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ABSTRACT

Black TiO, impregnated electrodes were synthesized using a modified dip-coating method with 6 layers, to account for the
influence of the precursor phase (anatase, rutile, and P25), and their physical properties upon the response on photo
electrooxidation of acetaminophen. The thermal treatment under H, + Ar successfully narrowed the band gap and generated
a formation of oxygen vacancies and Ti®* species, confirmed through UV-Vis DRS and photoluminescence (PL)
spectroscopy. Treated anatase phase exhibited the greatest band gap reduction, while rutile and P25 showed superior
structural stability. The evaluation of acetaminophen degradation revealed a strong dependence on electrolyte medium; the
process was ineffective on sulfate medium (Na,SO,, 0.1 M), but highly effective on chloride medium (NacCl, 0.1M). This
analysis corroborated that dominant degradation pathway is indirect oxidation through electrogenerated active chlorine
species. Rutile and P25 electrodes achieved the highest removal performance, with a minimum C/Co value of 0.631 and

0.650, respectively.
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1. Introduction

On recent years, there has been a growing concern
regarding the presence of pollutants on wastewater, which
led to the develop of advanced treatment methods capable
of eliminate these emerging contaminants. Extremely
sensitive techniques have revealed the presence of
pharmaceuticals pollutants in aquatic environments, having
extremely low concentrations and high health risks [1-4].
Specifically, acetaminophen has been studied due to its
presence in global markets, making a continues release on
domestic and industrial effluents [5-7]. However,
conventional water treatments such as coagulation,
adsorption, or filtration often present limitations on small
concentrations, highlighting the need for other sustainable
alternatives.

Among these alternatives, the advanced oxidation process
(AOPs) has shown great relevance with its versatile tools
for the degradation of organic pollutants [8-9]. In particular,
photo electrooxidation combine UV irradiation with the
application of electrical current, promoting the production
of high oxidative species, capable of degrade a long range
of compounds [10-11]. This method strongly depends on
the nature of the anode material, which led to the
development of materials, with good electronic properties

to enhance the production of radicals and oxidative species
[12].

Metal oxide semiconductors, such as zinc oxide (ZnO) and
tin oxide (Sn0,), have been largely investigated for
environmental remediation applications due to their
electronic structure and catalytic capabilities [13-14].
Among these transition metal oxides, titanium dioxide
(TiO,) have demonstrated a competitive performance due
to their chemical stability, low cost, and photocatalytic
properties [15-18]. Black TiO, has enormous potential
thanks to the narrowed band gap, defect-rich structure, and
presence of oxygen vacancies [19-22]. But, considering
that the photocatalytic and electrochemical performance is
influenced by the crystalline precursor phase used in the
synthesis, it is required to evaluate such factors to ensure
the best performance on the degradation of pharmaceuticals
pollutants.

The deposition method of catalytic material plays a crucial
role in the stability, surface roughness, and availability of
active sites. Several techniques have been employed,
including spin coating and spray pyrolysis, each having
different advantages with the impregnated film. However,
dip coating stands-out, allowing a cheap, and versatile
method, with a controlled and uniform coating layers, these
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parameters can be easily replicable and controlled with the
viscosity, immersed and withdrawn velocity [23-26]. Also,
a key factor among the electrode coating, is the TiO,
precursor phase on the formation of black TiO, and its
behavior on photo electrooxidation degradation of
pharmaceutical contaminants.

This work centers on evaluate the effectiveness of black
TiO, coated electrodes, on the photo electrooxidation
degradation of acetaminophen solution in chloride and
sulfate media, researching the response of the precursor
phase (anatase, rutile, P25 and anatase-rutile mixture) on
the synthesis of black TiO, through hydrogen thermal
treatment, and deposition on titanium electrodes, via dip
coating. Characterizing these materials to understand the
structural, morphological, and optical properties, also along
with the degradation experiments, which were employed
to correlate the physicochemical properties of the material
with its activity.

