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Abstract 24 

An immobilized photoactive TiO2 coating grown directly on titanium meshes was successfully 25 

exploited for the electrochemical photocatalytic degradation of carbamazepine in real 26 

secondary wastewater effluent. The catalyst was prepared by Plasma Electrolytic Oxidation and 27 

during the photocatalytic water treatment an electrical polarization (bias) was applied to the 28 

catalyst. The investigated process was compared with the conventional one employing 29 

suspended TiO2 powder (Degussa P25). Results showed that carbamazepine degradation rate 30 

follows the order UV/supported TiO2+bias ≈ UV/TiO2 Degussa P25 > UV/supported TiO2 > UV. 31 

The investigation also included the identification of other micropollutants and degradation 32 

products. This allowed the detection of 201 compounds present in the secondary wastewater 33 

effluent employed for the photocatalysis tests, 51 of them also successfully associated to 34 

compounds of emerging concern (CECs), and 194 to transformation products (TPs). The 35 

degradation of detected compounds followed first-order kinetics and the mean kinetic constant 36 

values of the 51 CECs resulted to be 0.048, 0.035 and 0.043 min-1 for the TiO2+Bias+UV, 37 

TiO2+UV and UV, respectively. As for TPs, results showed that the TiO2+Bias+UV treatment is 38 

much more efficient than both TiO2+UV and UV in minimizing the intensity of the organics in 39 

the real wastewater. Such a better performance was more pronounced at higher reaction time 40 

reaching 60 % reduction of mean peak area of TPs at 90 min of reaction. Among the detected 41 

TPs also compounds belonging to known carbamazepine TPs were found. This allowed to 42 

propose a degradation pathway of carbamazepine. The supported catalyst was positively tested 43 

for 15 cycles demonstrating that it has the potential to be used in real wastewater tertiary steps 44 

aimed at removing CECs. 45 
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 51 

1. Introduction 52 

Water resources and societal wellbeing are currently threatened by contaminants of emerging 53 

concern (CECs) as well as by pathogens including antibiotic resistant bacteria and viruses. The 54 

impact of wastewater effluents containing CECs on the quality of receiving water bodies has 55 

been widely demonstrated (Kasprzyk-Hordern et al. 2009, Zhou et al. 2009). Removal of CECs 56 

and/or their metabolites is related to both the nature of the specific organics and to the 57 

treatment methods employed in the treatment plant (Castiglioni et al. 2018, Joss et al. 2005, 58 

Loos et al. 2013). CECs can be also degraded into products that are still active (Rizzo et al. 2019, 59 

Stalter et al. 2010, Ternes 1998, Zwiener et al. 2002).  60 

Wastewater reuse has been prompted as a new challenge due to the ever increasing demand of 61 

fresh water caused by the growth of population and the high consumption in agricultural and 62 

industrial sectors. Water recycling for non-potable uses from conventional water treatment 63 

processes is applied in water-scarce regions and it can be among the driving forces for the 64 

requirement of water of better quality. The relevance of addressing the issue of CECs was 65 

acknowledged by the Directive 2013/39/EU listing priority substances and further supported by 66 

the implementation of Decision (EU) 2015/495 on March 20, 2015 establishing a watch list 67 
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including 10 target substances for European Union-wide monitoring (Schröder et al. 2016, 68 

Sousa et al. 2018). The watch list was recently revised by the Decision (EU) 2018/840. It follows 69 

that requirement of water of better quality acts as a driving force for the application of post-70 

treatment technologies in wastewater treatment plants (WWTPs). Conventional wastewater 71 

treatment processes lead to incomplete removal of CECs (Luo et al. 2014, Tran et al. 2018) 72 

being not designed to perform such organics removal. Advanced biological treatments showed 73 

better performance than conventional ones for selected CECs removal (Balest et al. 2008). It is 74 

worth noting that, due to the driving force of preserving the environmental quality of receiving 75 

water bodies, the environmental legislation of countries such as Switzerland was modified in 76 

order to achieve 80% removal of among 6 CECs from a list of 12 compounds (Giannakis et al. 77 

2015, Logar et al. 2014). Advanced oxidation processes (AOPs), including photocatalysis, can 78 

remove a large range of organic micropollutants and CECs (Fagan et al. 2016, Miklos et al. 2018, 79 

Pagano et al. 2008), being also possible their integration with biological processes (Del Moro et 80 

al. 2013, Del Moro et al. 2016). Heterogeneous photocatalysis has become relevant in the last 81 

years since sometimes chemicals are not necessary for the oxidation processes (Andronic et al. 82 

2016, Cates 2017, Dong et al. 2015). For example, the use of titanium dioxide (TiO2) as a 83 

photocatalyst is receiving growing attention for its effectiveness, due to the nonspecific nature 84 

of the reactive species produced under UV irradiation (Nakata and Fujishima 2012, Ochiai and 85 

Fujishima 2012). However, it has to be considered that the efficiency of the process still needs 86 

to be improved due to both the low quantum efficiency of the process, namely too many 87 

photons are not used to produce hydroxyl radicals, and possible catalyst poisoning especially 88 

with real wastewater. In addition, the application of suspended TiO2 is very limited at both pilot 89 
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and full-scale since the small size of the catalyst complicates its recovery at the end of the 90 

treatment, reducing its potential reuse and compromising the quality of treated effluent (Byrne 91 

et al. 2017). To overcome this drawback, several authors have studied the immobilization of 92 

TiO2 particles on different materials (Borges et al. 2015, Comparelli et al. 2004, Murgolo et al. 93 

