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ABSTRACT: Nitrogen-modified titanium dioxide (N-TiO>) is proposed as an alternative to improve solar light absorption in
photocatalytic applications. Due to its high chemical stability and low toxicity, various synthesis methods have been developed,
yielding materials with different properties. Evaluating its performance compared to other photocatalysts requires calculating the
quantum efficiency, which involves appropriate mathematical models to interpret experimental data. This study used a Monte Carlo
approach to determine the local volumetric rate of photon absorption (LVRPA). TiO, and N-TiO, were synthesized via the sol-gel
method using urea as the nitrogen source, and commercial TiO, P-25 was used as a reference. Formic acid and salicylic acid were
chosen as model pollutants due to their differing adsorption behavior on TiO,. Three light sources were used: UVA, white, and blue
light. Nitrogen doping increased quantum efficiency for formic acid degradation under UVA from 2.4 to 3.5 (46% increase) and
salicylic acid from 1.0 to 2.1 (110% increase). P-25 showed the highest efficiencies under UVA, with 6.2 for formic acid and 5.2
for salicylic acid. Under white light, salicylic acid degradation efficiency doubled from 0.4 to 0.8 after nitrogen doping. No activity
was observed for formic acid with undoped TiO, under white light, but N-TiO, achieved 1.1. Under blue light, no activity was
detected for formic acid, while salicylic acid degradation showed efficiencies of 0.3 (N-TiO;) and 0.2 (P-25). Quantum efficiency
was highest under UVA, indicating that nitrogen doping improves visible light response but does not surpass UVA performance.
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1. Introduction

Semiconductor-based photocatalysis presents an alternative for the direct use of solar energy in a variety of
applications such as H, production via water splitting [1], environmental remediation [2], CO; reduction [3,4], organic
synthesis [5], and numerous related fields [6,7]. While current research focuses on the development of different types
of semiconductors, as perovskites [8], MXenes [9], metal oxide frameworks -MOFs- [10], covalent oxide frameworks
-COFs- [11], layered ternary metal chalcogenide [3,12], among others, titanium dioxide, especially in its nanoparticle
form, is widely used in photocatalysis due to its high efficiency and chemical stability. However, its toxicity is not
negligible and depends heavily on form, exposure route, and environmental conditions. The main drawback that limits
the widespread application of TiO,-photocatalysis is the low yield of solar light utilization [4]. To enhance the yield,
modifications are made to TiO; to improve solar light absorption, while maintaining its key properties. In this regard,
the modification of TiO, by nitrogen incorporation (N-TiO,) is one of the preferred strategies by researchers and
technologists. Recently, several literature reviews have highlighted the potential applications of N-TiO; in various fields
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and the proposed mechanisms explaining its response to visible light [13,14]. Different sources of nitrogen and synthesis
methods are used to prepare N-TiO,, leading to various types of materials: interstitial or substitutional N doped TiO»,
g-C3N4—Ti0; junction, among others (see reference [15]). However, many topics remain poorly understood,
particularly regarding its quantum efficiency. Pioneering work by Irie and collaborators [16] has shown that the quantum
efficiency of these materials for isopropanol degradation in the gas phase under visible light is lower compared to UVA
light. Despite the significant research volume about N-TiO; photocatalysis, comparing the photocatalysts’ performance
is challenging, as discussed by M. A. Hoque [17]. Determining the quantum efficiency (as defined in the present work)
is not usual in other studies and is crucial for a performance comparison independent of the experimental conditions.

