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Abstract: Fluoride-doped TiO: (F-TiO2) was synthesized by an efficient and simple one-step
synthesis and successfully used for the UV-photo-degradation of the toxic and stable pollutants
methylene blue (MB) and bisphenol A (BPA). Initially, the synthesized catalyst was characterized
and compared to untreated TiO: (P25 Degussa) by different physical-chemical analyses such as
XRD, band gap calculation, SEM, EDS, FITR, ECSA, or EIS. F-TiO: defeated commercial TiO2, and
almost complete pollutant removal was achieved within 30 min. The energy consumption was
reduced as a result of the suitable reactor set-up, which reduced light scattering, and by the
application of a long-pulse radiation procedure, where the lamp was switched off during periods
where the radical degradation continued. This enhanced the overall photocatalysis process
performance. Under these conditions, 80% of MB removal was attained within 15 min radiation
with an energy consumption of only 0.070 Wh min™, demonstrating a much better efficiency when
compared to previously reported data. The catalyst was reusable, and its performance can be
improved by the addition of H2Oz. The results were validated by BPA degradation and the
treatment of real wastewaters with both pollutants. The results were so encouraging that a scale-up
reactor has been proposed for future studies.

Keywords: catalyst synthesis; fluoride-doped titanium dioxide; pulse radiation; process evaluation;
photocatalyst characterization

1. Introduction

One of the main global problems is the limited access to uncontaminated water,
particularly in developing countries. Among other alternatives, a promising remediation
method is photocatalysis. This process is based on the action of a photocatalyst that, after
being irradiated with a specific wavelength radiation, has the capacity of generating
active species that decompose pollutants [1,2].

The most used photocatalyst is TiOz, a well-known semiconductor that is not toxic,
insoluble, cheap, and very selective on its absorption spectrum [3,4]. This last property
makes TiO:z very active in the UV range. TiO2 commercialized from Degussa (so-labelled
P25) has shown the best performance. Nevertheless, there is still room for improvement
with the aim of using this process in real scenarios. Among the parameters to be
optimized, there is the widening of the required radiation wavelength of activation and
the inhibition of the electron-hole (e7/h*) recombination [5].

Indeed, the e/h* generated on the semiconductor are the responsible species for,
respectively, the reduction and oxidation of pollutants and Oz or H20. These cause the
generation of oxidant radical species such as HO- or HO2. TiO: has a high e/h*
recombination rate which diminishes its degradation performance [1,4]. Consequently,
several TiO: modifications have been tried in order to capture the e~ hence, the
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recombination rate would be reduced, providing more time for the reactions of free
radical production to happen [2,3].

However, new photocatalysts usually require long and expensive synthesis
processes. For instance, Zhan et al. [2] reported the application of a V/Mo-TiO: catalyst,
the synthesis of which involved several steps and calcination during 4 h at 500 °C. They
attained almost complete MB degradation after 1 h. In other studies, the catalyst contained
expensive elements such as in the Bi/Ag-TiO: catalyst [6]. Similarly, the WOs/KNbOs
photocatalyst was used for attaining BPA and MB degradation within 20 min by using a
375 W UV lamp. Thus, lamp consumption and the catalyst selection increases the
complexity and price of the process [7]. In fact, other authors have pointed out the
necessity of more environmentally friendly synthesis processes [8].

We hereby propose a more realistic photocatalyst, where the synthesis process is
simple, inexpensive, and environmentally friendly based on the single addition of an
element in what we have labelled as one-step synthesis. In this context, several studies
stand out, in which catalysts were synthesized by TiO2 doped with graphene [9] or doped
with electronegative compounds such as N, P, S, or halogens, reducing the band gap and
shifting the absorption edges favoring photocatalysis [3].

Nevertheless, recent studies have demonstrated that the well-known methylene blue
(MB) is still being treated by the usage of complex catalysts. For instance, Bibi et al. [10]
required the addition of reduced GO and FesOs to TiO2 on different steps so they arrived
at 99% degradation of 3 mg/L of MB effluent within 70 min. Likewise, other authors [11]
made a composite Ni/TiOz/zeolite by several calcination steps and even with this catalyst,
they needed long treatment times (2 h) for complete MB removal. On the other hand,
when the synthesis process is simpler, the MB photodegradation requires the usage of
high intensity lamps [12]. In this study, the addition of fluorine to the TiO: surface, in
order to avoid or retard e/h* recombination is reported. This catalyst is based on a
previous paper about gas treatment [13] and it may also be useful for effluent treatment.
Other authors have essayed the synthesis of F-TiO2 throughout more complex processes,
attaining good efficiencies on MB removal [14].

This one-step synthesized F-TiO: catalyst would be, for the first time, assessed for
liquid effluent treatment, using two stable model pollutants, namely MB and bisphenol A
(BPA). Several authors have carried out the procedure of complementing MB degradation
study with a BPA plasticizer [7,15]. This procedure favors the validation of photo-based
processes for the degradation of aromatic stable compounds, regardless of being colorful
(MB) or colorless (BPA). Moreover, these compounds cause environmental problems due
to their stability, toxicity, and increasing usage [15]. Sadly, traditional treatment
alternatives such as biodegradation are not efficient for BPA and MB removal due to their
stability and toxicity to microorganisms [15]. Therefore, photocatalysis has been proposed
as an alternative, although the up-to-date proposed catalysts are complex and have been
synthesized by environmentally unfriendly methods. For instance, the glass fibers of Fe-
TiOz—carbon quantum dots [4] or nanodiamond-TiO: [8] have been used for the
elimination of these pollutants..

Another bottleneck in the photocatalysis processes is related to efficiency problems
due to both i) light scattering with solution depth [16] and ii) high energy consumption
(EC) related to the requirement for UVA lamps, as it is the most useful radiation for TiO2-
based photocatalysis [9].

This research attempts, for the first time, the usage of the one-step-synthesized F-
TiO2 on liquid stream photocatalysis. The scarce studied long-pulse procedure with the
usage of a UVA-LED lamp was proposed in order to reduce EC. The H20: addition was
also considered in order to promote higher degradation rates [17]. What is more, a novel
reactor design based on the reduction in solution depth and the increase in radiated
surface area was utilized, reducing light scattering. Considering this used set-up, a scale-
up reactor is proposed.
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2. Results
2.1. Preliminary Tests
2.1.1. Rector Set-up

To begin with, and taking into consideration the influence of the radiated area and
light scattering on photo-based processes [16], the degradation of a 20 mg/L MB solution
was carried out in both an open-wide reactor and a narrow-open reactor using TiO2 (800
mg/L) as the model photocatalyst (Figure S1). By increasing the solution depth and reduc-
ing the radiated area, the MB degradation was reduced by 65% and the pseudo-first ki-
netic rate of the degradation was reduced by 10 units, that is from 0.024 min-! (R2=0.9970)
to 0.0027 min (R = 0.9906).