2017, Petronella et al. 2013, Petronella et al. 2011). However, despite the huge number of 94 

papers available in the literature, real applications of photocatalysis with supported catalysts 95 

are still very rare.  96 

Electrochemical TiO2 photocatalysis is a well-known technique among AOPs for water 97 

treatment but a not often applied process. The photoactive coating is grown directly on the 98 

titanium meshes, leading to good mechanical adhesion to the substrate and good electrical 99 

conductivity. During the wastewater treatment step aimed at removing organic pollutants, an 100 

electrical bias can be effectively applied to the catalyst through the mesh, leading to a 101 

synergistic effect with UV light and a faster degradation kinetics with respect to either 102 

photocatalytic or the electrochemical process.   103 

Photoactive TiO2 coatings are obtained by a number of techniques including sol-gel, CVD, RF 104 

magnetron sputtering, plasma spray, electron beam evaporation, anodic oxidation (AO) 105 

(Bestetti et al. 2007) and plasma electrolytic oxidation (PEO) (Franz et al. 2016). Catalysts 106 

obtained by PEO and AO were already proved to be effective in the degradation of a model dye 107 

(Franz et al. 2015). The experimental set-up for PEO and AO are similar. However, due to the 108 

high operating voltage applied during PEO, very peculiar physico-chemical conditions are 109 

established (Yerokhin et al. 1999), promoting high growth rates (roughly 1 µm/min), oxide 110 

crystallization and incorporation of chemical species from the electrolyte (Bayati et al. 2010, 111 
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Franz et al. 2016, Mirelman et al. 2012).   Due to these features, since the ‘70s the PEO process 112 

has found industrial applications to obtain oxide protective layers on aluminum and magnesium 113 

(Yerokhin et al. 1999), and titanium alloys, mostly Ti-6Al-4V for biomedical implants (Liu et al. 114 

2005, Nie et al. 2000, Wei et al. 2008). 115 

In the present study, the effectiveness of the electrochemical photocatalysis employing 116 

immobilized TiO2 obtained by PEO was tested for the removal of CECs by treating a real 117 

secondary wastewater. The wastewater was also spiked with carbamazepine, which is one of 118 

the main CECs in municipal wastewaters. In order to get insights about the degradation 119 

pathway in the real water matrix, an identification of the transformation products (TPs) formed 120 

during the photocatalytic treatment of secondary wastewater effluent was performed, too. 121 

Finally, the supported catalyst was positively tested for 15 cycles demonstrating that it has the 122 

potential to be used in real wastewater tertiary step aimed at removing CECs. 123 

 124 

 125 

2. Materials and methods 126 

2.1. Preparation of nanostructured TiO2 Meshes  127 

Titanium dioxide coatings were obtained by PEO of grade I titanium expanded meshes in 1.5 M 128 

H2SO4 (14.7 wt. %), at constant potential of 150 V, for 5 mins. Several smaller samples (18 cm2 129 

area) were also produced in the same conditions for further characterization. Visually, all the 130 

samples had a light gray and uniform appearance. The electrolyte temperature was set at about 131 

-5 °C by a cryostat (HAAK D10). After PEO, the samples were rinsed with water and dried in a 132 

stream of air. 133 
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Morphology was investigated by scanning electron microscopy (SEM) using a Zeiss EVO 50 134 

instrument. The phase structure and texture of the titanium dioxide films were assessed by X-135 

ray diffraction (XRD) using a Philips PW1830 instrument operating in Bragg-Brentano geometry 136 

at a potential of 40 kV with a filament current of 40 mA. Diffractograms were acquired with Cu 137 

Kα1 radiation in the 2θ range 20–60° at the scanning rate of 2.5° per min. The XRD patterns 138 

were indexed according to the powder diffraction files of titanium (ICDD-PDF 44-1294), anatase 139 

(ICDD-PDF 21-1272) and rutile phases (ICDD-PDF 21-1276). The mass fraction of anatase was 140 

calculated according to Eq. 1 (Spurr and Myers 1957), where IR is the intensity of the strongest 141 

rutile reflection, (110), and IA is the intensity of the strongest anatase reflection, (101), 142 

�� = �
����.�	
��

��


�
%   Eq. 1 143 

Surface porosity was evaluated by analyzing several SEM surface micrographs taken at 20,000x 144 

magnification using ImageJ analysis software. Film thickness and depth profiling were assessed 145 

by Glow Discharge Optical Emission Spectrometry (GD-OES) using a Spectruma GDA750 146 

analyzer operated at 700 V in argon atmosphere at 230 Pa. The area of analysis was of ~2.5 mm 147 

diameter, and the monitored light emissions during the analysis were 130 nm and 362 nm for 148 

oxygen and titanium, respectively. The photocurrent density of the TiO2 film was measured by 149 

Linear Sweep Photo-Voltammetry (LSPhV) in 4.2 mM KCl aqueous solution with and without 150 

irradiation at a scan rate of 5 mV s-1 and room temperature using a potentiostat/galvanostat 151 

(Solartron Analytical ModuLab ECS). The reference electrode was a Saturated Calomel Electrode 152 

(SCE). The counter electrode was a Ti-6Al-4V mesh. The exposed area during LSV was 4 cm2. The 153 

photocurrent measurements were repeated three times. The Incident Photon-to-Current 154 

Efficiency (IPCE) was calculated using the equation 2 155 
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�����%� = 	 �∗�� 	∗ 	 �
�∗�   Eq. 2 156 

where h is the Plank constant [m2Kg s-1], c is the speed of light [m s-1], e is the electron charge 157 