2. Materials and methods

2.1 Materials

All the reagents were analytical grade and require no
additional purification. For the Black TiO, synthesis, three
precursors were used, commercial TiO, (P25 powder,

Table 1. Summary of sample identification

Aeroxide), commercial anatase TiO, (Aldrich, 25 nm
particle size, 99.7 % purity), and commercial rutile TiO,
(powder, Sigma-Aldrich, < 5 micron particle size, 99.9 %
purity). Additionally, commercial urea (CH4N, O, Supelco),
for the solid state co-doping process. For the hydrothermal
treatment, two atmospheres were employed, a gas mixture
of hydrogen and argon (5.4 % H, + 94.6 % Ar, Messer), and
N, gas (96 % purity).

Triton X-100 (CgH;,C¢H4(OCH,CH,),n0OH, Sigma) as a
surfactant for the electrode impregnation, commercial
acetaminophen (CgHoNO,) as a model compound for
degradation tests, sodium chloride (NaCl, 99+ %, Aldrich),
sodium sulfate (Na,S0,, Fisher Chemical) were used for
electrolyte solutions.

2.2 Sample preparation

Four TiO, precursors were used in the synthesis, P25
powder, anatase nanopowder, and rutile powder. Another
sample was prepared through chemical reaction of solid
state, taking 20 % rutile and 80 % anatase phases.
Additionally, a co-dopped process was conducted in a solid-
state mixture with each initial sample, using a 20 %
concentration of urea. All the prepared samples are
presented in Table 1.

Sample ID Composition description
TiO, - P25 P25 Commercial P25 powder (mixed anatase/rutile)
TiO, - Rutile R Commercial rutile TiO, powder
TiO, - Anatase A Commercial anatase TiO, nanopowder
TiO, - Mix M Solid state mixture: 20% rutile / 80% anatase
TiO, - P25 + Urea N, C P25 P25 sample co-doped with 20% urea (solid method)
TiO, - Rutile + Urea N,CR Rutile sample co-doped with 20% urea (solid method)
TiO, - Anatase + Urea N,CA Anatase sample co-doped with 20% urea (solid method)
TiO, - Mix + Urea N,CM Mix sample co-doped with 20% urea (solid method)

2.3 Black TiO, synthesis

For each precursor phase a hydrogen atmosphere thermal
treatment was employed [19, 27-28]. All samples were
placed on ceramic crucibles and introduced into a tubular
furnace. The system was purged using N, gas for 15
minutes, followed by a calcination on H,+Ar atmosphere
with a flow rate of 10 sscm. The temperature was 800 °C,
for 8 hours, with a heating and cooling rate of 10 °C/min.
The obtained samples were stored and labeled with a

similar identification as the untreated ones, except for the
letter T before.

2.4 Characterization techniques

The characterization of pure, N, C solid state co-doped and
thermally treated TiO, samples were conducted using
scanning electron microscopy and energy-dispersive X-ray
spectroscopy at 15 £V (SEM EDS, Phenom Pro X). UV—
Vis DRS were recorded at room temperature using a UV—
Vis spectrophotometer (V-770, Jasco) to excite the samples
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within the working wavelength range of 200-1000 nm
[22,29-30]. Kubelka—Munk function determined the optical
band gap energy. Photoluminescence (PL) measurements
were performed at room temperature using a
spectrofluorometer (FP—8250, Jasco) in a range of 300-750
nm  [29-30]. Fourier transform infrared (FTIR)

2.5 Electrode coating procedure

The black TiO, nanoparticles were dissolved in deionized
water (Type I) with one drop of Triton X and concentration
of 15 % w/v. Each solution was sonicated for 1 hour at 60
kHz to obtain a well particle dispersion.

