Catalysis Today xxx (XXXxX) XXX

Contents lists available at ScienceDirect

Catalysis Today

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

ELSEVIER

Peroxymonosulfate enhanced photoelectrocatalytic degradation of
17 a-ethinyl estradiol

Rebecca Dhawle , Spyridon Giannakopoulos*, Zacharias Frontistis ™,
Dionissios Mantzavinos *
& Department of Chemical Engineering, University of Patras, 26500 Patras, Greece

Y Department of Chemical Engineering, University of Western Macedonia, GR-50132 Kozani, Greece
€ School of Sciences and Engineering, University of Nicosia, 2417 Nicosia, Cyprus

ARTICLE INFO ABSTRACT

Keywords: This work aimed at the degradation of the synthetic estrogen 17a-ethinyl estradiol (EE2) via a combined pho-
Phom"jleﬁrocatalyﬂs toelectrocatalysis (PEC) and peroxymonosulfate (PMS) process. Pristine and combined TiO/WO3 photoanodes
Estradiol were fabricated and used in this work. The removal of 1 mg L™} of EE2 increased from 47.9 % to 88.8 % in 60
Peroxymonosulfate

min by adding 10 mg L ™! of PMS and an external bias of 1 V. EE2 was degraded in the presence of 0.05 M sodium
sulfate as the electrolyte. The rate constant for the combined PEC-PMS process was 0.044 min~! which was
higher than the rate constant of light-activated PMS process (0.0053 min~!) and PEC process (0.01 min ). The
rate of EE2 degradation was increased with an increase in the voltage and PMS concentration. EE2 removal was
decreased and reached 62.5 % and 48.5 % when 0.05 M NaCl or 0.05 M NaClO4 was used respectively as the
electrolyte, highlighting the crucial role of electrolytes in process efficiency. Both radical and non-radical
mechanisms participated in the destruction of EE2, however the role of the photogenerated carriers was
dominant. Ecotoxicity using Vibrio fischeri as an indicator was decreased, although not proportionately to the

Tungsten trioxide
Titanium dioxide

Synergy

parent compound EE2 in the combined Solar/TiO2/WO3/PMS system.

1. Introduction

The increased consumption of pharmaceutical compounds across the
globe has led to their accumulation in several water bodies. These
compounds and their metabolites, excreted by humans and animals,
make their way into different water sources. A total of 631 human and
veterinary pharmaceuticals were detected in surface, ground, and
drinking waters in 71 countries [1]. These active pharmaceutical in-
gredients present in water can induce mutagenicity, carcinogenicity,
alteration in mental health, and physiological characteristics in living
organisms [2]. Endocrine disrupting chemicals (EDCs) are highly potent
compounds that could affect the hormonal functions of living organisms
at concentrations as low as ng/L. These compounds alter the immune
and reproductive systems and cause irreversible damage to human life
and the environment [3]. 17a-ethinyl estradiol (EE2) is a synthetic es-
trogen that is widely used in the form of birth control pills. It is also one
of the most detected hormones in municipal effluents. EE2 has detri-
mental effects on the embryonic development of organisms when tested
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in environmentally relevant concentrations [4]. The feminization of
young male zebra fish (Danio rerio) into phenotypic females when
exposed to concentrations as low as 100 ng L™! of EE2 has been reported
[4], among other embryonic development growth issues [5]. These
studies indicate the potential toxicity of EE2 on the aquatic environment
and, thus, on human health. The constant detection of such hormones in
municipal effluents proves that they resist the conventional water
treatment technologies used in treatment plants. Advanced oxidation
processes have emerged as a solution to such persistent compounds.
More specifically, photoelectrocatalysis (PEC) has proven effective in
removing a wide range of micropollutants by the efficient use of both
light and electrical energy while overcoming the major drawbacks such
as (i) the recombination of photogenerated electron-hole pairs that oc-
curs in a conventional photocatalytic process and (ii) the higher energy
demand of an anodic oxidation process [6]. PEC processes necessitate
the immobilization of a photocatalyst on an electrode surface, elimi-
nating the need for catalyst separation and regeneration at the end of the
process.
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Titanium dioxide (TiO2), an n-type semiconductor (Ep; = 3.2 eV), isa
widely used photocatalyst due to its high stability and low cost [7]. The
use of TiO, for the removal of micropollutants in water matrices and
other environmental applications is a widely explored domain. The ac-
tivity of (TiOy) results from the absorption of photons that occurs after
irradiation leading to the formation of holes (h™) [8]. These holes and
OH radicals oxidize the organic pollutants on the surface [9]. The
photocatalytic activity of TiO2 occurs mainly in the ultraviolet spectra,
which is a significant limitation. WO3, on the other hand, is also an
n-type semiconductor (Ep; = 2.5 eV) that is photoactive in the visible
light spectrum. A combination of these two semiconducting materials
would lead to an absorption shift into the visible range of the solar
spectrum due to the relative positions of the conduction band and the
valence band of the two materials. Consequently, the photoactivity of
this combined photocatalyst would be enhanced due to a slower
recombination rate of the photo-generated charge carriers [10].

