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Abstract

The objective of this study was to evaluate the solar photocatalytic degradation of the
disperse textile dye 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole using titanium dioxide
nanoparticles (TiO2 P25) under a mean solar irradiance of 492 ± 58 W/m2, evaluating the
effects of pH, photocatalyst concentration, and continuous aeration on process efficiency.
The degradation of the dye was determined by monitoring its concentration by UV–Visible
spectrophotometry, while the mineralization was evaluated by chemical oxygen demand
(COD). Likewise, kinetic behavior was analyzed using pseudo-first-order and pseudo-
second-order models. The results showed that the degradation efficiency increased with
the concentration of TiO2, reaching the highest yield with 400 ppm of TiO2 and contin-
uous aeration, which confirms that both variables are determining operating factors for
maximizing photocatalytic efficiency. pH exerted a significant influence on the activity
of the system, obtaining the highest degradation efficiencies and the greatest reductions
in COD under slightly alkaline conditions (pH 8–9), a behavior attributed to the greater
colloidal stability of TiO2 and the modification of its surface properties with respect to
its point of zero charge (pHpzc ≈ 6.2). The pseudo-second-order model generally pro-
vided an adequate empirical description of the experimental data; however, the best-fitting
model varied depending on the experimental condition. The simultaneous decrease in
the concentration of the dye and the COD confirmed that the treatment produced not
only the decolorization of the solution, but also the progressive oxidation of the organic
matter. Integrating kinetic analysis with the simultaneous assessment of decolorization and
COD enabled clear experimental differentiation between adsorption and photocatalysis,
strengthening the interpretation of TiO2-based solar photocatalytic systems. In conclusion,
solar photocatalysis using TiO2 and the optimization of operational variables constitute
an effective treatment strategy that takes advantage of solar irradiation as the primary
energy source, thereby reducing dependence on conventional artificial UV irradiation.
Within the scope of this study, the combination of solar radiation, continuous aeration and
appropriate operating conditions demonstrated promising potential for the treatment of
textile wastewater containing persistent dyes.
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1. Introduction
The pollution of aquatic ecosystems by industrial effluents continues to be one of

the most important environmental challenges worldwide. Among the various industrial
sectors, the textile industry is recognized as one of the largest consumers of water and
chemicals and one of the main generators of highly colored wastewater. The environmental
impact of these effluents extends beyond their visual appearance, as they typically contain
complex mixtures of synthetic dyes, surfactants, dispersing agents, salts, and ancillary
chemicals that reduce light penetration into water bodies, interfere with photosynthetic ac-
tivity, and can exert toxic effects on aquatic organisms [1–4]. Over the past few decades, the
continuous expansion of textile production has increased the discharge of dye-containing
wastewater, highlighting the need to develop treatment technologies capable of removing
persistent organic pollutants before they are released into the environment.

The synthetic dyes used in the textile dyeing and finishing processes are designed to
exhibit high chemical stability under harsh environmental conditions, including resistance
to radiation, oxidation, temperature variations and microbial degradation. While these
characteristics are industrially desirable because they improve color durability, they also
significantly hinder dye removal by conventional wastewater treatment processes [5,6]. As
a result, a significant fraction of the dyes used during the dyeing process remains in the
textile effluents and reaches the receiving bodies, where they can persist for long periods
and contribute to environmental pollution [3,7,8].

Among the different classes of textile dyes, disperse dyes deserve special attention due
to their low solubility in water and the complexity of their aromatic molecular structures.
These compounds are mainly used in the dyeing of hydrophobic synthetic fibers, such as
polyester and acetate, where they remain finely dispersed rather than being completely
dissolved. Their chemical stability, complex aromatic structures, and limited aqueous
solubility may hinder biodegradation and reduce the effectiveness of conventional treat-
ment processes [9,10]. In addition, numerous disperse dyes contain structures based on
benzothiazole, azo groups, anthraquinones, or nitroaromatic compounds, which not only
determine their chromatic properties but also contribute to their environmental persistence
and potential toxicity [8].

The presence of residual disperse dyes in water bodies is an environmental problem
that goes beyond esthetic deterioration. The intense coloration of these effluents reduces
solar radiation penetration, thereby reducing photosynthetic activity and dissolved oxygen
production in aquatic ecosystems. In addition, some transformation products generated
during natural degradation or incomplete treatment may exhibit toxicity equal to or even
greater than that of the parent compound, representing a potential risk to aquatic organisms
and, ultimately, to human health through the contamination of water resources [4,7,11,12].
These limitations have driven the development of advanced technologies capable not
only of eliminating visible color but also of promoting the oxidation of persistent organic
molecules into products with a lower environmental impact.

Over the last two decades, advanced oxidation processes (AOPs) have emerged as
one of the most promising alternatives for the treatment of refractory organic pollutants
in industrial wastewater. These technologies are based on the in situ generation of highly
oxidizing species, especially hydroxyl radicals (•OH), which have a high oxidation po-
tential and are capable of reacting with a wide variety of organic pollutants with low
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selectivity [13–15]. Because of this ability, photocatalytic advanced oxidation processes
have been extensively investigated for the degradation of dyes, pharmaceuticals, pesticides,
and other emerging contaminants resistant to conventional biological treatments [16,17].

Among the various advanced oxidation processes, heterogeneous photocatalysis has
attracted growing scientific and technological interest due to its ability to mineralize organic
contaminants under relatively mild operating conditions. In this process, semiconductor
materials absorb photons with energy equal to or greater than their bandgap energy, gener-
ating electron–hole pairs that initiate a series of oxidation and reduction reactions leading to
the formation of reactive oxygen species capable of degrading organic molecules [4,18–20].
Heterogeneous photocatalysis can operate under relatively mild temperature and pressure
conditions and may use solar radiation as an energy source; however, its practical perfor-
mance depends strongly on photon utilization, reactor configuration, catalyst recovery, and
water-matrix effects [13,21–23].

Among the different semiconductor materials used as photocatalysts, titanium dioxide
(TiO2) remains one of the most extensively studied due to its high photocatalytic activity,
chemical stability, low toxicity, low cost and high resistance to photocorrosion [19,24]. In
particular, the commercial photocatalyst Degussa P25 has become a reference material
owing to its mixed anatase–rutile crystalline structure, which favors charge separation
and generally provides higher photocatalytic efficiencies than many materials consist-
ing of a single crystalline phase [18,20]. When TiO2 is irradiated with light of sufficient
energy, electrons and photogenerated holes are generated, which participate in the for-
mation of reactive oxygen species, including hydroxyl radicals (•OH) and superoxide
radicals (O2•−), recognized as the main oxidizing agents responsible for the degradation
of organic pollutants [25,26].

Although important advances have been made in the development of heterogeneous
photocatalytic processes over recent decades, the efficiency of TiO2-based systems depends
on several operational variables that simultaneously control photon absorption, pollutant
adsorption, charge separation and the generation of reactive oxygen species. Among
these variables, photocatalyst concentration, solution pH, dissolved oxygen availability,
irradiation intensity, and reactor configuration have been identified as factors that ex-
ert the greatest influence on the overall efficiency of the photocatalytic process [20–22].
Consequently, optimizing these operating conditions is critical to maximizing degradation
efficiency while minimizing energy consumption and the amount of photocatalyst required.

The concentration of the photocatalyst directly influences the number of available
photoactive sites and the probability of an interaction between contaminant molecules
and the semiconductor surface. Generally, increasing the concentration of TiO2 favors
photocatalytic activity by increasing the available surface area and the number of active
sites that are capable of absorbing radiation. However, above a system-specific catalyst
loading, increased turbidity, light scattering, particle aggregation, and optical shielding may
reduce the fraction of radiation effectively absorbed within the reactor [10,20,27]. Therefore,
the optimal TiO2 loading is system-specific and depends on reactor geometry, optical path
length, pollutant concentration, irradiance, and hydrodynamic conditions [27,28].

The pH of the solution represents another operational variable of major importance
because of its simultaneous influence on the photocatalyst surface and the physicochemical
properties of the contaminant. In addition to modifying the chemical speciation of nu-
merous organic compounds, solution pH affects both pollutant speciation and the surface
charge of TiO2 relative to its point of zero charge, thereby modifying adsorption, aggre-
gation, and interfacial electron-transfer processes [10,29]. Likewise, pH variations affect
the concentration of hydroxyl ions available for the formation of hydroxyl radicals (•OH)
and can influence the stability of intermediate products generated during photocatalytic
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oxidation. Consequently, the effect of pH should be interpreted as the result of the simulta-
neous interaction of several physicochemical phenomena rather than as the consequence of
a single reaction mechanism [20,25].

The availability of dissolved oxygen also plays a critical role during heterogeneous
photocatalysis. Oxygen acts as the main acceptor of photogenerated electrons in the TiO2

conduction band, promoting charge separation and reducing electron–hole recombination,
thereby enhancing the formation of reactive oxygen species involved in the degradation
of organic pollutants [18,19]. Although the role of oxygen as an electron acceptor has
been widely demonstrated for TiO2-based photocatalytic systems, its effective contribution
depends on the rate of oxygen transfer from the gas phase to the solution, a process that can
become a limiting factor in insufficiently aerated systems [25,30]. Consequently, continuous
aeration can increase oxygen availability and promote catalyst suspension and liquid-phase
mixing; nevertheless, the magnitude of these effects depends on gas–liquid mass transfer
and reactor hydrodynamics [26].

Another variable that has received increasing attention in recent years is the use of so-
lar radiation as an energy source for photocatalytic processes. Unlike conventional systems
that use ultraviolet lamps, solar radiation can considerably reduce energy consumption and
operational costs, supporting the development of solar-driven environmental treatment
technologies with reduced dependence on artificial UV irradiation [13,22]. However, solar
photocatalysis introduces additional complexity because irradiance varies continuously
depending on geographical location, the time of year, atmospheric conditions, and time of
day. These fluctuations modify the incident photon flux reaching the photocatalyst and,
consequently, the generation rate of electron–hole pairs. Therefore, monitoring solar irradi-
ance during experiments is essential to ensure the reproducibility and proper interpretation
of photocatalytic results.

In addition to the influence of operational variables, the mathematical description of
photocatalytic degradation has become a topic of growing interest because kinetic models
enable the quantitative description of system behavior and the comparison of different
experimental conditions. Among the most widely used models are pseudo-first-order
(PFO) and pseudo-second-order (PSO) kinetic models, which were originally developed
to describe adsorption processes but were later extended to the analysis of photocatalytic
systems due to their ability to mathematically represent complex processes in which
adsorption, mass transfer, and surface reactions are involved simultaneously [31–33].