Each electrode measured 2.0 x 2.5 ¢m, with a thickness of
5 mm, and were impregnated with dip-coating technique
[23-24]. The electrodes were immersed in each black TiO,
solution, with a controlled velocity of 10 cm/min, kept
inside for 1 min, and withdrawn. Right after the coating, the
electrodes were placed in a furnace with a heating ramp of
5 °C/min up to 150 °C, left there for 15 min for partial
adhesion. Then, the electrodes were quenched in Type I
water to remove any unattached particles and returned to
the furnace for another 15 min, to repeat the coating
process. This procedure was replicated until completing 6
coating layers. The deposited mass on each electrode was
calculated from the difference between the non-coated
electrode, and the coated one (equation (1).

mg =mg —m (1)

were my is the deposited mass, my is the mass of the

electrode after coating, and m; is the initial mass of the
uncoated electrode.

2.6 Photoelectric oxidation in the degradation of
acetaminophen

The degradation of acetaminophen was carried out in a cell
of two electrodes of 100 mL, using 0.1M NaCl (chloride
medium) and 0.1M Na,SO, (sulfate medium) [31-32]. The
coated titanium electrodes (5 cm? geometric area), used
as anode and cathode for the 90 min degradation test. A
power supply was connected in series to a multiparameter
meter to allow real-time measurement and control of the
applied current, which was set to 12.5 m4, calculated based
on a current density of 2.5 mA/cm?, a magnetic stirring
applied a 500 »pm to ensure optimal mass transport. The

measurements ~ were also  conducted using a
spectrophotometer (FT/IR-6800, Jasco), and the spectra
were recorded in the range of 4000-350 cm™! [27,30].
Finally, the vibrational spectra were obtained using a
Raman spectrometer (RMS 4500, Jasco) with a laser at 532
nm, in the range of 50-4000 cm™! [30].

cell was placed inside a home-made photoreactor with a
UV- visible lamp (main peaks measured at 436, 547, 405,
579,399, and 313 nm) to excite the system during tests. The
concentration analysis was performed by high performance
liquid chromatographic (HPLC, Shimadzu LC-2010A HT
series), using ODS2-SLS5 column (5 um, 4.6 x 250 mm), and
mixture of a mobile phase, acetonitrile (Merck)- Type 1, in
a 40:60 proportion. The injection flow was 0.5 mL - min™?!
and an ultraviolet detector at 243 nm [31,33-34].

3. Results and discussion

3.1 Structural and morphological analysis

Fig. 1 and 2 shows SEM images of TiO, samples and N, C
co-doped TiO, samples and urea. The analysis confirmed
that the precursors already have a well-defined sphere-like
particle size distribution, except for the P25 phase, which
exhibits an irregular and heterogeneous morphology, as
typically reported for commercial powders [35-36]. After
the N, C solid state co-doped process, all the samples
presented a light increase in particle agglomeration, but the
spherical shape of the particles remained on each phase,
except for the P25 one, indicating that the co-doping
process did not modify the morphology of the TiO,
particles.

Energy-Dispersive X-ray Spectroscopy (EDS) was
performed to obtain the elemental composition and atomic
ratio of the samples, in the case of P25 sample, initially
contains a higher molar concertation of carbon and oxygen
more than anatase, rutile and mixed-phase samples,
probably associated with the industrial synthesis process or
organic residues [37]. However, after the N, C co-doping
treatment, the atomic concentration of carbon increased
across all samples, confirming the incorporation of species
onto the surface. No nitrogen signal was observed in the co-
doped samples. For the rest of the phases, oxygen was the
predominating element before and after the co-doping
process [38].
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Fig. 1. SEM images, and energy dispersive X-ray analysis of TiO, nanostructures: (a) P25, (b) Rutile, (c) Anatase, and
(d) Mixture.
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Fig. 2. SEM images, and energy dispersive X-ray analysis of N,C co-doped TiO, nanostructures: (a) N,C P25, (b) N,C

Rutile, (c¢) N,C Anatase, (d) N,C Mixture, and (e) Urea.

