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RESUMO 
 

Materiais fotoativados pela luz emergem como uma alternativa promissora no 
processo de remoção de poluentes emergentes. A fotodegradação da 
testosterona utilizando o Ag/TiO2 representa um campo de pesquisa 
relativamente novo, com número limitado de estudos, sendo promissor na busca 
por novas estratégias para identificar e desenvolver a futura geração de 
fármacos para controlar infecções bacterianas. Neste estudo, sintetizou-se 
catalisadores a base de prata (Ag) (2% e 10% m/m%) suportados em dióxido de 
titânio (TiO2), via impregnação por excesso de solvente (2AgT/I e 10AgT/I), sol-
gel modificada utilizando a tapioca como gelificante (2AgT/V e 10AgT/V) e sol-
gel (2AgT/SG e 10AgT/SG). Buscou-se então, caracterizá-los e avaliá-los quanto 
a inativação bacteriana e na degradação da testosterona via fotólise e 
fotocatálise heterogênea. Os catalisadores Ag/TiO2 caracterizados por espectros 
na região do infravermelho apresentaram bandas características de titânio, 
vibração assimétrica do Ti–Ag–O e ligação Ag-TiO2, confirmando a deposição 
da prata sob o suporte. A Difração de raios X identificou para os catalisadores 
impregnados poucos picos representando fases cristalinas desorganizadas. 
Enquanto, os catalisadores AgT/V tiveram picos característicos de Ag metálica 
e anatase e os AgT/SG apresentaram picos anatase, representando fases 
cristalinas organizadas. Observa-se a partir da Calorimetria Exploratória 
Diferencial picos endotérmicos menores para os catalisadores AgT/SG, 
indicando ponto de fusão baixos. Nota-se, através da Análise 
Termogravimétrica, uma perda mínima de massa para os catalisadores. Assim, 
a Microscopia Eletrônica de Varredura identificou morfologias aglomeradas e 
irregulares a medida que a Ag era adicionada para os catalisadores AgT/I e 
AgT/V. Por outro lado, os catalisadores AgT/SG tiveram aspecto denso. Na 
determinação de fisissorção de N2 verificou-se que o aumento da Ag diminui a 
área específica dos catalisadores AgT/I e AgT/V e o efeito inverso ocorre para o 
AgT/SG. O band gap dos catalisadores mesosporosos diminuiu em relação ao 
TiO2. O método sol-gel destaca-se das outras vias de síntese, pois apresenta 
maior área especifica e volume de poros. Os catalisadores 10AgT/I, AgT/V e o 
10AgT/SG tiveram ações bactericidas contra Escherichia coli sugerindo um 
efeito antimicrobiano intrínseco a concentração de Ag. A fotoativação dos 
catalisadores AgT/I, AgT/V e AgT/SG sob luz negra resultaram em uma 
significativa inativação bacteriana contra Escherichia coli (NEWP0022) e 
Staphylococcus aureus (NEWP0023). A produção de espécies reativas de 
oxigênio, comprovada no teste de detecção, foi induzida pela radiação 
ultravioleta e em conjunto com a ação antimicrobiana intrínseca da Ag. Esses 
resultados demonstram o potencial dos catalisadores AgT/I, AgT/V e AgT/SG 
para o desenvolvimento de revestimentos antimicrobianos para superfícies, 
contribuindo para a prevenção e controle de infecções em diversos ambientes. 
A eficiência do processo de fotólise (82%) foi similar à da fotocatálise 
heterogênea utilizando o catalisador 2AgT/SG (79,9%), na fotodegradação da 
testosterona. Os catalisadores AgT/SG e 10AgT/V apresentaram maior atividade 
fotocatalítica na fotodegradação da testosterona, com degradação maior que 
72% (2AgT/SG>T/SG>10AgT/V>10AgT/SG). Esses catalisadores podem 
encontrar aplicações em diversos processos de tratamento de água, como a 
remoção de desreguladores endócrinos. A criação destes materiais 



 

 

fotocatalíticos são essenciais para o desenvolvimento de tecnologias mais 
eficientes e sustentáveis para o tratamento de água. 
 
Palavras-chave: Impregnação por Excesso de Solvente, Síntese Verde, Sol-Gel, 
Bactérias e Fotoactivação. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

ABSTRACT 
 
Light-activated materials are emerging as a promising alternative in the process 
of removing emerging pollutants. The photodegradation of testosterone using 
Ag/TiO2 represents a relatively new field of research, with a limited number of 
studies, and is promising in the search for new strategies to identify and develop 
the future generation of drugs to control bacterial infections. In this study, silver 
(Ag) catalysts (2% and 10% m/m%) supported on titanium dioxide (TiO2) were 
synthesized via excess solvent impregnation (2AgT/I and 10AgT/I), modified sol-
gel using tapioca as a gelling agent (2AgT/V and 10AgT/V) and sol-gel (2AgT/SG 
and 10AgT/SG). The aim was to characterize and evaluate them in terms of 
bacterial inactivation and testosterone degradation via photolysis and 
heterogeneous photocatalysis. The Ag/TiO2 catalysts characterized by spectra in 
the infrared region showed characteristic titanium bands, asymmetric vibration of 
Ti-Ag-O and Ag-TiO2 bonding, confirming the deposition of silver on the support. 
X-ray diffraction identified few peaks representing disorganized crystalline 
phases for the impregnated catalysts. Meanwhile, the AgT/V catalysts had peaks 
characteristic of metallic Ag and anatase and the AgT/SG catalysts had anatase 
peaks, representing organized crystalline phases. Differential Scanning 
Calorimetry shows smaller endothermic peaks for the catalysts. 
Thermogravimetric analysis showed minimal loss of mass for the catalysts. 
Scanning Electron Microscopy identified agglomerated and irregular 
morphologies as Ag was added to the AgT/I and AgT/V catalysts. The AgT/SG 
catalysts had a dense appearance. When determining N2 physisorption, it was 
found that increasing Ag decreased the specific area of the AgT/I and AgT/V 
catalysts and the opposite effect occurred for AgT/SG. The band gap of the 
mesosporous catalysts decreased in relation to TiO2. The sol-gel method stands 
out from other synthesis routes because it presents a larger specific area and 
pore volume. The 10AgT/I, AgT/V and 10AgT/SG catalysts had bactericidal 
actions against Escherichia coli, suggesting an intrinsic antimicrobial effect of the 
Ag concentration. The photoactivation of the AgT/I, AgT/V and AgT/SG catalysts 
under black light resulted in significant bacterial inactivation against Escherichia 
coli (NEWP0022) and Staphylococcus aureus (NEWP0023). The production of 
reactive oxygen species, proven in the detection test, was induced by ultraviolet 
radiation and in conjunction with the intrinsic antimicrobial action of Ag. These 
results demonstrate the potential of the AgT/I, AgT/V and AgT/SG catalysts for 
the development of antimicrobial coatings for surfaces, contributing to the 
prevention and control of infections in various environments. The efficiency of the 
photolysis process (82%) was similar to that of heterogeneous photocatalysis 
using the 2AgT/SG catalyst (79.9%) in the photodegradation of testosterone. The 
AgT/SG and 10AgT/V catalysts showed greater photocatalytic activity in the 
photodegradation of testosterone, with degradation greater than 72% 
(2AgT/SG>T/SG>10AgT/V>10AgT/SG). These catalysts can find applications in 
several water treatment processes, such as the removal of endocrine disruptors. 
The creation of these photocatalytic materials is essential for the development of 
more efficient and sustainable technologies for water treatment. 

 

Keywords: Impregnation by Excess Solvent, Green Synthesis, Sol-Gel, Bacteria 
and Photoactivation.  
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1 STATE OF ART 
 

The growing concern about environmental pollution, caused by a variety of 

emerging pollutants (EPs) such as microorganisms, organic compounds and 

heavy metals, represents a serious global challenge (AL SABER et al., 2021; 

AZAD et al., 2022). The prevalence of EPs in surface and groundwater is a serious 

problem, as it deteriorates water quality and can lead to health problems (MISHRA 

et al., 2023). Due to increased consumption and the complexity of industrial 

processes, these contaminants have been detected in aquatic and terrestrial 

environments. Originating from pharmaceuticals, personal care products, 

endocrine disruptors and insecticides, they pose significant environmental and 

health concerns, even in minute quantities. Exposure to EPs can be associated 

with various health problems, such as endocrine disorders, antimicrobial 

resistance and the development of chronic diseases (K.T; RAM ACHAR; SIRIGER, 

2021). The primary source of aquatic contamination is the effluent discharged from 

sewage treatment plants. Although there are reliable methods for detecting EPs at 

low concentrations, there is a need for research into the toxicity and transformation 

pathways of these contaminants (LIU et al., 2012; THOMAIDIS NS, 2013). 

 Among EPs are steroid hormones, such as testosterone, belong to the 

group of endocrine disruptors. These chemical substances play a fundamental role 

in regulating various biological processes (KAVLOCK et al., 1996). These 

hormonal pollutants can cause reproductive disorders in humans and other aquatic 

and terrestrial animals (CAMPBELL et al., 2006). Exposure to steroid hormones is 

associated with a range of health problems, including reproductive alterations 

(decreased sperm production), cancer development (testicular, breast and others) 

and endocrine disorders (KAVLOCK et al., 1996). The persistence of these 

compounds in the environment and their bioaccumulation in the food chain 

represent a significant threat to public health and ecosystems. Testosterone 

concentrations between 0.3 and 0.8 ng L−1 were measured in effluents from 

Nalgene municipal wastewater treatment plants (Rochester, NY, USA) 

(KOLODZIEJ; GRAY; SEDLAK, 2003). The Jordan River, in Israel, a maximum 

concentration of 5.6 ng L−1 of testosterone was detected (SHORE et al., 2004) and 

in agricultural basins (animal husbandry and aquaculture) 16 ng L-1 was found. An 

average concentration of 9 ng L-1 was detected in hospital wastewater in 



 

 

Taiwan (LIN; YU; LIN, 2008). Median values of 258 ng L-1 were also found in 

wastewater treatment plants in South Africa (MANICKUM; JOHN, 2014). In 

groundwater, concentrations of 0.3 to 26.3 ng L-1 have been detected and the 

lowest observable effect concentration was 0.89 mg L-1 (VULLIET; CREN-OLIVÉ, 

2011; ROSENMAI et al., 2013).  In wastewater influent, testosterone 

concentrations can reach up to 290 ng/L (BACKE et al., 2011). Chronic exposure 

to testosterone at 0.31-2.48 mg/L reduces fecundity and fertility in Daphnia magna, 

though these levels exceed environmental concentrations (BARBOSA et al., 

2008). Recent studies on Caenorhabditis elegans show that testosterone 

concentrations above 0.01 μg/L significantly reduce brood size and germ cell 

counts, with a proposed ecological risk assessment threshold (BMDL10) of 1.160 

ng/L (MENG et al., 2024). Prevention and control of the production and use of 

hazardous chemicals are essential measures to minimize the impacts of these 

pollutants on the environment (WANG et al., 2022). 

The combination of different pollutants in the environment makes the 

degradation of these contaminants a complex challenge, requiring the 

development of new technologies and materials to minimize environmental 

impacts (OJEA-JIMÉNEZ et al., 2012). The choice of the most suitable technology 

depends on several factors, such as the nature of the pollutants present in the 

effluent, the volume to be treated and the quality requirements of the effluent water. 

Nanotechnology, with its high surface area materials, is emerging as a promising 

tool for removing pollutants (BISWAS et al., 2021; RAHMAN et al., 2020), exploring 

their interaction in penetrating the cell membrane of pathogens and in biochemical 

actions (SINGH, 2017).  

Water treatment is essential for the protection of water resources and public 

health. Over the years, various technologies have been developed to meet this 

demand, from conventional methods such as lagooning and activated sludge to 

more modern and efficient processes such as reverse osmosis and advanced 

oxidative processes (POAs) (CASTRO et al., 2020). Conventional biological 

processes, such as coagulation and flocculation, are widely used in wastewater 

treatment, but they have limitations that restrict their efficiency in removing certain 

pollutants. The formation of biofilms on the membranes, high energy consumption 

and the generation of large volumes of sludge are some of the challenges 

associated with these technologies (HOMEM; SANTOS, 2011; RAJAITHA et al., 



 

 

2022; VIENO et al., 2007). In view of these limitations, the use of new technologies, 

such as POAs, has intensified. Among the POAs is photolysis, which plays a 

significant role in the transformation of hormones in the environment. Steroid 

estrogens and synthetic growth promoters undergo direct photolysis in sunlit 

waters, with half-lives ranging from minutes to hours (NAG et al., 2021; WHIDBEY 

et al., 2012). In aqueous solutions, testosterone undergoes light-induced 

degradation, with varying quantum yields depending on the excitation wavelength 

(VULLIET et al., 2010). Heterogeneous photocatalysis also offers a promising 

approach for the complete degradation of pesticides, polychlorinated biphenyls, 

endocrine disruptors, dyes and pharmaceuticals. For example, the photocatalytic 

degradation of 17α-methyltestosterone using doped titanium dioxide (TiO2) has 

shown promising results, with the efficiency depending on the concentration and 

type of dopant and heat treatment (ARÉVALO-PÉREZ et al., 2020). Thus, 

photocatalysis is based on irradiating semiconductors, such as TiO2 (SHARMA et 

al., 2019; SONU et al., 2019) with ultraviolet (UV) light, generating charge carriers 

through electron excitation, producing reactive oxygen species (ROS) that oxidize 

and mineralize organic contaminants, transforming them into inert and less toxic 

substances (FUJISHIMA; HONDA, 1972; RAMESH; NEZAMZADEH-EJHIEH, 

2023).  

TiO2 is a semiconductor material used for environmental remediation due 

to its photocatalytic properties (GOPINATH et al., 2020). When exposed to UV 

radiation above 385 nm, TiO2 generates electron (e-) and gap (h+) pairs that react 

with water and molecular oxygen to form hydroxyl (OH•) and superoxide (O2-•) 

radicals. These highly reactive radicals oxidize and mineralize a variety of organic 

pollutants, and inactivating microorganisms. The ROS produced on the surface of 

this oxide degrade the bacterial cell through lipid oxidation and membrane 

disruption (FOSTER et al., 2012), preventing the initial adhesion of bacteria to its 

surface (WEI et al., 2014). TiO2's high photostability, low cost, biocompatibility, 

high refractive index, low toxicity and good chemical stability make it a promising 

material for application in various water treatment processes (FERREIRA et al., 

2021). 

In order to optimize the photocatalytic activity of TiO2, doping with metals 

and the formation of heterojunctions have been used (ANUCHA et al., 2022). 

Heterojunction involves the combination of two or more semiconductors with 



 

 

different band structures. This interface between the materials allows efficient 

separation of the e-/h+ pairs generated by the light, increasing the efficiency of 

photocatalysis (ZARZZEKA et al., 2024). Doping consists of incorporating metal 

ions, such as silver (Ag), into the crystal structure of TiO2. This modification can 

significantly improve the material's properties, such as antibacterial activity and 

self-cleaning capacity (KANAKARAJU et al., 2022; SHARMA et al., 2019). When 

used as a dopant, Ag is effective in improving the photocatalytic performance of 

TiO2, as it can act as an e- capture center, reducing the recombination of e-/h+ pairs 

and, consequently, increasing the production of ROS, which are responsible for 

the degradation of pollutants and bacterial death. It also reduces the band gap and 

enhances light absorption due to the plasmon resonance of the Ag surface 

(KUMAR et al., 2019; SARAVANAN et al., 2018).  

The Ag/TiO2 photocatalyst is very promising in photocatalysis and has high 

efficiency in eliminating various pollutants compared to pure TiO2 (CAO et al., 

2014). The photodegradation of testosterone using Ag/TiO2 represents a 

promising area in the search for solutions for the decontamination of water 

resources by hormones. Previous studies have demonstrated the effectiveness of 

photocatalysis with Ag/TiO2 in the degradation of other sex hormones, such as 

estrogens and progesterone (DE LIZ et al., 2017; FRONTISTIS et al., 2012; LIMA 

et al., 2020; PADOVAN et al., 2021).  

The presence of Ag in TiO2 increases its photocatalytic activity and can 

promote the generation of more efficient ROS in the oxidation of testosterone. It 

also increases the antibacterial properties of this catalyst, expanding its 

applications. The choice of synthesis method is fundamental to obtaining materials 

with the desired properties. Each method has its own particularities, advantages 

and disadvantages. The choice of synthesis method will depend on the desired 

properties of the final material and the specific applications. Variables such as pH, 

temperature and aging time of the gel, among others, can affect the structure and 

properties of the materials (CHAKHTOUNA et al., 2021; ZARZZEKA et al., 2024).  

The excess solvent impregnation method is a simple yet effective 

approach for preparing heterogeneous catalysts, including Ag/TiO2. This technique 

involves impregnating TiO2 with a solution containing the desired metal precursor, 

such as silver nitrate. The solvent is then removed, leaving the metal ions 

dispersed on the surface of the support. A simple method that is easy to scale up, 



 

 

it allows good control of the metal load. By combining the simplicity of the 

impregnation method with the synthesis of Ag/TiO2, efficient catalysts can be 

developed for a wide range of applications (CHAKHTOUNA et al., 2021; 

ZARZZEKA et al., 2024). 
The sol-gel method is a versatile chemical synthesis technique for 

producing inorganic materials, particularly Ag/TiO2. This process involves the 

hydrolysis and condensation of molecular precursors in water or alcohol to form a 

gel (BOKOV et al., 2021). The method offers advantages such as mild reaction 

conditions, control at the molecular level and the ability to produce nanoparticles 

with uniform morphology and high purity. The process parameters, such as 

precursor concentration, type of catalyst and drying method, significantly influence 

the properties of the final product. The addition of Ag to the oxide can increase 

photocatalytic activity and influence phase transitions (GOLIM et al., 2019). 

The modified sol-gel method, which employs tapioca in a green synthesis 

approach as a complexing agent and gel structure modifier, is a promising 

technique for obtaining materials with unique properties. The inclusion of tapioca 

as a precursor in the modified sol-gel method adds an innovative and sustainable 

touch. Thus, the addition of activated cassava stem charcoal to Ag/TiO2 further 

improved the photocatalytic efficiency, achieving 98.08% degradation of the bright 

green dye under sunlight. These nanoparticle showed excellent photocatalytic 

activity for degrading organic pollutants and dyes (SATHISHKUMAR et al., 2022). 

These green synthesis methods produce Ag/TiO2 nanoparticle with particle sizes 

ranging from 12 to 40 nm, demonstrating improved photocatalytic efficiency and 

antibacterial activity and potential applications in water treatment (HERRERA-

BARROS et al., 2018). 
Thus, the synthesis of Ag/TiO2 catalysts with high photocatalytic activity 

and selectivity for testosterone degradation is a new field of research. This study 

aims to contribute to the development of more efficient and selective photocatalytic 

materials, contributing to the protection of water resources and human health. The 

potential use of these catalysts for applications in clean technologies and their 

industrial use is promising, making it possible for them to be applied effectively in 

society. In this way, it is hoped to have a positive impact on the environment, so 

that future generations can use natural resources with a better environmental and 



 

 

collective awareness in relation to conscious consumption, aimed at minimizing 

waste and greater environmental preservation. 

2 AIMS  
 

Synthesize and characterize Ag/TiO2 mixed oxides for application with 

antimicrobial activity and in the photodegradation of testosterone. 

 

2.1 SPECIFIC AIM  
 

 Prepare and synthesize Ag/TiO2 mixed oxides containing nominal 

proportions of silver (2% and 10%) using the excess solvent impregnation, 

modified sol-gel methods, and sol-gel;  

 Characterize the morphology of the oxides obtained using infrared 

spectrometry, scanning electron microscopy with energy dispersive X-rays, 

N2 physisorption, thermogravimetric analysis, differential scanning 

calorimetry, X-ray diffraction and photoacoustic spectroscopy; 

 Evaluate the antimicrobial behavior of Ag/TiO2 and TiO2 mixed oxides 

against Escherichia coli and Staphylococcus aureus bacteria; 

 Evaluate the intracellular generation of reactive oxygen species in 

Escherichia coli and Staphylococcus aureus subjected to Ag/TiO2 and TiO2 

catalysts under black light. 

 Evaluate the efficiency of Ag/TiO2 mixed oxides synthesized and TiO2 in the 

degradation of testosterone through photolysis and heterogeneous 

photocatalysis. 

 

 

 

 

 

 

 

 

 



 

 

REFERENCES 
 

ANUCHA, C. B.; ALTIN, I.; BACAKSIZ, E.; STATHOPOULOS, V. N. Titanium 
dioxide (TiO2)-based photocatalyst materials activity enhancement for 
contaminants of emerging concern (CECs) degradation: In the light of modification 
strategies. Chemical Engineering Journal Advances, v. 10, p. 100262, 2022. 
 
AL SABER, M.; BISWAS, P.; DEY, D.; et al. A Comprehensive Review of Recent 
Advancements in Cancer Immunotherapy and Generation of CAR T Cell by 
CRISPR-Cas9. Processes, v. 10, n. 1, p. 16, 2021. 
 
ARÉVALO-PÉREZ, J. C.; CRUZ-ROMERO, D. DE LA; CORDERO-GARCÍA, A.; 
et al. Photodegradation of 17 α-methyltestosterone using TiO2 -Gd3+ and TiO2-
Sm3+ photocatalysts and simulated solar radiation as an activation source. 
Chemosphere, v. 249, p. 126497, 2020. 
 
AZAD, S.; AHMED, S.; BISWAS, P.; et al. Quantitative analysis of the factors 
influencing IDA and TSH downregulation in correlation to the fluctuation of 
activated vitamin D3 in women. Journal of Advanced Biotechnology and 
Experimental Therapeutics, v. 5, n. 2, p. 320, 2022. 
 
BACKE, W. J.; ORT, C.; BREWER, A. J.; et al. Analysis of androgenic steroids in 
environmental waters by large-volume injection liquid chromatography tandem 
mass spectrometry. Analytical chemistry, n. 83, v. 7, p. 2622-2630, 2011. 
 
BARBOSA, I. R.; NOGUEIRA, A. J. A; SOARES, A. M.V.M. Efeitos agudos e 
crônicos da testosterona e da 4-hidroxiandrostenediona no crustáceo Daphnia 
magna. Ecotoxicologia e Segurança Ambiental, v. 71, n. 3, pág. 757-764, 2008. 
 
BISWAS, P.; HASAN, M. M.; DEY, D.; et al. Candidate antiviral drugs for COVID-
19 and their environmental implications: a comprehensive analysis. 
Environmental Science and Pollution Research, v. 28, n. 42, p. 59570–59593, 
2021. 
 
BOKOV, D.; TURKI JALIL, A.; CHUPRADIT, S.; et al. Nanomaterial by Sol Gel 
Method: Synthesis and Application. Advances in Materials Science and 
Engineering, v. 2021, n. 1, 2021. 
 
CAMPBELL, C. G.; BORGLIN, S. E.; GREEN, F. B.; et al. Biologically directed 
environmental monitoring, fate, and transport of estrogenic endocrine disrupting 
compounds in water: A review. Chemosphere, v. 65, n. 8, p. 1265–1280, 2006. 
 
CAO, Z.; ZHU, S.; QU, H.; et al. Preparation of visible-light nano-photocatalysts 
through decoration of TiO2 by silver nanoparticles in inverse miniemulsions. 
Journal of Colloid and Interface Science, v. 435, p. 51–58, 2014. 
 
CASTRO, L. E. N. DE; MEURER, E. C.; ALVES, H. J.; et al. Photocatalytic 
Degradation of Textile dye Orange-122 Via Electrospray Mass Spectrometry. 
Brazilian Archives of Biology and Technology, v. 63, 2020. 
 



 

 

CHAKHTOUNA, H.; BENZEID, H.; ZARI, N.; QAISS, A. EL KACEM; BOUHFID, R. 
Recent progress on Ag/TiO2 photocatalysts: photocatalytic and bactericidal 
behaviors. Environmental Science and Pollution Research, v. 28, n. 33, p. 
44638–44666, 2021. 
 
DE LIZ, M.; DE LIMA, R.; DO AMARAL, B.; et al. Suspended and Immobilized TiO2 
Photocatalytic Degradation of Estrogens: Potential for Application in Wastewater 
Treatment Processes. Journal of the Brazilian Chemical Society, 2017. 
 
FERREIRA, V. R. A.; SANTOS, P. R. M.; SILVA, C. I. Q.; AZENHA, M. A. Latest 
developments on TiO2-based photocatalysis: a special focus on selectivity and 
hollowness for enhanced photonic efficiency. Applied Catalysis A: General, v. 
623, p. 118243, 2021. 
 
FOSTER, H. A.; SHEEL, D. W.; EVANS, P.; et al. Antimicrobial Activity Against 
Hospital-related Pathogens of Dual Layer CuO/TiO2 Coatings Prepared by CVD. 
Chemical Vapor Deposition, v. 18, n. 4–6, p. 140–146, 2012. 
 
FRONTISTIS, Z.; DROSOU, C.; TYROVOLA, K.; et al. Experimental and Modeling 
Studies of the Degradation of Estrogen Hormones in Aqueous TiO2 Suspensions 
under Simulated Solar Radiation. Industrial & Engineering Chemistry 
Research, v. 51, n. 51, p. 16552–16563, 2012. 
 
FUJISHIMA, A.; HONDA, K. Electrochemical Photolysis of Water at a 
Semiconductor Electrode. Nature, v. 238, n. 5358, p. 37–38, 1972. 
 
GOLIM, O. P.; DESIATI, R. D.; MUSLIMIN, A. N.; SUGIARTI, E. Morphological 
evolution of sol-gel synthesized Ag-TiO2 nanocomposite. Journal of Physics: 
Conference Series, v. 1191, p. 012049, 2019. 
 
GOPINATH, K. P.; MADHAV, N. V.; KRISHNAN, A.; MALOLAN, R.; 
RANGARAJAN, G. Present applications of titanium dioxide for the photocatalytic 
removal of pollutants from water: A review. Journal of Environmental 
Management, v. 270, p. 110906, 2020. 
 
HERRERA-BARROS, A.; TEJADA-TOVAR, C.; VILLABONA-ORTIZ, A.; 
GONZALEZ-DELGADO, A.; REYES-RAMOS, A. Synthesis and characterization 
of cassava, yam and lemon peels modified with TiO2 nanoparticles. 
Contemporary Engineering Sciences, v. 11, n. 38, p. 1863–1871, 2018. 
 
HOMEM, V.; SANTOS, L. Degradation and removal methods of antibiotics from 
aqueous matrices – A review. Journal of Environmental Management, v. 92, n. 
10, p. 2304–2347, 2011. Academic Press. 
 
K.T, V.; RAM ACHAR, R.; SIRIGER, S. A review on emerging micropollutants: 
sources, environmental concentration and toxicity. Bionatura, v. 6, n. 4, p. 2305–
2325, 2021. 
 
KANAKARAJU, D.; ANAK KUTIANG, F. D.; LIM, Y. C.; GOH, P. S. Recent 
progress of Ag/TiO2 photocatalyst for wastewater treatment: Doping, co-doping, 



 

 

and green materials functionalization. Applied Materials Today, v. 27, p. 101500, 
2022. Elsevier. 
 
KAVLOCK, R. J.; DASTON, G. P.; DEROSA, C.; et al. Research needs for the risk 
assessment of health and environmental effects of endocrine disruptors: a report 
of the U.S. EPA-sponsored workshop. Environmental Health Perspectives, v. 
104, n. suppl 4, p. 715–740, 1996. 
 
KOLODZIEJ, E. P.; GRAY, J. L.; SEDLAK, D. L. Quantification of steroid hormones 
with pheromonal properties in municipal wastewater effluent. Environmental 
Toxicology and Chemistry, v. 22, n. 11, p. 2622–2629, 2003. 
 
KUMAR, A.; SHARMA, G.; NAUSHAD, M.; et al. Highly visible active 
Ag2CrO4/Ag/BiFeO3@RGO nano-junction for photoreduction of CO2 and 
photocatalytic removal of ciprofloxacin and bromate ions: The triggering effect of 
Ag and RGO. Chemical Engineering Journal, v. 370, p. 148–165, 2019. Elsevier. 
 
LIMA, K. V.; EMÍDIO, E. S.; PUPO NOGUEIRA, R. F.; VASCONCELOS, N. DO S. 
L.; ARAÚJO, A. B. Application of a stable Ag/TiO2 film in the simultaneous 
photodegradation of hormones. Journal of Chemical Technology & 
Biotechnology, v. 95, n. 10, p. 2656–2663, 2020. 
 
LIN, A. Y.-C.; YU, T.-H.; LIN, C.-F. Pharmaceutical contamination in residential, 
industrial, and agricultural waste streams: Risk to aqueous environments in 
Taiwan. Chemosphere, v. 74, n. 1, p. 131–141, 2008. 
 
LIU, S.; YING, G.-G.; ZHAO, J.-L.; et al. Occurrence and fate of androgens, 
estrogens, glucocorticoids and progestagens in two different types of municipal 
wastewater treatment plants. J. Environ. Monit., v. 14, n. 2, p. 482–491, 2012. 
 
MANICKUM, T.; JOHN, W. Occurrence, fate and environmental risk assessment 
of endocrine disrupting compounds at the wastewater treatment works in 
Pietermaritzburg (South Africa). Science of The Total Environment, v. 468–469, 
p. 584–597, 2014. 
 
MENG, K.; Shi, Y. C.; Li, W. X.; et al. Testosterone Mediates Reproductive Toxicity 
in Caenorhabditis elegans by Affecting Sex Determination in Germ Cells through 
nhr-69/mpk-1/fog-1/3. Toxics, v. 12, n. 7, p. 502, 2024. 
 
MISHRA, R. K.; MENTHA, S. S.; MISRA, Y.; DWIVEDI, N. Emerging pollutants of 
severe environmental concern in water and wastewater: A comprehensive review 
on current developments and future research. Water-Energy Nexus, v. 6, p. 74–
95, 2023. 
 
NAG, R.; MONAHAN, C.; WHYTE, P.; et al. Risk assessment of Escherichia coli 
in bioaerosols generated following land application of farmyard slurry. Science of 
The Total Environment, v. 791, p. 148189, 2021. Elsevier. 
 
OJEA-JIMÉNEZ, I.; LÓPEZ, X.; ARBIOL, J.; PUNTES, V. Citrate-Coated Gold 
Nanoparticles As Smart Scavengers for Mercury (II) Removal from Polluted 



 

 

Waters. ACS Nano, v. 6, n. 3, p. 2253–2260, 2012. 
 
PADOVAN, R. N.; DE CARVALHO, L. S.; DE SOUZA BERGO, P. L.; et al. 
Degradation of hormones in tap water by heterogeneous solar TiO2-
photocatalysis: Optimization, degradation products identification, and estrogenic 
activity removal. Journal of Environmental Chemical Engineering, v. 9, n. 6, p. 
106442, 2021. 
 
RAHMAN, M. A.; RAHMAN, MD. HASANUR; HOSSAIN, M. S.; et al. Molecular 
Insights into the Multifunctional Role of Natural Compounds: Autophagy 
Modulation and Cancer Prevention. Biomedicines, v. 8, n. 11, p. 517, 2020. 
 
RAJAITHA, P. M.; HAJRA, S.; SAHU, M.; et al. Unraveling highly efficient 
nanomaterial photocatalyst for pollutant removal: a comprehensive review and 
future progress. Materials Today Chemistry, v. 23, p. 100692, 2022. 
 
RAMESH, A.; NEZAMZADEH-EJHIEH, A. Photocatalytic activity of ZnO-PbS 
nanoscale toward Allura Red AC in an aqueous solution: Characterization and 
mechanism study. Journal of Photochemistry and Photobiology A: Chemistry, 
v. 434, p. 114254, 2023. Elsevier. 
 
ROSENMAI, A. K.; NIELSEN, F. K.; PEDERSEN, M.; et al. Fluorochemicals used 
in food packaging inhibit male sex hormone synthesis. Toxicology and Applied 
Pharmacology, v. 266, n. 1, p. 132–142, 2013. 
 
SARAVANAN, R.; MANOJ, D.; QIN, J.; et al. Mechanothermal synthesis of Ag/TiO2 
for photocatalytic methyl orange degradation and hydrogen production. Process 
Safety and Environmental Protection, v. 120, p. 339–347, 2018. 
 
SATHISHKUMAR, K.; SOWMIYA, K.; ARUL PRAGASAN, L.; et al. Enhanced 
photocatalytic degradation of organic pollutants by Ag–TiO2 loaded cassava stem 
activated carbon under sunlight irradiation. Chemosphere, v. 302, p. 134844, 
2022. 
 
SHARMA, K.; DUTTA, V.; SHARMA, S.; et al. Recent advances in enhanced 
photocatalytic activity of bismuth oxyhalides for efficient photocatalysis of organic 
pollutants in water: A review. Journal of Industrial and Engineering Chemistry, 
v. 78, p. 1–20, 2019. 
 
SHORE, L. S.; REICHMANN, O.; SHEMESH, M.; WENZEL, A.; LITAOR, M. I. 
Washout of accumulated testosterone in a watershed. Science of The Total 
Environment, v. 332, n. 1–3, p. 193–202, 2004. 
 
SINGH, N. A. Nanotechnology innovations, industrial applications and patents. 
Environmental Chemistry Letters, v. 15, n. 2, p. 185–191, 2017. 
 
SONU; DUTTA, V.; SHARMA, S.; et al. Review on augmentation in photocatalytic 
activity of CoFe2O4 via heterojunction formation for photocatalysis of organic 
pollutants in water. Journal of Saudi Chemical Society, v. 23, n. 8, p. 1119–
1136, 2019. 



 

 

 
THOMAIDIS NS, A. A. E B. A. Emerging contaminants : a tutorial mini-review. 
Global NEST Journal, v. 14, n. 1, p. 72–79, 2013. 
 
VIENO, N. M.; HÄRKKI, H.; TUHKANEN, T.; KRONBERG, L. Occurrence of 
Pharmaceuticals in River Water and Their Elimination in a Pilot-Scale Drinking 
Water Treatment Plant. Environmental Science & Technology, v. 41, n. 14, p. 
5077–5084, 2007. 
 
VULLIET, E.; CREN-OLIVÉ, C. Screening of pharmaceuticals and hormones at 
the regional scale, in surface and groundwaters intended to human consumption. 
Environmental Pollution, v. 159, n. 10, p. 2929–2934, 2011. 
 
VULLIET, E.; FALLETTA, M.; MAROTE, P.; et al. Light induced degradation of 
testosterone in waters. Science of The Total Environment, v. 408, n. 17, p. 
3554–3559, 2010. 
 
WANG, J.; WANG, Z.; CHEN, J.; et al. Environmental systems engineering 
consideration on treatment of emerging pollutants and risk prevention and control 
of chemicals. Chinese Science Bulletin, v. 67, n. 3, p. 267–277, 2022. 
 
WEI, X.; YANG, Z.; TAY, S. L.; GAO, W. Photocatalytic TiO2 nanoparticles 
enhanced polymer antimicrobial coating. Applied Surface Science, v. 290, p. 
274–279, 2014. 
 
WHIDBEY, C. M.; DAUMIT, K. E.; NGUYEN, T.-H.; et al. Photochemical induced 
changes of in vitro estrogenic activity of steroid hormones. Water Research, v. 46, 
n. 16, p. 5287–5296, 2012. 
 
ZARZZEKA, C.; GOLDONI, J.; DE PAULA DE OLIVEIRA, J. DO R.; et al. 
Photocatalytic action of Ag/TiO2 nanoparticles to emerging pollutants degradation: 
A comprehensive review. Sustainable Chemistry for the Environment, v. 8, p. 
100177, 2024. 

 
 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER I 
 

Article published in the journal Biocatalysis and Agricultural Biotechnology, Volume 50, July 2023, 
102710. https://doi.org/10.1016/j.bcab.2023.102710 

 
Use of titanium dioxide nanoparticles for cancer treatment: A 
comprehensive review and bibliometric analysis 
 

ABSTRACT 
 

Titanium dioxide nanoparticles have shown great therapeutic potential and are a 
promising strategy for cancer treatment when interacting with photodynamic, 
photothermal, sonodynamic, and near-infrared light therapies. Such interactions 
increase cancer cell deaths due to the formation and release of reactive oxygen 
species, acting as antioxidants in cells and interacting with macromolecules. 
These nanoparticles have been demonstrated as biocompatible, reactive and 
chemically stable, with potential application in biomedical areas, especially for 
cancer treatment. The systematic literature search revealed that 734 documents 
(603 articles and 131 reviews) were published in the research of titanium 
dioxide nanoparticles for cancer treatment between 2003 and 2022. 
The bibliometric analysis of the main keywords demonstrates 
that photocatalysis was one of the first methods applied to produce of titanium 
dioxide nanoparticles, and nowadays, the production these nanoparticles by green 
synthesis with biological extracts is an efficient method to produce non-toxic 
materials for cancer treatment. Despite the scientific expansion of research on the 
use these nanoparticles, the clinical applicability remains limited, requiring 
additional in vivo studies for further industrial production on a commercial scale.    

Keywords: Nanomaterials, Nanotechnology, Green synthesis, Antitumor effect, 
Photocatalytic activity, Melanoma 

 

 

 

 

 

 

 

 

 

 

 



 

 

1. Introduction 
Cancer has been considered an obstacle to the world's aging population 

and is one of the most challenging pathologies for health (Bray et al., 2021; Sung 

et al., 2021; Uthaman et al., 2018). Although increased life expectancy is the main 

cause of the growing incremental burden of cancer, the estimates are not favorable 

for those diagnosed in the more advanced stages of this disease (Xia et al., 2022). 

Cancer is defined by an abnormal cell growth caused by epigenetic 

modifications and cell proliferation production to boost tissue invasion and 

differentiation (INCA. Instituto Nacional de Câncer José Alencar Gomes da Silva, 

2022). The high complexity related to the early finding and diagnosis of 

the pathogenicity of cancer require effective treatment (Sandbhor Gaikwad and 

Banerjee, 2018; Fouad and Aanei, 2017). 

Radiation therapy and chemotherapy can cause some side effects, such as 

vomiting, fever, fatigue, or diarrhea. Therefore, personalized treatments have been 

sought, such as photodynamic, photothermal, sonodynamic, near-infrared light 

therapies associated with nanoparticles or composite materials to reduce these 

undesirable effects (Chu et al., 2018; Ketabat et al., 2019). Nanoparticles (NPs) 

can be used as the carriers and therapeutics agents in nanomedicine due to their 

catalytic, biological, and physicochemical characteristics (Anjum et al., 2021; Chen 

et al., 2021; Chiang et al., 2021). The NPs are structures whose sizes range from 

1 to 100 nm and can be classified in terms of their physical characteristics (such 

as electric charge), chemical composition (such as the composition of the NPs), 

shape (tubes, films), and natural (viral or volcanic NPs) or artificial (synthesized 

NPs) origin (Ajdary et al., 2018). 

The metal, metal oxide, and semiconductor NPs have a high potential to 

generate reactive oxygen species (ROS) and regulate leukocyte chemotaxis and 

pro-inflammatory cytokines, thus enhancing the immune response of the body 

against cancer cells through various mechanisms such as damage to specific 

sites, demonstrating a high capacity for application in cancer treatment (Anjum et 

al., 2021; Chen et al., 2021; Chiang et al., 2021). Titanium dioxide (TiO2) NPs have 

a variety of applications in photocatalysis, solar cells, catalysts, biomedicine, 

microbiology, and biofilms (Prakash et al., 2022; Roy, 2022; Zhang and Rhim, 

2022). Among the photoactive materials used for phototherapy, TiO2 NPs exhibit 

excellent electrical, optical, magnetic, photocatalytic, biocompatibility, also 



 

 

excellent structural stability (Jafari et al., 2020; Meng et al., 2019; Roy et al., 2011), 

and low toxicity (Hidaka et al., 1997). The TiO2 NPs can be used as anticancer 

agents because their high accumulation in cells can cause modifications in gene 

expression, DNA damage, metabolic processes, homeostasis, inflammatory 

responses, and oxidation of lipids, leading to necrosis or programmed cell death. 

Effects of this type have been observed in HepG2 tumor cells (Li and Zhang, 

2020; Xia et al., 2018; Yang et al., 2018). The TiO2 NPs can be used as 

a photosensitizer, transforming energy into hyperthermia due to its high absorption 

in the ultraviolet (UV) light range (Huilan et al., 2021; Yu et al., 2020). The effects 

of TiO2 NPs have been investigated for the treatment of various cancers, 

especially melanoma, lung cancer and breast cancer (Mohammadinejad et al., 

2019). Photodynamic, sonodynamic, photothermal, near-infrared light, and 

ultraviolet light therapies are some of the phototherapeutic treatments that can be 

associated with TiO2 NPs. These act as anticancer agents when activated by light 

and ultrasound waves, promoting the generation of ROS or heat, thus causing the 

death of cancer cells (Caputo et al., 2015; Galata et al., 2019; Ikram et al., 

2021; Kwon et al., 2019; Sargazi et al., 2022; Shi et al., 2022; Tong et al., 2017). 

These are promising treatments and interesting solutions to eliminate tumor growth 

through light irradiation, caused by the production of ROS or ablation by heating, 

achieving synergistic effects, promoting cancer regression, and even 

reaching immunological memory (Ng et al., 2018). 

The bibliometric analysis of scientific data follows a quantitative perspective 

that helps to map the published documents, aggregating the data by metric 

resources (e.g., number of publications and citations) and evaluating the 

importance of the scientific area (Zupic and Cater, 2015). The main objectives of 

a bibliometric analysis are to assimilate trends and develop knowledge in some 

area of scientific exploration, measure the degree of cooperation among authors, 

evaluate citation and co-citation methods, analyze statistical factors of language, 

measure the development of some fields, and the emergence of recent themes 

(Vanti, 2002). However, there is a lack in the literature regarding the description of 

a bibliometric analysis of scientific research on the application of TiO2 NPs for 

cancer treatment. Bibliometric analysis can contribute to establishing future 

research by offering novel perspectives, suggestions, and hot topics. 