The pseudo-first-order kinetic model assumes that the overall rate of the process is
proportional to the number of available active sites, while the pseudo-second-order model
considers that the rate depends on the interaction between adsorbed molecules and the
adsorbent surface [30]. Although both models were originally proposed for adsorption
systems, several studies have shown that they can be used as empirical tools to describe
the kinetic behavior of photocatalytic processes, providing an adequate mathematical
representation of the temporal evolution of pollutant degradation [34,35]. However, it is
important to note that a better statistical fit does not necessarily constitute evidence of the
molecular mechanism responsible for the photocatalytic reaction; rather, it indicates that a
given model reproduces the experimental data more accurately [35].

Various studies have reported the photocatalytic degradation of textile dyes using
TiO2 under ultraviolet or solar irradiation. However, most of these studies have focused on
optimizing a single operational variable or solely on evaluating decolorization efficiency,
without simultaneously considering the reduction in chemical oxygen demand (COD), the
influence of continuous aeration, and the kinetic behavior of the process under natural solar
irradiation conditions [26,36,37]. In addition, limited information is available on the solar
photocatalytic degradation of benzothiazole-based disperse dyes using an experimental
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approach that integrates TiO2 concentration, pH, aeration and kinetic analysis within a
single experimental system.

Although decolorization is one of the most widely used indicators for assessing the
efficiency of photocatalytic processes, the disappearance of visible color does not necessarily
imply complete degradation or mineralization of the contaminant. The breakdown of the
chromophore groups responsible for radiation absorption in the visible region usually
occurs during the early stages of photocatalytic oxidation, while the transformation of
intermediates into lower-molecular-weight compounds and, eventually, carbon dioxide,
water, and inorganic ions requires longer irradiation times and the sustained generation of
reactive oxygen species [20,25]. Consequently, the disappearance of color alone does not
provide sufficient evidence of the environmental efficiency of the treatment.

For this reason, the simultaneous determination of chemical oxygen demand (COD)
has become increasingly important in the evaluation of photocatalytic processes. Unlike
UV–Visible absorbance measurements, which primarily reflect changes in chromophoric
structures, COD quantifies the amount of oxidizable organic matter present in the solution
and provides complementary information on the degree of oxidation achieved during
treatment. The joint evaluation of decolorization and COD helps distinguish the initial
disruption of chromophoric structures from the progressive oxidation of the remaining
organic matter. A decrease in COD supports partial or progressive mineralization, although
it does not demonstrate complete conversion to CO2, H2O, and inorganic ions [10,21,38,39].

Another relevant aspect is the chemical nature of the dye investigated. The compound
2-(4-amino-2-nitrophenyl)-1,3-benzothiazole belongs to the family of benzothiazole-derived
disperse dyes, characterized by heterocyclic aromatic structures with high chemical sta-
bility and significant resistance to conventional degradation processes [8,40]. In recent
years, the oxidation of benzothiazole derivatives has attracted increasing interest because
their transformation pathways generally involve multiple intermediate products before
reaching high degrees of oxidation, highlighting the need to complement the evaluation of
decolorization with indicators of the mineralization or oxidation of organic matter [41].

From an environmental engineering perspective, the implementation of photocatalytic
processes on a larger scale requires consideration of not only the intrinsic properties of the
photocatalyst but also variables related to reactor design, spatial radiation distribution,
oxygen transfer, particle suspension, and system hydrodynamics. These factors simul-
taneously affect photon utilization, mass transfer, catalyst suspension, and the overall
treatment rate. Consequently, results obtained under natural solar irradiation provide
useful information for subsequent reactor design, although laboratory observations must
be validated through optical, hydrodynamic, energetic, and pilot-scale studies before
industrial extrapolation [20,38,42].

Although considerable research has been conducted on the photocatalytic degradation
of textile dyes, most studies have focused on azo or reactive dyes and have used artificial
ultraviolet radiation. In contrast, comprehensive information on the solar photocatalytic
degradation of benzothiazole-derived disperse dyes remains limited, particularly regarding
the simultaneous evaluation of photocatalyst concentration, solution pH, and continuous
aeration, together with chemical oxygen demand reduction and kinetic model comparisons
under natural solar irradiation conditions [26,36,37]. This knowledge gap makes it difficult
to establish clear relationships between operational variables and the overall efficiency of
the photocatalytic process, as well as to define design criteria applicable to environmental
treatment systems.

In this context, the present study aimed to evaluate the influence of TiO2 concentra-
tion, solution pH and continuous aeration on the solar photocatalytic degradation of the
disperse dye 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole using commercial TiO2 (Degussa
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P25) under natural solar irradiation conditions. The efficiency of the process was evalu-
ated in terms of dye decolorization and chemical oxygen demand reduction, while the
kinetic behavior was analyzed using pseudo-first-order and pseudo-second-order models
to identify which model best described the experimental evolution of the process within the
range of operational conditions investigated. The results contribute to the understanding
of solar photocatalysis applied to persistent disperse dyes and provide laboratory-scale
information for optimizing the evaluated operating variables. Further validation using real
textile wastewater and pilot-scale reactors is required before the scalability of the process
can be established.

2. Materials and Methods
2.1. Equipment, Materials and Reagents

The photocatalytic degradation tests of the dispersed textile dye were carried out
using the equipment, materials and reagents presented in Table 1.

Table 1. List of equipment, materials and reagents.

Items Specifications

Equipment

UV–Visible Spectrophotometer Model UV1600PC, Brand: W&J Instrument Co.,
Ltd., Changzhou, China

Analytical Balance Model Adventurer AX224, Brand: OHAUS,
Parsippany, NJ, USA

Pyranometer Class 1, Model: SR15, Brand: Hukseflux, Delft,
The Netherlands

Centrifuge Model: BKC-TH20RL, Brand: BIOBASE,
Jinan, China

Air Pump 4 L/min, Model WP 3550, Brand: Sobo,
Zhongshan, China

Materials

Rotating Sample Container Glass base and walls
Borosilicate glass containers Solution preparation

Reagents

Disperse Textile Dye 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole,
supplied by SOQUITEX ING SR, Lima, Peru

Titanium Dioxide (TiO2) P25, Brand: Degussa, Essen, Germany

Sulfuric Acid (H2SO4) Diluted solution for pH adjustment, Brand: Merck,
Darmstadt, Germany

Sodium Hydroxide (NaOH) Diluted solution for pH adjustment, Brand: Merck,
Darmstadt, Germany

The main photocatalyst used in this research was commercial titanium dioxide P25
(Degussa), selected for its high photocatalytic activity and widespread use as a reference
material in studies on the degradation of organic pollutants. The material was supplied as
a white powder consisting of a crystalline mixture of approximately 80% anatase and 20%
rutile, with an average particle size of 21 ± 5 nm, a specific surface area (BET) of 50 m2/g,
a specific pore volume of 0.30 cm3/g, and a purity greater than 99.5% TiO2. The reported
physicochemical properties were obtained from the technical specifications provided by
the manufacturer.

The dye used in the experiments was 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole,
a representative disperse dye used in the dyeing of synthetic fibers. Dilute solutions of
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sulfuric acid and analytical-grade sodium hydroxide (Merck) were used to adjust the pH of
the experimental solutions. All reagents were used without further purification.

2.2. Determination of the Point of Zero Charge (PZC)

In order to interpret the effect of pH on the electrostatic interactions between the
photocatalyst surface and the dye molecules, the point of zero charge (PZC) of titanium
dioxide P25 was experimentally determined. This parameter represents the pH value at
which the TiO2 surface has a net charge equal to zero, and it constitutes a fundamental
criterion for analyzing the phenomena of electrostatic adsorption and repulsion during
heterogeneous photocatalysis.

The PZC of TiO2 was determined using the pH drift method. Briefly, a series of
0.01 M NaCl solutions were prepared using NaCl as the background electrolyte, and their
initial pH (pH0) was adjusted from 2 to 12 by adding 0.1 M HCl or 0.1 M NaOH solutions.
Subsequently, a known amount of TiO2 was added to each solution and the suspensions
were maintained under constant stirring for 24 h at room temperature until equilibrium was
reached. Finally, the equilibrium pH (pHf) was determined and a plot of ∆pH (pHf − pH0)
versus pH0 was constructed. The PZC was determined as the pH at which ∆pH = 0,
corresponding to the condition where the TiO2 surface has zero net charge. Under the
experimental conditions of this study, the PZC was determined to be pHpzc = 6.2.

2.3. Preparation of the Coloring Solution

Due to the hydrophobic nature of the disperse dye 2-(4-amino-2-nitrophenyl)-1,3-
benzothiazole, its solubility in water is limited; therefore, the dye does not form a true
solution but rather a stable colloidal dispersion. For this reason, the preparation proce-
dure was designed to maximize the apparent dispersion of the dye prior to photocatalytic
treatment. To prepare the stock dispersion, distilled water was preheated to 80 ◦C and sub-
jected to vigorous stirring. Subsequently, the dye was gradually added under continuous
stirring until a homogeneous dispersion was obtained. The initial dye concentration was
200 mg/L [2].

Heating was used only during the preparation stage to enhance dye dispersion. Once
a homogeneous dispersion was obtained, it was allowed to cool naturally to room tem-
perature before the photocatalytic experiments were initiated. All experiments were sub-
sequently carried out under natural environmental conditions, at temperatures ranging
from approximately 22 to 28 ◦C, without thermostatic control. Due to the low solubility of
the dye, the system remained in dynamic equilibrium between the dissolved fraction and
finely dispersed particles. As the dissolved fraction was consumed during photocatalysis,
this equilibrium promoted the progressive transfer of dye molecules from the dispersed
phase to the dissolved phase, maintaining dye availability for the degradation process.

2.4. Preparation of Treatment Solutions

Photocatalytic experiments were performed using the dye stock dispersion prepared
according to the procedure described in the previous section. The treatment mixtures had a
total volume of 1200 mL, with pH systematically varied at five levels (5, 6, 7, 8 and 9) and
TiO2 P25 concentration at two levels (200 and 400 ppm), to evaluate the combined effect of
both variables on dye decolorization and photocatalytic degradation.

As a control, an additional set of samples without TiO2 was prepared to evaluate the
possible contribution of direct photolysis under solar irradiation. For each TiO2 treatment,
experiments were conducted with and without forced aeration, allowing the effects of
aeration on the photocatalytic process to be evaluated.
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The initial dye concentration was kept constant in all experiments, and the combina-
tions of pH, TiO2 concentration, and aeration conditions were established according to the
experimental design summarized in Table 2.

