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ABSTRACT

Previous studies on removal of the pharmaceutical drug Furaltadone (FTD) in water have
not shown to be totally efficient or are very expensive. In this study, sulfate radicals
derived from persulfate anions activated with different irradiation sources (UVA, UVC
and solar light) and combined with H>O> and/or TiO; have been tested in homogeneous

and heterogeneous phases under different operation modes and reaction systems.

In homogeneous phase, UV produces a slow mineralization (k= 0.0013 min™'). The
combined processes are faster (kuvimo2= 0.0185 min™!, kuvps = 0.0206 min™') with the
best performance for the UV/PS system yielding nearly 80% of mineralization in half an
hour. The overall process (UV/H202/PS) does not show synergy and mineralization is
even slower (kuv/zo2ps = 0.015 min) due to the production of a high amount of radicals
favouring unproductive reactions (scavenger effect). A mineralization mechanism is
proposed involving formation of Shydroxymethylene-2(5H)-furanone and NO as the
main intermediates.

In heterogeneous phase (UVA/Ti02/PS), the holes play an important role changing the
mineralization mechanism. The main intermediates formed were Ci2Hi17N4O4 and

C11H14N304, which rapidly were degraded to form CgHi503N3, C4H1oNO and CsHoNO.

An economic study of operation costs has been made for selected processes: UVC/PS,
UVA/Ti02/PS and Solar/TiO2/PS. The Solar/TiO2/PS process has the lowest operation
costs due to the use of solar energy. However, it would need an additional stage to recover
the catalyst.

Finally, a loss of 27% in efficiency during mineralization was found after 5 cycles, but

the catalyst recovers its initial performance after regeneration at 500 °C.

Keywords: mechanism; persulfate, solar energy; titanium dioxide; water treatment
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1. INTRODUCTION

Antibiotic is a revolutionary discovery for human healing, but is also used for other
purposes such as agriculture and animal farming. Despite their great advantages,
antibiotics have also hazards associated with pollution derived from a partial degradation
into the environment. Due to new techniques, antibiotics have been detected in hospitals,
dairy, and agriculture (Yu et al., 2013) and in WWTPs, where they are only partially

removed (Bao et al., 2021).

Among them, furaltadone (FTD) is a highly effective pharmaceutical drug derivative of
nitrofurans (NFs) used as an antibacterial agent in humans and animals, especially in
birds. As negative effects, it can be highlighted that FTD inhibits nucleic acid synthesis,

having toxic and allergic effects in hypersensitive people.

However, some countries still dispense nitrofurans to treat animal diseases (Nakamura et
al., 2008, Balamurugan et al, 2021). Thus, residues of NFs are detected in many cultured
animals (Chu and Lopez, 2007; Hu et al., 2007). For example, nitrofuran metabolites can
be present in eggs and chicken muscles after the administration of furaltadone antibiotics
(Finzi et al., 2005; Marques-Violante et al., 2018). Moreover, due to its low
biodegradation, FTD, NFs and derivatives evacuated by animals may contaminate water
environments that can be used for animal culture or agriculture, or even as a potable water

source with the consequent toxic effects (Samuelsen et al., 1991; Nakamura et al., 2008).

There is an urgent need for removing FTD in order to protect the environment and
preserve the aquatic ecosystem. To date, previous studies on the removal of FTD in water
with advanced oxidation processes in homogeneous phase have not shown to be totally

efficient or are very expensive (Edhlund et al., 2006; Bao et al., 2008). Pacholak et al.
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(2020) reported 87.3% of removal of FTD with activated sludge in a long process (72h),

but they do not mention mineralization, so that intermediates may be still present in water.

Recently, sulfate-radical-based AOPs are becoming important because of the high
reactivity of sulfate radicals anion (E° = 2.6 V) with many compounds (Khan et al., 2014).
Sulfate radicals could be derived from persulfate anions activated with heat energy, UV
light, or electron transfer of transition metal ions. In this study, the use of persulfate (PS)

activated with UVC light combined with H>O» in homogeneous phase has been tested.

