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Application of heterogeneous photocatalysis in the treatment of industrial effluents: a systematic review

ABSTRACT: An effluent loaded with chemicals, dyes, and surfactants has been a problem for
the textile industry. An effective treatment is needed to degrade these compounds so that they
can be disposed of as required by law. Heterogeneous photocatalysis is one of the promising
treatments for this effluent. This study aimed to develop a systematic review using the PRISMA
methodology to select articles from the Scopus and Web of Science platforms. 26 articles were
selected that fit the research. With the help of the VOSviewer software, maps were created
where the main co-authors, countries developing research, and the main keywords used could
be identified. In these articles that were found, the various applications of heterogeneous
photocatalysis in the treatment of these industrial effluents were observed. It was concluded
that the correct disposal of effluent has been a worldwide concern, and from this perspective,
new test studies are being developed.

KEYWORDS: Advanced oxidation process. Titanium dioxide. Textile effluent.

RESUMO: Um efluente carregado de produtos quimicos, corantes e surfactantes tem sido um
problema para as industrias do ramo téxtil, necessitando de um tratamento eficaz na
degradacao desses compostos, para que seja possivel o seu descarte conforme determina a
legislacdo. A fotocatalise heterogénea se caracteriza como um dos tratamentos promissores
para o tratamento desse efluente. Este trabalho se propds a elaborar uma revisao sistematica,
utilizando a metodologia PRISMA para selecdo de artigos nas plataformas Scopus e Web of
Science. Foram selecionados 26 artigos que se enquadraram na pesquisa. Com o auxilio do
software VOSviewer, elaboraram-se mapas nos quais foi possivel identificar os principais
coautores, 0s paises desenvolvedores das pesquisas, bem como as principais palavras-chave
utilizadas. Nesses artigos, observou-se as diversas aplicacdes da fotocatalise heterogénea no
tratamento desses efluentes industriais. Concluiu-se que o descarte correto do efluente tem sido
uma preocupacdo mundial; nessa perspectiva, novos estudos e testes vém sendo desenvolvidos.

PALAVRAS-CHAVE: Processo oxidativo avangado. Dioxido de titanio. Efluente téxtil.

RESUMEN: Un efluente cargado de productos quimicos, colorantes y tensioactivos ha
supuesto un problema para las industrias textiles. Se necesita un tratamiento eficaz para
degradar estos compuestos, de modo que puedan eliminarse segin lo exige la ley. La
fotocatalisis heterogénea se caracteriza como uno de los tratamientos prometedores para el
tratamiento de este efluente. Este trabajo tuvo como objetivo desarrollar una revision
sistematica, utilizando la metodologia PRISMA para seleccionar articulos en las plataformas
Scopus y Web of Science. Se seleccionaron 26 articulos que se ajustan a la investigacion. Con
la ayuda del software VOSviewer, se crearon mapas que muestran a los principales coautores,
los paises en desarrollo de la investigacion, asi como las principales palabras clave utilizadas.
En estos articulos encontrados se observaron las diversas aplicaciones de la fotocatélisis
heterogénea en el tratamiento de estos efluentes industriales. Se concluyé que la correcta
disposicion del efluente ha sido una preocupacion mundial, desde esta perspectiva se han
desarrollado nuevos estudios de prueba.

PALABRAS CLAVE: Proceso oxidativo avanzado. Didxido de titanio. Efluente textil.
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Introduction

During the textile finishing process, a large volume of water is required for the treated
fabrics to achieve the desired outcome. Consequently, this generates wastewater with a highly
diverse composition due to the chemical agents employed in modifying denim during
processing. Many of the components in this effluent are chemicals that, when discharged into
aquatic environments, have the potential to alter the physicochemical properties of the receiving
bodies of water (Ramos et al., 2020).

Because of the substantial demand for water in textile finishing processes, a
correspondingly large amount of wastewater is produced. This effluent is laden with chemical
compounds and exhibits high toxicity. The toxicity of textile waste is among the most critical
concerns regarding environmental impacts. These compounds may persist in aquatic
environments for approximately 50 years, jeopardizing ecosystem stability and threatening
surrounding life (Viana, 2019).

For this reason, textile wastewater must be treated effectively—both to enable its reuse
and to prevent excessive costs to the industry as well as severe environmental damage upon
disposal. However, the quality parameters of recycled effluent may vary depending on the
treatment processes employed in a textile plant (Macedo, 2022).

Among the alternative technologies available for the treatment of industrial effluents,
Advanced Oxidation Processes (AOPSs) have proven particularly promising, as they are efficient
in the mineralization of recalcitrant organic compounds, such as those found in textile
wastewater (Wolff et al., 2022).

AOPs demonstrate high degradability of extremely toxic and recalcitrant compounds,
primarily due to the generation of highly oxidizing species, most notably hydroxyl radicals
(*OH). These radicals are strong, non-selective oxidants, with a high oxidation potential of 2.8
V—qgreater than other oxidizing agents involved in the process (Doria et al., 2018).