Table 2. Flowchart for preparing treatment solutions.

TiO2
Concentration

pH

5 6 7 8 9

Aeration Aeration Aeration Aeration Aeration

Yes No Yes No Yes No Yes No Yes No

200 ppm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
400 ppm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

absence of TiO2 ✓ — ✓ — ✓ — ✓ — ✓ —

Note: ✓, experiment conducted; —, experiment not conducted.

The experimental conditions evaluated included two TiO2 concentrations (200 and
400 ppm), five pH values, and two aeration conditions (with and without aeration). Control
experiments without TiO2 were also conducted under the corresponding aerated and non-
aerated conditions to assess the contribution of direct photolysis under the same solar
irradiation conditions. This experimental strategy enabled the systematic evaluation of the
influence of the main operating variables on the efficiency of the photocatalytic process and
its capacity to remove the organic contaminant from the reaction medium [27,37,43].

2.5. Photocatalytic Reactor and Experimental Procedure

Once the treatment mixtures were prepared, the samples were subjected to solar
irradiation using a photocatalytic reactor designed to enhance the utilization of incident
solar radiation and reduce experimental variability associated with vessel position relative
to the apparent motion of the sun. The photocatalytic process was conducted by irradiating
TiO2 with solar radiation, thereby promoting the generation of reactive oxygen species
involved in dye degradation, according to the mechanism described for heterogeneous
photocatalytic systems [19,27,37].

The experimental system consisted of a rotating platform on which the reaction ves-
sels were placed. The base and inner walls of the reactor were covered with mirrors
to reflect solar radiation toward the reaction vessels and enhance light exposure. Ad-
ditionally, the continuous rotation of the platform provided more uniform exposure for
the vessels, minimizing differences associated with orientation and shading during the
experimental period [38].

Figure 1 shows the experimental system used during the photocatalytic experiments,
including the arrangement of the vessels on the rotating platform and the reflective mirrors
located at the base and along the inner walls of the reactor.

Solar irradiance was continuously monitored using a calibrated pyranometer through-
out the experimental period. The experiments were carried out under natural environmen-
tal conditions during January, with a mean solar irradiance of 492 ± 58 W/m2 recorded
over the experimental period. The ambient temperature ranged from approximately 22 to
28 ◦C [44]. Samples were collected periodically between 06:00 and 18:00 h. After each
sampling, the suspensions were centrifuged at 10,000 rpm and subsequently filtered prior
to spectrophotometric analysis. Chemical oxygen demand (COD) was determined in the
initial and final samples for each treatment.
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(a)  (b) 

Figure 1. Solar photocatalytic treatment of the textile dye under natural solar radiation: (a) samples
during solar exposure; (b) samples after completion of the photocatalytic treatment.

Each experimental condition was evaluated in duplicate (n = 2). The reported dye
concentration and COD values represent the means of duplicate measurements, and the
associated variability is reported as the standard deviation (± SD).

2.6. Analytical Methods
2.6.1. Determination of Dye Concentration

The residual dye concentration was determined by UV–Visible spectrophotometry
using a spectrophotometer (see Table 1 for model specifications). Prior to analysis, the
samples were centrifuged at 10,000 rpm for the time specified in the experimental procedure
to separate suspended TiO2 particles. When necessary, the samples were also filtered to
minimize interference from light scattering caused by residual photocatalyst particles. The
residual dye concentration was calculated using a previously established calibration curve
based on absorbance measurements at the dye’s maximum absorption wavelength (λmax).

2.6.2. Determination of Chemical Oxygen Demand (COD)

The oxidation of organic matter during dye degradation was assessed by measuring
chemical oxygen demand (COD) using the potassium dichromate method in a strongly
acidic medium, following standard procedures for wastewater analysis. Due to the high
initial dye concentration, the sample corresponding to time zero was diluted at a ratio
of 1:20 before digestion to maintain the measurement within the working range of the
analytical method. For samples collected during photocatalytic treatment, the dilution
factor was adjusted according to the progressive decrease in the organic load.

The samples were digested using a COD digester under the conditions recommended
by the reagent manufacturer. Subsequently, absorbance was measured using a calibrated
spectrophotometer. The values obtained were expressed as mg O2/L and were used as an
indicator of organic matter oxidation during the photocatalytic process. The decrease in
COD was used as a complementary indicator to decolorization for assessing the degree
of organic matter oxidation, helping to distinguish color removal from the progressive
oxidation of the organic matter remaining in the reaction medium.

2.7. Kinetic Analysis and Data Processing
2.7.1. Calculation of the Adsorbed Quantity

The experimental concentrations obtained during the photocatalytic treatment were
used to calculate the apparent amount of dye removed per unit mass of TiO2, using
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Equation (1), which relates the volume of the solution, the initial concentration of the dye,
the concentration at any time and the mass of the photocatalyst qt.

qt =
V(C0 − Ct)

W
(1)

where

V: Solution volume (L);
W: Adsorbent mass (g);
C0: Initial dye concentration (mg/L);
Ct: Dye concentration over time (mg/L) t;
qt: Apparent amount of dye removed per unit mass of TiO2 (mg/g).

In the present study, the variable represents an apparent kinetic variable calculated
from the decrease in the concentration of the dye in solution and was used only for the
adjustment of the kinetic models qt .

2.7.2. Kinetic Models

To describe the kinetic behavior of the photocatalytic process, the experimental data
were fitted using the Lagergren pseudo-first-order (PFO) and Ho–McKay pseudo-second-
order (PSO) kinetic models, as both models have been widely used to describe heteroge-
neous adsorption processes and as empirical models in photocatalytic systems [30,45]. In
addition to the PFO and PSO models, the Elovich kinetic model and the Weber–Morris
intraparticle-diffusion model were evaluated to provide complementary descriptions of
the time-dependent apparent dye removal [46,47]. The corresponding fitted parameters
and goodness-of-fit statistics are provided in Appendix A.

Classical equilibrium adsorption isotherms, including the Langmuir, Freundlich, Temkin,
Dubinin–Radushkevich, and Sips models, were not fitted to the experimental data because
this study was not designed as an equilibrium adsorption investigation. Specifically, the
experiments were conducted at a single initial dye concentration, and qt represents an apparent
kinetic quantity derived from the decrease in dye concentration during the simultaneous
occurrences of adsorption and photocatalytic degradation. Therefore, the available data did
not provide independent equilibrium Ce − qe data pairs, where Ce is the equilibrium dye
concentration in solution, required for a rigorous adsorption isotherm analysis.

The pseudo-first-order model is as follows:

dqt

dt
= k1(qe − qt) (2)

By integrating Equation (2), we obtain the following:

ln(qe − qt) = ln qe − k1t (3)

The pseudo-second-order model is as follows:

dqt

dt
= k2(qe − qt)

2 (4)

By integrating Equation (4), we obtain the following:

t
qt

=
1

k2qe2 +
t
qe

(5)

Equations (3) and (5) were used to perform a linear fit of the experimental data and to
obtain the corresponding kinetic parameters.
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2.7.3. Statistical Treatment

The kinetic parameters obtained from the pseudo-first-order (PFO) and pseudo-second-
order (PSO) models are presented in Tables 3–10, in numerical order. Tables 3 and 4
correspond to the PFO and PSO models, respectively, for the first experimental condition;
Tables 5–10 present the corresponding results for the remaining experimental conditions.
For the PFO model, the linear regression parameters are defined as m = −k1 and b = lnqe

whereas for the PSO model, they are defined as m = 1/qe and b = 1/
(
k2q2

e
)
.

The coefficient of determination (R2) and chi-square statistic (χ2) were used to compare
the empirical descriptive performance of the kinetic models. Higher R2 and lower χ2 values
indicate better agreement between experimental and model-calculated values.

3. Results
This section presents the experimental results obtained during the photocatalytic

degradation of the disperse dye 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole under differ-
ent operating conditions. The results are organized according to the experimental variables
evaluated, including photocatalyst concentration, solution pH, and aeration conditions.
For ease of interpretation, the complete experimental data are presented in Appendix A
Tables A1–A4, and the figures show the temporal evolution of dye concentration and
comparisons among different operating conditions. Subsequently, the experimental data
were fitted using pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models,
with the corresponding parameters presented in the respective tables.

3.1. Effect of pH on Dye Discoloration Using 200 ppm TiO2 with Aeration

The experiments were performed using a constant TiO2 P25 concentration of 200 ppm,
continuous aeration at 4 L/min and five pH values (5, 6, 7, 8 and 9). The complete
experimental data obtained during photocatalytic treatment are presented in Appendix A
Table A1, including time-dependent dye concentrations and final chemical oxygen demand
(COD) values.

The temporal evolution of the dye concentration, constructed from the experimental
data in Table A1, is presented in Figure 2.

Figure 2. Temporal evolution of the dye concentration for different pH values using 200 ppm of
TiO2 with aeration. Data are presented as the mean ± standard deviation of duplicate measurements
(n = 2).
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Figure 2 shows a progressive decrease in dye concentration during photocatalytic
treatment for all pH conditions evaluated. However, the experimental curves show dif-
ferences in the rate of decrease in concentration and in the residual values reached at the
end of the treatment. In order to quantitatively describe the observed kinetic behavior,
the experimental data were initially adjusted using the pseudo-first-order model. Table 3
presents the kinetic parameters obtained by linear fitting of the pseudo-first-order model
for the different pH conditions evaluated.

Table 3. Kinetic parameters obtained using the pseudo-first-order model for 200 ppm of TiO2 with
aeration.

Parameters
pH

5 6 7 8 9

m 0.0231 0.0183 0.0275 0.0370 0.0667

b 6.8396 6.3074 6.9957 6.9505 6.9995

k1 (h−1) 0.0231 0.0183 0.0275 0.0370 0.0667

qe (mg/g) 934.16 548.64 1091.96 1043.75 1096.09

R2 0.9709 0.9823 0.9311 0.9848 0.9949

χ2 228.31 61.53 536.46 37.39 78.29
m = slope of the linear regression; b = intercept of the linear regression.

Subsequently, the same experimental data were adjusted using the pseudo-second-
order model. Table 4 summarizes the parameters obtained using the pseudo-second-order
model for the same experimental conditions.

Table 4. Kinetic parameters obtained using the pseudo-second-order model for 200 ppm of TiO2 with
aeration.

