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A B S T R A C T   

Photocatalytic oxidation/ozonation of a mixture of eight pharmaceuticals added to a secondary effluent, SE, of 
an urban wastewater treatment plant has been studied using TiO2 supported on commercial Al2O3/SiO2 ceramic 
foams. As radiation source UVA LEDs (365 nm) or solar radiation was used. Pharmaceuticals were added at high 
(1 mg L− 1 each) or relatively low (50 μg L− 1 each) concentration, contributing 25% and 1.5% to the initial TOC, 
respectively. Under both types of radiation, the photolysis of SE generated reactive species capable of degrading 
the contaminants (indirect photolysis), this effect being greater at lower initial concentration of pollutants. 
Lower concentration of contaminants also favoured their degradation and the SE mineralization by photo
catalytic oxidation, whereas its effect on ozonation was low. The best results were obtained by photocatalytic 
ozonation, especially in terms of COD removal, without observing any synergism or antagonism between O3/ 
Radiation and TiO2/Radiation systems. In SE, the performance of the supported catalyst resulted much better 
than that of suspended TiO2 P25, which showed almost no activity in this matrix. Through different cycles of 
reuse, the stability of the supported catalyst was confirmed.   

1. Introduction 

There is a huge amount of information published on photocatalytic 
removal of water contaminants of different nature, in most cases using 
suspended photocatalysts and being titania the most used [1–3]. Also, 
different studies about the simultaneous application of UV radiation, 
suspended photocatalysts and ozone (photocatalytic ozonation) reveal 
the existence of certain synergism between systems [4–8]. However, 
many of these photocatalytic oxidation/ozonation works have been 
carried out in ultrapure water, so their results cannot be extrapolated to 
actual wastewaters due to the strong effect of this matix on the 
agglomeration/aggregation and activity of the catalyst particles [8–10]. 
Besides, catalyst separation from water by any mean (membranes, 
neutralization/coagulation, centrifugation, etc. [11,12] seriously com
promises the viability of these processes. In spite of the studies that 
many research groups are conducting to prepare photocatalysts with 
magnetic properties [13,14], everything points to that, to be a reality, 
the implementation of photocatalytic processes will require the use of 

immobilized materials, using different supports (glass, silica, polymers, 
alumina, hollow fiber membranes, etc) and techniques (dip-coating, 
photo-etching, electrophoretic deposition, etc.) [15–17]. The photo
catalytic activity of different supported materials has been tested in 
ultrapure water using model compounds [18,19], resulting clearly lower 
than that of suspended catalysts [19]. However, if the goal of these 
processes is to remove micropollutants from secondary effluents, the 
effect of this matrix on supported catalysts (i.e. already aggregated and 
no scattering effect) is expected to be less important than on suspended 
ones, so the comparison results can totally differ [20,21]. Therefore, it is 
worth focusing efforts on studying the behavior of supported catalysts in 
real effluents. In addition, if the water is to be doped with pollutants for 
research purposes, the further their concentration from the real one is, 
the lesser transferible the results will be. The added contaminants 
and/or their degradation intermediates can absorb radiation (dimin
ishing the fraction that incides on the catalyst), and/or be a large sink for 
ozone or other reactive species, preventing/reducing their participation 
in other reactions. Evenmore, at high concentration the added 
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compounds can hide the photochemistry of the secondary effluent and 
its role (positive or negative) in the elimination of micropollutants. In 
this sense, under sunlight, the organic matter present in sewage effluents 
(EfOM) generates excited triplet states (3EfOM*) of higher energy than 
those corresponding to natural organic matter (NOM), the quantum 
yield of EfOM photolysis in terms of generation of reactive oxygen 
species (ROS: 1O2, O2

•-, H2O2, HO•) being also higher [22–26]. In 
addition to EfOM, under solar radiation some inorganic substances 
present in the effluent can contribute to the formation of ROS, as it is the 
case of nitrate that photolyzes at λ < 340 nm and generates HO• [27]. 

Considering all the above, in this work TiO2 photocatalysts sup
ported on commercial Al2O3/SiO2 foams have been prepared and used, 
alone or combined with ozone, to treat the secondary effluent of an 
urban wastewater treatment plant spiked with a mixture of pollutants at 
high (1 mg L− 1 each) and relatively low (50 μg L− 1 each) concentration. 
UVA LEDs of high irradiance (emitting mainly at 365 nm) and solar 
radiation were used as radiation sources, and the contribution of EfOM 
to indirect photolysis of the compounds determined as a function of their 
concentration and the type of radiation. 

2. Materials and methods 

2.1. Reagents 

All the reagents including the selected contaminants/probe com
pounds (acetaminophen, ACE; antipyrine, ANT; caffeine, CAF; diclofe
nac sodium salt, DIC; hydrochlorothiazide, HYD; ketorolac 
tromethamine, KET; metoprolol tartrate, MET; oxalic acid dihydrate, 
OXAL; primidone, PRM; and sulfamethoxazole, SUL) were of analytical 
grade (from Sigma-Aldrich, Fluka biochemika, Merck or Panreac Quí
mica) and used as received. TiO2 P25 Aeroxide® was from Evonik In
dustries (Essen, Germany). Ultrapure water (UPw) was produced by a 
Millipore Milli-Q® academic system (Darmstadt, Germany). Pressurized 
oxygen (purity > 99.5) was supplied by Linde. 

