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A B S T R A C T   

Numerous studies report on the synergy between ozonation and photocatalytic oxidation (TiO2/UVA), which 
could open the way to the application of photocatalytic ozonation (PCOz) in water treatment. With the aim of 
establishing the existence of this synergy and its origin, in this work, using TiO2 P25, 365 nm UVA LEDs and 
ozone transferred doses up to 5 mg (mg DOC0)− 1 (DOC0 7 – 10 mg L− 1), a systematic study has been carried out 
featuring the effect of pH, alkalinity and water matrix in each of the systems involved in PCOz, with special 
attention to the role of organics adsorption onto TiO2. In ultrapure water, an increase in pH and carbonates 
content exerted a slight negative effect on the photocatalytic degradation of primidone (low adsorption onto TiO2 
and mainly abated by free HO•), this effect being higher on its mineralization. The negative effect of pH and 
alkalinity was much stronger for oxalic acid (high tendency to adsorb and mainly oxidized by positive holes). 
Accordingly, the results obtained at pH < pHpzc (point of zero charge of the catalyst) in ultrapure water cannot at 
all be extrapolated to secondary effluents, since their composition negatively affects the photocatalytic perfor-
mance. At the experimental conditions applied, only for the secondary effluent a synergy between O3/UVA and 
TiO2/UVA systems was observed. This synergy would be related, on the one hand, to the generation, from the 
matrix itself, of reactive entities or intermediates that promote the decomposition of ozone into HO•; and, on the 
other hand, to an increase in catalyst activity as the matrix UVA absorption decreases, rather than from direct 
interactions between both systems. Despite de above, ozone requirement to achieve a significant reduction of 
DOC is high and would only be an interesting strategy for the elimination of ozone-refractory micropollutants.   

1. Introduction 

1.1. TiO2 photoexcitation. Background 

Photoexcitation of TiO2 in water generates positive holes (h+) and 
HO• at the catalyst surface, as well as O2

•− and H2O2 (Nosaka and 
Nosaka, 2016, 2017). Since the redox potential of positive holes and 
surface HO• is practically the same (Nosaka and Nosaka, 2016), both 
will be referred as h+ in the present work. Surface HO• can diffuse to the 
bulk (hereafter denoted as free HO•) and, when rutile phase is present 
(as it is the case of TiO2 P25, anatase/rutile ratio 5.3 ± 0.28, Ohtani 
et al., 2010), H2O2 could also improve the release of HO• through the 
formation of a peroxo-titanium complex and further cleavage of the 
O–O bond by h+. Contrary to the classical mechanism accepted, the 
formation of HO• from the reaction between H2O2 and e− does not seem 
to be possible and must be disregarded (Nosaka and Nosaka, 2016). 

Accordingly, the amount of h+ generated at the surface is higher than 
that of HO• in the liquid bulk. 

1.2. The role of the adsorption process on TiO2 photocatalysis 

Although any compound could react with free HO•, only those 
capable of being adsorbed on TiO2 can interact with h+, implying that h+

is much more selective than free HO•. The adsorption of a given com-
pound will depend on its structure and ionization state (pKa) at the pH of 
the medium, together with the pHpzc of the catalyst (point of zero 
charge), the latter being 6.3 – 6.9 for TiO2 P25 (Kosmulski, 2009; Rosal 
et al., 2009; Perez Holmberg et al., 2013). 

Literature includes numerous studies supporting the efficiency of the 
TiO2/UVA system under acidic/slightly acidic conditions (that is, pH <
pHpzc) for the degradation of model contaminants and their minerali-
zation in ultrapure water (Beltrán et al., 2008; Rodríguez et al., 2010; 

* Corresponding author. 
E-mail address: evarguez@unex.es (E.M. Rodríguez).  

Contents lists available at ScienceDirect 

Water Research 

journal homepage: www.elsevier.com/locate/watres 

https://doi.org/10.1016/j.watres.2021.117727 
Received 28 May 2021; Received in revised form 21 September 2021; Accepted 25 September 2021   

mailto:evarguez@unex.es
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2021.117727
https://doi.org/10.1016/j.watres.2021.117727
https://doi.org/10.1016/j.watres.2021.117727
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2021.117727&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Water Research 206 (2021) 117727

2

Tong et al., 2012; Moreira et al., 2015; Rimoldi et al., 2017; Jallouli 
et al., 2018), in many cases identifying HO• and h+ as the main species 
responsible for the transformation of compounds with low or high ten-
dency to be adsorbed on the catalyst, respectively. In terms of dissolved 
organic carbon (DOC) mineralization, if the conversion of final products 
(carboxylic acids, ketones, and aldehydes of low molecular weight) to 
CO2 and H2O relies, at least in part, in their adsorption and further 
oxidation by h+, for final products with pKa < pHpzc the mineralization 
efficiency will decrease at pH > pHpzc, due to electrostatic repulsion. 
The presence of carbonates/bicarbonates (alkalinity) negatively affect 
DOC removal due to their adsorption and occupation of active centers 
and possible decrease of pHpzc (Farner Budarz et al., 2017). Hence, 
having in mind the typical composition and characteristics of secondary 
effluents (SE) from municipal wastewater treatment plants (MWWTP), 
that is, pH > pHpzc P25 and medium/high alkalinity content, in SE the 
direct contribution of h+ to DOC mineralization is expected to be 
minimal. 

1.3. Agglomeration/aggregation of catalyst particles during TiO2 
photocatalysis 

SE composition could favor the agglomeration/aggregation (revers-
ible/irreversible) of catalyst particles, negatively affecting the diffusion 
of HO• (Ivanova et al., 2016). Although the role of salts commonly 
present in SE on the photocatalytic oxidation efficiency is controversial, 
Farner Budarz et al. (2017) reported that, at pH 7.9, Cl− , SO4

=, and 
NO3

− (present in SE at relatively high concentrations) have low or no 
tendency to be adsorbed on TiO2 but, even at concentrations as low as 
0.5 mM, these anions can cause the significant aggregation of TiO2 
particles, decreasing the diffusion of HO• to the liquid. Divalent cations 
as Ca2+ also favor the agglomeration/aggregation of TiO2 particles 
whereas organic matter seems to contribute to their stabilization (Zhang 
et al., 2009). 

1.4. Other effects of water matrix on TiO2 photocatalysis 

Although under 365 nm UVA radiation the photolysis of common 
ions in SE is not relevant, the organic matter of the effluent (EfOM) can 
absorb radiation and generate reactive species (Lee et al., 2013; Zhou 
et al., 2017). However, the attenuation of UVA radiation by the matrix 
can negatively affect the photoexcitation of the catalyst and hence the 
generation of h+ and free HO•. Moreover, depending on their concen-
tration and reactivity, all the organics/inorganics present in SE may act 
as HO• sink (Brame et al., 2015; Farner Budarz et al., 2017; Maghsoodi 
et al., 2019), or compete for catalyst active sites, diminishing the effi-
ciency of the photocatalytic process. 

1.5. Photocatalytic ozonation (PCOz). Background 

Compared to TiO2/UVA, several studies report the higher efficiency 
of the O3/TiO2/UVA system (photocatalytic ozonation, PCOz), both in 
the elimination of microcontaminants and reduction of DOC. During 
PCOz application, micropollutants are degraded through different 
mechanisms such as molecular ozone attack, direct/indirect photolysis 
and reaction with h+ and/or free HO•. Free HO•, generated through 
ozone decomposition, TiO2 photoexcitation and even by EfOM photol-
ysis, is usually considered the main responsible for the degradation of 
ozone refractory compounds and DOC elimination (Mehrjouei et al., 
2015; Beltrán and Rey, 2017; Mecha and Chollom, 2020). As for 
TiO2/UVA, the nature of the contaminants and the characteristics of the 
water matrix are key parameters in PCOz efficiency. Thus, working with 
model compounds in ultrapure water or without pH control (usually pH 
sharply decreases due to carboxylic acids formation) results in a process 
efficiency much higher than at higher pH, especially in terms of DOC 
mineralization (Beltrán et al., 2008; Márquez et al., 2014; Moreira et al., 
2016; Jallouli et al., 2018; Lado Ribeiro et al., 2019). This influence of 

pH in PCOz could be related, at least in part, to an increase in the 
participation of h+ as the pH decreases and be misinterpreted as a syn-
ergy between systems. The potential synergy should be validated 
(respect to TiO2/UVA and O3/UVA) from experiments performed at the 
same conditions, with special attention to pH. 

