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Abstract

In this work, the photocatalytic reduction of CO, was innovatively tested with the simulta-
neous removal and mineralization of a textile contaminant, methylene blue (MB), which
acts as a sacrificial agent. The process was carried out in a flow regime under atmospheric
conditions, using a liquid-phase photoreactor under UVA illumination with a duration of
24 h per test. Two commercial TiO,-based photocatalysts, P25 and P90 from Evonik, were
used and surface modified through the photodeposition of metallic nanoparticles of Pt, Au,
and Pd, as they did not show gas-phase products from CO, reduction on their own. The
optimal pH was 5, the decreasing order of activity by metal was Pt > Au > Pd, and the
optimal MB concentration was 20 ppm. The major products were CHy and Hj in the gas
phase. The presence of CHy was only detected in the presence of a CO; flow. In the liquid
phase, carboxylic acids were also detected in small amounts, and in the test, 100 ppm of MB
ethanol was additionally detected. A 100% degradation of MB and 72.5% mineralization
was achieved under the conditions of highest CHy4 production (20 ppm MB at pH 5 with
4 g-L =1 P25-0.70%Pt).

Keywords: carbon dioxide; photocatalysis; photoreduction; methane; methylene blue

1. Introduction

CO; is the most important of the greenhouse gases, and its emissions continue to
be a major concern. CO; is captured through separation processes, primarily through
absorption or adsorption, and is subsequently stored [1]. However, ideally, it should be
used as a raw material for conversion into other materials [2]. In the search for alterna-
tive energy sources and the reduction in greenhouse gas concentrations, the photocat-
alytic reduction of CO, has attracted attention since the oil crisis of the 1970s as it can
lead to CO and other value-added compounds such as methane, methanol, or formic
acid (Equations (1)—(5)).

CO, +2¢~ +2H" — CO + H,O (1)
CO, +2¢~ +2H" — HCOH )
CO, +4e™ +4HT — CH,O + H,O 3)
CO, +6e~ +6HT — CH;0H + HyO (4)
CO, + 8¢~ +8H" — CHy + 2H,O ()
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The photocatalytic reduction of CO, occurs under relatively mild conditions and
with low energy consumption, as, unlike thermal reduction, it does not require reaching
demanding pressure and/or temperature conditions. The first works on the photocatalytic
reduction of CO; in aqueous solution were published between 1978 and 1979 [3,4]. Both of
these publications were photoelectrochemical-based works, which, although presenting
advantages over heterogeneous photocatalysis in terms of controllability and selectivity,
face greater problems in terms of the stability of the materials [5].

In recent years, the focus of much of the research conducted has been on the construc-
tion and modification of catalysts to improve their activity and selectivity [6-9]. Catalysts
need to be stable against corrosion, harmless, low-cost, and have suitable physicochemical
characteristics, namely a broad bandgap that provides adequate positive and negative
redox potentials in the valence and conductance bands, respectively. Although many
materials have been and continue to be explored, TiO, remains the material that best meets
this requirement [10].

One of the reasons for the decreasing efficiency of the photocatalytic process is that
the photogenerated electrons and holes recombine before reaching the surface of the
semiconductor. In order to decrease the recombination rate, metallic nanoparticles that
concentrate the generated photoelectrons that go to the conduction band are incorporated.
Zhang et al. photodeposited Pt nanoparticles on TiO, nanoparticles and nanotubes and
found the optimal Pt percentage to be 0.12 wt% for the production of CHy [11]. In a more
recent work, Nabil et al. also deposited Pt on TiO, and a composite of it with reduced
graphene oxide (rGO), obtaining CH30H as the major product and demonstrating that
photocatalysis showed better activity in CO, reduction than photoelectrochemistry [12]. In
their work, Pougin et al. explored the benefit of Au particles through a combination with
core-shell type TiO, and obtained as main products CHy (5 pmol- g’l -h~1) and CO [13].
Yu et al. published how it is possible to use only Au nanoparticles as a catalyst to produce
the photoreduction of CO, under visible light and in the presence of water [14]. Su et al.
compared Pt, Au, and Pd on TiO, nanowire and obtained the maximum production of
26.74 pmol-g ! of CHy and 50.43 pmol-g~! of CO with 0.5% of Pd [15].

It is also important to employ substances that take advantage of the photogenerated
holes in the valence band of the semiconductor to prevent recombination. In general, water
acts as an electron donor but presents drawbacks such as the formation of oxygen and
protons that compete with the reduction of CO, (Equation (6)). Therefore, water may be
added or, indeed, other substances known as sacrificial agents that do not present these
drawbacks [16] and can even increase the solubility of the CO, in the liquid phase [17].

2H,O + 4h™ — Oy +4H™" (6)

Both inorganic and organic substances have been used as sacrificial agents, with the
former including aqueous solutions based on bicarbonates, carbonates, hydroxides, or
sulfites. Yoshino et al., with CoOy/BiVO,4@rGO@(CuGa)g 5ZnSe and employing different
base additives as sacrificial agents (SO3%2~, HCO5;~, NaOH), obtained H;, and CO as the
major products [18], while Yang et al., with Cu-TiO, and Pt-TiO; and a solution of sodium
carbonate and sodium sulfate at pH 3, obtained H; and CHy in the gaseous phase and
detected HCOOH, HCHO and CH3OH in liquid phase [19].