Parameters
pH

5 6 7 8 9

m 0.0007 0.0012 0.0008 0.0008 0.0009

b 0.0599 0.1181 0.0447 0.0197 0.0084

k2 (mg−1g h−1) 1.06 × 10−5 1.28 × 10−5 1.44 × 10−5 3.68 × 10−5 9.75 × 10−5

qe (mg/g) 1251.31 810.41 1243.12 1172.21 1101.59

R2 0.9936 0.9723 0.9984 0.9972 0.9974

χ2 3.1459 4.2203 1.7230 7.8310 11.5117
m = slope of the linear regression; b = intercept of the linear regression.

In order to illustrate the quality of the fit obtained by the pseudo-second-order model,
Figure 3 presents a comparison between the experimental values and the values calculated
for the selected extreme conditions (pH 6 and pH 9).

The curves show an adequate agreement between the experimental data and the
values calculated for both pH conditions. The quantitative comparison between the
kinetic models is presented later, based on the statistical parameters obtained for all
experimental conditions.
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(a)  (b) 

Figure 3. Comparison of experimental and calculated values using the pseudo-second-order model
for 200 ppm TiO2; with aeration: (a) pH 6; (b) pH 9.

3.2. Effect of pH on Dye Discoloration Using 200 ppm TiO2 Without Aeration

The results for tests performed with 200 ppm TiO2 in the absence of aeration are
presented in Table A2 of Appendix A. The temporal evolution of the dye concentration for
the different pH values is shown in Figure 4 (See Table A2 in Appendix A).

Figure 4. Temporal evolution of the dye concentration for different pH values using 200 ppm of TiO2

without aeration. Data are presented as the mean ± standard deviation of duplicate measurements
(n = 2).

The kinetic parameters obtained by the pseudo-first-order and pseudo-second-order
models are presented in Tables 5 and 6, respectively.
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Table 5. First-order pseudo-model without aeration and 200 ppm of TiO2.

Parameters
pH

5 6 7 8 9

m 0.0134 0.0143 0.0172 0.0183 0.0197

b 5.0716 4.4886 5.2588 5.5091 5.6977

k1 (h−1) 0.0134 0.0143 0.0172 0.0183 0.0197

qe (mg/g) 159.43 89.00 192.26 246.93 298.19

R2 0.9954 0.9889 0.9899 0.9964 0.9693

χ2 53.440 4.172 6.081 3.076 20.992
m = slope of the linear regression; b = intercept of the linear regression.

Table 6. Second-order pseudo-model without aeration and 200 ppm of TiO2.

Parameters
pH

5 6 7 8 9

m 0.0050 0.0080 0.0040 0.0030 0.0026

b 0.2702 0.6433 0.2403 0.1879 0.1676

k2 (mg−1g h−1) 9.22 × 10−5 9.94 × 10−5 6.55 × 10−5 4.81 × 10−5 4.06 × 10−5

qe (mg/g) 200.24 125.00 251.93 332.28 382.91

R2 0.9698 0.9648 0.9871 0.9942 0.9871

χ2 8.9564 1.9757 2.3728 1.1981 1.8462
m = slope of the linear regression; b = intercept of the linear regression.

The comparison between the experimental values and those calculated using the
pseudo-second-order model for pH 6 and pH 9 is presented in Figure 5.

(a)  (b) 

Figure 5. Comparison of experimental and calculated values using the pseudo-second-order model
for 200 ppm TiO2; without aeration: (a) pH 6; (b) pH 9.

3.3. Effect of pH on Dye Discoloration Using 400 ppm TiO2 with Aeration

Tests performed with a concentration of 400 ppm TiO2 P25 and an aeration flow rate of
4 L/min were evaluated for pH values of 5, 6, 7, 8 and 9. The complete experimental data
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on dye concentration as a function of time are presented in Table A3 of Appendix A. The
last row of this table contains the final values of chemical oxygen demand (COD) obtained
for each pH condition. The temporal evolution of the dye concentration, obtained from the
data in Table A3 (See Appendix A), is presented in Figure 6.

Figure 6. Time evolution of dye concentration for different pH values using 400 ppm TiO2 with
aeration. Data are presented as the mean ± standard deviation of duplicate measurements (n = 2).

Figure 6 shows a progressive decrease in the concentration of the dye during the
irradiation period for all pH values evaluated. The curves show differences in the rates of
decrease and in the residual concentrations reached at the end of treatment.

The experimental data in Table A3 were initially adjusted using the pseudo-first-order
model. The kinetic and statistical parameters obtained are presented in Table 7.

Table 7. Kinetic parameters obtained using the pseudo-first-order model for 400 ppm of TiO2 with
aeration.

Parameters
pH

5 6 7 8 9

m 0.0392 0.0460 0.0405 0.0604 0.0770

b 6.8794 6.9435 6.6076 7.1155 7.0152

k1 (h−1) 0.0392 0.0460 0.0405 0.0604 0.0770

qe (mg/g) 971.99 1036.39 740.73 1230.87 1113.48

R2 0.9251 0.9544 0.9469 0.8946 0.9721

χ2 551.92 421.34 200.07 768.39 101.37
m = slope of the linear regression; b = intercept of the linear regression.

Subsequently, the same experimental data were adjusted using the pseudo-second-
order model, whose parameters are presented in Table 8.
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Table 8. Kinetic parameters obtained using the pseudo-second-order model for 400 ppm of TiO2 with
aeration.

Parameters
pH

5 6 7 8 9

m 0.0004 0.0006 0.0008 0.0007 0.0009

b 0.0652 0.0393 0.0539 0.0246 0.0097

k2 (mg−1g h−1) 2.03 × 10−6 9.64 × 10−6 1.32 × 10−5 2.16 × 10−5 7.51 × 10−5

qe (mg/g) 2746.29 1623.77 1183.44 1372.93 1172.56

R2 0.7086 0.9689 0.9237 0.9882 0.9965

χ2 8.8156 4.5240 8.9156 5.4631 7.5530
m = slope of the linear regression; b = intercept of the linear regression.

In order to graphically show the fit of the pseudo-second-order model, Figure 7
presents a comparison between the experimental values and the calculated values
for pH 6 and pH 9, which were selected as representative conditions of the observed
extreme behaviors.

(a)  (b) 

Figure 7. Comparison of experimental and calculated values using the pseudo-second-order model
for 400 ppm TiO2; with aeration: (a) pH 6; (b) pH 9.

3.4. Effect of pH on Dye Discoloration Using 400 ppm TiO2 Without Aeration

The results obtained with 400 ppm TiO2 in the absence of aeration are presented
in full in Table A4 of Appendix A. This table contains the dye concentrations recorded
during treatment for the different pH values, as well as the final COD values included in
its last row. The temporal evolution of the dye concentration, constructed from the data in
Table A4 (see Appendix A), is presented in Figure 8.

Figure 8 shows a progressive decrease in dye concentration during treatment for all
pH values. The residual concentrations obtained in the absence of aeration were different
from those recorded under aeration, although the interpretation of these differences is
presented later in the Discussion. The experimental data in Table A4 were adjusted using
the pseudo-first-order model. The corresponding parameters are presented in Table 9.
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Figure 8. Temporal evolution of the dye concentration for different pH values using 400 ppm of TiO2

without aeration. Data are presented as the mean ± standard deviation of duplicate measurements
(n = 2).

Table 9. Kinetic parameters obtained by the pseudo-first-order model for 400 ppm TiO2 without aeration.

Parameters
pH

5 6 7 8 9

m 0.0043 0.0018 0.0075 0.0069 0.0070

b 6.6124 6.7119 6.4084 6.7749 6.8505

k1 (h−1) 0.0043 0.0018 0.0075 0.0069 0.0070

qe (mg/g) 744.30 822.13 606.89 875.62 944.33

R2 0.9659 0.9217 0.9750 0.9671 0.9581

χ2 58.51 79.27 49.14 95.03 166.48
m = slope of the linear regression; b = intercept of the linear regression.

The same data were subsequently adjusted using the pseudo-second-order model,
whose kinetic and statistical parameters are presented in Table 10.

Table 10. Kinetic parameters obtained using the pseudo-second-order model for 400 ppm of TiO2 without
aeration.

Parameters
pH

5 6 7 8 9

m 0.0030 0.0066 0.0023 0.0018 0.0017

b 0.1532 0.2396 0.1192 0.0823 0.0654

k2 (mg−1g h−1) 5.86 × 10−5 1.83 × 10−4 4.62 × 10−5 3.85 × 10−5 4.45 × 10−5

qe (mg/g) 333.76 151.10 426.10 561.97 585.73

R2 0.9799 0.9499 0.9788 0.9936 0.9864

χ2 0.8933 2.2891 1.3259 0.5920 1.9222
m = slope of the linear regression; b = intercept of the linear regression.
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Figure 9 presents a comparison between the experimental values and those calculated
using the pseudo-second-order model for pH 6 and pH 9.

(a)  (b) 

Figure 9. Comparison of experimental and calculated values using the pseudo-second-order model
for 400 ppm TiO2; without aeration: (a) pH 6; (b) pH 9.

3.5. Influence of Aeration

The influence of aeration was evaluated by directly comparing the apparent quantity
profiles obtained with and without air supply. For 200 ppm TiO2, comparisons for pH 6
and pH 9 are presented in Figures 10 and 11, respectively.

Figure 10. Comparison of the apparent amount removed with and without aeration using 200 ppm
TiO2 at pH 6.
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Figure 11. Comparison of the apparent amount removed with and without aeration using 200 ppm
TiO2 at pH 9.

For 400 ppm TiO2, comparisons at pH 6 and pH 9 are presented in Figures 12 and 13,
respectively.

Figure 12. Comparison of the apparent amount removed with and without aeration using 400 ppm
TiO2 at pH 6.
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Figure 13. Comparison of the apparent amount removed with and without aeration using 400 ppm
TiO2 at pH 9.

3.6. Final Values of Chemical Oxygen Demand

The initial sample of the dye presented a COD of 423.7 ± 6.2 mg/L. The final COD
values obtained after treatment are found in the last row of Appendix A Tables A1–A4.
Table A1 corresponds to treatment with 200 ppm of TiO2 and aeration; Table A2, at 200 ppm
without aeration; Table A3, at 400 ppm with aeration; and Table A4, at 400 ppm without aer-
ation. These values allow for an objective comparison of the residual organic load obtained
under the different combinations of pH, TiO2 concentration, and aeration conditions.

The interpretation of COD decrease in terms of dye oxidation, intermediate formation,
and partial mineralization is developed in Section 4.