In order to standardize the results, the EC per mg of MB was calculated following
Equation (1), where L is the lamp power (W), t is the time the lamp is switched on (h), and
m is the mass of the eliminated MB (mg).

EC (Wh mg) = L-t/m (1)

Indeed, on the open-wide reactor, the EC was 0.154 Wh/mg, whereas the EC on the
narrow-open reactor was 0.521 Wh/mg.

2.1.2. Catalyst Doping Dosage

Then, the variation of catalyst performance depending on F dosage was evaluated
(Figure S2). No significant differences were found when the content of TiO2F was varied
from 1:0 to 1:2. The ratio of TiO2F 1:1 was selected to continue the experiences due to
slightly quicker degradation kinetics. Smaller quantities resulted in a degradation profile
equal to raw TiO2. Thus, the F-TiOz catalyst with a ratio 1:1 was used thereafter, and it was
named F-TiOz.

2.1.3. Catalyst Concentration

The study of the catalyst dosage was studied with the optimal F-TiOz. Figure S3 de-
picts both the degradation profile in time and the pseudo-first order kinetic constants. As
can be seen, increasing the catalyst dosage favored the degradation performance and rate
until 1,600 mg/L of F-TiO:2 was used. Nevertheless, slight differences were found between
800 and 1,600 mg/L and, what is more, the latter exhibited 10% of adsorption, which made
the actual degradation 85%, instead of 97% in the case of using 800 mg/L of F-TiOx. A total
of 3,200 mg/L caused 17% initial adsorption and a detriment on overall MB removal after
30 min. Consequently, 800 mg/L of F-TiOz was selected as the optimal dosage and used
thereafter.

2.2. Characterization

The characterization of F-TiOz was carried out and it was compared to commercial
Degussa P25 TiOx.

2.2.1. XRD

Crystalline structures of TiO2 and F-TiO2 were analyzed throughout the XRD analy-
sis. The spectra of both samples are shown in Figure S4. Typical anatase and rutile phases
confirmed the stability of the TiO: sample after F doping. F content was not detected on
XRD.

2.2.2. Raman

Raman spectra show the characteristics peaks of anatase TiO: (Figure 1), namely
those placed at 148.5 [Eg (1)], 397.5 [Blg], 516.15 [Alg], and 635.2 [Eg (2)] cm™ [8]. Slight
differences between TiO:z and F-TiO: were detected (Figure 1B) which were related to suc-
cessful F doping [18].



Catalysts 2022, 12, 1190

4 of 19

1
1
— F-TiO, I
5 —Tio, 3 I
m' &
z z
2 £
S «Ti FoTi S
5 VAN
0 200 400 000 800 100 120 140 160 180 200
Raman shift (cm) Raman shift (cm™)
—F-TiO,
3: —Tio,
s
>
=
‘@
S «—Ti FOTi
=]
N VRS
0 200 400 600 800
Raman shift (cm1)
(A) (B)

Figure 1. Raman spectra of F-TiOz and TiO: catalysts (A), zoom in on the Raman spectra in the range
100-200 cm™ (B).

2.2.3.SEM, EDS and ICP

The SEM image (Figure S5) demonstrates that the particle size was in the um order
due to the agglomeration of the particles caused by the synthesis process. A small C quan-
tity was detected maybe due to the remaining IPA from the synthesis process. The EDS
results demonstrate the successful F doping where 8% of F was detected. These data were
corroborated by ICP measurements after acid digestion of the catalyst. The ICP results
showed that each 0.25 mg of sample contained 0.11 mg of Ti (that would be 0.184 mg of
TiOz) and 0.015 mg of F.

2.2.4. UV-Vis Spectra

Spectrophotometric measurements were taken in order to evaluate the differences in
the UV-Vis responses of both the TiO2 and F-TiO: catalysts. The UV-Vis response was
used for calculating the Tauc plots (Figure S6) following Equation (2), where v is the fre-
quency, A is the proportional constant, n is 4 due to an indirect transition, and Eg is the
band energy [19]. The TiO2 band gap resulted in 3.2 eV, demonstrating the high percent-
age of the anatase phase on commercial TiO: (the rutile phase had a band gap of 3 eV) [3].
On the other hand, F-TiO: provided a band gap of 1.5 eV, demonstrating that the addition
of F narrowed the band gap of TiO-.

ho-a = (Ahov-Eg)2 )
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2.2.5. Electrochemical Measurements

The electrochemical performance of materials has been demonstrated to be related to
their photo-catalytic performance, as it is indicative of electron mobility (Electrochemical
Impedance Spectroscopy: EIS) [20] and active surface area (ECSA) [19].

EIS

EIS results are provided in Figure 2, where the equivalent circuits are depicted. The
series resistance represents the electrode [21]; this is why the values were practically con-
stant (14.9 and 12.4 ), as in both cases Ni-Foam was the supporting working electrode.
The parallel resistance stands for the layer resistance of the material [21], and in this case
F-TiO2 provided a much smaller value than TiO2 (1.77 vs. 12.5 kQ), demonstrating the
electron mobility was much higher on F-TiO: [20], which may be related to better photo-
catalytic activity.

2500
°

2000
g 1500 . T,
iy ° F-TiO,

1000 -

500 %
0 . .
0 1000 2000 3000
Z(Q)

Figure 2. EIS measurement of TiO:z (green) and F-TiO:z (purple) with the fitting of the equivalent
circuits.

ECSA

ECSA is also related to catalytic activity [22]. After the representation of CVs regard-
ing the scan rate (Figure S7) and following Equation (3), CDL was 0.3 and 0.2 uF cm2 for
F-TiO2 and TiO, respectively. That means the ECSA values were 7.5 cm? and 5 cm, respec-
tively. Therefore, the surface area useful for electrochemical reactions was 30% higher in
the case of F-TiO..