With respect to organic sacrificial agents, use has principally been made of alcohols
such as isopropanol or ethanol and amines such as triethanolamine or triethylamine [20-24].
However, the use of organic sacrificial agents and/or solvents is controversial as they may
not be sufficiently stable and, as a result of their decomposition, the reaction products of
CO; reduction may be overestimated [25,26]. It has recently been discovered that the role
of these substances could be more complex than simply acting as a hole-trapping agent.
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For example, triethanolamine (TEOA), which has been widely used as a sacrificial agent,
appears to not only act as a hole-trapping agent but is also capable of photocatalyzing the
reduction of CO, to CH4 and CO under UV radiation [27].

The proposal has recently been made to simultaneously carry out the oxidation of a
contaminant with the photoreduction of CO,. Liu et al. synthesized oxygen-doped carbon
nitride nanotubes with which they obtained CO from CO, reduction and lactic acid from
xylose oxidation [28].

In the context described above, this work aims to use an aqueous solution of methylene
blue (MB), a toxic and non-biodegradable cationic dye, as an electron donor. The extensive
use of MB in various applications (including textiles, medical, pharmaceuticals, biological
staining, and chemicals) generates a significant volume of waste that needs to be treated [29-31].
It is also considered the model molecule for various applications. It is employed to study
the adsorption capacity of activated carbons and, since it practically does not absorb in the
UVA range, it has been used as a target substance to test the activity of photocatalysts under
aerated conditions with UVA radiation, as under these conditions it does not undergo
transformation by photosensitization or, in practical terms, by photolysis [32]. In a recent
study by Lee et al., its use was suggested to test catalysts under anaerobic conditions in
both UVA and Vis [33].

The novelty of the work presented here lies in the fact that, to our knowledge, no
studies have proposed the simultaneous removal of the MB contaminant with the reduction
of CO; through heterogeneous photocatalysis, nor has any publication contemplated the
mineralization of MB under anaerobic conditions. This work therefore studies the removal
and use of MB as a sacrificial agent for CO; reduction using TiO,-based catalysts (P25 and
P90 from Evonik), modified with metal deposits, and examining variables such as pH,
catalyst load, metal load, and MB concentration.

2. Materials and Methods
2.1. Materials

Methylene blue trihydrate (Ci6H13CIN3S-3H,0) was supplied by Sigma-Aldrich
(Darmstadt, Germany). All solutions were made with deionized water (MilliQ). For pH ad-
justment, sodium hydroxide and hydrochloric acid solutions were used. The catalysts were
the TiO, Aeroxide P25 (P25) and TiO, Aeroxide P90 (P90) from Evonik (Essen, Germany)
(Table 1). The precursors of the metals deposited on the catalysts were hexachloroplatinic
(IV) acid hexahydrate (HyPtClg-(H;O)g) for platinum (Pt), tetrachloroauric (III) acid trihy-
drate (HAuCly-(H,O)3) for gold (Au), and palladium (II) nitrate (PANO;-(H,O),) dihydrate
for palladium (Pd).

Table 1. Characterization of the commercial catalysts P25 and P90.

Crystal Size Surface Pore
Catalyst Anatase/% Rutile/% Bandgap/eV _
y Anatase/nm Rutile/nm Area/m?.g~1 2P Volume/cm?3-g~1
P25 82 18 23 44 48.6 + 0.1 3.18 0.176
P90 86 14 13 19 79.2 £0.2 3.27 0.381

Note: Data taken from [34].

2.2. Methods
2.2.1. Metal Deposition

The amounts of metals loaded were 0.35 £ 0.03 and 0.70 £ 0.05 wt% with respect
to the mass of the catalyst. The photocatalysts obtained were named P25-x%M and
P90-x%M, where x denotes the metal mass percentage and M corresponds to Pt, Au,
or Pd, as applicable. The method employed for metal deposition has been previously
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described [35-37]. In an immersed reactor (Photochemical Reactors Ltd., Sonning Common,
UK) with stirring, 2 g of photocatalyst were dispersed into 400 mL of deionized water
and 9.2 mL of isopropanol and subjected to magnetic stirring. The dissolved oxygen was
removed from the solution with a nitrogen flow bubbling that was maintained for the
whole process. After 30 min, the required amount of metal was added from a concentrated
solution of the precursor and then irradiated with a 400 W medium-pressure Hg lamp
(8.1 x 1077 einstein s~ 1-L 1) placed inside a quartz tube for 4 h. The catalyst was separated
and washed with water 3 times by centrifugation. Finally, it was dried at 105 °C for 24 h
and ground in an agate mortar.

2.2.2. Activity Tests

In a borosilicate glass reactor, 75 mL of MB solution was added, and the required
amount of catalyst was incorporated. The pH was adjusted, and the reactor was incor-
porated into the test setup (Figure 1). The reactor was continuously stirred, and the air
purged from the system by circulating He for 30 min at 150 mL-min~!. Subsequently, three
Philips HB175 Solarium lamps were turned on, each equipped with four 15 W Philips
CLEOQ fluorescent tubes with a maximum radiation at 365 nm. The lighting was maintained
for 24 h. The gases generated in the reactor were directed to a MicroGC (490 Agilent Tech-
nologies, Santa Clara, CA, USA) through a total flow of 5 mL-min~! of He 4.5 mL‘min_l)
and CO; (0.5 mL-min~!). The chromatographic areas were converted to molar flows
by performing calibration curves. The MicroGC uses He as a carrier gas and is
equipped with two columns, a MolSieve5A and a PoraPLOT Q column, and a thermal
conductivity detector.