 

 

Therefore, this comprehensive review (1) proposes an analysis of the 

advantages and limitations of photodynamic, photothermal, sonodynamic, near-

infrared light therapies associated with TiO2 NPs as a potential anticancer agent. 

Moreover, (2) bibliometric analysis elucidates the association between therapy 

function and TiO2 NPs, elucidating global research trends, gaps, important topics, 

and future perspectives. Finally, (3) this review aims to verify the application of 

nanotechnology for cancer treatment, focusing on the biological action of TiO2 NPs 

obtained by different chemical and physical methods, discussed in different 

tumor cell lineages, but detailing its action in melanoma considering it is a cancer 

with high metastasis rates. 

This review was structured in the description of cutaneous 

melanoma (Section 2), followed by an overview of nanotechnology for cancer 

treatment (Section 3). Then, the description of the main aspects associated with 

TiO2 (Section 4), biological mechanism (Section 5), synthesis, and characteristics 

of TiO2 NPs were described (Section 6). The application of TiO2 NPs as an 

alternative phototherapy technique for cancer treatment was presented in 

Section 7. Section 8 presents the bibliometric overview of TiO2 NPs for cancer 

treatment, highlighting the research trends, bibliometric analysis of keywords, most 

relevant authors, institutions, countries, journals, and the most cited articles. 

Finally, the conclusion, future prospect, and recommendations were described in 

Section 9. 

2. Overview of cutaneous melanoma 
Cancer incidence rates, such as colorectal cancer, lip and oral cavity 

cancer, breast cancer, cervical cancer, and others, tend to double and even triple 

in countries, such as some countries in Africa, India, and New Zealand, with a 

medium or low human development index compared to developed countries, such 

as Europe, North America, and high-income countries in Asia and Oceania that 

have effective interventions for prevention, early detection, and treatment (Bray et 

al., 2018). 

In 2020, there were 19.3 million new cancer cases worldwide. Excluding 

non-melanoma skin cancer, this number drops to 18.1 million. It is estimated that 

one in five individuals will develop cancer during their lifetime. Breast cancer is the 

most common cancer in the world during this period, with 2.3 million new cases, 



 

 

accounting for 11.7% of all new cases, followed by tracheal, bronchial, and lung 

cancer with 2.2 million cases, or 11.4%. The third most common cancer is colon, 

rectosigmoid junction, rectum, and anus cancer, with 1.9 million cases, accounting 

for 10%. It is estimated that by 2025, there could be 21.9 million new cancer cases 

worldwide (INCA. Instituto Nacional de Câncer José Alencar Gomes da Silva, 

2023; IARC. International Agency for Research on Cancer, 2023). This review will 

detail melanoma skin cancer, a malignancy with low incidence, but extremely lethal 

(INCA. Instituto Nacional de Câncer José Alencar Gomes da Silva, 2023). 

The skin, the largest organ in the body, consists of the epidermis and 

dermis. The epidermis has Langerhans cells that process antigens 

and melanocytes. The melanocytes are pigment dendritic cells that 

produce melanin pigment. The melanin is produced in organelles, known 

as melanosomes, from an enzymatic cascade that encompasses thyrokinase and 

its proteins (Junqueira et al., 2017). Melanin effectively protects against the 

deleterious effects of UV radiation, as it reduces DNA damage and genomic 

mutability (Callahan et al., 2016). 

Melanoma is characterized as a malignant neoplasm, mainly cutaneous, 

with histopathological properties that are constituted by the multiplication and 

abnormal proliferation of melanocytes involving genetic and environmental factors 

(Azulay et al., 2017; Valko-Rokytovská et al., 2018). It is classified according to its 

clinical properties, anatomical position of the primary neoplasm, microscopic 

parameters of growth, and age group of the individual (Rastrelli et al., 2014). 

Among the subtypes are superficial spreading melanoma, which is the most 

common and characterized by radial growth, asymptomatic, occurring more 

commonly on women's legs and men's trunk, and color varying from brown to light 

brown. Lentigo maligna melanoma is more prevalent in the elderly and associated 

with epidermal atrophy and solar elastosis. It appears as a beige or brown macule 

and occurs on the face or other areas of chronic sun exposure. Acral lentiginous 

melanoma has diverse histopathological properties and occurs on the plantar, 

palmar, and subungual regions, accounting for only 2–10% of melanomas. Finally, 

nodular melanoma demonstrates vertical growth with early metastases, 

asymptomatic, rapid growth, and color varying from pearly gray to black (American 

Cancer Society, 2023). 



 

 

The worldwide estimate in 2020 was 325,000 cases, but for 2025, it is 

projected to be 350,000 new cases of skin melanoma, considering both sexes 

(IARC. International Agency for Research on Cancer, 2023). Melanoma is 

responsible for 3–5% of cases of cutaneous malignancies, the highest incidence 

rates are in Australia, New Zealand, and Western Europe (Cavarsan, 

2014; Oliveira et al., 2020; Ferlay et al., 2021). The number of new cases in Brazil 

for non-melanoma skin cancer from 2023 to 2025 are 220.490 and for melanoma, 

the estimated number of new cases is 8,980, corresponding to a risk of 4.13 per 

100,000 inhabitants (INCA. Instituto Nacional de Câncer José Alencar Gomes da 

Silva, 2023). 

Almost one-sixth of people diagnosed, in the world, with melanoma have a 

small probability of survival (Paddock et al., 2016). Thus, melanoma is one of the 

most severe cutaneous tumors because it impairs consecutive dermis levels and 

has high proliferation capacity, angiogenesis incitement, and metastasis 

production through hematogenous or lymphatic processes (Wick, 2016). People 

identified in the primary stages of melanoma show a 5-year survival rate of 

approximately 98%, reducing to 63.8 and 15% for a regional and distant tumor 

detected (Paddock et al., 2016). For early-stage identification of melanoma, it is 

essential to investigate any lesion that changes in size, shape, color, or elevation. 

This skin cancer is commonly asymmetric, with color oscillation, with a diameter 

greater than 6.0 mm3, and irregular edges (Callahan et al., 2016). 

The UV radiation is responsible for 

inflammation, immunosuppressive features this occurs through negative regulation 

of T cell-mediated immunity, DNA lesions, carcinogenesis and contributes to 

melanoma development (Volkovova et al., 2012). The main sources of risk for skin 

cancer are prolonged exposure to UV rays, especially in childhood and 

adolescence, family history, genetics, and even exposure to tanning beds 

(American Cancer Society, 2022; INCA. Instituto Nacional de Câncer José Alencar 

Gomes da Silva, 2019). The process of melanoma aggravation has not been 

completely elucidated. However, the etiology has a multifactorial character 

(Rastrelli et al., 2014). Most cases of cutaneous malignancy are random and are 

related to irregular, early, and intense sun exposure, especially among populations 

with more sensitive phototypes. The body disposition of the lesions varies 



 

 

according to gender. It is more frequent in the trunk for men and lower limbs for 

women (Azulay et al., 2017). 

Malignant melanoma therapy is challenging due to its propensity for 

therapeutic resistance (Chen et al., 2019). Several treatments were approved by 

the Food and Drug Administration European Union and U. S., for melanoma 

oscillate due to the neoplasm's location, stage, and genetic profile (Li et al., 

2017; Silk et al., 2022). Depending on these characteristics of melanoma, 

therapeutic options can be chosen, including radiation therapy, 

chemotherapy, photodynamic therapy, surgical resection (varies according to 

clinical-pathological properties), immunotherapy (increases immune response by 

inducing lymphocyte action), or targeted therapy. Among the limitations of 

melanoma treatment are low efficacy due to resistance to immunological, 

chemo/targeted, and intralesional therapies. Additionally, serious adverse 

effects may lead to cutaneous and gastrointestinal toxicity, usually related to the 

lack of specificity for neoplastic cells and immune reactions (Domingues et al., 

2018). 

The increase in the number of melanoma cases may be related to the 

involvement of the purinergic system (Di Virgilio and Adinolfi, 2017). Other factors 

that may be related to the development and progression of melanoma include a 

strong inflammatory response that differs depending on the cause (environmental, 

mutagenic, and others); the mechanism and intensity (oncogenic 

mutations, genomic instability, early tumor development, and increased 

angiogenesis). Among the inflammatory responses are autoimmunity and 

dysregulation of the immune system. Inflammatory bowel disease, for example, 

increases the risk of colorectal cancer (Grivennikov et al., 2010; Cazes and Ronai, 

2016). And oxidative stress is involved in all stages of advancement of this disease 

and the modulation of intracellular pathways associated with cell proliferation and 

death (Sanches et al., 2017). The oxidative damage arising from high intracellular 

levels of ROS can cause cell death through the oxidation of DNA, lipids, and 

proteins (Peiris-Pagès et al., 2015). 

The homeostatic balance of melanocytes can be impaired by oxidative 

stress, as melanocytes become vulnerable to excessive ROS production, affecting 

their survival or leading to malignant modifications. This occurs due to the pro-

oxidant state produced during melanin synthesis, which is excessively stimulated 



 

 

by sun exposure during tanning and inflammation resulting in post-inflammatory 

hyperpigmentation (Denat et al., 2014). Stress imbalance can result in or worsen 

mutations in several melanoma-related genes (Jenkins et al., 2011). And high 

rates of oxidative stress increase melanoma aggressiveness (Hambright et al., 

2015). Many reasons and risk factors for cancer, such as bacterial and viral 

infections, smoking, cellular senescence, obesity, and age, are related to some 

form of chronic inflammation, thus the inflammatory process is crucial in 

melanomagenesis. Up to 20% of cancers are related to chronic infections, 30% 

may be linked to smoking and pollutants such as silica and asbestos that are 

inhaled, and 35% to diabetes (Grivennikov et al., 2010). 

Gold, magnetic, carbon, and TiO2 NPs have great potential in the diagnosis 

and treatment of oncological pathological conditions (De Paula, 2019). Thus, the 

effect of TiO2 NPs activated by different phototherapies as an anticancer agent has 

been explored for the treatment of cancer (Li and Zhang, 2020). 

3. Nanotechnology for cancer treatment 
Nanotechnology is a therapeutic resource for all types of cancer, delineating 

its system for releasing drugs for tumors. The NPs have a high surface area and 

absorption efficiency and allow binders on their surface, such as drugs, 

proteins, nucleic acids, and others (Halwani et al., 2016). The NPs have been 

developed and used as multifunctional carriers on the nanoscale for the delivery 

of drugs, which improve therapeutic efficiency and reduce the side effects of 

conventional treatments used in cancer therapy (Li et al., 2018). In conventional 

treatments, drugs have reduced action because angiogenesis increases vascular 

density, forming gaps between cells in tumor blood vessels. Thanks to these gaps, 

macromolecular drugs are retained and drugs that are not coated with NPs are 

released, having a shorter circulation time (Meng et al., 2020; Yang et al., 2021). 

Advances in nanoscale science can benefit human health through changes to 

improve the efficacy of NPs, the development of techniques, and the expansion of 

their applications. Thus, improving the areas of bioengineering and biomedical in 

cancer treatment. The nanometric dimensions of NPs improve their coupling and 

conduction properties to cells. Among the applications of NPs in the biomedical 

field are cell imaging, biosensors, drug release systems, and genetic engineering 

(Fei Yin et al., 2013). It is used to design, measure, assemble, and manufacture 



 

 

materials on a scale of 1–100 nm, with high precision and controllability. For cancer 

nanotechnology, defining properties are included in its innovative potential to assist 

patients. This interdisciplinary branch of science has the ability to manipulate 

matter at the molecular or atomic level, which allows for various applications in the 

fields of solar energy, electronics, optics, and biomedical areas (Ferrari, 

2005; Lagopati et al., 2021; Singh et al., 2020). 

The NPs have chemical and physical characteristics, such as charge eletric 

positive or negative, crystallinity, size, solubility, specific surface area, aggregation 

state, and form, which play a significant role in toxicology (Ajdary et al., 2018). The 

NPs vary according to the active sites of the surface and may be lipophilic or 

lipophobic, active or passive, and hydrophilic or hydrophobic in terms of their 

catalytic activity (Yu et al., 2016). The uptake of NPs in all eukaryotic cells can be 

passive by free diffusion and active diffusion by endocytosis (Behzadi et al., 2017). 

The size of NPs is responsible for triggering active or passive diffusion, i.e., they 

can be eliminated by macrophages or found free in the cytoplasm of epithelial cells, 

endothelial cells, and fibroblasts (Geiser et al., 2008) or membrane-bound, in the 

case of larger NPs (Manke et al., 2013). 

The NPs can penetrate cells via endocytosis and become enveloped 

by lysosomes, where they are then located in late endosomes that can 

induce signaling pathways that depend on ROS (Ajdary et al., 2018). They may 

also cause autophagy by other means, such as impaired lysosome-

autophagosome aggregation, a relationship with autophagic proteins, positive 

regulation of autophagy-related genes, and oxidative stress (Azimee et al., 

2020; Mohammadalipour et al., 2020). The most researched NPs against cancer 

cells include gold, zinc, silver, copper, cobalt, magnesium, iron, manganese, 

platinum and titanium (Chen et al., 2021). 

4. Titanium dioxide (TiO2) 
The ninth most abundant chemical element on Earth, titanium (Ti), was 

discovered in 1791 by William Gregor and can be found in igneous rocks and 

sediments from the weathering of these rocks (Gázquez et al., 2014). This element 

has a low density and high mechanical strength. The TiO2 is extracted from 

sedimentary deposits using the wet mining process, where mechanical blasting 

occurs, and then the ores undergo magnetic, gravimetric, and electrostatic 



 

 

processes. The deposits are from iron titanate (FeTiO3) and other silicates 

and oxides (Bertoni, 2014; Fernandes dos, 2015; Santos, 2010). Approximately 

95% of this element generated worldwide is used in TiO2 (Santos, 2010). The 

TiO2 has a global production capacity of 4.7 million tons per year (Bertoni, 

2014; Santos, 2010). The total estimated global reserves of TiO2 amount to more 

than 2 billion tons, including anatase, ilmenite, and rutile (Gambogi, 2021). Ilmenite 

is a mineral composed of iron and FeTiO3, with a black color and metallic to 

submetallic luster (Santos, 2010). 

The TiO2 has three polymorphic structures: anatase, rutile, brookite (Fig. 1). 

Anatase has a tetragonal arrangement, is metastable at low temperatures (below 

450 °C), and has a bandgap of 3.2 eV (Di Paola et al., 2013; Ali et al., 2018). Rutile 

has a tetragonal arrangement, is the most thermodynamically stable form, is most 

common, and has a bandgap of 2.96 eV (Ali et al., 2018). Brookite has an 

orthorrombic arrangement, formed under hydrothermal conditions and has a 

bandgap of 3.02 eV (Ahmad et al., 2017; Ali et al., 2018; Bet-Moushoul et al., 

2016; Di Paola et al., 2013; J. Liu et al., 2017).  

Figure 1. Illustrative representation of the polymorphic structures of TiO2. (a) 

Rutile, (b) anatase and (c) brookite TiO2. Reproduced from Samat et al. (2016), 

with permission from Elsevier. 

The remarkable photocatalytic performance of TiO2 was described in 1972 

in a study on the oxidation of suspended water by this oxide, producing hydrogen 

and oxygen, according to reactions described from Eq. 1 to 10 (Fujishima and 

Honda, 1972). 



 

 

Photoactivation of the semiconductor particle: 

TiO2 + hν → e-CB + h+VB         (1) 

Reaction between the valence band gap and adsorbed water: 

H2O + h+VB→ OH• + H+         (2) 

Reaction between the valence band gap and the OH- groups on the TiO2 particle 

surface: 

OH- + h+VB→ OH•         (3) 

Formation of the superoxide radical ion: 

O2 + e-CB→ O2•-          (4) 

Formation of hydrogen peroxide: 

O2•- + H+ → HO2•          (5) 

HO2• + HO2• → H2O2 + O2         (6) 

O2•- + HO2• → HO2- + O2         (7) 

HO2- + H+ → H2O2          (8) 

Generation of hydroxyl radicals by the breakdown of hydrogen peroxide: 

H2O2 + e-CB → OH• + OH-         (9) 

H2O2 + O2•- → OH• + OH- + O2        (10) 

where VB is the valence band; CB is the conduction band; h+ is the photogenerated 

hole; e- is the photogenerated electron; O2•- is the oxygen radical; H2O2 is the 

hydrogen peroxide; OH- is the hydroxyl radical; H2O is water; and H+ is the 

hydrogen radical (Herrmann, 1999; Li et al., 2002). 

The TiO2 is a solid oxide, white, odorless, tasteless, and that has excellent 

properties such as high chemical stability, excellent corrosion and oxidation 

resistance, high thermal resistance, and high photoactivity. It is also a low-cost and 

non-flammable material. It is among the top ten most abundant elements in the 

Earth's crust, considering that Ti4+ occurs in 45 mineral species (Grilli et al., 2016; 

Shiva Samhitha et al., 2022; Ziental et al., 2020). The TiO2 is a semiconductor of 



 

 

type n this occurs when impurities alter the semiconductor properties of materials 

by introducing an excess of electrons or electronic holes, can generate ROS when 

exposed to UV radiation and it can be used in photodynamic therapies due to its 

mutagenic capacity (Moosavi et al., 2016; Nogueira et al., 2018). 

The TiO2 NPs have been used in drug delivery and combined cancer 

treatments due to their ability to reach drug release in cancer cells, their 

autophagic, photodynamic characteristics, and their non-toxicity up to a 

concentration of 1 μg/ml for normal cells. They can be explored in the treatment of 

melanoma (Azimee et al., 2020; Mhammadinejad et al., 2019). 

5. Biological mechanism of TiO2 NPs 
The use of iron-doped TiO2 NPs has the potential to selectively target tumor 

cells and tissues. With the help of magnets, the doped TiO2 NPs can deliver drugs 

such as doxorubicin, increasing their intracellular concentration and enhancing the 

anticancer efficiency of the chemotherapeutic agent. The delivered doped NPs, 

with the aid of magnets, are used as photosensitizers in photodynamic and 

photothermal therapies where they are irradiated with UV radiation. The irradiation 

activates the doped TiO2 NPs, increasing their photosensitizing activity and further 

attacking cancer cells, potentially causing apoptosis of the tumor tissues. Damage 

to surrounding tissues is avoided due to the low penetration of UV, thus reducing 

side effects (Zhang et al., 2016; Davalli et al., 2016; Nita and Grzybowski, 2016). 

The TiO2 NPs can also detach intracellular anticancer substances, such as 

anthracyclines, antitumor antibiotics, topoisomerases, and others following the 

redox process release mechanism (Wachesk et al., 2021; Zheng et al., 2019), 

release ROS and oxidative products, attenuate antioxidants in cells and interact 

with DNA and other macromolecules (Egbuna et al., 2021; Nie et al., 2019; Oliveira 

et al., 2021; Rahmati M et al., 2020; Wachesk et al., 2021). 

A moderate level of ROS favors tumorigenesis, due to its involvement in 

pro-oncogenic signaling pathways or by stimulating mutations in genomic DNA. 

For example, the activation of transcription factors, sensitive to ROS, to regulate 

the expression of proteins involved in proliferation, immortalization, and 

metastasis. Mitochondrial ROS amplifies the tumorigenic phenotype and 

stimulates the accumulation of mutations, thus facilitating metastasis. Therefore, a 

high production of ROS levels is needed through the activation of TiO2 NPs, 



 

 

surpassing the levels in cancer cells. Excess ROS can overload the cell's 

antioxidant capacity and trigger cell death (Yang et al., 2019). 

The TiO2 NPs produce considerable ROS, affecting the positive regulation 

of the caspase protein and mitochondrial depolarization and leading to 

hypothermia that causes apoptosis and necrosis of cancer cells (Gao et al., 2014). 

Apoptosis is a regulated form of cell death that aids in physiological events, 

extinguishing unnecessary or abnormal cells (Lagopati et al., 2021). On the other 

hand, necrosis is the most common mode of cell death from exogenous impulses, 

caused by physical agents (temperature, radiation, and others), toxic or non-toxic 

chemicals (alcohol, drugs, detergents, and others), biological agents (viral, 

bacterial, or fungal infections, parasites, and others), and circulatory insufficiencies 

(vasoconstrictions, infarctions, and others), such as cell disruption and organelle 

deterioration (Grecco et al., 2015). 

Cellular signaling and biochemical events mediated by TiO2 NPs are linked 

to DNA damage, induction of ROS, and cell death involving the breakdown of 

calcium homeostasis (Yu et al., 2015), disruption of mitochondrial membrane 

potential (Filippi et al., 2015). It is also related to the activation of nuclear factor 

kappa B (NF-κB), a protein complex that acts as a transcription factor and is 

involved in cellular response to stimuli such as stress, cytokines, free radicals, UV 

radiation, and antigens, as well as regulation of immune response to infection and 

autoimmunity (Setyawati et al., 2015). And also, stimulation of executioner 

caspases (Wang et al., 2015) and caspase 12 (Yu, et al., 2015) and the elimination 

of proinflammatory cytokines (De Angelis et al., 2013). 

The Wnt signaling pathway is involved in carcinogenesis and tumor 

development, and is composed of 19 secreted glycoproteins that are grouped 

based on sequence similarity, including β-catenin. Mutations in the β-catenin gene 

are found in melanoma, pancreatic cancer, and ovarian cancer. The Wnt signaling 

pathway is also associated with the epithelial-mesenchymal transition 

characterized by cellular invasion and migration. This mesenchymal transition 

leads to metastasis, which is initiated by the dysregulation of E-cadherin. This 

dysregulation, combined with the negative regulation of E-cadherin, results in the 

loss of cell-cell adhesion, invasion, and migration, which are found in cancers such 

as melanoma. The expression of E-caderina and β-catenin did not change by TiO2 

NPs (Wright et al., 2017). 



 

 

Near-infrared (NIR) activated nanoparticles can induce cancer cell death 

through an apoptotic pathway involving the mitochondria, which can occur through 

the upregulation of caspase 3 expression in the tumor tissue (Yang et al., 2019). 

Thus, one of the cleavage targets of caspase-3, belonging to the caspase family, 

during the apoptosis process is nuclear poly ADP-ribose polymerase (PARP). 

PARP is a nuclear poly(ADP-ribose) polymerase and is involved in DNA repair in 

response to environmental stress, and is a target of caspase-3 cleavage. The 

cleavage of this polymerase favors cellular dismantling, indicating the presence of 

cells undergoing apoptosis, and is increased in the presence of TiO2 NPs (Lagopati 

et al., 2010). 

The Figure 2 schematically demonstrates TiO2 NPs being engulfed by 

lysosomes, due to their nanometric size, into the cellular cytoplasm. These NPs 

are then irradiated by exogenous interventions such as UV (photothermal, 

photodynamic therapies or near-infrared light) or ultrasound (sonodynamic 

therapy), presented in the next section, which can cause cyto and genotoxicity. 

Induction of apoptosis and/or necrosis of cancer cells is accompanied by activation 

of biological cascades such as secretion of pro-inflammatory cytokines and 

recruitment of immune cells (Yang et al., 2019; Lagopati et al., 2021). 

 



 

 

Figure 2. Illustrates the mechanism of action of TiO2 NPs. Due to their nanosize, 

TiO2 NPs are engulfed by lysosomes and enter the cytoplasm, where they are 

excited by an exogenous stimulus (light or sound) from Therapies: Photothermal 

(PTT), Photodynamic (PDT), Near Infrared (NIR), or Sonodynamic (SDT). Upon 

activation, there is a superproduction of intracellular ROS that overwhelms the 

cell's antioxidant capacity, triggering apoptosis or necrosis of the target cells, 

accompanied by the activation of biological cascades such as the secretion of pro-

inflammatory cytokines and the recruitment of immune cells. 

 

External photo or sono (ultrasound) excitation allows for efficient catalytic 

generation of ROS, such as superoxide anions, hydroxyl radicals, and singlet 

oxygen. They are highly reactive with cell membranes and the cell interior, 

including DNA, affecting cell stiffness and the chemical arrangement of surface 

structures with cytotoxic effects. These damages caused by ROS to cellular 

components and macromolecules, if produced in excess or not neutralized by 

innate antioxidant defense mechanisms, can cause cell death. The existence of 

molecular scavengers of hydroxyl radicals and H2O2, such as N-acetylcysteine and 

catalase, attenuates cell death (Lagopati et al., 2010; Yang et al., 2019). 

 

6. Overview of the synthesis and characteristics of TiO2 NPs 
There are several chemical and physical methods to produce TiO2 NPs, 

such as the grinding of ball mills (Malevu, 2021; Mariño-Gámez et al., 2022), 

microwave irradiation (Cheng et al., 2020; Qiang et al., 2022), sol-gel (Lukong et 

al., 2022; Solanki et al., 2021), hydrothermal (Mezzourh et al., 2022; 

Sukidpaneenid et al., 2023), coprecipitation (Chen et al., 2022; Liu et al., 2021), 

pyrolysis by flame spray (Boningari et al., 2018; Meng and Zhao, 2020), wet 

chemistry (Liao et al., 2022; Wadge et al., 2022), spreading and centrifugation 

(Timoumi et al., 2020; Trabelsi et al., 2020). These preparation methods of oxides 

have enabled the development of new materials with particular properties, such as 

appropriate porosity, surface area, dimension, structure, morphology, and 

crystallinity (Diamantopoulou et al., 2019; Takahashi, 2018).  

The Figure 3 illustrates these properties of TiO2 NPs in the anatase phase, 

through the UV‒Vis absorption spectrum, scanning electron microscopy (SEM) 



 

 

micrograph, energydispersive X-ray analysis, transmission electron microscope 

(TEM) micrograph, size distribution; and X-ray diffraction pattern (Fátima et al., 

2021). Effective control of porosity, surface area, dimension, structure, 

morphology, and crystallinity occurs because nanomorphology and dimensionality 

are essential properties that establish these NPs optoelectronic characteristics, 

structure, and photocatalytic performance (Diamantopoulou et al., 2019; 

Takahashi, 2018).  

 

Figure 3. Characteristics of TiO2NPs. (a) UV‒Vis absorption spectrum; (b) SEM 

micrographs; (c) energy dispersive X-ray analysis; (d) TEM micrograph; (e) size 

distribution; and (f) X-ray diffraction pattern. Reproduced from Fatima et al. (2021). 

 

The excitation of TiO2 NPs (Figure 4) occurs because the photon's energy 

(hν) is greater than the energy gap of the compound. From this excitation, pairs of 

electrons (e-) and gaps (h+), which are located in the conduction band and in the 

valence band, respectively, are produced. The pairs of e-/h+ generated by light 

excitation react with existing molecules in biological systems, such as water and 

oxygen (O2), generating hydroxyl radicals (•OH) and anionic oxygen (O•2−). These 

species (•OH e O•2−) are short-lived and have high activity for redox reactions, thus 

degrading tumors (Xiong et al., 2013; Zhou et al., 2016). The TiO2 NPs can be 

used to treat tumors due to high levels of ROS, which include •OH and O2•2−, under 

any source of irradiation, sunlight or artificial light (such as UV) (Li and Zhang, 



 

 

2020; Wang et al., 2019; Yang et al., 2019; Ziental et al., 2020). The TiO2 NPs are 

biocompatible molecules that are very reactive, chemically stable, and safe for 

humans, as the absorption of TiO2 NPs administered orally has insignificant effects 

on human intestinal microbiota, and the biodisponibility may be independent of 

particle size according to the Food and Drug Administration (Piccinno et al., 2012; 

Li et al., 2017). 

 

Figure 4: The excitation of TiO2 NPs occurs because the photon's energy (hν) is 

greater than the energy gap of the compound. From this excitation, pairs of 

electrons (e-) and gaps (h+), which are located in the conduction band and in the 

valence band, respectively, are produced. Os pares de e-/h+ fotogerados react with 

existing molecules in biological systems, such as water and oxygen (O2), 

generating hydroxyl radicals (•OH) and anionic oxygen (O•2−). These species (•OH 

e O•2−) are short-lived and have high activity for redox reactions, thus degrading 

tumors. 

7. Alternative phototherapy techniques for cancer treatment with TiO2 NPs 
Phototherapy is a rising therapeutic method to improve for all types of 

cancer therapy, with high therapeutic efficiency, minimal cell invasion, and 

irrelevant side effects (Meng and Zhao, 2020; Yang et al., 2021). Phototherapy 

and synergistic treatments based on TiO2 have received extensive attention and 



 

 

numerous advances (Gao et al., 2019). Photothermal, near-infrared light, and UV 

radiation, being a safe and selective method that uses a laser-oriented procedure 

to eliminate malignant cells (Gao et al., 2020; Veeranarayanan et al., 2019; Xie et 

al., 2020). Light irradiation is more efficient and less invasive against tumors when 

compared to conventional methods such as radiotherapy, hormone replacement 

therapy, and chemotherapy, and it can be used in combination with these methods 

for cancer treatment (Baneshi et al., 2019; Irajirad et al., 2019; Xie et al., 2020; 

Shirvalilou et al., 2021). 

Photosensitizing agents, for example, drugs, dyes, and TiO2 NPs, with high 

optical absorption, present in photodynamics and photothermal therapy, are 

applied to the production of cytotoxic ROS in the tumor region or transport the 

energy of laser light to hyperthermia to combat cancer effectively (Wei et al., 2020; 

Zheng et al., 2019). The ROS are responsible for a latent situation that can damage 

and oxidize cellular constituents of tumor cells, such as lipids, DNA, and proteins 

(Li et al., 2021; Shields et al., 2021). 

Photothermal therapy uses cyclic or continuous-wave lasers to impair 

electromagnetic wave carcinoma, causing an abrupt temperature increase in 

which the energy of the incident light is modified in heat, leading to apoptosis by 

various paths (Hu et al., 2018). Photothermal therapy requires photothermal 

agents such photosensitive drugs, non-toxic dyes, and TiO2 NPs that can 

transform light into hyperthermia in specific cancer places and is independent of 

oxygen concentration within tumor cells (Zhi et al., 2020; Zhu et al., 2018). The 

induction of NPs, which act as absorbing sources of exogenous energy with a 

specific wavelength is absorbed and dispersed through a non-radioactive decay 

process, causing a local temperature increase, protein and DNA denaturation, and 

tissue coagulation (Fei Yin et al., 2013; Melamed et al., 2015). Photothermal 

therapy is a therapy that presents high efficiency, high specificity, minimal 

invasiveness, tenuous tissue effects, and low toxicity (Xie et al., 2020; Yougbaré 

et al., 2020). 

Tumor tissues are more affected than normal tissues by hyperthermia due 

to the unstructured and uneven vasculature of tumors, thus making the pH and the 

oxygen port within the tumor environment smaller (De Paula, 2019). The mortality 

rate of tumor cells in photothermal therapy is proportional to the treatment time, 

depending on the type of tissue and cell lineage. Thus, with one hour of therapy at 



 

 

temperatures of 40 to 45 °C, there is enough energy to denature proteins, 

mitochondrial swelling and membrane rupture (De Paula, 2019; Weng et al., 2020). 

The TiO2 NPs have been considered great photothermal agents due to their low 

toxicity, optimal optical absorption, good conductivity, and thermal stability (Fei Yin 

et al., 2013).  

Photodynamic requires a photosensitive molecule called a photosensitizer. 

It is activated when irradiated with visible light and in the presence of oxygen, 

inactive and nontoxic in the dark, and acts as an energy transducer (Castano et 

al., 2005; Wang et al., 2021). Photosensitizer conduct energy to molecular O2, thus 

deteriorating the target cancer cells (Liu et al., 2019). Photodynamic kill cancer 

cells in three routes: i) by producing ROS during light irradiation, ii) through 

irreversible lesions to tumor vasculature, and iii) through stimulation of the immune 

response directed against cancerous tissues (Castano et al., 2006). The success 

of this therapy is influenced by the properties of photosensitizer, such as 

photochemical and pharmacokinetics (Lucky et al., 2015). The light source 

depends on the category of photosensitizer involved (organic and inorganic), the 

amount of light required to penetrate cancer cells (UV or near-infrared), and the 

tumor region (deep sites with hypoxia and nutrient imbalance or superficial sites) 

(Yang et al., 2019). 

The reaction between ROS and oxygen produces the superoxide anion 

(O2-). When photosensitizer react with triplet oxygen (3O2), they generate cytotoxic 

singlet oxygen (1O2), it is a ROS. The 1O2 and the O2- anion cause cell death via 

two mechanisms. The first covers apoptosis and necrosis, and the second 

comprise an indirect mechanism that causes antitumor immunity (Cengel et al., 

2007) and microvascular disorders (Azaïs et al., 2017). Normal cells are minimally 

affected by ROS, as only malignant cells absorb and accumulate the correct 

amount of photosensitizer dosage (Aishwarya and Sanjay, 2018; Lee et al., 2018). 

Thus, photodynamic is effective in treating cancer compared with other available 

methods such as radiofrequency, radiotherapy, and chemotherapy (Wang et al., 

2019) because it acts in a localized manner, with spatial direction and local 

specificity (Gangopadhyay et al., 2015). 

Autophagy is a possible path of death of cancer cells in photodynamics, 

which acts on the displacement of proteins and cellular organelles through 

lysosomal degradation and is linked to development, cell differentiation, and 



 

 

survival (Moosavi et al., 2016). When proteins receive irreversible damage from 

ROS, they generate toxic oxidized proteins that stimulate autophagy to remove 

them. Failure to remove the oxidized proteins results in an accumulation of 

macromolecules beyond the cell's ability to degrade them, thus compromising vital 

functions and leading to cell death (Mehraban and Freeman, 2015). Recently, 

drugs (He et al., 2018), drugs in association with dopers (Yu et al., 2017), 

antibodies (Wang et al., 2018), TiO2 NPs (Safavipour et al., 2020), and dyes (Basit 

et al., 2022) were tested as photosensitizers. Silane agents such as 3-

aminopropiltriethoxysilane have also been used as photosensitizers, which, 

through the condensation reaction, produce amine functional groups on the 

surface of TiO2 NPs (Youssef et al., 2017). Anticancer substances, such as 

doxorubicin, camptothecin, and daunorubicin, join the surface of altered TiO2 NPs 

functional groups and, through intramolecular bonds, are used in the delivery of 

medicinal products (Abdurahman et al., 2016). 

Metals such as Fe, V, W, Au, Ni, Cr, Co, Cu, and Ag are also added to the 

crystal structure of TiO2 to decrease the band gap energy, increase the 

photocatalytic reactivity, and broaden the light absorption capacity from the UV 

range to the visible range of TiO2 (Anju et al., 2018). The TiO2 NPs were loaded 

with the drugs vorinostat and erlotinib to treat human cancer amniotic cells - WISH 

and breast cancer cells - MDA-MB-231 and MCF-7 (Abdel-Ghany et al., 2020). 

The TiO2 NPs present a magnetic center that can aggregate a vast set of teranotic 

resources, comprising a therapeutic delivery organization guided by magnetism 

and magnetic stimuli (Kafshgari and Goldmann, 2020; Peng et al., 2017).  

The therapeutic action of phototherapy and photodynamic therapy is lower 

when applied individually, but when these two therapies are combined, their action 

against cancer cells is increased (Yang et al., 2018; Zeng et al., 2018). The 

synchronous and synergistic photodynamic/photothermal action under a single 

laser irradiation has been investigated in studies using TiO2 NPs as 

photosensitizers in cancer therapy with a single wavelength (Mou et al., 2017, 

2016; Wang et al., 2019). 

Near-infrared light is another therapeutic resource that presents two 

absorption regions (750-1000 nm and 1000-1350 nm). Near-infrared light has an 

excellent depth of penetration in tumor tissues and has a maximum exposure time 

allowed for medical uses (Gao et al., 2019; Zhang et al., 2020). Near-infrared light 



 

 

has a therapeutic window corresponding to a region between 700 - 900 nm that is 

minimally absorbed by water, blood, and soft tissues. And demonstrates greater 

tissue penetration, minimal damage to healthy tissues, high therapeutic purpose, 

and low autofluorescence in living systems (Li and Zhang, 2020; Shi et al., 2020). 

The UV light can cause cellular or tissue damage from the production of 

ROS due to its potential to excite electrons to create gaps, which can react with 

hydroxyl groups to form oxidative radicals (Wang et al., 2017; Sun et al., 2017). 

These tumor microenvironments have high levels of low hydrogen peroxide and 

pH (i.e., acidic environments) (Chen et al., 2017). Due to the rapid metabolism of 

tumors and the scarce blood supply, hydrogen peroxide rates tend to be 

overexpressed (Lin et al., 2018; Liu et al., 2017). Wavelengths below 385 nm have 

insufficient penetration depth of UV light in deep tissues and can cause damage to 

biological samples, thus limiting their therapeutic action (Wu and Butt, 2016). 

Sonodynamic therapy applies ultrasound in medicine and is non-invasive 

and was derived from photodynamic methods with a similar purpose, modifying 

the energy source, i.e., light by ultrasound (Wu et al., 2019). The penetration of 

sound into deep cancerous tissues is efficient, minimally invasive, and low cost 

(He et al., 2018; Lin et al., 2019; Wu et al., 2019). The sound penetration into the 

tissue occurs rapidly through acoustic cavitation, which raises the temperature, 

acting in the generation of ROS to scare the suppression of tumor development or 

cause the death of the tumor (Kwon et al., 2019; Wu et al., 2019). The term 

cavitation refers to the creation, development, and breakdown of vapor-filled 

cavities within the liquid structure of tissue. Cavitation occurs from the non-thermal 

interaction of ultrasound waves, resulting in the modification of permeability in the 

cell membrane (Gorgizadeh et al., 2019). 

Sonodynamic is essential in clinical imaging diagnosis and tumor ablation 

resulting from sonosensitizer activation to produce sonosensitizers, causing 

apoptosis and/or cellular necrosis (Yue et al., 2019). Sonodynamic depends on the 

efficiency of sonosensitizers, divided into organic sonosensitizer activation and 

inorganic nanonosonossensitizers. This therapy also depends on oxygen content, 

as solid tumors have hypoxic properties (Deepagan et al., 2016; Teranishi et al., 

2019). The hypoxic tumor microenvironment limits the production of ROS, which, 

attributed to the decrease in O2 due to sonochemical reactions during 



 

 

sonodynamic therapy, aggravates the local hypoxic microenvironment. The 

hypoxic tumor microenvironment can be a favorable factor to activate 

sonodynamic therapy through prodrugs (such as tirapazamine) that are activated 

by hypoxia and generate cytotoxic metabolites, obtaining a synergistic treatment 

(Ning et al., 2022). 

White TiO2 NPs are not good sonosensitizers due to their low efficiency in 

producing ROS. Instead, there is a rapid rearrangement of electrons and holes in 

the bands, limiting their interactions with H2O and O2, resulting in a low 

sonodynamic therapeutic effect (Dai et al., 2017). The efficiency of ROS production 

can be enhanced by associating TiO2 NPs with noble metals such as Ag, Au, and 

Pt. When TiO2 is excited by ultrasound irradiation, its electrons and holes are 

transferred from its band to the band of metals, which act as a capture network for 

electrons and holes. The noble metals then transport the electrons and holes to 

react with H2O and O2, thus producing ROS (Ismail and Bahnemann, 2011; 

Deepagan et al., 2016; Han et al., 2018; Liang et al., 2020). Therefore, this therapy 

uses TiO2 NPs as a sonosensitizer activator and presents promising results in 

cancer treatment (He et al., 2018; Wu et al., 2019). 

Studies against different types of cancer, such as human cervical 

adenocarcinoma, melanoma, breast cancer, and others, have shown the 

applications of TiO2 NPs associated with photodynamic, photothermal, 

sonodynamic, near-infrared light therapies with significant effects for cancer 

treatment, which are further detailed in Table 1. 

 

Table 1. Application of TiO2 NPs for cancer treatment. 

Catalyst Cell Type/ Animal Method/ 
Synthesis 

Findings Reference 

NPs PEG-
TiO2 
 

Metastatic murine 
melanoma cells/ 
Consanguineous 
mice  

Photothermal 
(808 nm) / 
ultrasound 
Overview  

- The average tumor size 
in mice that received NPs 
of PEG-TiO2 + 
photothermal decreased 
by 40.6 mm3/day; 
- 70% necrosis; 
- Low cytotoxicity and high 
optical absorbance.  

Behnam et al., 
2018 
 



 

 

Nanorods of 
TiO2 and 
2,2,6,6, 
tetramethylpi
peridine -N- 
oxil  

Human breast 
cancer cells / - 

Photodynamics 
under light UV 
(340 nm)/ 
Sun-gel 
synthesis  

- Loss of cell viability ~ 
80%; 
- Nanorods indicate a 
synergistic response of 
the photodynamic effect. 

Fakhar-and-
Alam et al., 
2020 
 

TiO2/ 
Fe3O4  

4T1 cancer cells; 
murganho colon 
cancer cells, and 
human umbilical 
vein endothelial 
cells/  
Balb/c mice  

Reaction 
photo 
Fenton/ 
Sonication 
synthesis  

- TiO2/Fe3O4 adsorbed 
more H2O2 and amplified 
the efficiency of the 
Fenton reaction;  
- High biocompatibility; 
- The rate of suppression, 
in vivo, of the tumor 
volume of 79%; 
- Loss of cell viability 
above 80% for 4T1 cells in 
vitro. 

Wang et al., 
2021 
 

HPT and 
HPT-HPT-
DOX 

Normal murine 
fibroblast cells, 
HeLa and 4T1 
cells/ Balb/c mice  

Sonodynamics 
Chemotherapy
/Vacuum metal
spray 
deposition 
synthesis  

- HPT-DOX + 
Sonodynamics had an 
extraordinary effect of 
tumor inhibition in vivo 
(tumour volume below 200 
mm3); 
- Drastic reduction of 
tumor weight in vivo; 
- HPT-DOX + 
Sonodynamics had 
cellular viability below 
15% in vitro for 4T1 cells. 