2.3. Pollutant Abatement

Subsequently, the degradation of the model pollutant MB was carried out, and dif-
ferent parameters were considered.

2.3.1. Catalyst Evaluation

The comparison of synthesized F-TiO2 with commercial TiO2 on the performance of
MB degradation was accomplished on the wide-open reactor (Figure 52). The results man-
ifest the suitability of the reactor set-up and the efficacy of TiOz to work as UV-photocata-
lyst, as in both cases more than 80% degradation was attained within half an hour. More-
over, the higher performance of F-TiO: was remarkable; after the one-step synthesis, it
provided an extra 25% MB elimination. Indeed, the pseudo-first order kinetic values also
denote a much higher efficiency of F-TiO2 vs. TiO:z being, respectively, 0.1367 min-! and
0.0220 min. The usage of this one-step synthesized photocatalyst also favored the effi-
ciency of the process as the EC was 0.152 and 0.121 Wh mg! for TiOz and F-TiO, respec-
tively, demonstrating the efficacy of the latter.

The high efficiency of the F-TiO: catalyst was not only demonstrated by its compari-
son to the well-performant TiOz, but also to previous recent data (Table 1). The high com-
plexity of the synthesis processes is remarkable.
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Table 1. Last reported data on MB and BPA UV-photocatalysis degradation.

MB (mg/L) Catalyst (mg/L) Lamp (nm, w) Time (min) Degradation (%) EC (W-h/mg) Reference
20 F-TiO:2 (800) 360-365 nm, 4.8W 15 78.84 0.070 This study
20 F-TiOz2 (800) 360-365 nm, 4.8W 30 96.24 0.121 This study

73.57 Graphene-TiOz (50) 360 nm, 17 W 480 87 2.12 [9]

10 F-TiO2 (200) 300 W 20 88 11.25 [14]

5 GO-TiOz2 (200) 500 W 60 92 108.7 [1]

3.2 V/Mo-TiO:2 (1000) 365 nm, 8 W 60 86.7 2.88 [2]

10 Zeolite/Ni-TiO2 (50) UV, 16 W 120 100 3.20 [11]

10 TiO:z nanoparticles (60) uv, 301?11\/:/, >420 24 99 12.12 [12]

10 WQOs/KNbO:s (3000) 365 nm, 375 W 40 98 24.3 [7]

3 rGO-Fes04/TiO:2 (150) UV, 500 W 70 99 196.4 [10]
BPA (mg/L) Catalyst (mg/L) Lamp (nm, w) Time (min) Degradation (%) EC (W-h/mg) Reference
20 F-TiO2 (800) 360-365 nm, 4.8W 30 98 0.122 This study

10 WQOs/KNbO:s (3000) 365 nm, 375 W 240 49 300 [7]

10 Namdl&zgg)’ndmoz UV, 20 W 100 9% 347 [8]

Glass Fibers Fe-TiOoz-
20 carbon quantum dots A <472 nm, 55 W 60 100 2.75 [4]
(n.r.)
20 ZnO-Graphene oxide 254 nm, 15 W 60 99.5 0.75 [23]

n.r. = not reported.

2.3.2. Long-Pulse Radiation Procedure

Taking into consideration the fact that photocatalysis degradation is a radical attack,
we considered the poorly studied possibility of treating the effluent by alternating radi-
ated and dark periods. That is, we proposed the usage of the lamp in the long-pulse radi-
ation procedure, so the lamp consumption could be reduced for future usages. In this
procedure, the lamp was switched on from 0 to 5 min treatment time and from 10 to 20
min of treatment time. As it can be seen in Figure 3, after 10 and 30 min the detriment on
MB degradation was only, 20 and 10%, respectively, whereas the lamp usage was reduced
to a half. This means that EC was reduced, roughly, to a half (Figure 3). Consequently, the
EC for MB degradation within 30 min was 0.070 Wh mg™ with the long-pulse radiation
procedure.

M continuous long-pulse M EC continuous 0 EC long-pulse

100

90 - - 0.14
< 80 - - 0.12
2
e 707 o0l
el E
£ 50 - 0.08 =
E 4 | - 0.06 %
w
o 30 pre}

- 0.04

E 20 -

10 | - 0.02

0 0

10 30
Treatment time (min)

Figure 3. MB elimination (20 mg/L) at a catalyst concentration of 800 mg/L. Continuous radiation
(purple), and long-pulse radiation (yellowish).
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2.3.3. Reusability

Evaluating the reusability of the catalyst is mandatory for future applications [19]
and thus, it was evaluated. For practical purposes, the experiences were tested with con-
tinuous radiation. First of all, the reutilization of F-TiOz led to a 17% detriment on the third
cycle (Figure 4A) which is within typical values [19]. Samples were filtered by 0.22 um
and measured by ICP, where F and Ti content was below detection limits, demonstrating
that the doping process is not only simple and economic, but also efficient, leading to a
stable F-TiO:2 photocatalyst.

100 100 >
J
—~ 801 —~ 801
X X
c c
S 601 S 60
© ®
£ £
E 40 E 40
w w
o o
= 20 = ]
0 : . : . : 0 : : e ‘
0 15 30 45 60 75 9 0 15 30 45 60 75 90
Time (min) Time (min)
(A) (B)

Figure 4. MB elimination (20 mg/L each cycle), using the same photocatalyst in three cycles (800
mg/L) (A). MB elimination (40 mg/L each cycle), using the same photocatalyst in three cycles (800
mg/L), and adding 0.3 mg/ml of H202 (B).

Nevertheless, the addition of H20: as an extra oxidant has been reported to favor
photocatalysis [17] and hence, the addition of 0.3 mg/mL of H20: in each cycle was eval-
uated (Figure 4-B). Indeed, the process was so favorable that 40 mg/L of MB was used in
order to have enough room for improvement as well as a better quantification (20 mg/L
was eliminated too quickly). One can compare Figures 4-A and 4-B and the detriment
detected on the degradation of 20 mg/L of MB without H20: (Figure 4-A) was not detected
when H202 was added, even though the initial MB concentration was 40 mg/L (Figure 4-
B). In any case, the MB concentration effect is studied in next section in order to compare
the results with these data.