1.6. Synergy in PCOz 

The synergy between simpler systems observed by different authors 
has been mainly attributed: i) to the role of ozone as scavenger of e− at 
the catalyst surface, allowing the generation of O3

•− and diminishing e−

- h+recombination (Mehrjouei et al., 2015; Fathinia et al., 2016; Beltrán 
and Rey, 2017; Suligoj et al., 2021). However, although the reactivity of 
O3 towards e− is twice that of O2 (3.6 × 1010 M− 1s− 1 vs 1.9 × 1010 

M− 1s− 1, Bahnemann and Hart, 1982; Buxton et al., 1988), considering 
the much higher concentration of O2 in the feeding gas and the higher 
solubility of O2, e− would be mainly captured by O2 to form O2

•− , and ii) 
to the reaction between O2

•− and O3 leading to O3
•− , which seems more 

probable. Suligoj et al. (2021), from experiments performed at pH 3 
using P25, concluded that the lower the adsorption of the compound 
onto the catalyst, the higher the synergy between systems, and this 
synergy also increased with the O3 dose. 

1.7. Objectives of the present work 

In wastewater treatment, implementation of a tertiary advanced 
oxidation step may be needed for a safe discharge of the treated water 
and/or its reuse in periods of drought or water shortage. PCOz can be 
considered as one of these advanced processes, provided the existence of 
a synergy between ozonation and photocatalytic oxidation. 

In a previous work (Figueredo et al., 2020), the application of PCOz 
on the degradation and mineralization of primidone (PRM) as probe 
compound in ultrapure water was studied. From the results obtained, a 
mechanism was proposed and applied at specific conditions, without 
considering the effect of matrix properties (pH, alkalinity, etc.). 

The present work aims at identifying the existence of synergy be-
tween O3/UVA and TiO2/UVA on the elimination of pollutants and DOC. 
Although DOC reduction represents the importance of a full oxidation 
step, which is not the objective in a real MWWTP, this parameter can 
bring important information to clarify the existence of any synergy be-
tween O3/UVA and TiO2/UVA. 

Primidone was selected as probe compound as it has no tendency to 
adsorb onto TiO2 or photolyze under UVA. Oxalic acid (OXAL), a car-
boxylic acid usually detected in the final stages of organic matter 
oxidation, was also selected due to its high tendency to adsorb onto 
TiO2, no UVA absorption, very low reactivity towards O3 and relatively 
low reactivity with HO•. Aqueous solutions of both compounds and the 
secondary effluent from a MWWTP, spiked in some cases with different 
micropollutants with low/medium reactivity towards O3 (PRM, 
caffeine, CAF; and p-chlorobenzoic acid, pCBA), were treated by TiO2/ 
UVA, O3, O3/UVA and O3/TiO2/UVA working at different pH and 
alkalinity content. 

In an attempt to substantiate the effect of the operating parameters, it 
was tried to correlate different phenomena occurring, including 
adsorption, agglomeration/aggregation, role of holes and free radicals, 
etc., to the potential synergy of the PCOz system. Specific objectives 
were to assess: i) the effect of experimental conditions and water matrix 
on the removal of target compounds and DOC ii) the species and 
mechanisms involved, and iii) the existence of synergies between sys-
tems and parameters governing the synergy extent. 

2. Experimental 

2.1. Reagents 

All the reagents and eluents used in this work (analytical grade and 
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HPLC-gradient grade, respectively), were obtained from Sigma-Aldrich, 
VWR and Fischer Scientific and used as received. TiO2 P25 Aeroxide® 
was from Evonik Industries (Essen, Germany), ultrapure water produced 
by a Millipore Milli-Q® academic system (Darmstadt, Germany), and 
pressurized oxygen (purity > 99.5) supplied by Linde. Chemical struc-
tures, pKa values and apparent second-order rate constant of the reaction 
of the selected compounds with HO• and O3 are shown in Table S1 
(Supplementary information). 

The secondary effluent (SE) came from the secondary decanter of the 
MWWTP Rincón de Caya (Badajoz, Spain), where a biological treatment 
based on an activated sludge process is applied. The SE was filtered 
(Whatman grade 1) and frozen until use. Main characteristics of the SE 
are given in Table S2 (Supporting information). 

2.2. Experimental setup 

The experimental set-up (see Fig. S1) has been previously described 
(Figueredo et al., 2020). Briefly, it consisted of an agitated tank (boro-
silicate glass, 1.3 L capacity, magnetic stirring) with inlets/outlets for 
gasses and sampling. The tank was initially filled with 1 L of the water to 
be treated and then pumped (peristaltic pump, QL 7.7 L h− 1) to a tubular 
photoreactor (borosilicate glass, 50 cm long, 2.8 cm internal diameter, 
total volume 0.36 L) in recirculation mode. The tube was permanently 
covered by a stainless-steel reflector. As radiation source 6 LEDs 
(LZ4-04UV00, LED ENGIN; ~ 3 W radiant power each, λmax 365 nm) 
located under the glass tube were used. Using nitrite as actinometer, a 
photon flux of 3.92×10− 5 Einstein (L s)− 1 reaching the liquid was 
determined (Figueredo et al., 2020). 

In a typical experiment using TiO2, the whole installation was draped 
by aluminum foil, the tank filled, a sample taken, and the catalyst added 
(10 – 500 mg L− 1). Then, the stirring and pumping systems were turned 
on and the O2 stream (Qg 15 L h− 1) fed to the tank through a glass 
diffuser. After 30 min (adsorption period in the dark) a new sample was 
taken (t = 0 min), the aluminum foil removed and the LEDs switched on, 
then taking samples at different times. A similar procedure was followed 
when ozone was used, starting the O2/O3 bubbling in the ozonation tank 
(Qg 15 L h− 1 and [O3g,in] 10 mg L− 1) once the photoreactor was filled 
(single ozonation), the LEDs were switched on (photolytic ozonation, 
O3/UVA), or after the adsorption period in the dark (photocatalytic 
ozonation). Considering the gas flow rate, the concentration of O3 in the 
gas inlet and outlet, the reaction volume and the initial DOC content, the 
evolution of transferred ozone dose (TOD) per unit of DOC0 (TOD/ 
DOC0, mg O3 (mg DOC0)− 1) was determined. In all cases, ozone trans-
ferred doses up to ~ 5 mg O3 (mg DOC0)− 1 in 2 h were applied. 

According to the installation design, the concentration of ozone 
entering the photoreactor at a given time corresponds to the dissolved 
ozone present in the tank. As will be seen later, this configuration will be 
useful to determine the interactions between systems. All the experi-
ments were carried out at room temperature. After 2 h (total reaction 
time) the increase in temperature was less than 2 ◦C. 

In experiments using PRM, CAF and/or pCBA as probe compounds, 
concentrated solutions were prepared in ultrapure water, then adding 
the volume needed to obtain the desired concentration in 1 L final 
volume (PRM 14 mg L− 1 in ultrapure water; PRM, CAF and pCBA 100 µg 
L− 1 each in SE). When OXAL was used as probe compound, the working 
solution (35 mg L− 1 of C2H2O4•2H2O in ultrapure water) was directly 
prepared before the experiment. 

