CX30 had intermedi-
ate price (∼ 2300 €/ton) and specific surface area around
950 m2/g.

Following the three criteria, the selected carbon was
DGF Carbotech material. It represented the best compro-
mise between adsorption properties and price.

3.2. Pilot scale

The TiO2 coating developed at laboratory scale has been
successfully deposited inside the steel pilot reactor [5].
This reactor has been tested for the treatment of four
different compositions of polluted waters: one labora-
tory-made water, two industrial waters and one munici-
pal water.

The results for the treatment of the laboratory-made
water are shown in Table 4. Similar results compared to
laboratory scale were obtained: 16 out of 22 micropollu-
tants were completely degraded after the ozonation and
UVC steps and 6 molecules were still present after both
treatments. Photocatalysis improved the degradation of
all these molecules. This experiment showed the suc-
cessful scaling-up of the combined ozonation-UVC
photocatalytic process.

Concerning the experiments on industrial waters,
Table 5 shows the evolution of the water toxicity
before the treatment, after the ozonation step and
after the combined process. Water originating from the
chosen textile industry is highly toxic (TU = 400; water
is considered very toxic if TU > 10). After the treatment,
only a low decrease of toxicity was observed with or
without coating. In this case, it was assumed that bio-
cides used for disinfection in the textile industry are

Table 4. Evaluation of the degradation efficiency at pilot scale after 30 min of ozonation and after a further 1 h of photocatalysis.
Pollutant Degradation with O3 (%) Degradation with UVC (%) Degradation with UVC – photocatalysis (%) Total degradation (%)

Lindane 0 0 22 22
Atrazine 0 100 – 100
Tributylphosphate 0 5 38 43
Di(2-ethylhexyl)phthalate 0 0 25 25
Desethylatrazine 0 100 – 100
2,6-dichlorobenzamide 0 0 20 20
Bromacile 100 – – 100
Simazine 90 – 10 100
Chlortoluron 100 – – 100
Isoproturon 100 – – 100
DDT 17 83 – 100
Metoprolol 100 – – 100
Carbamazepine 100 – – 100
Diclofenac 100 – – 100
Sulfamethoxazole 100 – – 100
1H-benzotriazole 0 92 5 97
Acetyl-4-Sulfamethoxazole 40 60 – 100
Iohexole – 100 – 100
Iopromide – 100 100
Clarithromycin 100 – – 100
Terbutryn 100 – – 100
Brominated diphenyl ether 100 – – 100

The adsorption contribution is subtracted from the results. The values correspond to the degradation attributable to a given process.

Table 5. Toxicity tests at pilot scale with the different polluted
waters.

Toxicity
parameters

Before
ozone

After
ozone
(30 min)

After ozone (30 min)
and photocatalysis

(1 h)

Model
water

EC50 (%) 12.5 61.5 83
TU 8 1.6 1.2

Textile
water

EC50 (%) 0.25 2.8 0.9
TU 400 35 110

Culture
media

EC50 (%) 2.5 28.8 29.3
TU 40 3.5 3.4

Municipal
water

EC50 (%) >100 >100 >100
TU 0 0 0

EC50: the effluent relative concentration at which half of the microorganisms
(Daphnia Magma) are dead; TU: 100%/EC50 is an indicator for toxicity; the
water is considered as toxic if TU > 1, and very toxic if TU > 10.
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not sensitive to ozonation and photocatalysis, or that at
least a longer treatment time would be required. One of
the insights that can be drawn from the experiment is
that the efficiency of an advanced oxidation process
depends on the water composition. Moreover, very
high concentrations are not suitable for ozonation and
UVC-based processes, let alone for photocatalysis. As a
consequence, this type of water must always go
through the first and secondary treatments of the
waste water plant before undergoing the AOP, or
another technique must be used to decrease signifi-
cantly the concentration of the pollutants. With this
cleaning textile wastewater, adsorption tests were per-
formed on granular activated carbon and it was shown
that the toxicity after adsorption decreases to TU = 40.