Liang et al., 
2020 
 

BT-CTS 
Hydrogel  

Metastatic murine 
melanoma cells/ 
Mice  

Photothermal/
Photodynamic 
and Near 
Infrared Light 
(808 nm) 

- Injectable hydrogel;  
- Cell viability of 11.4% in 
vitro;  
- Photothermal area (> 45 
°C) of 72.2 mm2 in vivo; 
- Tumor growth was 
suppressed after 4 days 
(BT-CTS + Near Infrared 
Light; 
- Regeneration of skin 
tissue in a murine model 
of the chronic wound;  
- Excellent thermostability. 

Wang et al., 
2019 
 



 

 

Nanoreactor 
TiO2/MnO2-
GOx/C 

B16/F10 cells and 
4T1/ Mice cells  

Enhanced 
Radiotherapy 
(346 nm)  

- GOx oxidizes glucose 
and produces gluconic 
acid and H2O2; 
- MnO2 converts H2O2 at
O2 and relieves tumor 
hypoxia;  
- Loss of in vitro viability of 
tumor cells was greater 
than 85%; 
- May prevent the 
formation of lung 
metastasis; 
- The metastatic lung 
tumor has disappeared 
with TiO2/MnO2-GOx/C + 
rays X. 

Pan et al., 
2020 
 

NPs of 
Ag/TiO2 

Murine cutaneous 
melanoma cells/ 
Mice C57BL/6J 

Photothermal 
and Near 
Infrared Light 
(808 nm) 
/Sun-gel 
synthesis  

- Photothermal conversion 
efficiency of 60%; 
- The tumors shrank after 
1 min of irradiation; 
- Cancer almost 
disappeared, in vivo, after 
16 days for the group 
Ag/TiO2  + Photothermal 
and Near Infrared Light; 
- In vivo and in vitro 
biocompatibility;   
- The cell survival rate 
was less than 4% in vitro. 

Nie et al., 
2020 
 

TiO2 and 
Au-TiO2 

/DOX 

Breast Cancer 
Cells / Dawley 
Prague Rats  

Photodynamics 
(500 nm)/ 
hydrothermal 
synthesis 

- The Au-TiO2/DOX 
spreads easily in the 
vicinity of the tumor; 
- Loss of viability of cancer 
cells up to 82% (Au-
TiO2/DOX + 
Photodynamics). 

Akram et al., 
2019 
 

NTs of 
TNT–Qu 

B16/F10 / 
C57BL/6 mice and 
chicken 
corioalantoic 
membrane  

Two-stage 
chemical 
carcinogenes
is/ alkaline 
hydrothermal 
synthesis 
and 
sonication  

- Reduced the number of 
tumors (6 to 1);  
- Reduced tumor size from 
13 mm to 5.9 mm in vivo; 
- Inhibited tumor growth 
by regulating fopho-TAT3 
levels;  

Gulla et al., 
2022 



 

 

- The NTs do not affect 
the color of the skin; 
- Increased cell population 
T γδ to 1.27%, normal 
skin level. 

NCs of 
Au/TiO2 

Cancer cells C540 
(B16/F10)  

Photothermal 
(808 and 650 
nm), 
sonodynamics 
and 
hydrothermal 
synthesis 

- Promising stability and 
excellent efficiency of 
photothermal conversion 
and biocompatibility; 
- Simultaneous irradiation 
photothermal + 
sonodynamics/NCs cell 
viability was  <1%; 
- C540 cells were 
obliterated. 

Perota et al., 
2022 
 

TNT 
electrodepo
sited with 
Ag; 
TNT coated 
with Ag; 
TNT doped 
with Ag. 

MCF-7 cells Exposed to 
light UV 
(360–400 
nm) 

- The negative charge on 
the surface of TNTs 
reclaims MCF-7 cells and 
interferes with growth and 
proliferation; 
- Cell cytotoxicity was 
97% for Ag-coated TNT; 
- The reduction of viable 
cells was 6.5 times more 
pronounced in Ag-coated 
TNTs; 
- Cell viability was <10% 
nos TNTs coated with Ag. 

Zandvakili et 
al., 2022 
 

NPs of 
TiO2/PAA-
CaP and 
TiO2/PAA-
CaP(DOX) 

MCF-7 cells and 
BEAS-2B cells  

Irradiation 
UV-A (365 
nm)/ 
hydrothermal 
synthesis 
 

- Increased cellular uptake 
of NPs TiO2/PAA-
CaP(DOX); 
- Fast cumulative release 
of DOX on pH= 5,2; 
- 7% of MCF-7 and 15% 
of cells BEAS-2B  survive 
at NPs TiO2/PAA-CaP; 
- The NPs TiO2/PAA-
CaP(DOX) exhibited 
cytotoxicity of ~ 10%; 
- The viability of MCF-7 
cells treated with NPs 
TiO2/PAA-CaP(DOX) + 
UV-A was ~ 15%. 

Han et al., 
2022 
 



 

 

NPs of D-
TiO2 

4T1 / Mice 
BALB/c 

Photodynamics 
and UV (365 
nm) / 
hydrothermal 
synthesis 

- Reduced cellular viability 
54% (200 μCi) in vitro; 
- Excellent 
biocompatibility;  
- Cell viability decreased, 
according to the 
concentration of D-TiO2;  
- Exhibited DNA damage;  
- Tumor volumes, in vivo, 
were significantly inhibited 
(under 100 mm3). 

Duan et al., 
2018 
 

Au/TiO2-
RBC 

MCF-7 Photothermal  
(808 nm) and 
UV (310 nm)/ 
sonodynamic
s synthesis 
and 
centrifugation  

- Viability of the cells was 
21% (Au/TiO2-RBC + UV 
and Near Infrared Light); 
-  Higher levels of ROS; 
- Au/TiO2-RBC have good 
stability; 
- The coating of RBC has 
reduced the cytotoxicity of 
the Au/TiO2. 

Li and 
Zhang, 2020 
 

NPs of nitreto 
TiO2 (2-
ethylhexanoic
acid and 
acetonitrile +  
titanium 
isopropoxide) 
and SiO2 

HeLa Cells  Photothermal 
(808 nm e 
785 nm)  and 
UV / Nitrate 
synthesis  

- Kills almost 99% of cells 
HeLa (50 μg mL-1/ 
temperatures above 60 
°C); 
- Photothermal efficiency 
coefficient of 58%; 
- Mass extinction 
coefficient of 31.6 L   g–1 
cm–1; 
- NPs exhibited increased 
plasmonic performance 
and reduced coupling 
effects. 

Gschwend et 
al., 2019 
 

NTs of TiO2 
and zeolytic 
imidazolate 
carrying 
DOX 

Neuroblastoma 
cells  

UV (365 nm)/ 
Anoding 
overview  

- Without DOX, cell 
viability was 75%, but with 
DOX decreased to zero 
(in vivo); 
- UV + NPs (without DOX) 
had a cell reduction of ~ 
25%. 

Sharsheeva et 
al., 2019 
 



 

 

NCs 
graphene 
doped with 
N and TiO2 

MDA-MB-231 and 
fibroblast singof 
human foreskin.  

Photodynami
cs and Near 
Infrare (700–
900 nm) / 
Microwave 
and 
hydrothermal  

- Increased 
concentrations of NCs 
trigger mitochondrial-
associated apoptosis 
in cells MDA-MB-231; 
- Reduction in cell 
viability of 29% in 
MDA-MB-231. 
- Bandgap energy of 
the NCs of 1.53 eV. 

Ramachandran 
al., 2022 

 

NPs of 
TiO2/Ru/si 
RNA 

HN6, HSC-6, and 
HSC-3 and DOK/ 
Mice BALB/c-COE 
and Male 
Sprague-Dawley 
Rats  

Photodynami
cs (525 nm) / 
Microwave 
synthesis  

- It causes photodynamic 
effects by raising the level 
of cellular AIS through the 
pathways dependent on 
O2 and independent, 
inducing pyptosis;  
- Remodels the 
microenvironment by the 
negative regulation of 
immunosuppressants; 
- Positive regulation of 
immune cytokines and 
lymphocyte activation T 
CD4+ e CD8+; 
- Tumor weight decreases 
10 times in COE;  
- HN6 is the most 
sensitive lineage to 
photodynamics; 
- Cytotoxicity (IC50) of NPs 
in cells HN6: 0.18 μg mL-1 
(normoxia) and 0.22 μg 
mL-1 (hypoxia). 

Zhou et al., 
2022 
 

NPs of TiO2 
with 
collagenase 
and H-TiO2. 

Pancreatic cancer 
cells/ Mice 
BALB/C 
(pancreatic ductal 
adenocarcinoma 
xenograft)  

Sonodynamic
s, Dissolution 
synthesis 
and network 
position  

- Degrades stromal 
barriers;  
- Collagenase released by 
sonodynamics irradiation 
degrades the fibers of the 
tumor matrix, decreases 
the interstitial fluid, and 
improves the sign of 
intratumoral 
sonodynamics; 
- Loss of cell viability ~ 
50%;  

Luo et al., 
2022 
 



 

 

- Cellular apoptosis ~ 
41%. 

NCs of 
rGO-
CeO2/TiO2 

and 
rGO-
TiO2/CeO2 

MCF-7  Treatment with 
different 
concentrations 
/Synthesis 
core-shell and 
hydrothermal  

- rGO-CeO2/TiO2 had the 
highest photocatalytic 
activity;  
- 92% toxicity in the 
concentration of 17.5 mg 
mL–1 of  rGO-CeO2/TiO2; 
- Cellular cytotoxicity with 
IC50 of 1.0 mg mL–1 (rGO-
CeO2/TiO2) and bandgap: 
2.03 eV (rGO- 
CeO2/TiO2). 

Malekkiani et 
al., 2022 
 

NTs CNTs 
and NPs of 
de TiO2 

B16/F10 / Female 
mice 
consanguineous  

Photothermal 
(808 nm) / 
Sonication 
synthesis  

- B16/F10 cell destruction 
in vivo was 85% for CNTs 
and 45% of NPs of TiO2. 

Asrar et al., 
2022 
 

TiO2 
nanowires 
and Au NPs 

HeLa and MCF7 
cancer cells 

Treatment 
with different 
concentration
s/ Synthesis 
pulsed laser 
ablation 

- Cell viability ~ 41% for 
HeLa and MCF7. 

Elsayed et 
al., 2022 
 

NCs of TiO2 
and carbon 

Panc02 Cells 
/Naked Mice 
BALB/B 

Sonodynamics
/ hydrothermal 
Synthesis 

 - Good biocompatibility 
and no toxicity in vitro and 
in   vivo;  
- Loss of cell viability < 
50% (10 μg/mL de Ti), in 
vitro; 
- NCs of TiO2 and carbon 
+ sonodynamics induced 
apoptosis and necrosis;  
- Antitumor activity of NCs 
both in vitro and in vivo. 

Cao et al., 
2021 
 

List of abbreviations: 4T1 - Murine breast carcinoma cells PEG-TiO2 - Nanoparticles of polyethylene 
glycol and titanium dioxide UV - Ultraviolet Fe3O4 - Iron oxide III H2O2 - Hydrogen peroxide HPT - 
Hydrogen, platinum and titanium dioxide HPT-DOX - Hydrogen, platinum, titanium dioxide and 
Doxorubicin DOX - Doxorubicin BT-CTS - Magnesium, B-TiO2x and Chitosan GOx - Glucose oxidase 
TiO2/MnO2-GOx/C - Glucose oxidase with TiO2, MnO2 and carbon B16/F10 - Metastatic murine 
melanoma cells O2 - Oxygen Ag/TiO2 - Silver and titanium dioxide Au-TiO2/DOX - Gold, titanium dioxide 
and Doxorubicin NTs - Nanotubes TNT-Qu - Titanium dioxide with quercetin C540 - Mouse malignant 
melanoma cell line NCs - Nanocomposites Au/TiO2 - Gold and titanium dioxide Human MCF-7 - Human 
breast carcinoma cells TNT - Nanotubes of titanium dioxide TiO2/PAA-CaP and TiO2/PAA-CaP(DOX) 
- Titanium dioxide with poly(acrylic acid)-calcium phosphate and Doxorubicin BEAS-2B - Human non-
tumorigenic lung epithelial cells D-TiO2 - Titanium dioxide modified with dextran Au/TiO2-RBC - Red 



 

 

blood cells encapsulating gold and titanium dioxide TiO2/Ru/siRNA - Titanium dioxide and ruthenium 
loaded with siRNA (ribonucleic acid) SiO2 - Silicon dioxide HeLa - Human cervical adenocarcinoma 
cells MDA-MB-231 - Epithelial cells of human breast cancer HN6, HSC-6, and HSC-3 - Human tongue 
squamous cell carcinoma cells DOK - Oral keratinocyte cells of dysplasia COE - Oral squamous cell 
carcinoma xenograft H-TiO2 - Hydrogen and titanium dioxide rGO-CeO2/TiO2 and rGO-TiO2/CeO2 - 
Titanium dioxide, cerium dioxide and graphene oxide IC50 - Half maximal inhibitory concentration 
Pd/H-TiO2-PEG - Palladium, hydrogen, titanium dioxide and polyethylene glycol C6 - Glioma cells 
CNTs - Carbon nanotubes. 
 

8. Bibliometric overview of TiO2 NPs for cancer treatment  
 

8.1. Methodology for literature search and bibliometric analysis 
The bibliometric analysis was conducted based on the methodology 

described in previous studies (Oliveira et al., 2022; Rosa et al., 2022; Sganzerla et 

al., 2021; Sganzerla and da Silva, 2022) The systematic literature search and 

bibliometric analysis were conducted based on the scientific publications indexed 

in the Science Citation Index Expanded (SCI-E) of Clarivate Analytics' Institute for 

Scientific Information (ISI). The research in the Web of Science© core collection 

was conducted in the section “advanced search”. For this, the following logic 

operation was applied: ("titanium dioxide nanoparticle" OR "TiO2 nanoparticle" OR 

"titanium dioxide nanoparticles" OR "TiO2 nanoparticles") AND ("cancer" OR 

"antitumor activity " OR "anticancer activity"). The dataset obtained was exported 

for VosViewer© software (version 1.6.14) (Van Eck and Waltman, 2010) and 

Bibliometrix (R language) (Aria and Cuccurullo, 2017) to conduct the bibliometric 

analysis. The adoption of VOSviewer© and Bibliometrix to perform the bibliometric 

analysis was chosen based on the advantages generated with the interpretation of 

the results in both software. For this, maps based on the main keywords and the 

connections among them were generated by both software. The thematic map was 

plotted in the Bibliometrix with the most relevant keywords, which were grouped 

into four quadrants: i) motor, ii) basic, iii) emerging or declining, and iv) niche. 

Additionally, the number of publications over the years, the research fields 

category, most important affiliations, countries, authors, and journals were 

analyzed in the bibliometric study. 

8.2. Research trends of TiO2 NPs for cancer treatment over 2003 and 2022 
From the systematic search, a total of 734 documents (603 articles and 131 

reviews) were obtained between 2003 and 2022. The evolution of the research on 

TiO2 NPs for cancer treatment can be observed in Figure 5. The first study in the 



 

 

field was published in 2003 (Xian-Ying et al., 2003), where the authors described 

for the first time that TiO2 NPs inhibited the proliferation of hepatoma cells (Bel-

7402) and hepatocytes (L-02). In 2007, water-soluble and biocompatible TiO2 NPs 

were fabricated by high-temperature nonhydrolytic method and applied as carriers 

and anticancer medicines (Seo et al., 2007). The hepatoma cells could take within 

by the process of endocytosis (e.g., the cellular process in which substances are 

brought into the cell) with the presence of TiO2 NPs (Sheng et al., 2005). In 

addition, Xu et al. (2007) reported that the combination of electroporation and 

conjugation of TiO2 NPs with a monoclonal antibody could improve the photokilling 

selectivity and efficiency of cancer cells in photodynamic therapy. The synthesis 

and in vitro application of TiO2 NPs for cancer treatment was extensively studied 

until 2012, with a peak in the number of publications in 2011 (Chen et al., 2014; 

Jiao et al., 2011; Li et al., 2011; Thurn et al., 2011). In 2013, the in vivo anticancer 

activity of TiO2 NPs started to be studied (Venkatasubbu et al., 2013). Chu et al. 

(2019) explored the effect of TiO2 NPs-induced radical therapy (termed 

microdynamic therapy). The TiO2 NPs exhibited higher cytotoxicity on 

osteosarcoma UMR-106 cells than on mouse fibroblast L929 cells, demonstrating 

their potential for cancer treatment. In addition, Zhao et al. (2018) described that 

the activation of the immune response induced by TiO2 NPs was correlated with 

their ability to inhibit cancer metastasis. In the last three years (2020 to 2022), the 

therapeutic potential of TiO2 NPs has been confirmed (Ikram et al., 2021). A robust 

adverse outcome pathway with exposure to TiO2 NPs was proposed in the oral and 

gastrointestinal tract, where colorectal cancer, liver injury, reproductive toxicity, 

cardiac and kidney damage, and hematological effects stand out as possible 

adverse outcomes (Rolo et al., 2022).   

In addition, the focus of recent years (up to 2022) has been the production 

of biogenic TiO2 NPs by green synthesis (Sagadevan et al., 2022; Xiaoshang et 

al., 2021). The application of green synthesis is an environmentally friendly, less 

expensive and harmless approach to produce TiO2 NPs (Verma et al., 2022). The 

biological production of TiO2 NPs occurs through the oxidation and reduction 

process, involving the presence of organic acids, proteins, vitamins, and 

secondary metabolites for the formation of NPs (Aravind et al., 2021). For this, 

several plant species were used to produce TiO2 NPs, such as Nyctanthes arbor-

tristis (Oelaceae), Psidium guajava (Myrtaceae), Trigonellafoenum – graceum 



 

 

(Fabaceae), Mentha arvensis (Lamiaceae), Allium eriophyllum (Alliaceae), Eclipta 

prostrata (Asteraceae), Sesbania grandiflora (Fabaceae), Strychnos spinosa 

(Loganiaceae), and Blighia sapida (Sapindaceae) (Jassal et al.,2022). Plant-

mediated synthesis has been described as the most effective method to produce 

stable and biocompatible TiO2 NPs for cancer treatment (Chahardoli et al., 2022; 

Irshad et al., 2020). However, there is a demand for research to synthesize TiO2 

NPs by employing green methods, as well as a deep investigation focused on 

analyzing metabolites present in biological extracts to determine their usefulness 

toward the synthesis of TiO2 NPs (Irshad et al., 2021).  

Figure 5. Evolution of publications during the period from 2003 to 2022 regarding 

the application of TiO2NPs for cancer treatment. 

 
8.3. Bibliometric analysis of the main keywords 

The bibliometric analysis of the main keywords associated with the studies 

published on TiO2 NPs for cancer treatment was summarized in Figure 6. The 

main keywords used were nanoparticles (91 occurrences), titanium dioxide (82 

occurrences), cytotoxicity (82 occurrences), titanium dioxide nanoparticles (42 

occurrences), TiO2 nanoparticles (41 occurrences), photodynamic therapy (39 

occurrences), apoptosis (37 occurrences), reactive oxygen species (33 

occurrences), oxidative stress (32 occurrences), sonodynamic therapy (32 

occurrences), and cancer (30 occurrences). The high frequencies can indicate the 

relevance of the keywords in the research field of TiO2 NPs for cancer treatment. 



 

 

The 50 most frequently used keywords from the 734 documents were selected for 

the co-occurrence analysis (Figure 6a). The keywords were grouped into different 

clusters, represented in different colors in Figure 6a. Blue cluster represents the 

general aspects in the research field, including studies on nanotechnology and 

other metals (silver, zinc, and titanium). Green cluster is associated with the 

oxidative stress, genotoxicity, and DNA damage. Yellow cluster shows the studies 

on photocatalysis, photodynamic, and sonodynamic therapy. Purple cluster is 

associated with the inflammation response with the application of TiO2 NPs. Red 

cluster is associated with the novel aspects of TiO2 NPs, including toxicity, green 

synthesis, and nanocomposites. As indicated in the network analysis (Figure 6a 
and 6b), there is an association between the clusters, mainly with the keywords 

nanoparticles, titanium dioxide, TiO2 nanoparticles, and photodynamic activity, 

demonstrating a significant application of nanotechnology for cancer treatment. 

The red cluster color focuses on the production and application of nanoparticles, 

focusing on the toxicity and toxicology of TiO2 NPs. The main research field of red 

clusters was the green synthesis of TiO2 NPs and nanocomposites for anticancer 

activity. In addition, the yellow cluster describes the application of TiO2 NPs 

produced by photocatalysis for photodynamic and sonodynamic therapy. Finally, 

the green cluster was constituted by specific keywords associating TiO2 NPs with 

cancer treatment, such as genotoxicity, DNA damage, and oxidative stress.  

 



 

 

 

Figure 6. Bibliometric analysis of the main keywords. (a) Co-occurrence analysis 

based on clusters; (b) co-occurrence analysis based on year; (c) trend topics; and 

(d) thematic map. 

 

Furthermore, the co-occurrence analysis of keywords was plotted over the 

years (Figure 6b). The colors ranging from blue and yellow indicate publications 

in approximately 2016 and 2019, respectively. The selected timespan (2016 and 

2019) was automatically selected by the VOSviewer© software for the analysis of 

co-occurrence analysis over the years. From this analysis, it can be observed that 

photocatalysis is one of the first methods applied to produce TiO2 NPs. Between 

2017 and 2018, photodynamic therapy started to be applied as a technique for 

cancer treatment with TiO2 NPs. Since 2019, there has been a trend in the study 

of anticancer TiO2 NPs by green synthesis, as well as the cytotoxicity of the 

nanoparticles. This fact demonstrates that further studies should be conducted to 

elucidate the production of non-toxic nanoparticles as an efficient method for 

cancer treatment. This fact corroborated the analysis of the trend topics (Figure 
6c), where the keywords toxicity, cytotoxicity, sonodynamic therapy, reactive 

oxygen species, and anticancer activity were the most expressive between 2019 

and 2021.  



 

 

The trend topics presented in Figure 6c show the evolution of the main 

keywords over the years. In 2014, there was a trend in the study of TiO2 NPs and 

its delivery system. The study of TiO2 NPs evolves to the determination of oxidative 

stress and toxicity in 2017 and sonodynamic therapy and breast cancer in 2019. 

Moreover, the production of nanocomposites based on TiO2 NPs has been 

highlighted as the most trend topic in the field. The production of TiO2 

nanocomposites has been elucidated in a few studies (Khan et al., 2022; 

Roufegarinejad, 2022; Xie et al., 2022); however, the literature about the 

application of this material for cancer treatment is scarce (Elsayed et al., 2022), 

demanding further investigation.  

The thematic map was plotted to understand better research themes 

(Figure 6d). The motor themes (TiO2 nanoparticles, apoptosis, and oxidative 

stress) represent well-developed and important keywords. The basic themes are 

important keywords for basic research, such as photocatalysis, photodynamic 

therapy, and nanomedicine. The niche theme was highlighted by a cluster 

composed of the keywords drug delivery, cancer therapy, and anticancer activity, 

demonstrating that this very specialized theme should be deeply investigated in 

association with the emerging themes associated with green synthesis and 

nanotoxicology. 

 

8.4. Bibliometric analysis of the most relevant authors, institutions, 
countries, and journals 

The most relevant authors, journals, institutions, and countries dedicated to 

research on TiO2 NPs for cancer treatment between 2003 and 2022 are shown in 

Figure 7. The top 5 most important authors with the respective number of articles 

published were Wu AG from Chinese Academy of Sciences, China (19 articles), 

Paunesku T from Northwestern University, Denmark (13 articles), Ogino C from 

Kobe University, Japan (12 articles), Woloschak GE from Northwestern University, 

Denmark (12 articles) and Ren WZ from Jilin University, China (9 articles) (Figure 
7a). The journals most dedicated to publishing TiO2 nanoparticles for cancer 

treatment were RSC Advances (19 documents), Nanomaterials (16 documents), 

Scientific Reports (14 documents), Journal of Materials Chemistry B (12 

documents), and International Journal of Nanomedicine (11 documents) (Figure 
7b). The affiliations with the most number of published articles were the Chinese 



 

 

Academy of Sciences (41 documents), Egyptian Knowledge Bank (21 documents), 

King Saud University (19 documents), Fudan University (18 documents), and 

Islamic Azad University (10 documents) (Figure 7c). In addition, China (216 

documents), the United States of America (143 documents), India (94 documents), 

Iran (55 documents), and Japan (47 documents) were the most expressive 

countries publishing documents in the research field (Figure 7d). The Figure 8 

presents a three-field plot (Sankey diagram) relating the authors, authors’ 

keywords, and journals. Based on this visualization, the flow from one set of values 

to another parameter can be associated with the connection between the items, 

showing that the keyword titanium dioxide was used by all the authors and 

published mainly in Nanomaterials, one of the most expressive journals since 

presents the highest score and association with the studied keywords. The 

analysis of the most relevant authors, institutions, countries, and journals 

contribute to disseminating scientific information regarding the production and 

application of TiO2 NPs, guiding future international collaboration and scientific 

impact for publishing future research  

Figure 7. Bibliometric analysis of the relevant authors (a), journals (b), institutions 

(c), and countries (d) dedicated to research on TiO2 NPs for cancer treatment. 



 

 

 

Figure 8. Three-field plot of the most important authors, keywords, and journals. 

 

8.5. Summary of the most cited articles 
The analysis of the most cited documents is used to better understand 

knowledge development. The ten most cited documents over the 734 documents 

published in the field of TiO2 NPs for cancer treatment between 2003 and 2022 

were analyzed and discussed. The most cited document, “Titanium dioxide 

nanoparticles induce DNA damage and genetic instability in vivo in mice”, was 

published in Cancer Research in 2009. The conclusion was that TiO2 NPs induced 

genotoxicity in vivo in mice was possibly caused by a secondary genotoxic 

mechanism associated with inflammation and/or oxidative stress (Trouiller et al., 

2009). Other highly cited papers studied the production of TiO2 nanoparticles, 

nanotubes, and composites, such as the second (Zhu et al., 2010) and fifth 

(Deepagan et al., 2016) most cited papers. Experimental studies related to the 

application of TiO2 NPs for cancer treatment were ranked in the list of highly cited 

papers. For instance, the sixth most cited paper (237 citations) described that 

infrared-irradiated H-TiO2-PEG nanoparticles exhibited low toxicity and high 

efficiency as photothermal agents for cancer therapy and are promising for further 

biomedical applications. In addition, studies have focused on the toxicity of TiO2 

nanoparticles. The eighth most cited paper (231 citations) showed that low levels 

of ultraviolet light could induce toxicity of TiO2 NPs to marine phytoplankton. 



 

 

However, no effect of TiO2 NPs on phytoplankton was obtained in treatments 

where ultraviolet light was blocked (Miller et al., 2012). Moreover, a one-week 

intake of TiO2 NPs did not initiate intestinal inflammation. At the same time, a 100-

day treatment promoted colon microinflammation and initiated preneoplastic 

lesions, fostering the growth of aberrant crypt foci in a chemically induced 

carcinogenesis model (Bettini et al., 2017).  

 Notwithstanding, several reviews were ranked in the list of the most cited 

documents. For instance, Fei Yin et al. (2013) reviewed the biomedical 

applications of TiO2, such as photodynamic therapy for cancer treatment, drug 

delivery systems, cell imaging, biosensors, and genetic engineering. In addition, 

Skocaj et al. (2011) reviewed that TiO2 is permitted as an additive in food and 

pharmaceutical products; however, there are no reliable data on TiO2 NPs 

absorption, distribution, excretion, and toxicity upon oral exposure. The review 

“Nanoparticles in biomedical applications” investigated the use of nanosystems, 

including titanium dioxide, and how their physicochemical properties allow their 

use in biomedical applications (McNamara and Tofail, 2017). Finally, the progress 

of biological and biomedical applications of TiO2 in molecular medicine was 

reviewed (Rajh et al., 2014). 

9. Conclusion and outlook  
Current studies leveraging photothermal, photodynamic, sonodynamic, and 

near-infrared therapies associated with TiO2 NPs demonstrate significant 

antitumor efficacy in various cancer cell lines, such as melanoma. The combination 

of synchronous and synergistic therapies applied to TiO2 NPs further increases 

their antitumor efficacy. The TiO2 NPs hold promise in how they interact with 

tumors due to their nanosize and wide light absorption region, reducing side effects 

on healthy tissues. The addition of metals such as Ag, Au, Pt, and others, the 

diversification of their structures, and the preparation of distinct morphologies of 

TiO2 NPs can increase light conversion efficiency and light penetration. The TiO2 

NPs have a high surface area that allows for the loading of chemotherapeutic 

drugs, biomolecules, and other nanomaterials, enabling specific targeting of 

cancer cells and minimizing the side effects of drugs. This increases the sensitivity, 

selectivity, and precision of tumor biomarker detection for prevention and 

treatment. The bibliometric analysis of the main keywords demonstrates that 



 

 

photocatalysis was one of the first methods applied to produce TiO2 NPs, and 

nowadays, the production of TiO2 NPs by green synthesis with biological extracts 

is an efficient method to produce non-toxic materials for cancer treatment. 

However, despite the expansion of laboratory research on the use of TiO2 NPs, 

their clinical applicability remains limited, requiring additional research on in vivo 

response. Industrial production faces obstacles in the manufacturing of TiO2 NPs 

on a commercial scale, due to reproducibility and stability issues for clinical use, 

requiring further studies that provide feasible methodologies. 
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Photocatalytic action of Ag/TiO2 nanoparticles to emerging pollutants 
degradation: A comprehensive review 

 

ABSTRACT 
 

Silver (Ag) doped titanium dioxide (TiO2) nanoparticles are promising 
photocatalysts for the degradation of emerging pollutants. These nanocomposites 
enhance the photocatalytic activity of TiO2 in visible light, suppress the e-/h+ 
rearrangement, and enhance their bactericidal properties. This review proposes a 
bibliometric analysis that elucidates research trends, and important topics on 
contaminant degradation, analyzes the advantages and limitations of different 
synthesis techniques (solvothermal, photochemical reduction, sol-gel, and others), 
their properties to produce Ag/TiO2, and their potential for pollutant degradation. 
Thus, depending on the technique chosen, Ag doping of TiO2 can offer high 
stability, recyclability for more than 3 cycles, customized morphologies and sizes, 
among others. Applications of Ag/TiO2 include wastewater treatment, antibacterial 
surfaces, food packaging, implants, and others. Advances in the synthesis of 
Ag/TiO2 photocatalysts offer excellent photocatalytic degradation, between 80-
100%, for organic dyes, hormones, pharmaceuticals, pesticides and other 
emerging pollutants. Ag/TiO2 photocatalysts show superior degradation rates 
compared to pure TiO2, with some achieving up to 99% pollutant removal. The 
bibliometric analysis performed by Methodi Ordinatio, classifying 267 articles, 
reveals a foundation of relevant articles, around 35% of articles published on these 
topics were published between 2019 and 2021. A complete cost analysis of 
Ag/TiO2 is considered to determine the feasibility for pilot and large-scale 
experimentation. These nanocomposites offer a promising solution to address the 
growing concern about emerging pollutants, disinfection of water, and in the 
inactivation of pathogenic microorganisms. 
 
Keywords: Bibliometric analysis, Nanotechnology, Visible light, Photocatalysis, 
Water treatment. 
 

 

 

 

 

 

 



 

 

1. Introduction 
 

Environmental pollutants, including fungi, bacteria, herbicides, pesticides, 

drains and heavy metals, represent a complex challenge to manage [1, 2]. The 

complex combination of pollutants makes their degradation difficult, so employing 

a large set of techniques and materials is necessary to achieve this [3]. 

Nanotechnology, a key technology, helps in the production of nanomaterials, which 

have a high surface area, assisting in various industries (biochemical, 

biotechnological, medical, agribusiness, personal hygiene, food industry, 

agriculture) [4, 5]. 

Methods such as coagulation, flocculation, sedimentation and filtration are 

commonly applied in wastewater treatment plants, but have limited efficiency in 

degrading emerging pollutants [6, 7]. Among the limitations presented by biological 

techniques, physical process, membrane filtration, and chemical precipitation are: 

membrane fouling, high cost, higher energy consumption, secondary waste 

generation, mass displacement restrictions, and extensive procedural period [8]. 

Adsorption, photocatalysis, and microwave catalysis are also promising 

techniques for water treatment. Adsorption separates various pollutants from 

water, while photocatalysis converts toxic contaminants into harmless forms [9]. 

Microwave-assisted catalysis offers fast reaction rates and simple operation [10, 

11]. However, there are still challenges in scaling up these technologies for 

industrial use [12]. 

Improved processes are needed to efficiently and economically degrade or 

extract pollutants from aquatic environments [13]. One process that combines 

photochemistry and catalysis is photocatalysis, which has gained significant 

attention for environmental applications such as water treatment and air 

purification [14]. Advanced oxidation processes (AOPs), such as heterogeneous 

photocatalysis, can effectively remove pesticides, polychlorinated biphenyls, 

endocrine disruptors, dyes, and pharmaceuticals [13]. This process uses light 

activation of heterogeneous photocatalysts, such as titanium dioxide (TiO2), 

generating electron-hole (e-/h+) pairs and reactive oxygen species (ROS) that drive 

oxidation and reduction processes to degrade pollutants [15, 16]. The degradation 

of organic pollutants can occur through several pathways, such as reductive 

dehalogenation of compounds such as tetrachloromethane and oxidative 



 

 

degradation of substances such as 4-chlorophenol and naphthalene [17]. 

Photocatalysis is a more efficient method to reduce pollutants in wastewater 

providing high efficiency and minimal harmful production compared to other 

methods such as ozonation, Fenton, sonolysis and chemical oxidation [18]. 

TiO2 is a highly effective photocatalyst due to its action under the ultraviolet 

(UV) spectrum, changing the excitation state without decomposing. Its properties 

include high refractive index, high photostability, low cost, biocompatibility, low 

toxicity and easy synthesis. TiO2 nanomaterials have high chemical stability and 

reduce or nullify the harmful effects of pollutants [19]. TiO2 has antimicrobial action 

activated by UV (above 385 nm), which results in the production of OH• and O2-• 

promoting the degradation of cells by lipid oxidation and disrupting the membrane 

of microorganisms [20]. 

To optimize the photocatalytic action of the TiO2 can be dopped with metallic 

oxide or semiconductor (such as CdS, ZnO, CuO, and SnO2) and changes by 

heterojunction [21]. The heterojunction occurs when combining two sections of 

different semiconductors with differentiated band conforming, producing an 

interfacial band arrangement. The heterojunction can be constructed with 

semiconductors, carbon nanostructures and metallic nanoparticles (NPs), to 

ensure efficient photocatalytic energy transfer [22, 23]. 

Silver (Ag) is a monovalent noble metal with higher electrical and thermal 

conductivity than other metals, high ductility and malleability [24]. Ag has been 

used as a doping agent for TiO2 since 1984 [25] and it improves the physical 

chemistry characteristics of this pure oxide and can be applied in antibacterials, 

self-cleaning agents and water and air purification [26]. The combination of the 

characteristics of compounds such as TiO2 and Ag has attracted interest, since 

this combination causes some changes in the ceramic and semiconductor matrix 

of TiO2 [27, 28]. The doping of Ag in TiO2 increases the photocatalytic action being 

attributed to the formation of a Schottky barrier at the Ag/TiO2 interface, thus 

reducing the e-/h+ recombination. Furthermore, Ag acts as an electron trap and 

extends the light capture of TiO2 to visible light due to the surface plasmon 

resonance of Ag and improves the bactericidal performance of TiO2. The addition 

of Ag results in smaller particle sizes, larger surface areas, and an increase in 

oxygen vacancies in the TiO2 matrix [21 - 23]. The Ag/TiO2 photocatalyst is 



 

 

promising and has upper photocatalytic performance in the degradation of various 

pollutants compared to pure TiO2 [29 – 36]. 

The Methodi Ordinatio bibliometric analysis is a new systematic review 

methodology that facilitates research work by classifying articles using their 

publication year, number of citations, and impact factor. It uses bibliographic 

databases, for example Scopus and Web of Science, along with reference 

management, citing as examples Mendeley and JabRef [37]. However, there is a 

gap in the literature regarding a comprehensive bibliographic review that, based 

on relevant articles throughout history, describes the use of Ag/TiO2 NPs to 

degrade emerging pollutants by photocatalysis [38]. A substantial body of research 

has been conducted to elucidate the influence of Ag doping on the photoactivity of 

TiO2; however, there has been a paucity of studies examining the impact of the 

synthesis route or method on the photocatalytic activity of the Ag/TiO2 catalyst [39]. 

Methodi Ordinatio is effective in identifying the most relevant literature in their 

respective fields, making it possible to build broad research portfolios and gain 

insights into current trends and developments [38]. 

Therefore, this review proposes a bibliometric analysis that elucidates 

global research trends, gaps, and hot topics on contaminant degradation using 

Ag/TiO2 NPs and their efficiency in treating emerging pollutants. Furthermore, it 

seeks to analyze the advantages and limitations of different synthesis techniques 

and their properties to produce Ag/TiO2 NPs. Finally, this review aims to verify the 

application of Ag/TiO2 NPs, obtained via doping by different methods, in 

contaminant degradation, focusing on their efficiency in photodegradation of 

emerging pollutants. 



 

 

The article's schematic summary, presented in Figure 1, outlines the 

synthesis methods of Ag/TiO2 and the associated reaction parameters, as well as 

the photodegradation mechanism of emerging pollutants. 

Fig. 1. Schematic summary of the Ag/TiO2 synthesis methods, the reaction 

parameters and the photodegradation mechanism of emerging pollutants. 

2. Bibliometric analysis 
 

A bibliometric analysis was performed using the Methodi Ordinatio [37] to 

assess the relevance of the articles used in this review. The importance of the 

article was determined by the InOrdinatio equation, which considers the number of 

citations of the published article, year of research, and impact factor of the journal 

where it was published, according to equation (1): 

 

 
(1) 

 

Where, according Pagani et. al. (2022): IF mean Impact factor and is the 

journal metrics selected (JCR, CiteScore, SNIP, or SJR SCImago); ∆ is a value 



 

 

between 1 to 10 attributed by researcher, the closer to 10, the higher is the 

importance of the impact factor; λ is the value between 0 and 10 that the researcher 

assigns to the relevance of the year of publication; Ω is the value between 0 and 

10 that the researcher assigns to the importance of the publication's annual 

average of citations ResearchYear is the year the research is being done; 

PublishYear is the year the paper was published; ∑Ci is the total number of 

citations found in Google scholar; and HalfLife is median cited Half-Life of journals 

with JCR 2020. 

Methodi Ordinatio classified 267 articles, and the InOrdinatio value ranged 

from -4.55 to 7493.99, when we used 10, 5, and 8 for ∆, λ, and Ω values, 

respectively. It was chosen to use 150 first articles, with InOrdinatio 149.45 as a 

cutoff score, up to its maximum value. 

The most relevant keywords were: TiO2, photocatalytic, visible light, 

Ag/TiO2, photocatalyst, photocatalytic degradation, photocatalytic activity, 

photocatalysis, water, and green (Figure 2). 



 

 

 
Fig. 2. Search's word cloud. 

 
The journal that most published articles of relevance was the Chemical 

Engineering Journal, which contains 11 of the 126 publications; in second place  is 

Chemosphere with 6 articles, and in third place are the newspapers with five 

articles each: Journal of Colloid and Interface Science, Chemical Reviews, and 

Applied Catalysis B: Environmental. In the Figure 3, it is possible to see which 

newspapers had more than two relevant publications. However, 53 of the 150 

articles were published in 53 different journals. 



 

 

Fig. 3. Relevant publications X journals. 

 

Another relevant bibliometric analysis is about the years of publication of 

the more significant in Methodi Ordinatio articles, 35% of the publications are 

concentrated between 2019 and 2021 (Figure 4). Furthermore, pioneering 

publications such as Fujishima and Honda (1972) and Lee and Aris (1985) remain 

traditional and highly cited [15, 39]. 

 



 

 

 
Fig. 4. Relevant publications X Published Year. 

 

Bibliometric analysis of a subject is critical in research and academia, as it 

offers valuable insights into the relevance and impact of a particular area of study. 

By performing this analysis, it is possible to obtain quantitative information about 

the scientific production related to the topic, such as the number of publications, 

most cited authors, relevant journals, and trends over time. The Methodi Ordinatio 

is an efficient method of evaluating the articles found attractive to the chosen topic, 

as it classifies them in a ranking of relevance. 

With this bibliometric analysis, it was possible to identify trends and 

research advances about the degradation of contaminants using Ag/TiO2 NPs and 

their efficiency in degrading emerging pollutants. In addition, it was possible to 

identify a gap: a comprehensive bibliographic review that, based on relevant 

articles throughout history, described the use of these nanomaterials to degrade 

emerging pollutants by photocatalysis. 

3. Emerging pollutants  
 

Emerging pollutants can be defined as chemical products that have 

unknown environmental impacts, are not controlled, can reach diverse aquatic 

environmental niches on a global scale, are found in concentrations of the order of 

μg/L and ng/L, and there is a lack of studies on their toxic impacts [40, 41]. 



 

 

Emerging pollutants have harmful effects on aquatic species, and humans are 

resistant, complex, unstable and/or lipophilic micropollutants [42 - 44]. It is 

indicated that there are more than 60 million inorganic and organic compounds, 49 

million of which are commercially available, and less than 1% are related or 

regulated. In fact, 12,000 new combinations are generated daily [45]. 

The sources of pollutants can be caused by the release of effluents, urban 

and industrial, without proper treatment in aquatic environments [46]. The 

contamination sources are subdivided into punctual, characterized by the easy 

identification of the origin of the release points (for example, wastewater and 

mining) and in non-specific, identified by the lack of specification of topics (such as 

rainwater and agricultural applications) [35]. Wastewater treatment plants can be 

the primary source of emerging pollutants, it happens in places where treatment is 

not carried out correctly, and waste removal is not practical [47].  

