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ABSTRACT 

 

The contamination of ecosystems with toxic materials is a recurring problem in human 

history. Pollutants such as heavy metals, organic materials, industrial dyes, radioactive 

waste, and solvents are commonly found in various environments, causing harmful effects 

to humans and other species. The pharmaceuticals and personal care products (PPCPs) pose 

a specific concern due to its extensive use and incorrect disposal around the world, 

specifically the non-steroidal anti-inflammatory drugs (NSAIDs), with ibuprofen (IBP) and 

diclofenac (DIC) being on the top list. The use of materials with controlled pore structures 

is an effective strategy for both capturing and degrading these pollutants. Through 

adsorption and photocatalysis, these compounds can remove several toxic species present in 

soil, water, and atmosphere. This work evaluates the adsorption and degradation capacity of 

methylene blue (MB), IBP, and DIC using the metal-organic frameworks (MOFs) HKUST-

1 and MIL-100(Al). The MOFs were synthesized through a hydrothermal treatment and 

later impregnated with titania, which is a well-established semiconductor worldwide due to 

its low cost and low toxicity coupled with a high photoactivity and chemical stability. TiO2 

was produced by a sol-gel route without the presence of an acid, using the MOFs as a site 

for heterogeneous nucleation. In order to evaluate the influence of TiO2 nanoparticles in the 

MOFs over their photocatalytic activity, UV-vis kinetic studies were conducted, and the 

apparent first-order constant (Kapp) were calculated using the Langmuir-Hinshelwood (L-H) 

kinetic model. It was observed that aluminum trimesate withstood the modification step, 

and anatase nanoparticles were successfully anchored onto its surface and within its pore 

framework. This composite showed an improved capacity of degrading MB, IBP, and DIC 

under UVA illumination. Copper trimesate, on the other hand, showed a structural collapse 

during the modification step, probably due its fragility in water-rich media. However, the 

novel composite material experienced an increase in its photocatalytic activity compared to 

HKUST-1, due to the presence of crystallized TiO2 in the form of rutile on its surface. This 

work contributes to the knowledge about the incorporation of semiconductor nanoparticles 

into MOFs for photocatalytic applications 

 

KEYWORDS: MOF; HKUST-1; MIL-100(Al); TiO2; photocatalysis; NSAIDs; ibuprofen; 

diclofenac. 
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RESUMO 

 

A contaminação de ecossistemas com materiais tóxicos é um problema recorrente na 

história. Poluentes como metais pesados, materiais orgânicos, corantes industriais, lixo 

radioativo e solventes são comumente encontrados em vários ambientes, causando efeitos 

nocivos aos humanos e outras espécies. Os produtos farmacêuticos e de higiene pessoal 

(PPCPs) levantam preocupações relacionadas ao seu uso extensivo e ao descarte incorreto 

em todo o planeta, especificamente os anti-inflamatórios e drogas não esteroidais 

(NSAIDs), valendo citar o ibuprofeno (IBP) e o diclofenaco (DIC) como um dos principais. 

O uso de materiais com estrutura de poros controlada é uma alternativa eficiente para 

capturar e degradar esses poluentes. Através da adsorção e fotocatálise, esses compostos 

conseguem remover diversas espécies tóxicas presentes no solo, na água e na atmosfera. 

Esse trabalho avalia a capacidade de adsorção e degradação do azul de metileno (MB), IBP 

e DIC, usando as redes organometálicas (MOFs) HKUST-1 e MIL-100 (Al). As MOFs 

foram sintetizadas por meio de um tratamento hidrotérmico e posteriormente impregnadas 

com titânia, que é um semicondutor bem estabelecido mundialmente, devido ao seu baixo 

custo e à sua baixa toxicidade aliado a uma alta fotoatividade e estabilidade química. O 

TiO2 foi produzido pela rota sol-gel sem a presença de ácido, utilizando as MOFs como 

matrizes de nucleação heterogênea. A fim de avaliar a influência das nanopartículas de 

TiO2 nos MOFs sobre sua atividade fotocatalítica, estudos cinéticos UV-vis foram 

conduzidos e as constantes aparentes de primeira ordem (Kapp) foram calculadas usando o 

modelo cinético de Langmuir-Hinshelwood (L-H). Foi observado que o trimesato de 

alumínio resistiu à etapa de modificação e as nanopartículas de anatasio foram ancoradas 

com sucesso em sua superfície e dentro de sua estrutura de poros. Esse composto mostrou 

uma capacidade melhorada de degradar MB, IBP e DIC sob iluminação UVA. O trimesato 

de cobre, por outro lado, apresentou um colapso estrutural durante a etapa de modificação, 

provavelmente devido à sua fragilidade em meio rico em água. No entanto, o novo 

compósito experimentou um aumento em sua atividade fotocatalítica em relação ao 

HKUST-1, devido à presença de TiO2 cristalizado na forma de rutilo em sua superfície. 

Esse trabalho contribui para o conhecimento sobre a incorporação de nanopartículas 

semicondutoras em MOFs para aplicações fotocatalíticas. 

 

PALAVRAS-CHAVE: MOF; HKUST-1; MIL-100(Al); TiO2; fotocatálise; NSAIDs; 

ibuprofeno; diclofenaco. 
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1 INTRODUCTION 

 

Inadequate disposal of industrial, domestic, and agricultural waste often leads to 

contamination of aqueous effluents with different compounds such as heavy metals, 

industrial dyes, oils, organic mixtures, and drugs, which become a serious environmental 

problem. The increase in industrial production and global consumption has accelerated this 

phenomenon [1]. In Bangladesh, for example, it is estimated that by 2021 the textile 

industry will release 349 billion liters of sewage containing industrial dyes into the 

environment, an increase of 60% within five years [2]. In Brazil, since 1990, several reports 

point to an excessive increase in the number of pesticides used in the agricultural sector. In 

2019 alone, more than 300 pesticides were released in the country [3]. As a consequence, 

environmental and public health problems have been recorded in ever-increasing numbers 

[4]. One example is the contamination by organochlorine pesticides (heptachlor, 

hexachlorocyclohexane, aldrin, chlordane, endrin) of surface and underground waters of the 

Ipojuca basin in the State of Pernambuco (Brazil), and also of the Primavera do Leste 

region in the State of Mato Grosso (Brazil) [5,6]. 