Teixeira and Jardim (2004) state that AOPs are broadly divided into two categories:
homogeneous and heterogeneous. Heterogeneous processes involve the presence of catalysts,
whereas homogeneous processes do not. They further note that heterogeneous AOP systems
can be subdivided into irradiation and non-irradiation processes. Irradiation processes require
a light source, which may be UV solar light or an artificial light source.

This study aimed to conduct a systematic review using the PRISMA methodology for
the selection of articles from the Scopus and Web of Science databases, focusing on the

applications of heterogeneous photocatalysis with titanium dioxide in wastewater treatment.
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Materials and Methods

To ensure a more precise analysis of the selected studies, the systematic review was

divided into three stages: database search, bibliometric analysis, and systematic analysis.

Database Search

The literature search was conducted in two distinct databases: Scopus and Web of
Science. Both platforms were selected due to their wide coverage, credibility, and recognition
within the scientific community, as well as their indexing of highly relevant journals.

National and international scientific articles retrieved from these databases were
analyzed, using the keywords “titanium dioxide” and “textile dyes,” with the search restricted
to publications between 2019 and 2023.

The selection of studies followed the steps outlined in the PRISMA methodology:

e Identification: at this stage, the keywords mentioned above were searched in Scopus and
Web of Science. More than 200 articles were identified across both databases;

e Screening: filters were applied to refine the search, prioritizing publications from 2019
to 2023. After applying this filter, the number of articles was reduced to 139;

o Eligibility: titles and abstracts were read to exclude studies unrelated to the scope of this
research. At this stage, 66 articles were excluded, leaving 73;

e Inclusion: following the previous steps, the remaining articles were read in full. Of these
73 articles, only 26 met the research objectives.

Bibliometric Analysis

The bibliometric analysis was carried out using the VOSviewer software to generate
bibliometric networks. The colors of the sets represent the clusters (groupings constructed by
the software), consisting of circles interconnected by arcs. The size of the circles indicates their
impact in the analysis, while the thickness of the arcs represents the strength of the connections
between them. The networks were generated with the purpose of assessing co-authorship

relationships, the countries conducting the research, and the keywords used in the studies.
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Systematic Analysis

In this stage, the articles retrieved from the previously mentioned databases were
examined. Based on this analysis, two tables were created to summarize the selected studies.
The selection of the articles followed the PRISMA methodology (Moher et al., 2009),

which is divided into four stages: identification, screening, eligibility, and inclusion.

Results and Discussion

From the analyses conducted, it was possible to achieve the objectives established at the
outset, namely: (i) to select articles from the aforementioned databases related to the research
topic; (ii) to generate maps with the support of VOSviewer software, illustrating research
networks on the proposed theme, including authors, keywords, countries, among other relevant
information; and (iii) to prepare tables with a concise description of the studies, their
methodologies, and their main findings.

Database Search
Bibliometric Analysis

In the first analysis conducted with VVOSviewer, co-authorship relationships in the
selected studies were examined. A high degree of parity among the cited researchers was
observed, with the exception of Younas U., a scholar of significant relevance in this field, whose
work has addressed the topic extensively in recent years. It was also found that Younas U. has
research links across both clusters represented in the figure, confirming his prominence in the
area under study. Figure 1 illustrates the correlation among the most frequently cited co-authors

in the Scopus database.
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Figure 1 — Correlation of co-authors in the Scopus Database
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Source: Authors (2024).

The significant relevance of Dr. Umer Younas — Younas U. — is due to his extensive
body of work in the field of environmental chemistry, particularly regarding the treatment and
investigation of effluents. Examples include his studies Efluentes industriais de fertilizantes:
Caracterizacdo fisico-quimica e avaliacdo de parametros de qualidade da agua (2017) and
Atividade fotocatalitica de luz visivel aprimorada de TiO2 co-dope com Fe, Co e S para
degradacéo de Cango vermelho (2021), dentre tantos outros que poderiam aqui serem citados.

The countries of origin of the authors conducting research on this subject are presented
in Figure 2. India stands out in particular, both in comparison with European countries and in
terms of its hegemony within the Asian continent, competing with numerous developed
countries, while China appears in one of the clusters. This considerable volume of research
developed in India on topics related to the area was also highlighted by Marques and Conceicéo
(2022) and Silva and Longo (2022), who further noted that such prominent participation is
linked to the country’s high production of waste generated by the textile industry as well as its

substantial demand.
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Figure 2 — correlation of countries developing research published in Scopus

peru

united Kingdom

uthjafrica
cigia southja

leb@non

g

malaysia

ethippia
south korea

% VOSviewer -usBalia

Source: Authors (2024).

It is noteworthy that American countries are absent from the studies identified. Only

Peru, from South America, appears in the networks, establishing connections with the United

Kingdom, China, and India. This underscores the need for further research development and

the establishment of new partnerships among researchers, given the relevance of the topic under

investigation, or alternatively, the pursuit of publication in higher-impact journals within the

scientific community. Figure 3 presents the most frequently used keywords in the studies

retrieved from the Web of Science database.
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Figure 3 — Most frequently used keywords in publications analyzed in Web of Science
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As also demonstrated by Marques and Conceicdo (2022), there is a balance in the
research being developed. Their study highlights the term “photocatalysis” as the fourth most
frequently researched keyword in the context of wastewater treatment, with 20 occurrences in
their dataset. In addition to this expression, other relevant terms such as “oxidative process”
also appear, among others.