Flow controller

Purge gas
station

Data acquisiton
system

Gas chromatographyl
Reactor with magnetic
stirring

Figure 1. Schematic representation of the reaction system.

At the end of the experiment, the liquid was separated from the solid by centrifugation
and 0.45 um filtration, and both parts were subjected to further analysis. The solid part
was studied using Fourier transform infrared spectroscopy (FTIR). For this purpose, a
Nicolet iS10 device from Thermo Fisher Scientific (Waltham, MA, USA) was used. The
samples were analyzed in transmission mode, placed between CaF; windows. The spectra
were recorded in the range of 4000-1000 cm~! with a resolution of 4 cm~! and 32 scans.
The liquid part was analyzed by UV /Vis spectroscopy (Libra S60, Biochrom, Cambridge,
UK), high-resolution liquid chromatography (1200 Infinity Agilent Technologies), and gas
chromatography (2010 Plus Shimadzu Europe GmbH, Duisburg, Germany), and the organic
and inorganic carbon was quantified (Shimadzu TOC-VCSN). The amount of residual MB
was quantified with UV /Vis spectroscopy. The presence of carboxylic acids was analyzed
by liquid chromatography, using a Supelcogel C610-H column, with a mobile phase of 0.1%
phosphoric acid in water at a flow rate of 0.5 mL-min~! and a UV /Vis detector at 210 nm.
Gas chromatography was employed to analyze the presence of highly volatile alcohols,
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aldehydes, or ketones of low molecular weight, for which a CP-Wax 52 CB 30 m x 0.25 mm
x 0.5 um (Agilent) column and a flame ionization detector (FID) were used.

3. Results and Discussion

Activity tests were conducted with unmodified P25, with no signals detected in the gas
phase despite a 92.3% degradation of MB and a 76.4% mineralization under the conditions
of 20 ppm MB with 2 g-L~! P25 and pH 5. With the aim of obtaining an active catalyst for
both processes, CO; reduction and MB removal, metal photodeposition was carried out on
the surface of the P25 catalyst, which is the reference TiO,-based catalyst in photocatalytic
studies [38—40]. The variables of pH, catalyst load, metal deposit load, and sacrificial
agent concentration were analyzed with the P25, the results of which are discussed below.
Subsequently, the previous optimal conditions were tested with P90, which is a catalyst
from the same commercial house with slight modifications in its characteristics (see Table 1).
Further comments on the P90 catalyst can be found in Section 3.6.

3.1. Effect of pH

Figure 2 shows the graphs of the evolution of the molar flows of methane and hydrogen
for different pH values. The pHs measured at the end of the experiment were practically
the same as the initial ones for pH 3 and pH 5, with an increase and decrease, respectively,
of less than 0.2 units. For pH 7, there is a slightly greater decrease of 0.6 units. However,
for pH 9, the decrease is 3.4 units.

12
Time/h

(b) pH5
10 700
® ®CH,
600
(% -50500 1'3
L L
6 = 400 =
3 g :
=}
4 §_ Z 300 £
= 200 ° o)
, & 5 4 - O
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20 24 0 4 8 12 16 20 24
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Figure 2. Evolution of methane and hydrogen in the case of the P25-0.35%Pt at different pHs:
(a) pH 3, (b) pH 5, and (¢) pH 7 (20 ppm MB, 2 g~L*1 P25-0.35%Pt).

For pH 3, both CH, and H; were obtained in the gas phase. The CH, shows an
initial increase in flow up to 150 nmol-h~!-g~! and then decreases to remain constant in
a range of 80-100 nmol-h~!-g~1. In the case of the Hy, a very inconsistent flow over time
is observed, with values around 3.5 pmol-h~!.g~1. For pH 5, only CH, was obtained.
Initially, a flow of 700 nmol-h~!.g~! was achieved, which then decreased and stabilized
around 200 nmol-h—!-g~!. In the case of pH 7, the results show the presence of H, and CHy.
The H, increases over the first 30 min, reaching a flow above 25 umol-h~!-g~!, and then
decreases, stabilizing at around 5.00 umol-h~!.g~1. The CH,, which reaches a maximum
of 90 nmol-h~!-g~1, remains practically constant at around 60 nmol-h~!.g~1.

In short, at pH 3, both H; and CH4 are produced, at pH 5, the production of CHy is
favored and is significantly higher than that obtained at the other tested pH levels, and
at pH 7, the production of CHy is drastically reduced while the production of hydrogen is
greatly increased compared to that obtained at pH 3 and pH 5. At pH 9, no methane or
hydrogen production was observed.