The SE was taken from the secondary sedimentation unit of Rincón 
de Caya municipal wastewater treatment plant (Badajoz, Spain), after an 
activated sludge biological oxidation. The effluent was then filtered 
(Whatman, grade 1) and frozen until use. Main characteristics of SE 
were: pH0 8.2–8.4; COD ~ 36 mg O2 L− 1; BOD5 ~ 11 mg O2 L− 1; TOC 
(filtered 0.45 µm = DOC) ~ 12 mg L− 1; inorganic carbon, IC ~ 25 mg 
L− 1 (alkalinity ~ 200 mg L− 1 as CaCO3); turbidity ~ 5 NTU; electrical 
conductivity ~ 670 μS cm− 1; A254 nm = 0.24 (SUVA = 2.4 L (mg DOC 
m)− 1); A365 nm = 0.05; E2/E3 (A254 nm/A365 nm) = 4.7; [Cl-] ~ 90 mg L− 1; 
[SO4

=] ~ 63 mg L− 1; [NO3
-] ~ 30 mg L− 1. 

2.2. Photocatalyst synthesis 

Ceramic foams (CF) of mullite (Al2O3/SiO2 20 ppi, Vukopor®, Lanik, 
Czech Republic), were used as support. From commercial pieces (nom
inal size 50x50x22 mm), 30 mm diameter x 22 mm width and 3.1 ± 0.3 g 
average weight pieces were obtained. After several washings with 
boiling UPw and drying in a stove, TiO2 immobilization was carried out 
by dip-coating (dip-coater ND-DC, Nadetech Innovations, Spain) 
following the procedure already reported [21]. Briefly, the pieces were 
submerged during 60 s in a 150 g L− 1 TiO2 P25 suspension in UPw at pH 
1.5 (with HNO3) at an inmersion/emersion speed of 0.65 mm s− 1. Then, 
they were dried in an oven at 110 ◦C for 24 h and calcined at 500 ºC for 2 
h (heating rate: 5 ◦C min− 1). Finally, the pieces were rinsed with UPw, 
dried and stored until use. In some cases, a new coating cycle (impreg
nation + calcination) was applied to observe its effect on the activity of 
the material. The synthesized materials have been called CFn, where n 
(0, 1 or 2) indicates the number of TiO2 coatings. 

2.3. Experimental set-up and procedures 

The experimental set-up consisted of a liquid recirculated (7.7 L h− 1) 

system between an ozonation tank and a tubular photoreactor. The 
ozonation tank (Pyrex®, 1.3 L capacity) was provided with inlets/out
lets for gas and liquid and a sampling port. The photoreactor (borosili
cate glass, 50 cm long x 2.8 cm diameter, total volume 0.36 L), was 
located above the air-cooled radiation system equipped with a 6 LEDs 
string (LZ4–04UV00, LED ENGIN ~3 W radiant power each and λmax 
365 nm; IUVA,365 nm 3.73 ×10− 5 Einstein L− 1 s− 1 determined using nitrite 
1.5 ×10− 4 M as actinometer in presence of 0.25 M tert-butanol [28,29]). 
After introducing 23 CFn pieces (volume ~ 0.04 L) the tube was covered 
with a stainless-steel reflector. For tests performed under natural solar 
radiation, the photoreactor was exposed to the sun by placing in the rear 
of the tube a CPC reflector tilted 37◦ (local latitude), thus offering an 
irradiated surface (Sirrad) of 0.05 m2. These tests were carried out during 
the central hours of sunny days with solar UVA irradiance values (IUVA, 

SOLAR) of 30–45 W m− 2 measured with an ACADUS85 radiometer 
(Ecosystem-Environmental Services S.A., Barcelona, Spain). Fig. S1 
(Supplementary material) shows some pictures of the installation. 

Ozone was obtained from an Anseros Ozomat Com AD-002 generator 
fed with 15 L h− 1 oxygen to get an ozone concentration of 10 mg L− 1 in 
the exiting gas. 

The procedure followed to carry out the different tests is described in 
Text S1. A given volume of a concentrated stock solution (100–500 mg 
L− 1 in UPw) of each pure compound (that is, taking into account the salt 
content in case of DIC, KET and MET) was added to the water matrix 
(UPw or SE) to get the final desired concentration (1 or 0.05 mg L− 1 

each). According to their molecular structures and concentration (see  
Table 1), the TOC corresponding to the added compounds was ~ 4 mg 
L− 1 and ~ 0.2 mg L− 1 for mixtures of 1 and 0.05 mg L− 1 each, 
contributing to 25% and 1.5% of initial TOC in SE, respectively. 

To get an initial idea of the activity of CFn materials, some pre
liminary tests were carried out in UPw using primidone (14 mg L− 1) or 
dihydrated oxalic acid (35 mg L− 1) as probe compounds. 

2.4. Analytical methods 

The following techniques were applied for CFn material character
ization: WDXRF for elemental composition and TiO2 content (S8 Tiger 
4 K WDXRF spectrometer, Bruker®); Nitrogen adsorption-desorption 
isotherms at − 196ºC for catalyst surface area (Autosorb iQ2-C, Quan
tachrome); and scanning electronic microscopy (SEM) for morfology 
and topography of the material surface (Quanta 3D FEG-FEI). 