In experiments in the presence of tert‑butanol (tBuOH) 0.1 M as HO•

scavenger, 10 mL of pure tBuOH were added to 1 L of the reaction 
medium. 

When needed, some drops of concentrated NaOH or HClO4 were 
added to correct the initial pH. HClO4 was also used to remove inorganic 
carbon (IC) from SE. In experiments in ultrapure water in the presence of 
IC (30 mg L− 1), pH was first corrected to 7.5 with NaOH, the required 
amount of NaHCO3 added, and the pH corrected to pH 8.4 if needed. 

2.3. Analytical methods 

The concentration of ozone in the gas streams (inlet/outlet) was 
monitored by an Anseros Ozomat GM-6000 Pro analyzer. PRM, CAF and 
pCBA concentration were analyzed by HPLC (Agilent 1100 Series) with 
UV–Vis detector, using a Kromasil C18 column (150×4 mm, 100 Å pore 
size, 5 µm particle size). Inorganic anions and short-chain organic acids 
were analyzed by ion chromatography with chemical suppression 
(Metrohm 881 Compact Pro) and conductivity detection, using a Met-
roSep A Supp 7 column (4 × 150 mm, 5 µm). The description of the 
chromatographic methods and the limits of detection (LOD) and quan-
titation (LOQ) are given in Text S1. The concentration of DOC and IC in 
water was determined using a Shimadzu TOC-VSCH analyzer and the 
concentration of ozone and hydrogen peroxide by the indigo method 
(Bader and Hoigné, 1981) and cobalt-bicarbonate method (Masschelein 
et al., 1977), respectively. N–NH4

+ was determined using a Spec-
troquant® test kit (Merck), COD and NTotal using Hach Lange test kits, 
and BOD5 using an OxiTop® device. Spectrophotometric measurements 
were performed by means of an UV–Vis Evolution 201 (Thermo Scien-
tific) spectrophotometer. After purging dissolved ozone (if present) with 
air, the samples were filtered (0.45 µM, PVDF Millipore) and analyzed. 

2.4. Kinetic data processing 

When the photocatalytic oxidation of an aqueous contaminant (C) 
mainly develops through its reaction with HO•, and, additionally, no 
direct photolysis occurs, degradation kinetics can be modelled by a 
simple pseudo-first order kinetics (Krýsa et al., 2006). Pseudo-first order 
kinetics is far away from considering the actual mechanism, but it is a 
useful tool for comparison purposes. Accordingly, the following equa-
tion applies: 

Ln
(
[C]
[C]0

)

= − kObs− C⋅t (1)  

where: 

kObs− C = kC− HO⋅[HO•]ss (2) 

In Eq. (1) kObs-C stands for the observed pseudo-first order rate 
constant (s− 1), kC-HO• is the second order rate constant of the reaction 
between the compound C and HO• (M− 1 s− 1), and [HO•]ss represents the 
average molar concentration of hydroxyl radicals under steady state 
conditions. 

If concentration data of C versus time and kC-HO• are known, Eqs. (1) 
and (2) allow kObs-C and [HO•]ss to be determined. These two parameters 
give a measure of the efficiency in HO• generation as a function of the 
operating conditions applied. 

Similarly, regardless of the species involved in the process (h+ and/or 
HO•), the mineralization of contaminants can also be assumed to follow 
pseudo-first order kinetics. This hypothesis is applicable when the 
adsorption stage (in case it takes place) follows the Langmuir- 
Hinshelwood model and the DOC content is sufficiently low (Krýsa 
et al., 2006): 

Ln
(
[DOC]
[DOC]0

)

= − kObs− DOC⋅t (3)  

where [DOC] is the concentration of DOC and kObs-DOC the observed 
pseudo-first order rate constant. 

3. Results and discussion 

3.1. Photocatalytic oxidation using TiO2 P25 and UVA LEDs 

3.1.1. Primidone. The role of free HO• radicals 
In a first experimental series PRM was used as a model compound in 

ultrapure water, using different P25 doses under continuous bubbling of 
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pure oxygen. Alkalinity and pH effects were also studied to understand 
the main features governing the process. 

According to a previous work (Figueredo et al., 2019), the initial 
photocatalytic transformation of PRM in the presence of TiO2 P25 is 
mainly caused by its reaction with free HO•. In addition, as experi-
mentally proven, the photolysis of PRM under 365 nm radiation pro-
vided by LEDs and its adsorption on TiO2 are negligible. 

Fig. 1a shows kObs-PRM values obtained after fitting the experimental 
results to Eq. (1), and the stationary hydroxyl radical concentration 
[HO•]ss (Eq. (2)). Fig. 1b displays the values of kObs-DOC (Eq. (3)). The 
fitting process is shown in Figs. S2 and S3, and pH evolution in Fig. S4. 

At pH0 ~ 6 (pH gradually decreased to 4.7 after 2 h, Fig. S4), as 
inferred from Fig. 1a, an increase in TiO2 load from 10 to 250 mg L− 1 led 
to an exponential increase in free HO• production, with estimated 
[HO•]ss and kObs-PRM values ranging from 5 × 10− 14 M to 2.5 × 10− 13 M, 
and from 0.017 min− 1 to 0.100 min− 1, respectively. No further 
improvement at higher TiO2 doses was experienced. At the experimental 
conditions applied, from PRM initial removal rates (that is, assuming 
there is no HO• consumption by intermediates), a maximum apparent 
efficiency of ~ 0.002 mol HO• (Einstein)− 1 was estimated, the optimal 
catalyst dose in ultrapure water being in the proximity of 100 mg L− 1 

(see Text S2). 

Regarding mineralization (Fig. 1b) at pH0 6, catalyst doses from 10 to 
250 mg L− 1 led to kObs-DOC from 0.0017 min− 1 to 0.025 min− 1, DOC 
reduction ranging from 20% to 95% after 2 h (Fig. S3). Again, there was 
no further improvement in kObs-DOC at higher titania doses. According to 
the values shown in Fig. 1a and b, at pH0 6 the ratio kObs-DOC/kObs-PRM 
increased with the catalyst dose from 0.1 (10 mg L− 1) to 0.23 (250–500 
mg L− 1). Hence, the positive effect of the amount of catalyst is higher in 
PRM mineralization than in its initial transformation, which suggests the 
development of different oxidation mechanisms. 

Compared to measurements conducted at pH0 ~ 6 with 100 mg L− 1 

of TiO2, an increase of initial pH to 8.4 led to a decrease in kObs-PRM of 
roughly 15% in the absence of IC and 35% when 30 mg L− 1 of IC were 
added. Since the effect of PRM speciation can be disregarded (PRM pKa 
11.5), the slight negative effect of pH and alkalinity in [HO•]ss would be 
related to the influence of both parameters in the agglomeration/ag-
gregation of P25 particles (Autin et al., 2013; Jefferson et al., 2016; Li 
et al., 2016; Wang, 2017) and/or occupation of active sites by carbo-
nates/bicarbonates. Additionally, alkalinity may act as HO• scavenger, 
consequence of the following equilibria and reactions (Buxton and 
Elliot, 1986; Real et al., 2009): 

H2CO3 ⇆pKa=6.34 H+ + HCO−
3 ⇆pKa=10.37 2H+ + CO=

3 (4)  

HCO−
3 + HO• ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅→

k=8.5x106 M− 1s− 1

CO•−
3 + H2O (5)  

CO=
3 + HO• ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅→

k=4.2x108 M− 1s− 1

CO•−
3 + OH− (6)  

PRM + HO• ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅→
k=6.7x109 M− 1s− 1

Intermediate (7) 

According to equilibria (4), at pH0 8.4 IC is mainly present as HCO3
− . 