4. Discussion
4.1. Influence of TiO2 Concentration

Increasing the TiO2 concentration from 200 to 400 ppm enhanced the photocat-
alytic degradation efficiency of the disperse textile dye 2-(4-amino-2-nitrophenyl)-1,3-
benzothiazole under the experimental conditions evaluated. The higher photocatalyst
concentration accelerated dye discoloration and promoted a faster reduction in chemical
oxygen demand (COD), indicating an overall improvement in treatment performance. This
behavior is consistent with previous studies [10,48], which reported that increasing catalyst
loading, within an appropriate range, can enhance photocatalytic activity by increasing the
availability of photoactive surface sites and promoting the generation of reactive species
involved in pollutant oxidation.

Increasing photocatalyst concentration generally increases the available photoactive
surface area and, consequently, the number of sites capable of absorbing radiation and gen-
erating electron–hole pairs. Herrmann [49] indicated that photocatalytic degradation rates
may increase with catalyst loading until an optimum concentration is reached. However,
this trend cannot be extrapolated indefinitely because excessive TiO2 loading may increase
turbidity, particle aggregation, light scattering, and optical shielding, thereby reducing
the effective penetration of radiation into the reaction medium [10,21,27,50,51]. Therefore,
400 ppm should be regarded as the best-performing TiO2 concentration within the range
evaluated in this study, rather than as a universal optimum.
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The high chemical stability of 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole, associated
with its aromatic structure and the presence of amino and nitro groups, as well as the
benzothiazole ring, may require sufficient availability of reactive oxidizing species to
promote molecular degradation. Rafiq et al. [52] noted that the chemical nature of the
pollutant is a determining factor in photocatalytic efficiency, while Hoffmann et al. [18],
Fujishima et al. [19], and Schneider et al. [20] described TiO2 photocatalytic activity in terms
of the generation of electron–hole pairs and reactive oxygen species capable of attacking
aromatic structures. In this context, the better performance obtained with 400 ppm may be
associated with the greater availability of photoactive surface sites and enhanced generation
of oxidizing species, without implying direct experimental confirmation of this specific
mechanism in the present study.

Overall, the results indicate that TiO2 concentration is an important operating variable
in the photocatalytic process. Within the evaluated range of 200–400 ppm, increasing TiO2

loading favored dye degradation, which may be associated with a greater availability
of photoactive surface area. However, because reactive species were not directly quan-
tified, this explanation should be regarded as a mechanistic interpretation rather than
an experimentally demonstrated mechanism. Furthermore, the literature indicates that
higher TiO2 concentrations can lead to light scattering, increased opacity, and particle
agglomeration; therefore, extrapolation of these results to higher TiO2 loadings requires
specific experimental verification [21,49–51].

4.2. Influence of pH on the Photocatalytic Process

Solution pH was one of the most influential operating variables affecting the pho-
tocatalytic degradation of 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole, simultaneously
affecting dye decolorization and chemical oxygen demand (COD) reduction. The highest
photocatalytic efficiency was achieved under slightly alkaline conditions (pH 8–9), whereas
the lowest performance occurred near pH 6. These observations suggest that pH influences
the reaction medium and TiO2 surface properties, potentially affecting suspension stability
and the formation and availability of reactive species involved in dye oxidation, consistent
with the decolorization and COD evolution presented in Tables A1–A4.

The observed behavior can be interpreted in relation to the experimentally determined
point of zero charge of TiO2 P25 (pHpzc = 6.2). Under conditions close to pHpzc, the
photocatalyst surface has approximately zero net charge, which may reduce electrostatic
repulsion between particles and favor aggregation through van der Waals attractive forces.
As a consequence, aggregation may decrease the effective surface area available for in-
terfacial processes and increase optical shielding, potentially contributing to the lower
photocatalytic efficiency observed near pH 6 [53]. This interpretation is consistent with
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, according to which colloidal stability
depends on the balance between attractive and repulsive forces within a suspension.

When pH increases above pHpzc, the surface hydroxyl groups of TiO2 undergo depro-
tonation, resulting in a predominantly negatively charged surface. This increased surface
charge may enhance electrostatic stabilization of the suspension and reduce particle ag-
glomeration. Greater particle dispersion could promote a more homogeneous distribution
of TiO2 and improve the availability of photoactive surface sites. This behavior has been
described by Reza et al. [48] and Hotze et al. [54], who reported the importance of colloidal
stability in photocatalytic systems. Similarly, Carrasco-Venegas et al. [55] observed that
conditions favoring TiO2 dispersion can increase the availability of active sites and the
overall efficiency of the photocatalytic process. In the present study, these mechanisms
provide a plausible explanation for the improved performance observed at pH 9, where the
highest decolorization and lowest final COD values were obtained.
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In addition to modifying the colloidal stability of the system, pH can influence the
surface chemistry of TiO2 and the generation of reactive oxygen species. Under alkaline con-
ditions, surface hydroxyl groups may participate in reactions with photogenerated holes,
contributing to the formation of hydroxyl radicals (•OH), which are important oxidizing
species in TiO2 photocatalysis [19,20,25]. Konstantinou and Albanis [40] reported that the
efficiency of photocatalytic dye degradation depends on the generation of reactive oxygen
species, the chemical nature of the pollutant, and the pH of the medium, because pH can
affect both adsorption and surface oxidation processes. Kisch [56] emphasized that TiO2

activity depends on interactions among semiconductor surface properties, contaminant
adsorption, and electron-transfer pathways during irradiation. Similarly, Kabir Suhan
et al. [26] indicated that pH is an important operating variable in TiO2-based photocatalytic
processes because of its influence on catalyst surface charge, pollutant adsorption and
oxidizing species generation. Although hydroxyl radicals and other reactive species were
not experimentally quantified in the present study, the enhanced decolorization and COD
reduction observed at pH 9 are consistent with mechanisms commonly proposed for hetero-
geneous TiO2 photocatalysis. In addition, the possible influence of dye acid–base speciation
on its affinity for the TiO2 surface remains a plausible hypothesis that requires further
investigation through acid–base equilibrium and pH-dependent adsorption studies [20,41].

From an applied perspective, the pH range of 8–9 associated with the best performance
in this study may offer a practical advantage for treating textile effluents that already
exhibit slightly alkaline conditions due to the use of chemical auxiliaries during synthetic-
fiber dyeing. Consequently, operation at pH 8–9 could reduce the need for extensive pH
adjustment. However, this potential advantage must be verified using real effluents because
their pH, alkalinity, salinity, and auxiliary chemical composition may differ substantially
from the synthetic matrix evaluated in the present study [23]. Crini and Lichtfouse [43] and
Jari et al. [27] pointed out that photocatalytic processes may be implemented as advanced
or polishing treatments and may require complementary operations, such as TiO2 recovery,
solid–liquid separation, filtration, or subsequent biological treatment before final discharge.
Similarly, Kumar and Chowdhury [57] discussed the importance of pH adjustment in
optimizing photocatalytic treatment performance. These considerations support further
evaluation of the proposed system using real textile wastewater.

Overall, the results indicate that pH plays an important role in photocatalytic perfor-
mance. Within the investigated range, slightly alkaline conditions provided the most favor-
able experimental conditions for dye degradation and COD reduction, whereas operation
near the TiO2 point of zero charge resulted in lower photocatalytic efficiency. The observed
behavior is consistent with the influence of pH on TiO2 surface charge and colloidal stability
reported for heterogeneous photocatalytic systems; however, the specific contributions
of particle aggregation, reactive oxygen species generation, and photocatalyst–pollutant
interactions were not directly quantified in this study [10].

4.3. Influence of the Aeration Process on Photocatalytic Degradation

The comparison between experiments performed with and without continuous
aeration showed that aeration enhanced the photocatalytic degradation of 2-(4-amino-
2-nitrophenyl)-1,3-benzothiazole at both TiO2 concentrations evaluated. As shown in
Tables A1–A4, continuous aeration accelerated dye decolorization and increased chemical
oxygen demand (COD) reduction. These results are consistent with the established role of
dissolved molecular oxygen as an electron acceptor in TiO2 photocatalysis and suggest that
increased oxygen availability contributed to the improved photocatalytic performance.

Under solar irradiation, TiO2 absorbs photons with energies equal to or greater than
its bandgap energy, promoting electrons from the valence band to the conduction band
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and generating electron–hole pairs (e−/h+). In the absence of a suitable electron acceptor,
these pairs may recombine, dissipating absorbed energy and reducing photocatalytic
efficiency. Gerischer and Heller [58] reported that molecular oxygen acts as an important
electron acceptor in TiO2 photocatalytic systems, capturing photogenerated electrons and
decreasing the probability of electron–hole recombination. As a result, photogenerated
holes can remain available to participate in oxidation reactions at the semiconductor surface,
potentially increasing the overall efficiency of the process.

The transfer of electrons to dissolved oxygen can lead to the formation of superoxide
radicals (O2•−), while photogenerated holes can react with water molecules or adsorbed
hydroxyl groups to produce hydroxyl radicals (•OH). Hoffmann et al. [18], Fujishima
et al. [19], Schneider et al. [20], and Nosaka and Nosaka [25] described these pathways
in heterogeneous TiO2 photocatalysis. Likewise, photogenerated holes may directly oxi-
dize organic molecules adsorbed on the TiO2 surface through interfacial electron transfer.
Thus, dye degradation may proceed through both reactive-oxygen-species-mediated path-
ways and direct oxidation by photogenerated holes. However, these pathways were not
individually quantified in the present study.

Although superoxide radicals participate in oxygen reduction reactions and the forma-
tion of secondary reactive species, the specific contributions of individual reactive species to
the degradation of 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole cannot be established from
the present experimental data. The literature indicates that hydroxyl radicals, superoxide-
derived species, and photogenerated holes may contribute to photocatalytic oxidation
through different pathways [20,25,41,59].

The availability of dissolved oxygen may become particularly relevant at higher pho-
tocatalyst loadings. As the amount of TiO2 increases, the number of available photoactive
sites and, potentially, the number of photogenerated charge carriers may also increase.
Schneider et al. [20], Qian et al. [60], Kohtani et al. [61], and Lettieri et al. [62] have discussed
the importance of electron transfer to oxygen in limiting electron–hole recombination in
TiO2 photocatalytic systems. Therefore, continuous aeration in the present study likely
increased oxygen availability in the reaction medium, which may have contributed to the
improved photocatalytic performance.

The results suggest a combined beneficial effect of TiO2 concentration and aeration. In-
creasing photocatalyst concentration provides a greater photoactive surface area, whereas
aeration can enhance oxygen transfer to the reaction medium. Malato et al. [13] high-
lighted the importance of oxygen availability in photocatalytic systems. Consequently,
the combination of 400 ppm TiO2 with continuous aeration provided the best photocat-
alytic performance among the conditions evaluated, resulting in enhanced dye degradation
throughout the experimental period.