Quantum efficiency is a fundamental property of the photocatalytic process and is theoretically independent of
reactor geometry [17,18]. The mass balance (to quantify reactant conversion) and the radiation balance (to quantify the
photon absorption) within the reactor must be calculated. In the context of photocatalytic reactions, the quantum
efficiency is defined as the number of target molecules converted (produced or degraded) over the number of photons
absorbed. In the case of photocatalytic reactors based on TiO; slurries systems, the local volumetric rate of photon
absorption (LVRPA) must be calculated, which involves knowing the fractions of light scattered, transmitted, and
absorbed by the catalyst in an infinitesimal volume. It is well established that photocatalytic reactions begin with an
initiation step that is inherently spatially dependent, due to the intrinsically non-uniform radiation field within the reactor
volume. In TiO; slurry photocatalytic reactors, this spatial non-uniformity is often significant, especially when
comparing regions near the radiation inlet window to those closer to the opposite wall. Consequently, the local
volumetric rate of photon absorption (LVRPA) cannot be measured directly, as doing so would require precise
knowledge of the radiation absorbed at every point within the reactor, i.e., within each differential volume element
[19,20]. Several strategies exist for performing this modeling, one of which is using the Monte Carlo (MC) method (see,
for example, references [21,22]). Briefly, this method consists of tracking the trajectory of a statistically significant
number of photons inside the reactor until they are either absorbed or scattered out, and the spatial location of the
absorbed photons is recorded. The direction, length of the trajectory, and fate of the photons are determined by random
numbers. This method is a flexible way to obtain highly accurate results without introducing major simplifications to
the studied system. On the other hand, the MC method is computationally intensive and may take a relatively long time
to converge. This concern is practically solved nowadays, even with personal computers, using parallelization techniques.

The objective of this study is to enhance the understanding of the impact of nitrogen modification on the quantum
efficiency of TiO,. Both TiO; and N-TiO, were synthesized via the sol-gel method, utilizing urea as a nitrogen source,
to produce two materials with comparable structural and chemical properties. TiO, P-25, a widely studied and
benchmarked photocatalyst, was also employed as the reference material. The LVRPA was modeled using a Monte
Carlo simulation approach. Due to their distinct physicochemical properties and adsorption behaviours, formic acid and
salicylic acid were selected as target compounds. Formic acid exhibits minimal adsorption on TiO, and decomposes
into CO, without generating stable byproducts. In contrast, salicylic acid adsorbs onto TiO, and produces stable
byproducts under oxidative photocatalytic conditions. Three radiation sources -UVA, white and blue lights- were
employed to assess quantum efficiency under various experimental conditions.

2. Materials and Methods
2.1. Photocatalysts Synthesis and Characterization

The synthesis was adapted from Bracco [23]. Briefly, equal volumes of 0.40 M titanium isopropoxide (Aldrich,
distributed by Merck, Buenos Aires, Argentina) and 0.8 M urea (analytical grade, Anedra, Buenos Aires, Argentina) in
ethanol were thoroughly mixed for 15 min. One volume of 0.40 M deionized water (17.2 MQ-cm) in absolute ethanol
(analytical grade, Anedra, Buenos Aires, Argentina) was added dropwise to the mixture under stirring. After 60 min of
stirring, the slurry was dried at 60 °C for 18 h until a powder was obtained. The product was calcined under air following
a strict protocol. First, the temperature was increased linearly at 10 °C-min"' to 250 °C and kept constant for 180 min,
followed by a linear increase at 10 °C-min' to 500 °C and finally kept constant for 1 min. Once the sample cooled
down, it was grounded in a mortar and washed with water to remove soluble impurities. Finally, the suspension was
dried at 60 °C during 18 h and sieved through a stainless-steel #400 mesh. TiO, was synthesized following the same
procedure, but without urea.

The crystalline structure of the powders was determined by X-ray diffraction, using a X ray diffractometer
Empyrean (Malvern-Panalytical Ltd., Almelo, The Netherland) using the Cu Ka wavelength. A quantitative phase
analysis using Rietveld refinement was performed with the software MAUD (version 2.9995). The particle morphology
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was determined by scanning electron microscopy (SEM) (Carl Zeiss SEM, FEG-SEM model Supra 40, Zeiss,
Oberkochen, Germany). A few drops of a diluted aqueous dispersion of the powders (ca. 1 mg/mL) were placed on an
aluminum sample holder and dried under a flow of N,. The samples were analyzed using a 5 kV electron beam. Powder
surface areas were determined by N, adsorption (BET method) using a Micromeritics ASAP 2020 V4, Norcross, GA,
USA. The diffuse reflectance R, and the diffuse transmittance T:" of photocatalyst suspensions were obtained following
the procedure described by Satuf [24], using an Optronic OL 740-70 integrating sphere attached to an Optronic OL
Series 750 spectrophotometer, (Optronic Laboratories, Inc., Orlando, FL, USA). The absorbance (ABS,;) of water
suspensions of the photocatalysts was determined with the same spectrophotometer between 300 nm and 550 nm in 1 nm
steps. For this optical characterization, the photocatalysts were suspended in deionized water and sonicated for 30 min to
ensure good dispersion. The measurements were performed for five photocatalyst loads: 0.1 g-L™!, 0.2 g'L™!, 0.5 gL, 0.8
gL', and 1.0 g-L".