Sulfate radical oxidation processes (SR-AOPs) have recently gained
popularity due to their high oxidation potential (2.5-3.1 V). Sulfate
radicals can be generated following the activation of persulfate and
monosulfate compounds through different methods such as light irra-
diation [11,12], heat [13,14], ultrasound [15], and catalytic materials
derived from carbon [16] and metals [17]. With novel and cheaper
activation methods, the generation of sulfate radicals has become
non-complex and economical.

In this work, the photoelectrochemical removal of the synthetic es-
trogen EE2 has been enhanced using peroxymonosulfate on a hybrid
TiO2/WO3 photoanode and simulated solar irradiation. The effect of
PMS addition, electrolytes, and the applied potential on the removal has
also been studied. The contribution of both radical and non-radical
mechanisms was assessed, while monitoring of the ecotoxicity pro-
vided valuable insights for evaluating the environmental impact of the
process.

2. Material and methods
2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich and used as
received. Fluorine-doped tin oxide (8 Q sq~!) was purchased from Pil-
kington, USA. Ultrapure water was used for all experimental work. EE2
stock was prepared in absolute ethanol to ensure complete solubility.

2.2. Preparation of Photoanodes

The TiO; precursor solution was prepared by mixing 1.8 mL of ti-
tanium isopropoxide with 19 mL ethanol, 3.4 mL glacial acetic acid, and
3.5 g of Triton-X until a transparent viscous solution was obtained. For
the WO3 precursor solution, 0.4 g of high-purity tungsten powder (avg.
particle size 10 um) was dissolved in 3 mL of 30 % peroxide solution and
sonicated for 3 h until a clear solution was obtained. Excess of peroxide
was catalytically decomposed using a platinum wire at 4 °C overnight
and later mixed with 3 mL of ethanol and 0.3 g of Triton-X. The FTO
glass was cut to the required dimensions and washed with soap. It was
then sonicated with acetone, ethanol, and water and dried at 70 °C. The
FTO glass was dipped in the TiO5 precursor and dried at 80 °C for 20 min
and then sintered at 550 °C at 20 °C min ™ *. The procedure was repeated
to ensure a uniform layer. The WOj3 solution was deposited on the TiO5
layer by spin coating at 3000 rpm. It was sintered at 500 °C for 10 min.
This procedure was repeated three times until a pale-yellow color was
observed. The active electrode area was 2.5 cm x 2.5 cm.

2.3. Experimental setup
A rectangular quartz beaker was used as an undivided electro-

chemical reactor. Sixty mL of the electrolyte containing 1 mg L™} of EE2,
and 10 mg L™! of PMS was introduced into the reactor. The as-prepared
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TiO2/WOs5 electrode was suspended in the reactor and irradiated using a
100 W xenon ozone-free solar simulator (Oriel, model LCS-100). A
platinum wire was used as a counter electrode with an Ag/AgCl elec-
trode as a reference. The solution was placed under constant stirring
with the help of a magnetic stirrer. At regular time intervals, 1.2 mL of
the samples were drawn from the reactor, quenched with 0.3 mL of
methanol, and filtered before analysis.