2.3.4. Pollutant Concentration

The effect of MB concentration was then studied (Figure 5). When the initial MB con-
centration was set at 40 mg/L, the degradation plunged to 50% (Figure 5A). Concentration
differences were more significant during the first 10 minutes of radiation (Figure 5B)
where one can notice that the MB degradation was practically constant in the range 5-20
mg/L, whereas the performance abruptly decreased at 40 mg/L. With 0.3 mg/L of H20,
this detriment did not take place and, what is more, the catalyst could be reused for up to
three cycles (Figure 4B).
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Figure 5. MB degradation under UV radiation depending on the initial MB concentration (A). MB
degradation after 10 min treatment (B).

2.3.5. Treatment of More Complex Effluents

Then, the photocatalyst and reactor set-up suitability for the treatment of polluted
effluents were corroborated by treating a solution with the complex polymer BPA as well
as real wastewaters with both MB and BPA (Figure 6). This procedure allows the suitabil-
ity of this process with colorful and colorless effluents to be confirmed. Both pollutants
suffer photocatalytic degradation, which is started by the radical attack, so hydroxylation
occurs in areas close to the aromatic ring, which are electronegative. Then, the scission of
the ring takes place, liberating some carbonaceous chains which end up on simple carbox-
ylic acids [24,25].

Regarding MB degradation (Figure 6-A) the efficiency was reduced (30%) when us-
ing real primary-treated wastewater, contrasting with the results using the distilled Milli-
Q matrix. Moreover, when using secondary wastewater, the result was slightly better due
to the reduction of the organic matter due to the biological degradation (Table S1). The
total organic carbon (TOC) of the solution was 13 mg/L. when MB was dissolved in Milli-
Q water and 86% mineralization was attained within 30 min of photocatalysis. At this
point, the remaining carbon was related to carboxylic acids, which reduced the solution
pH from 5.8 to 5.4. On the other hand, the presence of a more complex wastewater matrix
increased the initial TOC to 91 and 54 mg/L for, the primary and secondary-treated
wastewaters, respectively. After the photodegradation process, TOC was reduced by 66
and 71%, respectively, and the pH was reduced by 0.2 units in both cases. This demon-
strates there acid intermediates were also generated although the pH drop was smaller
due to the buffer behavior of the salt content (both samples had high conductivity: Table
S1). Moreover, the remaining TOC was related to the MB molecule, which was not com-
pletely removed due to the degradation of the organic matter already present on the real
wastewaters.

Regarding the pseudo-first order kinetic adjustment (Table S2), the slope was around
0.13 min! for MB treatment on real wastewaters due to the increased complexity of the
effluent, as the constant rate was 0.137 min~ when treating MB in Milli-Q water.

Figure 6B demonstrates the suitability of the degradation process for different stable
and toxic pollutants, as even BPA was almost completely removed within 30 min. In this
case, the treatment of BPA in a primary or secondary wastewater also caused a detriment
of around 20% on the performance of the photocatalysis process. In this case, mineraliza-
tion on Milli-Q water achieved 83% in 30 min and the pH was reduced from 6 to 5.4, which
may have been due to the generation of more carboxylic acids, as the BPA-Milli-Q solution
had an initial TOC of 16 mg/L. In the case of treating real wastewaters, mineralization
dropped to 69 and 76%, for, primary and secondary-treated wastewaters, respectively.
This demonstrates that BPA degradation was easier than in the case of MB, due to the fact
BPA and its by-products do not cause light scattering. In this case, the pH dropped by 0.4
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and 0.3 units, respectively, demonstrating the generation of carboxylic acids [25]. Further
studies need to be completed on the scale-up study of this process.
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Figure 6. MB (A) and BPA (B) elimination (20 mg/L) at a catalyst concentration of 800 mg/L with
pseudo-first order kinetics adjustment (line) in wastewater that just received a primary treatment
(red squares), that received a secondary treatment (green triangles), and Milli-Q water (purple cir-
cles).

3. Discussion

In order to understand the efficiency of the proposed process, specifically in terms of
photocatalyst activity and reactor set-up, some previous studies depicted on Table 1 were
used as references and are commented on throughout this section.

3.1. Preliminary Tests
3.1.1. Reactor Set-up

The preliminary test for the MB degradation with TiO: photocatalysis was com-
pleted. With the TiO2 catalyst, the comparison between the performance of the wide and
the narrow-open reactors (Figure S1) demonstrated the degradation was improved when
(i) the solution depth was smaller and (ii) when the radiation area was bigger (open-wide
reactor: Figure 7) due to a better activation of the photocatalyst and a reduction in the light
scattering. This reactor is notably thinner than the typical cylindrical reactor and moreo-
ver, it has the radiation source placed at 3 cm from the solution. Jafari et al. [4] also placed
their lamp at 3 cm for BPA degradation; however, their reactor was 5 cm in diameter and
10 cm in height, producing an elevated light scattering, which may cause a lower effi-
ciency than the hereby attained value (2.75 vs. 1.22 Wh/mg, respectively). In fact, they
required twice the time for achieving the same degradation of 20 mg/L of BPA (Table 1).

(A) (B)

Figure 7. Reactor set-up, schema (A), and real (B): UV LED (1), crystal open-wide-reactor (2), mag-
netic stirrer (3), and refrigerator fan (4).
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The EC attained in this study was smaller than most of previous references (Table 1).
This may indicate, apart from a proper photocatalyst selection, the suitability of the reac-
tor set-up. Indeed, several authors have reported the positive effect of reducing the treated
effluent depth when working with photocatalysis systems [26]. Hence, Shiraishi et al. [16]
concluded that the UV intensity received on the photocatalyst decreases as liquid depth
increases. Nevertheless, they highlighted that the negative effect of solution depth can be
overcome with high mixing. In fact, a smaller solution depth reduces light scattering [6].
In our study, the good results may have been fomented by a small solution depth, an
elevated radiated area, and a high mixing rate. For instance, Zhang et al. [2] attained an
extremely high EC (Table 1). These authors may also have used an elevated catalyst con-
centration (1000 mg/L) of the complex V/Mo-TiO: catalyst. This might have produced light
scattering, making the catalyst activation difficult. In fact, these authors used a reactor set-
up with ian nappropriate photo-activation, as the lamp was placed at 8 cm instead of the
3 cm fixed in this study. Moreover, the sample was placed in a beaker which undoubtedly
has a smaller width than the open-wide reactor hereby proposed (Figure 7). These authors
may have attained higher efficiencies by the utilization of a wide-open reactor and higher
stirring rates.

