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Abstract— Phenolic compounds, dyes, and their
derivatives are prevalent organic pollutants in surface
waters due to industrial activities, effluent discharge, and
agricultural runoff. In this context, this study aimed to
evaluate the photocatalytic activity of commercial P25 TiO2
(TiO2-P25) and rutile TiO2 (TiO2-R) solids for the
degrading phenol and methylene blue dye in a batch reactor
under UV-C irradiation at 256 nm. X-ray diffraction data
confirm the predominant presence of the anatase phase in
TiO2-P25 and the rutile phase in TiO2-R. Significant
difference in crystallite size and specific area (Sset) between
the samples were linked to their commercial synthesis
method. The results demonstrated that TiO2-P25 exhibited
higher photocatalytic activity than TiO2-R due to
differences in band gap. The use of a 15W lamp further
enhanced this efficiency. For phenol degradation, TiO2-P25
obtained 57% conversion at 9W and an 11% increase in the
initial concentration at 15W, while TiO2-R showed lower
efficiency. In photolysis, minimal conversion was observed.
Total organic carbon (TOC) data suggest that
photocatalysis generates organic metabolites rather than
achieving complete mineralization, leading to the
accumulation of intermediates in the effluent, particularly
with the 15W lamp.

Keywords— AOPs, photocatalyst, pollution control, titanium
dioxide.

. INTRODUCTION

Industrial advancement has been crucial in the economic and
technological development of society. However, this progress
has also led to major environmental challenges, particularly the
contamination of aquatic systems by organic compounds such
as pesticides, antibiotics, pharmaceuticals, and dyes [1], [2],
[31, [4]. [5]. Industrial wastewaters often contain pollutants and
residues that are resistant to conventional treatment methods,
posing serious risks to both human health and the environment
[6]. Among these contaminants, phenol is particularly
concerning due to its high toxicity and persistence in the
environment, once it is widely applied in the production of
plastics, detergents, medicines, and herbicides [7], [8].
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Additionally, dyes from the textile industry, such as methylene
blue (MB), pose a significant threat to aquatic ecosystems.
These dyes not only produce effluents highly recalcitrant, but
also obstruct the penetration of sunlight, leading to a decrease
in oxygen concentration, which further endangers aquatic life
and human health [9], [10].

Within this scenario, the advanced oxidative processes
(AOPs) have emerged as a viable and promising alternative for
the degradation of persistent organic contaminants, due to their
high redox potential [11], [12]. Among these processes,
attention has been given to heterogeneous photocatalysis,
which is receiving great attention. This process utilizes sunlight
or artificial light to activate catalysts, thereby enhancing
chemical reactions [13]. The catalysts, acting as
semiconductors, absorb photons upon light exposure, leading to
electronic excitation from the valence band to the conduction
band, which facilitates the formation of hydroxyl radicals and
superoxide [14]. These radicals promote the fast degradation of
persistent pollutants as they can chemically oxidize most non-
biodegradable organic compounds, converting them into more
easily degradable or inert substances such as water and carbon
dioxide [14].

Typical photocatalysts include salts, sulfides, and metal
oxides such as ZnS, AgCl, and ZnO [13], [15], [16]. Among
these, titanium dioxide (or TiOy) is notable for its efficiency,
chemical stability, low toxicity, and cost-effectiveness [17].
TiO; exists in three crystalline forms: rutile (the most stable
phase), anatase, and brookite, with the anatase and rutile phases
the most relevant in catalysis [16]. The anatase crystal structure
exhibits superior photocatalytic activity due to higher affinity
for hydroxyl groups and lower carriers’ recombination rate,
whereas rutile is less effective because of larger grain size and
reduced surface area [18]. Nonetheless, TiO, faces limitations
including its high band gap energy (3.2 eV for anatase and
3.0 eV for rutile). However, synthesis methods, such as doping
and incorporation of TiO, into mixed oxide composites can
enhance its photocatalytic performance [19].