Before analysis, aqueous samples were filtered (0.45 µm PVDF, 
Millipore) and possible remaining dissolved ozone purged by air. Con
centration of the selected contaminants was determined by HPLC-DAD 
(Hitachi, Elite LaChrom, San Jose, CA, USA), in a C-18 Phenomenex 
(3 ×150 mm, 5 µm) column. Analysis conditions, retention times and 
detection and quatification limits (LD and LQ, respectively) are shown in 
Table S1. For determination of organic and inorganic carbon content a 
TOC-VSCH (Shimadzu) analyzer was used. COD was measured using 
Hach Lange LCK414 cuvette test while for dissolved ozone concentration 
the indigo method was applied [41]. Finally, ozone (inlet and outlet) gas 
concentration was monitored by an Anseros Ozomat GM-6000 Pro 
analyser. 

3. Results and discussion 

3.1. Characterization of materials and preliminary tests on photocatalytic 
activity 

3.1.1. Characterization of materials 
The results obtained from WDXRF analysis are shown in Table 2. As 

observed, a small amount of TiO2 (0.59% w/w) was present in the 
original foams (CF0) that increased to 4% and 10.7% in CF1 and CF2, 
respectively. Since the photoreactor was filled with 23 foam pieces, 
given the average weight of original foams, the total estimated amount 
of TiO2 in the photoreactor was 0.41, 2.8 and 7.6 g using CF0, CF1 and 
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CF2, respectively. 
Nitrogen adsorption isotherms revealed low specific surface: 

0.226 m2 g− 1 (CF0), 1.965 m2 g− 1 (CF1) and 3.032 m2 g− 1 (CF2). 
Although the amount of TiO2 P25 increased with the coating cycles, a 
minimum development of surface was noticed given the aggregation of 
the catalyst. 

Figs. S2–S4 show SEM images corresponding to CF0, CF1 and CF2. 
From these images it is deduced that TiO2 deposition on foam surface 
was irregular, TiO2 coating thicknesses ranging from 5 µm to 10 µm, 
indicating multilayer deposition. This means that a fraction of the sup
ported catalyst will not be exposed to radiation. 

3.1.2. Preliminary tests on photocatalytic activity 
To get an initial idea about the photocatalytic activity of CFn, its 

behavior in UPw was compared with that of a TiO2 P25 suspension using 
UVA LEDs as radiation source. Primidone ([PRM]0 = 14 mg L− 1, [TOC]0 
~ 9 mg L− 1, pH0 ~ 6) and dihydrated oxalic acid ([OXAL]0 35 mg L− 1, 
[DOC]0 ~ 7 mg L− 1, pH0 ~ 3.5) were selected as test compounds. The 
former because its photocatalytic degradation using suspended TiO2 P25 

is caused by hydroxyl radicals diffused into the liquid bulk [8,42] and 
the latter because, at pH < pHpzc, its photocatalytic removal goes 
through adsorption and positive hole oxidation at the catalyst surface [8, 
43,44]. Neither PRM nor OXAL absorb 365 nm radiation. 

Adsorption of PRM (30 min in the dark) on the different materials 
(CF0, CF1, CF2 or 10–100 mg L− 1 de P25) was negligible. The changes 
with time of PRM normalized concentration during the photocatalytic 
processes using CFn/UVA and P25/UVA are shown in Fig. S5. According 
to this figure, in UPw, CF1 activity in terms of HO• production in the 
bulk water was low and comparable to that of 10 mg L− 1 TiO2 P25 
suspension. The activity of CF0 was null and that of CF2 quite similar to 
CF1. 

In the case of OXAL, after 30 min of contact in the dark, its adsorp
tion on CF0 and 100 mg L− 1 TiO2 P25 suspension was negligible (< 1%) 
and increased to 17% and 40% for CF1 and CF2, respectively. Given the 
high tendency of OXAL to adsorb on TiO2 and form complexes [44], the 
differences between the amount of OXAL adsorbed onto CF1 and CF2 
would be related to its adsorption isotherm [45]. The evolution of the 
normalized concentration of OXAL during CFn/UVA and P25/UVA tests 
is shown in Fig. S6, being very similar for CF1, CF2 and P25. Therefore, 
in UPw, the h+ production capacity of the prepared materials is com
parable to that of a 100 mg L− 1 TiO2 P25 suspension. From Fig. S6 a 
certain activity of CF0 is deduced. Although this could be related to the 
presence of a small amount of TiO2 in the comercial foams (~ 0.6%, 
Table 2), in acidic conditions the formation and further photolysis of 
ferryoxalate from interaction between OXAL and Fe2O3 present in the 
commercial foams (Table 2) cannot be disregarded. In CF1 and CF2 this 
interaction would be much lower as it is prevented by the TiO2 coating. 

According to these previous results, in UPw: i) TiO2 aggregation state 
in the prepared materials makes it difficult for the HO• generated on the 
surface to diffuse into the solution, being CF1 and CF2 photocatalytic 

Table 1 
Selected compounds, molecular structures, pKa values and rate constant of their reactions with ozone (kO3) and hydroxyl radical (kHO⋅).  