Another example was brought by Niu et al. [12] who placed the lamp 15 cm above of
the sample, increasing the EC to 12.12 Wh mg™'. Both results could have been promising
if the lamp was placed closer to the sample, as the intensity of the lamp is reduced expo-
nentially with distance from the source [27,28]. Indeed, the catalytic performance is related
to photo-current intensity, as a greater intensity engenders more e/h* pairs due to the
generation of easier electron transitions [12]. Considering the results attained in this re-
search study, a new reactor set-up is proposed (Figure S8), based on the proximity of the
radiation source from the bulb solution and the reduction in solution depth.

3.1.2. Catalyst Doping Dosage

Different F dosages were evaluated (Figure S2), namely, TiO2:F ratios of 1:0.5, 1:1 and
1:2 as other authors noticed differences related to the performance of UV photocatalysis
related to the doping dosage [23,29]. Considering the slight differences, the most efficient
photocatalyst to work with was TiOzF 1:1 which was further characterized and compared
to commercial TiOz. The exact amount of F dopant was evaluated by subsequent ICP and
EDS.

3.1.3. Catalyst Concentration

The effect of photocatalyst dosage was in concordance with previous authors. Thus,
a lack of catalyst amount prevents the availability of active sites to be activated by irradi-
ation, whereas an excess of photocatalyst causes the agglomeration of the particles and
light scattering [10,30]. This was clearly noticed when testing 3,200 mg/L of F-TiO: (Figure
53) where the performance was similar to that of 800 mg/L until it reached 20 min of treat-
ment time. Indeed, after 20 min the performance was even reduced which may be con-
sistent with the excessive generation of oxidants which react with themselves due to a lack
of MB particles (as the initial concentration was diminished due to degradation) [31]. Like-
wise, Bibi et al. [10] demonstrated that MB removal increased from 60 to 100% when
switching the rGO-FesOs4/TiO: catalyst concentration from 50 to 150 mg/L. Oppositely, in-
creasing their photocatalyst dosage to 200 mg/L led to a 15% detriment in relation to MB
elimination. In our study, slight differences were found between the 800 and 1,600 mg/L
catalyst dosage, although considering the economic aspects and the fact that 1,600 mg/L
overestimated the degradation performance due to adsorption, 800 mg/L was selected as
the preferred concentration.
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3.2. Characterization
3.2.1. XRD

XRD spectra (Figure S4) showed the characteristics peaks of anastase TiO: at 25.2¢,
37.9°,47.8°,54.3° and 62.7° 6, which correspond to the planes (101), (004), (200), (105), and
(204), which is the most photo-active phase of TiO: [6]. Both TiO2 and F-TiO2 samples pro-
vided a similar XRD profile. This was caused by the fact the ionic radii of F and O are
practically the same (0.133 and 0.132 nm) [32]. Moreover, the analogous XRD profiles of
both TiO2 and F-TiO:2 demonstrated that the synthesis process at low temperatures and
atmospheric pressure is considerate of the TiO: crystalline structure.

3.2.2. Raman

Raman spectra of TiO2 and F-TiO: (Figure 1) demonstrated that TiO2 was chemically
stable in the synthesis process as the spectra were mainly constant. However, F addition
caused a defect introduction at 490 cm™ which can be related to F content [33]. The char-
acteristic peak of Ti at 148.5 cm™ suffered a shift and a peak broadening (Figure 1B) due
to the formation of F-Ti-O [18].

3.2.3. SEM and EDS

The particle agglomeration (Figure S5) on the F-TiO: catalyst can be positive for the
photocatalysis performance [8]. EDS provided the experimental weight ratio Ti:F of 8.25:1
which would be an atomic ratio of 3.3:1. The ICP results showed the actual atomic ratio of
Ti:F was 2.8:1. These slight differences can be explained by the superficial character of the
EDS measurement.

3.2.4. UV-Vis Spectra

The fluoride doping caused an increase in the solar spectrum [3] as can be seen in
Figure S6, where the band gap of F-TiOz was 1.5 eV vs. the 3.2 of commercial TiO2. This
was caused by the addition of F, which adds defects that not only reduce the band gap
but also act as active centers [2]. Consequently, visible radiation absorption is favored as
well as UV absorption [14]. In fact, several authors have demonstrated the dual UV and
visible activity of their synthesized catalysts such as V/Mo-TiO2 [2] or TiO2-5iO: [34]. This
dual activity needs to be corroborated in future studies with F-TiO..

By doping TiO, electron trapping is favored and thus e-/h* recombination is dimin-
ished [3] which is related to a better photocatalysis performance. This electron trapping
may be favored by electronegative compounds such as F.

3.2.5. Electrochemical Measurements
EIS

The smaller radius arc of the F-TiO2 sample when compared to TiO:z (Figure 2) is
related to a better charge transfer and to a lower -/h* recombination [20,35]. The linear part
of the Nyquist plot (0-200 Q of real Z) is proportional to the limited diffusion processes
[36]. Consequently, the fact that the slope is less blatant for F-TiO2 indicates that this cat-
alyst favors a better diffusion when compared to commercial TiOz. Indeed, the wider sem-
icircle on the TiO: catalyst indicates the electrons reach the semiconductor/interface where
the photocatalysis occurs with more difficulty, and thus these electrons could recombine
with holes before reacting with pollutants or oxygen molecules [20]. This high charge sep-
aration and conductivity of F-TiO2 indicates it would act as a better catalyst [36]. Indeed,
a lower resistance, which is related to a faster migration of electrons and holes, has been
associated with a higher generation of radicals throughout the degradation process. This
lower resistance enhances the photocatalytic activity so the pollutant can be degraded
[12]. Other authors have demonstrated a better charge separation efficiency by the attain-
ment of smaller arc radius [37].
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ECSA

Active surface area controls the activity of the photocatalysts due to the interaction
between the pollutant and photocatalyst. Indeed, a higher ECSA implies an increased ad-
sorption of the target compound due to the presence of a higher surface area as well as
the presence of more active sites [19]. Thus, higher ECSA values favor photodegradation
processes [22,38]. In fact, the higher ECSA of F-TiO: (Figure S7) demonstrated that this
catalyst favors light capture, carrier separation, and transfer ability [22].