The adsorption of MB on TiO; is low [41-43]. Zeng et al. determined a maximum
adsorption of 5.5-10~7 mol-g~! at pH 5 [42]. Figure 3a shows the infrared spectrum of
the P25-0.35%Pt with MB at CHy at different concentrations. The band at 3400 cm ™!
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absorbance/u.a.

corresponding to the OH groups (not shown) and the band at 1635 cm~! corresponding
to water are not shifted as a result of the presence of MB. In the 2000-1000 cm~! region,
various bands of the MB can be observed which are visible when it is adsorbed on the
P25-0.35%Pt [44,45]: the band at 1603 cm ! corresponding to the skeletal stretching vibra-
tions of the C=C and C=N bonds in the heterocycle, the band at 1490 cm ! assigned to the
C=S stretching vibration, the band at 1393 cm ™! assigned to C-H bending vibrations, the
peaks at 1336 cm~! and 1357 cm ! corresponding to the C-N and C=S* stretching vibra-
tions of the heterocycle, the band at 1252 cm ™! of the in-plane and out-of-plane bending of
the C-H bonds, another band at 1223 cm™!, which corresponds to the stretching vibration of
the C-C bonds of the heterocycles, and those at 1178 cm~! and 1143 cm ™! corresponding to
the in-plane bending vibrations of the C-H and C-N bonds, respectively, of the heterocycles.
The band at 1603 cm ™! presents a notable shift with respect to the MB band at 1595 cm .
Smaller shifts are observed for the bands at 1393 cm 1, 1336 cm !, and 1143 cm L. This
could indicate that the adsorption of MB molecules on the surface of the P25-0.15%Pt is
preferably planarly adsorbed towards the TiO, surface [46].
1357 11 78 N
i 5 \CNT/

pK,,=1120

1800

P N

1 ! : 1 \@ \ﬁ/

H 1 H—N .

Lo >

- ‘u pK, | =2.61
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: : \@ \%/
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Figure 3. (A) FTIR spectra of P25-0.35%Pt with MB adsorbed at pH 5 at different concentrations:
(a) 20 ppm, (b) 60 ppm, (c) 100 ppm, (d) 250 ppm, (e) 500 ppm, (f) P25-0.35%Pt, and (g) MB.
(B) Dissociation of MB in water as a function of pH.

Adsorption is conditioned by pH. The zero charge point (pHzc) of the P25-0.35%Pt is
around 6.8. For its part, the MB has two pKa, 2.63 and 11.20 [47], which is why it is a cationic
dye across the entire pH range. Thus, below pH 2, the molecule presents three positive
charges, at pH 4-10, two positive charges, and, finally, above 12, only one positive charge
(Figure 3b). Figure S1 (Supplementary Materials) shows the adsorption spectra of the MB
on P25-0.35%Pt at different pH levels. It can be seen that the bands are much more intense
atpH 7, 9, and 12 than at pH 3 and pH 5. At pH 3, the surface of the highly positively
charged catalyst repels the adsorption of MB, which has two and three positive charges.
At pH 5, although to a lesser extent, the surface of P25 still presents a positive charge, and



Photochem 2025, 5, 30

7 of 18

the MB molecule has two positive charges, which continues to pose an impediment to
adsorption, although not as severe as at pH 3.

The dissolution of CO, in water produces the formation of carbonic acid, as well
as bicarbonate and carbonate anions, whose proportion and predominance will depend
on the pH of the medium. Therefore, the supply of CO, gas generates the formation of
negatively charged species that could cause a partial neutralization of the divalent cationic
species, MBH?*, facilitating the approach to the surface of the photocatalyst through
ionic interaction due to the formation of a bicarbonate-MB binding [48]. Carbonic acid
has two pKa values, 6.3 and 10.3. This means that at pH 5, there is a greater amount
of bicarbonate ions (HCO3 ™) than at pH 3, which increases the likelihood of this effect
occurring. However, at pH 3, carbonic acid overwhelmingly predominates. Therefore, it is
proposed that bicarbonate ions help neutralize and attract the MBH,* towards the surface
of the photocatalyst, acting as an aid for the anoxic degradation of MB directly or indirectly
through the action of hydroxyl radicals generated by water oxidation [49,50]. This could
help explain the improvement in methane production when moving from pH 3 to pH 5
and the deterioration in Hjp, which at pH 3, is benefited by the higher presence of H*
in solution.

The most advantageous situation for the adsorption of the MB, which still carries
two positive charges, should, in principle, be at pH 7, when the TiO, surface would have
a practically neutral charge. However, at this pH, there is a significant accumulation of
anions, especially bicarbonates (almost 83% relative to the CO, saturation value). In fact,
inorganic carbon was measured at 6.16 ppm compared to values below 1 ppm obtained
for pH 3 and pH 5. This excess could, on the one hand, be competing with the MB for the
adsorption sites [51] and, in addition, be favoring alternative and slower mechanisms for
MB oxidation through the formation of CO3°~, which hinders methane formation [52,53].
In fact, MB degradation values of 99.7% and 99.8% were achieved at pH 3 and 5, respec-
tively, while at pH 7, the value was slightly lower, at 98.4%. These values are as high as
those obtained under more advantageous conditions with the presence of air [54,55]. The
amount of residual total organic carbon was 4.1, 4.5, and 4.9 ppm for pH 3, pH 5, and
pH 7, respectively.