Compound (pure) Molecular structure pKa* kO3 (pH 8) M− 1s− 1 kHO⋅, M− 1s− 1 

Acetaminophen 
C8H9NO2 

PM 151.16 

9.4 3.8 × 107 

[30] 
(2.2–7.1) x 109 

[31] 

Antipyrine 
C12H11N2O 
PM 188.23 

1.4 5.3 × 104 

[32] 
(4.9–7.9) x 109 

[31,33] 

Caffeine 
C8H10N4O2 

PM 192.19 

10.4 650 
[34] 

(4.1–6.9) x 109 

[31] 

Diclofenac 
C14H11NCl2O2 

PM 296.33 

4.2 6.8 × 105 

[32] 
7.5 × 109 

[35] 

Hydrochlorotiazide 
C7H8N3ClO4S2 

PM 297.83 

7.9 2.5 × 104 

[36] 
5.7 × 109 

[36] 

Metoprolol 
C15H25NO3 

PM 267.37 

9.6 2.1 × 104 

[32] 
(6.8–8.4) x 109 

[31,37] 

Ketorolac 
C15H13NO3 

PM 255.27 

3.5 3.5 × 105 

[38] 
NA 

Sulfamethoxazole 
C10H11N3O3S 
PM 253.28 

5.7 5.7 × 105 

[39] 
(5.5–8.5) 109 

[31] 

*From Rosal et al. [40]. NA: Not available. 

Table 2 
Composition of CFn (wt%) according to WDXRF analysis.  

Compound CF0 CF1 CF2 CF1 (used) 

Al2O3  69.0  65.0  62.1  65.9 
SiO2  26.8  27.3  23.9  26.0 
MgO  1.51  1.71  1.39  1.56 
TiO2  0.59  3.99  10.7  4.48 
K2O  0.57  0.56  0.53  0.57 
Na2O  0.54  0.56  0.53  0.42 
Fe2O3  0.44  0.53  0.41  0.52 
CaO  0.38  0.38  0.36  0.37  
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activity in terms of HO• generation in the bulk similar to that of 
10 mg L− 1 TiO2 P25 suspension; ii) as far as h+ generation is concerned, 
CF1 and CF2 photocatalytic activity was comparable to that of 
100 mg L− 1 TiO2 P25 suspension; iii) Although TiO2 content in CF2 was 
higher than in CF1, its photocatalytic behavior was practically the same. 
Bearing this in mind, CF1 was chosen to continue the study. 

3.2. Photolysis of the selected contaminants. Influence of type of radiation 
and water matrix 

Main aspects that affect the photodegradation of a given compound 
in water are: i) the overlapping of its absorption spectrum with the 
emission spectrum of the radiation source; ii) the intensity of radiation 
absorption (molar absorptivity) and quantum yield; iii) the intensity of 
radiation; and iv) the presence or formation in the water matrix of 
photosensitizers (indirect photolysis). 

Fig. S7 shows molar absorptivity (ελ) of the selected contaminants in 
the 300–400 nm range, in UPw at pH ~ 6 and in an aqueous solution of 
2 mM NaHCO3 at pH 8.5 (pH and alkalinity similar to that of SE). Ac
cording to this figure, an influence of pH on ελ was only observed in the 
case of SUL, with lower ελ values at pH 8.5. The absorption spectrum of 
the SE is shown in Fig. S8, and the terrestrial solar and UVA LEDs 
emission spectra in Fig. S9. In view of Figs. S7 and S9, under UVA 
(365 nm) direct photolysis of KET would be possible, and that of KET, 
HYD, DIC and SUL under solar radiation. Considering Figs. S8 and S9, SE 
photolysis can take place under both types of radiation. 

The photolytic degradation of the selected pollutants (mixtures of 
1 mg L− 1 of each pure compound) was determined as a function of the 
water matrix (UPw or SE) and type of radiation (UVA365 LEDs or solar 
radiation, named UVA and SOLAR, respectively, thereinafter). Fig. S10 
shows the evolution of the global normalized concentration of con
taminants during these tests. Experimental results were fitted to pseudo 
first order kinetics. In Table S2 the values of pseudo first order rate 
constants, kObs, obtained at the different conditions are compiled. These 
values are compared in Fig. 1. In tests performed using SOLAR, the 
evolution over time of IUVA,SOLAR and the reaction temperature were 
practically the same (see Fig. S11). 

Under UVA, according to Fig. 1, in UPw, degradation of KET (90% 
after 4 h) and DIC (45% after 4 h) was observed. However, if molar 
absorptivity of DIC at 365 nm (Fig. S7) and quantum yield are consid
ered [46], its photolysis should be negligible. This was experimentally 
verified in UPw by exposing a 1 mg L− 1 DIC solution to UVA radiation, 
being 8% DIC removed after 4 h (not shown). Hence, in UPw, it is 
deduced that KET photolysis generates some reactive 

intermediate/species capable to interact with DIC (indirect photolysis). 
According to Leo et al. [47] this intermediate could be 3KET* since KET 
contains a similar conjugation system to that of benzophenone. When 
the compounds were spiked in SE, all were degraded to a greater or 
lesser extent, especially ACE and DIC. For KET, kObs value was slightly 
lower than in UPw, which could be attributable to the absorption of UVA 
by SE. In any case, no doubt UVA photolysis of SE leads to the formation 
of reactive species capable to interact with the compounds, especially 
DIC, ACE and HYD, with degradations in the 65–85% range after 4 h. 