Water from the industry producing culture media was
also highly toxic when it was received. This time, a signifi-
cant decrease of toxicity after the AOP was shown in
Table 5. The efficiency of the AOP on this type of water
can be attributed to the overall lower concentrations of
pollutants, as well as their type (organic pollutants).

Finally, the pilot was tested with municipal waste
water. Water at the exit of the WWTP was collected in
Esneux (Belgium) because of its proximity to a hospital.
Toxicity before and after treatment was characterized

thanks to the Daphnia Magna test. As expected at the
outlet of a WWTP, the water is considered not toxic
(Table 5). Nevertheless, we know from LC-MS/MS ana-
lyses that some micropollutants are present, including
most of those that we had targeted in the previous sec-
tions. Their concentrations range from a few ng/L (tert-
butryn) to 110 µg/L (Iohexol). The concentrations of
these micropollutants were measured before and after
the treatment (Table 6). Of 11 substances, 8 were fully
eliminated by ozone only. Iopromide was removed by
ozone and UVC light. Elimination of Iohexol is improved
thanks to the photocatalytic coating.

3.3. Pre-industrial scale

Scaling-up was done successfully and water from the
Duisburg WWTP was tested continuously for degra-
dation. Corresponding results are presented in Table 7.
Some water parameters followed, during the exper-
iments, are also listed in Table 8.

When only ozonation and UVC light are used, with no
photocatalysis, the flow rate must be low to obtain high
degradations. For example, diclofenac degradation falls
from 73% to 31% when increasing the flow rate from
1.6 m3/h to 4.6 m3/h; the same conclusion can be

Table 6. Detected micropollutants in the municipal water and the evolution of their concentration with the pilot scale process.
Micropollutants
detected

Concentration
detected (ng/L)

Concentration after 30 min
ozonation (ng/L)

Concentration after 30 min
ozonation + 1 h UVC (ng/L)

Concentration after 30 min ozonation +
1 h UVC with photocatalyst (ng/L)

1H-benzotriazole 970 49 39 40
Carbamazepine 400 < < <
Clarithromycin 210 < < <
Diclofenac 840 < < <
Metoprolol 98 < < <
Sulfamethoxazole 2900 < < <
Terbutryn 52 < < <
Acetyl-4-
Sulfamethoxazole

< < < <

Iohexole 110,000 30,000 95 <
Iopromide 12,000 3300 < <

<: inferior to the limit of detection (mentioned in supplementary materials).

Table 7. Evaluation of the degradation efficiency at pre-industrial scale after one pass through (some of) the treatments (ozonation,
UVC/photocatalysis, adsorption).

Pollutant

Degradation (%) in the following conditions

FR = 4.6 m3/h
LI = 23 W/m2

No coating
(conditions 1)

FR = 4.6 m3/h
LI = 33 W/m2With coating

(conditions 2)

FR = 1.6 m3/h
LI = 23 W/m2

No coating(conditions 3)

FR = 4.2 m3/h
LI = 350 W/m2

No coating
(conditions 4)

FR = 4.6 m3/h
LI = 23 W/m2

No coating
After adsorption(conditions 5)

1H-benzotriazole 0 12 20 97 98
Carbamazepine 0 0 4 38 100
Clarithromycin 11 15 0 29 92
Diclofenac 31 48 73 100 100
Metoprolol 2 0 6 42 100
Sulfamethoxazole 7 12 37 87 100
Iohexole 29 6 92 94 95
Iopromide 12 18 69 87 100

FR: flow rate; LI: light intensity.
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drawn for sulfamethoxazole, iohexole and iopromide.
The flow rate is thus an important parameter which
can help control the desired concentration at the
outlet of the AOP.

Using a coated reactor, one can degrade pollutants
that would not have been degraded otherwise. In this
series of experiments, it is the case of 1H-benzotriazole.
Previous experiments and previous works have shown
that other micropollutants fall into this category.
Efficiency of photocatalysis is lower in the pre-industrial
experiment than other AOPs, because of the lower
surface of photocatalyst to volume of water ratio.
However, the process still benefits from this addition,
as shown by increases in the degradation of diclofenac
and iopromide.