With the support of VOSviewer software, it was further possible to analyze the timeline

of research development with respect to keywords, as illustrated in Figure 4.
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Figure 4 — Keyword Timeline
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This analysis revealed an increase in the number of studies beginning in mid-2022,

particularly involving the expression “photocatalytic degradation” in correlation with the terms
“removal”, “reduction”, and “nanoparticle.” Such growing interest in the subject is likely

related to the demands of the textile industry and the increasing concern with environmental

issues.

Systematic analysis

Following the review of the selected articles, two tables were compiled—one for each

database examined. Tables 1 and 2 present summarized information from each study, including

their main conclusions and the methodologies employed in the research.

Table 1 — Articles retrieved from the Scopus database

high surface area was employed as a
substrate  for  TiO2-P25. The
immobilization of TiO2 onto the
monoliths was carried out using the
washcoating process. The films were
characterized by XRD and diffuse
reflectance.

Lima et al., 2023

REFERENCES |[METHODOLOGY RESULTS
In this study, a structured monolithic | Preliminary calcination temperature tests of brass
photoreactor with calcined brass of |revealed the formation of 2ZnO and CuO

semiconductors on the brass surface, suggesting that
the monoliths can act as photocatalysts. Furthermore,
brass calcined at 500 °C exhibited greater formation of
both oxides (ZnO and CuQ) and higher photocatalytic
efficiency. The TiO2/brass monolith achieved over
59% degradation for an initial dye concentration of
12.5mg-L%
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In this research, a heterogeneous
photocatalyst based on a magnetic
carbon nanocomposite derived from
Fe-MOFs with surface carboxylic
acid functional groups (Fe@C-
COOH) was obtained. Subsequently,
a-F6203@C@SiOz/TiOz was
successfully synthesized to coat the

Structural characterization of the synthesized
materials confirmed that these methods generate
oxygen-containing functional groups, such as —-OH, —
C=0, and —COOH, which enhance the polarity and
hydrophilicity of the photocatalyst. The photocatalytic
oxidation of RY145 under UVc light was analyzed
using the apparent first-order reaction rate, and the
Langmuir—Hinshelwood kinetic model provided the

%(;l;saw etal, surface of the intermediate TiO;|best fit. Optimal composite performance was observed
particles. Moreover, the | at pH 2, with a photocatalyst dose of 15 mg/100 mL,
photocatalytic performance of the|an RY145 concentration of 150 mg/L, at 25 °C under
magnetic nanocomposite a- | UVc lamp irradiation for 90 min, yielding an apparent
Fe,0:@C@SiO/TiO; was | reaction rate of 0.0165 min L.
investigated in terms of dye
degradation and  photocatalytic
activity against Reactive Yellow 145
(RY145).

The hydrothermal method was|The degradation process was conducted under both
employed to synthesize the anatase |UV and visible light irradiation. The efficiencies
phase of TiO, nanoparticles, |achieved by TiO,, TiOz/La;0s and TiO2/Al,O3 were
TiO2/Lay03 composites, and | 87%, 95%, 45% and 80%, 92%, 29%, respectively, for
Sudhagar etal., |TiO2/Al:Os composites. | methylene blue (MB) and crystal violet (CV) under
2022 Photocatalytic studies were | UV light, whereas under visible light, they were 34%,

comparatively evaluated through the
degradation of the textile dyes
methylene blue (MB) and crystal
violet (CV).

27%, 84% and 29%, 24%, 81%, respectively, for MB
and CV.

Assis et al., 2021

The photocatalytic decolorization of
industrial dyes Novacron Blue (NB)
and Novacron Yellow (NY) was
investigated using TiO2 based
composites with natural palygorskite
(Pal-Til0 and Pal-Ti30). The
concentrations analyzed were 10 ppm
and 30 ppm; the composites were
synthesized with 10% and 30% (w/w)
titanium on palygorskite; two pH
values, 2.0 and 6.0, were tested, as
well as light intensities of 9 W and 18
W

Tests conducted at pH2.0, using the Pal-Ti30
composite, 18W power, and 10ppm dye
concentration showed 100% color removal for both
dyes within 90 min. The bleaching process followed a
pseudo-first-order kinetic model, and the apparent rate
constants (K_app) were 0.0216 min™ and 0.0193
min~! for NB and NY dyes, respectively. Total organic
carbon (TOC) results indicated mineralization of
61.70% and 58.06% for NB and NY, respectively,
after 90 min of treatment, with byproducts detected by
GC-MS.

Chandrabose et
al., 2021

In this study, the simultaneous
removal of mixed dye pollutants
(anionic and cationic) was analyzed
by combining adsorption and
photocatalysis processes. MoS,/TiO,
nanocomposites were synthesized
with varying weight percentages of
2.5, 5, 10, 20, 30, and 50% of flower-
like MoS; nanoparticles, pre-
synthesized using a two-step
hydrothermal method.