Under SOLAR, all compounds but ANT and CAF were degraded to a 
greater or lesser extent in both matrices, with complete HYD and DIC 
removal after 4 h. In general, a slightly negative effect of SE matrix was 
observed. Hence, the absorption of solar radiation by the SE reduced the 
direct photodegradation of the pollutants, the reactive species generated 
from SE solar photolysis being unable to counteract this effect. 

Compared to SOLAR, the higher degradation of ACE caused by SE 
photolysis under UVA could suggest a relationship between the nature of 
the reactive species generated from SE photolysis and the radiation 
wavelength. Nevertheless, these species seem to be less reactive towards 
ANT and CAF. 

3.3. Supported photocatalyst and UVA LEDs or solar radiation for SE 
treatment by different processes 

The SE containing the mixture of contaminants (1 mg L− 1 each) was 
treated by Radiation, CF1/Radiation, O3, CF1/O3, O3/Radiation and 
CF1/O3/Radiation systems, using UVA or SOLAR. For CF1/O3, the re
sults were similar to those of O3 (not shown). After 30 min of contact 
with the catalyst in the dark, adsorption of pollutants and TOC was 
negligible. 

3.3.1. Removal of contaminants 
Fig. 2 (a, b) shows the changes with time of global normalized 

concentration of contaminants using UVA (Fig. 2a) and SOLAR (Fig. 2b). 
As expected, CF1/Radiation was less effective than processes 

involving ozone. However, the clear differences observed between Ra
diation and CF1/Radiation systems indicate that the material presents 
photocatalytic activity. In Fig. 3a, for each contaminant, the values of 
kObs for these two processes are shown (R2 > 0.97 in all cases). As it is 
deduced, the contribution of photolysis (direct and/or indirect) to the 
efficiency of CF1/Radiation system to degrade the compounds was 
higher than 25% for ACE, KET and DIC using UVA; and for DIC and HYD 
using SOLAR. 

Regarding ozone-based systems, no significant differences were 

Fig. 1. Influence of the type of matrix (UPw or SE) and radiation (UVA or SOLAR) in the photolytic degradation of the selected contaminants. Experimental 
conditions: [Ci]0 1 mg L− 1 each; QO2 15 L h− 1; QL 7.7 L h− 1; In UPw: [TOC]0 ~ 4 mg L− 1; pH ~ 6; In SE: [TOC]0 ~ 16 mg L− 1; pH 8.2–8.4: UVA: I0,365 nm 
= 3.73 × 10− 5 Einstein (L s)− 1 and T = 20 ± 2 ◦C; SOLAR: IUVA, SOLAR= 30–45 W m− 2, Sirrad 0.05 m2 and T from ~ 20 ◦C to ~ 38 ◦C after 4 h. 
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observed between them likely due to the moderate-high reactivity of the 
target compounds with ozone at the pH of SE. According to data shown 
in Table 1, this reactivity is moderate for CAF (kO3-CAF 650 M− 1 s− 1) and 
high for the rest of compounds (kO3-C values in the range 2.1×104 M− 1 

s− 1 to 3.8×107 M− 1 s− 1). By simple ozonation, the disapearance rate of 
the pollutants followed an order similar to that of their reactivities with 
ozone (Fig S12). Even so, the combination of ozone with CF1/radiation 
(CF1/O3/Radiation) had a slight positive effect as deduced from Fig. 3b, 
which shows kObs (R2 > 0.97 in all cases) for each compound by O3 and 
CF1/O3/Radiation processes, together with the values of kO3-Ci at pH 8. 
For all ozone-based systems, regardless of the presence of radiation, 
during the first 60 min (time needed for almost complete disappearance 
of all the contaminants, see Fig. 2 (a, b)), dissolved ozone concentration 
in the water fed to the photoreactor was very low (≤ 3×10− 6 M, not 
shown). Therefore, the contribution of O3-radiation and O3-CF1/Radi
ation interactions to the degradation of the compounds can be ruled out. 

3.3.2. Mineralization 
Fig. 2 (c, d) show the variation with time of normalized remaining 

TOC during the application of different systems, using UVA (Fig. 2c) or 
SOLAR (Fig. 2d). UVA and SOLAR photolysis did not lead to any 
mineralization (not shown). As observed, the efficiency of O3, O3/Ra
diation and CF1/Radiation to remove TOC was relatively low, with 
mineralization percentages lower than 40% (using UVA) or 30% (using 

SOLAR) in 4 h. At this time, TOC reduction by CF1/O3/Radiation was 
60% (UVA) and 70% (SOLAR), results in Fig. 2 (c, d) suggesting the 
existence of some sort of synergism between O3/Radiation and CF1/ 
Radiation only when solar radiation was applied. Again, given the very 
low ozone concentration in the water fed to the photoreactor during the 
application of CF1/O3/Radiation system (see Fig. S13), this slight syn
ergy would not be attributable to direct interactions between ozone- 
Radiation nor ozone-CF1/Radiation. 