Doping of TiO, with nitrogen or metals, such as iron and
silver, has been shown to significantly enhance the degradation
of phenol and methylene blue [16], [20], [21], [22], [23], [24].
Additionally, TiO, composites incorporating materials like
activated carbon, have optimized the photocatalytic oxidation
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of these contaminants due to the high surface area of the
composite [25], [26]. However, for the effective application of
these techniques, considering the development of innovative
photocatalysts, it is essential to evaluate the influence of the
crystalline phases of TiO2 besides the intensity of radiation. So,
based on these several aspects, this study investigated the
photocatalytic activity of commercial P25 TiO,-P25 (75%
anatase and 25% rutile) and rutile phase TiO; in phenol and MB
degradation. The conversion of organic compounds was
analyzed by UV-vis spectrophotometry and compared with
total organic carbon content (TOC) data. The photocatalysts
were characterized by X-ray diffraction (XRD), Nitrogen
adsorption-desorption measurements, and ultraviolet and
visible diffuse reflectance spectroscopy (DRSuv-vis), including
band gap determination.

Il. EXPERIMENTAL

A. Samples

TiO, P25 Aeroxide (TiO2-P25) from Acros Organics and
rutile-phase TiO, (TiO2-R) from Didatica were applied as
photocatalysts and used as received.

B. Characterization of photocatalysts

XRD data were used to confirm the crystalline structures
present in each sample and to determine crystallite sizes [27].
The analyses used a Rigaku diffractometer with a Cu tube and
Ni filters, operating with CuKa radiation (A=0.1542 nm). The
goniometer was set to a scanning speed of 2° 26 min-!, with an
angle range from 10 to 70° (26).

Nitrogen  adsorption-desorption  measurements  were
performed at the boiling point of liquid nitrogen (-196 °C) in
Micromeritics equipment. Before each analysis, the samples
were pretreated at 200 °C for 2 h under vacuum to remove any
adsorbed water. The specific surface area (Sget) was calculated
by the Brunauer-Emmet-Teller equation [28].

DRSuyv.vis measurements were conducted using a Varian
spectrophotometer and a BaSOs as a reference. Data were
collected in the wavelength range between 220 and 800 nm, and
the reflectance spectra were converted with the Kubelka-Munk
function (F(R)), as given in (1), where R represents the diffuse
reflectance of the material.

(1-R)?
2R

F(R) =100 (8]

The band gap values of the materials were determined by
extrapolating a straight line fitted to the x-axis in a plot of [F(R)
x hv]? by hv [29]. Here, F(R) represents the Kubelka-Munk
function and hv denotes the energy of the incident photon.

C. Photocatalytic tests

Catalytic photodegradation tests of phenol or MB were
conducted in a batch reactor (350 mL) within a sealed reaction
chamber to prevent ambient light interference. In each
photocatalytic experiment, 100 mL of an aqueous solution
containing 100 ppm of phenol, or 30 ppm of MB was mixed

with 0.1 g of TiO2-P25 or TiO2-R and stirred in the absence of
light for 2 h for phenol or 0.5 h for MB. The dark stirring time
was chosen to reach adsorption equilibrium with the organic
molecules. Subsequently, the solution was irradiated for 3 h
using a 9 W or 15 W Phillips lamp (UV-C radiation, A =
256 nm). Aliquots of 1 mL were collected from the reactor at
established time intervals. After centrifugation, the samples
were analyzed using a UV-vis spectrophotometer (Genesys 10S
Thermo Scientific) at 269 nm for phenol degradation or a
visible spectrophotometer (Bel V-M5) at 664 nm for MB.
Photolysis tests, conducted under the same conditions but
without photocatalysts, were conducted under the same reaction
conditions, excluding the dark stirring step. The phenol or MB
conversion (%), at each established reaction time t, was
calculated as shown in (2), comparing the organic compound
concentration (C) with its initial value (Co).

Conversion, X = 100(6"6—_6) )

0

To determine the content of organic compounds in each
reaction effluent obtained after 3 h, total organic carbon (TOC)
measurements were performed using a TOC-VCPH
(SHIMADZU) analyzer, which employs the catalytic
combustion oxidation method at 680 °C.

I1l. RESULTS

A. Characterization

Fig. 1 shows the X-ray diffractograms between 20 and 70°
(20) of the photocatalysts under study. Following the technical
specifications, TiO,-P25 exhibits both anatase and rutile
crystalline phases. The peaks at 26 equal to 25.5°, 37.2°, 38.1°,
48.3° 54.1° and 62.9° correspond to diffraction in the crystal
planes (101), (103), (004), (200), (105) and (204) of the anatase
phase, while peaks at 26 values 27.7°, 36.4° and 69.2° are
attributed to diffraction in the (110), (101) and (301) planes for
rutile titania. [JCPDS 78-2485; 84-1286]. For TiO2-R, X-ray
diffraction is observed at 26 values of 27.7°; 36.4°; 39.3°, 41.4°;
44.1°,54.5°,56.7°, 62.9°, 64.2 and 69.2°, which are associated
with the diffraction in the planes (110), (101), (200), (111),
(210), (220), (211), (002), (310) and (301) of rutile phase
[JCPDS 84-1286] [30]. Despite the predominance of rutile-
related peaks in TiO2-R, the diffractogram also presents minor
signals at 20 values of 25.5° and 48.3°, corresponding to the
diffraction in the (101) and (200) crystalline planes of the
anatase phase.