3.2 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra in Fig. 3 shows clearly, expected features
of the TiO, samples. A set of bands around 465-477 ¢cm™!
corresponds to the Ti—O and Ti—O-Ti stretching vibrations
of the TiO, lattice, confirming the integrity of the oxide
framework [39-41]. Broad absorptions near 3200-3400
cm~! and a band around 1630 c¢cm™?! are consistent with
O-H stretching and bending, which indicates the presence
of surface-adsorbed water or hydroxyl groups [42].

In the co-doped materials, new peaks appear at 1154, 1457,
and 1622 c¢cm™1. These are best interpreted as C-N, C-O,
and N-H vibrational modes, respectively, and provide
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direct spectroscopic evidence that nitrogen and carbon
species were incorporated during synthesis. A weak band
between 23202360 cm ™1 is also observed and is assigned
to the asymmetric stretch of adsorbed CO, [43].

After the thermal treatment all the signals associated with
urea-derived organic groups (C—N, N—H, and C=0) largely
disappear [44,50]. This loss of organic bands indicates that
the urea dopant decomposed completely during thermal
treatment, leaving the TiO, lattice bands as the dominant
features. Minor contributions from CO, and surface
hydroxyls remain, but the overall spectrum shows that the
structural integrity of TiO, was preserved.
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Fig. 3. FTIR of TiO, samples: (a) pure TiO,, (b) N,C co-doped TiO,, (c) thermally treated pure TiO,, and (d) thermally

treated N,C co-doped TiO,
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3.3 Raman spectroscopy

The Raman spectra shown in Fig. 4 display the expected
vibrational fingerprint of TiO,, with bands at
approximately 141, 189, 225,390, 448, 511, and 634 cm™?!
that correspond to the characteristic Eg, B1g and A;; modes
of TiO, polymorphs. Mixed-phase samples (A, R, and M)
present features attributable to both anatase and rutile,
confirming their composite crystalline nature [37-38].

In the N, C co-doped materials, and alongside the Ti—O
lattice vibrations, additional bands appear in the 1004—1010
cm™! and 2700-3360 cm™! regions [44-45]. These
signals are consistent with residual organic moieties or
vibrational modes introduced by N- and C-containing
groups derived from the urea precursor, indicating partial
retention of dopant-related functional groups in some
samples [46].

After thermal treatment, the Raman spectra the N, C co-
doped samples show a marked attenuation or complete loss
of the bands associated with urea-derived species. This
effect is most pronounced in the T-N, C A sample, which
displays the cleanest spectrum and retains only the
characteristic TiO, vibrational modes. These observations
indicate that the thermal protocol effectively removes
residual dopant-related organic fragments while preserving
the crystallinity and structural integrity of the TiO, lattice
[47].

The preservation of these modes across all treated samples
demonstrates that the H, thermal process modifies the
electronic structure (as shown in the band gap energy
narrowing in UV-Vis), without modifying the crystalline
structure [46]. This suggests that the defects produced are
likely concentrated on the surface , creating active sites
while maintaining structural stability for the electrode
application.

3.4 Optical properties of TiO, (UV-Vis spectroscopy)

Fig. 5 shows the UV—Vis diffuse reflectance spectra (UV—
Vis DRS) of pure, urea co-doped, and thermally treated
TiO, samples. UV—Vis DRS was employed to determine
the band gap energy of the materials using the Kubelka—

Munk function, F(R), which is related to the diffuse
reflectance (equation (2) [36,41].

__ (1-R)?
2R

F(R) )
The energy values of the nanostructures were calculated by
plotting [F(R)hv]Y/? vs. photon energy (hv), where h is
Planck’s constant and v is the photon frequency [38,40-42].
In the linear region of the function, a straight line was
extrapolated to calculate de indirect band gap as E; =
—b/m, where b and m are the intercept and slope of the
linear fit.

The uncertainty was derived by propagation from standard
errors of the fit parameters. The same procedure was
performed to calculate the direct band gap energy, by
modifying the function to [F(R)hv]?, as shown in Fig. 6.
The obtained direct and indirect band gap energies were
summarized in Table 2.