From Fig. 2 it can be concluded that for both global removal of 
compounds and mineralization, the efficiency of each system using a 6 
LEDs UVA365 nm string (~ 3 W radiant power each, total effective 
radiant power calculated as 12.2 W from actinometry) or solar radiation 
(IUVA,SOLAR 30–45 W m− 2 and Sirrad 0.05 m2, that is, 1.5–2.25 W without 
considering the transmittance of glass or reflectance of aluminum), was 
quite similar. 

3.4. Supported photocatalyst and UVA LEDs for SE treatment by different 
processes: Approach to real conditions 

According to what has been discussed in previous sections, when 
working with mixtures of 1 mg L− 1 each contaminant in SE under UVA it 
is deduced that: i) KET and water matrix absorb radiation, which likely 
limits the photon flow reaching the catalyst surface; ii) the contribution 
of ROS generated from SE photolysis to the indirect photodegradation of 

Fig. 2. Time evolution of normalized total concentration of contaminants (a, b) and TOC (c, d) during the application of different processes in SE using UVA (a, c) or 
SOLAR (b, d). Symbols:✳ Radiation; • O3; ❍ O3/Radiation; ◆CF1/Radiation; ▴CF1/O3/Radiation. Experimental conditions: [Ci]0 1 mg L− 1 each; [TOC]0 ~ 
16 mg L− 1; pH 8.2–8.4; QO2 or QO2-O3 15 L h− 1; QL 7.7 L h− 1; [O3 g]in 10 mg L− 1; UVA: I0,365 nm = 3.73 × 10− 5 Einstein (L s)− 1 and T = 20 ± 2 ◦C; SOLAR: IUVA, 

SOLAR= 30–45 W m− 2, Sirrad 0.05 m2 and T from ~ 20 ◦C to ~ 38 ◦C after 4 h. Note: simple ozonation was performed only at room T. 

M. Figueredo et al.                                                                                                                                                                                                                              



Journal of Environmental Chemical Engineering 10 (2022) 107371

6

the compounds could be affected by the concentration of the contami
nants; and iii) the higher the concentration of the pollutants the higher 
the ozone demand (associated to parent compounds and their in
termediates). At real conditions, the concentration of pollutants is much 
lower, in the ng L− 1 to μg L− 1 range [40,48–50], affecting all the aspects 
indicated above. Thus, a new experimental series was carried out 
applying the UVA, O3, CF1/UVA and CF1/O3/UVA systems to treat a 
mixture of 50 μg L− 1 of each pollutant in SE. These concentrations are, 
however, still higher than the real ones, but are within the lowest level 
the analytical equipments used in this work (HPLC-DAD) can detect and 
quantify, except for MET (see LD and LQ values in Table S1). For this 
reason, although MET was also added to the mixture, data related to its 
evolution during the treatments are not included. 

Fig. 4a shows the variation with time of global normalized remaining 
concentration of contaminants corresponding to this experimental se
ries. Discussion of the results are based on their comparison with those 
shown in Fig. 2a, obtained at similar conditions but adding 1 mg L− 1 of 
each compound to SE. 

Firstly, the photolytic removal of contaminants can be highlighted 
(notice that only KET and SE matrix absorb at 365 nm, Figs. S7 and S8). 
Thus, a global reduction of 40% and 70% was reached after 1 and 4 h, 
respectively, much higher than 20% and 40% observed with 1 mg L− 1 

each. 
For each compound, Fig. 5a shows the effect of diminishing its initial 

concentration in the efficiency of the UVA process measured as kObs (R2 

> 0.97 in all cases), where the ratio between kObs (for 0.05 mg L− 1) and 
kObs (for 1 mg L− 1) is also given. According to this figure, for CAF, ANT 
and KET ratios between 1 and 2 were obtained, which means a slight 
positive effect of lowering the initial concentration and absence of 
negative effect. For the rest of contaminants, the kObs ratio was higher 
than 2, SUL, ACE and HYD presenting the highest (~ 4). Therefore, at 
the range of concentrations studied, the lower the initial concentration 
of pollutants the higher the steady-state concentration of ROS generated 
from the photolysis of SE. 

According to Figs. 4a and 2a, for CF1/UVA, lowering the initial 
concentration of contaminants led to a significant decrease in the time 
needed to achieve the same overall removal percentage. In contrast, for 
ozone system, no practical effect was observed. For instance, when 
treating mixtures of 1 mg L− 1 each in SE, the time needed to reach 80% 
overall reduction of contaminants was 120 min (CF1/UVA) and 15 min 
(O3) (Fig. 2a), whereas 30 min (CF1/UVA) and 15 min (O3) were needed 
for mixtures of 50 μg L− 1 each (Fig. 4a). According to these results, at 
low initial concentration of the compounds the competition of the SE 
matrix for ozone is higher, but not for other ROS. In Fig. 5b, for each 
compound, kObs values (R2 > 0.97 in all cases) corresponding to CF1/ 
UVA system are compared as a function of their initial concentration, 
together with the kObs (0.05 mg L− 1)/kObs (1 mg L− 1) ratio. As observed, 
a 20-fold reduction in the initial concentration of contaminants resulted 
in a 4-fold increase in kObs. The beneficial effect of combining ozone and 
CF1/UVA systems (i.e., CF1/O3/UVA) was also greater at the lower 