2.4. Analytical methods

Electrochemical electrode characterization was carried out using a
three-electrode system containing 60 mL of 0.05 M NaSO4 solution at
inherent pH. A platinum electrode was used as a counter and an Ag/AgCl
electrode as a reference. The voltammograms were recorded for values
between — 1 and 1.5 V at a scanning rate of 20 mV s~!. All the current-
voltage measurements were made with an Autolab Potentiostat
PGSTAT128N (Utrecht, The Netherlands).

EE2 concentrations were monitored using high-performance liquid
chromatography. The mobile phase consisted of 60:40 acetonitrile:
water eluted isocratically at 45 °C. Kinetex XB-C18 100 A column (2.6
um, 2.1 mm x 50 mm) was used to achieve separation. EE2 was detected
at 4 = 235 nm using a photodiode array detector (Waters 2996 PDA).
The toxicity was estimated using the luminescent marine bacteria
V. fischeri. More details can be found in a previous study [18].

3. Results and discussion
3.1. Electrochemical characterization of the photoanode

Fig. 1 shows the voltammetric behavior of the photoanode in a 0.05
M NaySOj4 solution with and without irradiation. 10 voltammetric cycles
were repeated within a potential range of — 1 to 1.5 V, and identical
profiles for the voltammogram were obtained, indicating the high sta-
bility of the photoanode.

The obtained profile for the CV depicted peaks corresponding to the
redox reactions occurring at the anode and the cathode. The graph
clearly shows the photoelectroactivity of the synthesized electrodes. A
maximum current density of 2.21 mA cm ™2 was obtained at an applied
potential of 1.5 V, almost 20 times higher than the current density ob-
tained without irradiation. This maximum value obtained is also higher
than previously reported for pristine TiO; films [19], showing that the
TiO2/WOs5 films show better photoelectrochemical behavior.

The effectiveness of charge carriers’ recombination, migration, and
transfer was examined for comprehending the mechanism underlying
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Fig. 1. Cyclic voltammetry of the fabricated TiO,/WO3 photoanode.
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the increased photocatalytic activity of the as-prepared TiOs/WOs.
Therefore, photoelectrochemical tests were conducted to investigate the
excitation and transfer of the photogenerated charge carriers. Higher
charge carrier separation and photocurrent are correlated with higher
photocatalytic activity [20-22]. More specifically, the transient photo-
current response of the prepared photocatalytic samples was evaluated
in NaySO4 aqueous solutions under simulated solar irradiation with
many cycles of 50 s interval light on or off.

According to Fig. 2(a), when the light source was turned on, the
photocurrent value of the TiO,/WOQj3 surged abruptly to a high current
level before falling back to its original value. When the light was
switched on again, it also returned to a consistent value. Contrarily, bare
TiO5 showed no discernible photocurrent response, while the WO3
maximum photocurrent value failed to surpass the value of the com-
posite photocatalyst.

The current/photocurrent density curves under dark/light are dis-
played in Fig. 2(b), (c). Since both WO3 and TiO, are n-type semi-
conductors, the photocurrents grew as the applied anodic potential rose,
exhibiting a typical n-type semiconductor behavior. The photogenerated
current density of WO3 was relatively lower, indicating a short lifetime
and limited mobility of the photoproduced carriers. On the other hand,
TiO5 did not exhibit any discernible photocurrent response. When
exposed to simulated solar irradiation, TiO2/WO3 had a significantly
larger photocurrent density than the other samples. These outcomes
confirmed that, when exposed to light, TiO»/WO3 had a much greater
separation efficiency of the photogenerated electron-hole pairs [20].

Additionally, compared to bare WOs, the photocurrent onset po-
tential of TiO2/WOs3 was negatively shifted to lower potential values (vs.
Ag/AgCl). In general, the photocurrent onset potential shows the flat
band potential of the electrode; by coupling with WO3, whose flat band
potential is less negative than that of TiO», the flat band potential of TiO2
was altered to a more negative potential.

In a previous work, Castro et al. [20] examined the charge transfer
mechanism of WO3/TIO heterojunction for hydrogen production using
photoelectrochemistry. The authors observed a significant increase in
the photocurrent in the presence of sacrificial agents acting as hole
scavengers for the WO3/TIO, film compared to WOs3.