As expected, increasing the light intensity more than
tenfold sharply improves the results. However, it also
increases the energy consumption proportionally and

decreases the relative efficiency of the photocatalysis
process (as mass transfer becomes rate-determining at
high light intensities). While increasing the light intensity
is an efficient solution, it is also more expensive.

Finally, adsorption is very efficient at eliminating all
molecules almost fully. The drawback of using adsor-
bents is that they need to be replaced regularly, inter-
rupting the continuous process. Nevertheless, when it
is possible, two adsorption columns can be placed: one
operating when the other is regenerated. In this case, it
increases the cost of the installation.

Concerning the water parameters (Table 8), the dis-
solved organic carbon (DOC), the chemical oxygen
demand (COD) and the turbidity (Turbidity254) decreased
during the global process. These parameters are clearly
linked to the amount of organic pollutants; it is, there-
fore, logical that their values decreased when the micro-
pollutants are degraded. pH and conductivity of the
water in these processes are mostly constant (ΔpHmax

of 0.4 and ΔConductivitymax of 9 µS/cm).

4. Conclusions

In our previous work, a global advanced oxidation
process was developed to degrade environmentally
harmful organic micropollutants in waste water, using
ozonation, UVC light and photocatalysis. This present
work corresponds to our previous results scaled up to
pre-industrial scale (around 5 m3/h).

In the first part of this work, the optimized syntheses
are tested at laboratory scale. The anatase layers are
proved to be efficient for the degradation of most micro-
pollutants. Furthermore, different adsorbent carbon
materials are tested, so that a compromise between
the efficiency and the price can be made with scaling
up in mind.

In the second part, the scale is increased to pilot scale,
using both laboratory-made waters and industrial
waters. The toxicity of the water is controlled in every
case, as well as the micropollutant concentration. It is
found that the efficiency of the different steps (ozona-
tion, UV, photocatalysis) depends strongly on the type
of water treated. In particular, photocatalysis is more
efficient for low-toxicity waters and ozonation and UVC
should be used when the water is more toxic.

In the lastpart of the study,pre-industrial testswerecon-
ducted as a tertiary treatment for waste water. It is shown
that the main parameters for the efficiency of the process
are the flow rate and the light intensity. The photocatalyst
plays a role by degradingmore persistent micropollutants.
Adsorption, in this case, is very efficient, with an overall
elimination >95% of all substances investigated. The
AOPs help extend the lifetime of the adsorbent.

Table 8. Evolution of characteristic waste water parameters
treated in the pre-industrial reactor during the different
experiments described in Table 7.
Conditions of
the trials (from
Table 7)

DOC
(mg/
L) pH

Turbidity254
(m−1)

COD
(mg O2/

L)
Conductivity
(µS/cm)

Conditions 1
. Before O3 6.4 6.80 16.5 16.9 770

. After O3 6.6 6.88 13.5 15.5 767

. After UV 6.3 6.91 11.9 9.0 768

Conditions 2
. Before O3 6.9 6.92 16.3 14.8 768

. After O3 6.4 6.89 12.0 14.8 770

. After UV 6.3 6.87 10.9 14.7 769

Conditions 3
. Before O3 5.1 6.89 13.3 2380 532

. After O3 4.9 7.01 10.0 1766 541

. After UV 4.7 6.96 8.4 1750 539

Conditions 4
. Before O3 6.0 6.80 15.2 14.7 769

. After O3 6.4 6.84 10.1 14.9 766

. After UV 6.4 6.88 9.5 13.8 767

Conditions 5
. Before O3 7.4 6.83 -a -a 21.5

. After O3 7.4 6.87 -a -a 20.4

. After UV 7.4 6.73 -a -a 20.3

. After
adsorption

0.4 6.41 -a -a 30.9

DOC: dissolved organic carbon; COD: chemical oxygen demand; Turbidity254:
UV absorption coefficient at 254 nm; -a: not measured.
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The results show that combining advanced oxidative
processes is an efficient solution at large scale, especially
when it is used synergistically with adsorption.
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