2.2. Photocatalytic Experiments

Photocatalytic experiments were conducted in an in-house constructed batch reactor. A 115 mL cylinder made with
borosilicate glass was placed over a magnetic stirrer and surrounded by four light sources symmetrically located at 8 cm
from the cylinder axis. The UVA sources were 8 W black light tubes GE F8TS5/BLB (General Electric, USA, emission
centered at 372 nm), the white light sources were 8 W GE F8T5/DL (day light), and 5 W blue LEDs strips (wavelength
462 nm; LEDYi LY60-S2835 12V-12W/m, Shenzhen, Guangdong, China) were employed as the blue light sources (the
emission spectra of the light sources were obtained with a SM240 CCD spectrometer (Spectral Products, CO, USA),
calibrated with a 532 nm laser and are presented in Figure S1). When it was necessary, the white light was filtered through
a 0.5 mm thick acrylic cylindrical filter to block wavelengths shorter than 400 nm (Figure S2 shows the transmission
spectra). The photon flux emitted by the light sources was determined according to the procedure given in the literature
for the ferrioxalate actinometer [25]. All experiments performed in the photoreactor were made at least by duplicate.

The test solutions were 100 mL 1.0 x 10™* M salicylic acid (Merck, Buenos Aires, Argentina, analytical grade) or
100 mL 2.5 x 10 M formic acid (Aldrich, analytical grade, distributed by Merck, Buenos Aires, Argentina). A 1.0
g'L™! load of photocatalyst was dispersed in the solution with the help of ultrasound (1 min). The suspension was
magnetically stirred in the dark for 30 min to reach adsorption-desorption equilibrium before irradiation, as was
experimentally determined (Figure S6). During illumination, 2.5 mL samples were taken from the reservoir, filtered
through a 0.45-um cellulose ester membrane, and collected in glass vials. Total organic carbon (TOC) was measured at
the beginning and at the end of each experiment (TOC-L with ASI-L sampler, Shimadzu, Kioto, Japan). The evolution
of salicylic acid during illumination was followed by measuring absorption at 296 nm, while the evolution of formic
acid by measuring TOC.

2.3. Photon Absorption, Photonic and Quantum Efficiencies

Photonic efficiency provides information about how efficiently the incident light is used in the degradation process
under the tested experimental conditions. It can be calculated from experimental information based on Equation (1)

number (moles) of degraded target molecules  (vo)y,Vr
Np = =

number (moles) of incident photons B (De)a, Aw M
where v, (in mol-cm-s™") is the initial degradation rate, @, is the photonic flux (in Einstein-cm ?-s™', where 1 Einstein
= 1 mol of photons), and the brackets { ) denote the average over the reactor volume Vg and over the area of the
reactor lateral wall A,,, respectively.

Although photonic efficiency is a useful quantity in comparing the performance of a set of photocatalysts, because
it also depends on the reactor configuration, it is difficult to compare results from different experimental setups. A
quantity that only depends on the photocatalyst properties is the quantum efficiency, #,., defined by Equation (2):

number (moles) of degraded target molecules
Mrxn =

2
number (moles) of absorbed photons @

Quantum efficiency cannot be determined only experimentally because there is no direct means of measuring how
many photons are absorbed by the photocatalyst particles. The alternative is to simulate the radiation field inside the
reactor to obtain the photon absorption efficiency 7., defined by Equation (3)
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number of absorbed photons

Mlabs = " imber of incident photons %)
From Equations (1) and (3), it results:
n
Nrxn = 2 “)
Nabs

In what follows, it is described how to obtain #as by means of a computer simulation.