On the other hand, heterogeneous photocatalysis with TiO; is a widely used technique to
degrade pollutants in water (Awfa et al., 2018; Kaman et al., 2019). TiO; can generate
reactive oxidation species (ROS) such as hydroxyl, superoxide and perhydroxyl anion
radicals that can react with contaminants (Farouk et al, 2016). However, the use of this
photocatalyst has some drawbacks: the difficulty of scaling up the processes and the
presence of the semiconductor suspended in the water (Dominguez et al., 2015). This last
disadvantage can be solved if the titanium dioxide is immobilized. A wide range of
immobilization techniques allow the regeneration of TiO> easily (Duran et al., 2018), but
even so immobilization of the catalyst decreases the efficiency of matter transfer
(Boiarkina et al., 2013). Thus, in order to improve the photodegradation yield in TiO:
photocatalysis, it is possible to prevent electron-hole pair recombination adding electron
acceptors such as sodium persulfate (PS) or hydrogen peroxide (Mills and Valenzuela,
2004; Yu et al., 2010: Saien et al., 2011; Jiménez-Tototzintle et al., 2015; Bekkouche, et
al., 2017). In this work, a UVA/TiO/PS system has been used in an open reactor where

the catalyst is supported as a thin film on a glass surface.

To sum it up, the aim of this paper is to explore the photodegradation and mineralization

of furaltadone in water both in homogenous and heterogeneous systems under UVC and
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UVA radiation respectively with different reaction systems and operation modes. The
intensification of mineralization with PS is also explained. In addition, a solar-driven
reaction was also conducted to reduce costs associated with the use of artificial lamps (an
economic study of operation costs is included).

Finally, different mineralization routes have been proposed according to intermediates
evolution and taking into account the role of the different radicals involved in each

process.

2. MATERIALS AND METHODS

2.1. Materials

Furaltadone (99%) and 30% hydrogen peroxide (H2O») were acquired from Sigma-
Aldrich and Fisher Scientific respectively and were used without further purification.
Sodium persulfate (Na>S>0s, 98%) was obtained from Panreac. Technical grade TiO P-
25 from Degussa (anatase/rutile=3.6/1 wt, surface area 56 m? g!) was used as
photocatalyst. Characterization of TiO, samples by X-ray diffraction (XRD), Raman
spectroscopy, Transmission electron microscopy (TEM), Z-potential measurements,
BET analysis and ultraviolet—Visible (UV—Vis) reflectance spectra were previously

published by the authors (Monteagudo et al., 2020).

For the experimental runs focused on the evaluation of the kinetic mechanism, different
radical scavengers were added to the system: p-benzoquinone, methanol and glycerol
were supplied by Sigma-Aldrich.

2.2. Analytical methods

Furaltadone was quantified using a Gilson 231 XL high-performance liquid

chromatography with UV detection (HPLC) and an Eclipse XDB-C18 column. Total
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138  organic carbon was measured with a TOC analyzer (Shimadzu TOC-5000A).
139  Determination of hydroxyl radicals was made with a RF 6000 spectro-fluorophotometer
140  (Shimadzu) after reaction with disodium salt of terephthalic acid (NaTA) (Durén et al.,
141  2018). Intermediates were analyzed with a QTOF-UHPLC (more information is given in
142 Supplementary Material, text S1).
143 The residual S20s>” concentration was analyzed by measuring the iodide produced after
144 adding sodium carbonate and potassium iodide to the samples according to the method
145  described by Liang et al. (2008).
146  Toxicity was evaluated by determining the inhibitory effect of water samples on the light
147  emission of Vibrio fischeri (Luminescent bacteria test; 30 min incubation time) using a
148  luminometer (Optocomp BG-1, Gomensoro) according to ISO 11,348-3:1998.
149
150  2.3. Reactor systems
151  Table 1 summarizes the different experimental reaction systems used in this work.
152 Table 1. Degradation of furaltadone with persulfate (activated with UV light)
153 under different reaction systems
Process Operation Reactor Radiation Tests
mode system
H,0,
PS
UuvcC
HOMOGENEOUS Discontinuous Batch uvcC UVC/H;0,
(041L) 15 W (254 nm) UVC/PS
UVC/H,0,/PS
Scavengers
UVA
UVA/TiOs
Continuous with Thin film UVA UVA/TiO2/PS
recirculation (total vol= 8x2 W (>350 nm) UVA/Ti02/H,0,
0.4L) UVA/Ti02/H,0,/PS
HETEROGENEOUS Scavengers
Continuous with CPC Solar Solar/TiO»/PS
recirculation 2L) (UVA =30W/m?)
154
6
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2.3.1. Homogeneous photo-reactor