The UV-Vis DRS of Fig. 4 shows a clear decrease in
reflectance intensity for the pure and N, C co-doped TiO,
treated samples compared to the nontreated ones. This
behavior suggests an enhancement in light abortion, due to
the formation of defect-related states and dopant-induced
energy levels [43-44]. In general, the pure TiO, samples
exhibit typical values close to 3.3 el (direct) and 3.0 eV
(indirect), as shown in Fig. 5, consistent with the literature
for anatase- and rutile-type TiO,. A slight reduction in band
gap energy was observed for the N, C co-doped samples,
suggesting the introduction of dopant-induced states within
the band structure.

After thermal treatment under a H, + Ar reducing
atmosphere, all samples exhibited a significant narrowing
of both direct and indirect band gaps. This effect is
particularly pronounced in the treated anatase sample (2.97
eV direct, 2.64 eV indirect), indicating the formation of
oxygen vacancies and Ti3t centers [47-50]. The
combination of dopant atoms and reduction treatment
therefore promotes the creation of localized mid-gap states,
which extend the optical absorption of TiO, toward the
visible region and may enhance its photoactivity.
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Fig. 5. UV-Vis DRS of TiO, samples: (a) pure TiO,, (b) N,C co-doped TiO,, (c) thermally treated pure TiO,, and (d)

thermally treated N,C co-doped TiO,.

3.5 Photoluminescence spectroscopy

Fig. 7 shows the photoluminescence spectra (PL) of all
TiO, samples. The results served as direct confirmation of
the defect states previously inferred from the UV-Vis DRS
analysis. Since the spectral data were normalized, an
intensity ratio analysis was performed relative to a
reference point to precisely compare the variation of each
emission peak. The samples exhibited a consistent emission
bands, according to the literature [47,50]. The pure samples
exhibited peak intensity in central emission region (399 —
469 nm), attributed to oxygen vacancies and sub- band gap
defect states, associated with Ti3*-related mid-gap levels.

The introduction of N, C dopants reorganized the PL
intensity distribution, the central region intensified along all
phases, showing the formation of new defects sites, such as

oxygen vacancies [49]. Rutile lost its dominant peak,
suggesting that dopants introduce non-radiative pathways
that redistribute charge carriers. Also, P25 lost its emission
on 397 nm, implying improved charge separation or a
modification of electronic states at the phase interface.

After the thermal treatment, induced drastic spectral shifts,
by the reduction conditions of the procedure. P25 sample
got the most radical change, developing a sharp increase on
the 320 nm peak, overshadowing all the central emission.
This peak corresponds from defect states introduced by
oxygen vacancies, reduced Ti sites, or treatment in reducing
atmospheres [43]. The anatase and mixed-phase samples
largely mirrored the initial rutile spectrum, indicating that
the rutile is less sensitive to defect redistribution, partially
thanks to its lack of phase transition.
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Fig. 6. Tauc s plots obtained by the Kubelka—Munk method for direct and indirect transition: (a) pure TiO, samples, (b) of
N, C solid state co-doped TiO,, (c) pure treated TiO, samples, and (d) treated N,C solid state co-doped TiO,.
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Table 2. Band gap energies of pure, N,C co-doped, and treated TiO, samples obtained from UV-VIS DRS.