[C], I is the steady-state photocurrent density [A m-2], P is the light intensity [W m-2] and λ is the 158 

incident wavelength.  The IPCE values were taken under polarization at 1.5 V vs SCE. The 159 

electrochemical surface area (ECSA) of the TiO2 obtained by PEO was estimated by cyclic 160 

voltammetry (Trasatti and Petrii 1991), where consecutive potential cycles centered around the 161 

open potential circuit were recorded in a potential range -0.52 ÷ -0.42 V vs. SCE at five different 162 

scan rates. 163 

 164 

2.2. Organic pollutants and wastewater characteristics 165 

Wastewater was collected at the outlet of the aerobic biological step (suspended biomass) from 166 

a WWTP of the area of Milan, Italy, that includes grit and grease removal step, biological 167 

oxidation-nitrification sections, denitrification, secondary sedimentation steps, disinfection. The 168 

physicochemical parameters were determined according to Standard Methods (Rice et al. 2012) 169 

and are listed in Table 1 together with the relevant figures of the selected WWTP. Wastewater 170 

samples were first filtered on paper filter to remove coarse materials and then on 0.2 µm glass 171 

filter. Filtered wastewater was spiked with carbamazepine (Sigma-Aldrich) at concentration of 172 

100 µg L-1 before running the photocatalytic experiments. The spiking concentration was 173 

chosen in order to obtain a good compromise between having a concentration high enough to 174 

be able to detect a number of transformation products and low enough to be close to real 175 

environmental conditions. 176 

 177 
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2.3. Experimental setup 178 

The process was carried out in a laboratory-scale 1 L tubular photocatalytic reactor equipped 179 

with a 1 L buffer reservoir working in semi-batch mode under electrical polarization (bias) of 180 

the expanded mesh (geometric surface area 327.5 cm2). The sketch of the employed reactor is 181 

shown in Figure S1 (Supplementary Material). The UV source consisted of a 30 W low-pressure 182 

Hg vapor lamp UV-C lamp emitting at 254 nm. Accordingly, four different configurations with 183 

the explained reactor were investigated as follow: TiO2+UV+bias, TiO2+UV, TiO2+bias, and only 184 

UV. Control tests with the conventional suspended catalyst were carried out with a batch 185 

reactor (1 L) equipped with a 30 W low-pressure Hg vapor lamp (Helios Italquartz). The 186 

employed conventional catalyst was Degussa P25 (Evonik) TiO2, consisting of anatase and rutile 187 

crystallites with a ratio typically of 80:20, a surface area of 50 m2 g-1 and an average diameter of 188 

30 nm. The radiance density flux at 254 nm was measured through actinometry test using 10 189 

µM uridine (Sigma-Aldrich). 190 

 191 

2.4. Chemical analysis 192 

The monitoring at various reaction times of the residual concentration of spiked 193 

carbamazepine, of the other compounds detected in the employed wastewater and the 194 

investigation of TPs (see next section) was carried out by an Ultimate 3000 UPLC System 195 

(Thermo Fisher Scientific) equipped with an autosampler, temperature-controlled column 196 

compartment and UV detector as a chromatographic system that was interfaced with a high-197 

resolution mass spectrometer, TripleTOF® 5600+ System (AB Sciex) equipped with a duo-spray 198 

ion source that was operated in electrospray (ESI) mode in positive and negative ion modes. MS 199 
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analysis was carried out by an information dependent analysis (IDA) method that includes a 200 

survey scan in TOF-MS and, after background subtraction, the isolation and fragmentation in 201 

the collision cell of the four most intense ions. 202 

The chromatographic separation of the organic mixtures was performed by injecting 500 µL 203 

samples, according to the so-called large volume injection mode, and eluting them at 0.200 mL 204 

min-1 through a BEH C18 column, 2.1 x 150 mm, 1.7 µm, with a binary gradient consisting of 205 

H2O/ACN 95/5, 0.1% HCOOH (A) and ACN, 0.1% HCOOH (B). The large volume injection mode 206 

was used in order to reach limit of detection of the order of few ng L-1, namely the 207 

concentration of CECs usually found in real wastewater effluents. The gradient started from 5 % 208 

B that was held for 4.6 min and then was linearly increased to 80 % in 18.5 min and to 100 % in 209 

further 5.5 min and the final composition was held for 0.5 min. At the end of each run, the 210 

system was further rinsed for 6 min using the final eluent composition and then returned to 211 

starting conditions and equilibrated for 5 min. The residual concentration of carbamazepine 212 

was obtained by MultiQuan 3.0.2 software (AB Sciex). 213 

 214 

2.5. Suspects screening, non-target screening and transformation products identification 215 

While targeted LC–tandem MS (liquid chromatography–mass spectrometry) methods are 216 

specifically designed to analyze and quantify a set of previously defined target compounds, 217 

non-target approaches make use of modern high speed and high resolution mass 218 

spectrometers (HRMS) to gather as much information as possible about any detectable 219 

substance. All the collected IDA-MS data files, corresponding to the different reaction times for 220 

a specific treatment, were processed for non-target screening using a data workflow in 221 
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enviMass 3.4 software (Loos 2018). Briefly, the approach used for the interpretation and 222 

processing of data is as follows: an initial enviMass peak picking step generates a list of ions 223 

with a corresponding retention time and peak intensity in each acquired file. The list of ions was 224 

subsequently reduced by replicate sample intersection, removal of peaks which have also been 225 

detected in blank samples, isotope grouping and adduct grouping. The obtained peak lists were 226 

then processed by SciexOS software for detecting significant trends as well as for identification 227 

of unknown compound, employing both the formula finder based on isotopic pattern and 228 

library searching capabilities (LibraryView). Structure identification was then attempted based 229 

on high resolution MS-MS data (Detomaso et al. 2005). Moreover, linking these results to 230 

ChemSpider and Metlin, a more confident identification of detected compounds in investigated 231 

samples was performed (Guijas et al. 2018). The peaks for which a typical trend of 232 

transformation products was identified were further processed by R statistical environment, 233 

using a linkage analysis script, in order to obtain further information about the occurrence of 234 

possible TPs (Schollée et al. 2018). 235 

 236 

 237 

3. Results and discussion 238 

3.1. Characterization of nanostructured TiO2 meshes  239 

As shown by the SEM micrograph of the surface of the TiO2 coating in Figure 1a, the oxide layer 240 

is porous with an interconnected sponge like morphology. The average surface porosity 241 

obtained by analyzing the SEM surface micrograph is about 10 %. However, the cross-section 242 