2.4. Monte Carlo Simulation

To determine the photon absorption efficiency, it is necessary to evaluate the radiation field inside the reaction
medium. In the case of slurry reactors (as the one used in this work), there is simultaneous absorption and scattering of
light on the photocatalyst particles. The absorption and scattering phenomena are represented by the volumetric
absorption coefficient x; and the volumetric scattering coefficient o;, respectively (both measured in cm™). The
scattering phenomenon leads to a change in the direction of the incident radiation. This change is modeled through the
phase function p;, (Q’ - Q), assuming elastic scattering, i.e., conserving the wavelength. The phase function p; informs
which of all the possible beam directions Q' are incorporated into (scattered to) the direction of interest . A regular
choice for the phase function is the Henyey-Greenstein [26] due to its simplicity (it has only one free parameter called
the asymmetry coefficient g,) and the ability to represent a wide range of scattering patterns.

The values of the optical coefficients k;, 03, g; and the photon absorption efficiency cannot be directly measured.
A combination of experiments and MC modeling can obtain these parameters.

In the MC method, each photon trajectory is followed from the radiation source, through the reaction volume, until
it is extinguished (either because a catalyst particle absorbs it or because it leaves the reaction volume). Each trajectory
is divided into discrete segments, whose lengths are calculated from the probability of a photon interacting with a TiO,
particle. The type of interaction (absorbance or scattering) is also chosen randomly from the probability of occurrence
of each event. These probabilities depend on the values of k; and g; (the absorption and scattering coefficients) and
their sum f3; (known as the extinction coefficient). If a photon is scattered, the new direction is chosen randomly, with
a probability derived from the phase function. The calculations of the probabilities were done following the procedure
on references [20,27] with modifications regarding the specifications of the experimental setup employed here. The full
details about the implementation are presented in the Supplementary Material.

First, in order to obtain the values of the optical coefficients (k;, g3, g;), spectrophotometric measurements of
catalysts suspensions have to be carried out (see Section 2.1). These measurements are simulated using the mentioned
MC simulation applied to the geometry of the spectrophotometer cuvette. This simulation yielded calculated values for
the Rf and T,{I, which are functions of the free parameters k; (or oy, the other one is obtained from f; = k; + 03)
and g, . The extinction coefficient was easily calculated from the experimental absorbance ABS; as f5; =
2.303ABS;, /L, where L is the length of the spectrophotometer cuvette. In this way, the optimal values for k; (or g3)
and g, are obtained by minimizing the difference between the simulated R/‘{l, Tf and their experimental counterparts.
This process was repeated for wavelengths in the 300-450 nm range and for catalyst concentrations from 0.2 g-L™' to
1.0 g-L™". Subsequently, it was possible to calculate the specific values (i.e., by unit of concentration) of the optical
coefficients (03", 1;*, and ;") from linear regressions of the corresponding datasets and the average asymmetry
coefficient of the phase function (g;,). With these optimal coefficients, the MC algorithm was applied for the simulation
of the photocatalytic experiments, in order to obtain 1,,, and, using the experimental results of 7, calculate 7,,, (see
Equation (4) in Section 2.3).

In the MC approach, the reactor was simulated in a three-dimensional space. Given the acceptable uniformity of
the incident radiation field, the incident photons were assumed to be uniformly distributed over the lateral wall of the
vessel, and their initial trajectories were taken to be perpendicular to this wall. Under these considerations, the main
characteristics of the radiation field and the chosen coordinate system are displayed in Figure 1.
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Figure 1. Representation of the reactor vessel and the coordinate system used for the radiation simulations. Here, I, ; is the source
spectral radiance, and I, (X) is the radiation field inside the reactor, he/A is the incident photon energy, ¥ = (x,y,z) is the position
inside the reactor, 0 is the polar angle, ¢ is the azimuthal angle, and r is the distance from the central axis of the reactor. The diagram
shows three possible outcomes for the incident photons: absorption, scattering, and transmission. Photons can also be reflected off
the vessel walls.