Among the main sources of water pollution are: anionic and cationic dyes, 

organic substances, metal ions and bacteria, pharmaceuticals, and personal care 

products [48]. Emerging pollutants include persistent organic contaminants, 

pharmaceutical and personal care products, class of endocrine disruptors, and 

class of agricultural chemicals (Figure 5). They are delimited according to their 

intended purpose and origin, accelerating the verification of their existence and the 

techniques for their removal [49].  

 



 

 

Fig. 5. The term "Emerging pollutants" encompasses a diverse range of chemical 

substances, including persistent organic contaminants, pharmaceutical and 

personal care products, endocrine disruptors, and agricultural chemicals. 
 

Persistent organic contaminants are difficult to degrade and remove, 

comprising a vast portion of organic substances, such as polychlorinated 

benzenes, aromatic hydrocarbons, fuel oils, gasoline, and others, used in power 

transformers and in the manufacture of paints [49]. Organic dyes are toxic, 

carcinogenic to humans and aquatic species and are not naturally decomposed 

[49 - 51]. Industries and pharmaceutical companies use dyes, and the high 

concentrations present in their effluents end up in bodies of water [52]. 

Due to the lack of proper observation and regulation, the pharmaceutical 

class and personal hygiene are widespread in almost all aquatic ecosystems [53]. 

Pharmaceutical substances can cause overdoses and endocrine disruption from 

exposure to a synergistic combination of these substances, which is harmful to 

human health [50]. Most of these contaminants are used in an uncontrolled way 



 

 

on a daily basis; for example, the antibiotics used against bacterial infections are 

not completely metabolized by the human body, are excreted via urine, and end 

up in the water in an unmodified form in 95% of consumption. An increase of 67% 

in the consumption of antibiotics across the planet is estimated by 2030 [54]. It is 

estimated that around 250 different antibiotics are used as human and veterinary 

drugs [55]. 

The endocrine disruptors influence the human endocrine system, formed by 

a set of glands. These secrete essential hormones that act as chemical signals, 

whose purpose is to regulate various organs. This class uses mechanisms to 

influence the endocrine system, such as the mimicry that some chemical 

compounds have simulating the hormonal structure. Therefore, they are noticed 

as hormones by the receptor regions of the human body; among them are the 

androgen, aryl hydrocarbons, and estrogen receptors. Furthermore, they interact 

with binding proteins and may modify hormonal metabolism [49]. The connection 

between exposure to endocrine disruptors, the reduced number of spermatozoa, 

and the increase in infertility occur due to the action of androgens within the 

transduced cells [56]. 

Microbiological contaminants, involving bacteria, protozoa, fungi, viruses, 

and others, are found in untreated domestic water that include fecal material and 

various biodegradable compounds. Their proliferation is facilitated thanks to 

access to food and the environment for growth, causing the spread of a variety of 

diseases. The bacteria Escherichia coli is the most commonly observed in water 

containing fecal material, causing diarrhea and kidney failure, and some strains 

are related to colitis [57] Salmonella causes typhoid fever and salmonellosis [58], 

while Vibrio cholera causes cholera [59]. 

Organochlorine pesticides can be found in aquatic environments and 

sediments, having severe health impacts. It is pointed out that cancer risk indices 

indicate danger for the consumption of fish from various surface water [60]. 

Heavy metals (cadmium, lead, mercury, and others) have a high atomic 

mass and a density more than water's and are used in various industries, 

electroplating, steel manufacturing, and metal processing due to their lower 

reactivity and strength [60, 61]. Toxic metals can accumulate in ecosystems and 

crops, their degradation by biological methods is difficult, and they can harm 

various human organs, causing mutations and diseases [62 - 64]. They affect 



 

 

plants grown on land whose constitution contains heavy metals, as they hinder the 

assimilation of nutrients, causing a decline in productivity [65]. 

Some of the main and most established methods for detecting and 

quantifying emerging pollutants are based on chromatography (gas or liquid) 

coupled with sequential mass spectrometry. These methods have shown excellent 

results in detecting trace concentrations (below μg L-1) of these products in water 

samples, as they have high sensitivity, specificity, and selectivity [66]. Other 

analytical methods have been used, such as capillary electrophoresis, 

fluoroimmunoassay, electroanalytical and microbiological tests [67]. 

 

4. Photocatalysis and the degradation of emerging pollutants 
 

Conventional wastewater treatment techniques are not efficient in 

degrading emerging contaminants such as pharmaceuticals and heavy metals 

from water bodies. Therefore, developing an effective and economical process to 

degrade these contaminants is relevant [68]. In this situation, the AOPs, which 

involves the oxidation of substances from their interaction with free radicals, 

causes the degradation of pollutants [69].  

AOPs, there are photocatalytic processes that are widely used in the 

degradation of contaminants thanks to their low investment, ecological character, 

and high efficiency [69 - 71]. TiO2 based photocatalysis has shown promise in the 

degradation of pharmaceutical pollutants, with one study achieving 87.95% 

removal of ciprofloxacin at an operational cost of 786.56 INR (the Indian rupee)/Kg 

[72]. Green production method for TiO2 NPs via anodic dissolution was estimated 

to have an operating cost of 30.5 USD/Kg [73]. Comparing the photocatalytic 

efficiency of commercial TiO2 Anjatox with Degussa P-25, similar degradation 

efficiencies but significantly lower costs were found for Anjatox (110 INR/Kg vs. 

1000 INR/Kg) [74]. A techno-economic evaluation of various AOPs for textile 

wastewater treatment concluded that UV/TiO2 photocatalysis is the most promising 

and cost-effective method, requiring 10.79 kWh/m3/application for COD removal at 

a cost of 0.77 USD/m3 [75].  

Heterogeneous AOPs using transition metal-based catalysts have shown 

higher kinetics and less sludge generation compared to homogeneous AOPs [76]. 

However, other studies report different findings, with Fenton-based AOPs being 



 

 

the most energy efficient, with a median electrical energy per order of 0.98 

kWh/m3/application, followed by ozonation with 3.34 kWh/m3/application and 

photocatalysis 91 kWh/m3/application [77]. The studies collectively emphasize the 

importance of considering multiple factors, including energy efficiency, cost, and 

treatment effectiveness, when selecting an AOPs for wastewater treatment. 

Photocatalysis is an efficient and low-impact method to remove organic 

contaminants and non-biodegradable substances from bodies of water, such as 

pesticides, halophenols, drugs, humic acid, and herbicides [77 - 79]. Other 

pollutants, such as polychlorinated bisphenols, phenol, organophosphates, and 

organochlorine substances, are effectively degraded using metal-doped TiO2 

photocatalysts in photocatalysis [80].  

Photocatalysis is subdivided into heterogeneous, which encompasses 

reactions where the catalyst is in a different phase from the reaction solution, and 

homogeneous, which occurs when both are in the same phase. It is an 

environmentally correct, sustainable, economical technique and can be 

established in any location [80, 81].  

It is used in the generation of hydrogen from the fractionation of water, 

treatment of bodies of water and in non-fouling parts used in filtration membranes 

[82, 83]. And yet, in lignin rupture [84], nullify harmful impacts of environmental 

contaminants [85] self-cleaning areas [34], pathogen inactivation [86] and water 

and air purification set and water and air purification set [87]. 

The principle of heterogeneous photocatalysis is based on the absorption 

of a photon by a semiconductor, such as TiO2, which causes the excitation of the 

electron from the valence band to the conduction band, that is, the electron jumps 

from the ground state to the excited one, producing the pair e-/h+. Then, separate 

migration of the e-/h+ pairs to the TiO2 surface occurs, and they engage in a 

cascade of oxidation/reduction reactions with adsorbed agents, such as H2O and 

O2, to ROS [87, 88]. These then react with adsorbed organic substances or existing 

microorganisms on the surface of the semiconductor, thus causing its degradation 

into completely mineralized compounds, such as H2O and CO2 [89].  

The photo-produced electrons and holes have a reduced lifetime, which 

allows for a rapid rearrangement of them on the TiO2 surface, causing a decrease 

in their photocatalytic activities [90]. Thus, noble metals can stop the newly 

produced electrons and provide other reactions generating peroxide and hydroxyl 



 

 

radicals (•OH). In the conduction band, peroxide radicals are formed from the 

interaction of free electrons and O2• in the presence of H2O. In the valence band, 

from the interaction of H2O and O2, the •OH are formed. Hydroxyl and peroxide 

radicals react with pollutants and micropollutants, thus causing their degradation 

[91, 92]. 

The reaction mechanisms of photocatalytic processes are described in 

detail in Equation (2) Photoexcitation; (3) e-/h+ recombination; (4) Reaction 

between the valence band gap and adsorbed water; (5) Reaction between the 

valence band gap and the OH- groups on the TiO2 particle surface; (6) Production 

of superoxide anion radical; (7) – (10) Generation of hydrogen peroxide; (11) and 

(12) Generation of hydroxyl radicals by the breakdown of hydrogen peroxide; (13) 

- (15) Enhancer Ag and (16) Degradation processes. 

TiO2 + h  → e-CB + h+VB                        (2) 

e-CB + h+VB → Energy                                                                                         (3) 

h+VB + H2O → •OH + H+                                                                                                                                (4) 

OH- + h+VB→ OH•                  (5) 

e-CB + O2 → •O2−                                                                                                                                                 (6) 

O2•− + H+ → HO2•                                                                                               (7) 

2 HO2• → O2 + H2O2                                                                                                                                       (8)           

O2•- + HO2• → HO2- + O2                  (9) 

HO2- + H+ → H2O2              (10) 

H2O2 + e-CB → OH• + OH-                      (11) 

H2O2 + O2•- → OH• + OH- + O2                                        (12) 

Ag+ + e-CB (TiO2) → Ag− +TiO2                                                                                                            (13) 

Ag− + O2 →Ag + O2−                                                                                                                                   (14) 

O2− + e-CB (TiO2) + H+ → TiO2 + H2O2                                                                                           (15) 

EP + O2•−/h+/ OH• → Intermediaries → CO2 + H2O                                        (16) 



 

 

where EP: emerging pollutants; VB: valence band; CB: conduction band; h+: 

photogenerated hole; e-: photogenerated electron; O2-: oxygen radical; H2O2: 

hydrogen peroxide; OH-: hydroxyl radical; H2O: water; and H+: hydrogen radical 

[93, 94]. The photoactivation of Ag/TiO2 NPs are illustrated in Figure 6. 

 

 

Fig. 6. The photoactivation of TiO2 nanoparticles (NPs) excites the electron from 

the valence band (BV) to the conduction band (CB), producing e-/h+ pairs. Then, 

separate migration of the e-/h+ pairs to the TiO2 surface occurs, which induces a 

cascade of oxidation/reduction reactions with H2O and O2, producing ROS. These 

react with emerging pollutants that degrade them into H2O and CO2. Ag captures 

moving electrons from TiO2 CB and transports them to O2, transforming them into 

superoxide radicals. 

 

The EPs, which are present in Equation 16, represent five subclasses, 

among which are the dyes. Therefore, Equations 17 - 19 present the reactions on 

the TiO2 surface that result in the degradation of this subclass [95]: 

Dye + OH• → Degradation product                                                                 (17) 

Dye + h+VB → Oxidation product                                                                     (18) 



 

 

Dye + e-CB → Reduction product                                                                    (19) 

The OH• radical, which is produced as a result of this process, is a highly 

potent oxidant that is capable of oxidizing a multitude of dyes. Consequently, 

photosensitized oxidation can occur as a result of the excitation of the dye by 

visible light (in contrast to UV radiation) and its subsequent interaction with the 

semiconductor. The process of photosensitized oxidation can be initiated by the 

oxidation of the dye, which then interacts with the semiconductor (Equations 20-

26).  

Dye + h  → Dye•                                                                                                      (20) 

Dye• + TiO2 → Dye+• + TiO2-•                                                                                                                            (21) 

TiO2-• + O2 → TiO2 + O2-•                                                                                                                                       (22) 

O2-• + 2H+ → H2O2                                                                                                                                                     (23) 

H2O2 + TiO2-•→ TiO2 + OH• + OH-                                                                                                                   (24) 

Dye+• + O2 (O2-• or OH•) → Peroxylated or intermediates                                         (25) 

Hydroxylated → degraded or mineralized products                                                 (26) 

Regarding the subclass of drugs, antibiotics were used to exemplify the 

decomposition mechanism, such as ciprofloxacin (CIP) and norfloxacin (NFX), 

belonging to the fluoroquinolone family, to investigate, under visible light 

irradiation, the commercial TiO2 P25 and Ag/TiO2 catalysts. The concentration of 

CIP and NFX did not undergo a notable change significantly under visible light in 

the absence of the photocatalyst, indicating that photolysis was an insignificant 

factor. The degradation of CIP and NFX occurred for both catalysts, but was more 

rapid in the presence of Ag/TiO2, with a reduction of 92% and 94% after 240 min 

of irradiation, respectively. This catalyst presented a degradation rate constant for 

CIP and NFX of 2.1 times and 1.7 times higher than for TiO2 P25. This high 

photocatalytic activity under visible light may be due to the optical characteristics 

induced by Ag NPs distributed on the TiO2 surface. CIP was selected as a model 

for the photocatalytic mechanism of Ag/TiO2 under visible light irradiation. 

Scavenger experiments were performed to determine which ROS were involved in 

the photocatalytic degradation process. EDTA, a scavenger for h+, and 



 

 

isopropanol, a scavenger for OH•, significantly inhibited the degradation of CIP. 

Conversely, the addition of AgNO3, a scavenger for e , resulted in a negligible 

change in the photocatalytic degradation of CIP. It was thus determined that H+ 

and OH• are the primary reactive oxygen species (ROS) generated by Ag/TiO2 

under visible light. The incorporation of Ag NPs into TiO2 P25 enhances the 

photocatalytic activity under visible light, which can be attributed to the improved 

separation of e−/h+ pairs. Therefore, when Ag/TiO2 is irradiated, the rutile phase of 

TiO2 activates the e− that can be transferred to Ag NPs and to the anatase phase. 

The Ag clusters present on the TiO2 surface serve as electron traps, thereby 

preventing the recombination of e−/h+ pairs (Figure 7) [96]. 

Fig. 7. (A) The chemical structure of CIP; (B) A schematic of the photodegradation 

mechanism of Ag/TiO2 under visible light for CIP [96]. 

 

It is noted that OH• radicals are the main active species in the degradation 

of dyes instead of holes and superoxide radicals. The degradation of CIP due to 

O2-• radicals was negligible. The importance of investigating the photocatalytic 

mechanism for each pollutant and catalyst used under specific conditions, as 

observed in reference [96]. 

  The polluting compounds adsorbed on the surface of the photocatalyst are 

spontaneously attacked by ROS and cause their mineralization. Also, repeated 

operating phases contribute to increasing the photocatalyst's efficiency. Several 

methods are used to identify the by-products and their reaction media, thus 

comprising the photocatalytic method at a molecular level. Mention is made of 

absorption spectra that assess the degradation process, total chemical oxygen 

demand, and total or partial organic carbon that monitor the complete 

mineralization of contaminants [97]. 



 

 

Thus, photocatalysis has the benefits of using low-energy UV light, 

semiconductors that act as photocatalysts, and the total degradation of organic 

compounds into environmentally safe substances. Photocatalytic methods allow 

thermodynamically disadvantageous interactions to occur, thus leading to the 

degradation of resistant contaminants [98]. 

Therefore, when comparing the varying energy efficiencies and costs 

between AOPs and electrocoagulation for industrial wastewater treatment, it was 

observed that electrocoagulation was found to be more energy efficient, at >100 

kWh/m³, than photocatalysis at <0.01 kWh/m³ for dye removal [99]. The efficiency 

of photocatalytic degradation of TiO2 NPs depends on the pollutant composition, 

so more stable substances are more difficult to remove and consume more energy, 

for example 4-nitrophenol with 72.27 kWh/m³ [100]. Photocatalytic treatment 

combining UV light, TiO2 and H2O2 showed promising results for several phenolic 

compounds, with energy consumption ranging from 52-248 kWh/m³/order [101]. 

Among various AOPs, electro-Fenton was identified as the most economical (108 

– 125 €/m³) for phenol removal, regardless of the mineralization target. The 

cumulative oxygen equivalent chemical oxidation dose was proposed as a new 

classifier for systematic comparison of AOPs [102]. In the treatment of hospital 

wastewater, UV irradiation with H O  as an AOP effectively removes persistent 

pharmaceuticals, with low-pressure UV lamps proving more cost-effective [103].  

Photocatalytic reactors containing TiO2 supported on granular activated 

carbon removed 100% of total volatile solids (TVS) in 6 min, with a total operating 

cost of USD 0.68 per kg of TVS removal. The continuous process (at 60 mL/min) 

removed 63% of TVS in a hydraulic retention time of 240 min and cost USD 62.16 

per kg of TVS removal. Economic analyses showed that the cost reduction was 

due to the optimal time spent for maximum removal efficiency. Therefore, 

photocatalysis can be economically applied to wastewater treatment [104]. 

Integrated systems combining electrocoagulation with AOPs show promise, 

with electrocoagulation/ozonation achieving complete decolorization and 99.7% 

chemical oxygen demand (COD) removal, while electrocoagulation/photo-Fenton 

resulted in 95.6% COD and 97% color removal [105]. For landfill leachate, a sono-

ozone-electrocoagulation process achieved 100% color removal and 97.5% COD 

removal [106]. Ozonation and Fenton reactions are commonly evaluated for their 

economic viability in the treatment of various pollutants, including phenols, glycols, 



 

 

and humic acids [107]. When evaluating commercial TiO2 photocatalysts for air 

purification, both activity and cost should be considered using cost-effectiveness 

analysis [108]. These findings highlight the importance of considering multiple 

factors when evaluating pollutant removal technologies. Integrated systems offer 

the potential for efficient wastewater treatment. It is important to consider both 

treatment efficiency and energy consumption when selecting optimal technologies 

for specific applications. 

The constitution of photocatalysts ranges from metallic oxides, organic 

polymers, and hybrid elements [109]. Metallic oxides, such as TiO2, SiO2, ZnO, 

MoS2, Fe2O3, WO3, especially in nanometric proportions, are the most used in 

heterogeneous photocatalysis [105, 106]. The proportion of these NPs has 

improved physical-chemical properties, such as nanometer size, high 

surface/mass/volume fraction, and superior chemical reactivity, which can 

generate more significant antimicrobial inhibition, greater mass transfer speed, and 

excellent mechanical and thermal stability [107, 108]. 

Of the various semiconductors used in photocatalytic techniques, for the 

degradation of several chemical species of environmental relevance is TiO2. This 

oxide is constituted by titanium (Ti), the ninth most abundant chemical element in 

the earth's crust, found in minerals such as rutile (TiO2) or ilmenite (FeTiO3). Its 

first mention occurred in 1791 by William Gregor (1761-1817) [27, 109 - 111]. 

It has three crystalline phases (Figure 8): anatase (tetragonal 

arrangement), rutile (tetragonal arrangement), and brookite (orthorhombic 

arrangement) [112 - 115]. Rutile has high stability at high temperatures and 

pressures due to its slow phase conversion at room temperature. On the other 

hand, Anatase is stable under environmental conditions and under light radiation, 

enabling high applicability, which is also linked to its cost, chemical and biological 

inertia, photocatalytic efficiency, and toxicity [116]. Thus, anatase is the one that 

has the highest active photocatalytic activity compared to rutile and brookite [117].  

 



 

 

 
Fig. 8. Crystalline structures of titanium dioxide (a) anatase, (b) rutile, (c) 
brookite [118]. 

 

It is essential in photocatalysis to choose and design the best process, 

considering environmental impacts and easy recovery. There are products arising 

from photocatalytic degradation, such as dehalogenation (slow technique), 

hydroxylation, oxidation of the alkaline chain, isomerization and cyclization, 

opening of an aromatic ring, and decarboxylation [118]. 

 

5. Factors that affect performance in the degradation of emerging pollutants  
 

Some experimental factors govern the heterogeneous photocatalysis 

system and interfere decisively with the degradation efficiency of the pollutants. 

Among the system parameters that affect the efficiency of photocatalysis are: (1) 

use of photocatalyst, (2) photocatalyst (3) mass of photocatalyst used, (4) 

morphology, (5) reactor and its operational factors, (6) radiation applied to excite 

the photocatalyst, (7) wavelength, (8) kinetics, (9) pH, (10) presence of oxidizing 

agents, (11) presence of co-contaminant, (12) temperature, (13) surface 

adsorption, (14) rearrangement of electrons/holes, (15) size, area and surface 

energy, and (16) Ag content [119]. The factors affecting the performance in the 

degradation of emerging pollutants, are represented in Figure 9. 

 

 

 



 

 

 
Fig. 9. The factors affecting the performance in the degradation of emerging 

pollutants. 

 

It is necessary to determine (1) how the photocatalyst will be used, that is, 

in aqueous suspension or stabilized on a substrate. The suspension allows higher 

levels of degradation. However, it requires a separation phase, such as filtration, 

increasing the complexity and rates of the process [120]. 

Another important factor in the heterogeneous photocatalysis technique are 

the (2) photocatalysts since they are responsible for the performance of the 

reaction processes of this technique [121]. Therefore, an excellent performance of 

the photocatalyst is linked to an excellent absorption of light, with appropriate 

photoproduction of charge carriers, with low rearrangement and adequate levels 

of valence bands. It is also pointed out, high physical, biological, and chemical 

stability, being non-toxic and economical [122].  

The effect of the photocatalyst (3) mass on the photocatalytic degradation 

influences the initial rate of the reaction, as it increases proportionally with the 

increase in the photocatalyst mass up to a certain limit, corresponding to the entire 

absorption of photons [118, 119]. However, above a certain amount of 

photocatalyst mass, the efficiency of the system will be independent this limit 

depends on the geometry and operational variables of the reactor. That is, a 

saturated amount of photocatalyst allows the particles present on the surface to 

be completely irradiated. When the quantity is supersaturated, there is a filtering 

or scattering effect of radiation due to the excess of particles [123, 124]. 



 

 

TiO2 morphologies (4) play an essential role in photocatalytic activity. The 

adaptation of the facets is a strategy used to modify the photocatalyst, which can 

increase the photocatalytic action and the selectivity to remove emerging 

pollutants. Thus, numerous factors can be adjusted due to facet change to optimize 

the removal of contaminants, such as band structure, reagent adsorption, and 

desorption, surface free energy, redox point and charge change segregation. 

Several conformations of crystalline facets of TiO2 influence the absorption of light 

and the redox potential of separation of excited e-/h+ pairs, thus modifying the 

photocatalytic action [125].  

The heterogeneous photocatalysis technique takes place in a set formed by 

a light source and (5) reactor, where the photocatalyst is placed in polluted wate 

[126]. The reactor is used at room temperature and atmospheric pressure, under 

continuous irradiation and agitation, thus expanding the area of interaction 

between photocatalyst, substrate and light [127]. (5) Operational factors such as 

solvent, light power, temperature, substrate profile, concentration, and pH are 

essential for the technique. Oscillations of these factors influence the reaction 

dynamics of the photocatalyst and substrate, thus affecting the photocatalytic 

action [123, 124].  

Thus, the amount of TiO2 photocatalyst strongly influences the 

photocatalytic action, interfering with the depth of light penetration and grouping of 

NPs, limiting photocatalysis (6) [128 - 130]. A high amount of TiO2 photocatalyst 

provides a more agile surface area to react with target contaminants. However, 

supersaturation of the photocatalyst, above 1 g/L, can cause an agglomeration of 

TiO2 particles, making it difficult for light to penetrate and reducing the 

photocatalytic action [131]. The reaction rate can be increased by the amount of 

catalyst, thanks to the enlargement of the area Ag/TiO2 surface exposed to light, 

however, if the amount of the photo catalyst is supersaturated the reaction may be 

impaired due to non-permeation of radiation [132].  

The degree of degradation of a photocatalytic system that has a 

photocatalyst is proportional to the amount of radiation (6) incident on the surface. 

However, radiation transfer needs some factors, such as the reactor properties 

(geometry and composition), that influence the interaction of photons with the 

photocatalyst. Another factor is the reaction turbidity that can reduce the arrival of 

photons to the photocatalytic surface. The type of fixed bed employed is a factor 



 

 

that can reduce radiation permeation. The period of exposure of the photocatalyst 

to radiation is linked to its residence time in suspension in the reaction medium. 

And yet, the applied lamp influences the degradation process, as it interferes with 

the effective amount of photons irradiated with the wavelength of interest [133]. 

Photocatalysis depends on the wavelength used, which is correlated with 

the absorbance range (7) of the photocatalyst. To electronically excite a 

semiconductor, radiation with a wavelength close to 384 nm (UV-UVA) is required. 

For maximum efficiency of this factor, it is important that other species present do 

not absorb radiation, which is directed to the photoactivation of the catalyst [129, 

130]. For the degradation of emerging contaminants, UV light irradiation, between 

10 and 400 nm, is more effective than visible light [134 - 136]. Thus, the 

photocatalytic action is linearly related to the light intensity. When the light intensity 

is higher, the formation of high-energy photons occurs, which can generate more 

photoexcited e-/h+ pairs and consequently more ROS in the system [137]. 

Photocatalytic degradation of pollutants follows Langmuir–Hinshelwood 

kinetics (8), with reaction rates influenced by light intensity and pollutant 

concentration. This equation models a reaction mechanism in which two 

parameters coexist, an adsorption pre-equilibrium and a slow surface reaction. 

However, in practice it is demonstrated that other mechanisms can interfere and 

that they are important in modeling the system [138]. The manipulation reactions 

are clearly dependent on light intensity. In many kinetic studies of photocatalytic 

reactions, it is found that the oxidation rate increases with increasing light intensity 

in a non-linear relationship. Furthermore, depending on the kinetics of the event, 

increasing light intensity may increase the rate of the event rapidly or slowly, or not 

at all, in which case the substrate can no longer generate e-/h+ pairs [134, 135].  

Kinetic parameters, including rate constant (Kr) and apparent adsorption 

constant (Ks), are dependent on light intensity, with Kr typically increasing and Ks 

decreasing as intensity increases [139]. At low concentrations, process efficiency 

is high, but it decreases as pollutant levels increase due to saturation of the catalyst 

surface. Just to give an example of this issue, and taking into account only the 

power of the lamp used, this parameter can vary from 8 W to 4 kW. Therefore, the 

decrease in the concentration of a compound as a function of the irradiation time 

is not an argument for such a process to be applied in practice. To this end, one 

must also take into account whether or not it is economically viable, and knowledge 



 

 

of energy consumption can help in this assessment. To this day, it is difficult to 

define its real performance, since there is a lack of standardization in the 

experimental parameters to be evaluated [140, 141]. The relationship between 

reaction rate and light intensity can vary from first order to half order, depending 

on the pollutant concentration. Understanding these relationships is crucial to 

optimizing photocatalytic processes, since the kinetic order in intensity and 

process economy can depend on the concentration [142]. 

Another important factor in photocatalysis is pH (9), as photooxidation is 

followed by proton release, and surface-convertible protonation can modify the 

effectiveness of the system [143]. The pH of the solution plays a critical role in the 

removal of emerging pollutants in a photocatalysis system, as it influences the 

surface charge of contaminants and photocatalysts [138, 139]. The segregation of 

the e-/h+ pair and the production of ROS can influence the pH [144, 145].  

The effect of the presence of other oxidizing agents (10), such as H2O2 and 

KBrO3, in suspensions with the photocatalyst is a factor that increases the 

reactional level of photooxidation. These agents can interact with photoproduced 

electrons in the conduction band, acting as an electron acceptor [145]. 

Furthermore, the existence of cations and anions can affect the degradation 

activity of emerging pollutants [21]. Thus, a high concentration of multivalent ions 

is related to high salinity, which may cause synergistic impacts on photocatalytic 

interactions [146]. It can delay the degradation activity of emerging pollutants by 

competing with the ROS adsorbed on the surface of the photocatalyst [147].  

The presence of co-contaminants (11) can significantly affect Ag/TiO2 

composites are effective in treating water contaminated with certain metals and 

organic compounds, particularly those with standard reduction potentials more 

positive than 0.3 V. The photocatalytic process demonstrates synergy between the 

oxidation of organic compounds and the reduction of metals, leading to efficient 

decontamination of water with appropriate mixtures of pollutants [148]. However, 

the presence of organic matter and other contaminants in water bodies can impact 

the photocatalytic efficiency of TiO2-based materials [19]. Dissolved organic 

matter, particularly humic substances, plays a crucial role in inhibiting the 

photocatalytic removal of pollutants and estrogenic activity. Inorganic ions such as 

H2PO4−, NH4+, and HCO3− also negatively affect TiO2 photocatalysis due to their 

strong adsorption on the catalyst surface [149]. Complex mixtures in aqueous 



 

 

matrices can lead to fouling and inactivation of TiO2 photocatalytic systems, 

requiring prevention and regeneration methods [150]. 

Photocatalysis is an endothermic process it is not sensitive to minimal 

temperature fluctuations, it can take place at room temperature (12), without the 

need for heating, thanks to the activation of photons, but heat can influence the 

photochemical reaction. However, the temperature of the reaction set can increase 

the release of energy during the rearrangement of the e-/h+ pairs. Above 80 ºC, it 

approaches the boiling point of water, thus disfavoring the exothermic adsorption 

of the reagents, becoming limited due to the increase in the rearrangement of e-

/h+. However, between 20 and 80 ºC, the degradation percentage is little influenced 

by temperature, making it ideal, and the adsorption energy is minimal [146, 147]. 

It is also noted that in solutions with higher concentrations, the reaction of the target 

substance with radiation becomes a limiting factor. Degradation usually occurs on 

the photocatalyst's surface that interacts with the particles to be degraded. So, the 

system's kinetics (13) depends on the reactant particles' adsorption on the 

photocatalyst's surface. The surface adsorption of the particles is associated with 

the hydrophilic or hydrophobic characteristic of the photocatalyst and pollutant. 

The bed used and the parameters applied to the support are relevant conditions 

that affect how the adsorption of the contaminant to the photocatalyst occurs. 

Therefore, the acceleration of degradation oscillates according to the level of 

semiconductor coating up to a concentration similar to or greater than the number 

of surface sites, thus reaching saturation. It is also noted that in solutions with 

higher concentrations, the reaction of the target substance with radiation becomes 

a limiting factor [151]. 

Considering that the rearrangement of photoproduced electrons and 

vacancies (14) is fast, the interfacial electron transition is kinetically concurrent 

only when the donor or acceptor is adsorbed before photolysis. The rearrangement 

system of the e-/h+ pair and the interfacial charge transition are competitors, and 

the predominance of one or the other will prevent or not the photocatalytic action 

of semiconductor [152, 153]. Adsorption is relevant to understand surface reactivity 

since the existence of H+ and OH- induce properties of Bronsted acidity or basicity 

[154 - 156].  

The efficiency of TiO2 in environmental remediation stems from its 

polymorphic form, as well as its size, area, and surface energy (15) [150, 151]. 



 

 

Regarding the TiO2 particle size, it needs to be small, and have a high surface area 

and energy, the energy being capable of providing high ionic exchanges and agile 

electronic transition [152, 153]. Thus, the small size and high surface area 

increases the surface-to-volume, number, and surface area of active points for the 

reaction to occur, increasing the removal of emerging pollutants. The crystallite 

area can improve the surface-to-volume ratio and increase the availability e-/h+ on 

the surface, making oxidation and reduction more efficient [157 - 159].  

Ag content (16) significantly influences the structural and functional 

characteristics of Ag/TiO2. Low Ag concentrations (0.75 – 1%) result in thermally 

stable anatase phase, smaller particle size, and larger surface area [160]. As the 

Ag content increases, phase transformation and inhibition of anatase crystallite 

growth occur. The Ag content for photocatalytic activity would be between 1–5% 

mol, where it effectively inhibits electron-hole recombination and introduces 

impurity bands and surface states [161]. However, excessive Ag content (above 

5% mol) can lead to agglomeration and reduced photocatalytic activity [162]. 

From the limiting factors pointed out about photocatalysis, consequently 

Ag/TiO2, numerous challenges are noted in the application of photocatalysis in 

water treatment systems, such as thermodynamic limitations, treatment time, 

kinetic disadvantages and engineering problems inherent to the heterogeneous 

nature of the process [163]. Additional obstacles include concerns about 

nanoparticle toxicity, poor performance under real-world conditions, mass transfer 

limitations, and durability issues, which hinder large-scale implementation. Flow 

rate considerations are also important, as optimization of contact time is necessary 

for efficient photocatalysis. However, it is important to explore strategies such as 

designing reactors that retain the photocatalyst, studying the degradation of 

micropollutants in various water matrices, and developing gas-phase reactors with 

optimized parameters [164]. 

6. TiO2 Synthesis 
 

Pure TiO2 NPs, even with an effective percentage of degradation, have 

shown limits, such as limited photocatalytic action on visible radiation and a high 

rearrangement of e-/h+ pairs [165]. Thus, several approaches have sought to avoid 



 

 

these limitations, such as bonding with metals nobles, doping and the elaboration 

of mixed products [166].  

Doping encompasses adding compounds to a pure photocatalyst to modify 

its optical, electrical, and structural characteristics [167]. Thus, changing the 

activation energy level and structural metastability in fine crystalline elements, 

impacting the amount and arrangement of regions for nucleation on the catalyst 

surface and thickening index [168]. 

TiO2 surface change via doping can be performed with metals [169], non-

metals and co-doping [126, 165]. TiO2 presents a wide light absorption region, 

which increases the quantum efficiency and hinders the rearrangement e-/h+ 

photoproduced in the conduction and valence bands, respectively. Furthermore, it 

expands the reduction potential of photogenerated radicals [170, 171]. The doping 

of TiO2 with metals alters the surface characteristics of the photocatalyst, 

facilitating the production of hydroxyl radicals by the reaction of hydrogen peroxide 

(H2O2) and O2 [172].  

Transition, noble, and rare earth metals are involved in TiO2 doping. 

Introducing transition metals in the oxide optimizes its results, decreasing the 

rearrangement index of the photoproduced e-/h+ pairs and the band gap. Also, by 

reducing the band gap energy by creating another conductive level between the 

valence band and the conduction band, they can still have partially occupied d 

orbitals [173, 174]. The doping of noble metals, such as Au and Ag, optimizes the 

photocatalytic action of TiO2 on irradiation of visible and UV light [175]. Rare earth 

metals, consisting of scandium, yttrium, and 15 elements of the lanthanide family, 

can be incorporated into the TiO2, as they have incomplete (4f) and vacant (5d) 

orbitals [164, 171]. 

The doping of TiO2 with metals can occur by several synthesis processes 

such as impregnation, chemical reduction, sol-gel, green chemistry, encapsulation, 

hydrothermal/solvothermal, photo deposition, photoreduction, physical vapor 

deposition, sputtering, precipitation deposition, and exchange ionic [176, 177]. 

Table 1 and Figure 10 (a) and (b) provides a summary of the precursors, reaction 

conditions, equipment and temperatures used in the Ag/TiO2 synthesis methods. 

 
Table 1. Summary of precursors, reaction conditions, equipment and temperature 

used in Ag/TiO2 synthesis methods 



 

 

Method Precursors Reaction Conditions/ 
Equipament 

Temperature 

Sol-gel Ti alkoxide, 
titanium 
tetraisopropoxide 
and titanium 
oxysulfate and 
precursor Ag 

Hydrolysis and 
condensation. Carried out 
in an alcoholic medium, 
under acidic or basic 
conditions/Reaction 
vessel, stirring apparatus 
and inert atmosphere. 

Calcination  

Hydrothermal TiO2 and silver 
nitrate (AgNO3) 

Use of high-pressure/ 
Autoclave. 

100 °C - 180 °C  

Photodeposition TiO2 and Ag salt Aqueous solution/ UV 
light source and a reaction 
vessel. 

low temperature 

Chemical Vapor 
Deposition 

Ti precursor and 
Ag precursor 

Deposition/Chemical 
vapor deposition reactor. 

low temperature 
 

Microwave-
Assisted 

Ti precursor and 
AgNO3 

Rapid heating using 
microwave radiation/ 
Microwave reactor. 

100 - 200 °C for 
short durations 

Precipitation TiO2 and AgNO3 Involves the precipitation/ 
Reaction vessel and 
stirring apparatus. 

65 °C - 80 °C 
and calcination  

Chemical 
Reduction 

Ag salt and TiO2 Reduction of Ag ions 
using a reducing agent 
such as sodium 
borohydride/ Reaction 
vessel and stirring 
apparatus. 

Room 
temperature 

Green Chemistry Natural extracts 
(e.g., plant 
extracts) as 
reducing agents 
and TiO2 

Utilizes environmentally 
friendly processes and 
materials/ Reaction 
vessel and stirring 
apparatus. 

Mild 
temperatures 

Deposition/ 
Precipitation 

Ag salt and TiO2 Deposition and 
precipitation/ Reaction 
vessel and stirring 
apparatus. 

Involves heating 

Photoreduction Ag salt and TiO2 Reduction under light 
irradiation/ Light source 
and reaction vessel. 

Often performed 
in an aqueous 
solution and 
high 
temperature 

Ion Exchange Ag ions and TiO2 Exchange of ions 
between Ag and TiO2/ 
Reaction vessel and 
stirring apparatus. 

Room 
temperature 

 

 



 

 

Fig. 10. Summary of the synthesis methods (a) and (b) of Ag/TiO2 containing 

precursors, reaction conditions, equipment used. 

 

Each preparation process has particular characteristics, benefits, and 

disadvantages regarding synthesis and performance. The purpose of these 



 

 

processes is to synthesize Ag/TiO2 NPs with high efficiency, homogeneity, and 

purity, optimize the absorption of pollutants, produce a narrow band gap, and 

prevent rearrangement of the e-/h+ pair [164, 173].  

Recent studies have explored the impact of different synthesis techniques 

on the photocatalytic properties of Ag/TiO2 composites, each offering unique 

advantages. Sol–gel and hydrothermal methods produce different crystal 

structures, with hydrothermal synthesis yielding superior photocatalytic activity for 

methylene blue degradation [178, 179]. Photodeposition and microwave-assisted 

synthesis of Ag/TiO2 improve photocatalytic performance compared to bulk TiO2, 

with photodeposition showing better results for rhodamine B, pharmaceutical, and 

pesticide degradation [39]. Ag2O impregnation loading on TiO2 nanowires 

demonstrated optimal catalytic performance in the reduction of 4-nitrophenol [180]. 

Plasma-enhanced chemical and physical vapor deposition can produce well-

dispersed Ag NPs on TiO2, with 2.2 wt% Ag producing the highest photocatalytic 

activity [181 - 183]. All methods demonstrated enhanced photocatalytic activity of 

Ag/TiO2 compared to pure TiO2. The choice of synthesis method depends on 

specific requirements for Ag loading, particle size, and target pollutants. 

Among the differences in the photoactivity of Ag/TiO2 catalysts obtained by 

different methods are the level of oxidation of Ag on the support surface, particle 

diameter, final concentration rate of Ag in Ag/TiO2, and thermal procedure during 

the synthesis processes [178]. The section below reviews and provides further 

details of various processes used in Ag/TiO2 synthesis. 

 

6.1. Impregnation  
 

This technique involves a surface area of the support impregnated with a 

metal precursor solution; subsequently evaporation at high temperature occurs, 

and finally, the reduction of the metal precursor obtaining the catalysts. Therefore, 

the impregnation consists of a liquid, which has dissolved metals and enters the 

pores of the substrates. These metallic ions are adsorbed inside the pores through 

the evaporation of the liquid [40]. Thus, this simple technique is used in the 

manufacture of Ag/TiO2 photocatalyst, occurring from the mixture of the AgNO3 

solutions with the TiO2 suspension, using water or organic solvents in an 



 

 

established time. The solvent is extracted by drying and then calcination [182]. 

This method is carried out under wet and dry conditions [179, 180].  

You can modify the synthesis variables, for example, the proportion of Ag 

or TiO2, the addition of additives, the contact period, and the calcination 

temperature [184, 185]. It is an easy, accessible process to synthesize supported 

photocatalysts [40]. As disadvantages, the weak interaction between the metal 

particles and the support, moderately larger particle diameter, and the generation 

of high impurities [182]. 

 
6.2. Chemical Reduction 
 

Chemical reduction is one of the methods used in the synthesis of Ag/TiO2, 

controlling the NPs diameter, shape, and dispersion [186]. The beginning of this 

technique includes the adsorption of precursors on the surface of the support 

before reducing agents, such as sodium borohydride and sodium citrate, 

accompanied by chemical reduction [187, 188]. It is a promising method thanks to 

its versatility and accessibility, at the same time, the use of appropriate reducing 

agents for the production of Ag NPs is an efficient tool to reduce the size of Ag 

nanostructures [184, 185]. There are several important factors in the preparation 

of nanometric Ag, such as the molar concentration ratio, the amount of dispersant, 

and the reagent addition rate [189, 190].  

 

6.3. Sol-gel 
 

This method usually involves changing a part with a liquid/colloidal 

constitution, called a sol, to a solid part known as a gel. This process favors the 

production of ultrafine powders or thin films [191]. This technique comprises three 

phases, hydrolysis that transforms alkoxides into metallic hydroxides, 

condensation that produces gels, and drying. The hydrolysis is carried out at a 

temperature below 100 °C and controlled pH, thus ensuring the uniformity of the 

characteristics [115 -117]. 

Calcination is carried out at elevated temperatures for additional 

crystallization. The sol-gel synthesis is promising, well disseminated, and being 

used in the production of Ag/TiO2 photocatalysts at room temperature or low 



 

 

temperatures. Titanium IV tetrabutoxide, titanium tetrachloride (TiCl4), or titanium 

IV isopropoxide can be used as precursors for TiO2, which are added to an Ag 

precursor, such as AgNO3. It is a method that provides control of homogeneity, 

purity of the final catalyst, its development, and the diameter of the particles [188-

190]. Furthermore, it has the versatility to add high concentrations of dopants, 

producing catalysts with a high surface area and maintaining the purity of the 

chemical reagents. It is also pointed out that it is an easy-to-control synthesis, is 

reliable, reproducible, allows the production of thin films on substrates, uses basic 

apparatus, as well as has high chemical homogeneity in sets with dopants, high 

crystallinity, and allows control of functionalities [188, 191].  