SEM micrograph (inset of Figure 1a) revealed that the coatings are increasingly compact in 243 
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depth. The GDOES depth profiles of the titanium and oxygen elements shown in Figure 1b 244 

confirmed that the thickness of the TiO2 coating is roughly 2.5 µm. According to the XRD 245 

patterns shown in Figure 1c, the as-prepared TiO2 films are crystalline in structure. The mass 246 

fraction of the anatase and rutile phases calculated following Spurr (Spurr and Myers 1957) are 247 

58 % and 42 %, respectively. Based on the UV-visible spectra and the corresponding Kubelka-248 

Munk conversion using the Tauc-plot method (Figure S2) a band gap of 3.06 eV was calculated, 249 

as expected considering the band gap of pure anatase (3.2 eV) and pure rutile (3.02 eV). 250 

The photoelectrochemical activity of TiO2 coating was assessed by measuring the photocurrent 251 

of the films under electrical bias, i.e. by linear voltammetry in dark and under UV-C irradiation 252 

from 0 V to 1.5 V (vs. SCE). The photocurrent density initially increases steeply with the 253 

potential, and then it stabilizes on a well-developed plateau at 0.174 mA cm-2 and 0.96 V vs. 254 

SCE. The corresponding IPCE, which is defined as the number of electrons generated by light in 255 

the external circuit divided by the number of incident photons, more clearly represents the 256 

photoelectrochemical activity of the coatings. In agreement with the photocurrent density, the 257 

IPCE initially linearly increases with the applied voltage and then it stabilizes at a maximum 258 

value of 65%. 259 

The previous characterizations were carried out on sacrificial samples obtained in the same 260 

experimental conditions as for the expanded mesh employed in the reactor. From the practical 261 

point of view, linear sweep photovoltammetric measurements carried out in situ by keeping the 262 

mesh in the reactor. This allows an easily monitoring of the activity of the TiO2 catalyst grown 263 

on the expanded mesh. Additionally, based on the photocurrent response of the mesh, the 264 

electrochemical polarization voltage to be applied at the catalyst during operation can be 265 
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selected and possible phenomena of shielding of the TiO2 film due to the anodic deposition of 266 

dispersed particulate or oxidation by-products can be detected. In Figure S3, the resulting 267 

photocurrent response from 0 V to 5 V (cell voltage) is shown.  In agreement with 268 

measurements carried out on sacrificial samples, the photocurrent shows an initial sharp 269 

increase followed by a plateau. 270 

The minimum surface area of the TiO2 catalyst employed in the electrochemical photoreactor 271 

corresponded to 327.5 cm2, i.e. the geometrical area of the expanded mesh itself. However, the 272 

real surface area is expected be higher than the geometrical area of the titanium substrate due 273 

to the porous morphology. In order to estimate the real surface area involved in the 274 

photoelectrochemical process, the electrochemical surface area (ECSA) of the catalyst was 275 

measured (Trasatti and Petrii 1991). The ECSA was calculated on the basis of the capacitive 276 

current due to the double-layer charging and discharging at the solid–electrolyte interface in 277 

the non-faradaic region of the cyclic voltammograms. The resulting total intensive capacitance 278 

of about 48.2 µF cm-2 was compared to the experimental intrinsic specific capacitance, which 279 

was about 0.88 µF cm-2, leading to a real surface area of 54.8 cm2 per cm2 of geometrical area. 280 

This corresponds to around 5.7 m2 g-1, which is a reasonable value considering that TiO2 281 

nanopowders have real surface area of the order of 150 m2 g-1. Therefore, the total ECSA of the 282 

catalyst used in the electrochemical photoreactor was 1.795 m2.  Comparatively, the control 283 

tests in the batch reactor were carried out using a total amount of conventional suspended 284 

catalyst of 100 mg L-1, corresponding to a real surface area of 5 m2. 285 

 286 
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3.2. Photocatalytic removal of CECs 287 

The degradation of carbamazepine, which was initially spiked at 100 µg L-1 in the wastewater 288 

effluent, by the conventional photocatalysis with suspended Degussa P25 and by 289 

electrochemical TiO2 photocatalysis is depicted in Figure 2. Results show that with the two 290 

above mentioned photocatalytic processes the carbamezapine was completely removed within 291 

45 min. The degradation by the conventional suspended catalyst showed a slightly faster 292 

removal in the first stage of the reaction, namely between 5 and 30 min. The beneficial effect of 293 

applying a polarization potential (bias) to the supported TiO2 catalyst is also evident from Figure 294 

2 since the reaction performed without any bias showed a much slower carbamazepine 295 

degradation being about 20 % the residual carbamazepine after 90 min of reaction. Also, 296 

reaction performed with conventional and electrochemical photocatalysis shows a faster 297 

carbamazepine removal than photolytic process. A more equitable comparison could be 298 

obtained where the results of actinometry test in both conventional and electrochemical 299 

photocatalysis conditions are considered. In particular, it was revealed that in case of 300 

electrochemical photocatalysis, the presence of the mesh introduces a shielding effect of 301 

almost 66% remaining an amount of radiance density flux as 0.08 W cm-2 while in the case of 302 

conventional photocatalysis, the shielding effect was measured as 6.74% corresponding to a 303 

flux of 0.15 W cm-2. Overall, the results displayed in Figure 2 demonstrate the effectiveness of 304 

electrochemical photocatalysis with supported TiO2 catalyst. Specifically, even though the 305 

performance of the electrochemical TiO2 photocatalysis showed to be similar to the 306 

photocatalysis with the conventional suspended TiO2, the former process has the advantage of 307 

avoiding using a suspended catalyst that is known to be difficult to be removed at the end of 308 
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the water treatment process. In addition, the supported catalyst was positively tested for 15 309 

cycles showing that the performance, based on pseudo-first order kinetic constants, remained 310 

in the range of 75-100 % (Figure 3a). After a prolonged use (several tenths of reactions) the 311 

catalyst showed a reduced performance. However, the initial performance was recovered by a 312 

chemical cleaning in dilute HCl solution or, eventually, by a re-anodization process (Figure 3b). 313 