3. Results and Discussion
3.1. Structural and Morphological Characterization

The N-TiO, powders showed a characteristic yellow coloration, while TiO, and P-25 were completely white.
Figure 2 shows SEM images and XRD patterns of the different powders synthesized in the laboratory, and Figure S3
shows SEM images and XRD patterns of P-25. Both the N-TiO, and TiO, powders consisted of roughly spherical
particles, approximately 10—30 nm in diameter, forming spherical aggregates with a diameter of 750 nm and 1500 nm,
on average, respectively (estimated using the software Imagel, version 1.53m). On the other hand, the P-25 powder
presented slightly aggregated spheroidal particles of a diameter of approximately 10-20 nm. The crystal structure of
the white powder was anatase, as indicated by its diffraction pattern with characteristics 20 values and [hkl] planes at:
25.28°101], 37.80° [004], 48.05° [200], 53.91° [105], 55.06° [211], 63.07° [204], 69.23° [116], 70.89° [220] and 75.38°
[215] (JCPD Card No.21-1272), with traces of rutile. The XRD pattern of the yellow powder presented diffraction
signals corresponding to anatase and rutile, indicated by the diffraction peak at 20 27.44° [110] (JCPD card No 65-
0191). Rietveld analysis indicates that N-TiO, the contains ca. 4% rutile and 96% anatase, while P-25 approximately
85% anatase and 15% rutile. The surface areas of the powders determined by the BET method were 48.9, 35.6 and 27.7
m?-g"! for P-25, N-TiO, and TiO,, respectively.

3.2. Optical Coefficients

Figure 3 includes results for the specific optical coefficients (5;", 0", and ;") and for the coefficient of asymmetry
averaged over catalyst concentrations ({g;)) as a function of the wavelength for N-TiO, and TiO,. For P-25, the optical
coefficients reported in [20] were employed in the Monte Carlo (MC) modeling. An example of the procedure used for
obtaining the specific optical coefficients is depicted in Figure S5 of the Supplementary Material (experimental values
of B, and simulation results of x; as a function of the catalyst concentration C,, for three different wavelengths).

It should be noted that in the case of TiO», the specific absorption coefficient is greater than that of scattering only
at wavelengths shorter than 310 nm, and it becomes zero around 390 nm. In the case of N-TiO», these wavelengths are
approximately 320 nm and 400 nm, respectively. This would indicate that TiO, absorbs longer wavelengths than N-
TiO,. This trend is consistent with the presence of rutile and color in N-TiO,. Regarding the average asymmetry
coefficient (g;), it is always positive, indicating that scattering occurs mainly in the forward direction. It is also worth
noting that the optical coefficients of N-TiO, are about twice as high than those of TiO,. This can be explained by the
difference in the size of the aggregates (see Ref. [28] and references therein), which is consistent with the SEM and
BET results presented in this work (although not measured directly in suspension).
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Figure 2. SEM images and XRD patterns of different samples synthesized in the laboratory. (a,b) N-TiO, SEM; (¢,d) TiO, SEM;
EHT: 5.0 kV, WD: 3.0 mm (a,b), WD: 3.1 mm (c,d) Magnification: (a,c¢): 50,000%; (¢,d): 200,000%; (e) TiO, XRD diffractogram
N-TiO; (f) TiO, XRD diffractogram. Letters A and R indicate the signal corresponding to anatase [101] and rutile [110],
respectively. [hkl] planes are indicated in brackets.
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Figure 3. Specific optical coefficients (5", 0.", and "), and the coefficient of asymmetry averaged over catalyst concentrations
({g)) as a function of the wavelength for N-TiO, (A), and TiO, (B).

3.3. Photocatalytic Degradation of Formic or Salicylic Acid

Figure 4 shows the degradation curves of formic acid under the effect of different radiation sources, in terms of the
evolution of TOC in solution. Photolysis of formic acid in the absence of a photocatalyst was negligible under different
illumination conditions, as shown in Figure S7A. N-TiO, and P-25 showed the highest photocatalytic activity under
UVA radiation. In the case of white light (WL), a slight degradation was observed for N-TiO, and P-25. Blue light (BL)
and filtered white light (FWL) were unable to activate the photocatalysts for formic acid degradation. These results
indicate that the presence of UV A light is necessary to achieve formic acid degradation.
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Figure 4. Degradation curves for formic acid under different radiation sources: WL: white light; FWL: filtered white light; UVA:
UVA light; BL: blue light.