With the aim of seeing the effect of the CO; on the activity, the experiment at pH 5
was repeated, replacing CO, with He. It can be seen in Figure 4A that only hydrogen is
produced without CO,, showing that the methane formed comes from reduction in the
CO; supplied to the reaction medium [23,56]. The CO; acts as an electron acceptor on the
surface of the photocatalyst, initiating its reduction to products such as CH,. On the other
hand, the absence of CO, favored the appearance and production of hydrogen [57]. This
is because it reduces the competition for capturing the photogenerated electrons, and the
only alternative reactions are the reduction of protons and the MB. In the FTIR spectra at
the end of the test, bands at 1689 cm !, 1550 cm !, 1511 cm !, 1398 cm 1, and 1060 cm !
are only observed in the presence of CO,, demonstrating the formation of adsorbed CO,
species and essential intermediate species resulting from its reduction (Figure 4B) [58-61].
The MB, however, does degrade, leaving only 0.10 ppm in solution and a total organic
carbon amount of 5.4 ppm, values which are only slightly higher than those observed in
the presence of CO,.
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Figure 4. (A) Evolution of the molar flows of methane and hydrogen with and without CO,, and
(B) FTIR spectra after 24 h of illumination with (a) and without (b) CO, flow (20 ppm MB,
pH 5,2 g-L~1 P25-0.35%Pt).

3.2. Effect of Catalyst Load

In order to try to increase methane production, the catalyst load was increased. In
Figure 5, a comparison is made between 2 g-L. "' and 4 g-L 1.

(a) (b)
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Figure 5. (a) Evolution of molar flows per unit mass of catalyst; and (b) evolution of total molar flows
for 2 g-L~! and 4 g-1. 7! P25-0.35%Pt (20 ppm MB, pH 5).

With respect to CH, production, for 2 g-L~!, the production almost immediately
reaches a value of around 658 nmol-h~!-g~! and decreases to 158 nmol-h~!.g~1. In con-
trast, an induction period is observed for a catalyst load of 4 g-L~!, with a maximum flow
of 223 nmol-h~!.g~! subsequently reached, which decreases more slowly over 24 h to
103 nmol-h~!.g~! (Figure 5a). These lower flows per unit mass for 4 g-L~! highlight
the adverse effects of catalyst aggregation and radiation scattering [62-64]. In fact,
when integrating the total production over 24 h, very similar values are obtained for
2 and 4 g-L~!, namely 1033 and 1047 nmol, respectively (Figure 5b).

A notable difference between the two experiments is that H, was produced in ad-
dition to CHy with the increase in the amount of catalyst, increasing in the first hour
to 6.4 pumol-h~!-g~! and then stabilizing at around 2.0 umol-h~!-g~1 after 7 h. This may be
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due to the greater number of active sites and poor diffusion of the CO; in the reactor, which
reduces its ability to compete with water/protons for the photogenerated electrons [65].

The effect of catalyst load is also reflected in the degradation of the MB, which was
completely removed, with a higher mineralization degree, increasing from 62% for 2 g~L*l
t0 91% for 4 g-L 1.

3.3. Effect of Platinum Load

The aim in this section is to study the effect of the amount of platinum, a metal that
produces a beneficial effect in small percentages [66]. For this purpose, two quantities were
compared, 0.35% and 0.70%, by weight relative to the mass of TiO, (Figure 6).

A CH:0.35%Pt AH20.35%Pt [
500 -
WCH:0.70%Pt M H20.70%Pt [ .,
T 400 A =
H:C-’D 10 50
_: )
= 300 - g <&
E (=}
= 5 §_
=, 200 =
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2
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0 4 8 12 16 20 24
Time/h

Figure 6. Evolution of the molar flows of methane and hydrogen as a function of platinum loading
(20 ppm MB, pH 5, 4 gL~ P25-x%Pt).

For the lower platinum load, as previously observed, the CH, reaches a maximum flow
of 220 nmol-h~!-g~1 in 1.5 h and then decreases to stabilize at around 100 nmol-h~!.g~1,
while the H, reaches a maximum of 6.8 pmol-h~!-g~! in the first hour and then falls to
stabilize at around 2 pmol-h~1-g 1.

With respect to the higher platinum load, the CHy increases to a maximum of
500 nmol-h~!-g~! in 5 h and decreases to stabilize at around 200 nmol-h~!-g~!. The H,
flow gradually increases before reaching a maximum value of 11 pmol-h~!-g~!in 1 h, and
then decreases, initially more rapidly and then after 10 h more slowly, to 2 pmol-h~1.g~1.

Comparing both experiments, the amount of Hy and CHy produced in 24 h with the
P25-0.70-Pt catalyst is greater than with the 0.35% Pt catalyst: for CHy, 7.88 umol-g’1 Vs.
1.04 pmol-g~!, and for Hj, 89.67 pmol-g~! vs. 61.03 umol-g~!. Observing the results, it
is concluded that a higher density of metallic active sites favors charge separation and,
therefore, improves the overall efficiency of the photocatalytic process. Moreover, it is
observed that, although the reduction in H* and H,O to produce H, continues to be
important, the CHy4:Hj ratio increases with the amount of Pt.