In order to get deeper insights about the effectiveness of the novel catalyst, the comparison of 314 

the electrochemical photocatalysis with respect to both photocatalysis with the same 315 

supported TiO2 catalyst and photolysis was also performed for the CECs naturally present in the 316 

secondary wastewater effluent. An analytical screening was carried out, as described in the 317 

section 2.5, aimed at identify as many as possible CECs. The procedure led to the detection of 318 

201 compounds present in the secondary wastewater effluent employed for the photocatalysis 319 

tests and 51 of them were also successfully associated to CECs on the basis of the positive 320 

match of both the isotopic cluster of molecular ion and the product ion spectrum with that of 321 

the available MS library. The decay of the 51 identified CECs was found to follow first-order 322 

kinetics and the distribution of their kinetic constants are shown in Figure 4a. Boxplots built 323 

with all obtained kinetic constant values show the higher performance of the electrochemical 324 

photocatalysis with respect to the experiment where the bias was off (TiO2+UV) as well as to 325 

the photolysis. Specifically, the median values of the 51 kinetic constants resulted to be 0.044, 326 

0.023 and 0.034 min-1 for the TiO2+Bias+UV, TiO2+UV and UV, respectively. A similar trend with 327 

the highest values for the TiO2+Bias+UV process was found when considering the mean kinetic 328 

constant value (0.048, 0.035 and 0.043 min-1, respectively) and the 25-75 % percentile range 329 

used for building the boxplots (0.02-0.069, 0.007-0.053 and 0.009-0.059, respectively). 330 
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From the first-order kinetic constants, it can be easily obtained the half-life times of each 331 

suspect CECs. All the results were plotted as boxplots and the results showed, once again, the 332 

superior performance of the electrochemical photocatalysis (Figure 4b). Specifically, a mean 333 

half-life time of 28.1 min was calculated for the TiO2+Bias+UV process with respect to 80 and 334 

62.3 min for the TiO2+UV and UV treatments, respectively. In addition, from the first-order 335 

kinetic constants the Electrical Energy per Order of magnitude of removal (EEO), expressed in 336 

kWh m-3, can be calculated using equation 1 (Murgolo et al. 2017): 337 

= 38.4		"	#$	%&'()	�*+�		
$	�,�	"	*	�-./0�� 																																										�1� 

where k is the first-order rate constant (min-1) for the disappearance or the target CECs, V is the 338 

water volume to be treated and UV power is obtained from the employed UV lamp. As 339 

expected, the obtained results (Figure 4c) show the lower energy requirements of the 340 

electrochemical photocatalysis being the EEO values 46.8, 133 and 103.5 kWh m-3, for the for 341 

the TiO2+Bias+UV process with respect to the TiO2+UV and UV treatments, respectively. Indeed, 342 

the obtained EEO values when translated into electrical operating costs would lead to values at 343 

least one order of magnitude higher than those calculated for CECs removal at full scale 344 

WWTPs. It has to be taken into account that the employed experimental system is a small lab-345 

scale reactor and consequently its electrical operating cost cannot be compared with that of 346 

full-scale systems. 347 

Overall, the above-described results demonstrate that the novel supported TiO2 catalyst 348 

employed for the electrochemical photocatalysis is effective in removing not only the spiked 349 

carbamazepine at 100 µg L-1 but, more importantly, a high number of CECs present in the real 350 

secondary wastewater effluent. 351 
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 352 

3.3. Minimization of transformation products 353 

Beside the degradation of CECs present in the employed secondary wastewater effluent, it is 354 

also important to assess the TPs arising from the treatment by electrochemical photocatalysis 355 

with the novel supported TiO2 catalyst with respect to both photolysis and photocatalysis with 356 

the same supported catalyst. The employed analytical protocol for the screening of non-target 357 

organics allowed detecting compounds not present in the secondary effluent at the beginning 358 

of the UV-based experiments that could be thus confidently associated to TPs. Using the same 359 

protocol, the detection of compounds initially present in the employed wastewater and 360 

increasing along reaction time was also accomplished. Consequently, the latter compounds 361 

were associated to TPs, too. By a careful inspection of the detected compounds as output of 362 

the aforementioned analytical protocol, 194 TPs were rationally identified (Table S2). The 363 

detected TPs showed to follow three different types of time profiles, namely (i) a bell-shape 364 

trend, (ii) slight increase followed by a steady time-profile, (iii) a constant increase along 365 

reaction time. TPs with the latter two time-profiles were thus accumulating in the reaction 366 

mixture.  367 

Indeed, a number of TPs were surely arising from the organic matter contained in the real 368 

wastewater rather than from CECs. Therefore, considering the high number of TPs detected, 369 

the comparison of the three UV-based processes was performed based on average peak 370 

intensity. In Figure 5a are depicted the results of the 194 TPs for the three UV-based treatments 371 

at both the final reaction time (90 min) and the middle reaction time (45 min) in comparison 372 

with the initial wastewater. The boxplots of Figure 5a clearly show the higher performance of 373 
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the electrochemical photocatalysis with respect to both the experiment where the bias was off 374 

(TiO2+UV) and the photolysis. Specifically, the mean peak area for TiO2+Bias+UV at 45 min 375 

reaction time resulted to be almost the half those of the other two treatments (183500, 31200 376 

and 35900 for the TiO2+Bias+UV, TiO2+UV and UV, respectively). Results obtained at 90 min 377 

reaction time show that such a difference between TiO2+Bias+UV and the other two processes 378 

further increased being the mean peak area one-third of the other two reactions. It is worth 379 

noting that the mean peak area value obtained by TiO2+Bias+UV after 90 min is only 67 % of 380 

that of the initial wastewater (110000 with respect to 163000) because only the detected 194 381 