The researchers used a Mott-Schottky plot to calculate a potential
difference equal to 1.08 V between WO3 and TiO, that facilitates the
charge injection from one semiconductor to another. According to the
proposed mechanism, when WOs is illuminated, the photogenerated
holes from WOg3 can be easily diffused to TiO5 due to appropriate work
function and potential difference. Conversely, due to thermodynamic
restrictions, the WO3 photogenerated electrons are not allowed to be
injected into the TiOy conduction band. Thus, the separation of the
photoinduced species was increased, and therefore, the photo-
electrochemical efficiency of the system was enhanced.

Fig. 2(d) shows the amperometric curves at 0.5 V, under periodically
interrupted light irradiation, with or without the oxidizing agent. More
specifically, PMS addition to the photoelectrochemical reactor causes
the rapid reduction of the generated photocurrent, which does not
exceed 10 pA cm 2. This evolution indicates the intense action of PMS as
an electron acceptor, which is activated towards the formation of sulfate
radicals, whose existence is confirmed by kinetic experiments with
radical scavengers. The fact that the oxidant acts as a photoelectron trap
contributes to the lower electron availability that end up at the cathode
and the produced photocurrent decrease; on the contrary, the number of
photoproduced holes that are available for EE2 oxidation increases due
to the weakening of the e-/h+ recombination rate. [23].

3.2. Effect of PMS

Initially, the photoelectrochemical decomposition of 0.5 mg L1 of
EE2 was examined using the fabricated TiO2/WOs3 electrodes with an
applied potential of 1 V (vs. Ag/AgCl) in the presence of 0.05 M NaySO4
at the inherent pH of the solution; 47.9 % removal of EE2 was recorded
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Fig. 2. (a) Amperometric I-t curves of the three electrodes at an applied po-
tential of 0.5V under light irradiation with 50 s light on/off cycles; (b) LSV
curves under dark; (c) LSV curves under light; (d) Amperometric I-t curves of
WO3/TiO; at an applied potential of 0.5 V under light irradiation with 50 s light
on/off cycles in the presence of PMS.
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within 60 min and the apparent kinetic constant, kg, for the PEC
removal was found to be 0.01 min~!. On adding 10 mg L™} of PMS
under the same experimental conditions, the removal efficiency of EE2
increased to 88.8 % with a kg, value of 0.042 min~L.

Additional experiments were performed to evaluate the effects of
individual processes. The removal of EE2 using different processes is
shown in Fig. 3(a). Removal of 30.3 %, 2.7 %, 21.8 % and 25.9 % were
obtained for solar-activated PMS, photocatalysis, electrochemical
oxidation, and photocatalysis combined with PMS, respectively, as
shown in Fig. 3(b). Using PMS along with PEC process increased the
removal efficiency by almost two times. The synergistic effects of a
combined process can be evaluated using the synergy index (S) using the
following equation [24]:
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Fig. 3. Effect of PMS on the photoelectrochemical degradation of EE2. (a)
Removal of 1 mg L' EE2 using different processes; (b) kypp for the removal of
1 mg L' EE2; (c) Effect of PMS concentration; EE2 = 1 mg L% PMS =
10 mg L™}; NaySO4 = 0.05 M; 1 V.
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The effect of the PMS concentration is shown in Fig. 3(c). The
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10 mg L' of PMS respectively. Lowering the PMS concentration re-
duces the number of sulfate radicals, resulting in poor removal of EE2.
Such trends for the effect of PMS concentration were observed in other
studies [25,26]. Therefore, adding PMS positively affects the PEC pro-
cess by generating a higher number of radicals for organic removal.
However, an excessive increase in PMS concentration might not be
favorable due to the formation of other undesirable radicals leading to a
scavenging effect [27].

3.3. Radical and non-radical mechanisms

An interesting characteristic of persulfate-induced oxidation is that
emerging contaminants can be degraded using either a radical or a non-
radical mechanism [28].