(a)

(b)

Fig. 3. Comparison of kObs values for the selected contaminants in SE corresponding to (a) UVA, SOLAR, CF1/UVA and CF1/SOLAR systems; and (b) O3, CF1/O3/ 
UVA and CF1/O3/SOLAR systems, together with kO3-Ci values calculated at pH 8. Same conditions as in Fig. 2. 
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Fig. 4. Evolution of normalized total concentration of contaminants and CAF with time (a, b) and with TOD (c) during the application of different processes in SE. 
Experimental conditions: [Ci]0 0.05 mg L− 1 each; [TOC]0 ~ 12.2 mg L− 1; pH 8.2–8.4; QL 7.7 L h− 1; QO2 or QO2-O3 15 L h− 1; [O3 g]in 10 mg L− 1; I0,365 nm 
= 3.73 × 10− 5 Einstein (L s)− 1; T = 20 ± 2 ◦C. Lines in (c) are shown to guide the eye. 
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concentration studied, especially for the most resistant compounds to 
ozone attack. Fig. 4b confirms this conclusion when CAF, with the 
lowest kO3-C value among the selected compounds (Table 1), is consid
ered. As seen in Fig. 4b, the CF1/UVA system was even more effective 
than simple ozonation in degrading CAF, although the CF1/O3/UVA 
combination was the one that led to the best results. Hence, compared to 
simple ozonation, to reach a given percentage of contaminant removal 
by CF1/O3/UVA the amount of ozone that needs to be transferred to the 
water will be lower. This is clearly deduced from Fig. 4c that shows the 
variation with time of the global normalized concentration of pollutants 
and CAF as a function of the transferred ozone dose, TOD, expressed as 
mg O3 (mg TOC0)− 1, for O3 and CF1/O3/UVA systems. Compared to 
simple ozonation, the TOD needed to reach 80% global contaminant or 
CAF concentration removal by CF1/O3/UVA was 33% lower. 

According to these results, working with high concentration of 
contaminants (1 mg L− 1 each) could mask the true activity of the pho
tocatalyst because, among other reasons, the pollutants act as a large 
sink for the species generated during the photoexcitation, preventing 
their participation in other reactions. In this sense, lowering initial 
concentration of compounds exerted a positive effect on % TOC removal 
as deduced from Figs. 6a and 2c, where the changes of normalized TOC 
with time are shown. As observed, after 4 h, working at high and low 
initial concentration of pollutants, the % of TOC eliminated was 20% 
and 28% (O3), 38% and 57% (CF1/UVA), and 62% and 76% (CF1/O3/ 
UVA), respectively. However, if the initial TOC content is considered 
(~16 mg L− 1 and 12.2 mg L− 1 for mixtures of 1 and 0.05 mg L− 1 of each 

compound in SE), for each system, the amount of TOC removed (mg L− 1) 
resulted similar. This means that ozone and ROS consumption increased 
with the increase on pollutants concentration barely affecting the per
formance of each system. Only a slight influence on CF1/UVA perfor
mance was observed, the amount of TOC mineralized after 4 h being 
6.1 mg L− 1 and 7 mg L− 1, at high and low initial concentration of con
taminants, respectively. 

Contrary to mineralization, the efficiency of simple ozonation to 
reduce COD was high as shown in Fig. 6b. This is a logical result of the 
ability of ozone to transform the organics present in highly oxygenated 
ones (e.g, carboxylic acids, aldehydes, alcohols and ketones). Thus, by 
O3, after 4 h, TOC and COD were reduced 30% and 50%, respectively. 
For CF1/UVA and CF1/O3/UVA, differences between final TOC and 
COD reductions were not significant which means that, compared to 
ozonation, organic matter oxidation by these systems was simultaneous 
to mineralization. In the case of the CF1/O3/UVA, a significant COD 
reduction in the first 60 min (42%) can be highlighted, which practically 
coincides with the sum of the reduction in COD obtained at that time 
through the individual processes (O3, 24%; CF1/UVA, 17%). 

Once more, for a given TOD, the CF1/O3/UVA system was more 
efficient than O3 alone to reduce TOC and COD. For example, according 
to Fig. 6c, for 3 mg O3 (mg TOC0)− 1 of TOD, ozonation led to ~ 10% 
TOC and 30% COD reduction, that increased to ~ 50% and 60%, 
respectively, by CF1/O3/UVA. 

When the SE doped with the lowest initial concentration of con
taminants was treated by CF1/O3/UVA, a measurable dissolved ozone 