TPs were considered where, most of them, were not present in the initial wastewater. When 382 

both the detected 194 TPs and the 201 compounds present in the secondary wastewater 383 

effluent employed for the photocatalysis tests (51 of which were associated to CECs) were 384 

considered, different results were obtained (Figure 5b). Specifically, the mean peak area value 385 

of the initial wastewater was similar to those of the TiO2+UV and UV treatments at both 45 and 386 

90 min but the correspondent values of the TiO2+Bias+UV treatment were consistently lower. In 387 

addition, Figure 5b shows that, even though several TPs were detected, after just 45 min of 388 

reaction the three investigated processes were able to lead an average peak area of all 389 

detected compounds lower than the initial value, being that of the TiO2+Bias+UV treatment the 390 

lowest. This demonstrates that that the TiO2+Bias+UV treatment is much more efficient than 391 

both TiO2+UV and UV in minimizing the intensity of the organics in the real wastewater. Such a 392 

better performance was more pronounced at higher reaction time reaching 60 % reduction of 393 

mean peak area of TPs at 90 min of reaction. 394 

 395 
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3.4. Identification of transformation products and carbamazepine degradation pathway 396 

In order to get insights about the occurrence of TPs arising from possible transformation 397 

reaction the linkage analysis was employed (Schollée et al. 2018). The linkage analysis is based 398 

on the fact that a transformation reaction is associated to an accurate mass difference between 399 

the parent compound and the TP. As the analytical screening was performed by high resolution-400 

mass spectrometry for all detected compounds the accurate mass was obtained (Tables S1 and 401 

S2). A list of possible transformation reactions was built on the basis of reactions likely to occur 402 

during UV-based processes and each reaction is consequently associated to an accurate mass 403 

difference (Table 2). The list of parent compounds detected in the initial wastewater (table S1) 404 

was then compared with the list of detected TPs (Table S2) in order to obtain the couples of 405 

parent/TP whose accurate mass difference match one of those listed in Table 2 within the set 406 

mass tolerance. As expected, results showed that the highest number of transformations were 407 

those compatible with oxidative reactions likely to occur during photocatalysis (Figure 6). 408 

Specifically, four transformation reactions (addition of 2 atoms of oxygen, addition of 3 atoms 409 

of oxygen, hydroxylation/N or S-oxidation/epoxidation, alcohol to carboxylic acid) were found 410 

to have 8, 4, 7 and 10 couples of parent/TP that could be positively associated to them. The 411 

hydration reaction was found to be the transformation reaction with the highest number (11) 412 

of matches. This reaction occurred on compounds with carbon-carbon double bonds present in 413 

the wastewater matrix and the UV light made the hydration reaction likely to occur. It is worth 414 

noting that beside the hydration reaction also the de-hydration reaction was found to have 6 415 

positive matches. It follows that both the hydration and de-hydration occur during UV-based 416 

processes with real wastewater due to the chemical composition of the real water matrix and 417 
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to the combination of UV light and temperature increase as a consequence of UV lamp energy 418 

dissipation. In addition, a relevant number of positive matches were also observed for reaction 419 

likely due to photolysis, namely di-demethyl or de-ethylation (9 matches), demethylation and 420 

de-acetylation (6 matches for each reaction), dealkylation (5 matches).  421 

The linkage analysis was also carried out using, as parent compounds, the list of 51 suspect 422 

CECs identified within the 201 compounds detected in the initial wastewater. Results (Figure 6, 423 

red lines) showed that the distribution of detected transformations was similar to the previous 424 

linkage analysis. Specifically, the highest number of matches were obtained for the alcohol to 425 

carboxylic acid reaction, de-hydration, dealkylation (4 matches for each transformation) and 426 

hydroxylation/N or S-oxidation/epoxidation, hydration, dealkylation (3 matches). 427 

In addition, as carbamazepine was spiked in the real wastewater at beginning of the reaction, 428 

the couples of parent/TP detected by the linkage analysis were inspected in order to find those 429 

that matched the known TPs of carbamazepine. Six carbamazepine TPs were positively 430 

detected that allowed to drawn the degradation pathway depicted in Figure 7. It is worth 431 

noting that all the TPs of Figure 6 were positively identified on the basis of accurate mass of 432 

molecular ion, elemental composition using the isotopic cluster of molecular ion and MS-MS 433 

spectra. Therefore, the identification level of such TPs was 2 (probable structure) according to 434 

Schymanski et al. (Schymanski et al. 2014). The TP250 (Figure 7) was rationalized to derive from 435 

TP268 (and not from carbamazepine by the alcohol to carboxylic acid or primary amine to nitro 436 

reaction that was also detected by the linkage analysis) by a hydration reaction as this TP was 437 

also detected in the initial wastewater. TP223 was found by the linkage analysis as parent of the 438 
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TP179 (acridine) and it was rationalized to derive from carbamazepine as a result of multiple 439 

transformations.  440 

In Figure S4 the time-profiles of the TPs of Figure 6 are depicted, showing that the 441 

electrochemical TiO2 photocatalysis allowed a higher minimization of their abundances with 442 

respect to both photolysis and photocatalysis with supported TiO2. These results confirmed 443 

what above reported about the better performance of the investigated process. It is worth 444 

noting that the time-profiles show that at higher reaction time the TPs disappear likely forming 445 

low-molecular weight organic acids as final degradation products that are not detectable by the 446 

employed chromatographic column being necessary to use ion chromatography (Mascolo et al. 447 