Under this perspective, the electron transfer mechanism in the TiOy/
WO3/PMS system was further explored using linear sweep voltammetry
(LSV) measurement to understand better the non-radical-based PMS
activation process in the absence of light. The electrochemical current
provided to the working electrode allowed for the determination of the
electron transfer by adding PMS and EE2. An interaction between PMS
and the photocatalyst, as well as the electron rearrangement that results
in the formation of metastable PMS, are shown in Fig. 2(a). The current
formed and flowed through TiO;/WO3 with the presence of EE2 in-
dicates that the photocatalyst acts as a bridge to enhance electron
transfer from the EE2 molecule to the metastable PMS. This was
particularly striking because the subsequent infusion of EE2, which led
to additional current enhancement, implied a rapid transfer of electrons
in the TiO2/WO3/PMS/EE2 system.

An assumed non-radical catalytic mechanism for the oxidation of
EE2 in the TiO3/WO3/PMS system is based on the abovementioned in-
vestigations. A simple oxidation-reduction reaction occurred between
the contaminant as an electron donor and the metastable PMS as an
electron acceptor under the influence of TiO2/WOj3 after the PMS mol-
ecules adsorbed on the photocatalyst were stimulated to the metastable
condition. Then, to accomplish the goal of EE2 conversion, the meta-
stable PMS molecules extract electrons from EE2 molecules by TiOy/
WOs.

In order to investigate in-depth, the existence of a mechanism for the
direct oxidation of EE2 by the photocatalyst in the absence of radiation,
amperometry experiments were carried out with and without oxidant
according to Fig. 4. More specifically, TiO2/WO3 served as the anode
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electron donor. Therefore, the redox potential of the photocatalyst is
expected to be lower than the oxidation potential of EE2 under inherent
pH (pH = 6.1).

Correspondingly, OCP was noted in the presence of 10 mg L™! PMS,
which was found to be higher, equal to 0.27 V vs. Ag/AgCl, essentially
reflecting the fact that the oxidant acts as an electron acceptor. Then, the
current was recorded as a function of time. The addition of pollutants
contributed to a partial increment in the current, due to easier electron
transfer from the formed TiO5/WO3/PMS/EE2 complex, as well as direct
electron detachment from the TiO2/WO3/PMS system to the adsorbed
oxidant molecule through the photocatalytic surface. In addition, in the
case of semiconductors, due to their low conductivity compared to bare
metals, the electrons could be directly transferred from EE2 to PMS
without the solid catalytic surface. [28].

To investigate in depth the possible existence of a non-radical
mechanism for EE2 oxidation, additional electrochemical voltammetry
experiments were carried out in the absence of radiation and under
galvanostatic current, corresponding to the open circuit potential (OCP
=0.135 Vvs. Ag/AgCl) and the results are shown in Fig. 4(c) [29]. In the
first phase, 10 mg L™! PMS were added to the reactor, leading to a po-
tential increment to 0.23 V vs. Ag/AgCl; this indicates that the oxidant
acts as an electron acceptor hindering the uninterrupted charge flow
through the external circuit and, consequently, resulting in the electric
force rise to keep the current constant. Then, 1 mg L~ EE2 was intro-
duced into the solution causing the potential reduction, which may be
attributed to the direct oxidation of the organic by the formed meta-
stable TiO2/WOj3 *PMS complexes; this pathway can improve the flow of
electrons from EE2 to the catalytic surface and finally to the external
circuit and requires the applied voltage abatement to keep the current
constant.

On the contrary, when the organic was added first to the electro-
chemical cell, the voltage remained unchanged, showing that it is not
oxidized by the photocatalyst in the absence of oxidant and light. When
PMS was also added, the potential intensification again expresses the
strong electron attraction of the adsorbed oxidant on the TiOy/WOs3
surface stimulating the charge flow and conductivity of the material.

Therefore, the non-radical mechanism could be described from Eqgs.
(2)-(5), where TiO2/WOs3 o, being the oxidized form of TiO2/WOsg,
could be a defect/impurity on the catalyst lattice or a photoproduced
hole in the presence of irradiation.

. . Ti Wi HSO; — |Ti WO; — HSO; 2
electrode, a platinum wire as the cathode electrode, and Ag/AgCl as the i0;/WO; +HSO; ~ [Ti0; /WO, — HSO; | &)
[TiO, /WO, — HSO;| e~ from TI02/WO3 0 PMS TiO, /WO, + SO~ + OH™ 3)
Tio, e—fromEE2.to ;‘,gi 5 .
EE2 4+ WOs0x Tio, + EE2 4)
WO, ox
e — from EE2.to PMS
EE2 + [TiO, /WO; — HSO | EE2,y + TiO,/WO; 4+ SO;” +OH™ 5)

reference electrode in the presence of 0.05 M NaySO4.