All experiments were carried out in triplicate in a 400-mL stirred photoreactor with an
external jacket connected to a thermostatic bath to maintain a constant temperature
(Figure 1a). A Heraeus TNN15/32 UV Hg immersible lamp with a nominal output of 15
W emitting at A = 254 nm was used to irradiate the solutions. More details can be found
in literature (Monteagudo et al., 2016)

2.3.2. Heterogeneous Thin-film photo-reactor

An open glass reactor (Figure 1b) was irradiated with a UVA lamp (> 350 nm, 2x8W,
Vilber BVL-208-BL). A flow rate of 42 L/h of wastewater containing furaltadone (10
ppm, whole volume of 0.4 L) was fed to the system. TiO, was immobilized on the outer
surface of a flat glass plate (25.4 x 7.7 cm) using a dip-coating method (Van Grieken et
al., 2009). The detailed procedure can be found in the Supplementary Material (Text S2).
2.3.3. Solar CPC reactor

The experimental set-up is shown in Figure 1c¢ and is described in detail in the literature
(Monteagudo et al., 2010). It consisted of a CPC solar reactor (irradiated volume 2 L;
Surface = 0.25 m?). FTD is added to water in a 1.5 L stirred tank and is later fed to the

reactor using a centrifugal pump (flow rate = 30 L min™").

= UV-A lamp

— 4 water [l —  hE
; ‘An—ﬁozthin film
s —;‘ { |

Figure 1. Detail of the reactor systems. a) Homogeneous batch reactor (UVC),

b) Heterogeneous thin film reactor (UVA), ¢) Solar CPC reactor
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3. RESULTS AND DISCUSSION
3.1. Homogeneous processes (Batch reactor with UVC radiation)
Initial pH was fitted in 4 as selected in previous works (Monteagudo et al., 2020b) and in
order to compare results with heterogeneous photocatalysis (section 3.2). The
concentration of PS was previously optimized to 2 mM. Under these conditions, H>O; or
PS alone produces less than 10% of degradation. However, the processes involving UVC
light allow the complete removal of FTD in less than 5 minutes since this pollutant can
absorb at 254 nm (as shown in the spectra in Figure S1, Supplementary Material).
Figure S1, Supplementary Material

Nevertheless, intermediates still remain in the solution, so mineralization must be studied
to select a proper optimum process. As shown in Figure 2a, UVC alone produces a low
mineralization degree (with a first-order rate constant kuvc = 0.0013 min'). The
combined processes are faster (kuve/moz= 0.0185 min™, kuvers = 0.0206 min™') with the
best performance for the UVC/PS system yielding nearly 80% of mineralization in half
an hour. The overall process (UVC/H202/PS) does not show synergy exhibiting even
slower kinetics (kuv/m202ps = 0.015 min™'). The reason for this behaviour can be found in
the reactions involved. When both PS and H»O» are irradiated with UVC, both sulfate and
hydroxyl radicals are produced. In addition, some extra hydroxyl radicals can be formed
via equation (1). However, this process is pH-dependent (Norzaee et al., 2017) so the
SO4" radical is dominant under low pHs.

SO0;° +OH™ - S0;%+ HO* (1)
However, the overall process (UVC/H202/PS) produces such an amount of radicals
(Figure 2b) that favours the well-known scavenger effect where H>O» is consumed in

unproductive reactions. Thus, the UVC/PS process was selected for the rest of the study.
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Fig. 2. Mineralization of FTD under different processes. a) TOC removal; b) Evolution of

hydroxyl radicals; ¢) Evolution of PS; d) Dissolved oxygen. (Conditions: [FTD] = 0.03 mM;

Degradation of FTD under the selected UVC/PS process: study with radical scavengers and

It can be observed in Figure 2c that PS is quickly consumed during the first 40 minutes
in the UVC-activated processes, being completely spent after 90 minutes (when
mineralization reaches 80%). On the other hand, the maximum concentration of O is

found when operating under the selected UVC/PS system (Figure 2d), since the excess

140
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In addition, the degradation of FTD in this process results in acid production (pH
decrease) as shown in Figure 3. The S-shape curve with the increase in [H'] after FTD
removal (3 minutes) implies that it comes from intermediates (Edhlund et al., 2006), as
will be proposed below in the mineralization mechanism.