Sample ID Band Gap Energy (eV)
Direct Indirect

P25 3.340 £+ 0.030 3.030 +£0.027
R 3.286 +0.029 2.942 +0.026
A 3.307 £ 0.029 3.137 £0.028
M 3.062 + 0.027 2.952 +£0.026
N, C P25 3.198 +0.028 2.820 £ 0.025
N,CR 3.090 + 0.027 2.856 £ 0.025
N,CA 3.259+0.029 3.012 +£0.027
N,CM 3.096 = 0.027 2.821 +£0.025
T - P25 3.031 £0.027 2.721 £0.024
T-R 3.014 £0.027 2.816 £ 0.025
T-A 2.972 +0.026 2.639 £ 0.023
T-M 2.987 +0.026 2.723 £ 0.024
T-N,CP25 2.986 +0.026 2.698 £ 0.024
T-N,CR 3.049 £ 0.027 2.871 £0.025
T-N,CA 2.970 +£0.026 2.639 +£0.023
T-N,CM 3.028 + 0.027 2.705 +0.024

Normalized PL intensity (a.u.)
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Fig. 7. PL spectra of TiO, samples: (a) pure TiO,, (b) N,C co-doped TiO,, (c) thermally treated pure TiO,, and (d)
thermally treated N,C co-doped TiO,.

10
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Finally, the co-doped thermally treated samples followed
the trends of the pure treated samples, confirming that the
reducing treatment is the dominant factor in defect
formation. However, a clear difference can be seen, rutile
exhibited a significant drop in intensity at both 302 and
320 nm, suggesting that the presence of dopants helps
passivate or redistribute the deep-level defects created
during reduction [49-50].

3.6 Deposition of black TiO, on electrodes.

The deposition of black TiO, onto the titanium sheets
substrate, using controlled dip coating technique was
successfully archive. A six-layer configuration avoided
excessive material accumulation, for the mechanical
stability of each electrode. The quench processes have
proven effective to remove any loose particles and
promote tighter packing among the surface. As a result,
the final coating shows good uniformity and adhesion.
Table 3 summarizes the mass deposited on the anode and
cathode for each precursor phase. The black TiO 2
anatase coating layer produced the highest deposited
mass, with 0.0041g on the anode and 0.0043g on the
cathode, suggesting stronger particle-substrate interaction
and a nicer dispersion during the coating process. On the
other hand, rutile coated electrode shows the lowest
deposited mass, likely due to its larger particle size and
lower surface area, which can lead to limiting the
adhesion of each layer.

Table 3. Deposited mass of each electrode.

Sample (TiO,

phase) Anode mass (g)

Cathode mass (g)

Black Ti0, (P25)
Black TiO, (Rutile)
Black TiO, (Anatase)
Black Ti0, (Mix)

0.0037 £ 0.000141
0.0029 +0.000141
0.0041 £ 0.000141
0.0034 £ 0.000141

0.0034 +£0.000141
0.0031 +0.000141
0.0043 +£0.000141
0.0037 +£0.000141

3.7 Photo electrooxidation for the degradation of
acetaminophen

The photo electrooxidation to remove the acetaminophen
was performed to compare the performance of black
Ti0,-coated electrodes with each precursor phases and
non-coated one. Overall, the experiment yields negligible
degradation in sulfate medium (0.1M Na,S0,) across all
the electrodes, with exception of the mixed-phase one,
which achieved a final C/C, value of 0.926, although it
maintained concentrations above 0.976 throughout most
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of the assay (Fig. &) [31]. On the other hand, the
experiments performed on the chloride medium (NaCl),
exhibited significantly higher conversion rates. The most
effective performances were observed for Rutile and P25

precursor phases, which reached minimum C/C, values
0f 0.631 and 0.650, respectively.

Comparing the results against the non-coated electrodes,
which achieved a C/C, of 0.850, the enhance of the
degradation of acetaminophen, provided by the
impregnation process, appears moderate. The total
difference between the coated and non-coated electrodes
is pronounced, suggesting that, under this specific set of
experimental conditions, the coating contributes to the
degradation, but does not exponentially amplify it over
time.

The results indicate that the degradation mechanism got
dominated by indirect oxidation via electrogenerated
active chlorine species, (such as HOCI, Cl,, OC1™ )[P]. In
the presence of NaCl electrolyte, anodic electrolysis
promoted the formation of these highly reactive species
[31,51]. Along the photocatalysis, the concentration of
these agents increased, been capable of oxidizing and
mineralizing acetaminophen. This cumulative process
explains the performance over longer duration on each
experiment. In contrast, on the Na,SO, medium, the
absence of these species precludes this indirect pathway,
obtaining a limited degradation [51]. The slight activity
observed on the mixed-phase electrode can be explained
by a partially direct oxidation process.