The proposed two-stage integrated adsorption and
photocatalysis process, using 50% and 2.5% TiO;
coated with MoS,, respectively, achieved complete
methylene blue dye removal approximately five times
faster than the conventional single-stage water
treatment process (adsorption or photocatalysis alone).
Moreover, the feasibility of the two-stage method was
demonstrated for the removal of mixed dye pollutants
(anionic and cationic), showing excellent performance
even when the pollutant dye concentration was
doubled.

Imran et al.,
2021

The photocatalytic activity of TiO2
under visible light was enhanced
when it was co-doped with Fe, Co,
and S via the sol-gel method. The
resulting nanophotocatalysts were
characterized by XRD, SEM-EDX,
FT-IR, UV-Vis, and UV-DRS. The
concentration ratios of Fe and S

The dye was degraded within approximately 1.2 h,
achieving 99.3% degradation. The anatase phase of
TiO, was confirmed by XRD analysis, while the
bandgap energy of TiO, decreased from 3.2eV to
1.6 eV after the addition of Fe, Co, and S.
Furthermore, due to its outstanding photocatalytic and
optical properties, the material can be efficiently
exploited for solar-driven water treatment, potentially
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Poolwong et al.,
2021

precursor salts were fixed at 1% each, | providing a more cost-effective solution for
while Co varied between 0.5% and | wastewater remediation.

1.5%.

Three-dimensional hierarchical | The 3D-HPT structure exhibited significantly
mesoporous titanium dioxide | enhanced adsorption of Remazol dye and facilitated
structures (3D-HPT) were | efficient photocatalytic degradation. Remarkably, 3D-
synthesized  via  self-assembled | HPT was able to adsorb approximately 40% of 24 ppm
emulsion polymerization. | Remazol dye in the dark, which is superior to 3D-T

Polymethyl methacrylate (PMMA)
and Pluronic 123 (P123) were
employed as soft templates and co-
templates to facilitate the formation
of hierarchical 3D porous structures.
The TiO2 crystalline structure,
morphology, and the degradation of
Remazol Red dye were investigated.

and commercial anatase under the same conditions
(approximately ~ 5%).  Furthermore,  3D-HPT
completely decolorized Remazol dye within only
20 minutes, three times faster than commercial
anatase, making it one of the most active
photocatalysts reported for Remazol dye degradation.

Elbadawy et al.,
2021

This study aims to examine the
photocatalytic degradation of the
textile pollutant Acid Red 37 under
UV irradiation in a bench-scale batch
photoreactor, designing an optimal
system of nanometallic oxides TiO,
Zn0O, and their mixtures in different
weight ratios. The photocatalysts
were  synthesized and  fully
characterized by XRD, EDS, and
TEM.

The highest photodegradation was observed under UV
irradiation with a TiO2:ZnO ratio of 3:1 at pH 6.5, for
a textile dye concentration of 1.0 x 10 mol/L. The
photocatalytic degradation efficiency of the studied
systems follows the order: UV/ZnO < UV/TIO; <
UVITIO2/ZnO < UVITiO2/Zn0O/H,0; <
UVITiO2/Zn0O/Na;S;0s < UV/TiO2/ZnO/NalOs. The
system designated as UV/TiO2/Zn0O/(1,1-5,5)x10
SMNalO, exhibited the highest photocatalytic
degradation efficiency, with the highest apparent
quantum yield (11.1-16.6%) and the lowest electrical
energy per order (37.0-22.2kWh), indicating the
lowest energy consumption compared to the other
catalytic systems examined.

Niazi et al., 2021

In this work, two sunlight-responsive
photocatalysts ~ were  prepared,
including TiO2 nanoparticles (NPs)
and TiOJ/graphene quantum dot

Results showed that 100% of 50 ppm RBS5 could be
degraded by TiO, NPs and TiO2/GQDs in 60 and
30 minutes of solar irradiation, respectively. Thus,
much higher photocatalytic activity in RB5

Alahiane et al.,,
2020

(GQDs) nanocomposites, for the|degradation was achieved with TiOx/GQDs under

degradation of the textile dye|solar irradiation compared to pure TiO2 NPs, due to

Reactive Black 5 (RB5). their smaller bandgap (2.13 eV) and lower electron—
hole recombination rate.

This  research  analyzed  the|The tested TiO; catalyst, which exhibited significant

application of industrially produced
nonwoven fibers coated with TiO, for
adsorption  coupled  with  the
photocatalytic degradation of the
synthetic textile dye Direct Red 80.

adsorption capacity due to its high specific surface
area, proved to be an effective photocatalyst for the
studied dye degradation. The effect of inorganic ions
(Na2S04, NaCl, NaNO3;, CH3COONa, NaHCO3; and
NaHPO4) was also investigated. A pseudo-first-order
kinetic reaction was described using the Langmuir—
Hinshelwood model, and the rate constant and
adsorption equilibrium constant were calculated
(k=1.1873 mg/L'min and K LH=0.0660L/mg,
respectively). The highest photodegradation efficiency
was observed at pH3. The presence of HPO.*,
HCOs;, and CHsCOO~ ions decreased the
photodegradation rate, whereas CI~ and NOs~
increased the reaction rate.