Fig. 5. Comparison of kObs values for the selected contaminants in SE for mixtures of 0.05 mg L− 1 each (empty bars) and 1 mg L− 1 each (solid bars) during UVA (a) 
and CF1/UVA (b) processes. Symbols: • kObs (0.05 mg L− 1)/kObs (1 mg L− 1) ratio. Experimental conditions: [TOC]0 ~ 16 mg L− 1 (mixtures 1 mg L− 1 each) and 
12.2 mg L− 1 (mixtures 0.05 mg L− 1 each); pH 8.2–8.4; QO2 15 L h− 1; QL 7.7 L h− 1; I0,365 nm = 3.73 × 10− 5 Einstein (L s)− 1; T = 20 ± 2 ◦C. 
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Fig. 6. Evolution of normalized TOC content and COD with time (a, b) and with TOD (c), during the application of different processes in SE. Same conditions as in 
Fig. 4. Lines in (c) are shown to guide the eye. 
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concentration was observed in the ozonation tank. This was undoubt
edly due to the lower ozone demand corresponding to the contaminants 
added and their intermediates (see Fig. S15). However, a higher ozone 
concentration fed to the photoreactor did not lead to increased miner
alization (expressed as mg L− 1 TOC mineralized for a given TOD), sug
gesting a negligible contribution of O3-UVA or O3-CF1/UVA interactions 
to remove TOC. In summary, the results of this work show neither 
synergism nor antagonism between the O3 and CF1/UVA systems. 

3.5. Supported phocatalyst vs TiO2 P25 suspension 

Following the results shown and discussed in the preceding section, 
the use of CF1/UVA system could be a good option to remove micro
pollutants in SE, especially considering the easy separation of the cata
lyst from water. According to the preliminary tests (see Section 3.1.2), in 
UPw and using UVA, compared to 100 mg L− 1 of suspended TiO2 P25 
the amount of HO• diffused into the bulk when CF1 was irradiated was 
much lower (see Fig. S5). However, this comparison must be established 
in the target matrix, that is, in SE. Therefore, SE containing 0.05 mg L− 1 

of each contaminant was treated by P25/UVA using 100 mg L− 1 of TiO2 

P25. The results corresponding to UVA, CF1/UVA and P25/UVA systems 
are shown in Fig. 7. As observed, contrary to UPw, in SE the photo
catalytic activity of CF1 was much higher than that of P25. Even more, 
when using P25/UVA the removal rate of contaminants (both global, 
Fig. 7a, or individual, Fig. 7b) practically coincided with those by UVA, 
and only in the case of ACE and DIC a slight positive effect of P25 was 
observed. In line with these results, while the efficiency of the powdered 
catalyst in terms of SE mineralization was null, 60% TOC was removed 
after 4 h using CF1. 

3.6. Reuse of supported photocatalyst 

To be implemented, an important feature of supported catalysts is 
their stability, thus allowing their reuse. To check this, the test per
formed treating the mixture of 1 mg L− 1 each in SE by CF1/O3/UVA was 
repeated three consecutive times, each run lasting 5 h. Fig. S16 shows 
the results obtained in terms of TOC changes with reaction time. Ac
cording to these results, and in agreement with a previous work [21], the 
lost of efficiency was not significant which confirms a good catalyst 
stability. On the other hand, according to WDXRF analysis of reused CF1 

Fig. 7. Comparison of the efficiency of UVA, CF1/UVA and P25/UVA systems in terms of (a) global degradation of contaminants and TOC mineralization; (b) 
degradation of the selected compounds. Experimental conditions: [Ci]0 0.05 mg L− 1 each in SE; [TOC]0 ~ 12.2 mg L− 1; pH 8.2–8.4; QO2 15 L h− 1; QL 7.7 L h− 1; TiO2 
P25 100 mg L− 1; I0,365 nm = 3.73 × 10− 5 Einstein (L s)− 1; T = 20 ± 2 ◦C. 
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(see Table 2), TiO2 content resulted even higher than that of CF1 freshly 
prepared, which would be related to the heterogeneity of the coating. 

4. Conclusions 

Main conclusions of this work are:  

● In UPw, the activity of supported catalysts in terms of generation of 
HO• in the liquid bulk was low and similar to that of 10 mg L− 1 TiO2 
P25 suspension. In terms of h+ generation, their activity was com
parable to that of a 100 mg L− 1 TiO2 P25 suspension. More than one 
coating did not increase the activity of the catalyst.  

● Under UVA, photolysis of SE led to the formation of reactive species 
capable to interact with the compounds, especially DIC, ACE and 
HYD. Under SOLAR, the SE matrix reduced the extent of direct 
photolysis of the pollutants. This effect was not counteracted by the 
reactive species generated from SE photolysis.  

● Working with a mixture of 1 mg L− 1 of each contaminant in SE, in 
terms of global removal of compounds and SE mineralization, for 
each radiation-based system its efficiency using 6 UVA LEDs (~3 W 
radiant power each) or solar radiation (30–40 W m− 2, Sirrad 0.05 m2) 
was quite similar.  

● The lower the initial concentration of the contaminants in SE, the 
higher their indirect photolysis. Lower concentration also favoured 
the removal of pollutants and SE mineralization by CF1/Radiation 
(photocatalytic oxidation).  

● CF1/O3/Radiation system (photocatalytic ozonation) was the most 
efficient. Neither synergism nor antagonism between O3/Radiation 
and CF1/Radiation systems was observed.  

● In SE, the activity of the supported photocatalyst was much higher 
than that of P25.  

● Supported catalysts showed good stability after three consecutive 
CF1/O3/Radiation runs. 
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[20] M. Jiménez, M. Ignacio Maldonado, E.M. Rodríguez, A. Hernández-Ramírez, 
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[34] R. Broséus, S. Vincent, K. Aboulfadl, A. Daneshvar, S. Sauvé, B. Barbeau, 
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