3.3. Pollutant Abatement
3.3.1. Catalyst Evaluation

The performance enhancement can be explained by the reduction in the e-/h* recom-
bination caused by the substitution of F with O atoms in TiOz, forming a Ti-F bond. These
Ti-F bonds have a higher e~ attraction and the e-/h* recombination is more difficult [3].
This is probably due to the strong F electronegativity. This provides extra time for the
electrons to react to produce radicals involved in the pollutant’s degradation [39].

These EC results were considerably smaller than the previously reported data (Table
1). Other authors have used inefficient photocatalyst and reactor set-ups which they have
tried to overcome by the utilization of elevated consumption lamps. For intance, Badvi
and Javanbakht [11] were far from our one-step-synthesis of the catalyst; indeed, they
needed calcination steps (which increase the operational costs) and several sol-gel reac-
tions. However, 2 h was necessary for complete MB degradation and the efficiency was
23 and 41 times lower than in the case of using our F-TiO:2 process under continuous radi-
ation or the long-pulse procedure, respectively. It is remarkable that these authors used
1,000 mg/L of the initial catalyst concentration which may have had a detrimental effect
(Section 3.1.3).

In general, the appropriate photocatalyst selection, reactor, and lamp configuration
decreased the EC. This is discussed in the last section (Section 3.3.6).

3.3.2. Long-Pulse Radiation Procedure

This novel set-up was extremely efficient (Figure 3); indeed, the F-TiO: system re-
quired 0.125 Wh mg™' for the degradation of MB, which would mean a cost of 2 x 105
EUR/mg using the actual energy cost in Spain. Considering the long-pulse procedure,
the EC was reduced to 0.070 Wh mg (1.1 x 105 EUR/mg™') demonstrating the suitability
of this procedure on radical-based processes. With this lower EC, the application costs of
this process would be proportionally lower. In fact, the results of radiation on switch
on/off mode were in concordance with some studies where the switching off of the lamps
did not cause a direct elimination of the current response, demonstrating the presence of
e~ and h+ [28,37].

The suitability of the reactor set-up, the efficiency of the photocatalyst, and the pos-
sibility of working with radiation on long-pulses increased the efficiency of the process
when compared with recent studies (Table 1).

For instance, Gao et al. [14] reduced both the initial concentration and the treatment
time to 20 min. Nevertheless, the EC was extremely high due to the usage of a high con-
sumption lamp (300 W). These authors could have reduced EC roughly to a half by using
the long-pulse procedure and probably by selecting a higher efficient photocatalyst.

3.3.3. Reusability

F-TiO2 showed a high reusability performance (Figure 4) due to the F doping which
reduces the transformation from anatase to rutile phases, making it more stable through-
out the degradation process [3]. The slight reduction in performance meant the generated
by-products did not block significantly the active sites of the catalyst [2]. Moreover, con-
sidering no Ti nor F were detected after three degradation cycles, one can conclude the F-
TiO2 synthesis provides a stable and well-performant catalyst.
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Nonetheless, the reusability was assessed with the presence of H202, and conse-
quently, the degradation performance was kept constant during three batches even at
double MB initial concentration. This was due to the fact the F-TiO: catalyzes the decom-
position of H202 into HO- radicals [11] and thus, the presence of an additional amount of
radicals make the process more performant. Moreover, H20: acts as electron acceptor,
avoiding e~/h* recombination [11]. This result confirms that H20O: is a powerful substance
that can prolong the life of a catalyst and can burst this process.

3.3.4. Pollutant Concentration

Initially, the influence of MB concentration was tested so the process was validated
to work with concentration variations. The process was stable at around 85% degradation
in 30 min at concentrations between 10 and 20 mg/L (Figure 5). Nevertheless, reducing
the concentration to 5 mg/L caused an MB degradation of 75%. This can be explained by
the fact that too few pollutant molecules make the oxidant species react between them-
selves, losing effectivity [31]. Indeed, other authors reported a lower degradation of MB
when its initial concentration was reduced [40,41]. On the other hand, increasing the
concentration to 40 mg/L reduced MB elimination to 52.4%. Other authors such as Chaki-
nala et al. [6] reported this behavior. Indeed, they suffered a reduction in dye degradation
of around 30% after increasing its concentration from 10 to 45 mg/L.

In the case of Kurniawan et al. [1], 30% of MB degradation detriment was attained
when switching the initial concentration from 5 to 25 mg/L. This was caused by i) the
radiation diffraction due to the effluent darkness, impeding photocatalyst activation [1,6],
ii) the clogging of the photocatalyst surface hindering F-TiO: activation [11], iii) the exces-
sive amount of molecules which, after being in radical state due to the photocatalysis pro-
cess, react with themselves instead than with oxidants, stopping chain radical reactions,
and iv) the higher amount of generated by-products which compete with the target pol-
lutant for the active sites of the photocatalyst [4].

In all cases, the process goes slower as time passes, for instance from treatment time
20 min, the rate is much slower. This is explained by the fact that small by-products gen-
erated due to MB degradation act as radical scavengers [6]. Acosta-Esparza et al. [9] re-
quired up to 8 h to treat a quite concentrated MB effluent, and consequently, the EC in-
creased (Table 1). Considering our data, reducing the initial concentration could have re-
duced the treatment time.

3.3.5. Treatment of More Complex Effluents

As was reported on Figure 6, MB and BPA degradation was achieved within 30 min.
This defeats previous studies (Table 1) and demonstrates the efficiency of the process, as
for instance, BPA natural degradation takes 90 years [4].

Nevertheless, the slower BPA degradation rate at the beginning of the process when
compared to MB degradation is significant (Figure 6 and Table S2). This could be due to
the non-polar character of BPA which makes both aqueous solubilization and oxygen rad-
ical attack more difficult. Nevertheless, as treatment time passed, degradation rose due to
the simpler structure of BPA when compared to MB (graphical abstract), which meant
that almost complete degradation in both cases was achieved within 30 min.

The degradation of both MB and BPA was essayed on real wastewaters after primary
and secondary treatment. In this case, both pollutants suffered a reduction in degradation
performance due to the higher complexity of these matrixes (Table S1). Nevertheless, the
results were promising and considering the detriment was less than 40% in MB and less
than 30% in BPA treatment, it can be concluded that this process copes better with matrix
variations than those offered in other studies. This adaptability might be due to the opti-
mized reactor set-up and the selection of an active photocatalyst.