In order to determine the role of the main radical oxidative species (ROS) present in the
reactor, additional tests with radical scavengers were performed. Methyl alcohol is used
to inhibit both HO® and SO4* since it reacts at similar rates with both ROS (Anipsitakis
and Dionysiou, 2004; Matta et al., 2011). On the other hand, 1,4-benzoquinone reacts
with sulfate radicals (formed when PS is activated in the presence of UVC light, see
Figure S2) and can be used to scavenge these radicals. Although methyl alcohol partially
inhibits degradation (Figure 3), the formation of HO* from sulfate radicals at acidic pH
must be low according to equation (1) with an irrelevant effect on the process. Effectively,
results demonstrate that the degradation of FTD is mainly inhibited by p-benzoquinone,
pointing to the main role of sulfate radicals.

Figure S2, Supplementary Material

0.006
1 __-% 0005
J 0.8 -7 0.004
o Phe
- < S
€ 0.6 - 0.003 €
5 0 . uvCe/ps :
-C?J 3 g =
= / Methy! alcohol =)
g 0.4 ,’ 0.002
= ) P-Benzoquinone
’
0.2 /" = [H4] 0.001
h
0 Ha 0
0 10 20 30 40
Time, min

Figure 3. Degradation of FTD under the effect of different scavenger agents in the UVC/PS
process. Evolution of [H*] without scavengers. (Conditions: [FTD] = 0.03 mM; T = 30°C;

[PS]=2 mM).

10
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On the other hand, Figure S3 shows the main intermediate products found by LC-MS
during the degradation of FTD in the UVC/PS process. According to these findings, a
possible degradation mechanism has been proposed (route 1 in Figure 4). It can be
assumed that FTD is initially broken to form CsHi303N3 and 5-nitro-2-furaldehyde
(CsH304N). The latter degrades though the formation of Shydroxymethylene-2(5H)-
furanone and NO. Nitric oxide can be oxidized by dissolved oxygen yielding nitrous acid
(HNO>) that decreases pH as previously shown in Figure 3. Finally, the degradation
continues until the formation of C»-Cs organic acids and the total mineralization to COx.

Figure S3, supplementary material

Route 1 Route 2

I\ 4 ©

ON" 0 + L
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: S
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~ 0
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I

e P mmmmmem
(®]
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t, C,-Cgorganic acids «——

|

€O, + H,0

Figure 4. Proposed mineralization mechanism of FTD, based on intermediates of

reaction for the UVC/PS process (route 1) and UVC/TiO2/PS (route 2).
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3.2. Heterogeneous processes
The degradation of FTD in heterogeneous phase was performed using TiO> as photo-
catalyst. Previously, adsorption of FTD by TiO, was discarded as a main removal process,
since experimental tests showed less than 10% was retained at different pHs (Figure S4,
Supplementary Material)

Figure S4, Supplementary Material
3.2.1. Thin-film reactor (with UVA radiation)
A UVA lamp emitting at 365 nm was used to promote the formation of photogenerated
charge carriers, hole (h;’z) and electron (egg) in the valence and conduction bands,

respectively (Fraouk et al., 2016):

TiO, + hv > TiO,(egc + hiy) 3)
TiO,(h{y) + H,0 - TiO, + HO,4s + H* 4)
TiOy(hiy) + OH™ — TiO, + HOLyq 5)

TiO,(hyg) symbolizes the surface of TiO, with holes and HO,,, the hydroxyl radical

adsorbed on that surface.