Overall, continuous aeration enhanced photocatalytic performance, most likely by im-
proving oxygen availability and gas–liquid mixing. Under the investigated conditions, the
combination of continuous aeration and 400 ppm TiO2 produced the highest decolorization
and COD reduction, consistent with the beneficial role of oxygen availability reported for
TiO2-based heterogeneous photocatalysis [13,18–20,63–66].

4.4. Interpretation of the Kinetic Behavior of the Photocatalytic Process

The experimental data obtained under the different operating conditions were fitted
using pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models. Overall,
the PSO model provided an adequate empirical description of the temporal evolution of the
process, although the best-fitting model varied among experimental conditions. Therefore,
the PSO model can be regarded as an empirical representation of the overall dye-removal
kinetics rather than evidence of a specific rate-controlling mechanism.
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The pseudo-second-order model proposed by Ho and McKay [30] has been widely
used to describe adsorption processes and heterogeneous systems involving surface in-
teractions. However, several authors have pointed out that a good statistical fit does not
by itself demonstrate the molecular mechanism responsible for the process. Simonin [31]
emphasized that empirical kinetic models can adequately describe the temporal evolution
of experimental data but should not automatically be interpreted as evidence of a spe-
cific adsorption or mass-transfer mechanism. Consequently, a good fit to the PSO model
should be interpreted as an empirical description of the overall kinetic behavior rather than
evidence that chemisorption controls the photocatalytic process.

In heterogeneous photocatalytic systems, the overall rate results from the simultaneous
interaction of several phenomena, including contaminant adsorption on the TiO2 surface,
radiation absorption by the semiconductor, electron–hole pair generation, the formation of
reactive oxygen species, and oxidation reactions occurring at the catalyst surface. Therefore,
fitting the PSO model may represent the combined contribution of these processes rather
than adsorption alone. Ho and McKay [30], Kajjumba et al. [32], and Tran et al. [34] have
discussed the application of empirical kinetic models to heterogeneous systems involving
multiple surface processes. This interpretation is particularly appropriate for the present
study, in which photocatalysis and adsorption may occur simultaneously during treatment.

The fitted kinetic parameters varied with pH and TiO2 concentration, indicating that
the apparent kinetic behavior was influenced by both operating variables. Under alkaline
conditions, the observed increase in the apparent reaction rate may be associated with
changes in TiO2 surface properties and colloidal stability, while increasing the photocatalyst
concentration may increase the photoactive surface area available for adsorption and
photocatalytic reactions. Therefore, the kinetic constants obtained should be regarded as
apparent parameters that integrate the combined effects of adsorption, photocatalysis, and
operating conditions rather than as intrinsic kinetic constants of the photocatalytic material.

The statistical fit of the PSO model alone does not provide sufficient evidence to
identify a specific rate-controlling mechanism or to establish the relative contribution
of dye–TiO2 surface interactions. The results therefore do not demonstrate that surface
adsorption controls the overall rate of the process, since photocatalytic performance may
also depend on solar irradiation, oxygen availability, pH, photocatalyst concentration,
and the generation of reactive oxygen species. This interpretation is consistent with the
fundamentals of heterogeneous photocatalysis described by Hoffmann et al. [18], Fujishima
et al. [19], and Schneider et al. [20], who described photocatalytic performance as resulting
from the interaction of multiple photochemical and interfacial processes.

Overall, the pseudo-second-order model provided a generally adequate empirical de-
scription of the photocatalytic process. Nevertheless, the comparative analysis showed that
the PFO, Elovich, and Weber–Morris models provided comparable or slightly better fits under
certain experimental conditions, as shown in Tables A5–A9. Consequently, the PSO model
should be considered an empirical tool for describing the kinetic behavior of the system rather
than evidence of a specific reaction mechanism. Identification of the elementary reaction
mechanism would require additional experimental approaches, such as dedicated adsorption
studies, reactive-species characterization, and the identification of degradation intermediates.

4.5. Mechanism of Oxidation and Partial Mineralization of the Dye

The experimental results indicate that dye removal was not attributable solely to
surface adsorption on TiO2, as both decolorization and a decrease in chemical oxygen
demand (COD) were observed during treatment. While decolorization reflects changes
in the chromophoric structures responsible for visible-light absorption, COD reduction
provides evidence of the progressive oxidation of organic matter in the reaction medium.
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Therefore, the joint evaluation of both parameters provides stronger evidence of photo-
catalytic treatment performance than decolorization alone. Tables A1–A4 show that the
greatest COD reductions were generally associated with the conditions that produced
the highest decolorization, particularly at 400 ppm TiO2 with continuous aeration and
under alkaline pH conditions, indicating the combined beneficial effects of these operating
variables on treatment performance.

The disappearance of color does not necessarily imply complete mineralization of the
contaminant. Aromatic dyes may undergo disruption of their chromophoric structures
and become colorless, while intermediate organic compounds remain in the reaction
medium. Hoffmann et al. [18], Fujishima et al. [19], Schneider et al. [20], and Nosaka and
Nosaka [25] described photocatalytic degradation as a sequence of oxidation reactions that
can progressively generate lower-molecular-weight intermediates and, under favorable
conditions, ultimately lead to CO2, H2O, and inorganic ions. Consequently, the decrease
in COD observed in the present study should be interpreted as evidence of progressive
oxidation and possible partial mineralization rather than complete mineralization, since
the final reaction products were not experimentally identified.

Based on the experimental results and established mechanisms reported for heterogeneous
photocatalysis, Figure 14 presents a proposed conceptual mechanism for the degradation of 2-
(4-amino-2-nitrophenyl)-1,3-benzothiazole. The figure integrates the experimental observations
from this study with mechanisms reported in the scientific literature and should therefore
be interpreted as a mechanistic hypothesis rather than direct experimental evidence of each
reaction pathway represented. The proposed mechanism begins with the absorption of solar
radiation by TiO2 and the generation of electron–hole pairs (e−/h+). Photogenerated electrons
may be transferred to molecular oxygen, leading to the formation of superoxide radicals
(O2•−), while photogenerated holes may react with water molecules or surface hydroxyl
groups to generate hydroxyl radicals (•OH). At the same time, photogenerated holes may
directly oxidize dye molecules adsorbed on the TiO2 surface through interfacial electron transfer.
These oxidative pathways provide a plausible mechanistic framework for interpreting the
observed dye degradation, although their individual contributions were not experimentally
determined in the present study. This interpretation is consistent with mechanisms reported
by Hoffmann et al. [18], Fujishima et al. [19], Schneider et al. [20], Nosaka and Nosaka [25],
Karimova et al. [41], and Chowdhury et al. [59].

It is important to note that Figure 14 is not intended to establish the quantitative contribu-
tion of each reactive species or to experimentally demonstrate the exact sequence of reactions
involved in dye degradation. The results provide evidence of photocatalytic oxidation of
organic matter; however, they do not allow the individual contributions of hydroxyl radicals,
superoxide radicals, or photogenerated holes to be experimentally determined at each stage of
the process. Consequently, the proposed mechanism should be understood as a scientifically
supported interpretation based on the simultaneous evolution of decolorization and COD,
together with established principles of heterogeneous photocatalysis. Accordingly, the spe-
cific roles of superoxide radicals, photogenerated holes, and other reactive species should be
regarded as mechanistic hypotheses requiring further experimental verification.

Comparison with the recent literature is limited because no peer-reviewed studies
were identified that specifically investigated the degradation of 2-(4-amino-2-nitrophenyl)-
1,3-benzothiazole using advanced oxidation processes. Therefore, the comparison was
extended to studies on benzothiazole (BTH), which contains the same benzothiazole het-
eroaromatic core. Lai et al. [66] reported BTH degradation using a UV/persulfate process
and subsequently demonstrated its effective removal using a UV/peracetic acid system.
More recently, Chen et al. [63] compared UV/K2S2O8 and UV/H2O2 systems, reporting
complete and approximately 85% BTH removal, respectively, while Chen et al. [64] achieved
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approximately 90% degradation using electron-beam irradiation. Although these studies
demonstrate the susceptibility of benzothiazole-based compounds to different advanced
oxidation processes, direct comparison with the present study requires caution because
of differences in molecular structure, initial pollutant concentrations, irradiation sources,
and operating conditions. In contrast, the present study investigated a structurally more
complex benzothiazole disperse dye at an initial concentration of 200 mg/L using TiO2 P25
under natural solar irradiation without external oxidant addition, while simultaneously
assessing dye degradation and COD reduction across different pH values, photocata-
lyst loadings, and aeration conditions. These differences provide a relevant context for
interpreting the contribution and scope of the present study.

 

Figure 14. Proposed mechanism of photocatalytic oxidation and partial mineralization of 2-(4-amino-
2-nitrophenyl)-1,3-benzothiazole over TiO2; under solar irradiation.

4.6. Environmental Implications, Application Potential and Constraints

The simultaneous reduction in absorbance and chemical oxygen demand (COD)
indicates that the treatment involved not only dye decolorization but also progressive oxi-
dation of organic matter. While absorbance reduction reflects changes in the chromophoric
structures responsible for visible-light absorption, COD reduction provides evidence of
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organic matter oxidation and possible partial mineralization, since decolorization alone
does not necessarily indicate complete degradation of aromatic dyes. This interpretation
is consistent with previous studies on TiO2-based photocatalytic degradation of aromatic
compounds [37]. In addition, Karimova et al. [41] highlighted the role of heterogeneous
photocatalysis in promoting the oxidation of persistent aromatic structures, whereas Jari
et al. [27] emphasized the applicability of photocatalytic processes to textile wastewater
treatment. Crini and Lichtfouse [43] further pointed out that the combined evaluation
of spectrophotometric indicators and global parameters such as COD provides a more
reliable assessment of advanced oxidation processes applied to complex wastewaters. Ac-
cordingly, the methodology adopted in the present study helps distinguish chromophore
degradation from the progressive oxidation of organic matter, providing stronger evidence
of photocatalytic treatment performance than decolorization alone.

Figure 14 provides a conceptual mechanistic interpretation of the degradation pathway
of 2-(4-amino-2-nitrophenyl)-1,3-benzothiazole based on the experimental observations
and established principles of heterogeneous photocatalysis. As discussed above, this
mechanism should not be interpreted as a direct experimental confirmation of individual
reaction steps. Definitive identification of degradation intermediates and the contributions
of specific reactive species will require complementary analyses, including chromatographic
and mass-spectrometric techniques and selective radical scavenging experiments.