Then the open circuit potential (OCP) was recorded, corresponding
to 0.16 V vs. Ag/AgCl, and applied to record the produced current. The
same experiment was conducted in the presence of EE2, where an in-
crease in the negative current was found, indicating an improvement in
charge mobility without, however, confirming the direct oxidation of
the substance, i.e., without the mediation of active oxidizing species, as
a depletion in the current would be expected since EE2 acts as an

On the other hand, the photoinduced system is capable of oxidizing
via the electrogenerated holes and the produced reactive species, mainly
hydroxyl and sulfate radicals. To further investigate the effect of the
different reactive species in the decomposition of EE2, additional ex-
periments were performed in the presence of scavengers. More specific
EDTA was used for scavenging the photoproduced holes, tert-butanol
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scavenged mainly hydroxyl radicals, while methanol scavenged both
hydroxyl and sulfate radicals.

The decomposition of EE2 after 90 min decreased to 55 % in the
presence of tert-butanol and 38 % in the presence of methanol. At the
same time, the process was almost inhibited since only 17 % reduction
was observed when EDTA was added, highlighting the dominant role of
the photogenerated carriers.

Furthermore, for the PEC experiments performed in the absence of
PMS, EE2 decomposition was 8 %, 22 % and 18 % in the presence of
EDTA, methanol, and tert-butanol respectively, confirming again the
crucial role of the photogenerated holes.

Therefore, the radical mechanism can be described as follows:

TIO,/WO; % h* +e~ (6)
HSO; +eq;—SO; +0OH™ @
HSO; +hy, —>SO;” +H* (8)
SO:™+S0;” —2S0; +0, (C)]
H,0 +h{;—~"OH+H" (10)
EE2 + SO} —»CO,+H,0 + intermediates an
EE2 4 h*—=C0,+H,0 + intermediates (12)
EE2 + *OH—CO,+H,0 + intermediates (13)

3.4. Effect of electrolytes

Electrolytes play an important role in the removal process and
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Fig. 5. (a) Effect of 0.05 M of various electrolytes on the removal of EE2; (b)
Effect of Na,SO4 concentration. EE2 = 1 mg L% PMS = 10 mg L1V,
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influence the generated by-products. Experiments were performed with
0.05M NaCl and 0.05M NaClO4. The effect of electrolyte on EE2
removal is shown in Fig. 5(a). As seen, the presence of chloride in the
PEC system inhibited the removal of EE2. Many studies have reported an
enhanced effect of chloride on removal due to the side reactions leading
to the formation of active chlorine species [30,31]. The inhibitory effects
of chloride could, however, occur due to (i) the blockage of active sites
on the surface of the photoanode [32] and/or (ii) chloride either acting
as scavenger for hydroxyl radicals or as recombination center for the
charge carriers [33]. Similar results have also been reported in a study
evaluating the role of chloride in the PEC removal of diethyl phthalate
from water [34]. In general, NaClOy is considered an inert electrolyte.
However, in the present study, the use of NaClO4 resulted in a significant
decrease in the destruction of EE2. The observed efficiency reduction
may be attributed to competition for the catalytic surface and reaction
with hydroxyl radicals, as well as the detrimental effect of the highly
acidic pH of the solution [35].

The detrimental effect of the electrolyte concentration is shown in
Fig. 5(b). 60.4 % and 53.8 % of EE2 is removed increasing the concen-
tration of NapSO4 to 0.1 M and 0.5 M, respectively. The high number of
sulfate radicals favors the formation of persulfate, which has a lower
standard redox potential than SO®*~ and *OH radicals. This explains the
lower removal of EE2 at higher concentrations of NaySOj4. Similar results
have been reported by Chen et al. [36], who studied the electrochemical
activation of sulfate over a BDD anode and titanium cathode for the
decomposition of the 2,4-dichlorophenol. The authors observed that the
efficiency of the combined process increased with the electrolyte con-
centration up to an optimum level (0.2 M) and then decreased, exhib-
iting a volcano-type behavior.