In addition, other reactions radicals can be formed on the surface of the semiconductor
(equations 6, 7) and the pollutant can be degraded directly on the surface of the TiO2

particle (equation 8):

Ti0,(ezz) + Oy > TiO, + 05 (6)
05 + H* - HO; 7)
Pollutant + hjp — Products (8)

On the other hand, as commented above, sodium persulfate was added to the system in
this case as an electron acceptor to prevent electron-hole pair recombination and improve

the degradation efficiency (Mills and Valenzuela, 2004).
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Figure 5 shows the degradation and mineralization of FTD under individual and
combined heterogeneous processes. UVA radiation alone is capable to produce 95% of
degradation in 120 minutes (k= 0.227 min™!). This is due to the high absorption of FTD
in the UVA region where the lamp emits (> 365nm) as shown in the spectra in Figure
S1). Other processes tested (UVA/TiO, and UVA/Ti02/H20; with [TiO2] = 0.36 mg/cm?)
allow a complete degradation of FTD after 2 hours. However, the most efficient processes
imply the presence of persulfate. The overall combined process (UVA/Ti02/H202/PS) is
again less efficient. The use of a higher loading ([TiO2] = 0.64 mg/cm? UVA/Ti0,"/H»0,)
does not improve results.

Regarding mineralization (Figure 6b), 38% is reached after 2 hours and 48% in 3 hours
when the UVA/TiO2/PS process is operated. The equivalent process in homogeneous
phase (for the same reactor volume and similar power) with UVC radiation (UVC/PS)
achieved 80% of mineralization in just 20 minutes. Thus, in order to make more efficient
the heterogeneous process an environmental alternative consisting of obtaining UVA
radiation directly from the Sun using concentrated solar energy was tested (as will be
studied below in section 3.2.3).

i) Study with radical oxidative specie (ROS) scavengers and mechanism

A new set of experiments was performed to study the role of the different ROS present in
the system. Again, methyl alcohol is used to inhibit both HO®* and SO4* and now glycerol
was used here as a selective hole scavenger (Ibadurrohman and Hellgardt, 2014). Results
(shown in Figure S5 in Supplementary Material) demonstrate that methanol does not
affect the degradation of FTD, indicating the secondary role of both HO®* and SO4*
radicals. On the contrary, glycerol has a significant effect, which is indicative of the main
role of holes in the process.

Figure S5, Supplementary Material
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Figure 5. Degradation (a) and mineralization (b) of FTD under individual and
combined heterogeneous processes. Conditions: [TiO2]=0.37 mg/cm?, [TiO2*] = 0.64

mg/cm?; [PS]=2mM.
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This fact changes the degradation pathway, as obtained by LC/MS analysis (data not
shown). In this case, and contrary to the mechanism found for the UVC/PS system, the
main intermediates formed were C12H17N4O4 and C11H14N304, which rapidly decreased
to form CgHis03N3 and C4HioNO and CsHioNO (route 2 in Figure 4). 5-nitro-2-
furaldehyde (CsH304N) is found in a very low concentration.

i) Study of cycles/regeneration

Several cycles re-using the catalyst were carried out to evaluate its possible industrial
viability. The results (shown in Figure S6) confirm that degradation is not altered but
there is a loss of efficiency (27%) in the mineralization process after 5 cycles of 120
minutes each. However, after regeneration at 500 °C for two hours, the catalyst recovers
its initial performance, even slightly improving efficiency probably due to pore cleansing.

Figure S6, Supplementary Material

3.2.3. Solar process (UVA/TiO2/PS)

Finally, a new experiment was made under concentrated solar radiation (medium solar
power = 38 W/m?; temperature = 25-36 °C) using a CPC reactor (described in section
2.3.3) with TiO2 (0.25 g/L) suspended in water. Results (Figure S7) show that the
Solar/Ti02/PS process has excellent performance during mineralization, comparable with
the UVC/PS system.

Figure S7, Supplementary Material

To go deeper into this statement, the stoichiometric efficiency (8) of PS for TOC

degradation was evaluated using the following equation (Fang et al., 2021):

§ = Lroc 9)

Aps

15
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where ACtoc and ACps represent the degraded TOC and the corresponding consumed PS

at the same time, respectively.

In this way, the stoichiometric efficiencies of the more effective processes in terms of
TOC degradation (UVC/PS and Solar/TiO2/PS) have been calculated at the maximum
mineralization degree and are resumed in Table 2. The results show that the Solar process
has the highest ¢ value (0.035) after 26 minutes of reaction, which is approximately 1.5

higher that the value obtained for the UVC/PS system after 30 minutes.