For instance, Jafari et al. [4] suffered a 40% detriment on 20 mg/L BPA degradation
when switching from distilled water to real wastewater. Likewise, Murcia et al. [42] expe-
rienced a detriment of more than 60%, as MB was completely degraded in 2 h by TiO:
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when using distilled water as a matrix and in 5 h when treating a real sample collected
from a handicraft factory. This may have been caused by the increased turbidity and the
presence of other organic and inorganic content which consume the oxidant species avail-
able on the system and poison the photocatalyst surface due to adsorption into it [4,42].

Considering our results (Section 2.3.3), the addition of 0.3 mg/mL of H20: could favor
the photocatalyst performance even on these complex cases, and consequently further re-
search should focus on the addition of this oxidant and its concentration optimization. For
instance, when H20: was added to the 20 mg/L MB photocatalytic degradation, minerali-
zation increased from 86% to 94% when Milli-Q water was used as a working matrix.
Consequently, the results demonstrate that this process could be applied as a post-treat-
ment for real wastewaters, although H20: addition or longer treatment times may be nec-
essary [4].

3.3.6. Comparison with Previous Studies

The reported results highlight the high efficiency of the set degradation process.
Namely, the high performance of these data can be explained by the proper photocatalyst
selection and reactor set-up, as well as the consideration of the long-pulse radiation or
H20:2 addition.

As it can be seen in Table 1, the synthesized F-TiO:2 photocatalyst performed better
than others reported in the literature, or at least, more efficiently. Indeed, other authors
reached quite high MB degradation rates [1,14,34]. Nevertheless, high energy expenditure
lamps (order of hundreds of watts) or long treatment times were required. For example,
the EC attained by Kurniawan et al. [1] was extremely elevated due to the high power
lamp utilized (500 W) and the fact that in this case the treated effluent had only 5 mg/L of
MB concentration, a fact than could also have caused a slight reduction in the degradation
performance (Figure 5). Likewise, Acosta-Esparza et al. [9] required 8 h for almost 90%
MB degradation. This could be explained by the high initial MB concentration used by
those authors (Table 1). Indeed, even in our case, increasing the MB concentration from
20 to 40 mg/L led to an MB degradation switch from 88 to 52.4% in 30 min (Figure 5).

Moreover, it should be noted that it is extremely important to stop the photocatalysis
process at the optimal treatment time in order to have a more efficient output. Thus, ad-
sorption and biological or other oxidation processes (Fenton, ozonation, electrolysis, etc.)
could be coupled as final polishing [43]. For instance, Gao et al. [14] achieved quite a low
efficiency due to the usage of an extremely powerful lamp. However, if they had stopped
the treatment time after 10 min (80% of MB degradation), the EC would have been reduced
to a half (6.25 Wh/mg). Another example was brought by Badvi and Javanbakht [11] who
required 2 h for complete MB degradation. Nevertheless, approximately 90% was attained
in 40 min. By stopping the photodegradation process at that point, the energy expenditure
would drop from having an EC of 3.2 to 1.19 Wh/mg. Those alternatives may be suitable
as it has been reported that the by-products above 80% degradation are mainly simple
carboxylic acids which are bio-degradable [24].

The attained EC values are related to the future application costs of these processes,
and consequently, it seems the proposed catalyst and set-up could be scaled-up in further
studies (Figure S8). In fact, Pham et al. [44] scaled-up the photodegradation of 20 mg/L of
MB with H202 and even though their lamp consumed much more (25 W) than the used
here (4.8 W), they established an energy cost of 8.41 EUR/m? which is competitive with
other treatment processes. Our process may reduce those costs considering our degrada-
tion rate of 0.1367 min™ defeated the degradation rate of Pham et al. [44] (0.0105 min™).
Indeed, the energy costs for the proposed system of 50 mL with the long-pulse procedure
radiation would be 9.6 EUR/m? which, as it was reported in Section 3.3.3, could be im-
proved with the addition of H20:z [44].

As was described in the previous section, under the worst case scenario the perfor-
mance can be enhanced by the addition of H2O: (Figure 4B). With that, EC is controlled,
as when the treatment time increases, the EC consumption increases more dramatically if
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the pollutant is being degraded slowly. As an example, in this study the EC for the deg-
radation of 20 mg/L MB was 0.093 Wh/mg after 20 min, whereas at 30 min it was 0.125
Wh/mg (and the MB degradation only switched from 82 to 94%). In Figure 3 one can see
how the efficiency of the process was reduced with time, which demonstrates it is not
worth increasing the treatment time; thus, adding H>O2 may be a good alternative (Figure
4B).

The good performance attained by Garg et al. is remarkable [23]. Those authors at-
tained a small EC due to the usage of a low-consumption UVC lamp and an increase in
the irradiated surface area. Nevertheless, the effect of the adsorption on their ZnO-gra-
phene oxide catalyst should be considered, as it adsorbed around 20% of BPA. This may
make the reutilization of the catalyst difficult, which was not assessed.

In general, the proposed set-up and photocatalyst are suitable for stable and threat-
ening pollutants. Consequently, more studies should be carried out in order to complete
this study, i.e., the optimization of H2O2 dosage and treatment time, in order to scale-up
the process (Figure S8), fixing properly the residence time.

4. Materials and Methods
4.1. Reagents

Titanium dioxide (TiO2) Aeroxide P25 was bought from Acros Organics (Madrid,
Spain); nitric acid (HNOs), 70%, from Fischer Chemical (Madrid, Spain); sodium fluoride
(NaF) >99%, from Sigma-Aldrich; and isopropyl alcohol (IPA) (CsHsO), from Honeywell
(Madrid, Spain), as well as the ethanol (EtOH) (>99.8%). Nafion was acquired from Sigma-
Aldrich (Madrid, Spain). MB (>82%) was purchased from Sigma-Aldrich. The water was
supplied by a Milli-Q system (Advantage A10, from Merck, Darmstadt, Germany).

4.2. Catalyst Synthesis

The synthesis was adapted from Shayegan and co-workers [13]. Briefly, 3 g of NaF
was added to 230 ml of IPA, and placed on a magnetic stirrer (approx. 700 rpm) for 2 h at
room temperature. Next, 0.2 M nitric acid was added until pH = 3.5. After that, TiO2 was
added to the solution at different TiOz:F ratios of 1:0.5, 1:1, and 1:2. The stirring was con-
tinued for another 3 h. During that time, nitric acid should be added to keep pH = 4, if
needed. When the time was finished, the obtained substance was centrifuged and washed
several times, until it acquired a homogeneous color. It was dried in an oven at 100 °C for
at least 12 h so F-TiO2 with a molar ratio (Ti:F 1:1) catalyst was attained. Different TiOz:F
contents were essayed and for that, instead of 3 g of NaF, 1.5 or 6 g was used so F-TiOz
was attained with a ratio of Ti:F of1:0.5 and 1:2, respectively.