Table 1 provides the crystallite sizes of TiO2-P25 and
TiO2-R, calculated using the Scherrer equation. There is a
notable difference in the crystallite sizes, which can be related
to the commercial synthesis method of the samples, including
variations in heat treatment temperatures. When P25 titanium
dioxide was analyzed by thermogravimetry and differential
thermal analysis (DTA), an exothermic event was observed,
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indicating that the transition from anatase to rutile occurs
gradually as the temperature increases, beginning around
350 °C [31], [32].
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Fig. 1. X-ray diffractograms of studied samples.

TABLE |
CRYSTALLITE SIZE, Sger, AND BAND GAP VALUES OF THE STUDIED SAMPLES.
Crystallite size Seer Band gap
Sample (m) (m? g9 V)
TiO-P25  20* 51 3.2
TiO-R 6° 41 29

2 calculated from the (101) crystallographic plane.
® calculated from the (110) crystallographic plane.

Fig. 2 shows the N adsorption/desorption isotherms of the
photocatalysts under study. Both materials exhibit adsorption
isotherms that can be classified as type 11, according to IUPAC
[33]. In addition, the desorption isotherm of TiO,-P25 presents
a small hysteresis at high relative pressures [31]. These results
may be attributed to nitrogen condensation within interparticle
macropores at P/Py higher than 0.8 [34]. A detailed BJH pore
size distribution of TiO2-P25 showed the predominance of
mesopores, however, the material also contains micro and
macropores [31]. Similarly, in the case of rutile, BJH pore size
distribution (data not shown) also indicates a broad range of
pore sizes from micro to macropores. Additionally, there are
notable differences in the volume of nitrogen adsorbed which is
substantially lower for TiO»-R, indicating poor porosity in this
sample. Regarding the Sger, there is an inverse relationship with
crystallite size, where the Sger decreases as the crystallite size
increases. This difference may be again related to variations in
the synthesis method.

Fig. 3 shows the UV-vis DRS spectra of the photocatalysts
under study. TiO»-P25 exhibits absorption between 220 and 380
nm, with absorption between 230 and 280 nm corresponding to
charge transfer between tetrahedral titanium (IV) and O, and
absorption between 260 and 350 nm corresponding to charge
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Fig. 2. N adsorption-desorption isotherms of studied samples. Closed
symbols represent adsorption curves and open symbols indicate desorption
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Fig. 3. UV-vis DRS spectra of studied samples.

transfer between octahedral (1V) titanium and O? sites [35]. For
TiO2-R, a strong absorption band is observed in the region
between 220 and 400 nm, attributed to the band-to-band
transition [18], [36], [37]. The calculated band gap values for
TiO2-P25 and TiO»-R were 3.2 and 2.9 eV, respectively, closely
correspond to the theoretical values [38], [39], [40]. The band
gap is a crucial property of photocatalysts and directly impacts
their catalytic performance. Electron-hole pairs are generated
when the catalyst absorbs a photon whose energy meets or
exceeds the band gap of the material [41]. On the other hand, if
the band gap is too low, the excited light may not prevent
electron-hole  recombination,  reducing  photocatalytic
performance [42].