This process's disadvantages are slow deposition, time-consuming 

synthesis, relatively high precursor cost, and the substrate may not support high 

calcination temperatures and complex agglomeration capacity [189, 192 - 194]. 

 
6.4. Green Chemistry  
 

In 1991, the terminology “green chemistry” was inserted, whose purpose is 

related to minimizing or extinguishing the use of harmful products, thus reducing 

the detrimental effect on ecosystems and humans [195 - 197]. Green materials can 

be from plants, such as chitosan and cellulose, support based on ceramics, such 

as kaolin and clay, which contribute to the stability and recycling of Ag/TiO2, 

biomass, biopolymers, animals and microorganisms [198]. 

Among the benefits of applying this technique are the prevention and 

reduction in the generation of superfluous waste. Since the solvents used can be 

reused, the absence of hazardous waste, chemical interactions with minimal risk, 

low cost, and products that do not remain in the ecosystem [193, 195]. They also 

present reduced polar surface characteristics, high surface area, ease of 

characterization, and great potential for adsorption of non-polar organic 

contaminants, being excellent support for TiO2 [199]. 

 

6.5. Hydrothermal/Solvothermal 
 

The hydrothermal method takes place in an aqueous medium for crystal 

growth, where the TiO2 precursor is added to an aqueous solution and then placed 



 

 

in an autoclave coated with Teflon under pressurized conditions. Then, titania's 

precipitation occurs from the hydrothermal set's heating, at a high temperature and 

for a specific reaction period. The development of crystals requires their nucleation 

and growth. The higher temperature and pressure boost the interaction of the 

precursors during the fabrication of Ag/TiO2 crystals with excellent qualities. 

Finally, the catalysts are washed and dried [200]. The hydrothermal process is well 

used to manufacture Ag/TiO2, especially when mixed nanomorphologies are 

desired [32].  

The hydrothermal process has a simple, easy, and time-efficient operation 

and produces high-quality crystals without impacting the chemical characteristics. 

It is environmentally friendly and has flexibility in manufacturing Ag/TiO2 with 

narrow size distribution and dissemination [124-126]. However, the synthesis 

needs the autoclave making it expensive, and the development of crystals in situ 

occurs [197, 198]. It can also control the size of Ag/TiO2 from different reaction 

conditions, such as pressure, temperature, and pH [199, 200 - 202]. 

The solvothermal process is very similar to hydrothermal, differing in the 

solvent used. Thus, this process uses an organic solvent that manages the 

morphology, structure, dissemination, and crystallinity of the Ag/TiO2 format [112]. 

Another way of synthesizing photocatalysts supported on TiO2 is thermal 

evaporation, characterized by the metal evaporating at high temperatures and 

subsequently being supported on the surface of a semiconductor [203 - 205].  

 
6.6. Deposition-Precipitation 
 

This method is widely used to produce photocatalysts containing metals 

such as Au, Pd, Ag, Pt, supported on TiO2, so precipitation by deposition requires 

washing followed by reduction [206]. This synthesis presents a minimum impurity 

rate, a high dispersion of metals, produces a matrix of narrow dimensions in 

support materials, and a smaller diameter of metallic particles. However, this 

method requires a lot of precipitating agent, as well as the size and shape of the 

nanomaterials are uneven [41, 203]. Oscillations in the reactional pH and the 

calcination temperature modify the particle diameter and the equivalent portion of 

the metals' charge [42]. The deposition-precipitation process synthesizes hybrid 

materials using halides and silver nitrate as precursors [207, 208]. 



 

 

 
6.7. Photoreduction 
 

Photoreduction or photodeposition can be used with other processes, such 

as impregnation [209], deposition-precipitation [33] and ion exchange [210]. It is 

used in the synthesis of metal NPs, for example, Ag and Au, supported on various 

substrates, such as TiO2. Photoreduction involves the reduction of metal ions that 

are adsorbed on the surface of TiO2 [192]. 

The unique electronic arrangement of semiconductors such as WO3, TiO2, 

Bi2WO4, ZnO e CdS, consists of a completely filled valence band and an empty 

conduction band. When a photon with energy greater than that of the 

semiconductor gap radiates over it, the valence band electrons are excited to the 

conduction band, generating holes in the valence band. The skipped electrons 

then react with the precursors of their respective ionic metals, generating metal 

NPs that are supported in semiconductors [211]. 

It is an attractive technique for synthesizing Ag/TiO2 whose simple principle 

involves lighting a mixed solution of TiO2 and the Ag precursor for a particular time. 

It is necessary to reduce the Ag+ ion to a Ag0, thus ensuring its deposition on the 

surface of the semiconductor [212]. This method provides an effective coupling of 

Ag NPs on TiO2 obtaining a photocatalyst with multifunctional nature [213].  

Alcohol is used to prevent the development of positive charges during the 

photodeposition technique. Another critical variable is light intensity, as the 

average particle size is closely linked to light intensity. Another parameter is the 

concentration of the Ag precursor. When the Ag concentration decreases 

proportionally, the average particle size decreases [31]. 

This method takes place at room temperature, needs few reagents, no 

additional calcination, and presents good recovery and a relatively high deposition 

percentage of metals. Several metals are deposited on the support by consecutive 

or synchronous reduction reactions, the particles have smaller diameters, 

dispersing uniformly on the support, and the doping NPs are not clustered. 

However, the efficiency of this method increases with time and reproducibility [210, 

211].   



 

 

 
6.8. Ion Exchange 
 

Ion exchange occurs when ions held by electrostatic forces to functional 

groups on a solid surface (resin) are exchanged for like-charged ions in solution 

[214 - 216]. It employs ion exchange resins, which are porous polymers with 

exchangeable functional groups, to remove unwanted ions from wastewater [217]. 

This process is used to manufacture photocatalysts, since the solubility of the 

reactant is greater than that of the products. To manufacture metallic materials, ion 

exchange is associated with the process of reduction, photoreduction, followed by 

calcination. Ion exchange is a highly efficient process where a mixed-part 

heterojunction photocatalyst with good interconnection can be acquired [218].  

This method offers advantages such as wide applicability, reliability, cost-

effectiveness, high separation selectivity, simple handling, and reusability, making 

it economical and sustainable for water treatment [217]. Ion exchange is widely 

used in industrial processes such as the removal of specific ions such as nitrate, 

chromate, and heavy metals, dissolved organic matter, and generates 

concentrated brine during resin regeneration [213, 215]. Some disadvantages are 

the separation speed, high detection limit, expensive method, and minimal 

applications [213, 216]. Ion exchange was used to synthesize Ag/TiO2 with 

improved properties. As Ag ion exchanged zeolite/TiO2 nanocomposites showed 

improved antibacterial performance and photocatalytic degradation of antibiotics 

[219 - 221]. Ag/TiO2 spheres with core-shell structures produced by ion exchange 

exhibited excellent antibacterial activities [222]. 

 

6. 9. Chemical and Physical vapor deposition  
  

Chemical vapor deposition unites the synthesis of the catalyst and its 

coating with appropriate NPs in an accessible and unique method, using titanium 

isopropoxide as a precursor. In the chemical deposition process, uniform thin films 

are obtained, reproducible yield, compatibility with excellent adherence, coatings 

with numerous constituents can be purchased, their format is adapted according 

to the support, and pure, durable, and uniform NPs are manufactured. 

Furthermore, the coated photocatalysts show higher catalytic activity than the 



 

 

uncoated catalyst [223]. The disadvantages of the process are the cost of the 

necessary reagents, which have high purity, use corrosive gases, and high 

temperatures [224]. 

Physical vapor deposition replicates a variety of vacuum deposition 

processes that are employed to manufacture thin film wraps. It encompasses 

changes from a condensed state to a vapor state and back to the thin-film 

condensed state [225]. This technique encompasses the sputtering/evaporation of 

several constituents to produce a vapor state, the supersaturation of the vapor 

state in an inert environment to increase the condensation of metal NPs and the 

thermal procedure for solidification of the nanocomposite [226]. It isn't easy, and 

the temperature used is moderate. However, vacuum systems are used, making 

the method costly, and due to the different evaporation periods, the deposition of 

precursors from different origins is complex [225].  

 

6.10. Microwave 
 

The method supported by microwaves in the synthesis of NPs has become 

popular thanks to its ease, high reaction rate, and efficiency. The reagents are 

heated by irradiation, not by a thermal source, which is usually used in 

conventional techniques. Microwave irradiation interacts with the polar substance 

generating a dipole moment in the reaction solution, which can affect the rotation 

of molecules [227]. This orientation increases the possibility of molecular collisions. 

However, it minimizes the activation energy and heat generation, causing a 

reactional displacement that favors the manufacture of NPs [228]. 

7. Ag-doped TiO2 photocatalysts (Ag/TiO2) 
 

The high band energy of TiO2 causes a high level of e-/h+ rearrangement 

and prevents the use of visible light and sunlight, thus reducing the photocatalytic 

action and high energy cost [225, 226]. The small size makes TiO2 recovery 

difficult, thus making it costly and generating secondary contamination as particles 

remain in the effluents [229 - 231]. One way to overcome this problem is to 

immobilize the photocatalyst on a support such as silica, glass, stainless steel, 

fiberglass, fabrics, alumina, activated carbon, and others [232]. 



 

 

Thus, due to these restrictions on the use of TiO2 on a large scale, 

innovations in the synthesis and structure of the oxide have been improved, both 

in its photocatalytic characteristics, as in the expansion of the optical spectrum to 

the visible range and in optimizing its segregation of reagents [229, 230]. 

Photocatalysts doped with Ag can be used in the degradation of pollutants. 

This metal is stable, has low investment, and has high electrical and thermal 

conductivity [29, 51]. Furthermore, it has excellent photocatalytic action, high 

surface area, excellent stability, and conductivity, which favors selective organic 

interactions and high efficiency [233 - 235]. Ag has an antibacterial characteristic 

with or without activation by light and synergistically stimulates the antipathogenic 

action of TiO2, thus extending its application in the biomedical field [236].  

Ag, in the Ag/TiO2 photocatalyst, has a lower Fermi level than TiO2, 

thermally favoring the excitation of electrons in the oxide conduction band [237]. 

The photon energy is similar or greater than the bandgap, in the case of TiO2, it is 

3.2 eV, activated by UV radiation. This radiation corresponds to 5% of the solar 

spectrum, compared to 45% of visible light [234, 235]. The rearrangement of the 

e-/h+ pairs can be delayed, and well's light absorption spectrum of TiO2 is modified 

to visible light by doping the oxide with Ag [236 - 238].  

Ag acts as a network to capture electrons that are moved from the TiO2 

conduction band and transport them to O2•−, transforming them into superoxide 

radicals. They also help produce hydroxyl radicals that are generated from the 

reaction of H2O with the remaining photoproduced gaps present in the TiO2 

valence band. The free radicals produced are used to inhibit bacterial growth and 

for the photocatalytic oxidation of pollutants [239 - 242].  

Studies on TiO2-based photocatalysts reveal that •OH is often the dominant 

oxidative species, while O2•- contributes less directly to degradation. •OH radicals 

are identified as the main reactive species responsible for pollutant degradation 

regardless of the catalyst used [243–245]. While •OH radicals are identified as the 

main reactive species responsible for dichloroacetic acid degradation, O2•- radicals 

contribute indirectly by transforming into •OH radicals in noble metal-doped TiO2 

catalysts [243]. In Ag/TiO2 heterojunctions, O2•- becomes the dominant reactive 

species, unlike in pure TiO2 where •OH is primary [246].  

This change is attributed to changes in electron transfer pathways and 

improved charge carrier separation in the heterojunction. The addition of noble 



 

 

metals such as Ag and Pt to TiO2 enhances photocatalytic properties by promoting 

efficient electron-hole separation [243]. However, the relative importance of 

different ROS can vary depending on the target pollutant and catalyst composition. 

For example, in the degradation of pentachlorophenol, •OH is primary for the 

starting compound, while O2•- and H2O2 become more significant for intermediates 

[244]. TiO2 doped with noble metals, such as Ag/TiO2, showed enhanced 

photocatalytic activity, with pre-illuminated Ag/TiO2 capable of activating H2O2 to 

produce •OH even in dark conditions [247]. Noble metal doping of TiO2 can alter 

ROS generation pathways, potentially increasing photocatalytic efficiency [243].  

Ag can extend the light absorption range of TiO2 to visible light, thus 

increasing its photocatalytic efficiency due to the creation of the surface plasmon 

resonance effect in the range of 320–450 nm, which allows the absorption of 

photons at lower energies [248]. The plasmonic range of Ag is close to the 

absorption energy of the TiO2 hole (388 nm) [237].  

The plasmon effect creates a layer of spatial charge between the 

semiconductor and the metals (Schottky junction), and through this layer the 

electrons are excited from the TiO2 conduction band to the metals; that is, there is 

an oscillation between the energy level of the metal and the conduction band of 

the semiconductor [249]. The incidence of light radiation on metals excites 

electrons to higher energy levels, thus causing a slight collective variation of 

electronic density in metals, thus causing a plasmon resonance located on the 

surface [246, 247]. This produces an electromagnetic area close to the NPs of 

metal [250 - 252]. 

Plasmonic materials, particularly Ag, Au, and Pt NPs, exhibit localized 

surface plasmon resonance (LSPR) properties that are highly tunable and 

dependent on size, shape, and composition [253]. Ag NPs exhibit strong SPR 

peaks and light scattering effects [254] and Au and Ag NPs produce strong 

extinction and scattering spectra [255]. Ag doping creates oxygen vacancies and 

increases the disorder of the system, further enhancing visible light absorption 

[256]. The size and concentration of Ag NPs influence the LSPR resonance band 

intensity and peak position, enabling tunable optical properties [257]. Ag acts as 

an electron donor under visible light and an electron acceptor under UV light. This 

enhancement leads to improved photocatalytic activity and photoelectrochemical 

performance under visible light [254, 255]. The interconversion between Ag (0) and 



 

 

Ag (I) during alternating visible and UV irradiation contributes to the photocatalytic 

process [258 - 260]. The LSPR effect creates a local electric field near the TiO2 

surface, extending the light absorption band and promoting efficient charge 

separation [258]. The synergistic effects of Schottky barrier formation, doping, and 

mixed crystal phases (anatase + brookite) contribute to the enhanced 

photocatalytic performance [261] Compared with other dopants, Ag NPs offer 

advantages such as enhanced light scattering and electron–hole separation [253, 

258]. 

The change in TiO2 morphology caused by Ag doping increases its affinity 

for dissolved O2, expands its adsorption surface and causes an increase in ROS 

production [262–265].  

There are some limitations in the Ag/TiO2 photocatalyst, such as the loss of 

photoactivity during prolonged storage and reuse [266] and the leaching of this 

metal [267]. The Ag/TiO2 stability can be maximized with the addition of ionic 

liquids, which can impact the crystallinity, action, and morphology of the particles 

of this photocatalyst [268].  

Recent research has focused on improving the recovery and reuse of 

Ag/TiO2. Membrane separation, ultrafiltration, centrifugation, and sedimentation 

have emerged as effective methods for catalyst recovery. A cross-flow 

ultrafiltration system achieved over 99% recovery of TiO2 and Pt/TiO2 [269]. The 

recovery efficiencies of TiO2 between a centrifuge, a sedimentation tank, and a 

microfilter membrane were evaluated, and centrifugation recovered 99.5% and 

was economically viable ($10–$15/1,000 gallons) among several technologies 

tested [270]. AgTiO2 can be easily separated from water by sedimentation due to 

their one-dimensional structure due to its large length-to-diameter ratio, allowing 

simple recovery and reuse without decreasing photocatalytic activity [271]. 

Magnetic separation offers an efficient solution, such as the creation of 

magnetically separable composites of Ag/TiO2 with high recyclability [272]. 

Another method uses magnetic flocculants to aggregate non-magnetic NPs, 

including Ag and TiO2, allowing their separation and reuse [273]. SiO2-Ag/TiO2 

hollow spheres have shown excellent recyclability, maintaining photocatalytic 

efficiency after five consecutive runs [274]. Ag NPs exhibit higher stability and 

mobility compared to TiO2 NPs in the environment [275]. Furthermore, Ag/TiO2 

NPs retain significant degradation efficiency over three cycles [276].  



 

 

Conventional treatments, including lime softening and alum coagulation, 

can achieve more than 93% removal of Ti-containing particles and dissolved Ti 

[277]. Enhanced coagulation achieved more than 99% removal of Ag, CuO, and 

TiO2 NPs, although some ionic Ag may pass through the membranes due to 

dissolution [278]. Current methods for recovering Ag/TiO2 NPs in water treatment 

systems remove 91-99.97%, showing variable effectiveness [279]. These 

modifications aim to increase photocatalytic efficiency, stability, and ease of 

separation, addressing the limitations of conventional Ag/TiO2 systems in 

wastewater treatment applications. 

Under visible light irradiation, Ag/TiO2 photocatalysts oxidize various 

organic dyes and pollutants, such as phenol, methyl orange, tetracycline and 4-

chlorophenol [280]. It was used in the elimination of pharmaceutical substances 

from wastewater, considering that their structures and harmful impacts on human 

health and the environment [281]. Phenolic substances are one of the most 

polluted organic contaminants in the environment, which generate odor and taste 

in drinking water [282]. Ag/TiO2 has a high photocatalytic efficiency in the 

degradation of phenolic substances, thanks to its characteristics and structures. 

This photocatalyst has also demonstrated the same photocatalytic effect with 

regard to artificial and real wastewater [279, 280], further studies are arranged in 

Table 2.  
Recent studies have compared the photocatalytic efficiency of Ag-modified 

TiO2 and ZnO for degrading various pollutants. Ag/TiO2 showed superior 

performance in degrading 2-chlorophenol compared to Ag/ZnO and ZnS [283 - 

285]. Highly crystalline TiO2 NPs achieved more than 90% degradation of 

levofloxacin in 120 min under UV light, surpassing commercial TiO2 catalysts [286]. 

For organic dyes, Ag-modified ZnO and TiO2 demonstrated enhanced 

photocatalytic activity, with higher Ag concentrations leading to increased 

degradation rates [287] . In the case of emerging contaminants like bisphenols, 

Ag/TiO2 achieved 100% degradation within 10 - 60 min, outperforming unmodified 

TiO2 and ZnO. However, fluconazole proved more resistant, with degradation not 

exceeding 70% in 60 min [288]. 

Ag/TiO2 is an effective biocide to eliminate Gram negative and Gram 

positive bacteria [173, 285] (Figure 11). However, the morphology, shape, and 

gram of the bacteria modify the behavior of the photocatalyst [289 - 291]. It is 



 

 

known that the thickness of the peptidoglycan layer of Gram-negative bacteria is 

thinner, and their cell wall structure is different from that of Gram-positive bacteria, 

which facilitates the entry of ROS into the cytoplasmic membrane of the bacterium, 

thus causing its death. The antibacterial action mechanisms of Ag/TiO2 are 

multitarget, multidirectional and multifactorial and can occur by attacking the 

bacterial cell layer caused by OH• and Ag+, by the production of active hydroxyls, 

by irradiation of the photocatalyst and the interfacial charge transfer between Ag 

and Ag2O [286, 287].  

 

 
Fig. 11. Cell wall structure of gram-negative and gram-positive bacteria. 

 

Ag/TiO2 NPs were synthesized via the photochemical reduction method. 

The morphology and structure of the material were identified through the use of 

high-resolution transmission electron microscopy (HR-TEM). The findings 

revealed that the average diameter of the Ag NPs was 23.9 ± 18.3 nm, exhibiting 

a fine and homogeneous distribution on the TiO2 surface. The photoresponse of 

Ag/TiO2 NPs under 365 nm LED irradiation exhibited a higher intensity in the visible 

light region relative to TiO2 P25. The Ag/TiO2 system can be reused after five 

consecutive CIP photodegradation reactions, with a slight decrease in efficiency 

(8%). The presence of Ag (blue bars) in Ag/TiO2 NPs was confirmed through X-

ray diffraction (XRD) analysis (Figure 12 (f)). Furthermore, the composite 



 

 

demonstrated antibacterial activity against E. coli (Fig. 12 (g) and (h)), indicating 

its potential for use in the treatment of hospital wastewater. As previously 

mentioned in reference [96], the results regarding the photodegradation of CIP and 

norfloxacin are as follows: 

 

 

Fig. 12. (a) HRTEM image of Ag/TiO2; (b) EDS map of Ag/TiO2 with Ag in red and 

Ti in green atomic distribution; (c) EDS map of Ag/TiO2 with Ag atomic distribution 

(red). (d) UV-Vis absorption spectra of TiO2 P25 and Ag/TiO2 NPs (e). Powder 

XRD patterns of TiO2 P25 and Ag/TiO2 NPs (f). The inhibitory bacteria growth 

potential of TiO2 (g) and Ag–TiO2 NPs (h) against E. coli: (g) E. coli broth on the 

left part of the agar plate, TiO2 P25 and E. coli broth on the right part of the agar 

plate; (h) E. coli broth on the left part of the agar plate, Ag/TiO2 NPs and E. 

coli broth on the right part of the agar plate [96]. 

 

The Ag/TiO2 core-shell was employed for the nonphotochemical catalytic 

hydrolysis of the organothiophosphate pesticide methyl parathion (MeP) under 

mild and ambient conditions. From the transmittance electron micrograph (TEM) 

images, Ag NPs have an average size of 20 nm and a spherical core-shell NPs 

are observed. XRD showed for Ag/TiO2 at 200 °C peaks with Ag reflections and 

no peak corresponding to TiO2, confirming an amorphous layer. At 600 °C, the 

peaks are narrower and crystalline for Ag/TiO2, while at 1000 °C, a stronger peak 

for anatase is observed. Scanning electron microscopy (SEM) indicates that the 



 

 

freeze-drying method resulted in the formation of agglomerates with irregular 

surfaces. These agglomerates were observed to contain TiO2 with intertwined 

crystalline domains, with a size five times larger than that of the agglomerates 

observed in the Ag/TiO2 sample. The material displays the presence of mesopores. 

The formation of p-nitrophenolate anion (PNP) was observed for up to five cycles. 

However, the conversion exhibited a notable decline in performance compared to 

the initial cycle. The initial rate of hydrolysis may be attributed to the pH of the 

reaction mixture, with p-nitrophenolate (PNP) being the sole degradation product. 

The catalytic activity of Ag/TiO2 was found to be related to the higher acidity that 

is mediated by the presence of Ag NPs. The hydrolysis mechanism may occur by 

coordination of electron-rich P2O5 to Lewis acid sites on the surface of the material, 

by nucleophilic attack of the OH ion on the P atom and loss of the leaving group 

and generation of the hydrolysis product (Figure 13) [292].  

 

 
Fig. 13. (a) UV-Vis absorption spectra of Ag, TiO2, and Ag/TiO2 NPs and TEM 

image of Ag/TiO2 (inset). SEM micrographs of Ag/TiO2 (b) and TiO2 (c) particles. 

(d) X-ray diffraction patterns of Ag/TiO2 after heating at (A) 200 °C, (B) 650 °C, and 

(C) 1000 °C. (e) Proposed mechanism for organophosphate hydrolysis on 

Ag/TiO2 [292]. 

 



 

 

Ag/TiO2 was synthesized via formaldehyde-assisted photodeposition (PD) 

and microwave (MW), and its photocatalytic performance was evaluated using 

pollutants. The XRD analysis revealed that the Ag/TiO2 sample exhibited an 

anatase phase of TiO2, and no Ag was detected. The calculated crystallite sizes of 

TiO2, 1.5 wt% Ag/TiO2 - PD, and 1.5 wt% Ag/TiO2 - MW were 21.9 nm, 22.7 nm, 

and 23.2 nm, respectively. The smallest band gap was observed for 1 wt% Ag/TiO2 

- MW, with a value of 2.47 eV [39].  

Scanning electron microscopy with energy dispersive X-ray spectroscopy 

(SEM-EDX) revealed the presence of spherical particles exhibiting a degree of 

agglomeration. However, no discernible difference was observed in the 

morphology and shape of Ag/TiO2 - PD and Ag/TiO2 - MW. This indicates that the 

synthesis did not affect the morphology and texture of the materials. Energy-

dispersive X-ray spectroscopy (EDX) identified the presence of silver (Ag) in the 

materials, with different amounts of this metal: 0.1 wt% Ag and 0.07 wt% Ag for 

0.5 wt% Ag/TiO2 - PD and 0.5 wt% Ag/TiO2 – MW, respectively. The 0.5 wt% 

Ag/TiO2 - PD demonstrated a markedly elevated photocatalytic efficacy in 

comparison to the rhodamine B dye. Consequently, the degradation efficiency was 

99%, and the pseudo-first-order rate constant was 0.14432 min-1, with the 

influence of Ag, the wt% of Ag, and the synthesis route under observation. The 

composite synthesized with 1.0 wt% Ag/TiO2 - MW exhibited the most favorable 

performance, demonstrating 99% photodegradation and pseudo first order rate 

constants of 0.13759 min-1 by microwave and formaldehyde. The 0.5 wt% Ag/TiO2 

and 1.0 wt% Ag/TiO2 composites demonstrated photocatalytic degradation of 

naproxen sodium within 10 min, with a degradation rate of approximately 80% for 

the Ag/TiO2 - PD catalyst. Additionally, the composites exhibited photocatalytic 

degradation of flurbiprofen within 60 min, demonstrating their potential for the 

degradation of pharmaceuticals. The degradation of the pesticides atrazine (48%) 

and pyrimethanil (56%) was less pronounced than that of the pharmaceuticals 

using Ag/TiO2 - PD. The 0.5 wt% Ag/TiO2 - PD composite exhibited a distinctive 

performance in the photodegradation of pollutants, as evidenced by the results 

presented in reference [39]. 



 

 

 
Fig. 14. (a) XRD pattern of pure TiO2, 1.5 % Ag/TiO2 - PD and 1.5 % Ag/TiO2 - 

MW. SEM image of (b) Ag/TiO2 - PD and (c) Ag/TiO2 - MW. (d) 1 H NMR of pure 

pyrimethanil, (e) 13 C NMR of pure pyrimethanil, (f) 1 H NMR of photodegraded 

pyrimethanil, (g) 13 C NMR of photodegraded pyrimethanil. (h) Possible fragments 

obtained from the photodegradation of pyrimethanil by Ag-TiO2 [39]. 

 

The photodegraded pyrimethanil was subjected to nuclear magnetic 

resonance (NMR) analysis with the objective of elucidating the degradation 

mechanism and identifying the degradation byproducts. Pyrimethanil has six 

aromatic protons (p+) in the two aromatic rings, six aliphatic p+ in the methyl 

carbons, and one acidic p+ that was disappearing, possibly due to exchange with 

deuterium. Two analogous methyl protons were identified. The insecticide in 

question features aromatic rings with methyl radicals meta linked to the pyrimidine 

ring. As illustrated in Figure 14 (d) - (g), a shift in the aromatic region is evident, 

indicating the disintegration of pyrimethanil. Pyrimethanil is an alkaloid comprising 

12 carbon atoms, 10 of which exhibit sp2 hybridization, and 2 exhibiting sp3 

hybridization, resulting in a formula of C12H13N3. An aromatic fragment is present 



 

 

in the degradation mechanism (Figure 14 (h)), which occurs due to the high stability 

of benzamine, or the positively charged benzene or benzyl radical [39]. 

The behavioral relationship of Ag/TiO2 with bacterial cells, as well as its 

antibacterial action, is influenced by its structure, Ag concentration and size [288, 

289]. Ag/TiO2 particles with diameters smaller than 10 nm have a more effective 

antibacterial action than larger sizes, because with a decrease in diameter, the 

surface contact area with the bacteria increases, thus increasing the antibacterial 

action of this photocatalyst [293 - 295]. 

Summarizing the benefits of adding Ag NPs to TiO2: (1) they increase visible 

light absorption through LSPR and Raman scattering effects [257]; (2) facilitate 

charge separation by forming Schottky barriers at the Ag/TiO2 interface, reducing 

e-/h+ recombination [31, 291]; (3) Ag can inject e- into adsorbed molecules through 

the conduction band of TiO2, enhancing charge transfer processes [296]; (4) they 

suppress anatase - rutile phase transformation [294 - 297]; (5) improve the 

bactericidal performance of TiO2; (6) they increase oxygen vacancies in the TiO2 

matrix [31]; (7) in UV light, Ag serves as an electron acceptor, trapping 

photogenerated electrons in TiO2 [259]; and (8) assist in the formation of singlet 

oxygen and hydroxyl radicals, increasing photocatalytic activity [298]. These 

advantages make Ag a superior choice for TiO2 doping compared to other metals 

such as Mn, which can inhibit photodegradation due to shadowing effects and 

facilitated recombination [299]. 

 
 
 
 
 
 
 
 
 
 
 
 



 

 

Table 2. Applications of Ag/TiO2 in the degradation of emerging pollutants and 

their results. 

Catalyst/ 
Synthesis 

Contaminant / 
Concentration 

Degradation 
Reaction 

conditions 

Results Reference 

Ag/TiO2 
Nanowires/ 
Hydrothermal  

Rhodamine B/ 
3.5 mg/L 

Xe Lamp (350 
W)/60 min 

- Photo discoloration was 
100% after 45 min; 
- Ag improved the absorption 
of TiO2 nanowires in the 
visible; 
- Bandgap of 2.85 eV. 

[126] 
 

Cassava stem 
charcoal with 
Ag/TiO2 
(AT/CSAC) and 
Ag/TiO2/Green 
synthesis 
involving sol-gel 

Bright green/15 
mg/L 

Sunlight /60 
min 

- Crystalline size: 12.37 nm; 
- AT/CSAC makes a redshift 
from the absorption edge; 
- AT/CSAC has a gap of 2.81 
eV and a surface area of 238.5 
m2/g; 
- Photobleaching of brilliant 
green was 98%. 

[300] 
 

Ag/TiO2 and 
granules of C 
from 
cellulose/Gree
n Synthesis 
involving 
supercritical 
sol-gel and 
One-Pot  

Ceftriaxone 
sodium/25 mg/L 

Xe lamp   
(500 W)/270 
min 

- Photocatalytic degradation of 
91.9%; 
- Efficacy reduced to 17.9% 
after 5 cycles. 

[301] 
 

Ag/TiO2-Fe 
and Bentonite 
Clay/Green 
Synthesis 
involving 
sonication and 
immersion 
coating 

Ciprofloxacin/2
5 mg/ L 

Solar radiation 
(940 Wm-2)/60 
min/pH 3.5 

- Degradation of 94.4% and 
changed to 81.6% after 30 
recyclings; 
- Reduction of process costs; 
- Formation of inorganic 
anions and cations in 
ciprofloxacin fragmentation. 

[302] 
 

Ag/TiO2/ Core-
shell 

Sewage sludge Anaerobic 
digestion 

- Removal of 91.9% hydrogen 
sulfide gas; 
- 3-fold increase in 
biomethane production; 
- Degraded organic matter. 

[303] 

Ag/C-TiO2/ 
Impregnation 

Phenol and 4-
nitrophenol/10 
mg/L 

Xe lamp 
(simulated 

- Photocatalyst exhibits 100% 
removal of phenolic pollutants; 

[234] 
 



 

 

sunlight 300 
W)/60 min 

- Photocatalyst has good 
stability and recyclability for 
degradation/reduction of 4-
nitrophenol; 
- Inorganic ions and pH have 
little influence on the removal 
of phenolic compounds. 

TiO2 doped 
with Ag-
Zn/Green 
synthesis 

Methylene Blue 
(MB) and Methyl 
Orange (MO)/ 
0.2 mg/L 
(Photocatalysis) 
and 0.004 to 
0.025 mmol L-1 
MO and 0.02 to 
0.1 mg/mL 
MO/Catalysis 

Direct sunlight 
(Photocatalysis)
/ Reducing 
agent in 
catalysis was 
NaBH4 (1.8 
mmol L-1) 

- Photocatalyst has cubic and 
tetragonal geometry and size 
of 5.66 nm; 
- Extract of Nicotiana 
Tabacum leaves acted as a 
reducing and stabilizing agent; 
- MB catalytic discoloration 
occurred within 8 min; 
- The photodiscoloration of the 
MO was 45% and for the MB 
the photobleaching increases 
with the amount of catalyst. 

[304] 
 

Ag-doped 
TiO2 
nanotubes/ 
Anodizing and 
electrochemic
al deposition 

MB e MO/2 
mg/L 

- UV light (365 
nm and 0.6 
mW cm-2), 
halogen lamp 
(150 W) with a 
UV cut 
filter/300 mins 

- Size of homogeneously 
distributed NPs: 3 to 5 nm; 
- Surface plasma resonance Ag 
deposition process was 
stronger, better homogeneous 
distribution, finer NPs and 
absorption in the entire visible 
light region; 
- UV degradation of MB was 
94% and MO was 89%; 
- In visible light, the degradation 
was 35% for MB. 

[305] 
 

TiO2 NPs 
doped with Ag 
and Fe/ Sol-
gel 

MB/5 ppm Visible 
light/240 mins 

- Spherical NPs from 10 to 22 
nm; 
- Zone of inhibition: 19.1 and 
19.3 mm for S. aureus and E. 
coli, respectively; 
- Band gap of 2.91 eV the 
synergistic effect of Ag and Fe 
narrowed the gap of TiO2 NPs; 
- MB degradation was 80%; 
- Surface plasmon resonance 
induced by Ag on the TiO2 
surface blocked the 
photoexcited electrons and 
delayed the recombination 
rate of the e-/h+ pair. 

[306] 
 



 

 

Ag/TiO2 
Nanofibers/ 
Electrospinnin
g  

Phenol/5.62 
mg/L 

Visible light 
fluorescent 
lamp (18 W; 
400−500 nm)/ 
pH 7,87/ 600 
mins 

- Phenol degradation: 92.9%; 
- Nanofibers with nanometric 
diameter and micrometric 
length. 

[307] 
 
 

Films AgxO/ 
Ag/TiO2/ 
Sputtering 

Chloroform and 
butadione/10 g 
m-3 

Visible light 
fluorescent 
lamp (24 
W/400–720 
nm)/400 mins  

- Removal of 98% of 
chloroform; 
- Kinetics of photocatalytic 
degradation of butadione is 
faster than chloroform; 
- Reuse of films, demonstrates 
sustainable use of materials; 
- Almost complete inactivation 
of E. coli in 360 mins of visible 
light. 

[308] 
 

Ag/TiO2 NPs / 
Green 
Synthesis 
involving 
hydrothermal 
(Leucas 
Aspera 
aqueous 
extract)  

Picric acid 
(2,4,6-
trinitrophenol) 

High pressure 
Hg lamp (15W/ 
545 nm)/150 
mins 
 

- Presence of TiO2 in the 
anatase phase and spherical 
shape; 
- Size of Ag/TiO2 NPs of 5 nm; 
- L. aspera aqueous extract 
acts as a reducing and 
capping agent; 
- Ag/TiO2 NPs (0.010 mol L-1) 
had the best performance in 
picric acid photodegradation in 
60 mins. 

[309] 
 

Ag/ZnO and 
Ag/TiO2/ 
Photodepositi
on 

Levofloxacin/ 
25 mg/L 

Visible lamp 
(500 W) and 
UV (400 
W)/150 mins 

- The doping with Ag in the 
photocatalysts contributed to 
the activation of the surface 
under visible light and 
prevented the rearrangement 
of e-/h+; 
- Removal of levofloxacin for 
Ag/ZnO and Ag/TiO2: 99 and 
91% (UV); and 56 and 49% 
(visible light), respectively; 
- Total removal of organic 
carbon for Ag/ZnO and 
Ag/TiO2: 97 and 84% (UV), 
respectively; 
- Degradation rate reduces by 
6% after 3 cycles. 

[310] 
 



 

 

Ag/TiO2 and 
PANI 
nanocomposite 
(carbonaceous 
material) 
(Ag/TiO2/PANI)/ 
Photoreduction 
and oxidative 
polymerization of 
aniline 

Bisphenol A /5 
mg/L 
 

Hg lamp - UV 
(400 W) and 
halogen lamp - 
visible light 
(500 W)/pH 
6.5/120 mins 

- Band gap of 3.0 eV; 
- After 4 cycles, 90% was 
removed; 
- Removal of bisphenol (visible 
light): 82.5% - Ag/TiO2 and 
99.7% - Ag/TiO2/PANI; 
- Bisphenol degradation (UV): 
99.4% in 60 mins for Ag/TiO2 
and 99.5% in 55 min for 
Ag/TiO2/PANI; 
- Ag/TiO2/PANI (UV and 
visible light) had a removal of 
99.8% in 110 mins. 

[311] 
 

Nanocomposit
e Ag/TiO2, 
graphene and 
N/ 
Hydrothermal 
and thermal 

Sulfamethoxaz
ole/150 a 500 
μg/L 
 

Sunlight and 
visible light (12 
white LEDs 8 
W/420 – 800 
nm)/ 60 mins 
(sunlight) 

- Band gap of 2.5 eV; 
- Extension of the 
photocatalytic capacity to the 
visible light range; 
- 90% degradation of the 
antibiotic in sunlight; 
- 83% efficiency of antibiotic 
removal in visible light. 

[312] 
 

TiO2 and 
Ag/TiO2/ Sol-
gel  

Amlodipine 
besylate/10 
mg/L 

UV light (250–
265 nm)/100 
mins 

- Photodegradation of 100% 
amlodipine besylate 
(Ag/TiO2); 
- Ag influences the 
transformation of the rutile 
phase to TiO2 anatase. 

[313] 
 

Ag/TiO2/ 
Photodepositi
on 

Tetrabromodiph
enyl ether 
(BDE-47) with 
surfactant 
Triton X-100 
(TX-100)/100 
mL of BDE-47-
TX-100 solution 

Hg lamp high 
pressure - UV 
(100 W)/30 
min vacuum 
and 100 mins 
continuous air 
pump 

- BDE-47 degradation rates: 
0.858 min-1; 
- Ag/TiO2 decomposes BDE-
47 into low bromine diphenyl 
ethers; 
- Ag/TiO2 NP is irregular 
aspherical; 
- Ag/TiO2 had good 
photostability and could be 
reused for 3 cycles; 
-TX-100 provides modified 
hydrophobic surface and large 
surface area to retain BDE-47. 

[314] 
 

Ag/TiO2-
SiO2/Sol-gel, 
hydrothermal 
and wet 
chemical 

Penicillin Visible light 
and UV/240 
mins and 80 
mins (UV) 

- Increases the spectrum to 
the visible, optimizes photon 
adsorption and reduces the 
band gap; 

[315] 
 



 

 

- Degradation of almost all 
penicillin, with apparent 
decomposition rate: 0.740 h-1 
(Visible Light); 
- Degradation time decreased 
to 15 mins (UV); 
- Ag/TiO2-SiO2 has good 
stability after 7 cycles. 

Chiral Ag/TiO2 
nanosheets/ 
Photoreduction 

17α-ethinyl 
estradiol/5 mg/L  

Xe lamp (300 
W - visible light 
- 400 nm)/60 
mins 

- Size of Ag NPs: 12 - 14 nm; 
- The photocatalyst retains the 
photocatalytic action for up to 
5 cycles; 
- More than 80% of the 
hormone was photodegraded; 
- Decrease of 17% in total 
organic carbon; 
- The pseudo-first order rate 
constant for the 
photodegradation of the 
hormone by Ag/TiO2 
 increased 20.1 times 
compared to that of TiO2. 

[316] 
 

Ag/TiO2/Sol-
hydrothermal 

4-
mercaptobenzoic 
acid and 
ciprofloxacin/ 
1x10-4 mol/L 

High pressure 
Hg lamp (375 
W, 365 nm - 
UV)/100 mins 

- Ciprofloxacin was almost 
entirely degraded within 60 
mins; 
- Maintain high performance 
after 5 cycles. 

[317] 
 

Ag/TiO2/ 
MgC3N4/ 
Photodeposition  

Amoxicillin/5 
ppm 

Xe Lamp (300 
W, 420 nm 
visible light)/60 
mins 

- Photocatalyst particles are 
mesoporous; 
- Electron transfer and 
inhibition of e-/h+ 
rearrangement was 
potentiated; 
- 99% of amoxicillin was 
degraded; 
- After 4 cycles 
Ag/TiO2/MgC3N4 had high 
stability. 

[318] 

Ag2O/TiO2/ 
Precipitation  

Iopromide/30 
mg/L 

Low pressure 
Hg lamp (UV–
C/254 nm/ 
12.5 W) and 
Xe lamp (75 W 
UV–A/ visible 
light/ 380–800 
nm)/300 mins 

- Total organic carbon removal 
of 65% (200 min); 
- Mineralization of iopromide 
up to 86% (UV-C); 
- Stability of the photocatalyst 
was 3 cycles (UV-A/visible 
light). 

[319] 
 



 

 

Ag/H/TiO2 
/Sol-gel 

Nitrobenzene 
(NB), 
metronidazole 
(MTZ) and 
MB/61,5 mg/L 
(NB), 15 mg/L 
(MTZ), 25 mg/L 
(MB) 

High pressure 
Hg vapor lamp 
(125 W, 435,8 
nm, 
56 Wm-2)/120 
mins  

- NB, MTZ and MB 
degradation efficiency: 95.5%, 
96.5% and 96.7%, 
respectively; 
- Average particle size: 17.7 
nm; 
- Specific surface area:103.2 
m2 g−1; 
- 10% reduction in NB and 
MTZ degradation efficiency 
after 6 cycles. 

[320] 
 

Au/Ag–
Ag/TiO2/ 
Immobilization 
by sun and 
phase 
inversion 

Diazinon/30 
mg/L 

Visible lamp 
(250 W/390-
800 nm)/50 
mins 

- Degradation rate: 90.3%; 
- After 5 cycles there was no 
decline in catalyst activity and 
selectivity. 