2005). It worth noting that the formation of such further TPs would not be easily detectable in 448 

the employed real effluent since carboxylic acids could exists as coming from other processes 449 

and other organic compounds. 450 

By inspecting the couples of parent/TP detected by the linkage analysis it was also possible to 451 

find some compounds that underwent transformation reactions. These compounds are not 452 

included in the list of suspect CECs and therefore are likely to be compounds present in the 453 

water matrix of the employed real wastewater. The reactions detected by the linkage analysis 454 

were, most of the times, oxidation reactions that are consistent with the investigated 455 

processes. A typical example is related to the parent compound of accurate mass 141.1154 456 

([M+H]+ = 142.1218) whose elemental composition was determined to be C8H15NO. This 457 

compound is likely to be 1-piperidinoacetone even though two other chemical structures are 458 

possible, namely tropine and azonan-2-one. For the parent compound the linkage analysis 459 

detected two oxidative transformation products as depicted in the degradation pathway of 460 
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Figure 8 where the chemical structure of two other possible parent compounds are shown, too. 461 

The chemical structure could not be identified unequivocally due to lack of MS-MS spectra and 462 

authentic standard. Overall, the linkage analysis demonstrated to be a useful tool for selecting 463 

the TPs to be further investigated among the full list of TPs. 464 

 465 

 466 

4. Conclusions 467 

The application of an electrochemical photocatalytic process based on the use of an innovative 468 

photoactive coating grown directly on titanium meshes was evaluated for the degradation of 469 

pharmaceuticals in real secondary wastewater effluent. Carbamazepine and other CECs were 470 

more rapidly phototransformed compared to only photolysis, regardless the water matrix. It 471 

was demonstrated that the supported catalyst can be easily reused without losing efficiency. 472 

The fate of 194 metabolites formed during the investigated treatments was assessed, observing 473 

a higher performance of the electrochemical photocatalysis with respect to both the 474 

experiment where the bias was off (TiO2+UV) and the photolysis. Results show that non-target 475 

evaluation can give additional information to assist process evaluation beyond the analysis of 476 

single “target” micropollutants. The suspect search allows a wider spectrum of micropollutants 477 

to be monitored (e.g., due to a decrease in treatment performance) and can be used to 478 

annotate non-target peak lists to identify the peaks which are already known prior to further 479 

non-target evaluation. Finally, the possible scale-up of the proposed water treatment could 480 

take advantage from the fact that the catalyst is prepared by a technique already in use in the 481 

industry of surface treatments. As far as information about operating costs is concerned, it can 482 
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be stated that the investigated process is less energy demanding of the other two tested 483 

processes. However, as the employed experimental reactor is a small lab-scale system, the 484 

obtained EEO values when translated into electrical operating costs would lead to values at least 485 

one order of magnitude higher than those calculated for CECs removal at full scale WWTPs. It 486 

follows that the new investigated process still needs many improvements to be a reality in 487 

scale-up. 488 

 489 
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Table 1 647 

 648 

 649 

Table 1. Characteristics of the employed real secondary wastewater effluent. 650 

 651 

parameter range value (min-max) 

Flow rate 432,000 m3 d-1 

Population equivalent 1,250,000 

pH 7.3÷8 

conductivity 720÷950 µS cm-1 

COD 30÷60 mg L-1 

BOD5 < 15 mg L-1 

TOC 12÷25 mg L-1 

DOC 10÷22 mg L-1 

Cl- 200÷260 mg L-1 

N-NO3 2÷4 mg L-1 

N-NH4 < 5 mg L-1 

Total N < 10 mg L-1 

Total P 0.9÷1.5 mg L-1 

SST < 15 mg L-1 

 652 

653 
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Table 2 654 

 655 

Table 2. List of transformation reactions considered for linkage analysis with the indication of 656 

the exact mass difference and formula difference between the parent compound and 657 

transformation product as a result of the transformation reaction. 658 

 659 

Transformation reaction 
Formula 

difference 

Exact m/z 

difference 

Glucuronidation +C6H8O6 176.032 

Sulfation +SO3 79.9568 
Addition of 3 atoms of oxygen +3O 47.9847 

Acetylation +C2H2O 42.0106 

Addition of 2 atoms of oxygen +2O 31.9898 

Methyl to carboxylic acid, amine to nitro -2H+2O 29.9741 

Hydration +H2O 18.0106 

Hydroxylation, N or S-oxidation, epoxidation +O 15.9949 
Oxidative deamination -NH3+2O 14.9632 

Alcohol to carboxylic acid or primary amine to nitro -2H+O 13.9792 

Oxidative displacement of amine -NH +OH 1.9918 

Deamination to ketone -NH3+O -1.0317 

Demethylation -CH2 -14.0157 

Dehydration -H2O -18.0106 

Di-demethyl or de-ethylation -C2H4 -28.0313 

Dealkylation -C2H6 -30.047 

De-acetylation -C2H2O -42.0106 

Decarboxylation -CO2 -43.9898 

Loss of nitro group -NO2+H -44.9851 
De-sulfation -SO3 -79.9568 

De-glucuronidation -C6H8O6 -176.032 
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 661 