Regarding MB degradation, it is observed that the remaining MB concentration is
below 0.05 ppm in both cases, but that a higher amount of Pt resulted in a decrease in
mineralization, leaving 3.3 ppm (28%) of total organic carbon. It has been reported in
the literature that the presence of metal deposits does not always favor the oxidation of

organic contaminants [67].

3.4. Effect of Methylene Blue (MB) Concentration

Figure 7 shows the molar flows of methane and hydrogen produced for 10, 20, 50,
and 100 ppm of MB. An experiment was also conducted in the absence of MB, but only a
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continuous hydrogen signal was detected from the first hour, which could not be quantified
(<1.4 pmol-h~1-g~1). This highlights the fundamental role of MB as a sacrificial agent for
CO, reduction.

(a) (b)

@®10ppm @20 ppm 010ppm O20ppm
®50ppm @100ppm O50ppm ©100ppm

Time/h Time/h

Figure 7. Evolution of the molar flows of (a) methane and (b) hydrogen as a function of methylene
blue concentration (pH 5, 4 g-L =1 P25-0.70%Pt).

With the increase from 10 to 20 ppm of MB, an increase in methane flow is observed.
For 10 ppm of MB, a maximum of 310 nmol-h~!.g~! is reached at 1.3 h, and from there
it gradually decreases to about 23 nmol-h~!-g~! at 24 h, which is a value only slightly
lower than the value reached for the case of 20 ppm at this time. However, for 20 ppm, a

maximum of 500 nmol-h~!.g~! is reached, so its decline is faster. In the case of hydrogen,

the opposite happens, and the maximum reached at 10 ppm is higher, 16 pmol-h~!.g !
vs. 11 umol-h~!-g=1. At concentrations above 20 ppm, both the methane and hydro-
-1

gen flows decrease. For 50 ppm, a maximum of CHy of 301 nmol-h~!-g~1 is reached,

and for 100 ppm, 238 nmol-h~!-g~!, and in both cases, decreasing to 96 nmol-h~!.g~!
at 24 h. The Hj for 50 ppm appears after 30 min of illumination, reaching a maximum
of 57 umol-h~!-g~1 at 2.5 h and then falling to 1.9 umol-h~!-g~! at 24 h, while for 100 ppm
of MB, it is quantifiable after 2.25 h with flows of between 1 and 1.5 umol-h~!-g~1.

The optimal sacrificial agent concentration was 20 ppm. The reduction in activity with
the increase in sacrificial agent concentration can be attributed to the saturation of active
sites and the formation of a contaminant layer on the surface, which acts as a physical and
electrostatic barrier, hindering the interaction between CO, and water and the catalytic
centers. Therefore, in aqueous systems, it is important to optimize the concentration of the
sacrificial agent to increase efficiency [23].

As can be seen in Table 2, the concentration of MB and total carbon remaining in
solution after 24 h is higher the greater the initial concentration of MB. This is consistent
with the detection, for 100 ppm of MB, of a higher concentration of intermediates such
as phenol and ethanol compared to carboxylic acids, which are intermediates in the later
stages of degradation and which are observed for lower MB concentrations [54,68,69]. In
any case, the mineralization achieved for 100 ppm of MB is high, at 80.5%.
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Table 2. Analysis in the liquid phase at 24 h of illumination (0.70% metal, pH 5, 4 g-L~1).

Catalyst/[MB],/Metal

[MB]

% MBigogradated TOC

% TOCremoved [Phenol] [Ethanol] [Formic Acid] ~ [Acetic Acid] ~ [Oxalic Acid]  [IC]

P25/10 ppm/Pt

ND

100 13 78.3 ND ND 0.85 0.58 ND 0.3

P25/20 ppm/Pt

ND

100 3.3 725 0.01 ND ND ND 0.19 0.8

P25/50 ppm/Pt

0.3

99.0 9.2 69.3 0.07 ND 0.29 0.52 0.29 0.1

P25/100 ppm /Pt

15

97.5 11.7 80.5 0.08 5.6 0.18 ND ND 0.1

P25/20 ppm/Au

0.3

97.5 6.1 49.2 0.04 ND ND ND 0.08 0.8

P25/20 ppm/Pd

ND

100 3.4 66.0 ND ND 0.81 ND 1.1 0.9

P90/20 ppm/Pt

ND

100 1.2 90.0 0.04 ND 0.31 0.76 ND 48

P90/20 ppm/Au

ND

100 59 50.8 ND ND ND 0.40 ND 8.2

500 -

N
o
o

w
o
o

200

CH, /nmol-h-1-g!

100

Note: MB = methylene blue; ND = not detected; TOC = total organic carbon; and IC = inorganic carbon. The MB
concentrations were estimated with a maximum of 664 nm. The concentrations are expressed in ppm of carbon.

3.5. Effect of the Nature of the Deposited Metal

In any study of heterogeneous photocatalysis, the role of noble metal deposits such as
Ag, Au, Pd, and Pt on semiconductors in reducing the recombination of photogenerated
charges is well known [70,71]. In the specific case of the photoreduction of COy, its role in
the selectivity or activation of the adsorbed CO, has also been considered [66,72-75]. Pt is
one of the most studied of the aforementioned noble metals, with publications on its role in
CO;, adsorption dating back to the 1980s [76].