[321] 
 

List of abbreviations: Ag/TiO2- Silver and titanium dioxide, AT/CSAC-Cassava stem charcoal with Ag/TiO2, 
Ag/TiO2-Fe – Silver, titanium dioxide and iron, Ag/C-TiO2 Silver, carbon and titanium dioxide, MB - Methylene 
Blue, MO - Methyl Orange, UV- ultraviolet, NPs-nanoparticles, AgxO - Silver oxide, Zn – zinc, Ag/ZnO- Silver 
and oxide zinc, N- nitrogen, Ag/TiO2/PANI – Silver, titanium dioxide and PANI nanocomposite (carbonaceous 
material), SiO2 – silicon dioxide, Xe- xenon, Hg - mercury,  MgC3N4 - magnesium with carbon nitride NB - 

Nitrobenzene, MTZ- metronidazole Au/Ag–TiO2 – Gold, silver and titanium dioxide.  
 

 

The assessment of potential nanotoxicity of catalysts requires a 

multifaceted approach [322]. The assessment should begin with the thorough 

characterization of the physical, chemical, and structural properties of the 

nanomaterial [319, 320]. In vitro studies using cell viability assays and in vivo 

models can provide insight into the toxicological effects on vascularization, cardiac 

morphology, and functionality [323 - 325]. Biodistribution in living tissues, blood, 

and organ effects should be studied. Biochemical, cellular, and immunological 

processes should be studied to understand the initial effects on physiological 

functions and chemical defense mechanisms [323]. 

Ag and TiO2 NPs can penetrate cells and induce oxidative stress, with Ag 

NPs generally exhibiting greater cytotoxicity than TiO2 NPs [326]. In plants, Ag NPs 

cause decreased root elongation, reduced chlorophyll content, and reduced fruit 

production [327]. Ag NPs at low concentrations (<0.5 mg/L) can stimulate human 

cell proliferation [328], but higher doses (>1.0 mg/L) induce cytotoxicity, causing 

cellular morphological changes, mitochondrial dysfunction, oxidative stress, and 



 

 

DNA damage [324, 325]. In aquatic environments, TiO2 NPs can negatively affect 

the feeding, reproduction, and immunity of organisms [329, 330].  

TiO2 coatings with low Ag concentrations (0.3 Ag) showed no toxicity to 

human fetal osteoblasts, maintaining antibacterial properties, while higher 

concentrations (3.0 Ag) were cytotoxic [331]. TiO2 NPs showed no significant 

toxicity in retinal cells at concentrations up to 1.30 μg/mL and demonstrated 

antiangiogenic effects at 130 ng/mL. However, higher concentrations may induce 

cytotoxicity [332]. TiO2 NPs at concentrations above 60 μg/mL increased oxidative 

stress and damaged cellular organelles in mouse fibroblast cells [333]. 

Ag/TiO2 NPs showed higher toxicity in zebrafish compared to TiO2 NPs, 

causing increased oxidative stress, histologic lesions, and apoptosis [334]. 

Ag/TiO2 NPs exhibited lower toxicity in glycerol and water suspension, with CC50 

values of 50 and 3.9–58.5 μg/mL for Madin-Darby bovine kidney and Madin-Darby 

canine kidney cells, respectively [335]. To ensure the safe application of Ag NPs, 

further research is needed to understand their molecular mechanisms of action, 

absorption, migration, and biotransformation in plants and ecosystems [336]. In 

soil microecosystems, TiO2 NPs alone (70 μg/L) were non-toxic, and when 

combined with aged Ag NPs (20 μg/L), they attenuated the negative effects of Ag 

on soil microorganisms, plants, and earthworms [337]. Ag/TiO2 NPs can be used 

safely at appropriate concentrations, and complex interactions between NPs and 

biological systems are observed, highlighting the need for further research to 

understand their ecological impacts and potential applications. 

Recent advances in synthesis techniques offer promising solutions for 

large-scale production of Ag/TiO2 materials with improved photocatalytic 

performance for environmental applications. However, the large-scale application 

of photocatalytic particles has some problems such as efficient deposition on solid 

supports, optimal reactor design for high mass transfer, and photon absorption 

[338]. Scalable synthesis methods for TiO2-based mesoporous photocatalysts are 

being developed, focusing on high reaction yield, reliable scale-up, and control 

over morphological and structural features. These advances in synthesis 

techniques offer promising solutions for large-scale production of Ag/TiO2 

materials with enhanced photocatalytic performance for environmental 

applications such as water treatment and air purification [339]. Despite these 

efforts, significant challenges remain in developing practical relevant materials and 



 

 

systems for large-scale environmental remediation and energy applications [334, 

336].  

Ag/TiO2 effectively degrades organic pollutants, including dyes and 

pesticides, under solar irradiation [340, 341]. Furthermore, they demonstrate 

efficacy in disinfecting water contaminated with bacteria [342]. The use of solar 

energy as the main driver makes this technology economically viable for 

developing countries [343]. In addition, financing and policy are very important in 

promoting the deployment of low-carbon technologies, with a focus on overcoming 

barriers in developing countries [344]. Thus, future research must to focus on 

improving material efficiency, scalability and practical applicability to overcome 

these challenges and realize the full potential of Ag/TiO2 for large-scale 

environmental and energy solutions. 

8. Conclusion 
 

The bibliographic analysis of the articles classified 267 by InOrdinatio, 

considering their impact factor, year of publication, citations, and year of 

publication. These articles described the advances in the synthesis of Ag/TiO2 

photocatalysts and influence the photocatalytic efficiency, with degradation rates 

reaching 80-100% for organic dyes, hormones, pharmaceuticals, pesticides and 

other emerging pollutants. These materials also exhibit good regeneration 

capabilities, maintaining high degradation efficiency over multiple cycles. This 

photocatalyst has better physical, textural, and chemical characteristics than pure 

TiO2, making it more effective in the degradation of emerging pollutants. The 

doping of TiO2 with Ag is advantageous, as it increases the photocatalytic activity, 

decreases the rearrangement of the photoproduced charges, and shifts the 

photoresponse to the visible light spectrum. The Ag NPs trap the e-excited on the 

surface of the Ag/TiO2, acting as electron acceptors, which favor the e-/h+ 

segregation, suppress the rearrangement, and produce more active ROS, thus 

causing greater photocatalytic activities. The synergistic impact of ROS and Ag 

ions showed greater antibacterial activities of Ag/TiO2. Synthesis techniques and 

reaction factors considerably affect photocatalytic degradation and bacterial 

inhibition. Thus, requiring rigor and precision to choose the reaction parameters, 

as well as the development of new studies to optimize industrial applications. A full 



 

 

cost analysis of Ag/TiO2 will be considered to determine the feasibility for pilot and 

large-scale experimentation. These nanocomposites offer a promising solution to 

address the growing concern about emerging pollutants. 
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CHAPTER III 
  

Synthesis, characterization and application of silver nanoparticles as 
antimicrobial agents 

 

ABSTRACT 
 

Drug-resistant pathogens can be inactivated by nanomaterials or light-activated 
materials, such as Ag/TiO2, thus preventing the development of antibiotic-resistant 
bacteria. Thus, we sought to synthesize silver (Ag)-based catalysts (in 
concentrations of 2% and 10%) supported on titanium dioxide (TiO2) using the 
excess solvent impregnation method, characterize them, and evaluate them for 
bacterial inactivation. The results presented by infrared spectrometry identified 
titanium bands for the synthesized catalysts, as well as asymmetric vibrations of 
Ti-Ag-O. X-ray diffraction analysis revealed that these catalysts present peaks of 
anatase, rutile, Ag and silver oxide. It was observed in the bacterial inactivation 
test that, under white light (9 W), none of the catalysts were photoactivated. This 
indicates that the antibacterial action against Escherichia coli (NEWP0022) was 
influenced by the Ag concentration present in the impregnated catalyst at 10%. 
Similar results were obtained in the dark test. Under black light, the impregnated 
catalysts were photoactivated against E. coli and Staphylococcus aureus 
(NEWP0023) and demonstrated bactericidal activity in 15 minutes. The rapid 
antibacterial action of these catalysts was demonstrated in the reactive oxygen 
species detection test. Therefore, the impregnated catalysts present greater 
antimicrobial efficacy compared to TiO2 and can be applied in disinfection devices. 
 
Keywords: Impregnation, Bacteria, Photoactivation, ROS. 
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1. Introdution 
 

The ongoing global pandemic of the novel coronavirus (2019-nCoV) is an 

illustrative example of a viral infection that has the potential to affect human health 

and life on a global scale. This highlights the critical need for the development and 

implementation of effective prevention procedures and strategies to mitigate and 

contain the rapid transmission of infectious diseases [1–3]. These diseases are 

caused by bacteria, viruses, and fungi and represent a significant global threat. 

They can be spread rapidly through contaminated food and water, through the air 

by means of sneezing, breathing, and coughing, or by contact with untreated 

wounds [4]. The inactivation of pathogens can be achieved through a variety of 

physical and chemical methods, including ultraviolet radiation, autoclaving, 

disinfection with ozone, alcohol, or chlorine [5]. Additionally, antimicrobial and 

antiviral drugs can be employed for this purpose. However, these methods may 

prove ineffective against multi-resistant pathogens, thereby posing a significant 

challenge [6,7]. 

  The inactivation of drug-resistant pathogens can be achieved through the 

use of nanomaterials or materials that are photoactivated by light. This approach 

presents a promising solution against these microorganisms [8] without the 

development of resistant bacteria [9]. Consequently, these materials or 

semiconductors are employed in photocatalysis, exemplified by TiO2 [10], and 

demonstrate considerable potential for wastewater purification [11], the 

degradation of organic pollutants [12], and surface sterilization [13], without the 

generation of deleterious by-products. This process is based on the capacity to 

generate reactive oxygen species (ROS) through the irradiation of light sources 

that emit light at varying wavelengths, most commonly ultraviolet (UV). 

Furthermore, it is an economically viable and environmentally sustainable solution 

that exhibits robust oxidizing capabilities and high reaction kinetics [14]. 

TiO2 offers a number of advantages, including low toxicity, photochemical 

stability, high photodegradation efficiency, low energy consumption, and cost-

effectiveness [10,15,16]. However, this oxide has a relatively wide band gap (3.2 

eV), a light spectrum limited to the UV region, and rapid rearrangement of electrons 

and gaps, which reduces the quantum yield [16–18]. 



 

 

There are numerous techniques for modifying the surface of TiO2 in order to 

improve its photocatalytic action. These include the addition of organic materials 

[19], coupling of semiconductors [20], co-doping with metals [12] or non-metals 

[21], metal ions [22], and doping with anions [23]. The doping of TiO2 with metal 

ions, such as Ag, broadens the spectrum of TiO2 for visible light, decreases the 

band gap, and consequently reduces the speed of electron rearrangement  [24, 

25]. This process also helps to increase the antibacterial properties of TiO2, 

facilitates the separation of electrons and holes (e-/h+), and finally, Ag costs 

significantly less than other metals. Ag/TiO2 has been demonstrated to be effective 

against pathogenic bacteria that are spread by water and food. Furthermore, it can 

be used in antimicrobial coatings for the purpose of disinfecting pathogens, thereby 

preventing their growth and proliferation [25, 26]. The reactive oxygen species 

(ROS) produced from the photoactivation of Ag/TiO2, such as hydroxyls, can act 

on the bacterial cell wall, breaking the covalent bonds of peptidoglycan, thus 

causing disruption of the microorganism's cytoplasmic membrane [27, 28] and 

DNA [29]. 

Among the pathogenic representatives are Staphylococcus aureus (S. 

aureus), a cocci Gram-positive bacterium, and Escherichia coli (E. coli), a bacilli 

Gram-negative bacterium. These bacteria are also involved in water-related [30] 

outbreaks and have the capacity to survive for an extended period of time in a 

variety of materials [31]. E. coli is a causative agent of diarrhea, with an estimated 

80,000 deaths annually [32]. It can also induce hemolytic-uremic syndrome, 

urinary tract infections, and thrombotic thrombocytopenia [33]. S. aureus can 

develop resistance to multiple drugs through mutation, such as methicillin, and is 

a leading cause of postoperative infections [34]. 

This study presents a significant contribution to science by demonstrating 

the superior bactericidal effects of Ag/TiO2 catalysts, paving the way for the 

development of new strategies in the control of bacterial infections. Therefore, the 

aim was to synthesize mixed oxides of Ag/TiO2 (2 and 10% w/w) using the 

impregnation method and subsequently characterize these catalysts in terms of 

their physicochemical properties, as well as evaluate their efficacy in inactivating 

bacteria under bright light, black light and in the absence of light. Thus, providing 

crucial insights for the advancement of more effective and affordable antibacterial 



 

 

materials, as well as driving the search for innovative and low-cost solutions to 

combat bacterial infections, a global public health challenge. 

 
2. Material and Methods 
 
2.1 Material 
 
 Titanium oxide (TiO2, Êxodo Científica) and silver nitrate (AgNO3, Alphatec, 

Ag precursor) were employed in this study. Both compounds were of analytical 

grade and did not undergo any additional purification. The water utilized in the 

synthesis was of Milli-Qplus quality, exhibiting an approximate resistivity of 18 

MΩcm.  

 

2.2 Impregnation Synthesis of Mixed Oxides 
 

The Ag/TiO2 mixed oxides were synthesized using the classic method of 

excess solvent impregnation, as described by Castro et al. [35]. The TiO2 was dried 

in an oven with air circulation for 21 h at 120°C and used as a support for the mixed 

oxides and as a catalyst. Subsequently, the mixed oxides were prepared in 

proportions of 2% (0.9638 g) and 10% (5.2477 g) relative to the mass of TiO2 (30 

g). The oxide was then dissolved in ultrapure water to form a fine paste, after which 

AgNO3, which had been previously dissolved in water, was added. The resulting 

solution was subsequently transferred to a rotary evaporator and maintained at a 

constant rotation speed of 120 rpm for 17 h at room temperature (25 °C). 

Subsequently, the excess solvent was removed by vacuum evaporation in the 

aforementioned equipment, with heating to 80°C. Subsequently, the material was 

subjected to drying in an oven for 21 h at 120°C and calcination with heating ramp 

up to 400°C for 5 h (Figure 1). The mixed oxides were as follows: The samples 

were designated as 2AgT/I (2% Ag/TiO2/Impregnation), 10AgT/I (10% 

Ag/TiO2/Impregnation), and T (TiO2).  



 

 

Figure 1 - Illustration of the mixed oxide impregnation synthesis. 

 
2.3 Characterization of the catalysts 
 
 Infrared spectra were obtained using pellets of the materials dispersed in 

KBr, in the 4000-500 cm-1 region, employing a Perkin Elmer FT-IR 

spectrophotometer, model Frontier. The crystalline structure of the catalysts was 

confirmed through the analysis of the Miniflex 600 X-ray diffraction pattern (XRD), 

obtained using Rigaku Cu Kα radiation (λ= 0.154 nm).  
 

2.4 Antimicrobial activity test  
 

The antimicrobial activity of the catalysts was investigated through the use 

of Gram-negative E. coli (NEWP0022) and Gram-positive S. aureus (NEWP0023) 

bacteria. All materials were previously prepared and sterilized in an autoclave at 

121 °C for 15 min, and the tests were conducted under aseptic conditions [36]. We 

used established protocols, with adaptations [37,38]. A lyophilized disk of the 

standard strain was introduced into a vial containing 5 mL of nutrient broth and 

subsequently transferred to a bacteriological incubator for 48 h at 37 °C. After this 

period, with the aid of a platinum loop, three transfers were made to a new vial 



 

 

containing 5 mL of nutrient broth and incubated in a bacteriological incubator at 37 

°C for 24 h. After this incubation period, the bacterial cultures were serially diluted 

(1:10 v/v) using saline solution (0.9% NaCl) with the bacterial suspension (solution 

1) to 105 CFU mL-1. The catalyst solutions T, 2AgT/I and 10AgT/I were previously 

sonicated for 30 min and a volume of 0.1 mL (equivalent to 0.01 g mL-1) of these 

was added to each well of sterile microplates (six-well microplate). As well, 3.9 mL 

of saline solution were also added to each well. The start of the reaction was 

marked by the introduction of 1 mL of the bacterial suspension, prepared in solution 

1. Therefore, the final volume in each well corresponded to 5 mL. During the 

experiment, the microplate was kept under agitation at 350 rpm at 37 °C on a 

shaking platform to aid in the homogenization of the reaction solution. The 

microplates containing the final mixture (catalyst, saline solution and bacteria) 

were then irradiated separately under three different illumination conditions: bright 

light irradiation (Manplex, 9 W), black light (Luatek, 36 W) and in the absence of 

light. The distance between the light source and the microplate was 10 cm. 

Sampling was conducted at 0, 5, 10 and 15 min. At each time point, a sample was 

collected using a sterile cotton swab and spread on nutrient agar plates, gently 

over the agar surface in five different directions. Subsequently, the medium was 

allowed to absorb the inoculum for a period of 15 min. The experiments were 

conducted in triplicate, and the plates were subsequently incubated in a 

bacteriological oven at 37 ± 2 °C for 24 h. Control experiments were conducted in 

the absence of a catalyst. The number of Colony Forming Units (CFU) was counted 

and subjected to statistical analysis. Figure 2 describes the results of the catalyst 

bacteria inactivation experiment. 

 



 

 

Figure 2 – Illustration of the inactivation of bacteria by catalysts. 

 
 
2.5 Detection of reactive oxygen species (ROS) 
 

We employed a protocol established [39], with adaptations, to detect ROS 

in bacterial samples. We followed the same experimental procedure described in 

item 2.4, differing only in the dilution of the bacteria, being 1x103 CFU mL-1 in this 

one versus 1x105 CFU mL-1 in that one. After the reaction times, the collected 

sample was washed in phosphate-buffered saline (1 mmol.L-1) and centrifuged at 

3000 rpm for 5 min. Then, the supernatant was discarded and the pellet was 

incubated for 30 min at 37 ºC in the dark with 1 mL of 2',7'-dichlorofluorescein 

diacetate (H2DCF-DA) in phosphate-buffered saline. After the time elapsed, the 

cells were centrifuged at 5000 rpm for 6 min to remove the remaining H2DCF-DA. 

Then, the cell pellets were suspended in 1 mL of phosphate-buffered saline and 

mixed with 200 μL of alkaline lysis buffer (1% SDS; 0.2 mol.L-1 NaOH) for 10 min 

at 37 ºC. Finally, the mixture was centrifuged at 5000 rpm for 6 min and the final 

supernatant product was collected for fluorescence readings (488 nm excitation 

and 525 nm emission) (Thermo Scientific™ Varioskan™ LUX). The results were 

expressed as percentage (%) of ROS relative to 0 min (initial time). 

 
 



 

 

2.6 Statistical analysis 
 

The statistical analyses were conducted using GraphPad Prism 9.0 

software, which is provided to academic users. The Kolmogorov-Smirnov test was 

employed to assess the normality of the data, and the Grubbs test was utilized to 

identify and exclude outliers. All experiments were conducted in triplicate, and the 

differences between groups with respect to the variables under investigation were 

evaluated using one-way analysis of variance (ANOVA), as appropriate, followed 

by Tukey's post-hoc test. A p-value of less than 0.05 was considered to indicate a 

statistically significant difference. The data were presented in graphical form and 

expressed as mean and standard deviation. 

 
3. Results and Discussion 
 
3.1 Characterization of the catalysts 

 

As illustrated in Figure 3, the FT-IR spectra of the T, 2AgT/I, and 10AgT/I 

catalysts exhibited distinctive titanium (Ti) bands at 570 cm-1, which can be 

attributed to the bonding of oxygen and titanium (Ti-O-Ti) [38, 39]. Additionally, the 

shoulder observed at 1638 cm-1 is associated with the unfolding modes of water 

and Ti-OH [40-42]. In the region of 3000 cm-1, the band refers to the stretching 

vibration of the OH group and may be related to the process of water adsorption 

on the surface of the materials [40, 41]. As a consequence of doping, the 2AgT/I 

and 10AgT/I catalysts exhibit a slight displacement of the peaks in the range of 

660-700 cm-1, which is indicative of the asymmetric vibration of Ti-Ag-O [42, 43]. 

A band at 1370 cm-1 is observable in the AgT/I samples' spectrum, which is 

characteristic of Ag-TiO2 bonds. This confirms the deposition of Ag on the support 

and corroborates the XRD results [44, 45]. The intensities of the bands of the 

2AgT/I and 10AgT/I catalysts were found to be lower than those of the T bands, 

indicating that the Ag particles had combined with the TiO2 after impregnation [46]. 

 
 
 
 



 

 

Figure 3 - FT-IR spectra of the catalysts. 

 
Figure 4 depicts the X-ray diffraction patterns of the T, 2AgT/I, and 10AgT/I 

catalysts. The T catalyst exhibits well-defined diffraction peaks, indicative of 

organized crystalline phases. Two crystalline phases are present: anatase (JCPDS 

21-1272), which is more abundant, and rutile (JCPDS 71-0650). The anatase 

phase exhibits pronounced peaks at 25.4, 37.9, 48.1, 53.9, 55.1, and 62.8 degrees. 

The rutile phase exhibited 2θ peaks at 27.5, 29.8, and 44.4° [47]. The 2AgT/I 

catalyst displays a diffraction pattern indicative of the silver oxide (AgO) phase 

(JCPDS 84-1108) at the 2θ angle of 67.6° [44, 45], thereby substantiating the 

assertion that the metal was associated with the support. In the case of the 10AgT/I 

catalyst, characteristic diffraction patterns of metallic silver were observed at 

angles of 2θ of 35.9, 39.9, and 54.6°. It can be observed that the 2AgT/I and 

10AgT/I catalysts exhibit broad peaks, which provide evidence of structural and 

amorphous disorder [46, 47]. The detection of these Ag peaks in the AgT/I 

catalysts by XRD serves to confirm that diffusion of the Ag atoms was indeed 

deposited on the TiO2 support [48, 49]. 
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Figure 4 - Diffractograms of the catalysts. 

The * symbol denotes the presence of rutile, while the other peaks of the T catalyst represent the 
anatase phase. The symbol "#" silver oxide, while "x" represents metallic silver. 
 
 
3.2 Antimicrobial activity test  
 

Figures 5 (A-L) and 6 (A-L) illustrate the impact of visible light sources 

(termed “clear light”), black light, and the absence of light (referred to as "dark") on 

the inactivation of E. coli and S. aureus, respectively. The figures depict the effects 

of these light sources on controls (A, E, and I), catalysts T (B, F, and J), 2AgT/I (C, 

G, and K), and 10AgT/I (D, H, and L). 
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Figure 5 – Antibacterial activity test (E. coli) of T, 2AgT/I and 10AgT/I catalysts 

photoactivated by clear light (A-D), dark (E-H) and black light (I-L). 

Antibacterial action against E. coli of the control (A, E, and I) and the catalysts T (B, F, and J), 
2AgT/I (C, G, and K) and 10AgT/I (D, H, and L) in the light test (A-D), dark test (E-H) and black light 
test (I-L), according to the time variation 0, 5, 10 and 15 min. Asterisks indicate p<0.05 (one-way 
ANOVA, post Tukey test). 
 

Figure 6 – Antibacterial activity test (S. aureus) of T, 2AgT/I and 10AgT/I catalysts 

photoactivated by clear light (A-D), dark (E-H) and black light (I-L). 



 

 

Antibacterial action against S. aureus of the control (A, E, and I) and the catalysts T (B, F, and J), 
2AgT/I (C, G, and K) and 10AgT/I (D, H, and L) in the clear light test (A-D), dark test (E-H) and 
black light test (I-L), according to the time variation 0, 5, 10 and 15 min. Asterisks indicate p<0.05 
(one-way ANOVA, post Tukey test). 

 

It can be observed that catalyst T (Figures 5B, 6B and 6F) had an elevation 

in the number of bacterial colonies, which can be attributed to two potential factors. 

The first potential explanation is that viable bacteria are adsorbed onto the surface 

of the catalyst, resulting in underutilization [50, 51] of the active component due to 

their large number. The second potential explanation is that the T catalyst did not 

undergo photoactivation under visible light, as the irradiated energy was below its 

band gap [52, 53]. It is likely that a combination of these factors was responsible. 

As illustrated in Figure 6G, the 2AgT/I catalyst exhibited an increase in the 

number of colonies over the course of the dark test, with a notable increase 

observed between time 0 and 5 min. This may indicate that the dose of Ag 

nanoparticles released by this catalyst was relatively low, and despite adhering to 

the surface of the cell membrane and wall, accumulated and caused cell death, 

which may have stimulated the recovery of the microorganisms in the dark. This 

mechanism facilitates the repair of damage caused by Ag nanoparticles released 

by this catalyst to the structure of the bacteria, thereby promoting cell regeneration 

and potentially stimulating growth [49, 50]. The antibacterial efficacy of an Ag-

based catalyst is contingent upon the rate of release of Ag ions [54].  

The 10AgT/I catalyst (Figure 5D) demonstrated a bactericidal effect under 

bright light conditions after 10 min. In the dark test, the catalyst (Figure 5H) 

exhibited a bactericidal effect comparable to that observed in the light test (Figure 

5D), with a latency period of 15 min. The antimicrobial activity of the 10AgT/I 

catalyst may be attributed to the release of Ag nanoparticles. Therefore, the 

concentration of this metal in the photocatalyst influences its antimicrobial efficacy. 

The introduction of additional silver into the titanium dioxide matrix results in 

enhanced bactericidal action, which operates via disparate mechanisms [48, 52]. 

The initial mechanism involves the adhesion of these nanoparticles to the surface 

of the cell membrane and wall, which results in the accumulation and leakage of 

intracellular organelles, ultimately leading to cell death [55, 56]. Consequently, the 

released Ag can interact with enzymes in the bacterial membranes, thereby 

disrupting their functionality or entering the cell and damaging the DNA [57, 58]. 



 

 

Subsequently, the formation of spaces within the cell results in the disintegration 

of the cell walls and the death of the bacteria [59, 60]. Another potential mechanism 

involves the insertion of Ag nanoparticles into the bacterial cell, resulting in damage 

to intracellular organelles (e.g., endoplasmic reticulum, mitochondria) and 

biomolecules (e.g., lipids, DNA, proteins). Moreover, Ag nanoparticles have been 

demonstrated to induce cell toxicity and oxidative stress through the generation of 

free radicals. The final mechanism is associated with the modulation of signal 

transduction pathways [59]. 

As illustrated in Figures 5J and 6J, the T catalysts exhibited an increase in 

the number of colonies following irradiation with black light. This suggests that UV 

irradiation facilitated the photoreparation of the bacteria, thereby promoting cell 

regeneration [54,55]. This indicates that the applied UV dose was sublethal. This 

allows for the repair of damage caused by irradiation in microorganisms, such as 

photoreactivation. Thus occurs when ultraviolet radiation is absorbed by various 

intracellular organelles, including deoxyribonucleic acid (DNA), at a wavelength of 

260 nm. This results in the formation of pyrimidine dimers, which subsequently 

leads to an increase in bactericidal activity. It is possible that these dimers may not 

be removed by specific intracellular repair enzymes, which could result in the 

inhibition or modification of DNA replication and, consequently, in the loss of the 

bacterial cell's ability to reproduce or mutate. The utilization of a sublethal dose of 

UV enables microorganisms to repair the damage to their DNA structure [49, 50, 

56].  

At the 15 min mark (Figures 5I-L and 6I-L), a decline was observed in the 

number of colonies for catalysts T (Figure 5J), 2AgT/I (Figures 5K and 6K), and 

10AgT/I (Figure 6L). Conversely, the 10AgT/I catalyst (Figure 5L) demonstrated 

bactericidal activity after 5 min. It is plausible that these catalysts were 

photoactivated by UV radiation, resulting in an enhanced generation of ROS 

(superoxide radical (O2−•), hydroxyl radical (OH•), hydrogen peroxide (H2O2), 

hydroperoxyl radical (HO2•), and singlet oxygen (1O2), and consequently exhibited 

augmented antibacterial activity when compared to the light and dark test (Figures 

5A-H and 6A-H) [50]. This surpassed the photorepair of E. coli and S. aureus. The 

2AgT/I (Figures 5K and 6K) and 10AgT/I (Figures 5L and 6L) catalysts exhibited 

more pronounced photocatalytic effects than the T catalyst (Figures 5J and 6J) 

[59, 60]. The AgT/I catalysts, particularly 10AgT/I, have been demonstrated to be 



 

 

effective against both Gram-negative and Gram-positive bacteria. This is attributed 

to the synergistic effect of Ag and TiO2, which results in a combination of ROS 

production and Ag release, as well as greater particle stability [61, 62]. 

The AgT/I catalysts demonstrated a markedly enhanced bactericidal 

efficacy against E. coli (2AgT/I - black light test and 10AgT/I in all the tests 

illustrated in Figure 5). However, these catalysts demonstrated a reduction in their 

performance against S. aureus. Specifically, 2AgT/I and 10AgT/I exhibited activity 

only under black light. This suggests that different microorganisms respond in 

disparate ways to AgT/I catalysts. This phenomenon is primarily attributable to 

structural differences, particularly the complexity and thickness of the cell wall. This 

is attributable to the distinct cellular constitution of Gram-positive microorganisms, 

which are composed of 90% peptidoglycan and 10% teichoic acid, with the reticular 

structure of the peptides being more compact than that of Gram-negative bacteria 

[63]. 

 

3.3 Detection of reactive oxygen species 
 
Figure 7 (A and B) shows the intracellular ROS generation values of E. coli 

(A) and S. aureus (B) for the 10AgT/I catalyst, under black light. 

 
Figure 7 - The intracellular ROS generation values of E. coli (A) and S. aureus (B) 
from the H2DCF-DA ROS detection assay for the 10AgT/I catalyst are presented. 

Asterisks indicate * p <0.05; ** p <0.01; *** p< 0.001 and **** p < 0.0001 (one-way 
ANOVA, with Dunnett's post-hoc test). 
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 The level of reactive oxygen species (ROS), which encompasses O2−•, 

HO2•, OH•, and other species, was quantified through exposure to the 10AgT/I 

catalyst, which exhibited the most pronounced antibacterial activity among the 

impregnated catalysts under investigation. An increase in the level of ROS was 

observed after 5 min for both E. coli (Figure 7A) and S. aureus (Figure 7B). These 

findings are consistent with the data presented in Figures 5L and 6L, which 

demonstrate that ROS were generated through photocatalytic processes. These 

species accumulate and overwhelm the bacteria's antioxidant defense 

mechanisms, thereby causing membrane damage and cell death [64]. 

The bactericidal action of AgT/I catalysts is dependent on oxidative stress 

and can be linked to a sequence of reactions (Figure 8). Firstly, they attract the 

bacterial surface, thereby destabilizing the cell wall and membrane. This alters the 

cell's permeability, induces toxicity and oxidative stress through ROS and free 

radicals, and finally modulates the signal transduction pathways [65]. 

Consequently, TiO  is stimulated by UV radiation, whereby the photon energy 

surpasses the catalyst's bandgap energy, resulting in the production of electron-

hole pairs (e-/h+). The electron-hole pairs generated subsequently react with 

molecules present in the surrounding environment, including water and oxygen 

(O2), resulting in the production of hydroxyl (•OH) and superoxide (O2−•) radicals. 

The gaps serve to separate the water molecules into their constituent OH- and H+ 

ions. The dissolved oxygen molecules are transformed into the superoxide anion 

radical (O2−•). This reaction results in the production of HO2− radicals, which 

subsequently collide with e- to generate hydrogen peroxide anions (HO2−). 

Subsequently, they react with H+ ions to produce H2O2 [66]. Concurrently, the Ag 

nanoparticles facilitate the capture of electrons, transferring them from the TiO2 

conduction band to O2−•, thereby generating superoxide radicals. These 

nanoparticles facilitate the generation of hydroxyl radicals, which are produced by 

the reaction of water with the remaining photoproduced gaps in the TiO2 valence 

band. The photoproduced ROS can penetrate the cell membrane and result in 

bacterial death [67]. 

 
 
 

 
 



 

 

Figure 8 – Illustration of the mechanism of action of Ag/TiO2 catalysts. 

 
The photoactivated Ag/TiO2 catalyst mediates oxidative stress by exciting electrons (e-) from the 
valence band to the conduction band, thereby generating e-/h+ pairs within the bacterial cell. 
Subsequently, the e-/h+ pairs migrate to the TiO2 surface, where they engage in oxidation/reduction 
reactions with H2O and O2, resulting in the production of reactive oxygen species (ROS). Ag 
captures the electrons transported from TiO2 and transfers them to O2, thereby producing 
superoxide radicals (O2−•), hydroxyl radicals (HO•), hydrogen peroxide (H2O2), and singlet oxygen 
(¹O2). The ROS and Ag nanoparticles are attracted to the surface of the bacteria, accumulate, and 
overwhelm the antioxidant defense mechanisms, causing damage to the bacterial membrane, 
DNA, and, consequently, cell death.  
 
 
4. Conclusion 
 
 The impregnation method for synthesizing AgT/I catalysts was simple and 

effective. The AgT/I catalysts have disorganized crystalline faces. AgT/I catalysts, 

especially 10AgT/I, are effective against Gram-negative (action in test under bright 

light, dark and black light) and Gram-positive (action under black  light) bacteria 

due to the synergistic effect of Ag and TiO2. Antibacterial materials with a rapid 

bactericidal action have been developed, with the possibility of less expensive and 

broader application in antibacterial therapy. AgT/I catalysts have promising 

antimicrobial effects, with potential for application in rapid bacterial disinfection 

devices and use in environments where infection control is crucial. 
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CHAPTER IV 
  

Ag/TiO2 photocatalysts: A promising tool in combating bacterial resistance 
 

ABSTRACT 
 

Infectious diseases are a global health problem, driving the search for new 
antimicrobial therapies. The photoactivation of materials is emerging as a 
promising strategy, as it allows pathogens to be inactivated without the selection 
of resistant strains. The identification and development of new drugs or photoactive 
agents represents an active field of research, with the aim of offering more effective 
therapeutic options for the control of bacterial infections. This study synthesized 
silver-based catalysts (Ag) (2% and 10% w/w%) supported on titanium dioxide 
(TiO2) by the sol-gel method (2AgT/SG and 10AgT/SG). The AgT/SG catalysts 
characterized by infrared spectrometry showed characteristic titanium bands and 
the asymmetric vibration of Ti-Ag-O. X-ray diffraction identified that these catalysts 
have well-defined anatase peaks representing organized crystalline phases. The 
differential scanning calorimetry data shows smaller endothermic peaks for the 
AgT/SG catalysts, indicating a low melting point. Thermogravimetric analysis 
showed minimal loss of mass for the catalysts. Similar results were observed for 
the 10AgT/SG catalyst under clear light (9 W) and in the dark, with the antibacterial 
action against Escherichia coli being strongly influenced by the concentration of 
Ag. Black light photoactivated all the catalysts against Escherichia coli and 
Staphylococcus aureus. The AgT/SG catalysts stood out due to their rapid 
bactericidal action, within 10 minutes, as demonstrated by the reactive oxygen 
species detection test. These results show that AgT/SG catalysts have enhanced 
antimicrobial effects compared to TiO2, with possible applications in disinfection 
devices. 
 
Keywords: Sol-gel, Bacteria, Photoactivation, Reactive oxygen species 
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1 Introdution 
 

The occurrence of pathogenic bacteria has become a worldwide problem 

thanks to numerous infectious diseases, which can cause acute and chronic 

effects on human health. This is exacerbated by the increased consumption of 

antibiotics and the resistance of microorganisms to these drugs, thus causing 

worldwide concern and challenging public health (Graham, 1999). The production 

of antibiotics is around 100,000 to 200,000 tons per year, totaling more than one 

billion tons generated since 1940 (Serwecińska, 2020). It was estimated that in 

2019, 4.95 million deaths were related to bacterial resistance to antibiotics, with 

1.27 million deaths specified by antimicrobial resistance (World Health 

Organization, 2022). The high use of antibiotics consequently increases the 

production of waste after consumption, as between 40 and 90% of the antibiotics 

administered are eliminated from the human body in their active form, 

contaminating the environment and generating irreversible environmental 

problems (Duong et al., 2021).  

Antibiotic resistance for Escherichia coli (E. coli) and Staphylococcus 

aureus (S. aureus) is related to prolonged hospital stays, with specific resistance 

influenced by duration in different ways for each microorganism (Frickmann et al., 

2019). These pathogens are responsible for numerous urinary tract infections and 

bacteremia (Poolman and Anderson, 2018). 

Researchers are seeking new approaches to combat infection, such as 

developing new drugs and compounds, as well as improving hygiene and 

sanitation measures (Prakash et al., 2019). In addition, the World Health 

Organization (WHO) encourages the research, development and deployment of 

new bacteriostatic agents or biocides. Therefore, nanomaterials are used as 

emerging candidates for antimicrobial agents thanks to their low to reasonable 

toxicity, moderate cost and effective inhibition mechanism against bacterial 

resistance (World Health Organization, 2001), making them suitable for 

antibacterial and biomedical applications.  

Promising nanomaterials include noble metal nanoparticles (NPs) such as 

silver (Ag), which have adaptable optoelectronic characteristics in terms of particle 

size, high surface energy and reduced imperfections (Khanna et al., 2007). Ag has 

intrinsic characteristics such as high surface area for catalytic reactions, localized 



 

 

surface plasmon resonance (LSPR) effect and enhanced stability. The LSPR of 

Ag increases light absorption, scattering and enhancement of the local 

electromagnetic field in photocatalysis (Ahmed et al., 2021). Ag, whether in 

elemental form or in suspension, acts against bacteria, fungi and some viruses 

without adverse effects on human health and has been used in medical devices 

(Patil et al., 2018). This metal has an antibacterial effect, generally attributed to the 

release of Ag+, which follows various biochemical pathways, such as adherence to 

and disruption of the bacterial cell membrane and oxidative stress through the 

generation of extra or intracellular reactive oxygen species (ROS) (Ferdous and 

Nemmar, 2020; Roy et al., 2019). The limitations of Ag NPs are their easy 

aggregation at low concentrations, thus influencing their stability, and at high 

concentrations they increase cytotoxicity and make it difficult to recover them from 

reactions (Patil et al., 2018). Ag nanoparticles showed reduced toxicity compared 

to Ag+ in human hepatoma cells, despite similar cellular uptake, both forms of Ag 

can induce oxidative stress, apoptosis and necrosis in human monocytes (Vrček 

et al., 2016). 

To overcome the limitations of Ag NPs, supports such as polymers, silica 

and metal oxides are used (Patil et al., 2018). Among these supports, titanium 

dioxide (TiO2) stands out, thanks to its attractive combination of physicochemical 

characteristics, low cost, low toxicity, chemical stability, biocompatibility and 

photocatalytic efficiency (M. Patil et al., 2017). However, this oxide has some 

limitations, such as a wide band gap (3.00 - 3.2 eV) and an absorption spectrum 

limited to the UV range. These limitations can be overcome by doping with Ag, due 

to changes in its physical, chemical and photoelectric properties (Etacheri et al., 

2015; Wu et al., 2013; Zarzzeka et al., 2023) and by expanding its photocatalytic 

efficiency towards the visible spectrum (Ali et al., 2018). Ag doping influences the 

crystalline phases of TiO2 showing more anatase phase (Halin et al., 2018), 

increases photocatalytic activity and influences crystallization processes (Golim et 

al., 2019) and reduces electron-lacuna recombination. Thus, the association of Ag 

and TiO2 enhances the individual characteristics and forms Ag/TiO2 which exhibits 

optimized photocatalytic and antibacterial properties attributed to the synergistic 

effects of Ag and TiO2 NPs (Prakash et al., 2019). These oxides demonstrate 

potent antibacterial activity against Gram-positive and Gram-negative species 

under visible and UV light irradiation, with complete inhibition achieved at low 



 

 

concentrations (Deshmukh et al., 2018) in light and dark conditions, surpassing 

the efficacy of Ag or TiO2 alone (Li et al., 2011).  

Various methods, such as photodeposition (Dinh et al., 2011), current 

deposition (Lai et al., 2010), impregnation, chemical deposition, photodeposition 

(Li et al., 2009), spin coating, sol-gel (Al Amin and Kowser, 2024) and others have 

been developed to adapt Ag/TiO2 materials to improve their photocatalytic and 

antibacterial performance. Most of the methods used in the synthesis of Ag/TiO2 

have reports of mixed phases, extensive and complicated protocols in the design 

of the catalyst or limited scope for antibacterial research, as well as catalysts with 

Ag aggregation and non-uniformity, which causes a decrease in the antibacterial 

activity of the material (Deshmukh et al., 2018). Therefore, the sol-gel method 

offers a versatile route for obtaining materials with high purity, homogeneity and 

control over the morphology and size of the particles (Borrego Pérez et al., 2023; 

Ubonchonlakate et al., 2012). It also makes it possible to control the size and 

distribution of Ag NPs on TiO2 surfaces, significantly influencing their antibacterial 

efficacy, with smaller Ag agglomerates (< 5 nm) demonstrating excellent 

bactericidal performance. These modifications aim to further increase the 

photocatalytic activity, stability and bactericidal action of Ag/TiO2 for various 

environmental applications, including wastewater treatment, antimicrobial coatings 

and biomedical (Zhang and Chen, 2009). 

In search of new strategies to develop and improve the future production of 

agents to control bacterial diseases, this research seeks to present the superior 

bactericidal actions of Ag/TiO2 oxides. It is hoped that this study will provide new 

insights into the development of antibacterial agents with a cheaper and broader 

application alternative in antibacterial therapy. The aim was to synthesize Ag/TiO2 

oxides (2 and 10% w/w) using the sol-gel method, and to characterize their 

physicochemical properties in terms of their bacterial inactivation action under 

light, black light and absence of light. 