Figure Captions 662 

 663 

Figure 1. SEM micrographs, surface and cross-section (inset), of the TiO2 film (a), GDOES in-664 

depth profile of Titanium and Oxygen elements into the TiO2 film (b), XRD pattern of 665 

the TiO2 films (A=Anatase; R=Rutile; T=Titanium substrate) (c) and IPCE of TiO2 films 666 

obtained by PEO  as a function of the applied voltage (d).  667 

Figure 2. Degradation of carbamazepine by photoelectrocatalysis and conventional 668 

photocatalysis (Degussa P25) performed in real secondary effluent wastewater. Error 669 

bars represent the standard deviation obtained for three replicates. 670 

Figure 3. Replicates of carbamazepine degradation in real secondary effluent wastewater by 671 

photoelectrocatalysis (a) and aging effect of the nanostructured TiO2 meshes along 672 

prolonged use and recovery of the initial performance by re-anodization (b). 673 

Figure 4. Box-whisker plots of kinetic constants for the 51 suspect CECs identified by the 674 

analytical screening procedure (Table S1) during degradation by photolysis, 675 

photocatalysis with supported TiO2 and electrochemical photocatalysis 676 

(TiO2+Bias+UV) in real secondary effluent wastewater. Boxplots represent the 677 

distance between the first and third quartiles while whiskers are set as the most 678 

extreme (lower and upper) data point not exceeding 1.5 times the quartile range 679 

from the median. Kinetic constants outside such a range are outliers. 680 

Figure 5. Box-whisker plots of peak area for the 194 TPs (a) and for all 395 compounds (194 681 

TPs + 201 compounds present in the secondary wastewater effluent) detected by the 682 
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analytical screening procedure (Table S2) during degradation by photolysis, 683 

photocatalysis with supported TiO2 and electrochemical photocatalysis 684 

(TiO2+Bias+UV) in real secondary effluent wastewater at 45 and 90 min reaction time. 685 

Boxplots represent the distance between the first and third quartiles while whiskers 686 

are set as the most extreme (lower and upper) data point not exceeding 1.5 times the 687 

quartile range from the median. Values outside such a range are outliers. 688 

Figure 6. Radar plot of the different transformation reactions detected by linkage analysis 689 

considering as parent compounds all the 201 compounds listed in Table S1 (blue line) 690 

or the 51 suspect CECs detected within such a list (red line). The scale, indicated on 691 

the grey concentric circles, shows the number of times each transformation reaction 692 

was detected. 693 

Figure 7. Proposed degradation pathway of carbamazepine obtained on the basis of the 694 

transformation reactions detected by the linkage analysis. TPs are named with their 695 

nominal mass. 696 

Figure 8. Proposed degradation pathway of 1-piperidinoacetone obtained on the basis of the 697 

transformation reactions detected by the linkage analysis. The two other possible 698 

chemical structures, namely tropine and azonan-2-one, are also shown. 699 
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Figure 1 701 

 702 

 

 (a) 
                                                                  (b) 

 (c)                                                                 (d) 

 703 

Figure 1. SEM micrographs, surface and cross-section (inset), of the TiO2 film (a), GDOES in-704 

depth profile of Titanium and Oxygen elements into the TiO2 film (b), XRD pattern of 705 

the TiO2 films (A=Anatase; R=Rutile; T=Titanium substrate) (c) and IPCE of TiO2 films 706 

obtained by PEO  as a function of the applied voltage (d).  707 

 708 

TiO2 film thickness 
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Figure 2 709 
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 711 

Figure 2. Degradation of carbamazepine by photoelectrocatalysis and conventional 712 

photocatalysis (Degussa P25) performed in real secondary effluent wastewater. 713 

Error bars represent the standard deviation obtained for three replicates. 714 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

37 
 

Figure 3 715 
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Figure 3. Replicates of carbamazepine degradation in real secondary effluent wastewater by 718 

photoelectrocatalysis (a) and aging effect of the nanostructured TiO2 meshes along 719 

prolonged use and recovery of the initial performance by re-anodization (b). 720 
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 724 

Figure 3. Box-whisker plots of (a) kinetic constants, (b) half-life times and (c) Electrical Energy per Order of magnitude of removal 725 

(EEO) for the 51 suspect CECs identified by the analytical screening procedure (Table S1) during degradation by photolysis, 726 

photocatalysis with supported TiO2 and electrochemical photocatalysis (TiO2+Bias+UV) in real secondary effluent 727 

wastewater. Boxplots represent the distance between the first and third quartiles while whiskers are set as the most 728 

extreme (lower and upper) data point not exceeding 1.5 times the quartile range from the median. Kinetic constants 729 

outside such a range are outliers. 730 
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Figure 5 731 

 732 

 733 

Figure 4. Box-whisker plots of peak area for the 194 TPs (a) and for all 395 compounds (194 734 

TPs + 201 compounds present in the secondary wastewater effluent) detected by the 735 

analytical screening procedure (Table S2) during degradation by photolysis, 736 

photocatalysis with supported TiO2 and electrochemical photocatalysis 737 

(TiO2+Bias+UV) in real secondary effluent wastewater at 45 and 90 min reaction time. 738 

Boxplots represent the distance between the first and third quartiles while whiskers 739 

are set as the most extreme (lower and upper) data point not exceeding 1.5 times the 740 

quartile range from the median. Values outside such a range are outliers. 741 
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Figure 6 743 
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 744 

Figure 5. Radar plot of the different transformation reactions detected by linkage analysis 745 

considering as parent compounds all the 201 compounds listed in Table S1 (blue line) 746 

or the 51 suspect CECs detected within such a list (red line). The scale, indicated on 747 

the grey concentric circles, shows the number of times each transformation reaction 748 

was detected. 749 
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Figure 7 751 
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 754 

Figure 6. Proposed degradation pathway of carbamazepine obtained on the basis of the 755 

transformation reactions detected by the linkage analysis. TPs are named with their 756 

nominal mass. 757 
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Figure 8 759 

 760 

761 
 762 

 763 

Figure 7. Proposed degradation pathway of 1-piperidinoacetone obtained on the basis of the 764 

transformation reactions detected by the linkage analysis. The two other possible 765 

chemical structures, namely tropine and azonan-2-one, are also shown. 766 
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HIGHLIGHTS 

 

� immobilized TiO2 on titanium mesh was used for CECs photocatalysis in wastewater 

� over 200 organic compounds present in secondary wastewater effluent were removed  

� The supported catalyst was positively tested for 15 cycles  

� The electrophotocatalityc  process can be used for removing CECs in real wastewater 