Solar TiO2 photocatalysis may represent an attractive alternative for the treatment of textile
effluents containing persistent disperse dyes because it uses solar radiation as the primary en-
ergy source, thereby reducing dependence on conventional artificial UV lamps and potentially
reducing the external energy demand associated with irradiation. Under the experimental con-
ditions evaluated, the combination of solar irradiation, continuous aeration, and TiO2 achieved
high dye removal efficiencies together with substantial COD reduction, supporting further in-
vestigation of this approach for the oxidation of recalcitrant aromatic compounds. In this context,
Crini and Lichtfouse [43] highlighted advanced oxidation processes as promising technologies
for the treatment of emerging pollutants and complex industrial wastewaters because of their
high oxidation capacity and compatibility with conventional treatment processes.

From an operational perspective, the best-performing conditions within the experimental
range present potential advantages for further process development. The highest photocatalytic
efficiency was achieved using 400 ppm TiO2, continuous aeration, and slightly alkaline pH.
Because some textile effluents may already exhibit alkaline conditions, the extent of pH
adjustment required could potentially be reduced; however, this advantage must be confirmed
using real wastewater matrices. Solar photocatalysis could therefore be further evaluated as a
tertiary or polishing stage within conventional textile wastewater treatment trains, particularly
for the removal of residual color and persistent organic compounds [27,37,41].

However, large-scale implementation of the proposed process requires consideration
of several additional factors. One of the main challenges is the recovery and reuse of
suspended TiO2 after treatment to prevent nanoparticle release into the environment
and reduce operating costs. In addition, process performance may be affected by the
composition of real textile wastewater, including dissolved salts, other organic compounds,
and chemical auxiliaries that are capable of competing for photocatalyst active sites or
affecting light penetration. Consequently, process scale-up should consider complementary
strategies such as solid–liquid separation, TiO2 immobilization on suitable supports, or
reactor configurations that facilitate catalyst recovery, as widely discussed in studies of
environmental photocatalysis [27,41,43].

An additional limitation of the present study is the absence of experimental identi-
fication of degradation intermediates and individual reactive species contributing to the
photocatalytic process. Although the combined decrease in absorbance and chemical oxy-
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gen demand (COD) provides evidence of progressive dye oxidation, definitive confirmation
of the degradation pathway will require complementary studies based on chromatographic
techniques, mass spectrometry, and selective radical scavenging experiments. Future re-
search should also evaluate the performance of the proposed system using real textile
wastewater, where complex mixtures of dyes, salts, surfactants, and other constituents may
influence photocatalytic efficiency under practical operating conditions.

Overall, the results indicate that solar TiO2 photocatalysis is a promising approach for
further investigation in the treatment of textile effluents containing persistent disperse dyes.
Under the operating conditions evaluated, the process achieved substantial dye degrada-
tion together with COD reduction, supporting its potential application as a solar-driven
polishing treatment for textile wastewater. Nevertheless, further studies addressing cata-
lyst recovery, reactor scale-up, treatment of real textile wastewater, and the identification
of degradation intermediates and reactive species are essential before the feasibility of
industrial implementation can be established.

5. Conclusions
Solar heterogeneous photocatalysis using titanium dioxide (TiO2) was effective in

promoting the degradation of the disperse textile dye 2-(4-amino-2-nitrophenyl)-1,3-
benzothiazole under the experimental conditions evaluated. Among the conditions tested,
the combination of 400 ppm TiO2 and continuous aeration provided the highest photocat-
alytic performance, indicating that photocatalyst concentration and aeration are important
operating variables influencing process efficiency.

The pH exerted a significant influence on treatment efficiency. The highest dye degra-
dation rates and greatest reductions in chemical oxygen demand (COD) were obtained un-
der slightly alkaline conditions (pH 8–9), while the lowest photocatalytic performance was
observed near the TiO2 point of zero charge (pHpzc ≈ 6.2). This behavior may be associated
with pH-dependent changes in TiO2 surface charge and colloidal stability, which can affect
nanoparticle dispersion, surface-site availability, and overall photocatalytic performance.

The pseudo-second-order kinetic model generally provided an adequate empirical
description of the experimental data. Nevertheless, the comparative analysis showed
that the model providing the best statistical fit varied among the experimental conditions
evaluated. These empirical fits should be interpreted as mathematical descriptions of the
overall process, reflecting the combined influences of surface adsorption, photooxidation,
and operating conditions, rather than as evidence of a specific rate-controlling mechanism.

The simultaneous decrease in dye concentration and chemical oxygen demand in-
dicated that the treatment resulted not only in decolorization but also in the progressive
oxidation of organic matter. However, COD reduction should be interpreted as evidence
of progressive oxidation and possible partial mineralization rather than complete miner-
alization, because degradation intermediates and final products were not experimentally
identified. In this context, the mechanism proposed in Figure 14 should be regarded as
a conceptual interpretation integrating the experimental observations with established
principles of heterogeneous photocatalysis rather than as direct experimental evidence of
the individual reactive species or elementary reaction steps involved in dye degradation.

The integration of kinetic analysis with the simultaneous evaluation of decolorization
and COD provided a more comprehensive interpretation of the overall dye-removal process
and helped distinguish apparent adsorption-related behavior from photocatalytic oxidation.
Likewise, solar irradiation combined with 400 ppm TiO2, continuous aeration, and slightly
alkaline conditions provided the best treatment performance within the experimental range
investigated. These findings provide laboratory-scale evidence that can support further
optimization of solar photocatalytic treatment systems for persistent aromatic dyes.
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Together, the findings obtained not only expand knowledge about the photocatalytic degra-
dation of benzothiazole disperse dyes under solar irradiation, but also provide experimental
criteria for the optimization of operational variables and for the future scaling of photocatalytic
systems for the treatment of textile effluents. This work contributes to the development of
more efficient advanced oxidation technologies based on solar photocatalysis and provides
experimental information that may support future research aimed at developing solar-driven
wastewater treatment systems with reduced dependence on artificial UV irradiation.

Finally, future research should be oriented towards the identification of degradation
intermediates, the evaluation of the toxicity of the treated effluents, the recovery and reuse
of the photocatalyst, the study of the process using real textile effluents, and the design of
reactors that facilitate the industrial scale-up of this technology.
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Appendix A

Table A1. Dye concentration as a function of time, with aeration and 200 ppm TiO2 nanoparticles,
expressed in terms of color change.

t (h)

pH

5 6 7 8 9

C (mg/L) C (mg/L) C (mg/L) C (mg/L) C (mg/L)

0 200 200 200 200 200
12 167.2 ± 0.47 180.1 ± 0.39 154.5 ± 0.12 128.3 ± 0.92 90.4 ± 1

23.5 141.5 ± 0.06 169.8 ± 0.8 128.4 ± 0.25 82.3 ± 0.98 45.1 ± 0.49
40 108.1 ± 0.51 154.1 ± 0.82 96.8 ± 0.83 45.5 ± 0.57 15.4 ± 0.91
50 99.4 ± 0.31 146.2 ± 0.92 82.5 ± 0.45 38.2 ± 0.74 8.9 ± 0.68
60 88.3 ± 0.55 135.1 ± 0.82 68.3 ± 0.12 28.6 ± 0.27 4.8 ± 0.69
70 78.5 ± 0.05 132.8 ± 0.18 61.4 ± 0.36 19.6 ± 0.25 2.7 ± 0.32

83.5 65.2 ± 0.05 125.4 ± 0.88 51.2 ± 0.02 15 ± 0.92 1.1 ± 0.64
100 58.1 ± 0.38 112.6 ± 0.24 39.5 ± 0.3 9.8 ± 0.8 0.4 ± 0.09
108 53.8 ± 0.53 114.2 ± 0.51 37.6 ± 0.78 7.1 ± 0.28 0.2 ± 0.05
130 42.5 ± 0.69 108.1 ± 0.7 25.1 ± 0.36 4.2 ± 0.67 -

154.5 36.4 ± 0.27 98.5 ± 0.21 22.3 ± 0.32 3.1 ± 0.14 -
Final COD (mg/L) 83.2 ± 0.77 220.4 ± 0.49 52.7 ± 0.64 12.3 ± 0.62 5.3 ± 0.96
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Table A2. Dye concentration as a function of time, without aeration and with 200 ppm of TiO2

nanoparticles, expressed in terms of color change.

t (h)

pH

5 6 7 8 9

C (mg/L) C (mg/L) C (mg/L) C (mg/L) C (mg/L)

0 200 200 200 200 200
12 190.4 ± 0.96 196.5 ± 0.49 191.2 ± 0.54 188.4 ± 1.3 186.2 ± 0.48

23.5 188.5 ± 0.26 194.2 ± 0.43 184.6 ± 0.40 182.2 ± 0.4 179.8 ± 0.60
40 184.1 ± 0.82 192.8 ± 0.87 181.1 ± 0.60 175.3 ± 0.19 172.1 ± 0.15
50 181.7 ± 0.51 190.2 ± 0.54 177.9 ± 0.79 170.8 ± 0.96 167.4 ± 0.45
60 179.8 ± 0.99 189.1 ± 0.2 175.4 ± 0.91 167.2 ± 0.28 163.5 ± 0.95
70 177.9 ± 0.11 188.3 ± 0.91 173.2 ± 0.82 164.5 ± 0.56 160.2 ± 0.29

83.5 175.8 ± 0.34 187.3 ± 0.07 171.8 ± 0.19 162.6 ± 0.46 156.8 ± 0.63
100 173.7 ± 0.57 186.2 ± 0.17 168.4 ± 0.85 158.8 ± 0.51 153.6 ± 0.79
108 172.9 ± 0.68 185.1 ± 0.86 167.3 ± 0.94 157.6 ± 0.16 152.3 ± 0.75
130 171.1 ± 0.24 184.8 ± 0.62 164.9 ± 0.32 155 ± 0.87 147.3 ± 0.45

154.5 165.4 ± 0.51 181.8 ± 0.15 161.3 ± 0.78 150.8 ± 0.52 144.1 ± 0.51
Final COD (mg/L) 382.3 ± 0.77 390.3 ± 0.49 370.43 ± 0.64 365.9 ± 0.62 340.2 ± 0.96

Table A3. Dye concentration as a function of time, with aeration and 400 ppm TiO2 nanoparticles,
expressed in terms of color change.

t (h)

pH

5 6 7 8 9

C (mg/L) C (mg/L) C (mg/L) C (mg/L) C (mg/L)