Mpelane et al.,
2020

In this study, a novel carbon-doped

titanium dioxide-fly ash
nanocomposite supported on a
poly(acrylonitrile) membrane (C-

TiO2-CFA/PAN) was prepared and
evaluated for the removal of textile

The optimal loading of the C-TiO,-CFA photocatalyst
on the PAN membrane was 2% w/w, achieving
degradation efficiencies of 99.86% and 99.20% for
MO and GY dyes, respectively, at pH 3.5, using a
10 ppm dye concentration under solar irradiation
within 300 minutes. The novel 2% C-TiO,-CFA/PAN
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dyes (methyl orange [MO] and
golden yellow [GY]) from water.

photocatalytic  membrane  demonstrated  high
effectiveness in removing textile dyes from water.
Three reuse cycles were conducted, and no significant
changes in photocatalytic efficiencies were observed.

Kumaran et al.,
2020

This work focuses on the synthesis of
graphene oxide (GO) using the
modified Hummers method. The
prepared nanocomposite was
employed as a photocatalyst for the
treatment of wastewater
contaminated with dyes.

The synthesized nanocomposite was employed as a
catalyst to remove the organic dye Orange ME2RL
from synthetic wastewater through photocatalysis,
while varying parameters such as pH, contact time,
dye concentration, and catalyst dosage. It was found
that the highest color removal, for a dye concentration
of 60 mg/L, was obtained with a catalyst dosage of 25
mg, a contact time of 24 minutes, and a pH value of 6.
The stability and reusability of the catalyst were also
investigated. The color removal efficiency of the
catalyst was 99.6%, 99.2%, 98.8%, 98.3%, and 98%
for the first, second, third, fourth, and fifth reuse
cycles, respectively. These findings confirm that the
catalyst can be applied in subsequent practical
applications.

Ribeiro et
2020

al.,

In this study TiO; films supported on
polyethylene terephthalate
(TiO2/PET) sheets and monolithic
formats were prepared from recycled
PET bottles. The preparation method
was based on the washcoating of a
TiO, suspension with different
formulations (additives and loaded
photocatalyst) to achieve adequate
adhesion.

TiO2/PET  sheets and monoliths  exhibited
homogeneous coating and good stability after five
reuse cycles. TiO./PET monolith  achieved
degradation levels of approximately 30% and 75% for
initial dye concentrations of 25 mg/L and 15 mgL™?,
respectively. Monolithic immobilized systems proved
to be a promising technology due to their low cost and
reduced consumption of reagents and catalysts.
Furthermore, this type of system is particularly
promising for continuous processes.

Hussein et al.,
2019

This study evaluated the
photocatalytic activities of analytical
reagent grade TiO2 (AR) to identify a
low-cost photocatalyst for dye
degradation. Different conditions
were observed in the presence of TiO-
suspensions. The effects of several
parameters, such as titanium dioxide
mass and methylene violet (MVT)
concentration, on photocatalytic
degradation were investigated.

The results obtained demonstrate that MVT can be
effectively degraded by a TiO, assisted process in
aqueous dispersions under UVT irradiation. The
photocatalytic degradation of the dye followed first-
order kinetics, and parameters such as TiO, mass
dosage and dye concentration influenced the
degradation efficiency. The findings indicated that
both catalyst loading and initial dye concentration
significantly affected the degradation performance of
TiO, powders.

Mounteer et al.,
2019

Four reactive dyes and three vat dyes
were mixed in different combinations
and treated (10 mg/L of each dye, 0.5
mg/L TiO,, pH 4) to assess the
influence of different dyes on ADMI
color, chemical oxygen demand
(COD), and acute toxicity.

The TiO,/UV system was able to reduce ADMI color
in mixtures by 74-85%, but only by 28% in raw textile
mill effluent. COD reductions were much lower, due
to the low COD values of the mixtures (< 100 mg/L)
and the recalcitrant nature of the components in the
raw effluent. Although toxicity was reduced, the
textile effluent remained highly toxic after
photocatalysis, which was expected given the low
COD removal achieved.

Source: Authors (2024).
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Table 2 — Articles searched on the Web of Science platform

REFERENCES

METHODOLOGY

RESULTS

Le et al., 2023

Photocatalytic PVDF hollow-fiber
membranes were prepared by
coating with polydopamine (PDA)
for 1-4 h, followed by coating with
titanium dioxide (TiOy)
nanoparticles.

The results showed that TiO, adhered firmly to the
PDA pretreated membrane after ultrasonic
treatment. The PDA layer protected the membranes
from UV irradiation. The PVDF-TiO, membrane
without PDA pretreatment was destroyed after 24
hours of UV exposure, whereas the membranes
treated with PDA for 2 hours remained intact even
after 9 days of continuous irradiation. Compared
with the original membrane, the application of
PVDF membranes coated with PDA for 2 hours and
TiO: for 1 hour increased the rejection of Reactive
Red 239 and the flux recovery rates by 13% and
40%, respectively, achieving 60% COD removal.
The permeate flux and dye rejection rate remained
stable after 5 cycles (20 h of operation).