Figure 8a shows the flows of methane and hydrogen produced with the P25 modified
with the different metals. In the case of Au, it is observed that methane increases to
180 nmol-h~!-g~! in the first 1.5 h, then decreases and stabilizes at around 100 nmol-h~1.g~1
after 7.5 h. In this case, no hydrogen formation is observed, which can be related to previous
studies that have shown that the optimal concentrations of Au for hydrogen formation are
much higher than those of Pt and those considered in this study [36,37,77]. In the case of Pd,
the methane reaches a maximum of 0.10 umol-h~!-g~! at around 1.5 h, then subsequently
decreases and stabilizes at around 0.05 pmol-h~!-g~! after 8.5 h. In this case, hydrogen
formation is observed, reaching a maximum of 5.8 pumol-h~!.g~1 at 1.5 h and stabilizing at
around 2.0 umol-h~!.g~1 after 10.5 h. These productions, of both methane and hydrogen,
are lower than those obtained with Pt and previously discussed in earlier sections, where
respective maximums of 500 nmol-h~!.g=! and 11 umol-h~!.g~! were reached.

(a) (b)

- 12
0.70%Pt MCH: O H:

0.70%Au @ CHs
0.70%Pd A CHs AH2

0.75

—=— Pt
10 —e— Au
0.60 —4—Pd

0.45

0.30

[9)]
H, /umol-h-1-g-1
Absorbance

2 0.15

——— T 0 0.00

24 200 300 400 500 600 700 800
wavelength/nm

Time/h

Figure 8. (a) Evolution of the molar flows of methane and hydrogen as a function of the nature of the
metallic deposit (20 ppm MB, pH 5, 4 g-L~! P25-0.70%M). The CHy is represented by the filled-in
symbols and the H by the empty symbols. (b) UV-Vis spectrum at 24 h of illumination (20 ppm MB,
pH5, 4 g-.L~1 P25-0.70%M).
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Ultimately, Pt was found to be the most effective for CH, production, followed by Au,
while Pd showed the lowest efficiency. This comparison highlights the importance of the
type of photodeposited metal in the optimization of TiO,-based photocatalytic catalysts
for fuel generation applications. The fact that Pt is more efficient has been noted by other
authors [66,78]. Khan et al. reported that Pt is the best metal due to its ease of dispersion
on the surface of the TiO,-based photocatalyst and because it exhibits high activity for
CO; hydrogenation [78].

As can be seen in Table 2, the case of Au is the only one where MB remains without
being completely degraded, along with 50% of the total organic carbon. For Pd and Pt, the
same levels of mineralization, 72%, are achieved. However, the degradation mechanism
of MB with Pd is different because, despite the band in the UV /Vis spectrum at 664 nm
disappearing, a band at 364 nm stands out, which was not observed as intensely in the other
experiments, indicating a significant change at least in the kinetics of the MB degradation
mechanism under anaerobic conditions (Figure 8b). In addition, when considering the FTIR
spectra at the end of the tests (Figure 9), the catalyst with Pd shows much lower surface
hydroxylation at this time compared to the catalysts with the other metal deposits. This is
consistent with its lower methane production since hydroxylation seems to play a favorable
role in CO, photoreduction [79-82].

0.40
Pt ©
/ Y 5 0.30
{0 3
] N 3
C
\ ® 0.20
2
?
0 0.10
@®©
0
3400 2800 2200 1600 4000 3400 2800 2200 1600
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0.60
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3
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Figure 9. FTIR spectra of (a) P25-0.70%Pd, (b) P25-0.70%Au and (c) P25-0.70%Pt after 24 h of
illumination (20 ppm MB, 4 g-L*1 P25-0.70%M, pH 5) (black line), and their reference spectra (red line).

3.6. TiO, Aeroxide P90

Like the P25, the P90 is a TiO,-based photocatalyst manufactured by Evonik. However,
there are some key differences in their characteristics. The P25 has 82% anatase and the
rest rutile, with crystal sizes of 23 nm and 44 nm, respectively, and a specific surface area of
48.6 m?-g~1. In contrast, the P90 has a higher percentage of anatase, 86%, with crystal
sizes of 13 nm for anatase and 19 nm for rutile, which is smaller than in the case of P25. In
addition, its specific surface area is somewhat higher at 79.2 m?-g~! (Table 1) [34].
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Although the P25 catalyst has historically been used and studied more in hetero-
geneous photocatalysis than the P90 catalyst, the latter has proven to be a competitive
alternative, especially when looking for materials with a larger surface area or when used
on supports or in mixtures with other photocatalysts [83-85]. However, it remains barely
explored in the photoreduction of CO,, with few references to its use found [60].

Figure 10 shows the results of three experiments conducted with the P90 catalyst
in which the Pt load deposited on the surface and the catalyst load are varied. A fourth
experiment was also conducted on another metal, Au.

(a) (b)

o 12 1 g r 70
® 2gL'0.35%Pt 8 0 2gL"0.35%Pt [0 4g-L7"0.70%Pt
A 2g1710.70%Pt 10 4 A 217 0.70%Pt 4g-1710.70%Au [ 60
B 4g17'0.70%Pt - I
& 4gL170.70%Au

H, /umol-h-1-g-1
C,H; /nmol-h-1-gt

12 16 20 24
Time/h Time/h

Figure 10. Evolution of the molar flows of (a) methane, and (b) hydrogen and ethane for tests
conducted with the P90 catalyst (20 ppm MB, pH 5).