3.5. Effect of applied potential

Another key factor in the PEC process is the applied potential. Ex-
periments were performed at applied potentials of 0.25 V, 0.5 V,and 1 V
and the results are shown in Fig. 6. The higher removal (88.8 %) was
obtained at an applied potential of 1V, while the lower (51.3 %) at
0.25 V. The applied potential prevents the recombination of charges by
driving the photo-generated electrons to the cathode and away from the
surface of the photoanode, thus allowing the holes to oxidize the or-
ganics present in the system. Increasing the potential beyond 1 V could
reduce the current efficiency of the photoanode and not enhance the
removal of EE2 any further due to the oxygen evolution that occurs at
1.5 V as demonstrated in Fig. 1. Therefore, no significant increase in the
EE2 removal is expected in increasing the applied potential beyond 1 V.

C/Co

0 10 20 30 40 50 60
Time (min)

Fig. 6. Effect of the applied potential on the removal of 1 mg L™ EE2. PMS =
10 mg L™1; Na,S0O,4 = 0.05 M.
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Fig. 7. Effect of initial EE2 concentration on its removal. PMS = 10 mg L™};
Nast4 = 0.05 M; 1V.

3.6. Effect of EE2 concentration

The effect of initial EE2 concentration on its removal is shown in
Fig. 7. It can be seen that an increase in EE2 concentration reduces the
removal efficiency. This behavior has been observed in various
advanced oxidation processes and is due to (i) mass transfer limitations,
and/or (ii) limitations on the production of reactive species. Higher
concentrations of organic compound occupy more active sites, and this
may prevent the light from reaching the surface of the photocatalytic
films [37]. In addition, increasing the concentration of EE2 under con-
stant experimental conditions increases the ratio of organics to the
available reactive species. Therefore, the radicals available for EE2 are
insufficient. Thus, the generation of the reactive species can be consid-
ered a limiting factor [38].

3.7. Toxicity

Although advanced oxidation processes could conceptually lead to
mineralization of the target contaminants, this usually is not the case
since very intensive conditions or prolonged treatment times are
required. Therefore, the resulting stream often contains a mixture of
oxidation by-products. In this respect, it is crucial to investigate the
toxicity of the treated solution. This was done using the bacterium
V. fischeri as an indicator, and the results are depicted in Fig. 8. As seen,
the decrease in toxicity is not proportional to the elimination of EE2,
thus implying that certain by-products formed may also induce toxicity
to V. fischeri; this said, the starting value of the untreated solution is
rather low, i.e., 20-25 %. Notably, the experiment performed with NaCl
as the electrolyte was not detrimental to the indicator, thus indicating
that toxic organochlorinated by-products are not formed at considerable
concentrations at the conditions in question. However, these results
must be viewed with caution since they are limited to a specific indicator
and experimental conditions. In future work, research is needed for an
integrated assessment of toxicity using specific tests regarding the
estrogenicity of the treated solution.

4. Conclusions

The use of relatively low quantities of PMS (10 mg L™!) in a PEC
system showed promising results in removing 88.8 % of the steroid EE2.
Increasing PMS concentration and applied potential positively affected
EE2 removal. However, an increased electrolyte concentration or the
presence of chloride had detrimental effects on process efficiency.

The fabricated TiOy/WOs3 electrodes showed better electrochemical
behavior and higher photoelectrochemical response than pristine TiOy
photoanodes. According to the electrochemical measurements and ex-
periments that were conducted using scavengers of the reactive species,
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Fig. 8. Inhibition of V. fischeri and associated EE2 removal. Na;SO4 or NaCl =
0.05M; EE2 = 1mgL !}, PMS = 10mgL~}; 1 V.

both radical and non-radical mechanisms occurred; however, the role of
photogenerated holes and electrons was vital and the driving force for
the EE2 decomposition. At the same time, both hydroxyl and sulfate
radicals participated in the degradation.

Although the toxicity of the treated solution to V. fischeri was
decreased, the trend did not follow the removal of EE2, implying the
formation of some toxic intermediates. The proposed PEC/PMS system
needs to be further evaluated to determine its feasibility for treating
complex water matrices, and an integrated toxicity assessment is needed
to this direction.
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