Helmy et al.,
2023

This study focused on the use of
response surface methodology
(RSM) to evaluate its predictive
and optimization capability in the
application of advanced oxidation
processes (AOPs) for the removal
of recalcitrant pollutants from
industrial wastewater.

The findings indicated that the percentage of dye
removal was mainly influenced by the tested
variables as well as by their synergistic effects, as
observed from the experimental results.
Performance analysis of the developed RSM models
revealed a high coefficient of determination
(significantly greater than R? = 0,99), thus ensuring
satisfactory predictive equations for the second-
order regression models. The observed results
demonstrated that, for a dye concentration of 50
ppm, H202 0,9 ml, pH 3,4, TiO2 loading of 0.6 g, and
UV irradiation time of 60 min, a maximum
degradation of 92% was achieved. The degradation
of dye RR-147 was found to be most effectively
carried out by the UV/H,0,/TiO, system.

Keerthana et al.,
2022

A GO-TiO2 nanocomposite was
synthesized using the solvothermal
method from graphene oxide (GO)
nanoparticles and titanium dioxide
(TiO2) nanoparticles, which were
individually synthesized via the
modified Hummers method and the
sol—gel method, respectively.

The synthesized nanocomposite effectively reduced
all dyes investigated in this study compared to the
standard TiO, photocatalyst. The biocompatibility of
this GO-TiO, nanocomposite was evaluated using
zebrafish embryos, and the results demonstrated that
GO-TiO, was safe for the embryos, causing neither
hatching delays nor developmental abnormalities.

Das et al., 2022

Here, the conjugate of graphene
oxide (GO) and titanium dioxide
nanoparticles (nTiOy) was
proposed for the photocatalytic
degradation of two toxic azo dyes,
Congo Red (CR) and Methylene
Blue (MB), under solar irradiation.

The nanoconjugates exhibited excellent degradation
potential for Congo Red (CR) and Methylene Blue
(MB) under sunlight irradiation. Among all the
photocatalysts synthesized with varying amounts of
GO and nTiO,, some demonstrated the highest
degradation efficiencies. At pH 7.0, 95%
degradation of CR (40 ppm) and MB (20 ppm) was
achieved in less than 80 min. When the
nanoconjugates were recycled five times, their
degradation capacity was maintained at 85% after
the third cycle; however, degradation efficiency
declined in the last two cycles, reaching 75% after
the fifth reuse.

Sultana et al.,
2021

A series of  bifunctional
nanohybrids containing different
ratios of chitosan and titanium
dioxide (TiOz) was prepared
through the precipitation technigue

The nanohybrid prepared with 80% TiO; (p/p) and
20% chitosan (w/w), referred to as To.80CSo.20
removed 98.8% of RO in just 8 min at pH 2.0 under
solar irradiation, in a dye solution of 60 mg L%, This
performance was mainly attributed to the
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and applied for the removal of a
model anionic azo dye, Remazol
Orange 3R (RO), from aqueous
solution.

simultaneous  roles  of  adsorption  and
photodegradation activities of the nanohybrids. The
adsorption  performance of TogCSo2 Was
investigated in terms of the Langmuir isotherm
under dark conditions, and its maximum adsorption
capacity for RO was found to be 243.9 mg™.

Chandan et al.,
2021

This study investigates combined
adsorption and photocatalysis in
the degradation of a textile dye
using a microporous polymer
nanocomposite loaded with TiO;
nanoparticles at different weights
(0.1-05 g) embedded in
polyurethane (PU) foam. The
degradation of Methylene Blue
(MB) dye, as a model aqueous
pollutant, was carried out using
pure TiO: nanoparticles, unloaded
PU foam, and TiO,-loaded PU
foam under both UV and solar
irradiation.

It was observed that degradation (attributed to TiO,
nanoparticles) and adsorption (attributed to PU
foam) occurred simultaneously under both solar and
UV irradiation. This mechanism was confirmed by
analysis and comparison of MB dye degradation
results for pure TiO; nanoparticles (85% dye
degradation in 40 min), unloaded PU foam (40%
degradation in 40 min), and TiO, — loaded PU foam
(95% degradation in 20 min). Experimental data
demonstrated pseudo-first-order kinetics under UV
irradiation (rate constant of 0.016 h™), whereas solar
irradiation followed first-order kinetics with a rate
constant of 0.265 whereas solar irradiation followed
first-order kinetics with a rate constant of 0.265 hL.

De Lucaet al.,
2019

Systems were prepared for the
degradation of the azo dye Reactive
Black 5, some containing only
titanium dioxide and others
combining titanium dioxide with
hydrogen peroxide.

From the analyses, it is evident that Reactive Black
5 azo dye, in the absence of photocatalytic agents, is
highly photostable; indeed, after thirty minutes of
UV irradiation, only an 8.9% reduction was
recorded. Even in the presence of hydrogen peroxide
alone, the dye exhibited little change in
photostability, — with  approximately  11.2%
degradation after thirty minutes of UV exposure. In
contrast, titanium dioxide plays a crucial role in the
UV-induced photodegradation of Reactive Black 5,
and the photocatalytic activity of TiO, can be
enhanced through the simultaneous use of hydrogen
peroxide. The use of hydrogen peroxide alone is
insufficient to achieve complete dye
photodegradation, although its presence does
improve the photoactivity of titanium dioxide.