Figure 5 displays degradation curves of salicylic acid under the effect of different radiation sources. As in the
previous case, photolysis of salicylic acid in the absence of a photocatalyst was negligible under different illumination
conditions (see Figure S7B). The highest photocatalytic activity was observed for P-25 and N-TiO, under UVA
illumination, followed by BL and WL. In the case of TiO,, slight photocatalytic activity was observed only for UVA
illumination. The difference with respect to formic acid is noteworthy. Salicylic acid is degraded under BL, WL and
FWL. This behavior may be a consequence of the chemisorption of salicylic on the surface of the photocatalysts. It was
previously reported that a charge transfer surface complex formed at the surface of the photocatalysts absorbed light in
the visible range (close to 420 nm) [29-31]. The photo-induced electrons can be directly transferred from the highest
occupied molecular orbital (HOMO) of salicylic to the TiO, conduction band. The electron is then transferred to O,
partially oxidising salicylic acid to radical cations and reducing O to different reactive oxygen species. This
phenomenon may be responsible for the different behavior shown by salicylic with regards to formic acid. It is worth
mentioning that recent studies have demonstrated that catechol coordinates with titanium atoms at TiO, P-25 surface,
enabling visible light absorption through ligand-to-metal charge transfer (LMCT) transitions. Similar to the case of
salicylic acid, this mechanism allows electrons to be injected from the HOMO of catechol into the conduction band of
TiO; upon excitation with light of wavelengths >320 nm [32].

Oxidation of salicylic acid led to the formation of different byproducts. The spectra of the solutions taken at
different treatment times showed the presence of byproducts that change the absorption pattern (see Figures S6-S8). A
thorough analysis of byproducts generated by photocatalysis under different illumination sources was presented
elsewhere [23].

Initial reaction rates vy were obtained from the experimental data of formic or salicylic concentration as a function
of time (Figures 4 and 5) using a pseudo-order zero kinetics model. This approach gave the best fits of the data, and it
was previously used for a wide range of formic [33,34] and salicylic acid concentrations [29]. Figure S9 and Table S1
(see Supplementary Material) show the fits and sum of squared residuals (SSR) of the concentration vs. time curves for
the different photocatalysts.
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Figure 5. Degradation curves for salicylic acid under different radiation sources: WL: white light; FWL: filtered white light; UVA:
UVA light; BL: blue light.

3.4. Photonic and Quantum Efficiencies

The photonic efficiencies #,, were calculated as the ratio of the degradation rates v, (see Table S1), to the incident
photon flux, @, (Figure S1), determined by actinometry with potassium ferrioxalate in the reactor (Equation (1)). The
quantum efficiencies 7., for the three photocatalysts were calculated from Equation (4) using the photonic efficiency
np values obtained from the photocatalysis experiments and the photon absorption efficiency #.»s values obtained from
the Monte Carlo simulations. Table 1 shows the values of vy and the different efficiencies for the cases where
photocatalytic degradation was observed during the studied period. Table 1 suggests that, despite the modifications
applied to the photocatalysts, the quantum efficiency remains on the same order of magnitude and comparable to
previously reported values. This phenomenon is primarily attributed to the high recombination rate of photogenerated
electron—hole pairs, although other factors also contribute to limiting the quantum efficiency (see, for example, references
[20,35,36]).

Table 1. Initial reaction rate, photonic, absorption, and quantum efficiencies of the photocatalysts under different illumination sources.