In the case of Pt, very low productions are obtained for 2 g-L~! of P90-0.35%Pt. It can
also be seen that the CHy increases to 200 nmol-h~!-g~1 at 1.5 h and subsequently falls
slowly to stabilize at 110 nmol-h~!.g~! from 18.5 h. For its part, hydrogen appears between
1.1 h and 15.5 h with very low flows. This coincides with the case of the P25-0.35%Pt, where
hydrogen was not observed under these same conditions.

When the amount of Pt deposition is increased, it is observed that the maximum

1 is reached, but it decreases

methane flows increase. A maximum of 260 nmol-h~!.g~
more rapidly to 90 nmol-h~!.g~! in 24 h. This translates to the total production in 24 h
being very similar for both platinum percentages. For 0.35% Pt, it is 3.23 umol-g~!, and for
0.70% Pt, it is 3.35 umol-g~!. Hydrogen production is higher than for 0.35%Pt. In this case,
a maximum of 8.7 pumol-h~!.g~1 is reached in 1.2 h, which then decreases very randomly.
At 24 h, the flow is 3 umol-h~!-g~ 1.

In the case of maintaining the platinum percentage at 0.70% and increasing the catalyst
load, a higher methane maximum is observed, reaching 470 nmol-h~!-g~! in 1.5 h and
decreasing to 129 nmol-h~!-g~! at 24 h, with a total production of 5.42 umol-g~!. The
hydrogen flow reaches a maximum of 11.27 umol-h~!.g~! shortly before the 1 h mark and
gradually decreases to 1.2 pmol-h~!.g~1. Both overall productions are lower than those
obtained with P25-0.70%Pt. Thus, for methane, we have 5.42 umol- g_1 vs. 7.88 umol- g_l, and
for hydrogen, we have 68.93 umol-g~! vs. 89.67 umol-g~!. This shows the superiority of
the P25 in terms of activity compared to the P90. This superiority over other commercial cat-
alysts is usually attributed to its ability to reduce the recombination rate of photogenerated
charges due to its crystalline phase composition [86,87].

Although the deposition of Au, like with P25, resulted in lower methane production,
in this case, hydrogen formation was not observed, and the formation of a C2 hydrocarbon,

ethane, was evidenced at certain times.
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With respect to the MB, both for P90-0.70%Pt and P90-0.70%Au, it is eliminated, with
mineralization rates of 92% and 51%, respectively, compared to 72% and 49% for the
P25 modified to 4 g-L 1.

4. Conclusions

This work demonstrates, as a viable alternative, the simultaneous removal of a con-
taminant through the process of carbon dioxide photoreduction. Methylene blue (MB) is a
toxic and non-biodegradable contaminant that was efficiently removed and mineralized
under the anaerobic conditions required for the photoreduction of carbon dioxide.

Under the evaluated conditions, unmodified P25 did not have sufficient capacity to
promote CO, photoreduction on its own. Surface metal deposits were therefore added to
improve charge separation. Of the three metals tested, namely Pt, Au, and Pd, Pt proved
to be the most effective for CHy production, followed by Au, while Pd showed the lowest
efficiency and evidence of changes in the kinetics and mechanism of the process.

Variables such as pH (3, 5, and 7), catalyst load (2 g~L’1 and 4 g-L’l), Pt load (0.35%
and 0.70%), and MB concentration (20 ppm, 50 ppm, and 100 ppm) were optimized, with
the best conditions being pH 5, 0.70% Pt, and 20 ppm MB. The effect of catalyst load should
be further investigated, taking into account reactor design conditions.

With respect to the pH levels, pH 5 was the most favorable despite the cationic
nature of MB and its low adsorption. It is a pH at which the electrostatic repulsion
between the catalyst surface and the MB is reduced compared to pH 3. It also maintains a
moderate concentration of bicarbonate ions in the medium compared to that found at higher
pH levels, which may contribute to a better approach of the MB to the catalyst surface.
At higher pH levels, the excess bicarbonate ions create very high competition for the
active sites.

It seems that increasing the load of metallic nanoparticles from 0.35 wt% to
0.70 wt% prevents surface recombination processes and alters the selectivity of the process
by modifying the methane/hydrogen ratio.

The P90 exhibited different behavior compared to the P25, with small amounts of
C2 hydrocarbons being observed for P90-0.70%Au. In any case, P25 demonstrated its
superiority in terms of photocatalytic activity, which can be attributed to its crystalline
structure. This shows that the higher specific surface area of the P90 compared to the P25 is
not decisive.

In short, the results with TiO,-based catalysts are promising, and the use of contam-
inants as sacrificial agents presents itself as a good environmental alternative. However,
more in-depth studies are required on the role of MB in order to increase the overall
efficiency of the process. The role that bicarbonate ions seem to play in facilitating the
approach of the cationic dye in question towards the surface of these catalysts is interesting.
Such studies will be the focus of future work.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/photochem5040030/s1, Figure S1: FTIR spectra of
P25-0.35%Pt with MB at different pH: (a) pH 3, (b) pH 5, (c) pH 7, (d) pH 9, and (e) pH 12.
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