Pereira et al.,
2019

A magnetic photocatalyst
consisting of TiO; supported on a
composite surface (C/Fe) was
prepared from red mud, tar, and
TiO, (here referred to as
TiO2/C/Fe). The optimal condition
(240 mg TiOy, pH 10, 0D 7,6 mg L
111,20 mWem?™ and A 143 cm?),
was established to degrade organic
matter both in real textile
wastewater and in a synthetic
solution containing 40 mg L RB
using TiO,/C/Fe.

The magnetic photocatalyst demonstrated that the
reaction rate constant increased sevenfold when
optimal conditions were employed for RB
decolorization. In textile effluent tests, TiO, and
TiO,/C/Fe achieved 99% and 46% decolorization,
respectively. Additionally, reductions in chemical
oxygen demand (COD), soluble solids, and turbidity
were observed, with greater efficiency than
conventional physico-chemical industrial
treatments. Thus, TiO2/C/Fe was photoactive and
exhibited magnetic properties.

Santana et al.,
2019

The  magnetic  photocatalyst
demonstrated that the reaction rate
constant increased sevenfold when
the optimal conditions were applied
for RB  decolorization. In
experiments with textile effluents,
TiO; and TiO,/C/Fe achieved 99%
and 46% decolorization,
respectively. In addition,

The UV/H,O,/ TiO, system showed the highest
efficiency, with 99% dye degradation achieved in 50
minutes, followed by the UV/H20,/ TiOzs, System
with 93% degradation. Considering that the
supported catalyst presents operational advantages
and high degradation rates, factorial design was
applied to this system, achieving complete
degradation (100%) within 35 minutes. The use of
artificial neural networks proved effective in
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reductions in chemical oxygen
demand, soluble solids, and
turbidity were observed, showing
greater efficiency than
conventional physico-chemical
industrial treatments. Thus,
TiO,/C/Fe proved to be photoactive
and exhibited magnetic properties.

predicting textile dye degradation, with an absolute
error of 0.0181. Following treatment, dye toxicity
was reduced.

Basturk et al.,
2019

In the present study, nano-TiO, was
used as a catalyst for the
photocatalytic decolorization of the
dyes Methylene Blue (MB) and
Reactive Red 198 (RR198) in
aqueous phase. The color removal
rates were 95% and 66% for RR198
and MB, respectively.

Efficient photocatalytic removal of the selected dyes
decreased with increasing initial dye concentration
but improved with higher catalyst dosage as well as
greater irradiation intensity. The effect of pH varied
according to the dye type, whether anionic or
cationic. Kinetic data revealed that decolorization
followed the Langmuir-Hinshelwood model.
Thermodynamic parameters indicated that the
process was both feasible and exothermic. The
application of photocatalytic methods proved to be a
viable option for the removal of aniline and azo
dyes.

Suhadolnik et al.,
2019

The degradation of the dye
Reactive Red 106 was investigated

under photoelectrocatalytic
operation. The water-based
degradation products were
identified by ultra-high-
performance liquid
chromatography (UHPLC),

coupled with ultraviolet-visible
(UV-vis) or mass spectrometry
(MS) detectors.

The solution was successfully decolorized (100%)
under microfluidic operation or within the confined
volume of a beaker. However, the rate within the
latter setup was faster, while distinct intermediate
species were formed in the anodic and cathodic
electrochemical cells. The maximum conversion
achieved at the anode side was 80% of the initial dye
concentration, whereas 63% of the dye was
degraded at the cathode side. Finally, an expanded
inlet configuration was designed to enable treatment
of larger feedstock capacities.

Source: Authors (2024).

Tables 1 and 2 present the studies selected according to the previously cited PRISMA
methodology. The selected works were those aligned with the aim of this study, namely, the
use of heterogeneous photocatalysis with titanium dioxide as the catalyst.

From the articles analyzed, it is clear that research on this subject has been steadily
advancing. The findings show that the most recent studies primarily focus on combining two
or more elements to obtain a more efficient catalyst, as in the case of the study on the
combination of TiO, — Titanium Dioxide and CeH1:NO4 — Chitosan, applied in the treatment
of a model effluent. The results obtained were more than satisfactory for the intended purpose.

It was also observed that many studies explore the incorporation of additional elements
to enhance the treatment efficiency, such as the addition of hydrogen peroxide (H20.) and the
sulfur (S) doping of TiO», aiming to achieve even more satisfactory results compared to those
obtained using the catalyst alone, without any additional component.