Formic Acid
Vo Photonic

Photon Ab ti tum Effici
Photocatalyst Radiation Source oton Absorption  Quantum Efficiency

(mol-cm3s7)) Efficiency #, (%) Efficiency 7as (%) Hrxn (Y0)
N-TiO, UVA (372 nm) (9.83£0.08) x 10°° 2.8+0.5 81+4 3.5£0.6
White light (1.83+£0.03) x 10°° 0.8+0.2 71+4 1.1+£0.3
TiO; UVA (372 nm) (7.00 £0.06) x 10°¢ 2.0+0.2 83 £38 24+03
P25 UVA (372 nm) (1.28 £0.02) x 107° 3.7+0.5 60+ 6 6.2+0.8
White light (2.50£0.03) x 10°° 1.1+0.1 49+5 22402
Salicylic Acid
Lo Vo Photonic Photon Absorption Quantum Efficienc
Photocatalyst - Radiation Source (mol-cm™s") Efficiency 7, (%) Efficiency qabsp (%) Hren (%) ’
UVA (372 nm) (1.31£0.03) x 1074 1.7+0.2 81+4 2.1+0.3
N-TiO, White light (2.87£0.09) x 1073 0.6+0.1 71+4 0.8+0.2
Filtered white light (2.00£0.07) x 10°¢ 0.1+0.1 71+6 0.1+£0.2
Blue light (470 nm) (1.85+£0.04) x 107° 02+£0.1 75+2 03£0.1
TiO, UVA (372 nm) (6.13+£0.09) x 1073 0.8+0.1 83+8 1.0£0.1
White light (1.57+£0.01) x 10* 0.3+0.3 82+6 04+04
UVA (372 nm) (2.37£0.03) x 10 3.1+£0.2 60+ 6 52+04
P-25 White light (6.28 £0.08) x 107° 1.3£0.1 49+5 2.7+0.3
Blue light (470 nm)  (1.22 £ 0.05) x 1073 0.1 £0.1 43 +£2 02+0.2
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Quantum efficiencies for the degradation of formic acid follow the order P-25 > N-TiO; > TiO; under both UVA
and WL. The photon absorption efficiency of UVA was higher for TiO; and N-TiO, than for P-25, while the photonic
efficiency was higher for P-25, leading to a higher value of the quantum efficiency. These results indicate that photons
are better utilized by P-25 than by the other photocatalysts. It was reported that the structure of P-25 with an intimate
connection between anatase and rutile improve charge separation, giving a higher quantum yield than other
photocatalysts [37,38]. When FWL was used, no degradation was observed in any case. This result suggests that in the
case of WL, the slight degradation observed may be consequence of the presence of a fraction of UVA (see Figure S1
in the Supplementary Material). When BL was used as an illumination source, no degradation of formic acid was
observed during the studied time. This result indicates that electrons exited by BL and FWL leave holes with redox
potential not enough to oxidize formic acid or to generate HO® radicals. Several authors indicated that doping with urea
generates g-C3Ny4-TiO» junctions with a valence band potential close to = +1.6 V (NHE) [15], which is not enough to
oxidize H,O to HO® (E°(HO®*/H,0O) = +2.32 V, NHE, [39]. Although the reduction potential of the couple CO.,/HCOOH
is —0.61 V (NHE) [40], the driving force may not be enough to lead to the mineralization of formic acid, which is barely
adsorbed on TiO; surface at the working pH. In the case of P-25, although the presence of mixed anatase/rutile phases
improves charge separation even under visible light, the intervention of surface traps lowers the redox potential.

Quantum efficiency for the degradation of salicylic acid follows the order P-25 > N-TiO; > TiO, under UVA and
WL illumination, and N-TiO; > P-25 under BL. Unlike the formic acid case, the quantum efficiency was measurable
under FWL and BL illumination. As discussed before, these results indicate that there would be a component of visible
light absorption by the TiO,-salicylic acid surface complex, which leads to degradation but not to mineralization. This
effect is increased with N-TiO,, which, being yellow, also absorbs visible light. It is noteworthy that the BL photon
absorption efficiency is 75% for N-TiO, while it is 43% for P-25. Although the redox potential of salicylic acid is in
the range 1.2-1.3 V (NHE) [41], it is close to the conduction band potential of g-C3Ns—TiO; junction, the strong
absorption of BL photons may help in the generation of holes and the oxidation of adsorbed salicylic acid.