Considering the initial concentrations of PRM and HCO3
− , together with 

the values of the second order rate constant of their reaction with HO•, 
approximately 95% of HO• should be captured by PRM, so the scav-
enging effect of HCO3

− on kObs-PRM would be negligible. 
The increase of the initial pH from 6 to 8.4 also caused a reduction of 

~ 22% in kObs-DOC, similar to the 15% decrease in kObs-PRM. The negative 
effect of pH was significantly amplified in the presence of 30 mg L− 1 IC, 
with a kObs-DOC reduction of 75%, twice that of kObs-PRM (35%). The fact 
that the effect of alkalinity is more pronounced in PRM mineralization 
than in its initial transformation suggests either the refractory character 
of some of the intermediates towards HO• (not being able to compete 
with HCO3

− ) and/or, again, that the species involved in both processes 
differ. Thus, given the high tendency of carbonates/bicarbonates to 
adsorb onto TiO2 (Dolamic and Bürgi, 2007; Farner Budarz et al., 2017), 
they could inhibit/decrease the development of oxidation reactions 
involving h+ and their contribution to mineralization. 

Fig. 2a shows the generation/evolution of some low molecular 
weight carboxylic acids and dissolved inorganic nitrogen (DIN) in so-
lution (i.e. N–NH4

+ and N–NO3
− ; N–NO2

− remained below the LOD), 
for runs at pH0 6 after reaching different DOC conversions. As observed, 
formic (FOR), oxalic (OXAL) and acetic (ACE) acids were the main 
carboxylic acids detected. After an initial increase, acids concentration 
gradually decreased with DOC conversion while DIN increased, mainly 
in the form of N–NH4

+ (see also Text S3). The low conversion of 
N–NH4

+ to N–NO3
− would be the result of its low adsorption onto TiO2 

(absence of oxidation by h+) and low reactivity towards free HO•

(Buxton et al., 1988; Bonsen et al., 1997; Zhu et al., 2005; Huang et al., 
2008). 

Fig. 2b shows the influence of pH and alkalinity on the concentration 
of low molecular weight carboxylic acids and DIN in solution after 
reaching 35 - 40% DOC removal. Compared to the run at pH0 6 (no IC), 
the results clearly reveal the high accumulation of OXAL in solution 
when the initial pH was set at 8.4 and 30 mg L− 1 of IC were added. 

3.1.2. Oxalic acid. The role of holes 
In view of the previous results, a series of OXAL photocatalytic 

Fig. 1. PRM degradation by TiO2/UVA LEDs in ultrapure water. Influence of 
catalyst dose, pH and IC content on: (a) kObs-PRM (Eq. (1)) and [HO•]ss (Eq. (2)); 
(b) kObs-DOC (Eq. (3)). Experimental conditions: [PRM]0 14 mg L-1 (~ 6.5 ×
10–5 M), [DOC]0 9 mg L-1, Qg 15 L h-1, I0,365 nm = 3.92×10–5 Einstein (L s)− 1, T 
= 20 ± 2 ◦C. 
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oxidation experiments was completed. OXAL (pKa1 1.25 and pKa2 4.27, 
Mendive et al., 2007) presents relatively low reactivity towards HO• (see 
Table S1), and high tendency to be adsorbed onto TiO2 forming mono 
and bidentate surface complexes (Hug and Sulzberger, 1994; Weisz 
et al., 2002; Park et al., 2006; Mendive et al., 2007). The reaction of 
OXAL with h+ is accepted to be the principal photocatalytic pathway 
under UV radiation (Krýsa et al., 2006; Schneider et al., 2020) leading to 
CO2 and CO2

•− , the latter evolving to CO2 and O2
•− /HO2

• in the pres-
ence of dissolved O2 (Krýsa et al., 2006). As a consequence, OXAL is 
directly converted to CO2 (and/or bicarbonate/carbonate depending on 
pH) so kObs-OXAL and kObs-DOC values are the same. Given the high OXAL 
capability of adsorption and reaction with h+, the specialized bibliog-
raphy includes numerous works in which OXAL is used as a h+scavenger 
(Kominami et al., 2001; Rodríguez et al., 2015; Schneider et al., 2020). 

Tests were carried out in ultrapure water with initial pH fixed at 3.5, 
6 and 8.4. In the latter case the influence of IC addition was also 
investigated. To determine the possible participation of free HO• in the 
degradation of OXAL, experiments were also performed in the presence 
of tBuOH 0.1 M, alcohol concentration high enough to scavenge HO•

(ktBuOH–HO• 6.2 × 108 M− 1 s− 1, Alam et al., 2003). Due to tBuOH low 
adsorption and capacity to act as electron donor, h+ generation should 
not be affected (Kim et al., 2014; Burek et al., 2019). 

Fig. 3a shows the evolution of the normalized concentration of OXAL 
with time (solid lines are fitting to Eq. (1)) and Fig. 3b the pH variation. 
In all cases, the amount of OXAL adsorbed onto TiO2 after an initial 
period of 30 min in the dark was undetectable, in line with the 
adsorption isotherm determined by Ivanova et al. (2016) at pH 3.7 and 
25 ◦C (predicted OXAL adsorbed < 6 μM). Under the conditions tested, 
the concentration of H2O2 in solution was below 5 × 10− 6 M (not 

shown). 
At pH0 3.5, and as reported in the literature (Kosanić, 1998; Orge 

et al., 2015), OXAL elimination rate was significantly high (kObs-OXAL >

0.07 min− 1) being fully converted in less than 30 min (Fig. 3a). At this 
pH the surface of the catalyst is positively charged and OXAL mainly on 
its monoprotonated form (see speciation in Fig. S5), so the adsorption of 
OXAL and its h+ oxidation is favored. Since the presence of 0.1 M tBuOH 
at pH0 3.5 had no effect on OXAL elimination the participation of free 
HO• can be ruled out. 

At pH0 6 (kObs-OXAL 0.0071 min− 1; R2 0.98), the attraction between 
OXAL and the TiO2 surface is still favored. However, as the reaction 
progresses, the accumulation of HCO3

− /CO3
= leads to a pH increase 

(Fig. 3b), called causticization by Wang and Adesina (1997), and the net 
positive charge of the catalyst decreases. Therefore, the electrostatic 
attraction between OXAL-TiO2 P25 diminishes resulting in lower 
adsorption. 

A further rise of initial pH to 8.4 (OXAL present as C2O4
=; kObs-OXAL 

0.0026 min− 1; R2 0.98), results in a low initial degradation followed by a 
slight increase due to the pH drop to 7.5. At pH 8.4, the addition of 30 
mg L− 1 of IC implied no OXAL conversion after 2 h. Absence of miner-
alization is attributable to the occupation of active adsorption centers by 
HCO3

− /CO3
= together with the role of IC as HO• scavenger. 

In summary, from Fig. 3 it is deduced that both pH and IC content 
have a strong negative impact on OXAL degradation by TiO2/UVA. 
Surprisingly, at pH0 > pHpzc, presence of 0.1 M tBuOH favored the 
elimination of OXAL, effect that was significantly reduced in the pres-
ence of 30 mg L− 1 of IC. Since the presence of tBuOH did not practically 
affect the evolution of pH (Fig. 3b), these results indicate that 0.1 M 
tBuOH enhanced somehow OXAL degradation. It is hypothesized that, 

Fig. 2. Formation of carboxylic acids and DIN species from PRM degradation by TiO2/UVA LEDs in ultrapure water. (a) Influence of DOC reduction achieved at pH0 
6; (b) influence of pH0 and IC content for a 35–40% of DOC reduction. Experimental conditions: [PRM]0 14 mg L− 1 (~ 6.5 × 10− 5 M), [DOC]0 9 mg L− 1, Qg 15 L h− 1, 
[TiO2] 100 mg L− 1, I0,365nm = 3.92×10− 5 Einstein (L s)− 1, T = 20 ± 2 ◦C. 
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as the pH increases (and the adsorption of OXAL decreases), given the 
high concentration of the alcohol a small amount of tBuOH can be 
adsorbed and oxidized at the catalyst surface (oxidation by free hydroxyl 
radicals is not discarded), leading to radical species capable of degrading 
OXAL. The mechanism should be similar to that proposed by Ceder-
baum et al. (1983), based on the formation of the hydroxyalkyl or 
alkoxyl radicals. The spontaneous fission of the latter would lead to the 
methyl radical, which can attack a suitable electron donor or combine 
with oxygen to generate the methyl peroxy radical. Any of these species 
could react with OXAL. In the presence of IC, adsorption of tBuOH would 
be reduced. 