The review further revealed the diversity of photocatalysis applications as well as the
potential of titanium dioxide. Lima et al. (2023) demonstrated the photocatalytic power of TiO»,
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reporting a 59% higher dye degradation for a dye with an initial concentration of 12.5 mg L%,
when compared to other elements tested as catalysts, such as ZnO and CuO. Similarly,
Sudhagar et al. (2022) employed the hydrothermal method to synthesize the anatase phase of
TiO2 nanoparticles and TiO2/La20s and TiO2/Al,O3. The degradation process was carried out
under both UV and visible light irradiation. The efficiencies achieved by TiOz, TiO2/La.O3 and
TiO2/Al203 were 87, 95, 45% and 80, 92, 29%, respectively, for the dyes MB and CV under
UV light, while under visible light the efficiencies were 34%, 27%, 84% and 29%, 24%, 81%,
respectively, for Methylene Blue and Crystal Violet.

Imran et al. (2021) used TiO, co-doped with Fe, Co, and S via the sol-gel method to
treat a model effluent. The dye used to create this effluent was degraded within approximately
1.2 h, achieving a degradation rate of 99.3%. The anatase phase of TiO2 was confirmed by XRD
analysis, while the bandgap energy of pure TiO2 was reduced to 1.6 eV after the incorporation
of Fe, Co, and S. Elbadawy et al. (2021), in turn, investigated ZnO-doped TiO> and its mixtures
in varying weight ratios to study the photocatalytic degradation of the textile dye pollutant Acid
Red 37 under UV irradiation, using a bench-scale batch photoreactor designed to optimize a
nanometal oxide system.

Elbadawy et al., (2021) found that the most effective photodegradation under UV
irradiation was achieved with a (3:1) ratio of TiO2:ZnO at pH = 6,5 when the textile dye
concentration was 1,0 x 10~*mol/L. The degradation efficiencies of the photocatalytic systems
studied followed the order: UV/ZnO < UV/TiO2 < UV/TiO2/ZnO < UV/TiO2/ZnO/H20; <
UV/Ti02/ZnO/Naz2S208 < UV/TiO2/ZnO/NalO4. The system designated UV/TiO2/Zn0O/(1,1-
5,5)x10°MNalO; exhibited the highest photocatalytic degradation efficiency, with the greatest
apparent quantum yield (11.1-16.6%) and the lowest electrical energy per order (37.0-22.2
kwh), indicating reduced energy consumption compared to the other catalytic systems
examined.

In the studies reviewed, it was observed that one of the main factors influencing the
application of photocatalysis with titanium dioxide is pH, whether using TiO2 alone or in
combination with other elements. For instance, Mousavi et al. (2022) employed titanium
dioxide with a magnetic carbon nanocomposite derived from Fe-MOFs containing surface
carboxylic acid functional groups (Fe@C—COOH) and found the optimal performance of the
composite at pH = 2, with a photocatalyst dosage of 15 mg/100 mL and a dye concentration of
150 mg/L of RY145.
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Similarly, Assis et al. (2021), who tested pH values of 2.0 and 6.0 for the photocatalytic
decolorization of industrial dyes Novacron Blue (NB) and Novacron Yellow (NY), using TiO-
based composites with natural palygorskite (Pal-Til0 and Pal-Ti30), demonstrated that
experiments carried out at pH 2.0 with the Pal-Ti30 composite, under 18 W power and 10 ppm
dye concentration, resulted in 100% color removal for both dyes within 90 minutes. Moreover,
Total Organic Carbon (TOC) analysis confirmed mineralization levels of 61.70% and 58.06%
for NB and NY, respectively, after 90 minutes of treatment. This same duration of 90 minutes
was also applied by Mousavi et al. (2022), who likewise reported satisfactory outcomes.

A wide variation in pH values was observed across the studies analyzed. For example,
Assis et al. (2021) worked at pH 2.0; Mpelane et al. (2020) tested at pH 3.5; and Elbadawy
(2021) employed pH 6.5. These findings demonstrate the flexibility of photocatalysis, which

can be applied in the treatment of both neutral and acidic effluents.

Final considerations

From the analysis of the 26 articles selected from the two databases, it is evident that
research in this field is advancing toward intelligent and sustainable solutions for the
degradation of components in various types of effluents. The development of catalysts that are
less harmful to the environment, capable of reuse, and suitable for cost-effective treatment
systems that enable the reutilization of treated effluents has been a recurring focus. Studies have
also explored the integration of chemical and biological processes, including post-treatment
analyses of previously treated effluents, which have vyielded promising results for
environmentally safe discharge.

The diverse applications of heterogeneous photocatalysis with titanium dioxide
highlight the versatility of this approach, ranging from the treatment of liquid effluents to
gaseous emissions. Applications include domestic sewage treatment as well as the purification
of gases released during industrial processing, indicating that further research and additional
experimental trials are warranted to expand the scope of heterogeneous photocatalysis.

The maps generated using Vosviewer software illustrated the extensive network of
researchers worldwide dedicated to developing solutions for environmental preservation and
sustainability. They also highlighted countries currently playing a significant role in advancing
this cause and raising awareness of strategies to prolong the health of the planet and foster a

balanced relationship between humans and nature. The ultimate goal is to achieve a productive
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harmony in which the rational sphere does not harm the irrational environment, ensuring mutual

benefit without detrimental consequences.
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