Table 2. Stoichiometric efficicency of PS for TOC degradation in selected process

for the maximum degradation degree.

Process Reaction time Mineralization ~ Stoichiometric efficiency
(min) (%) ®)
UVC/PS 30 80 0.023
Solar/TiO2/PS 26 88 0.035

The enhanced stoichiometric efficiency of PS for generating reaction radicals (probably

influenced by higher temperature) can explain the best results obtained for this process.

Finally, the evolution of toxicity for the selected Solar/TiO2/PS process (Figure S8) shows
an initial increase due to formation of intermediates, and a later decrease when TOC is
reduced. It was confirmed in previous tests that addition of 500 ppm of PS to water
increases toxicity in just 0.14 equitox/m® while the presence of H>O; in solution is a main
contributor to toxicity.

Figure S8, Supplementary Material
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At the end of the processes, there is an increase in toxicity probably due to the formation
of small amounts of H>O> through reaction of water with the remaining persulfate in
solution:

S,052 + 2H,0 — 2HSO; + H,0, (10)

Although the solar process has to be optimized in future works using real water and
including the effect of water matrix, an initial economic study of operation costs
comparing different reaction systems has been performed and is resumed in the following

section.

3.3. Preliminary economic study of selected processes: operation costs

The processes selected for this study were: UVC/PS in the batch reactor, UVA/TiO,"/PS
in the thin film reactor and Solar/TiO2/PS in the CPC. The operation costs that have been
considered in the economic study are related to electrical energy and chemicals (reagents
and catalysts) consumption. Other costs, such as maintenance have not been considered.
A summary of the different operation variables range for each process ie shown in Table
S1. The prices of materials (reagents and catalyst) and the electrical consumption of the
different devices used for calculating the costs are shown in Table S2. The economic
analysis was carried out by analyzing the mineralization process (degradation of total
organic carbon present in wastewater).

Tables S1, S2, Supplementary Material

Figure 6a shows the overall (reagents and electricity) operation costs (€/g TOC removed)

vs time for the selected processes. It can be seen that the Solar/TiO2/PS process has lower

operation costs due to the use of solar energy instead of artificial UV light. However, it
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must be remarked that the solar process would need an additional stage to recover the
suspended catalyst from the water before its disposal. This operation has not been
considered in this preliminary study and would obviously increase costs in an industrial
application.

On the other hand, Figure 6b shows the operation costs (€/g TOC removed), for the three
processes as a function of the percentage of TOC removed for the highest mineralization
degree reached in each case. The percentage contribution of electricity to the overall
operation cost is remarkable in any case. Thus, operation costs can be reduced
significantly if the installation is provided with photovoltaic panels and thermal collectors

for an energy-free process (Duran et al.,2018).
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Figure 6. Operation costs for the three selected processes. a) Overall operation costs

for the three selected processes. b) Contribution of reagents and electricity as a

b)

function of TOC removal for the selected process.
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4. Conclusions

Homogeneous phase:

)

Batch reactor: UVC alone produces a slow mineralization (k= 0.0013 min
1. The combined processes are faster (kuvemzo2= 0.0185 min™!, kuvers =
0.0206 min!) with the best performance for the UVC/PS system yielding
nearly 80% of mineralization in half an hour. The overall process
(UVC/H20,/PS) does not show synergy and mineralization is even slower
(kuvimzozps = 0.015 min™) due to the production of a high amount of
radicals that favours unproductive reactions (scavenger effect). A
mineralization mechanism based on sulfate radicals attack is proposed
involving the formation of Shydroxymethylene-2(5H)-furanone and NO

as the main intermediates.

Heterogeneous phase (UVA/TiO/PS):

i)

Batch reactor: the holes play an important role in changing the
mineralization mechanism. The main intermediates formed were
C12H17N404 and C11H14N304, which rapidly decreased to form CsHi503N3
and C4H1oNO and CsH1oNO.

The Solar/TiO2/PS process ([TiO2] = 0.25 g/L; [PS]= 2mM) has an
excellent performance during mineralization, comparable with the

UVC/PS system (88 % of TOC removal in 26 min)

An economic study of operation costs has been made on three selected processes:

UVC/PS, UVA/TiO2/PS and Solar/TiO2/PS. Electricity is the main contributor to

the overall operation cost in all the systems, so that the possible use of

photovoltaic panels for an energy process is an interesting option to be considered.