Unlike OXAL, PRM mineralization requires previous oxidation steps. 
However, if kObs-DOC values of PRM Fig. 1b) and OXAL (Fig. 3a) are 
compared for experiments at pH0 8.4, PRM is more efficiently miner-
alized than OXAL in absence/presence of IC. This means that the 
oxidation/mineralization of low molecular weight intermediates other 

than OXAL formed during PRM photocatalytic degradation depends to a 
lesser extent on h+, due to their higher reactivity with free HO• or even 
with the CO3

•− generated from reactions ((5) and (6). This is for example 
the case of FOR (pka 3.74, kHO•–HCO2- 3.9 × 109 M− 1s− 1, Buxton et al., 
1988; kFOR-CO3•- 1.1 × 105 M− 1 s− 1, Neta et al., 1988), that is oxidized to 
CO2 and O2

•− /HO2
• (Yapsakli and Can, 2004). 

Attending to the results obtained working with PRM and OXAL, at 
pH > pHpzc the efficiency of the TiO2/UVA system in DOC removal will 
be low, especially in the presence of alkalinity, due to the low contri-
bution of h+. Having in mind the importance of the adsorption process in 
the photocatalytic mechanism, a secondary effluent from a MWWTP was 
next considered. A priori, given the characteristics of these effluents, free 
HO• is expected to be the main species involved in the oxidation and 
mineralization of the EfOM by this system. 

3.1.3. Secondary effluent from a MWWTP. Influence of the water matrix 
TiO2/UVA system was applied to treat the SE from a MWWTP (see 

Table S1), doped with 100 µg L− 1 of PRM and CAF as representative of 
micropollutants. Like PRM, CAF photocatalytic degradation is mainly 
caused by reaction with free HO• (Dalmázio et al., 2005; Chuang et al., 
2011), kCAF-HO• being 5.9 × 109 M− 1 s− 1 (Shi et al., 1991). Another 
experiment was conducted under similar conditions previously elimi-
nating the IC content by successive changes in pH. A first acidification 
stage led to IC removal and partial solubilization of suspended organic 
carbon (increase of DOC0 from 10 to 12 mg L− 1), whereas the subse-
quent rise of pH led to an increase of 6 mg L− 1 of residual IC due to CO2 
absorption. Regardless of the IC content, the pH of the effluent remained 
virtually constant along the treatment. 

Fig. 4 compares the values of kObs-DOC for SE (see variation of 
normalized DOC over time and fittings to Eq. (3) in Fig. S6) with those 
corresponding to PRM and OXAL in ultrapure water under similar 
conditions. The evolution of the normalized concentration of spiked 
PRM and CAF throughout SE photocatalytic treatment without/with IC 
removal is shown in Fig. 4b. 

As observed in Fig. 4a, after 2 h, SE mineralization was negligible. In 
fact, a slight increase in DOC over time could be likely due to the sol-
ubilization of suspended matter (Fig. S6). The reduction of IC0 content in 
SE had a slight positive effect on DOC removal (12% after 2 h) and 
carboxylic acid generation (see Fig. S7a). Due to the pH and IC content 
of the SE, the contribution of surface reactions to the oxidation of or-
ganics would be minimal. Besides, the agglomeration/aggregation of the 
catalyst in SE would be much higher than in ultrapure water, lowering 
the amount of HO• that diffuses into the bulk. 

Regarding the evolution of the normalized concentration of PRM and 
CAF (Fig. 4b), their profiles were similar regardless of the specific 
compound and IC content, reaching ~ 50% conversion after 2 h. This 
means that IC did not alter the production of HO• nor competes with the 
micropollutants for HO• or this was balanced by the formation of CO3

•−

(Wojnárovits et al., 2020). Fitting of experimental data to Eq. (1) lead to 
an average value of 0.008 min− 1 for kObs-C, a sixth fold decrease if 
compared to the value of 0.05 min− 1 obtained for PRM in ultrapure 
water at similar conditions. Hence, organics and inorganics other than 
HCO3

− /CO3
= present in SE are responsible for the low [HO•]ss by acting 

as HO• sink and/or lowering HO• diffusion due to the agglomer-
ation/aggregation of the catalyst. The latter phenomena have been re-
ported in the presence Ca2+ (Zhang et al., 2009), Cl− , SO4

=, and NO3
−

(Farner Budarz et al., 2017) at concentration levels similar to those 
commonly found in MWWTP SE. 

From the above results, the optimal catalyst dose in SE is probably 
higher than in ultrapure water. Thus, when 100 and 500 mg L− 1 of TiO2 
were used, although in both cases there was no DOC removal after 2 h, a 
clear increase in the formation rate of carboxylic acids in solution was 
observed for the highest catalyst dose (Fig. S7b). In any case it could be 
deduced by the results that the application of TiO2/UVA system in ul-
trapure water using probe compounds cannot be extrapolated at all to 
actual secondary effluents. 

Fig. 3. OXAL degradation by TiO2/UVA LEDs in ultrapure water. Influence of 
pH0, IC content and presence of tBuOH on OXAL (a) and pH (b) evolution with 
time. Symbols: Experimental data in absence (solid) or presence (open) of 0.1 M 
tBuOH. Solid lines: fitting to Eq. (1) (absence of tBuOH). Experimental condi-
tions: [OXAL]0 3 × 10− 4 M, [DOC]0 ~ 7 mg L− 1, [TiO2] 100 mg L− 1, Qg 15 L 
h− 1, I0,365 nm = 3.92×10− 5 Einstein (L s)− 1, T = 20 ± 2 ◦C. 
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3.2. Photocatalytic ozonation using TiO2 P25 and UVA LEDs 

To determine the influence of water matrix characteristics on the 
effectiveness of PCOz technology and the potential existence of syner-
gism between systems, a similar study was carried out by applying O3, 
O3/UVA and O3/TiO2/UVA. 

3.2.1. Primidone 
Ozone based systems were applied to degrade PRM in ultrapure 

water pH0 6. PCOz was carried out also at pH0 8.4 in the absence/ 
presence of IC. During PCOz at pH0 8.4 and no IC, the quick formation of 
acidic compounds and the lack of buffering capacity led to a fast pH 
decrease, so the results obtained were practically identical to those 
registered at pH0 6 (not shown). This reflects the importance of this 
parameter when trying to determine the existence of real synergies be-
tween systems. 

Fig. 5 shows kObs-PRM (Fig. 5a) and kObs-DOC (Fig. 5b) values obtained 
after fitting the data to simplistic pseudo-first order kinetics (see 
Fig. S8). For comparison purposes, data corresponding to the TiO2/UVA 
system are also included. In Fig. 5a and Fig. 5b, dotted lines correspond 
to the sum of kObs values corresponding to O3/UVA and TiO2/UVA. 
Fig. 5c compares the evolution of PRM, DOC and dissolved ozone con-
centrations in the ozonation tank during PCOz tests performed at pH0 6 
(no IC) and 8.4 (30 mg L− 1 of IC). The evolution of pH during all these 
runs is shown in Fig. S9. 