2 Material and Methods 
 
2.1 Material 
 

Titanium (IV) isopropoxide (≥ 97%, Aldrich®), silver nitrate (AgNO3, 

Alphatec), nitric acid (Sigma-Aldrich®, ≥ 65%), ethyl alcohol P.A. (Dinâmica) were 



 

 

used. The water used in the method was Milli-Qplus with an approximate resistivity 

of 18 MΩcm.  

Studies of the antimicrobial action of the catalysts were carried out on the 

bacteria Escherichia coli (NEWP0022) and Staphylococcus aureus (NEWP0023). 

 

2.2 Sol-gel synthesis 
 

To obtain the mixed oxides synthesized by the sol-gel route, there was an 

adaptation of the methodology (Castro et al., 2020), where the TiO2 oxide 

synthesized via sol-gel, called T/SG, was prepared using a molar ratio of nwater: 

nalcoxide: nacid = 2.4:1:0.08. Two solutions were prepared: the first (A) consisted of 

titanium (IV) isopropoxide dissolved in ethanol under a nitrogen atmosphere and 

the second (B) consisted of HNO3 (65%), double-distilled water, silver nitrate and 

ethanol. The two solutions were homogenized separately under vigorous magnetic 

stirring for 10 min. Solution B was then added to solution A using a funnel for 1 min 

under a nitrogen atmosphere. A clear, firm gel formed in approximately 15 

seconds. This gel was aged overnight and then washed with a mixture of water 

and acetone (1:1) in order to remove residues of the reagents and by-products. 

The gel was washed three times a day for four days. Finally, the product was dried 

in a rotary evaporator and then in a vacuum oven at 80 °C for 24 h. The pure oxide 

obtained was calcined at 400 °C for 5 h, with a heating ramp.  

The 2% Ag/TiO2/Sol-gel and 10% Ag/TiO2/Sol-gel catalysts will be 

represented as: 2AgT/SG and 10AgT/SG and followed practically the same 

synthesis as TiO2. The differences were the addition of the Ag precursor salt added 

in proportions of Ag varying between 2% and 10% by mass, 0.9638 g and 5.2477 

g respectively, and the absence of the water:acetone washing step. The drying 

and calcination stage was the same as that used for TiO2. Figure 1 shows the sol-

gel process of the mixed oxides.  



 

 

Figure 1 – Sol-gel synthesis 

2.3 Characterization of the catalysts 
 

The spectra in the infrared region (FT-IR) were analyzed from pellets of the 

materials dispersed in KBr, covering the 4000 to 500 cm-1 range, using a Perkin 

Elmer FT-IR spectrophotometer, model Frontier. Confirmation of the crystal 

structure of the catalysts was obtained from X-ray diffraction (XRD) patterns using 

Rigaku's Miniflex 600, with Cu kα radiation (λ= 0.154 nm). An exploratory 

differential calorimeter (DSC) (model Q20, TA instruments) was used with a 

temperature of up to 550 °C and a cooling aid to check for structural changes, 

crystallization, phase changes and melting. Thermogravimetric analysis (TGA) 

was carried out on a simultaneous thermal analyzer (PerkinElmer, model 

STA6000, Akron, Ohio, USA) which involved heating the samples (10 mg) at a rate 

of 20 ºC min- 1 between 50 and 900 ºC in an N2 environment (99.997% pure) at a 

flow rate of 20 mL min-1. 

 
2.4 Antimicrobial activity test  

 

The antimicrobial activity of the catalysts was investigated through the use 

of Gram-negative E. coli (NEWP0022) and Gram-positive S. aureus (NEWP0023) 

bacteria. All materials were previously prepared and sterilized in an autoclave at 

121 °C for 15 min, and the tests were conducted under aseptic conditions (Silva et 



 

 

al., 2018).  We used established protocols, with adaptations (Cordeiro et al., 2004; 

Tsai et al., 2010). A lyophilized disk of the standard strain was introduced into a 

vial containing 5 mL of nutrient broth and subsequently transferred to a 

bacteriological incubator for 48 h at 37 °C. After this period, with the aid of a 

platinum loop, three transfers were made to a new vial containing 5 mL of nutrient 

broth and incubated in a bacteriological incubator at 37 °C for 24 h. After this 

incubation period, the bacterial cultures were serially diluted (1:10 v/v) using saline 

solution (0.9% NaCl) with the bacterial suspension (solution 1) to 105 CFU mL-1. 

The catalyst solutions T, 2AgT/I and 10AgT/I were previously sonicated for 30 min 

and a volume of 0.1 mL (equivalent to 0.01 g mL-1) of these was added to each 

well of sterile microplates (six-well microplate). As well, 3.9 mL of saline solution 

were also added to each well. The start of the reaction was marked by the 

introduction of 1 mL of the bacterial suspension, prepared in solution 1. Therefore, 

the final volume in each well corresponded to 5 mL. During the experiment, the 

microplate was kept under agitation at 350 rpm at 37 °C on a shaking platform to 

aid in the homogenization of the reaction solution. The microplates containing the 

final mixture (catalyst, saline solution and bacteria) were then irradiated separately 

under three different illumination conditions: bright light irradiation (Manplex, 9 W), 

black light (Luatek, 36 W) and in the absence of light. The distance between the 

light source and the microplate was 10 cm. Sampling was conducted at 0, 5, 10 

and 15 min. At each time point, a sample was collected using a sterile cotton swab 

and spread on nutrient agar plates, gently over the agar surface in five different 

directions. Subsequently, the medium was allowed to absorb the inoculum for a 

period of 15 min. The experiments were conducted in triplicate, and the plates were 

subsequently incubated in a bacteriological oven at 37 ± 2 °C for 24 h. Control 

experiments were conducted in the absence of a catalyst. The number of Colony 

Forming Units (CFU) was counted and subjected to statistical analysis.  

 

2.5 Detection of reactive oxygen species (ROS) 
 

We used a protocol with modifications to identify ROS in bacterial samples 

(Liao et al., 2019). We followed the same experimental procedure described in 

item 2.4, differing only in the dilution of the bacteria, being 1x103 CFU mL-1 in this 



 

 

one versus 1x105 CFU mL-1 in that one. After the reaction times, the collected 

sample was washed in phosphate-buffered saline (1 mmol.L-1) and centrifuged at 

3000 rpm for 5 min. Then, the supernatant was discarded and the pellet was 

incubated for 30 min at 37 ºC in the dark with 1 mL of 2',7'-dichlorofluorescein 

diacetate (H2DCF-DA) in phosphate-buffered saline. After the time elapsed, the 

cells were centrifuged at 5000 rpm for 6 min to remove the remaining H2DCF-DA. 

Then, the cell pellets were suspended in 1 mL of phosphate-buffered saline and 

mixed with 200 μL of alkaline lysis buffer (1% SDS; 0.2 mol.L-1 NaOH) for 10 min 

at 37 ºC. Finally, the mixture was centrifuged at 5000 rpm for 6 min and the final 

supernatant product was collected for fluorescence readings (488 nm excitation 

and 525 nm emission) (Thermo Scientific™ Varioskan™ LUX). The results were 

expressed as percentage (%) of ROS relative to 0 min (initial time). 

 

2.6 Statistical analysis 
 

The test version for academics of GraphPad Prism 9.0 was used to verify 

the statistical analyses. The Kolmogorov-Smirnov test was used to analyze 

normality, and the Grubbs test was used to eliminate outliers. Each experiment 

was carried out in triplicate and the differences between the groups in relation to 

the research variables were assessed by one-way analysis of variance (ANOVA) 

- according to the number of variables analyzed in the test. Tukey's post-test was 

then applied. Oscillations with a p-value < 0.05 were considered statistically 

significant. The results were presented in graphs and shown as mean and standard 

deviation. 

 

3 Results and Discussion 
 

3.1 Characterization of the catalysts 
 

The FT-IR spectra of the T/SG, 2AgT/SG and 10AgT/SG catalysts are shown 

in Figure 2. These catalysts showed characteristic Ti bands between 500-740 cm-1 

which were correlated to the binding of oxygen and titanium (Ti-O-Ti). It can be seen 

that this band on the T/SG catalyst was narrower and widened on the AgT/SG 

catalysts, indicating that the Ti-O-Ti stretching vibration had become stronger 



 

 

(Alsharaeh et al., 2017; Noviagel et al., 2024; Safaei and Taran, 2017). The 

absorption band for the 2AgT/SG and 10AgT/SG catalysts at 3400-3500 cm-1 

correlated with the stretching of the free -OH group, which is related to the increase 

in the number of H bonds between TiO2 and the OH group (Noviagel et al., 2024). 

In addition, the band at 1610 cm−1 refers to C-O stretching (Eleftheriadou et al., 

2020), and can also be attributed to the stretching and bending vibration of the OH 

group (Sathishkumar et al., 2022). There is a weak band for the 10AgT/SG catalyst 

at 1344 cm-1 which indicates the formation of a bond between the Ag+ ion and the 

TiO2 lattice, confirming the deposition of silver on the support (Desiati et al., 2019). 

Thanks to the addition of Ag to the AgT/SG catalysts, there is a slight shift in the 

bands around 650-700 cm-1, correlated to the asymmetric vibration of Ti-Ag-O 

(Gogoi et al., 2020). It can be seen that the band intensities of the AgT/SG catalysts 

are lower than those of the T/SG catalyst, indicating that the Ag particles have 

bonded to the TiO2 after sol-gel synthesis (Poudel and Kim, 2023). 

 
Figure 2 - FT-IR spectra of the catalysts 

 

Figure 3 shows the diffractograms of the T/SG, 2AgT/SG and 10AgT/SG 

catalysts. The T/SG catalyst has delineated diffraction peaks representing 

organized crystalline phases, containing the tetragonal anatase phase (JCPDS 84-

1286) with the most intense peaks at 25.4, 38, 48.1, 54, 55.3 and 62.7º (Poudel et 

al., 2022; JCPDS, 2013). The XRD patterns showed no peaks associated with 

brookite or rutile and no peaks of metallic Ag or Ag oxides (Borrego Pérez et al., 
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2023; Gang et al., 2022). It was observed that the addition of Ag did not affect the 

crystal structure of TiO2, remaining in the anatase phase (Cotolan et al., 2016), so 

this may be due to the presence of highly dispersed Ag nanoagglomerates in the 

material (Zhang and Chen, 2009). 

Figure 3 - Catalyst diffractograms 

All peaks present in the catalysts are anatase phase 

 

DSC thermal analyses, shown in Figure 4, were carried out to investigate 

the thermal properties of the T/SG, 2AgT/SG and 10AgT/SG catalysts. Smaller 

endothermic peaks were observed in the 2AgT/SG and 10AgT/SG catalysts (61.2 

and 62.5 °C, respectively), indicating a lower melting point compared to the T/SG 

catalyst (71.6 °C). These endothermic peaks were attributed to the elimination of 

water adsorbed on the surface of the catalyst particles, and the peak amplitude 

shows that the dehydration of the materials was rapid. As for the lower melting 

point of AgT/SG catalysts compared to T/SG, this is because Ag has strong 

thermal conductivity, due to the free electrons found in its network. In contrast, 

materials such as TiO2 do not have free electrons, making them non-conductive, 

so Ag slightly reduces the melting point (García-Serrano et al., 2009; Ramírez-

Cedillo et al., 2019).   

The first exothermic peak observed in the catalysts occurs at 130 °C 

(AgT/SG) and 160 °C (T/SG) and can be attributed to the crystallization of 

amorphous TiO2 into the anatase phase, indicating that the particles of this oxide 
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crystallized at lower temperatures and completed the crystallization process. There 

are shifts in the peaks to lower temperatures in the AgT/SG catalysts compared to 

the T/SG catalyst, which may be associated with Ag doping and the vacuum 

atmosphere. The second exothermic peak, at around 273 (T/SG), 301 (10AgT/SG) 

and 307 °C (2AgT/SG), corresponds to the temperature associated with the 

elimination of organic components, associated with the combustion process. This 

combustion is not a simple desorption process, but also involves the chemical 

species decomposition (García-Serrano et al., 2009). 

 

Figure 4 – DSC curve of catalysts 

 

The TGA curves for the T/SG, 2AgT/SG and 10AgT/SG catalysts are shown 

in Figure 5. There is a decrease in mass with temperature for all the catalysts. The 

initial loss of mass and the endothermic process arround 200 °C can be attributed 

to the evaporation of water adsorbed on the surface of the material. It should be 

noted that all the catalysts showed a loss of mass up to 900 °C, probably due to 

the presence of traces of organic impurities/residues (Chelli et al., 2018; Ren et 

al., 2022). The 10AgT/SG catalyst had an exothermic reduction near 600-800 °C 

correlated to the organization of the system that will induce the generation of the 

anatase structure. This reduction above 600 °C occurred at higher temperatures 

compared to the T/SG catalyst, because the Ag ion added to the TiO2 structure 

tends to cause greater destructuring, thus requiring greater energy for the 

organization of the system (Sullivan and Cole, 1959; Viana et al., 2010).  
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Figure 5- Thermogravimetric analysis of catalysts 

 

3.2 Antimicrobial activity test 
 

Figure 6 (A-L) and Figure 7 (A-L) show the effects of visible light sources 

(called clear light), black light and no light (called dark) for: controls (A, E and I) 

and the catalysts T/SG (B, F and J), 2AgT/SG (C, G and K) and 10AgT/SG (D, H 

and L) on the inactivation of E. coli and S. aureus, respectively. 

Under bright light, the 10AgT/SG catalyst (Figures 6D and 7D) showed 

bactericidal action after 15 min. In the dark test, this catalyst (Figure 6H) had a 

bactericidal action from the 5 min, indicating that the Ag NPs were responsible for 

the antimicrobial effect in the dark. The antibacterial efficiency of an Ag-based 

catalyst depends on the rate of release of Ag ions (Liu et al., 2018). Thus, this 

bactericidal action can be caused by the Ag NPs released by the 10AgT/SG 

catalyst, so the amount of this metal in the catalyst influences its antimicrobial 

action, because when more Ag is added to the TiO2 matrix, the bactericidal action 

increases, acting by various mechanisms (Ashkarran et al., 2011; Dong et al., 

2019). Ag can adhere to the surface of the cell membrane and wall where it 

accumulates and causes leakage from the intracellular organelles and death 

(Chakhtouna et al., 2021). In addition, the released Ag can bind to enzymes in the 

bacterial membranes, thus deregulating their functionality, or penetrate the cell, 

damaging the DNA (Ashkarran et al., 2011; Dong et al., 2019; Tian et al., 2007). 
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Subsequently, spaces are created in the bacterial cell, causing the wall to break 

down and cell death (Zawadzka et al., 2016). Another mechanism is the 

intracellular penetration of Ag NPs into the bacteria, causing damage to 

intracellular organelles such as the endoplasmic reticulum and mitochondria, as 

well as biomolecules such as lipids, DNA and others. This metal can also incite 

cellular toxicity and oxidative stress due to the generation of ROS, and the final 

mechanism is the modulation of signal transduction pathways (Tian et al., 2007).  

At 10 min (Figures 6I-L and 7L), there was a decline in the number of 

colonies for the T/SG (Figure 6J), 2AgT/SG (Figures 6K) and 10AgT/SG (Figures 

6L and 7L) catalysts. On the other hand, the T/SG (Figure 7J) and 2AgT/SG 

(Figure 7K) catalysts showed a bactericidal effect against S. aureus after 15 min. 

The catalysts were photoactivated by UV, causing a greater production of radicals: 

superoxide (O2−•), hydroxyl (HO•), hydrogen peroxide (H2O2), hydroperoxyl (HO2•) 

and singlet oxygen (1O2), thus the ROS increase the antibacterial action (Junior, 

2008). The 10AgT/I catalyst (Figures 6D, 6H, 6L, 7D and 7L) has a more 

pronounced photocatalytic effect than the T/SG catalyst against Gram-negative 

and positive bacteria, due to the synergistic action of Ag and TiO2, thus combining 

the generation of ROS and the release of Ag (Dahl et al., 2014; Gupta et al., 2013). 

The bactericidal activity of the AgT/SG catalysts was higher than that of the T/SG 

catalyst. It was also higher as the Ag content increased, as can be seen in Figure 

7K and 7L.  

The AgT/SG catalysts had a more pronounced bactericidal action against 

E. coli (10AgT/SG in Figure 6). However, these catalysts showed reduced 

performance against S. aureus, as 2AgT/SG only acted under black light (Figure 

7K) and 10AgT/SG had no bactericidal action in the dark. In other words, the 

different bacteria responded in different ways to the AgT/SG catalysts, thanks to 

the different complexity and thickness of their cell walls. Therefore, the cell wall 

constitution of Gram-positive strains is 90% peptidoglycan and the rest is made up 

of teichoic acid with a denser peptide reticular constitution than Gram-negative 

strains (Zhang and Chen, 2009; Zhao et al., 2018). 

 



 

 

Figure 6 – Antibacterial activity test (E. coli) of T/SG, 2AgT/SG and 10AgT/SG 

catalysts photoactivated by clear light (A-D), dark (E-H) and black light (I-L). 

Antibacterial action against E. coli of the control (A, E and I) and of the catalysts T/SG (B, F and J), 

2AgT/SG (C, G and K) and 10AgT/SG (D, H and L) in the clear light (A-D), dark (E-H) and black 

light (I-L) tests, according to the time variation 0, 5, 10 and 15 min. Asterisks indicate p<0.05 (one-

way ANOVA, post-Tukey test). 

 



 

 

Figure 7 – Antibacterial activity test (S. aureus) of the catalysts T/SG, 2AgT/SG 

and 10AgT/SG photoactivated by clear light (A-D), dark (E-H) and black light (I-L). 

Antibacterial action against S. aureus of the control (A, E and I) and the catalysts T/SG (B, F and 

J), 2AgT/SG (C, G and K) and 10AgT/SG (D, H and L) in the clear light (A-D), dark (E-H) and black 

light (I-L) tests, according to the time variation 0, 5, 10 and 15 min. Asterisks indicate p<0.05 (one-

way ANOVA, post-Tukey test). 

 
3.3 Detection of reactive oxygen species 

 
Figure 8 (A-C) and Figure 9 (A-C) demonstrate the values of intracellular 

ROS generation of E. coli and S. aureus, respectively, for the catalysts T/SG (A), 

2AgT/SG (B) and 10AgT/SG (C), under black light. 

 



 

 

Figure 8 - Intracellular ROS generation values of E. coli from the ROS detection 

assay by H2DCF-DA for the catalysts T/SG (A), 2AgT/SG (B) and 10AgT/SG (C). 

Asterisks indicate * p <0.05; ** p <0.01; *** p< 0.001 e **** p < 0.0001 (One-way ANOVA, with 
Dunnett's post-hoc test). 

 

Figura 9 - Intracellular ROS generation values of S. aureus from the ROS 

detection assay by H2DCF-DA for the catalysts T/SG (A), 2AgT/SG (B) and 

10AgT/SG (C). 

Asterisks indicate * p <0.05; ** p <0.01; *** p< 0.001 e **** p < 0.0001 (One-way ANOVA, with 
Dunnett's post-hoc test). 

 

An increase in the level of ROS can be seen after 5 min for E. coli (Figures 

8A - C) and S. aureus (Figures 9A - C), corroborating the data presented in Figures 

6J-L and 7J-L and confirming that the ROS generated come from the photocatalytic 

effects. These species accumulate in the bacterial membrane, overloading the 

bacterial antioxidant defense system and causing membrane damage and death 

(Yong et al., 2023). The greatest production of ROS was observed for the 2AgT/SG 

catalyst in the deaths of E. coli and S. aureus (Figure 8B and 9B). It should also 

be noted that the number of reactive species for S. aureus was higher when 
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compared to the other strains, thus demonstrating that the diversity of 

microorganisms, such as the complexity and thickness of the cell wall, interferes 

with the response of the catalyst  (Zhang and Chen, 2009).  

It can be seen that the mechanism of bactericidal action of catalysts is 

dependent on ROS and may be linked to a sequence of reactions. ROS are 

attracted to the bacterial surface and interact, thus compromising the integrity of 

the membrane and cell wall, altering permeability and inducing oxidative stress via 

ROS and free radicals, culminating in the modulation of signal transduction 

pathways (Zhang et al., 2019). Catalysts are excited by UV (Figure 10) generating 

electron (e-) and gap (h+) pairs found in the conduction band and valence band, 

respectively. These e-/h+ pairs react with intramolecular molecules such as water 

and oxygen (O2), thus generating •OH e O2−• radicals. The h+ reacts with water, 

separating it into OH− and H+, and dissolved O2 molecules change into O2−•. This 

radical acts with H+ to generate HO2• radicals, which collide with e- to produce 

HO2−. Finally, these radicals react with H+ ions to produce H2O2 (Zhou et al., 2015). 

At the same time, Ag NPs capture e-, transporting them from the conduction band 

of TiO2 and then to O2−•, generating superoxide radicals. Ag helps in the generation 

of •OH radicals produced from H2O with the remaining photoproduced h+ present 

in the TiO2 valence band. These photoproduced ROS adhere to and penetrate the 

membrane, thus killing the bacteria (Din et al., 2018). 

 

Figure 10 – Illustration of the mechanism of action of AgT/SG catalysts and 
representations of Gram-negative and Gram-positive bacterial membranes.

 
UV light irradiation on the AgT/SG catalyst promotes the excitation of e-, generating e-/h+ pairs. 
These pairs migrate to the catalyst surface and react with water and oxygen molecules, forming 



 

 

hydroxyl radicals (HO•), superoxide (O2−•) and hydrogen peroxide (H2O2) and singlet oxygen (1O2). 
Silver (Ag) nanoparticles amplify the production of O2−• radicals by capturing electrons from TiO2. 
These highly toxic reactive species penetrate bacterial cells, oxidizing biomolecules such as lipids, 
proteins and DNA, and triggering an oxidative stress process that culminates in cell death. 
 

4 Conclusion  
 

The sol-gel method used to synthesize Ag/TiO2 catalysts was simple and 

effective. AgT/SG catalysts have crystalline phases with little mass loss during 

synthesis. The 10AgT/SG catalyst showed the best bactericidal action and high 

photocatalytic efficiency under UV irradiation, visible light and in the absence of 

light. The AgT/SG catalysts were more effective than pure TiO2 against Gram-

negative and -positive bacteria, due to the synergistic effect of Ag and TiO2. 

Antibacterial oxides with rapid bactericidal action were produced, thus enabling 

less expensive and broader applications in antibacterial therapy, with potential use 

in bacterial disinfection devices and in places that need to control infections. 
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CHAPTER V 
  

 
Green synthesis of Ag/TiO2 nanoparticles: properties and 

antibacterial potential for environmental applications 
 

ABSTRACT 
 

The spread of bacteria resistant to multiple drugs has required the development of 
new strategies for treating infections. Light-activated materials are emerging as a 
promising alternative, as they can inactivate bacteria by generating reactive 
oxygen species, without inducing resistance. Based on this search for new 
materials, silver (Ag) catalysts (2% and 10%) supported on titanium dioxide (TiO2) 
were synthesized via modified sol-gel synthesis using tapioca as a gelling agent. 
The Ag/TiO2 catalysts (2AgT/V and 10AgT/V) characterized by spectra in the 
infrared region showed characteristic titanium bands, asymmetric Ti-Ag-O 
vibration and Ag-TiO2 bonding, confirming the deposition of silver on the support. 
X-ray diffraction identified delineated peaks characteristic of metallic Ag and 
anatase for the AgT/V catalysts, representing organized crystalline phases. White 
light (9 W) did not induce photoactivation in any of the catalysts tested, as the 
antibacterial activity observed for the 10AgT/V catalyst under dark conditions 
against Escherichia coli suggests an antimicrobial effect intrinsic to Ag. 
Photoactivation of the AgT/V catalysts under black light resulted in significant 
bacterial inactivation. The production of reactive oxygen species, proven in the 
detection test, induced by ultraviolet radiation and together with the intrinsic 
antimicrobial action of Ag, explains the high efficiency of these catalysts. These 
results demonstrate the potential of AgT/V catalysts for the development of 
antimicrobial coatings for surfaces, contributing to the prevention and control of 
infections in various environments. 
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1 Introdution 
 

Photocatalysis is an oxidation technique with potential in the degradation of 

organic pollutants, water treatment and the inactivation of microorganisms, and is 

environmentally friendly and safe. It occurs when a semiconductor, such as 

titanium dioxide (TiO2), is illuminated by a photon causing the excitation of 

electrons (e-) belonging to the valence band, which move to the conduction band 

where they couple with gaps (h+), forming electron-lacuna pairs (e-/h+). Through 

redox processes, e- and h+ generate powerful reactive oxygen species (ROS) on 

the surface of the semiconductor, which subsequently degrade impurities into 

carbon dioxide and water, and can also eliminate bacteria (Pathak et al. 2019; 

Ahmad et al. 2020). Examples of pathogens include Staphylococcus aureus, a 

Gram-positive bacterium, and Escherichia coli, a Gram-negative pathogen. These 

bacteria are transmitted through food, water and air (Hlavsa et al. 2018), survive 

on various surfaces for long periods (Pérez-Rodríguez et al. 2013; Nag et al. 2021).  

TiO2 is a semiconductor that stands out in water purification systems, 

sterilization and self-cleaning coatings, thanks to its photoelectrochemical, 

photoinduced, superhydrophilic characteristics and does not produce harmful by-

products (Ochiai and Fujishima 2012; Zacarías et al. 2015). However, this oxide 

has some limitations, such as the wide band energy range, the wavelength region 

restricted to the ultraviolet, the low quantum efficiency and the fast recombination 

rate of the e-/h+ pairs (Chandra et al. 2021; Rajaram et al. 2023). Doping with a 

transition metal, such as Ag, improves the aforementioned limitations of TiO2, as 

the metal acts as an e- capture trap, alters the absorption of visible light, optimizes 

plasmon resonance and increases the photocatalytic action (Rabhi et al. 2019; 

Rajaram et al. 2023). In addition, the antimicrobial characteristics of TiO2 are 

improved with Ag doping, thanks to the high surface-to-volume ratio, wide 

therapeutic range, greater stability and remarkable antibacterial activities (Poudel 

et al. 2022; Yin et al. 2023). 

The antibacterial efficiency of Ag/TiO2 is high, because during the exposure 

time both TiO2 and Ag+ ions are released, resulting in the interruption of the 

metabolic activity of the bacterial cell membrane. Ag+ ions facilitate binding affinity 

to the surfaces of bacterial membranes, which are negatively charged (Padmavathi 

et al. 2022; Poudel and Kim 2023). Furthermore, Ag nanoparticles on the surface 



 

 

of cells trigger structural rearrangement of the membrane, thus favoring the entry 

of ROS into the bacteria, causing DNA damage. Nanomaterials containing Ag can 

act as multifunctional agents, exerting antibacterial and photodegradation 

properties, as is the case with Ag/TiO2. They can act on more than one problem, 

such as organic pollutants and pathogens, making the use of these catalysts more 

efficient and promising (Saleem et al. 2024). 

The sol-gel method has aroused interest due to its simplicity, reproducibility 

and mild conditions (Ong et al. 2018). To improve this method, a variety of 

complexing agents have been used to reduce production costs (Gomes et al. 

2018). For example, low-cost commercial starch, such as tapioca, is used in the 

synthesis of particles via the modified sol-gel route, which represents a 

breakthrough in the synthesis of semiconductors and is also considered green 

synthesis. This technique is less expensive, generates environmentally 

sustainable by-products and reduces the toxicity of the synthesized material. It also 

uses microorganisms, vitamins, enzymes, amino acids, plant extracts or plants 

during synthesis (Parveen et al. 2016; Gheisari et al. 2024). 

Among plants, Manihot esculenta or cassava contains a high carbohydrate 

content, around 38%, making it a valuable resource in green synthesis (USDA 

2019). It also has secondary metabolites, including antioxidant compounds such 

as terpenes and beta-carotene, as well as other biomolecules, ensuring particle 

stability and minimizing agglomeration (Rengga et al. 2017; Zakiyyah et al. 2024). 

Tapioca, made from cassava starch, is a natural polymer that is abundant in 

nature, renewable, biodegradable and easily stored. It has a uniform constitution 

with a low-order crystalline structure, which contains an incomplete bond between 

two glucose molecules, which provides affinity with metal ions (Almeida et al. 2020; 

Primo et al. 2022). The use of tapioca as a chelating agent in the synthesis of 

oxides has enormous potential, as it makes production more accessible, simple, 

economical, cheap and uses low temperatures, as well as increasing the flexibility 

and strength of composite materials (Khorrami et al. 2015; Tian et al. 2016).   

This study aims to synthesize mixed Ag/TiO2 oxides (2 and 10% w/w% Ag) 

using tapioca in the modified sol-gel process. As well as evaluating their 

physicochemical characterizations and their antibacterial activity, under light, black 

light and absence of light.  



 

 

2 Material and Methods 
 
2.1 Material 

 

Titanium dioxide (TiO2, Êxodo Científica) and silver nitrate (AgNO3, 

Alphatec) were used, both analytical grade and without any additional purification. 

The water used in the synthesis was of Milli-Qplus quality with an approximate 

resistivity of 18 MΩcm.  

The antimicrobial activity of the catalysts was studied using the bacteria 

Escherichia coli (NEWP0022) and Staphylococcus aureus (NEWP0023). 

 

2.2 Modified sol-gel synthesis/Green synthesis 
 

To obtain mixed oxides synthesized by the modified sol-gel route, known as 

green synthesis and using tapioca as a gelling agent, adaptations were made to 

the methodologies (Ferreira et al. 2016; Almeida et al. 2020). To use TiO2 as a 

support in the preparation of mixed oxides, it was dried in an oven for 21 h at 120 
oC. 5 g of tapioca was weighed and mixed with 150 mL of water (solution A) and 

kept stirring. A previously prepared solution of TiO2 and AgNO3 (solution B) in 50 

mL of water was slowly added to this solution A. The mixture was then heated at 

80 oC for 1 hour to form a viscous, homogeneous solution. The final solution was 

placed in an oven for 24 h at 100 oC and then calcined, with a heating ramp, at 400 
oC for 5 h. In order to study the effect of Ag concentration on the properties of the 

materials, the mixed oxides described were obtained containing proportions of Ag 

varying between 2% and 10% by mass, 0.9638 g and 5.2477 g, respectively. The 

TiO2 catalysts, 2% Ag/TiO2/Green synthesis and 10% Ag/TiO2/Green synthesis are 

represented as: 2AgT/V and 10AgT/V. Figure 1 shows the modified sol-gel/green 

synthesis process of the mixed oxides.   



 

 

Figure 1 – Modified Sol-Gel Synthesis/Green Synthesis of Mixed Oxides. 

 

2.3 Characterization of the catalysts 
 

Spectra in the infrared region were analyzed from pellets of the materials 

dispersed in KBr, covering the 4000 to 500 cm-1 range, using a Perkin Elmer FT-

IR spectrophotometer, model Frontier. Confirmation of the crystal structure of the 

catalysts was obtained from X-ray diffraction (XRD) patterns using Rigaku's 

Miniflex 600, with Cu kα radiation (λ= 0.154 nm).  

 

2.4 Antimicrobial activity test 
 

The antimicrobial activity of the catalysts was investigated through the use 

of Gram-negative E. coli (NEWP0022) and Gram-positive S. aureus (NEWP0023) 

bacteria. All materials were previously prepared and sterilized in an autoclave at 

121 °C for 15 min, and the tests were conducted under aseptic conditions (Silva et 

al., 2018).  We used established protocols, with adaptations (Cordeiro et al., 2004; 

Tsai et al., 2010). A lyophilized disk of the standard strain was introduced into a 

vial containing 5 mL of nutrient broth and subsequently transferred to a 

bacteriological incubator for 48 h at 37 °C. After this period, with the aid of a 



 

 

platinum loop, three transfers were made to a new vial containing 5 mL of nutrient 

broth and incubated in a bacteriological incubator at 37 °C for 24 h. After this 

incubation period, the bacterial cultures were serially diluted (1:10 v/v) using saline 

solution (0.9% NaCl) with the bacterial suspension (solution 1) to 105 CFU mL-1. 

The catalyst solutions T, 2AgT/I and 10AgT/I were previously sonicated for 30 min 

and a volume of 0.1 mL (equivalent to 0.01 g mL-1) of these was added to each 

well of sterile microplates (six-well microplate). As well, 3.9 mL of saline solution 

were also added to each well. The start of the reaction was marked by the 

introduction of 1 mL of the bacterial suspension, prepared in solution 1. Therefore, 

the final volume in each well corresponded to 5 mL. During the experiment, the 

microplate was kept under agitation at 350 rpm at 37 °C on a shaking platform to 

aid in the homogenization of the reaction solution. The microplates containing the 

final mixture (catalyst, saline solution and bacteria) were then irradiated separately 

under three different illumination conditions: bright light irradiation (Manplex, 9 W), 

black light (Luatek, 36 W) and in the absence of light. The distance between the 

light source and the microplate was 10 cm. Sampling was conducted at 0, 5, 10 

and 15 min. At each time point, a sample was collected using a sterile cotton swab 

and spread on nutrient agar plates, gently over the agar surface in five different 

directions. Subsequently, the medium was allowed to absorb the inoculum for a 

period of 15 min. The experiments were conducted in triplicate, and the plates were 

subsequently incubated in a bacteriological oven at 37 ± 2 °C for 24 h. Control 

experiments were conducted in the absence of a catalyst. The number of Colony 

Forming Units (CFU) was counted and subjected to statistical analysis.  

 

2.5 Detection of reactive oxygen species (ROS) 
 

A protocol with modifications to identify ROS in bacterial samples was used 

(Liao et al. 2019). We followed the same experimental procedure described in item 

2.4, differing only in the dilution of the bacteria, being 1x103 CFU mL-1 in this one 

versus 1x105 CFU mL-1 in that one. After the reaction times, the collected sample 

was washed in phosphate-buffered saline (1 mmol.L-1) and centrifuged at 3000 

rpm for 5 min. Then, the supernatant was discarded and the pellet was incubated 

for 30 min at 37 ºC in the dark with 1 mL of 2',7'-dichlorofluorescein diacetate 

(H2DCF-DA) in phosphate-buffered saline. After the time elapsed, the cells were 



 

 

centrifuged at 5000 rpm for 6 min to remove the remaining H2DCF-DA. Then, the 

cell pellets were suspended in 1 mL of phosphate-buffered saline and mixed with 

200 μL of alkaline lysis buffer (1% SDS; 0.2 mol.L-1 NaOH) for 10 min at 37 ºC. 

Finally, the mixture was centrifuged at 5000 rpm for 6 min and the final supernatant 

product was collected for fluorescence readings (488 nm excitation and 525 nm 

emission) (Thermo Scientific™ Varioskan™ LUX). The results were expressed as 

percentage (%) of ROS relative to 0 min (initial time). 
 

2.6 Statistical analysis 
  

GraphPad Prism 9.0, test version for academics, was used to perform the 

statistical analyses. Normality was analyzed by Kolmogorov-Smirnov, while the 

Grubbs test excluded outliers. Each experiment was carried out in triplicate and 

the differences between the groups in relation to the study variables were verified 

by one-way analysis of variance (ANOVA) according to the number of variables 

analyzed in the trial. Tukey's post-test was then applied. Variations with a p-value 

< 0.05 were considered statistically significant. The data was shown graphically 

and represented as mean and standard deviation. 

 

3 Results and Discussion 
 
3.1 Characterization of the catalysts 

 

The FT-IR spectra of the T, 2AgT/V and 10AgT/V catalysts are shown in 

Figure 2. These catalysts show characteristic titanium (Ti) bands between 500-

750 cm-1 which have been correlated to the oxygen-titanium bond (Ti-O-Ti). 

Therefore, the band observed at 739 cm-1 belonging to the T catalyst intensified 

and broadened in the AgT/V catalysts, indicating that the Ti-O-Ti stretching 

vibration became stronger (Alsharaeh et al. 2017; Safaei and Taran 2017; 

Noviagel et al. 2024). Related to the 3000 cm-1 region of the T catalysts is the 

stretching vibration of the OH group (León et al. 2017; Yang et al. 2022). The 

absorption band for the 2AgT/V and 10AgT/V catalysts at 3480 cm-1 correlated to 

the stretching of the free -OH group, which was related to the increase in the 

number of H bonds between TiO2 and the OH group (Noviagel et al. 2024). In 



 

 

addition, the band at 1626 cm-1 belonging to the 2AgT/V and 10AgT/V catalysts 

refers to C-O stretching (Malesic Eleftheriadou et al. 2020; Yang et al. 2022; 

Sathishkumar et al. 2022), and can also be attributed to the stretching and bending 

vibration of the OH group (Sathishkumar et al. 2022). The band present for these 

catalysts at 1400 cm-1 was characteristic of C-C stretching (Kuz and ateş 2020). 

There is a weak band at 1350 cm-1 for the AgT/V catalysts, which is characteristic 

of the Ag-TiO2 bond (Desiati et al. 2019), confirming the deposition of silver on the 

support and highlighting the XRD results. 

It is estimated that Ag doping and the use of tapioca can improve the surface 

condition of the samples, generating more OH on the surface (Sathishkumar et al. 

2022). Thanks to the addition of Ag to the 2AgT/V and 10AgT/V catalysts, there is 

a slight shift in the bands around 660-700 cm-1, correlated to the asymmetric 

vibration of Ti-Ag-O (Gogoi et al. 2020). It can be seen that the intensities of the 

bands of the 2AgT/V and 10AgT/V catalysts are lower compared to those of the T 

catalyst, thus indicating that the Ag particles bonded to the TiO2 after the green 

synthesis (Poudel and Kim 2023). 

 
Figure 2 - FT-IR spectra of the catalysts. 
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Figure 3 shows the diffractograms of the T, 2AgT/V and 10AgT/V catalysts. 

There are diffraction peaks outlined for catalyst T representing organized 

crystalline phases, containing two phases: anatase (JCPDS 21-1272), which was 

more abundant, and rutile (JCPDS 71-0650). The anatase phase had intense 

peaks at 25.4, 37.9, 48.1, 53.9, 55.2 and 62.8º. The rutile phase had peaks at 27.6, 

29.8 and 44.4º (JCPDS 2013; Poudel et al. 2022). The 2AgT/V and 10AgT/V 

catalysts have diffraction patterns characteristic of the cubic Ag phase (JCPDS 87-

0717) with a peak at 38.2º and a peak with low intensity in the tetragonal anatase 

phase at 48.1º (JCPDS 83-2243). The detection of Ag peaks in AgT/V catalysts 

confirms the diffusion of Ag atoms deposited on the TiO2 support (Mosquera et al. 

2014; Sharma et al. 2016).  

 
Figure 3 - Diffractograms of catalysts 

 
The * identifies rutile while the other peaks of the T catalyst represent the anatase phase. The # 
identifies the anatase phase and the + stands for metallic Ag. The other peaks present in the AgT/V 
catalysts are the rutile phase. 
 
3.2 Antimicrobial activity test  
  

Figure 4 (A-I) and Figure 5 (A-I) show the effects of visible light sources 
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and the catalysts 2AgT/V (B, E and H) and 10AgT/V (C, F and I) on the inactivation 

of E. coli and S. aureus, respectively. 

Figure 4 – Antibacterial activity test (E. coli) of 2AgT/V and 10AgT/V catalysts 

under clear light (A-C), dark (D-F) and black light (G-I).  

Antibacterial action against E. coli of the control (A, D and G) and the catalysts 2AgT/V (B, E and 
H) and 10AgT/V (C, F and I) in the clear light (A-C), dark (D-F) and black light (G-I) tests. According 
to time variation 0, 5, 10 and 15 min. Asterisks indicate p<0.05 (one-way ANOVA, post Tukey test). 
 
 
 
 
 
 
 
 
 
 
 



 

 

Figure 5 – Antibacterial activity test (S. aureus) of 2AgT/V and 10AgT/V catalysts 

under clear light (A-C), dark (D-F) and black light (G-I). 

Antibacterial action against S. aureus of the control (A, D and G) and the catalysts 2AgT/V (B, E 
and H) and 10AgT/V (C, F and I) in the clear light (A-C), dark (D-F) and black light (G-I) tests. 
According to the time variation 0, 5, 10 and 15 min. Asterisks indicate p<0.05 (one-way ANOVA, 
post Tukey test). 

 

The 2AgT/V and 10AgT/V catalysts (Figure 4B and 4C), under white light, 

showed a bactericidal effect from the 10-minute time point against E. coli. In the 

dark test, the 2AgT/V catalyst (Figure 4E) had a bactericidal effect at 15 min and 

10AgT/V (Figure 4F) from 5 min. This microbial inhibition can be related to the Ag 

nanoparticles released by the AgT/V catalysts, so the amount of this metal in the 

catalyst affects its antimicrobial action. By introducing more Ag into the TiO2 matrix, 

the bactericidal action increases and acts by adhesion of these nanoparticles to 

the surface of the cell membrane and wall, which accumulate and then leakage of 

the intracellular organelles and death occurs (Ashkarran et al. 2011; Dong et al. 

2019; Chakhtouna et al. 2021). Ag nanoparticles can also enter the interior of the 

bacterial cell, causing damage to intracellular organelles, lipids, DNA and proteins. 

Ag can also incite cell toxicity and oxidative stress thanks to the generation of ROS 

(Tian et al. 2007). Thus, the antibacterial effect of these catalysts may come from 



 

 

the oxidative stress generated by the high concentration of Ag nanoparticles or 

from the presence of Ag ions on their surface, in addition to the action of ROS 

(Perkas et al. 2013). These AgT/V catalysts are effective against E. coli without 

photoactivation, due to the release of Ag ions from the TiO2 matrix. 

Figure 5C shows the bacterial inhibition of the 10AgT/V catalyst after 10 

min, which may be related to the Ag nanoparticles released by the material. This 

result may be due to the fact that Ag has a powerful contact antibacterial action, 

and the amount of this metal increases its action. In addition, Ag could cause a 

decrease in soluble protein expression by suppressing nucleic acid synthesis, 

inhibiting S. aureus (Jiang et al. 2017).  