0 200 200 200 200 200
10 170 ± 0.33 154.2 ± 0.80 163.5 ± 0.87 141.2 ± 0.46 100.4 ± 0.64
20 142 ± 0.81 128.9 ± 0.8 145.6 ± 0.56 89.7 ± 0.56 42.4 ± 0.06

30.5 130 ± 0.51 90.3 ± 0.09 129.8 ± 0.15 69.1 ± 0.7 27.7 ± 0.17
40.2 98 ± 0.91 75.3 ± 0.52 113.1 ± 0.21 54.3 ± 0.46 13.5 ± 0.33
50 74 ± 0.57 54.5 ± 0.73 90.4 ± 0.68 35.1 ± 0.96 7.8 ± 0.18

60.5 60 ± 0.62 41.5 ± 0.55 84.8 ± 0.71 20.4 ± 0.91 2.4 ± 0.73
70 47 ± 0.67 32.4 ± 0.87 74.1 ± 0.66 17.5 ± 0.8 1.1 ± 0.51

Final COD (mg/L) 75.5 ± 0.77 178.8 ± 0.49 40.2 ± 0.64 7.3 ± 0.62 2.4 ± 0.96

Table A4. Dye concentration as a function of time, without aeration and with 400 ppm of TiO2

nanoparticles, expressed in terms of color change.

t (h)

pH

5 6 7 8 9

C (mg/L) C (mg/L) C (mg/L) C (mg/L) C (mg/L)

0 200 200 200 200 200
10 188.5 ± 1.08 192.2 ± 0.86 185.1 ± 1.29 179.4 ± 0.75 173.8 ± 0.92
20 181.2 ± 0.12 190.1 ± 0.29 177.4 ± 0.97 167.2 ± 0.24 160.4 ± 0.42

30.5 175.4 ± 0.34 186.3 ± 0.6 167.9 ± 0.32 154.8 ± 0.53 150.9 ± 0.83
40.2 172.4 ± 0.12 185.1 ± 0.4 163.4 ± 0.67 147.2 ± 0.41 140.4 ± 0.58
50 166.4 ± 0.14 182.5 ± 0.42 155.8 ± 0.56 143.2 ± 0.81 133.4 ± 0.52

60.5 164.1 ± 0.42 181.6 ± 0.74 153.9 ± 0.66 135.9 ± 0.52 129.3 ± 0.56
70 160.5 ± 0.83 178.9 ± 0.06 150.8 ± 0.87 131.8 ± 0.50 122.4 ± 0.09

Final COD (mg/L) 360.5 ± 0.77 388.2 ± 0.89 345.5 ± 0.64 320.3 ± 0.62 312.7 ± 0.96
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Table A5. Kinetic models evaluated.

Model Equation Parameters Reference

PFO dqt
dt = k1(qe − qt) (qe; k1) Lagergren [45]

PSO dqt
dt = k2(qe − qt)

2 (qe; k2) Ho & McKay [30]
Elovich qt =

ln(1+αβt)
β

(α; β) Wu et al. [46]

Weber–Morris qt = kidt1/2 + C (kid; C) Weber & Morris [47]

The goodness of fit was evaluated using the coefficient of determination (R2) and the chi-square

statistic, calculated as χ2 = ∑n
i=1

(
qexp,i − qcalc,i

)2

qcalc,i
. Lower χ2 values indicate closer agreement

between the experimental and model-calculated values.

Table A6. Kinetic fitting parameters for 200 ppm TiO2 with aeration.

pH Model Adjusted Parameters R2 X2

5

PFO qe = 934.1627; k1 = 0.02319 0.971 228.3127
PSO qe = 1251.3182; k2 = 1.066 × 10−5 0.9936 3.146

Elovich α = 21.2390; β = 0.002705 0.9953 9.2963
Weber–Morris kid = 71.7340; C = −19.6522 0.9826 32.4281

6

PFO qe = 548.6478; k1 = 0.01834 0.9824 61.5378
PSO qe = 810.4171; k2 = 1.289 × 10−5 0.9724 4.2203

Elovich α = 9.2698; β = 0.003503 0.9953 4.1004
Weber–Morris kid = 43.7527; C = −31.1620 0.9851 13.4801

7

PFO qe = 1091.9626; k1 = 0.02755 0.9312 536.4616
PSO qe = 1243.1237; k2 = 1.447 × 10−5 0.9984 1.723

Elovich α = 29.6540; β = 0.002849 0.9955 6.6371
Weber–Morris kid = 77.1434; C = 10.6611 0.9803 28.3065

8

PFO qe = 1043.7592; k1 = 0.03702 0.9848 37.3984
PSO qe = 1172.2183; k2 = 3.689 × 10−5 0.9972 7.831

Elovich α = 99.8553; β = 0.003891 0.9785 32.7926
Weber–Morris kid = 80.6999; C = 144.4288 0.8993 99.5392

9

PFO qe = 1096.0959; k1 = 0.06673 0.995 78.2997
PSO qe = 1101.5913; k2 = 9.752 × 10−5 0.9975 11.5118

Elovich α = 686.3136; β = 0.005988 0.9647 33.8038
Weber–Morris kid = 73.4112; C = 288.4369 0.7624 120.7681

Table A7. Kinetic fitting parameters for 200 ppm TiO2 without aeration.

pH Model Adjusted Parameters R2 χ2

5

PFO qe = 177.0411; k1 = 0.0146 0.9706 16.2892
PSO qe = 243.4359; k2 = 5.072 × 10−5 0.9788 10.5641

Elovich α = 3.7202; β = 0.0134 0.9854 6.1606
Weber–Morris kid = 13.4117; C = −2.4498 0.9931 1.6116

6

PFO qe = 99.8458; k1 = 0.0126 0.9869 2.5096
PSO qe = 144.3640; k2 = 6.698 × 10−5 0.9896 1.7365

Elovich α = 1.5910; β = 0.0206 0.9911 1.3103
Weber–Morris kid = 7.4243; C = −4.8716 0.9851 2.0949

7

PFO qe = 200.4112; k1 = 0.0162 0.9879 5.9949
PSO qe = 273.3382; k2 = 5.097 × 10−5 0.9938 2.6343

Elovich α = 4.7161; β = 0.0120 0.9972 1.0267
Weber–Morris kid = 15.8974; C = −2.9206 0.9962 1.7731
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Table A7. Cont.

pH Model Adjusted Parameters R2 χ2

8

PFO qe = 255.7188; k1 = 0.0169 0.995 3.6097
PSO qe = 349.5496; k2 = 4.121 × 10−5 0.9981 1.2242

Elovich α = 6.1911; β = 0.009364 0.9985 0.5984
Weber–Morris kid = 20.6313; C = −3.9327 0.9928 3.3884

9

PFO qe = 295.6859; k1 = 0.0162 0.9936 6.5951
PSO qe = 405.9901; k2 = 3.377 × 10−5 0.9973 2.755

Elovich α = 6.8189; β = 0.008016 0.9988 0.9305
Weber–Morris kid = 23.5218; C = −5.1048 0.9955 2.2826

Table A8. Kinetic fitting parameters for 400 ppm TiO2 with aeration.

pH Model Adjusted Parameters R2 χ2

5

PFO qe = 841.6481; k1 = 0.0392 0.993 6.15
PSO qe = 1484.6380; k2 = 3.415 × 10−6 0.9929 6.31

Elovich α = 7.6261; β = 0.001543 0.9928 6.4
Weber–Morris kid = 48.0862; C = −44.5526 0.9443 49.55

6

PFO qe = 532.2047; k1 = 0.0225 0.9972 2.76
PSO qe = 809.6884; k2 = 1.947 × 10−5 0.9967 3.35

Elovich α = 13.8294; β = 0.003414 0.996 4.09
Weber–Morris kid = 53.1361; C = −26.5460 0.981 18.83

7

PFO qe = 427.2855; k1 = 0.0189 0.9911 6.51
PSO qe = 660.5644; k2 = 1.963 × 10−5 0.9919 5.53

Elovich α = 9.2353; β = 0.004115 0.9926 4.7
Weber–Morris kid = 38.8174; C = −20.1585 0.9781 14.21

8

PFO qe = 492.6936; k1 = 0.0368 0.9957 5.3
PSO qe = 673.8705; k2 = 4.623 × 10−5 0.9962 4.49

Elovich α = 25.6894; β = 0.004856 0.9945 6.28
Weber–Morris kid = 57.5014; C = −3.0403 0.9875 13.51

9

PFO qe = 497.0375; k1 = 0.0719 0.998 2.51
PSO qe = 595.9650; k2 = 1.39 × 10−4 0.9945 6.47

Elovich α = 102.5191; β = 0.007762 0.9853 15.44
Weber–Morris kid = 60.2980; C = 54.5282 0.9267 67.56

Table A9. Kinetic fitting parameters for 400 ppm TiO2 without aeration.

pH Model Adjusted Parameters R2 χ2

5

PFO qe = 118.0587; k1 = 0.0243 0.9946 1.251
PSO qe = 173.8477; k2 = 1.04 × 10−4 0.9963 0.782

Elovich α = 3.5111; β = 0.0167 0.9974 0.521
Weber–Morris kid = 12.0491; C = −4.4885 0.9903 2.163

6

PFO qe = 56.6188; k1 = 0.0303 0.9798 2.214
PSO qe = 78.5443; k2 = 3.20 × 10−4 0.9851 1.547

Elovich α = 2.4083; β = 0.0410 0.9893 1.043
Weber–Morris kid = 6.1591; C = −0.6029 0.9934 0.604

7

PFO qe = 147.9633; k1 = 0.0255 0.9961 1.286
PSO qe = 218.1042; k2 = 8.633 × 10−5 0.9963 1.104

Elovich α = 4.5877; β = 0.0133 0.996 1.209
Weber–Morris kid = 15.4498; C = −5.7075 0.9871 4.087

8

PFO qe = 196.2738; k1 = 0.0277 0.9978 1.036
PSO qe = 283.8856; k2 = 7.455 × 10−5 0.9987 0.584

Elovich α = 6.8369; β = 0.0105 0.9987 0.596
Weber–Morris kid = 21.1235; C = −6.3756 0.992 3.409
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Table A9. Cont.

pH Model Adjusted Parameters R2 χ2

9

PFO qe = 213.9270; k1 = 0.0304 0.9939 2.977
PSO qe = 300.6113; k2 = 8.158 × 10−5 0.9966 1.554

Elovich α = 8.7485; β = 0.0104 0.9982 0.765
Weber–Morris kid = 23.5209; C = −3.8944 0.9968 1.284
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