Although the reactivity of PRM with ozone is relatively low (kPRM-O3 
3 M− 1 s− 1, Figueredo et al., 2019), the degradation of PRM by O3 occurs 
through reaction with HO• generated from ozone decomposition pro-
moted by PRM itself (Figueredo et al., 2019). Therefore, as seen in 
Fig. 5a, under slightly acidic conditions the efficiency of O3 and O3/UVA 
systems was high and similar, with 90% PRM converted in less than 20 
min. Values of kObs-PRM from PCOz coincided with the sum of contri-
butions from O3/UVA and TiO2/UVA systems (regardless of TiO2 dose), 
so no synergy (or antagonism) is envisaged. As for TiO2/UVA, the in-
fluence of pH and alkalinity on kObs-PRM by PCOz was low (Fig. 5a). 

In terms of mineralization (Fig. 5b), at pH0 6 the effectiveness of 
simple ozonation was very low (10% DOC removal after 2 h). The ozone 
recalcitrance of carboxylic acids, ketones and aldehydes of low molec-
ular weight (von Sonntag and von Gunten, 2012), makes necessary the 
participation of species with higher oxidizing potential such as HO•. 
Since at pH0 6 the decomposition of O3 into HO• was mainly favored by 
PRM, and, in addition, pH decreased with time (Fig. S9), once PRM was 
eliminated the generation of HO• diminished. In the case of the O3/UVA 
system, despite the low absorbance of O3•H2O complexes at 365 nm 
(Axson et al., 2011), the use of high intensity LEDs favors the generation 
of HO• by photolysis of O3 (Figueredo et al., 2020), and this is clearly 
reflected in mineralization (32% DOC removal after 2 h). As discussed 
later (Section 3.2.2), at these conditions, OXAL formed during PRM 
oxidation by O3/UVA can improve the decomposition of O3 into HO•, 
also enhanced by other intermediates as it is the case of FOR (Yapsakli 

Fig. 4. (a) Influence of type of water matrix and IC content on kObs-DOC (Eq. (3)) obtained by TiO2/UVA LEDs; (b) influence of IC content on the photocatalytic 
removal of PRM and CAF (100 μg L− 1 each) from SE. Experimental conditions: [DOC-OXAL]0 ~ 7 mg L− 1, [DOC-PRM]0 ~ 9 mg L− 1, [DOC-SE]0 10 - 12 mg L− 1, pH0 
8.2 - 8.4, [TiO2] 100 mg L− 1, Qg 15 L h− 1, I0,365 nm = 3.92×10− 5 Einstein (L s)− 1, T = 20 ± 2 ◦C. 
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and Can, 2004). At pH0 6, kObs-DOC values of TiO2/UVA and PCOz were 
similar at any TiO2 dose, small differences correspond to the contribu-
tion to kObs-DOC of O3/UVA (Fig. 5b). Again, it is demonstrated no syn-
ergy between systems, h+ being the main responsible of PRM 
mineralization by PCOz at pH < pHpzc. 

The effect of pH and alkalinity on DOC reduction by PCOz was sig-
nificant. Thus, at pH 8.4 and 30 mg L− 1 IC, after an initial evolution (up 
to 15 min) close to that experienced at pH0 6 (Fig. 5c), the elimination 
rate of DOC slowed down to kObs-DOC ~ 0.003 min− 1, value similar to the 
TiO2/UVA system (Fig. 1b) and ten times lower than PCOz at pH0 6 
(Fig. 5b). During the first 15 min, regardless of the pH, as observed in 
Fig. 5c the concentration of ozone in the tank that fed the photoreactor 
was virtually zero. This means that, during this period, oxidant species 
are mainly generated by the decomposition of O3 in the dark (favored by 
pH and the presence of PRM) and the photoexcitation of TiO2 in the 
photoreactor, with no O3-UVA or O3-TiO2/UVA interactions. After this 
period, the concentration of dissolved ozone in the tank (and, therefore, 
entering the photoreactor) increased, evolving similarly at pH0 6 and 8.4 
(30 mg L− 1 IC). However, since at pH0 8.4 almost no mineralization was 
attained, under these conditions it is suggested that, in addition to the 
null contribution of h+ and the HO• scavenging effect of IC, the contri-
bution of O2

•− generated from the reaction between electrons and dis-
solved O2 at the catalyst surface to the decomposition of O3 into HO•

(basis of the synergism between these systems) does not seem relevant. 
Fig. 6 shows the concentration of carboxylic acids after 2 h. At pH0 6, 

simple ozonation resulted in low carboxylic acids formation, conse-
quence of the low reactivity of O3 towards PRM intermediates and low 
O3 decomposition into HO• once PRM was degraded. Due to the ability 
of UVA to decompose O3 into HO•, the O3/UVA system led to a higher 
formation of carboxylic acids, identifying OXAL as the predominant. 
When TiO2 was present, regardless of the presence of ozone (TiO2/UVA 
and PCOz systems), at pH0 6 participation of h+ allowed almost com-
plete mineralization and the accumulation of carboxylic acids was 
significantly reduced. On the contrary, during PCOz at pH0 8.4 (30 mg 
L− 1 of IC) OXAL accumulated in the reaction media due to the inhibition 
of reactions at the catalyst surface and because its low reactivity towards 
O3 and HO•. Again, surface reactions are less decisive in the case of other 
carboxylic acids due to their much higher reactivity with HO• or even 
CO3

•− . However, at pH0 8.4 (30 mg L− 1 of IC), after 2 h only ~ 35% of 
DOC in solution was in the form of carboxylic acids (25% of DOC as 
OXAL), which means that there must be other intermediates/final 
products whose degradation by PCOz is also adversely affected by 
increased pH and/or alkalinity. 

3.2.2. Oxalic acid 
Additional experiments were carried out by applying the different 

systems in the degradation of OXAL in ultrapure water. Two pH were 
tested, 3.5 and 8.4, in the latter case with/without 30 mg L− 1 of IC. The 
evolution of the normalized remaining concentration of OXAL with time 
is shown in Fig. 7, and the evolution of pH in Fig. S10. 

As seen in Fig. 7a (O3 and O3/UVA systems), at pH0 3.5 the elimi-
nation of OXAL by simple ozonation was low (20% after 2 h), due to the 
low value of kOXAL-O3 (< 0.04 M− 1 s− 1, Hoigné and Bader, 1983) and low 
decomposition of O3 into HO• at these conditions. Combination of ozone 
with UVA (O3/UVA) had a significant positive effect on OXAL elimina-
tion (> 95% after 2 h), as Moreira et al. (2016) also reported. On one 
hand, the high radiation intensity of 365 nm given by the LEDs favors 
the decomposition of O3 into HO• (as inferred from Fig. S11, that shows 
the evolution of dissolved ozone in the ozonation tank throughout the 
experiments), thus allowing the oxidation of a fraction of OXAL with 
concomitant formation of CO2

− •, that evolves to CO2 and O2
•− . On the 

other hand, the superoxide radical propagates O3 decomposition to 
finally yield HO• (Garoma and Gurol, 2005; Vecitis et al., 2010). Con-
centration of H2O2 in solution was negligible (< 5 × 10− 6 M, not 
shown). In any case, under acidic conditions the higher efficiency of 
O3/UVA compared to O3 cannot be associated to the O3–H2O2 reaction 
(Merenyi et al., 2010). 

At pH0 8.4, regardless of the presence of IC, the benefit of combining 
O3 and UVA in the elimination of OXAL disappeared, its oxidation rate 
being only slightly higher than for simple ozonation at pH0 3.5. Since the 
increase on pH favors the decomposition of O3 into HO• Tomiyasu et al., 

Fig. 5. PRM degradation by different processes in ultrapure water. (a) Influ-
ence of catalyst dose, ozone, UVA radiation, pH and IC content on kObs-PRM (Eq. 
(1)); (b) influence of catalyst dose, ozone and UVA radiation in kObs-DOC (Eq. 
(3)); (c) influence of pH and IC on PRM, DOC and dissolved time O3 evolution 
by PCOZ using 500 mg L− 1 of TiO2. Experimental conditions: [PRM]0 14 mg L− 1 

(~ 6.5 × 10− 5 M), [DOC]0 9 mg L− 1, pH0 6 (except where indicated), Qg 15 L 
h− 1, [O3g, in] 10 mg L− 1, I0,365 nm = 3.92×10− 5 Einstein (L s)− 1, T = 20 ± 2 ◦C. 
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1985), these results can be explained based on the influence of pH on 
carbonate equilibria (Eq. (4)) and the reactivity of the different species 
present (HCO3

− /CO3
= and OXAL) towards HO•. Thus, as the pH in-

creases, given the relative low reactivity of OXAL (see Table S1), HO•

would mainly be consumed by HCO3
− /CO3

=, present or generated in the 
medium, through reactions ((5) and (6) (Garoma and Gurol, 2005). 