During the HPLC monitoring, two distinct additional
signals were detected in chromatograms at different
retention times from the acetaminophen. Although these
sub-products were not quantified in this study, their
appearance confirms the stepwise degradation of
acetaminophen, due to the attack of chlorine species [31].

An analysis of variance (ANOVA) was conducted to
quantify the impact of the experimental conditions on the
degradation efficiency of acetaminophen. The results of
Table 4 confirm that the electrolyte composition is the
governing factor in the system, with a value of p = 1.52e-
07, outweighing the influence of precursor phase, during
the coating process. These statistical results aligned with
the experimental behavior, along the generation of
chlorine  species, capable of degradation the
acetaminophen.
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Fig. 8. Degradation profiles of acetaminophen on 0.1 M NaCl and 0.1 M Na,S0, electrolytes, (a) black P25, (b) black
rutile, (c) black anatase, (d) black anatase-rutile mixture, and (e) non-impregnated electrode.

However, the precursor type also exhibited a significant
effect (p = 9.65¢-03). Indicating that the precursor
selected during the black titania synthesis does contribute
to measurable degradation difference, due to their unique
set of properties previously measured.

Fig. 9 show the interaction plot, confirming the primary
driving factor on the photo electrooxidation degradation
is the electrolyte composition. Along all the electrode
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precursors, the average degradation achieved on NaCl
medium is substantially higher than the Na, SO, medium,
the difference is consistent with the statistical significance
on ANOVA. In Na,S0, medium, degradation values
remain uniformly low and largely indistinguishable from
each other. But, in NaCl medium, the rutile and P25
coated precursors (RB and PB), exhibit the highest
degradation efficiency, in contrast with the lowest
response, the uncoated electrode (BB).
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Table 4. ANOVA for the effects of electrolyte and precursor type on acetaminophen degradation.

Sum of Squares

Degrees of Freedom

Source of Variation (sum_sq) (df) F-value (F) p-value (PR(>F))
C(Electrolyte) 0.285560 1.0 165.37 1.52e-07
C(Precursor) 0.041845 4.0 6.058 9.65¢-03
C(Precursor):C(Electrolyte) 0.035761 4.0 5.177 1.60e-02
Residual 0.017268 10.0 NaN NaN
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Fig. 9. ANOVA interaction plot for precursor and electrolyte factors.

4. Conclusions

The synthesis of black TiO, nanostructures were
satisfactorily —achieved wusing various crystalline
precursors (P25, anatase, rutile, and a mixture). The
thermal treatment with the hydrogen atmosphere proven
to be the most crucial step, significantly narrowing the
band gap energy, across all the samples, enhancing the
visible light absorption. The anatase phase shows the most
significant reduction in band gap energy due to the
formation of oxygen vacancies and Ti3* centers, while
rutile and P25 demonstrated a stronger optical stability.

The dip coating technique successfully produced a
uniformed film on each electrode with a six-layer
configuration. The interaction between the catalytic
powder and the substrate varied on each phase, anatase
yielded the highest deposited mass, suggesting a superior
adhesion property, meanwhile, the rutile phase obtained
the lowest deposited mass, likely doe to its particle size
and lower surface area.
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The photo electrooxidation performance, revealed that the
reaction medium plays a critical role in the degradation
efficiency of acetaminophen. On the sulfate medium, the
degradation was negligible, but highly effective in
chloride medium. Confirming that the degradation is
carried out in the indirect oxidation mechanism, by the
production of active chlorine species (HOCl and OCI™).
Notably, while the anatase got the best coating, the
electrodes based on rutile and P25 achieved the highest
contaminate removal rates on chloride medium.
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