It can be seen that the 2AgT/V catalyst (Figure 4H), when irradiated with 

black light, indicating that UV favors the photoreparation of bacteria, thus causing 

bacterial cell regeneration (Chan and Killick 1995; Tosa and Hirata 1999), 

indicating a sublethal dose of UV, which was overcome by the catalyst after 15 

min. The 2AgT/V and 10AgT/V catalysts showed a bactericidal effect after 10 min 

(Figures 5H and 5I, respectively) and 15 min (Figure 4I). Possibly, these catalysts 

were photoactivated by UV, thus causing the generation of ROS and pronounced 

photocatalytic action (Dahl et al. 2014).  

The 2AgT/V and 10AgT/V catalysts (Figure 5B, 5C, 5E and 5F), under bright 

light and in the absence of light, the antibacterial activity was decreased because 

Gram-negative bacteria have a complex cell membrane structure that makes them 

resistant to oxidative stress and their cell wall is hydrophobic. In addition, it may 

be due to the AgT/V catalyst particles being agglomerated, thus decreasing their 

antibacterial activity thanks to the aggregation of their particles. The size and 

dispersion of the Ag nanoparticles on the TiO2 interferes with the bactericidal 

action, with smaller Ag agglomerates (<5 nm) showing superior efficacy, thus 

affecting the antibacterial efficacy of the AgT/V catalysts (Hajizadeh et al. 2020). 

Another possibility is that the AgT/V catalysts could cause a mild lesion in the S. 

aureus membrane, altering the membrane's permeability but not causing its 

decomposition. The lipopolysaccharide membrane of bacteria has negative 

charges on its surface and the Ag nanoparticles released by the AgT/V catalyst 

come into contact with this surface, thus modifying its charge and hydrophobicity, 

affecting cell permeability. However, these modifications do not harm whole cells 

or induce leakage of macromolecules (Jiang et al. 2017).  



 

 

The results presented showed that the AgT/V catalysts have antibacterial 

action, even when there is no light present (against E. coli), indicating that the Ag 

nanoparticles were responsible for the antimicrobial effect in the dark. The greater 

antibacterial activity of these catalysts under black light is due to the synergistic 

antibacterial effects of the photocatalytic reaction originating from TiO2 and the Ag 

nanoparticles. The AgT/V catalysts showed a reduction in their performance 

against S. aureus, as only 10AgT/V had bactericidal action, suggesting that the 

diversity of microorganisms, such as the complexity and thickness of the cell wall, 

interfere in the response to the catalysts. The advantage of AgT/V catalysts is that 

they expand the functions of antibacterial materials to a wider variety of 

applications. Thus, these catalysts are effective in reducing bacteria and are 

promising as antibacterial coatings (Zhang and Chen 2009). 

 
3.3 Detection of reactive oxygen species 

 
Figure 6 (A and B) and Figure 7 (A and B) show the intracellular ROS 

generation values of E. coli and S. aureus, respectively, for the 2AgT/V (A) and 

10AgT/V (B) catalysts, under black light. 

 

Figure 6 - E. coli intracellular ROS generation values from the H2DCF-DA ROS 
detection assay for the 2AgT/V (A) and 10AgT/V (B) catalysts. 

Asterisks indicate * p <0.05; ** p <0.01; *** p< 0.001 and **** p < 0.0001 (one-way ANOVA, with 
Dunnett's post-hoc test). 
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Figure 7- S. aureus intracellular ROS generation values from the H2DCF-DA ROS 
detection assay for the 2AgT/V (A) and 10AgT/V (B) catalysts.  

Asterisks indicate * p <0.05; ** p <0.01; *** p< 0.001 and **** p < 0.0001 (one-way ANOVA, with 
Dunnett's post-hoc test). 

 

The level of ROS was determined using exposure to the 2AgT/V and 

10AgT/V catalysts, observing an increase in these levels from the 5 min time point 

for E. coli (Figure 6) and S. aureus (Figure 7). These results corroborate the data 

presented in Figures 4H and I, as well as 5H and I, i.e. the ROS were generated 

from the photocatalytic effects. These species accumulate and overload the 

bacteria's antioxidant defense mechanisms, resulting in membrane damage and 

cell death (Yong et al. 2023). A greater production of ROS was observed for 

10AgT/V in the death of E. coli (Figure 6B), while 2AgT/V stood out for S. aureus 

(Figure 7A). One possible explanation is the diversity of microorganisms, such as 

the complexity and thickness of the cell wall, which interferes with the response to 

catalysts (Zhang and Chen 2009).  

AgT/V catalysts have a bactericidal mechanism of action that depends on 

oxidative stress and may be related to a chain of reactions. ROS are generated 

during bacterial aerobic metabolism. The constant generation and detoxification of 

cellular ROS act to control the fine and balanced redox state in normal bacterial 

cells. However, an imbalance between ROS production and detoxification can 

arise due to the overproduction of intracellular ROS (Figure 8). Initially, they are 
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attracted to the bacterial surface, disrupting the cell wall and membrane, modifying 

their permeability, inciting toxicity and oxidative stress due to ROS and free 

radicals, and ending up modulating signal transduction pathways (Zhang et al. 

2019). The photoexcitation of TiO2 by UV light generates e−/h+ pairs found in the 

conduction and valence bands, respectively. Therefore, the e− transferred from 

Ag/TiO2 to the bacterial intracellular part can affect the e- transport chain, thus 

causing the overgeneration of intracellular ROS. These produced e-/h+ pairs collide 

with compounds present in the cellular environment, such as water and oxygen 

(O2), generating •OH and O2−• radicals. The gaps segregate H2O into OH− and H+. 

The dissolved O2 molecules change into O2−• which reacts with H+ to generate 

HO2•. These radicals collide with e- producing hydrogen peroxide anions (HO2−). 

The anions, in turn, react with H+ ions to generate H2O2 (Zhou et al. 2015). At the 

same time, the electrons in TiO2's conduction band are captured by the Ag 

nanoparticles and transported to O2−•, generating superoxide radicals. This metal 

also helps to generate •OH radicals produced by the reaction of H2O with the 

photoproduced h+, located in the valence band of TiO2. The photogenerated ROS 

can cross the cell membrane and damage macromolecules such as proteins, DNA 

and lipids, thus altering biological activity, accelerating mutagenesis and bacterial 

death. In addition, the e− donated Ag/TiO2 induces the production of extracellular 

O2−• and H2O2, which can increase the endogenous generation of ROS (Din et al. 

2018; Liu et al. 2023). 



 

 

Figure 8 – Illustration of the mechanism of action of AgT/V catalysts 

The AgT/V catalyst, when exposed to light, generates electrons (e-) and gaps (h+) which migrate to 
the surface of the TiO2. Inside the bacterial cell, the e-/h+ pairs migrate to the surface of the TiO2, 
where they react with water and molecular oxygen. The silver (Ag) present in the catalyst acts as 
an efficient e-acceptor, intensifying the production of reactive oxygen species (ROS), such as 
superoxide radicals (O2−•), hydroxyl radicals (HO•), hydrogen peroxide (H2O2) and singlet oxygen 
(1O2). These highly reactive molecules penetrate the bacteria, damage the DNA and the cell 
membrane, overloading the antioxidant defense mechanisms and culminating in cell death. 
 

4 Conclusions  
 

The synthesis process is simple, which can facilitate its large-scale 

production and reduce production costs due to the use of tapioca, thus favoring 

the possible commercial application of these catalysts. In addition, they 

demonstrate great potential for antibacterial applications, presenting rapid activity, 

up to 10 min, against bacteria. The combination of the antibacterial action of Ag 

with the photocatalytic properties of TiO2 results in a promising material for surface 

decontamination and water purification, demonstrating the great potential of the 

material. The results obtained indicate that AgT/V catalysts may represent a new 

generation of antimicrobial materials, with relevant applications in several sectors, 

such as health, the food industry and the environment. 
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CHAPTER VI 
  
Influence of synthesis method on the photocatalytic performance of Ag/TiO2 
for testosterone degradation 
 

ABSTRACT 
 
Testosterone photodegradation using silver (Ag) doped titanium dioxide (TiO2) 
catalysts has shown promise for the removal of hormonal contaminants in aquatic 
environments. The efficiency of this process is linked to the catalyst synthesis 
method, influencing its structural and morphological properties and catalytic 
activities. Testosterone photodegradation using Ag/TiO2 represents a relatively 
new research field, with a limited number of studies. This work evaluated the 
efficiency of Ag/TiO2 catalysts, containing nominal proportions of Ag (2% and 
10%); synthesized by the solvent excess impregnation (AgT/I), modified sol-gel 
(AgT/V) and sol-gel (AgT/SG) methods. The aim was to characterize and evaluate 
them for testosterone degradation via photolysis and heterogeneous 
photocatalysis. Thus, Scanning Electron Microscopy identified agglomerated 
morphologies as Ag was added to the AgT/I and AgT/V catalysts. Meanwhile, the 
T (TiO2) and AgT/SG catalysts presented a dense appearance. In the 
determination of N2 physisorption, it was found that the increase in Ag decreases 
the surface area of the AgT/I and AgT/V catalysts and the opposite effect occurs 
for AgT/SG. The band gap of the mesosporous catalysts decreased in relation to 
T. It was found that the sol-gel method stands out from the other synthesis routes. 
The photolysis efficiency (82%) was similar to that of heterogeneous 
photocatalysis using the 2AgT/SG catalyst (79.9%), in the photodegradation of 
testosterone. The AgT/SG and 10AgT/V catalysts presented greater photocatalytic 
activities in the photodegradation of testosterone, with a reduction greater than 
72%. These catalysts can find applications in water treatment processes, being 
essential for the development of more efficient and sustainable technologies. 
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1 Introdution 
 

The growing concern about the presence of emerging pollutants (hormones, 

antibiotics, cosmetics, and pesticides) in ng/L concentrations in wastewater and 

their impacts on the health of aquatic ecosystems and humans has driven the 

search for efficient technologies for their removal [1–4]. Endocrine disruptors have 

the ability to alter the function of the endocrine system, interfering with metabolism 

and causing reproductive disorders [5]. These compounds enter waterways 

through various sources, such as effluents from sewage treatment plants, 

agricultural runoff, animal excretions, and others [1,6,7]. These pollutants are 

associated with loss of IQ (intelligence quotient), autism, obesity, diabetes, cancer, 

and others [8]. According to a 2019 report by the European Parliament, the annual 

cost of the impacts of exposure to endocrine disrupting chemicals EDCs in the 

European Union was quantified at 163 billion euros. Research attributed 5% of this 

value, equivalent to 8.15 billion euros, to reproductive disorders [9]. Testosterone 

(Figure 1), a male sex hormone, can cause hormonal imbalances that affect the 

production of other hormones and gene expression in aquatic organisms, altering 

the entire trophic chain, as well as in humans. This hormone can be found in low 

concentrations in the environment (μg L-1 and ng L-1) and can negatively interfere 

with health [1,10,11].  

 

Figure 1- Structure and molecular mass of testosterone 

 

Studies have reported high concentrations of testosterone (up to 214 ng 

L−1) in USA streams, with an average concentration of 116 ng L−1 [12], while in 



 

 

sewage treatment plants, concentrations range from 1 ng L−1 to 50 ng L−1; for 

example, 182 ng L−1 was found in sewage effluents from Rotorua, North Island, 

New Zealand [13,14]. Average concentrations found in surface and groundwater 

were between 1 and 30 ng L−1 [15], as in the case of river waters with effluents 

from a paper mill (Florida, USA), where concentrations ranged from 26.52 ng L−1 

to 1.362 μg L−1, with masculinized mosquitofish being found [16]. In soils, 

concentrations of up to 260 ng kg−1 of testosterone are found, such as in broiler 

litter [17].  

Several approaches have been proposed for wastewater remediation, such 

as adsorption, nanofiltration, and reverse osmosis membranes, which rely on the 

phase transfer of pollutants and are not capable of promoting its degradation like 

heterogeneous photocatalysis and photolysis. This technique breaks down 

molecules induced by light and plays a significant role in the degradation of 

hormones in aqueous environments. Heterogeneous photocatalysis uses light to 

promote redox reactions on the surface of semiconductors, such as titanium 

dioxide (TiO2), to trigger the production of reactive species (ROS) through the 

oxidation of water [18,19].  

TiO2 is a semiconductor with high chemical stability, photocatalytic activity, 

high refractive index, low cost, biocompatibility, and low toxicity [20].  However, its 

response to sunlight is limited to the ultraviolet region and exhibits a wide band 

gap. To broaden the light absorption spectrum and increase photocatalytic 

efficiency, this oxide was doped with several elements, such as silver (Ag), to 

overcome its low quantum performance and ensure efficient segregation of the 

photogenerated energy in photocatalysis by electron (e−) and hole (h+) pairs [21]. 

The presence of Ag nanoparticles on the surface of TiO2 can increase the 

generation of ROS, thus degrading organic compounds [22,23]. The combination 

of TiO2 and Ag to produce Ag/TiO2 provides a modification to the ceramic and 

semiconductor matrix of oxides [24,25], as well as generating a narrower band gap 

and expanding the light capture spectrum due to the plasmonic resonance of the 

Ag surface [19,26,27]. 

The photodegradation of testosterone using Ag/TiO2 is a relatively new and 

specific field of research, with a limited number of studies. However, several 

studies have demonstrated the effectiveness of Ag/TiO2 photocatalysis for the 

degradation of other hormones, such as estrogens and progesterone [28–31]. The 



 

 

relevance of this study lies in the possibility of developing photocatalytic materials, 

which can be synthesized by different methods, making them more efficient and 

selective for the removal of hormonal pollutants from effluents, thus contributing to 

the protection of water resources and human health. Thus, this work aims to: 

evaluate the efficiency of synthesized Ag/TiO2 mixed oxides containing nominal 

proportions of silver (2% and 10%) by the methods of solvent excess impregnation, 

modified sol-gel and sol-gel; characterize and evaluate them in the degradation of 

testosterone through photolysis and heterogeneous photocatalysis.  

 

2 Material and Methods 
 
2.1 Material 

 

Titanium dioxide (TiO2, Êxodo Científica), silver nitrate (AgNO3, Alphatec), 

ethyl alcohol P.A. (Dinâmica) and acetonitrile (Merck Supelco) with HPLC grade, 

all with analytical grade and without purification, were used. A gel drug (50 mg) 

containing testosterone (10 mg/g) was used as a detection and quantification 

standard in the HPLC analysis. The water used in the method was Milli–Qplus with 

an approximate resistivity of 18 MΩcm. 

The testosterone working solution was prepared at a concentration of 20 

mg L-1, separately, by weighing 2 g of the analyte and dissolving it in 400 mL of 

acetonitrile and 600 mL of water and storing it at -5 °C for a maximum of 10 days. 
 

2.2 Photocatalytic degradation 
 

The catalysts used were synthesized from an adaptation of the 

methodologies: solvent excess impregnation [32],  modified sol-gel (called green 

synthesis) [33,34] and sol-gel [35]. The abbreviations of the synthesized catalysts 

are in Table 1.  

Table 1 – Abbreviations of synthesized catalysts 

Catalysts Abbreviations 
TiO2/Commercial T 

2% Ag/TiO2/Impregnation 2AgT/I 

10% Ag/TiO2/Impregnation 10AgT/I 



 

 

2% Ag/TiO2/Green synthesis 2AgT/V 

10% Ag/TiO2/Green synthesis 10AgT/V 

TiO2/Sol-gel T/SG 

2% Ag/TiO2/Sol-gel 2AgT/SG 

10% Ag/TiO2/Sol-gel 10AgT/SG 

 

Each photocatalytic experiment was performed by adding 0.5 g L−1 of the 

mentioned catalysts and the testosterone hormone (HT = 20 mg L−1) in a batch 

reactor with a cooling system (20 ± 2 °C) to avoid possible evaporation. The 

suspension was stirred in the dark for 30 min until reaching HT adsorption 

equilibrium before illumination. At the end, a centrifugation process was performed 

to recover the catalyst. The pH of the effluent was not changed, since the objective 

was to evaluate the degradation under real conditions, where a pH value of 6.6 - 7 

is frequently found. The photoreactor (Figure 2) consisted of a transparent glass 

tube where the lamp was located. A 2000 mL borosilicate glass was used to which 

1000 mL of an aqueous dissolution of HT was added. The ultraviolet radiation 

source used was a mercury vapor lamp (Empalux, 250 W, without the glass bulb), 

fixed in the center of the reactor with a tube. The sample retention time for each 

treatment was 240 min. Aliquots of 5 mL were removed at intervals of 0, 5, 10, 20, 

30 (adsorption and onset of photodegradation), 60, 90, 120, 150, 180, 210 and 240 

min of reaction. Then, the samples were filtered through a polyethersulfone 

membrane with a pore diameter of 0.22 μm and sent for analysis. In order to 

promote sample homogenization, a magnetic stirrer was used. The reactor was 

enclosed to prevent damage to the handler during the tests. As for the photolysis 

test, the same reaction conditions as above were used, but in the absence of a 

catalyst. 

 

2.3 Chromatographic analysis 
 

For the determination and quantification of testosterone hormone in the 

samples, the high-performance liquid chromatography (HPLC) technique with UV 

detection SPD-M20A (Photodiode Array Detector - UV) was used; (LCMS model - 

2020 Shimadzu). The column used for testosterone analysis was the NST-18 C18 

of 5 μm, 250 mm long and 4.6 mm thick. Oven temperature 30 ºC, using the 



 

 

LabSolution chromatography software. The analyzes were performed with 

automatic injection of the sample in a volume of 20 μL, under a flow rate of 0.6 mL 

min-1. The mobile phase used consisted of a ratio of acetonitrile (ACN) and 

ultrapure water (Milli-Q) 70:30 (ACN:H2O). Detection was performed at a 

wavelength of 242 nm, with a run time of 22 min and a retention time of 9.4 min on 

the compound column. 

 

Figura 2 - Photoreactor scheme and quantification of testosterone in HPLC 

 

The testosterone concentration was calculated based on the integration of 

the peak areas of the corresponding chromatogram, and converted into 

concentration from the calibration curve equation. Solutions at concentrations of 

0.1; 0.5; 2.5; 5; 10; 15 and 20 mg L-1 were prepared in ultrapure water, starting 

from the standard stock solution of 20 mg L-1. Each point was injected in triplicate 

into the HPLC, and the means and relative standard deviations were calculated. 

 

2.4 Characterization of the catalysts  
 

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDS) 

images of the catalysts were obtained using a VEGA 3, Tescan model. N2 

physisorption performed measurements of specific area, mean pore volume and 



 

 

mean pore diameter of the materials by Quantachrome Instruments, model NOVA 

2000e and the specific area was determined by the Brunauer, Emmett and Teller 

(B.E.T.) method. Photoacoustic spectroscopy (PAS) in the UV-VIS range was 

performed using an experimental setup, monochromatic light was obtained from a 

225-700 nm (UV-Vis), 800-1600 nm (IVP), and 1600-2550 nm (IVM) lamp 

(Newport/Oriel; Stanford Research; Brüel&Kjaer; Kimmon Koha; TMC). 
 
3 Results and Discussion 
 
3.1 Catalyst characterization 

 

The morphological properties of the catalysts T, 2AgT/I, 10AgT/I, 2AgT/V, 

10AgT/V, T/SG, 2AgT/SG and 10AgT/SG evaluated through the micrographs, 

Figure 3, demonstrate that the catalyst T (Figure 3A) has a homogeneous shape 

and size containing rounded particles dispersed on the surface of the material. As 

the doping with Ag occurs in the oxides 2AgT/I and 10AgT/I (3B and C, 

respectively), the morphologies are altered, changing to an agglomerate [36,37]. 

For the 2AgT/V and 10AgT/V catalysts (3D and E, respectively), the morphologies 

changed to a spongy agglomerate, evidencing the formation of particles with 

amorphous and polydisperse shapes distributed on the surface [37], which may be 

due to the aggregation process [36,38]. The surface of the catalysts appears to 

have no cracks. It can be observed through the microphotographs that the T/SG 

catalyst (3F) demonstrates a surface structure composed of crystals forming 

agglomerates. Meanwhile, the AgT/SG catalysts appear to have a more rigid 

structure than that of the T/SG catalyst, giving the impression of being formed by 

blocks. Therefore, the AgT/SG catalysts are dense, presenting good distribution 

[39]. 

The sol-gel synthesis method proved to be more effective when compared 

to the solvent excess impregnation and green synthesis methods, which presented 

agglomerated morphologies, while the AgT/SG catalysts appear to have a more 

rigid structure. 

 



 

 

Figure 3 – Scanning electron micrographs of catalysts 

A) T – 30kx; B) 2AgT/I – 30kx; C) 10AgT/I – 30kx; D) 2AgT/V – 1 kx; E) 10AgT/V – 10 kx; F) T/SG 

– 1 kx; G) 2AgT/SG – 10 kx; H) 10AgT/SG – 30 kx 

 
Table 2 presents the results obtained for the Ag content in the materials 

2AgT/I, 10AgT/I, 2AgT/V, 10AgT/V, 2AgT/SG and 10AgT/SG. It was expected that 

the catalysts 2AgT/I and 2AgT/V would theoretically present 2% Ag, as well as the 

catalysts 10AgT/I, 10AgT/V and 10AgT/SG would demonstrate an expected 

content of 10% Ag. However, the results obtained showed lower Ag percentages 

than expected during the methods. This difference observed in the amount of Ag 

present in the catalysts 2AgT (except 2AgT/SG) and 10AgT can be attributed to 

the dispersion of the metal on the TiO2 surface and the efficiency of metal 

incorporation during the syntheses. There is a possibility that the irregular 

distribution of metals in compounds may occur due to limitations in the deposition 

techniques and control of the morphology of the nanoparticles during the synthesis 

methods [40]. Furthermore, the interaction between the metal and the support may 

also influence the effectiveness of the incorporation of the metal on the surface, 

thus explaining the observed oscillations, and it is also worth noting that the 

SEM/EDS technique is semiquantitative [41].  

The sol-gel synthesis method stands out when compared to the other 

methods that presented lower doping values than the theoretical ones, while the 

2AgT/SG catalyst presented concentrations similar to the theoretical incorporated 

D) 

E) 
F) H) G) 

A) C) B) 

E) 



 

 

value, indicating a more uniform dispersion on the TiO2 surface, maximizing the 

number of active sites.  

 

Table 2 – X-ray dispersive energy of catalysts containing Ag 

Catalysts Ag Percentage (wt%) 
2AgT/I 1.41 

10AgT/I 5.82 

2AgT/V 1.55 

10AgT/V 8.03 

2AgT/SG 2.12 

10AgT/SG 9.27 

 

Figure 4 shows the N2 adsorption/desorption isotherms of the catalysts T, 

2AgT/I, 10AgT/I, 2AgT/V and 10AgT/V, which are type II according to IUPAC, 

classifying them as mesoporous materials. The catalysts T/SG, 2AgT/SG and 

10AgT/SG are type IV therefore, the isotherms indicated mesoporous structures, 

formed by denser and rigid-looking particles [42,43]. The formation of mesoporous 

materials becomes advantageous in photocatalysis, adsorbing more polluting 

organic compounds, such as testosterone, and degrading them more than non-

porous materials [44]. 

 

Figure 4 - N2 adsorption/desorption isotherms of catalysts of impregnated (A), 

green (B) and sol-gel catalysts 
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Table 3 shows the specific area data of the catalysts, as well as the volume 

and average pore diameter. Table 3 shows a decrease in So and Vp for the T, 

2AgT/I, 10AgT/I, 2AgT/V and 10AgT/V catalysts as the Ag doping percentage 

increases, which can be attributed to strongly agglomerated structures, as verified 

in the SEM. Ag doping decreases So and Vp due to partial pore blockages and 

structural defects. The low Vp suggests that the particles have low porosity and 

closed pores [42]. Meanwhile, the dp increases with the increase in Ag doping, 

which can be caused by the sintering process and pore union and also helps in the 

formation of agglomerates, decreasing So and Vp [45,46].  

For the T/SG, 2AgT/SG and 10AgT/SG catalysts, the result found shows 

that the catalysts have high specific area values, which is important for the use of 

catalysts in catalytic activities. Therefore, the addition of Ag favored the increase 

in the specific area, represented in the 10AgT/SG catalyst. The 2AgT/SG catalyst 

presented a smaller surface area than the others prepared by the sol-gel method. 

This one had a hysteresis cycle (Figure 4C) with adsorption and desorption with a 

smaller pressure range (P/P0) and a less inclined multilayer. This result indicates 

that the 2AgT/SG catalyst presents a more homogeneous pore distribution when 

compared to the other synthesized sol-gel catalysts [47].  

There is a significant increase in So and Vp and a decrease in dp for these 

catalysts when compared to the T, AgT/I and AgT/V catalysts. This variation is 

certainly associated with the synthesis method used. Therefore, modification of 

the surfaces alters the specific area and porosity of the samples, thus enabling 

different behaviors. The specific area influences the heterogeneous 

photocatalysis process, since a larger area tends to present a better 

photocatalytic response, allowing better use of photons, producing high reaction 

rates. Other parameters that influence the efficiency of photocatalysis stand out, 

such as the crystalline phase and activation energy value, which, together with 

the surface area, act on the generation of e-/h+ pairs and on the oxidation-

reduction processes [48], contributing to greater absorption of photons, in 

addition to enabling the charge transfer processes, thus assisting in the 

photodegradation of HT [47]. 

 
 



 

 

Table 3 - Area (So), average pore volume (Vp) and average pore diameter (dp) of 

the catalysts 

Catalysts So (m²/g) Vp (cm³/g) dp (Ȧ) 

T 16.15 0.031 37.08 

2AgT/I 14.13 0.028 37.78 

10AgT/I 11.93 0.025 39.37 

2AgT/V 12.69 0.025 36.89 

10AgT/V 9.22 0.021 43.67 

T/SG 79.41 0.128 31.31 

2AgT/SG 51.92 0.086 32.28 

10AgT/SG 116.6 0.227 32.64 

 

Figure 5 shows the results of the UV-Vis band gaps for the catalysts. The 

narrowest band gap was for the 10AgT/SG catalyst (2.11 eV), in Figure 5H, which 

had a modification of the TiO2 network caused by the deposition of Ag. This 

decrease may be directly correlated to the increase in faults in the TiO2 network, 

thus causing an increase in the intermediate levels located in the band gap and 

minimizing the measured optical gap. Or, the decrease in the band gap may be 

due to the plasmonic effect of Ag on the surface or thanks to the existence of this 

element on the oxide surface creating new levels in the band gap, probably the 

junction of these [36,49]. 

The catalysts 2AgT/I (2.81 eV), 10AgT/I (2.48 eV), 2AgT/V (2.69 eV), 

10AgT/V (2.3 eV) and 2AgT/SG (2.7 eV) had smaller band gaps than the catalysts 

T and T/SG (3.05 eV), which provides a faster transition of the electron from the 

valence band to the conduction band, with the concomitant production of a gap in 

the valence band and efficient oxidizing and reducing sites [50]. Therefore, the 

catalysts indicate that the heterostructure formed with Ag and TiO2 probably 

facilitated the hybridization between the band gaps of these compounds, 

increasing the formation of deep states in the gap, thus causing the sharing of 

electrons between the semiconductor and the metal, highlighting the sol-gel 

method among the syntheses [36,49]. The T and T/SG catalyst had the typical 

band gap energy of TiO2 between 3–3.2 eV [51]. 

 



 

 

Figure 5 - UV-Vis band gap results for catalysts 

 
 

Table 4 – Comparison between the characterizations of the AgT/I, AgT/V and 

AgT/SG catalysts 

Characterizations Solvent 
Impregnation  

Green Synthesis  Sol-Gel 

MEV Agglomerated 

appearance 

Spongy 

agglomerated 

appearance  

Structures with more 

rigid appearances 

EDS Lower than 

theoretical value 

Lower than 

theoretical value 

Reached the theoretical 

value 

PAS Bang gap smaller 

than TiO2  

Bang gap smaller 

than TiO2 

Bang gap smaller than 

TiO2 

Isotermas Type II Type II Type IV  

So  Low Low  High  

Vp  Low Low  High  

dp  High High Low 
 

3.2 Comparative evaluation of testosterone removal efficiency by photolysis 
and photocatalysis processes 
 

The experimental tests were conducted in the dark for 30 min until the HT 

adsorption equilibrium was reached before illumination. According to the results 



 

 

(Figure 6), the photolysis process showed good degradation (82%) of HT [52]. 

This method occurs from the absorption of photons by the particles, exciting them 

and triggering several chemical decomposition reactions [53]. Photolysis occurs 

directly from the interaction of radiation with the molecules, leading to their 

decomposition [54], or indirectly, where the oxidation of the molecules is caused 

by radicals generated by photostabilizers [55]. Testosterone contains photoactive 

groups in its chemical structure, particularly the α, β-unsaturated ketone moiety, 

which absorbs UV radiation. After UV irradiation, testosterone undergoes several 

photochemical reactions, including isomerization, enolization, oxidation, and 

hydration, leading to the formation of multiple photoproducts [52]. Furthermore, the 

efficiency of photolysis is related to the emission spectrum of the lamp used in the 

reaction, since the lamp must emit a wavelength in the same absorbance spectrum 

as the target molecules [56]. HT exhibits absorbance at a wavelength centered at 

242 nm, close to that used in photolysis (UV) (λ = 254 nm), indicating its 

susceptibility to photolysis under UV irradiation. The 254 nm wavelength excites 

testosterone more efficiently than longer wavelength light [12,52,57]. The ability of 

photolysis to remove HT is important, and may provide a mechanism to remove its 

harmful effects from the environment. Furthermore, it can be used in water 

treatment plants employing UV radiation to disinfect drinking water, helping to 

eliminate androgenic compounds from the water. 

 



 

 

Figure 6 – Photolysis and photodegradation of testosterone carried out by the 

synthesized catalysts 

 

Regarding heterogeneous photocatalysis (Figure 6), in all tests, 

photocatalytic activity of the catalysts was observed in relation to HT degradation. 

However, the catalysts: T/SG (76.1%), 10AgT/SG (72%), 10AgT/V (73.7%) and 

10AgT/I (63.6%), with emphasis on 2AgT/SG (79.9%), were the most active 

compared to catalyst T (17.1%). These catalysts exhibit enhanced photocatalytic 

activities compared to pure TiO2 and the Ag content influenced the porosity and 

photocatalytic performance, since Ag can accept electrons and increase the 

density of available reactive sites. Thus, when Ag/TiO2 is exposed to light, energy 

absorption occurs, promoting the excitation of e- from the valence band to the 

conduction band. The formation of e-/h+ pairs generates active sites on the catalyst 

surface. The vacancies react with H2O adsorbed on the catalyst surface, 

generating hydroxyl radicals (•OH). These radicals are extremely reactive and 

capable of oxidizing a wide variety of organic compounds, including testosterone. 

The e- react with adsorbed O2, forming superoxide anions (O2 •) and hydrogen 

peroxide (H2O2), which also contribute to the oxidation of testosterone. HT is 

degraded to form carbon dioxide (CO2), H2O, and other inorganic compounds 

(Figure 7) [28, 58–60].  
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Figure 7 - Ag/TiO2 photocatalysts in testosterone degradation 

 
The photoactivation of Ag/TiO2 excites the electron from the valence band (VB) to the conduction 

band (CB), producing e-/h+ pairs. These pairs migrate separately to the TiO2 surface and react with 

H2O and O2, producing ROS. Ag captures the electrons transported from the BC of TiO2 and 

transports them to O2, transforming them into superoxide radicals and producing ROS. These react 

with testosterone, degrading it into H2O and CO2. 

 

The best catalysts were AgT/SG compared to AgT/I and AgT/V catalysts, 

since the increase in the area of the catalysts available to absorb radiation was 

greater and they generated more e-/h+ pairs, which through a chain of reactions 

initiated the photodegradation of the hormone. The specific area of the Ag/TiO2 

catalysts influences the production of ROS, therefore there is a greater generation 

of •OH with the increase in the area [61,62]. This radical is the main species 

responsible for the photodegradation of the hormone, thus increasing its 

percentage and degradation rate [29]. It is observed that the AgT/I catalysts were 

less effective, which may be due to agglomeration and low specific surface area. 

Furthermore, they demonstrated via EDS, a low percentage of Ag, thus affecting 

the efficiency of charge separation and the generation of ROS, significantly 

influencing the photocatalytic performance of the catalysts in the photodegradation 

of HT [59,63]. Since photocatalysis (close to 80%) and photolysis were effective in 

the photodegradation of HT, it can be inferred that they are valuable processes to 



 

 

reduce the impact of the persistent and highly active group of this compound 

present in effluents. 

The e- recombination process was less pronounced in 2AgT/SG, indicating 

that the ideal Ag doping content in the TiO2 support was 2 w/w%, by the sol-gel 

method, in which the recombination of the photoinduced e-/h+ pairs was more 

effectively inhibited, demonstrating improved photocatalytic efficiency for the 

photodegradation of HT. It is added that the Ag on the TiO2 surface acts as a trap 

for the photogenerated e-, thus leading to an increase in the average lifetime of the 

reactions involved in the generation of ROS. Thus, the sol-gel synthesis provided 

well-dispersed Ag particles on the TiO2 surfaces resulting in smaller pore sizes, 

larger specific areas, also improving the absorption of visible light and leading to a 

superior photocatalytic performance compared to the 2AgT/I and 2AgT/V catalysts 

[64,65]. Another factor is that Ag has a lower Fermi level than TiO2, so the e- of the 

TiO2 conduction band can be transported to the Ag species dispersed on the oxide 

surface. However, excessive Ag content (> 5 - 6%) can decrease the photocatalytic 

performance due to the reduction of active sites for electron capture [57,61]. 

The lowest values of HT degradation during the photocatalytic process were 

obtained by catalysts T, 2AgT/I (46.6 %) and 2AgT/V (45 %), for 240 min. 

Testosterone is a more hydrophobic compound, so ACN is used to dissolve it in 

H2O, but this solvent is an OH• radical scavenger and can make the oxidation of 

testosterone photocatalyzed by TiO2 somewhat difficult [66–68]. ACN also directs 

the photocatalytic reactions. A study demonstrates, using the ultra-high 

performance liquid chromatography-high-resolution mass spectrometry method, 

that when using H2O:ACN in the 50:50 ratio, a reaction condition similar to the 

present work (60:40), the formation of a dehydrogenation compound M−2H 

(m/z 287,20) was favored to the detriment of hydroxylation such as M+O 

(m/z 305,21) and hydroxylation + dehydrogenation with M+O−2H (m/z 303,19). 

However, these three types of products were produced in abundance in the 

H2O:ACN ratio 99:1. Therefore, at higher concentrations of ACN, the hormones 

react with the vacancies photoproduced by TiO2, through the oxidation of one and, 

in succession, by its deprotonation, generating dehydrogenation products. It is also 

noted that, in H2O:ACN 50:50, the abundance of reaction products increases with 

the time of exposure to UV and the degradation of HT becomes slower (30 min). 

Meanwhile, in H2O:ACN 99:1 the degradation of testosterone and the products of 



 

 

the oxidation reaction becomes faster (12 min) [66]. When investigating the role of 

ROS in the photodegradation of estrone, 17 β-estradiol and 17 α-ethinylestradiol, 

the predominant contribution of HO• was observed as an initiator in the degradation 

process, as well as having a greater influence on the photodegradation. The 

species O2, H2O2 e O2•− have similar relevance for the photodegradation of these 

hormones [29]. For μg L−1 of pollutants, HT is photodegraded through the oxidation 

of the HO• radical [69]. 

It is observed that the results of heterogeneous photolysis and 

photocatalysis (with the 2AgT/SG catalyst) were similar in the photodegradation of 

testosterone. The efficiency of testosterone photodegradation depends on several 

factors, including the specific area, the Ag distribution, the particle size and the 

reaction conditions. As well as the initial concentration of the hormone, the pH, the 

characteristics of the matrix, the radiation conditions, the reaction temperature [70], 

and the physicochemical properties of the photocatalyst [44].  

The concentration of the hormone influences the efficiency of its removal, 

and may even mask the release or production of the hormone by means of 

intermediate compounds originating from the metabolism and biotransformation of 

this compound. Equilibrium studies with 17α-methyltestosterone (MT) showed that 

the best removal percentage occurred at low concentrations (μg L−1 to ng L−1) of 

this hormone and at room temperature. The removal percentage tended to 

decrease with increasing initial hormone concentration, since the available 

adsorption sites on the catalyst surface are occupied by hormone molecules in the 

solution, thus saturating the available sites [71]. Tests performed with testosterone 

at a concentration of 1.5–3 mg L−1 at pH 3, through photocatalytic oxidation using 

Fe (III)/UVA, showed removal of 63% of the hormone in 2 reaction hours. 

Meanwhile, the photocatalytic oxidation of TiO2/UVA presented a HT conversion, 

in the same reaction time, between 30 and 35%. By adding Fe (III) to the 

heterogeneous TiO2 photocatalytic system (TiO2/Fe(III)/UVA), the HT conversion 

increases to values above 90%, this occurs due to the sum of the contributions of 

the photocatalytic processes to generate hydroxyl free radicals. The 

heterogeneous processes with ozone (O3/TiO2/Fe (III)/UVA) were the most 

efficient to eliminate HT. The optimum value of the rate constant of the hydroxyl 

radical reaction was 1.5 × 1010 M−1 s−1 [69]. 



 

 

Studies indicate that the degradation of 17β-estradiol and 17α-

ethinylestradiol is complex, as they are bulky molecules, a parameter similar to 

that of testosterone [57,72,73]. The results obtained with Ag/TiO2 films in the 

degradation of these hormones indicate that when the initial concentration is 

reduced from 1200 to 120 μg L−1, the degradation time above 90% decreases from 

6.5 to 3.5 h [29]. Another relevant factor is the catalyst load, so when the catalyst 

load is higher (100 mg/L), the degradation of the hormone increases under visible 

irradiation. The photocatalytic performance increases with the increase in the 

catalyst dose, and the degradation kinetics (17β-estradiol and 17α-ethinylestradiol) 

becomes rapid without the formation of an intermediate. The dose used in this 

study was 0.5 g/L, which is significantly lower than the catalyst dose (100 mg/L - 5 

g/L) used for the degradation of comparable concentrations of various pollutants 

[57].  

It can be inferred that photodegradation was similar between photolysis and 

photocatalysis of testosterone. These were affected by the choice of experimental 

conditions, especially the initial concentration of the hormone, catalyst dose and 

solvent used [66,74].  

 

4 Conclusions  
 

The catalysts synthesized via solvent excess impregnation and green 

synthesis formed agglomerates with a theoretical percentage of Ag below the 

value. It was observed that the increase in Ag doping caused a decrease in the 

specific area and average pore volume of the AgT/I and AgT/V catalysts, but the 

diameter and agglomerated and irregular morphology increased. The T catalyst 

presented a homogeneous appearance and rounded particles. The AgT/SG 

catalysts presented more rigid aspects in the materials and similar morphologies. 

The sol-gel method stands out from the other synthesis routes used in this study, 

as it allowed more precise control over the composition, morphology and porous 

structure of the material, presenting larger specific areas and pore volume, with 

smaller pore diameter. The AgT/I, AgT/V and AgT/SG catalysts are mesosporous, 

presenting smaller band gaps in relation to the T and T/SG catalysts.  

The efficiency of the photolysis process was similar to that of heterogeneous 

photocatalysis in the photodegradation of testosterone. Furthermore, the 



 

 

synthesized AgT/SG and 10AgT/V catalysts, with emphasis on 2AgT/SG, showed 

photocatalytic activity greater than 72% (2AgT/SG>T/SG>10AgT/V>10AgT/SG), 

in relation to the photodegradation of HT. Materials synthesized by the sol-gel 

method show great potential for the photodegradation of testosterone, due to their 

high specific area that provides greater homogeneity in the distribution of Ag 

particles, thus improving their efficiency in charge transfer and catalytic activity. 

Therefore, the 2AgT/SG, T/SG, 10AgT/V and 10AgT/SG catalysts can find 

applications in various water treatment processes, such as wastewater treatment 

plants to remove hormones such as testosterone, contributing to the protection of 

aquatic ecosystems, decontamination of contaminated soils, promoting their 

mineralization; reducing the risk of contamination of groundwater and sewage from 

pharmaceutical and cosmetic industries, which generate effluents with high 

concentrations of hormones, thus contributing to the protection of the environment 

and human health. 
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Final Considerations and Prospective for the Future 
 

AgT/I, AgT/V and AgT/SG catalysts can offer a more sustainable and 

effective alternative to traditional antibiotics. By combining the antibacterial action 

of silver with the photocatalytic capacity of titanium dioxide, materials have been 

obtained that can be used in a variety of applications, such as surface disinfection 

and wastewater treatment. Ag/TiO2 catalysts enable the creation of self-

decontaminating surfaces, significantly reducing the risk of hospital infections. This 

technology can help reduce the use of aggressive chemical products and preserve 

the environment. 

The sol-gel method stands out from the other synthesis routes used in this 

study, as it allowed more precise control over the composition, morphology and 

porous structure of the material. The efficiency of the photolysis process (82%) 

was similar to that of heterogeneous photocatalysis in the photodegradation of 

testosterone (79.9%). The catalysts 2AgT/SG, T/SG, 10AgT/V and 10AgT/SG 

show good efficiency in the photodegradation of emerging pollutants, such as 

hormones, through the generation of reactive oxygen species. This characteristic 

makes them promising tools for application in industrial wastewater treatment 

processes, especially those from the pharmaceutical and cosmetics industries. In 

addition, they can be used to decontaminate soils, contributing to a more 

environmentally friendly environment. 

This work provides a solid basis for future research, driving the development 

of innovative solutions for wastewater treatment and the production of cleaning 

technologies. It is intended to contribute to the mitigation of environmental 

problems caused by the inappropriate disposal of emerging pollutants. The results 

obtained open up new perspectives for the development of more sustainable and 

economically viable wastewater treatment technologies. 

 

 