Regarding systems that used TiO2 (Fig. 7b), at pH0 3.5, in agreement 
with the results obtained by Orge et al. (2015), the efficacy of TiO2/UVA 
and PCOz was high and comparable (almost complete disappearance of 
OXAL in less than 30 min). In this situation, reactions occurring on the 
surface of the catalyst were mainly responsible for OXAL oxidation. At 
pH0 8.4 and no IC addition, the efficiency of PCOz significantly 
decreased. However, the system still showed an important efficacy (55% 
OXAL removal after 2 h), likely due, once again, to the fast initial 
decrease of pH to neutral conditions (Fig. S10). At pH0 8.4 and 30 mg 
L− 1 IC (pH remained constant in all cases, Fig. S10) the conversion of 
OXAL by PCOz was very low and coincided with that of O3/UVA 
(Fig. 7a). According to all these results, the PCOz system does not pro-
vide benefits in the degradation of OXAL compared to TiO2/UVA (at 
acidic conditions) or O3/UVA (higher pH and alkalinity), without 
observing any synergy between both systems. 

3.2.3. Secondary effluent from a MWWTP 
The matrix effect on PCOz efficacy was assessed treating the SE by 

the different systems. The PCOz system was also applied to the 
alkalinity-reduced SE at pH0 7.5 and to the SE at pH0 4 (no IC). 

Fig. 8 shows the evolution of the normalized DOC concentration with 
time (Fig. 8a), and the concentration of carboxylic acids and % removal 
of DOC and absorbance at 254 nm (A254nm) after 2 h (Fig. 8b). The 
evolution of dissolved ozone and H2O2 concentrations in the ozonation 
tank during these runs is shown in Fig. S12. 

As seen in Fig. 8a, in the unaltered SE, the effectiveness of O3 and O3/ 
UVA systems in DOC reduction was similar, UVA exerting a slight 
improvement from 60 min (20 and 25% after 2 h). At the pH of the SE, 
the decomposition of ozone into HO• is expected to be relatively high, in 
agreement with the low dissolved ozone concentration observed, and 
favored by the presence of UVA (see Fig. S12a). Compared to ozone 
alone, the much lower concentration of dissolved ozone in the tank 
during O3/UVA would indicate that intermediates or species generated 
from the photolysis of SE under UVA contribute to ozone decomposition 
in the dark, thus leading to a greater transformation of the EfOM. 
However, this effect was not sufficient to cause a significant effect on 
mineralization. For the systems that used TiO2, while in the unaltered SE 
TiO2/UVA was totally ineffective in DOC removal, 40% of mineraliza-
tion was achieved by PCOz after 2 h, thus revealing a synergy between 
systems (see later). However, according to Fig. S12a, during O3/UVA 
and PCOz the concentration of dissolved ozone in the ozonation tank 

Fig. 6. Degradation of PRM by different processes in ultrapure water. Concentration of carboxylic acids and DOC removed (%) after 2 h. Experimental conditions: 
[PRM]0 14 mg L− 1 (~ 6.5 × 10− 5 M), [DOC]0 9 mg L− 1, [TiO2] 500 mg L− 1, Qg 15 L h− 1, [O3g, in] 10 mg L− 1, I0,365 nm = 3.92×10− 5 Einstein (L s)− 1, T = 20 ± 2 ◦C. 

Fig. 7. Influence of pH and IC content on OXAL degradation in ultrapure water 
by O3-based (a) and TiO2-based (b) processes. Experimental conditions: 
[OXAL]0 3 × 10− 4 M, [DOC]0 ~ 7 mg L− 1, [TiO2] 500 mg L− 1, Qg 15 L h− 1, 
[O3g, in] 10 mg L− 1, I0,365 nm = 3.92×10− 5 Einstein (L s)− 1, T = 20 ± 2 ◦C. 
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(and hence, entering the photoreactor) kept lower than ~ 0.5 mg L− 1 

and evolved similarly, TiO2 barely causing any effect in O3 decompo-
sition by PCOz. 

Decreasing the initial pH and alkalinity of SE had a positive effect on 
DOC removal by PCOz. At pH0 8.2 (25 mg L− 1 IC), pH0 7.5 (6 mg L− 1 of 
IC) and pH0 4 (no IC), after 2 h the DOC content was reduced by 40%, 
48% and 80%, respectively. The fact that at pH0 7.5 (pH > pHpzc) and 
low IC the improvement was not significant (slight positive effect from 
60 min), suggests that, under these conditions, the contribution of sur-
face reactions to DOC mineralization is still low, and only the HO•

scavenging effect of HCO3
− /CO3

= is reduced. At pH0 4, that is, pH <
pHpzc and no IC, the adsorption and subsequent oxidation of reaction 
intermediates by h+ is favored, with a clear positive effect on DOC 
removal from the beginning. The higher efficiency of the process under 
acidic conditions results in lower ozone consumption per mg of DOC 
mineralized. Hence, after 2 h, in the unaltered SE (40% mineralization), 
13 mg O3 were consumed per mg DOC eliminated (3.2 mol O3/mol DOC 
removed), whereas at pH0 4 (80% mineralization) ozone consumption 
was reduced to 4 mg O3/mg DOC (1 mol O3/mol DOC removed). 

At pH0 ≥ 7.5 the concentration of H2O2 in solution was < 10− 5 M, 
much lower than at pH0 4 (see Fig. S12b), H2O2 being mainly formed 
from direct ozone reactions with the organic compounds present in SE. 
However, considering the pKa 11.6 of H2O2, in acidic conditions, 
decomposition of O3 into HO• caused by HO2

− would be minimal 
(Merenyi et al., 2010), as well as the contribution of H2O2 to HO• from 
TiO2/UVA (Nosaka and Nosaka, 2016). 

As observed in Fig. 8b, given the high reactivity of O3 towards aro-
matic rings with electron donor substituents (von Sonntag and von 
Gunten, 2012), all systems involving O3 were very effective in reducing 
aromaticity, measured as A254nm. For DIN content (not shown), 
regardless of the treatment and conditions applied, no variation was 
observed in N–NH4

+/N–NO3
− content due to the negligible reactivity 

of NH4
+ towards HO• and O3 (Hoigné and Bader, 1978). For the unal-

tered SE, after 2 h, OXAL was the most recalcitrant carboxylic acid in all 
the treatments applied, contributing to 20 – 25% of residual DOC in the 
case of ozone-based processes. A decrease in pH and alkalinity favored 
the oxidation of this acid by PCOz as expected, at pH0 4 its contribution 
to final DOC being less than 5%. 