300

B. Photocatalysts activity over phenol degradation
In the photolysis reactions, the solution was exposed solely
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Fig. 4. Conversion of phenol (a) and C/C, (b) as a function of irradiation time

Open symbols: 9 W lamp tests; Closed symbols: 15 W lamp tests.

to ultraviolet light to assess the degradation of organic
compound in the absence of a photocatalyst. In the photolysis
of phenol under irradiation from a 9 W lamp, the conversion
reached 22% in the first 5 min of the reaction (Fig. 4).
Considering the deviation of the equipment, the conversion
tended to remain stable up to 75 min of reaction, after which it
began to decline from 90 min, oscillating until the end of the
process. The decrease in conversion is related to an absorbance
increase in the UV-vis spectrophotometer, leading to a higher
concentration used in the calculations. This behavior suggests
the formation of by-products that interfere with the assessment
of degradation over irradiation time, likely due to the formation
of intermediates such as catechol (CsHsO2), hydroquinone
(CsHs0O2), pyrogallol (CsHsO3) and benzoquinone (CsH402),
which are molecules similar to phenol and that absorb radiation
in the same wavelength range [43], [44], [45], [46]. Further
supporting these observations, a color change in the phenol
solution was noted during the reaction without a catalyst,
indicating the formation of metabolites. In the case of phenol
decomposition under irradiation of a 15 W lamp, the conversion
was less pronounced, with negative conversion observed from
the 60 min reaction. A color change in the phenol solution was
also noted (Fig S1). This result can be attributed to a more
pronounced formation of the intermediates during the process.

In the phenol degradation tests (Fig. 4), when the reactor was
irradiated with a 9W lamp, phenol conversion using TiO»-P25

was noticeable within the first 5 minutes of light exposure,
gradually increasing to 57% after 180 min of reaction. For the
TiO2-R sample, phenol conversion reached 13% in the initial
5 min, rising to 23% in 15 min, then declining and stabilizing
at 15% after 75 min of irradiation.

The anatase and rutile crystalline phases of TiO; absorb only
ultraviolet rays, with the band gap of anatase being 3.2 eV,
while that of the rutile phase is 2.9 eV [18]. Consequently, the
TiO2-rutile sample has a lower radiation absorption capacity,
which reduces the number of free radicals available for phenol
degradation and explains its low photocatalytic activity in the
reaction under study [47]. In addition, the anatase phase has a
high affinity for hydroxyl groups and a low rate of carrier
recombination, resulting in greater efficiency in the generating
reactive species, contributing to the more effective degradation
of the pollutant [19]. This also explains the lower photocatalytic
activity of TiO2-R in the reaction under study.

Comparing the degradation of phenol in the presence of
photocatalysts with that of the photolysis test for the 9W lamp,
it is observed that the conversion tends to be slightly higher than
that of the TiO»-R sample. However, in the presence of the
catalyst, there was no variation in the color of the reagent
solution. This suggests that the presence of TiO,-R can inhibit
the formation of reaction intermediates.

In the photocatalytic degradation tests conducted under the
15 W lamp, negative conversions were observed regardless of
the titanium dioxide used, with this effect being more
pronounced for the TiO2-P25 sample in the 180 min reaction.
This unexpected result suggests that the increase in lamp power
promotes the formation of reaction metabolites.

The photocatalytic degradation of phenol and TOC ratio (for
the reaction effluents at 180 min) are presented in Table 2.
Regardless of the lamp used it was observed that, even in cases
where phenol conversion reached 56%, the TOC/TOC, ratio
remained at 100%. This result indicates that despite the
conversion of phenol, the total initial organic carbon remains in
the reactive effluent, but in the form of other organic
compounds. This finding supports the hypothesis that phenol is
transformed into organic intermediates during the reaction.

TABLE Il

PHENOL CONVERSION AND TOC/TOCO AFTER 180 MIN OF IRRADIATION.

Lamp Sample . phenol (%) TOC/TOC,
TiO,-P25 56.9 100

w TiO,-R 132 100
TiO,-P25 0.7 100

LW TiO,-R 0.7 100

C. Photocatalysts activity over MB degradation

The results of MB photodegradation on TiO2-P25 and
TiO2-R are shown in Fig. 5. In the photolysis reactions, the
solution was exposed only to ultraviolet light to evaluate the
degradation of methylene blue in the absence of a photocatalyst.
As shown in Fig. 5, there was no considerable degradation of
the pollutant during the 180 min exposure to the 9W germicidal
lamp, as the dye conversion ranged between 2 and 5%, which
is within the error margin of the equipment. Only about 2% of
the pollutant was converted after 180 min. When the photolysis
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Fig. 5. Conversion of MB (a) and C/C, (b) as a function of irradiation time.

Open symbol: 9 W lamp tests; Closed symbols: 15 W lamp tests.

of MB was evaluated using the 15W germicidal lamp, a
behavior similar to that observed with the lower power lamp
during 180 min reaction was noted.