4.3. Reactor Set-up

The photocatalytic performance was evaluated on a novel open-wide reactor which
was cylindrical with a diameter of 8 cm and a height of 3 cm. It promoted photocatalyst
activation by the lamp placed 3 cm above (Figure 7) and reduced light scattering due to
solution depth. Indeed, another narrow-open reactor (4 cm diameter, 10 cm height) was
also evaluated with comparative aims. In both cases, magnetic sitting at 800 rpm was set.
Under this stirring and in dark conditions, 30 min was left to attain the adsorption equi-
librium which may take place between the catalyst and pollutant. The lamp used was a
low-consumption UV-LED lamp (365 nm, 4.8 W, 78 CMF-AR-A03, from Seoul Viosys,
Gyeonggi-do, Republic of Korea) and it had a small fan in order to keep the temperature
constant at 22 + 2 °C, so evaporation of the sample was avoided.

During the long-pulse radiation procedure, the lamp was switched on from 0 to 5
and from 10 to 20 min treatment time, whereas from 5 to 10 and 20 to 30 min the reaction
continued in dark conditions. That meant 15 min radiation time out of 30 min of overall
treatment time.
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Unless stated differently, 50 mL was used and the catalyst concentration was set at
800 mg/L and the initial MB or BPA concentration was fixed at 20 mg/L, values found in
real landfill leachates [4]. All experiences were performed using Milli-Q water as the
working matrix (Sartorious, Goéttingen, Germany). However, validation experiences were
performed with real wastewater, kindly donated by WTP (wastewater treatment plant) of
Guillarei, Tui, Galicia. This WTP remediated the municipal effluents by primary treatment
(after filtration) and subsequent secondary treatment (after biological remediation). The
characteristics of those effluents are provided in the supplementary material (Table S1).
All experiences were performed in duplicate, and the deviation was found to be smaller
than 4.3%. Consequently, the graphs show the average values.

4.4, Characterization
4.4.1. X-ray Diffraction (XRD)

Room-temperature XRD was carried out on a Rigaku diffractometer with an X PERT
PRO MRD (Pananalytical, MA, USA) using Cu-Ka radiation (A = 1.54187 A). Each pattern
was recorded in the 20 range from 20° to 80° with a step of 0.03° and a total collection time
of 2 h. The analysis of XRD patterns was carried out with Higscore software (Pananalyti-
cal, MA, USA).

4.4.2. Raman

Raman spectra were collected using the Jobin Yvon HR800UV spectrometer (Horiba,
Kyoto, Japan) equipped with Ar laser.

4.4.3. SEM, EDS, and ICP

SEM and EDS analyses were completed using the microscope JSM-6700 F (JEOL, To-
kyo, Japan) (CACTI). Inductively coupled plasma (ICP) coupled to optical emission spec-
trometry (ICP-OES Optima 4300, PekinElmer, MA, USA) (CACTI) was used for measur-
ing leaching after the experiments and the initial photocatalyst composition. For that, acid
digestion of 0.25 mg of the catalyst was carried out by adding 5 mL HNOs 7 M at 120 °C
for 2 hin a 100 mL autoclave.

4.4.4.UV-Vis

UV-Vis spectra of the samples for band gap calculation (Tauc plot [2]) were measured
in a 1% EtOH solution on the spectrophotometer (V-2550, Shimadzu, Kyoto, Japan). This
equipment was also used for MB removal monitorization with time.

4.4.5. Electrochemical Measurements

Electrochemical Impedance Spectroscopy (EIS) and Electrochemically Active Surface
Area (ECSA) were measured using the Autolab PGSTAT302N of Metrohm (Herisau, Swit-
zerland). A three-electrode system was used, with Pt as the counter electrode, the calomel
electrode as the reference, and Ni-foam (1 cm?) as the working electrode where the cata-
lysts were impregnated. A total of 3 mg of the catalyst was dissolved in 630 pL of a mixture
Nafion:EtOH (1:20). The experiences were performed in a 0.5 M Naz50s solution. EIS was
measured on a frequency range of 105-0.1 Hz with a sinusoidal perturbation of 10 mV.
ECSA was measured in a range of 0.1 V at scan rates between 10 and 200 mV s'. Then, a
linear trend was attained by plotting scan rate vs. the difference in current density be-
tween anodic and cathodic sweeps divided by two. The slope provided after linear fitting
of this graph provided geometric double-layer capacitance (CDL). ECSA was calculated
following Equation (3), where Cs is the specific capacitance and has a value of 40 pF cm2
for experiences on a 0.5 M H2504 media [45].

ECSA = CDL/Cs 3)
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5. Conclusions

The F-TiO: catalyst was easily synthesized in a one-step synthesis. This catalyst was
characterized by several means (XRD, FTIR, EDS, band gap, EIS, and ECSA calculations)
which anticipated the good performance (F-TiO2 showed a high electron mobility, a small
band gap, and an elevated surface area). Indeed, the results demonstrated that the photo-
catalytic activity was better than the previously reported data, even better than the com-
mercial well performant TiO: from Degussa. The wide-open reactor was selected based
on a preliminary test which highlighted the importance of reducing the solution depth
and increasing the radiation surface. The effect of pollutant and photocatalyst concentra-
tion, the alternative of working in a long-pulse radiation procedure, and the effect of the
working matrix was evaluated. The reactor set-up and the synthesized catalyst made pos-
sible the efficient treatment of methylene blue and bisphenol A even when being in real
wastewater matrixes. H20: addition is presented as an alternative to improve the degra-
dation and reusability process. Thus, given that photocatalysis is a clean and sustainable
technology, the fact the photocatalyst is reusable and the process can be used for real
wastewater treatment, this process could be studied at higher scale in order to open a path
for real applications.
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(A) with EDS analysis (B); Figure S6: UV-Vis spectra of TiOz (A) and F-TiO2 (B) photo-catalyst with
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