Fig. 8. Treatment of SE by different processes and conditions. (a) Evolution of normalized DOC with time; (b) concentration of carboxylic acids in solution and 
reduction (%) of A254nm and DOC, after 2 h. Experimental conditions: [DOC-SE]0 10 - 12 mg L− 1, A254nm,0 0.26, [IC]0 25 mg L− 1 and pH0 ~ 8.2 except where 
indicated, [TiO2] 500 mg L− 1, Qg 15 L h− 1, [O3g, in] ~ 10 mg L− 1, I0,365 nm = 3.92×10− 5 Einstein (L s)− 1, T = 20 ± 2 =◦C. 
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According to the results obtained and discussed in this study, a clear 
synergy between O3/UVA and TiO2/UVA systems on DOC removal has 
only been observed when treating the SE, which points to the compo-
sition of the matrix as responsible for this synergy. To shed light on this 
matter, Fig. 9 compares the evolution of DOC and dissolved ozone in the 
tank that feeds the photoreactor during PCOz experiments performed 
with PRM (DOC0 9 mg L− 1, pH 8.4 + 30 mg L− 1 IC in ultrapure water), 
OXAL (DOC0 7 mg L− 1, pH0 8.4 + 30 mg L− 1 IC in ultrapure water) and 
SE (DOC0 10 – 12 mg L− 1, pH 8.2, 25 mg L− 1 IC) working at same 
experimental conditions. In all cases, the concentration of H2O2 in the 
tank was very low (< 10− 5 M, not shown). As seen in Fig. 9, for PRM and 
SE, during the first 15 min the concentration of dissolved ozone in the 
tank was practically zero, that is, there is no ozone entering the photo-
reactor and no O3-UVA or O3-TiO2/UVA interactions. After this period, 
the concentration of ozone increased but remained lower for SE (up to ~ 
0.5 mg L− 1 after 2 h), so O3-UVA and O3-TiO2/UVA interactions would 
also be lower. Despite de above, DOC removal rate for SE resulted higher 
than for PRM and OXAL. These results could indicate that UVA 
photolysis of EfOM leads to the generation of reactive entities that 
promote the decomposition of ozone into HO•, allowing a faster trans-
formation of the SE at the same time. As this transformation progresses 
UVA absorbance of SE will decrease, thus increasing the amount of ra-
diation reaching the catalyst surface. It is worth mentioning that some 
authors have reported an increase of TiO2 activity when treated with 
gaseous O3 in the dark, attributed to the generation of OH groups at the 
catalyst surface (Zhang et al., 2019). In any case, no evidence has been 
found of direct interactions between O3/UVA and TiO2/UVA as 
responsible for the synergy observed in SE. 

Finally, to establish the efficacy of PCOz in the elimination of 
microcontaminants, O3 and PCOz experiments were replicated in unal-
tered SE spiked with CAF, PRM and p-CBA (100 µg L− 1 each), all of them 
with low/medium reactivity towards O3 and high and similar towards 
HO• (see Table S1). Evolution of pollutants concentration with time 
(Fig. S13a) reveals that, for both systems, the conversion rates followed 
the order of their reactivity with O3. Considering the evolution of ozone 
in the inlet ([O3g,in]) and outlet gas ([O3g,out]) streams (Fig. S13b), the 
highest ozone consumption took place in the first 25 min of reaction, a 
period in which the removal of contaminants by O3 or PCOz was 

practically complete. During this period, dissolved ozone entering the 
photoreactor was null (up to 15 min) or low (< 5 × 10− 6 M) (see 
Fig. S12a), which means, once again, that there are hardly any O3-UVA 
or O3-TiO2/UVA interactions. Fig. 10 shows the evolution of the 
normalized concentration of contaminants by O3 and PCOz versus TOD/ 
DOC0. During simple ozonation there is an initial period of negligible 
target compounds degradation attributed to the fast initial consumption 
of O3 by the matrix (absence of dissolved ozone, see Fig. S12a) together 
with the lower generation of HO• compared to PCOz. The higher effi-
ciency of PCOz is reflected in the amount of ozone that needs to be 
transferred to remove a given percentage of pollutants. Thus, to reduce 
the concentration of the most refractory compounds by 90%, 1.75 mg O3 
(mg DOC0)− 1 were required by PCOz, while simple ozonation needed 
2.5 mg O3 (mg DOC0)− 1. These values are in agreement, although a bit 
lower, with those reported by Bertagna Silva et al. (2019) when applying 
O3 and PCOz (3 BLB lamps, 8 W each, λmax 365 nm, fluence rate 5.47 
mW cm− 2) to remove the pesticide acetamiprid (ACMP, 100 µg L− 1), 
from secondary effluents of similar characteristics (pH 7.2 – 7.5, DOC0 
13 mg L− 1, alkalinity 208 - 275 mg L− 1 as CaCO3). However, some 
differences can be highlighted. Thus, until 50% of ACMP removal, the 
evolution of ACMP vs TOD/DOC0 for both O3 and PCOz was similar, 
whereas in this work (Fig. 10), clear differences were observed practi-
cally from the beginning. The reason might rely on the effectiveness of 
high-intensity UVA LEDs in promoting SE photolysis and HO• and other 
reactive species generation, much higher than for BLB lamps. 

4. Conclusions 

Working with different matrices and ozone transferred doses in the 
range of those commonly applied in WWTP, only when treating a real 
secondary effluent a synergy between O3/UVA and TiO2/UVA systems 
was observed. No evidence of direct interactions between systems has 
been found, which points to the composition of the matrix and its 
transformation along the treatment as responsible for this synergy. In a 
real secondary effluent, considering the ozone requirements, PCOz using 
UVA LEDs of high intensity could be an interesting strategy for the 
removal of micropollutants refractory to O3, but not for DOC minerali-
zation. In addition, the effective separation of catalyst particles after the 
treatment is the main issue to overcome. Hence, new studies on PCOz 

Fig. 9. Influence of the water matrix on the efficiency of PCOz. Evolution with 
time of normalized concentration of DOC (solid symbols) and dissolved ozone 
(open symbols) during photocalytic ozonation of PRM, OXAL or SE. Experi-
mental conditions: [DOC-PRM]0 9 mg L− 1, [DOC-OXAL]0 7 mg L− 1, [DOC-SE]0 
10 - 12 mg L− 1, [TiO2] 500 mg L− 1, Qg 15 L h− 1, [O3g, in] 10 mg L− 1, I0,365 nm =

3.92×10− 5 Einstein (L s)− 1, T = 20 ± 2 ◦C. 

Fig. 10. Evolution of PRM, CAF and pCBA normalized concentration with the 
amount of ozone transferred per unit of DOC0 during ozonation (solid symbols) 
and PCOz (open symbols) of SE. Experimental conditions: [PRM]0 = [CAF]0 =

[pCBA]0 = 100 µg L− 1, [DOC-SE]0 10 - 12 mg L− 1, pH0 8.2, [TiO2] 500 mg L− 1, 
Qg 15 L h− 1, [O3g, in] 10 mg L− 1, I0,365 nm = 3.92×10− 5 Einstein (L s)− 1, T = 20 
± 2 ◦C. 
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should focus on the use of supported materials. 
Besides, the following specific conclusions can be addressed:  

• At pH < pHpzc, for compounds that do not adsorb onto the catalyst, 
both O3/UVA and TiO2/UVA individually contribute to their 
degradation. In terms of DOC mineralization, the efficiency of TiO2/ 
UVA is not affected by O3, being h+ the main species involved. At 
these conditions, no synergy or antagonism between systems is 
observed.  

• At pH > pHpzc the adsorption of organics with pKa < pHpzc is not 
favored, especially in presence of alkalinity, DOC mineralization by 
TiO2/UVA being low or null. When combined with ozone (PCOz), 
both O3/UVA and TiO2/UVA contribute to some extent to the for-
mation of HO•. However, only when a secondary effluent was treated 
a clear synergy between systems was deduced. This synergy seems to 
depend on the composition of the water matrix rather than on a 
direct interaction between systems.  

• At the conditions applied, none of the systems tested was effective to 
oxidize N–NH4

+. 
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Li, L., Sillanpää, M., Risto, M., 2016. Influences of water properties on the aggregation 
and deposition of engineered titanium dioxide nanoparticles in natural waters. 
Environ. Pollut. 219, 132–138. https://doi.org/10.1016/j.envpol.2016.09.080 
https://doi.org/.  
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