Fig. 5 also presents the catalytic photodegradation of MB
using the TiO,-P25 photocatalyst under the 9 W germicidal
lamp. This test demonstrated an expressive degradation of the
contaminant, with a reduction in the concentration of
approximately 35% over the first 75 min. The dye concentration
continued to decrease, reaching about 42% of the initial value
after 180 min of reaction. Thus, the total pollutant conversion
observed was close to 58% by the end of the process, as shown
in Fig. 5. In contrast, when evaluating the TiO,-R photocatalyst
under exposure to the 9W lamp, no degradation of the pollutant
during the 180 min reaction, as shown in Fig. 5. Throughout the
entire reaction, the MB conversion ranged from 4 to 10% with
fluctuations within this range. The dye conversion achieved
was approximately 7% in 180 min.

Comparing the crystalline phases of titania confirms that the
photocatalytic activity for the degradation of MB with
TiO2-P25 is superior to that presented by TiO»-R. The 58% dye
conversion in 180 min with TiO2-P25, compared to 7% of
conversion obtained with TiO»-R, can be attributed to the
predominance of the anatase phase in TiO,-P25. The anatase
phase exhibits a high affinity for hydroxyl groups and a low rate
of carrier recombination, which results in greater efficiency in
the generating reactive species, thus enhancing the degradation

of the pollutant [18].

When TiO»-P25 was irradiated with the 15 W germicidal
lamp, a pronounced degradation of MB was observed,
especially in the initial 60 min, with a reduction in the initial
concentration of approximately 95% (Fig. 5b). This decrease
continued, resulting in a 97% conversion after 180 min, as
shown in Fig. 5. In contrast, with the TiO,-R photocatalyst
under exposure to the 15 W lamp, the dye concentration in the
solution remained close to the initial value throughout the
reaction (Fig. 5b). After 180 min of reaction, only about 3% of
MB was converted. Again TiO,-P25 demonstrated to be more
effective in generating the reactive species required for MB
degradation. The higher radiation intensity provided by the 15
W lamp further improved this efficiency, leading to a more
accelerated pollutant degradation.

When titania samples consisting exclusively of anatase or
rutile crystalline phases were evaluated for the degradation of
MB, anatase was found to show higher activity under both
ultraviolet and visible light irradiation. This enhanced activity
is attributed to the greater Sger of the anatase compared to
samples containing only the rutile phase. According to the N;
adsorption-desorption analyses, the larger surface area of the
anatase (whether pure or doped) contributes to its higher
activity compared to rutile [48]. The high Sger contributes to a
larger surface, enhancing light absorption and the generation of
electron/hole pairs, which can be quickly used in the reaction,
reducing recombination effects and minimizing mass transfer
limitation. The literature also emphasizes the role of adsorbed
pollutants in the reaction mechanism, indicating that the larger
the surface area of the catalyst, the greater the number of
adsorbed pollutants [41].

Considering the TOC/TOC, ratio for the effluents from the
degradation of MB over TiO2-R, as shown in Table 3, it is
observed that the value remained close to 100%. This indicates
that, although MB was converted, it was transformed into
intermediate organic molecules that do not significantly reduce
the organic carbon content of the solution. For TiO2-P25 in the
photocatalytic degradation tests, even though MB conversion
was high, the reduction in the TOC/TOC, ratio (Table 3) was
considerably lower. This result suggests that the process is
generating complex organic by-products rather than achieving
complete mineralization, leading to the accumulation of organic
intermediates in the effluent. Thus, to achieve a more detailed
understanding of the reaction mechanism, additional analytical
techniques such as liquid chromatography coupled with mass
spectrometry are required to detect and characterize these by-
products.

TABLE Il
MB CONVERSION AND TOC/TOCo AFTER 180 MIN OF IRRADIATION.
Lamp Sample % phenol (%) TOC/TOC,
TiO,-P25 58.2 77.8
w Tio,R 7.3 100
TiO,-P25 97.3 68.4
15W TiO-R -0.7 91.7




Journal of Science & Sustainable Engineering (JSSE). Vol. 2, Year 2024, Pages €19413/1-8 6

SUPPLEMENTARY MATERIALS

Fig. S1 illustrates the change in phenol solution color after
180 min of irradiation with a 15W UV lamp.

Fig. S1. Phenol solution at 100 ppm: () prior to 15W UV lamp irradiation; (b)
after 180 min of 15W UV lamp irradiation.
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