The Solar/Ti02/PS process has the lower operation costs due to the use of solar
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energy instead of artificial UV light. However, the solar process would need an
additional stage (not considered here) to recover the suspended catalyst from

water, increasing costs if used in an industrial application.
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(Conditions: [PS] =500 mg/L, [BQ] =2 mM).
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Table S1. Technical conditions for the photocatalytic processes selected for the

economic study

Maximum
Optimum operating
Process Experimental device mineralization
conditions
degree
UVC lab reactor of 0.4 L [PS]=2 mM
UVC/PS with a 15 W UVC lamp pH=4 79.1% in 20 min
(254 nm) Temperature = 30 °C
Thin film reactor of 0.4 L [TiO,] = 0.64 mg/cm?
UVA/TiO»/PS  2x8 W UVA lamps (> 350 [PS]=2mM 39.5% in 64 min
nm). pH=4

Temperature = 30 °C

CPC solar reactor (2.5 L),
Solar/TiO,/PS  with a solar collector area
of 0.25 m?. The total

illuminated volume is 2 L

[TiO2] = 0.25 g/L
[PS]=2mM
pH=4
Temperature = 25-36 °C

78 % 1in 26 min
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Table S2. Electric power and costs of electricity and reagents

ELECTRIC POWER

UVC reactor

Lamp 0.0236 kW
Stirrer 0.0250 kW
pH-meter 0.0066 kW
UVA reactor

Lamp 0.0175 kW
Stirrer 0.0250 kW
pH-meter 0.0066 kW
Solar CPC reactor

Pump, pH meter, etc. 0.200 kW

ENERGY COST (industrial rate) [UNESA. 2015]

0.0912 €/kWh

REAGENTS COSTS

TiO2 0.0052 €/g
Sodium persulfate 0.71 €/kg
Sulfuric acid 0.183 €/L
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Text S1: LC/MS analysis:

The QTOF-UHPLC analysis was conducted using a MaXis HD quadrupole electrospray
time-of-flight (ESI-QTOF) mass spectrometer (Bruker Daltonik GmbH, Bremen,
Germany), which was coupled to an Ultimate 3000 UHPLC (Thermo Fisher Scientific,
California, USA) for infusions. Analyses were performed in both ESI positive and
negative-ion modes. The capillary voltage was set to 4500 V, nebulizing gas at 1 bar,
drying gas at 7 L/min at 200°C in each case. The TOF scan range was 50 — 1000 mass-
to-charge ratio (m/z). Infusion injections of 100 uLL were performed by the autosampler
using a flow rate set to inject speed of 240 puL/min in conjunction with 80 pLL/min MeOH
with 0.1% FA flow from the pump. The MS instrument was calibrated every 5 injections
using a similar 10 pL injection of sodium formate calibrant solution. The calibrant
solution consisted of 3 parts of 1 M NaOH to 97 parts of 50:50 water:isopropanol with
2% formic acid. The observed mass and isotope pattern matched the corresponding
theoretical values calculated from the expected elemental formula within 2 ppm mass
accuracy. Mass features were detected as [M + H]", [M - H] or [M + CI] ions with within
0.005 Da. The averaged mass spectra between 1.0 - 2.0 min were used to determine the
peak counts. Data processing was performed using the Compass Data Analysis software

version 4.3 (Bruker Daltonik GmbH, Bremen, Germany).

Text S2. Dip- coating method

The glass plate was first cleaned with soap and water and then immersed in a KOH—
isopropanol bath (200 g L™!) for 24 h. It is later rinsed with water to remove the
1sopropanol, followed by ultrasonication for 20-30 min. A mixture of TiO; and deionized
water (150-300 g L™! in deionized water at a pH of 1.5) The process was assisted by a
Bungard Elektronik RDC- 15 equipment working at a controlled withdrawal speed of
0.65 mm s!. Finally, the plate was dried at 110 °C for 24 h and calcined at 500 °C for
2 h at the heating rate of 5 °C min!. The process was repeated several times to obtain

different catalyst loadings.
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