4. Conclusions

The incorporation of nitrogen into TiO, maintains a photon absorption efficiency above 80% under UVA
irradiation, decreasing to 71% and 75% under white light (WL) and blue light (BL) irradiation, respectively. These
values are significantly higher than those observed for TiO, P-25, which exhibit 60%, 43%, and 49% absorption
efficiencies under UVA, BL, and WL, respectively. The quantum efficiency for the photocatalytic degradation of both
model contaminants was markedly higher under UVA illumination compared to BL or WL. Specifically, for N-TiO»,
the quantum efficiency for formic acid degradation under UVA was 218% higher than under WL; for P-25, this
difference was 182%, while for undoped TiO», no degradation was observed under WL. No formic acid degradation
occurred under BL with any of the tested materials. In the case of salicylic acid degradation, the quantum efficiency of
N-TiO; under UVA was 163% higher than under WL and 600% higher than under BL. For undoped TiO, the efficiency
under UVA was 150% greater than under WL, and for P-25, the increase was 93% over WL and 2500% over BL. These
results suggest that the nitrogen doping strategy employed in this study results in a photocatalyst that is unable to
generate high-oxidation-potential holes under BL or WL illumination. This behavior is likely associated with hole
generation mediated by surface trap states or g-C3N4—TiO,-type heterojunctions, which possess a redox potential of ca.
1.6 V, lower than that of the TiO, valence band (ca. 2.7 V). Notably, the degradation of salicylic acid under BL and WL
was more pronounced than that of formic acid, indicating that surface complex formation plays a key role in the
degradation mechanism via electron transfer processes that enhance the effective use of visible light. Moreover, nitrogen
doping was found to improve the quantum efficiency of TiO; under UVA illumination. This effect is associated with
the presence of a small rutile fraction in the material and an increase in specific surface area. P-25 exhibited the highest
quantum efficiency under both UVA and WL in all cases, attributed to its superior photonic efficiency, although under
BL its performance was comparable to that of N-TiO,. These findings indicates that efficient utilization of UV A photons
is more critical than a mere increase in photon absorption.

Supplementary Materials

The following supporting information can be found at: https://www.sciepublish.com/article/pii/727, Figure S1:
Emission spectra of the different lamps; Calculations and theory: Implementation of Monte Carlo simulations to
calculate photon absorption efficiency; Figure S2: Transmittance spectrum of methacrylate cylindrical filter; Figure S3:
SEM images an XRD pattern of TiO, P-25; Figure S4: Flowchart of the Monte Carlo algorithm used for the simulation
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of the reactor, where # is the number of photons extinguished and zr is the total number of photons at the beginning of
the simulation; Figure S5: Coefficients of extinction (a) and absorption (b) as a function of concentration for three
different wavelengths, for the N-TiO, photocatalyst. Also included are linear regressions for each dataset with their
respective values for the coefficient of determination R*; Figure S6: temporal evolution of salicylic and formic acid
during adsorption; Figure S7: Effect of UVA, WL and BL irradiation on aqueous solutions of formic or salicylic acid;
Figure S8: Absorption spectra of salicylic acid after different photocatalytic treatment times. Photocatalyst: N-TiOx.
Light source: UVA, white light (WL), filtered white light (FWL), and blue light (BL); Figure S9: Absorption spectra of
salicylic acid after different photocatalytic treatment times. Photocatalyst: TiO,. Light source: UVA, white light (WL),
filtered white light (FWL), and blue light (BL); Figure S10: Absorption spectra of salicylic acid after different
photocatalytic treatment times. Photocatalyst: TiO,. Light source: UVA, white light (WL), filtered white light (FWL),
and blue light (BL); Figure S11: Contaminant degradation as a function of time using the N-TiO, photocatalyst for
formic acid and white light (a), formic acid and UV A radiation (b), salicylic acid and white light (¢), salicylic acid and
UVA radiation (d). Data fits are included in the figures, using the pseudo-order zero (Ord 0), pseudo-order 1 (Ord 1),
and Langmuir-Hinshelwood (L-H) models; Table S1: Sum of squared residuals (SSR) of the fits of the concentration
vs. time curves for the different photocatalysts. The considered models were the pseudo-order zero (Ord 0), pseudo-
order 1 (Ord 1), and Langmuir-Hinshelwood (L-H) (for some example plots, see Figure S11). The fitted values of the
initial rate of reaction v, for the Ord 0 model are also included.
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