 

Environmental accidents and industrial crimes can also cause the contamination of 

waterways abruptly, as occurred in Mariana (2015) and Brumadinho (2019) in the State of 

Minas Gerais (Brazil). In the first disaster, the mining tailings dam called "Fundão" broke. 

Controlled by Samarco Mineração S.A., a joint venture between Vale S.A. and BHP 

Billiton, the dam caused the contamination of more than 62 million cubic meters of water in 

the Doce River basin [7]. After the catastrophe, arsenic concentrations of 200 mg.kg-1 were 

found in different locations of the river, about 20 times higher than those found before the 

accident on the continental shelves of the Southeast Atlantic [8]. The tragedy in 

Brumadinho was caused by the rupture of the dam of the Feijão stream mine. Again, the 

venture was controlled by Vale S.A. and, although it caused less environmental damage, it 

was a social and economic catastrophe for the whole of Brazil. Eight months after the 

tragedy, the death toll had reached 250, and there were still 20 people missing [9]. 

Moreover, the social and economic problems generated in the affected regions persist to this 

day. One example is the Inhotim Institute, one of the largest open-air museums in  
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world. Located in Brumadinho, it had its flow of visitors reduced by half after the dam 

broke. However, the city also suffered impacts in mining, agriculture, and commerce, which 

shrank 70% in 2019 [10]. 

 

Although the main source of contamination of watercourses worldwide is of industrial 

origin, society also plays a considerable role in several sectors, such as solid waste and 

urban sewage. An example of health-damaging contaminants that are often released into the 

environment are pharmaceutical and personal care products (PPCPs), more specifically, 

NSAIDs. In the case of these drugs, their incorrect disposal and the fraction of these 

compounds that is excreted by the body, contributes to this scenario. A study conducted in 

Brazil reveals that about 66% of respondents say that they dispose of drugs in common 

garbage, while 72% never received instructions on how to do it properly [11]. Furthermore, 

after a comprehensive analysis of the literature on water quality in more than 70 countries 

on all continents, records were found of the presence of about 600 different drugs in 

samples of surface water, groundwater, and treated water [12]. Among the main 

contaminants present, it is worth mentioning antibiotics, analgesics, anti-inflammatory, and 

anti-depressants for their potential damage to human health and marine life [13]. 

Antibiotics, for example, can promote the proliferation of super resistant bacteria, while the 

presence of hormones in the water can cause physiological changes in fish, causing male 

animals to produce eggs [14]. 

 

There are different ways in the literature to remove these contaminants in aqueous media, 

worth mentioning adsorption and photocatalysis. These processes stand out due to their 

relatively low cost, high efficiency, low environmental impact, ease of operation, and the 

possibility of reuse the materials [1]. MOFs, in turn, are strong candidates for these 

applications. They correspond to a class of materials widely used to remove pollutants from 

liquid and gas media [15–18]. Their structure consists of inorganic clusters connected by 

organic linkers, leading to highly ordered crystalline porous networks [19,20]. MOFs show 

a great industrial interest since they exhibit high adsorption capacities [21] and high 

specific surface areas [22]. Besides, they can be chemically modified by post-synthetic  
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treatments [23] and have tailored pore sizes while maintaining an isoreticular structure 

[24,25]. Several studies have been conducted aiming to improve their photocatalytic 

behavior [26–29]. Incorporating semiconductor nanoparticles into their structures has 

proven to be a promising approach to achieve this goal. Ökte et al. [26] have successfully 

loaded TiO2 and ZnO nanoparticles on Cu-btc (btc = 1,3,5-benzenetricarboxylate) surface, 

also called HKUST-1 (HKUST = Hong Kong University of Science and Technology). Such 

a modification increased its photoactivity. Another study reported enhancing the 

photocatalytic oxidation of isopropanol when TiO2 was added to HKUST-1 [28]. Hu et al. 

[30] have synthesized TiO2 nanoparticles in chromium terephthalate MIL-101 (MIL = 

Materials Institute Lavoisier) structure for the adsorption and degradation of volatile 

pollutants. 

 

Titanium dioxide (TiO2 or titania) is one of the most used semiconductors in photocatalysis 

[31]. Several methods can be used to obtain it [32], but the sol-gel process deserves to be 

highlighted. This chemical route allows preparing samples with tailored particle size, pore 

size distribution, and specific surface area. It is well established that the TiO2 photoactivity 

is strongly affected by these textural properties [33,34]. In this work, two different MOFs, 

namely MIL-100(Al) [35] and HKUST-1 [36], were prepared and then modified with sol- 

gel-derived TiO2 nanoparticles. MIL-100(Al) was chosen due to its higher thermal and 

chemical stabilities than HKUST-1, which allowed comparing these properties during TiO2 

incorporation [37,38]. Moreover, it is worth highlighting the expertise of the research group 

in the preparation of sol-gel derived TiO2 nanoparticles [31,33]. Scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), selected area electron 

diffraction (SAED), electron energy loss spectroscopy (EELS), energy-dispersive X-ray 

spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, 

thermogravimetry (TG), ultraviolet- visible (UV-Vis) spectroscopy, X-ray powder 

diffraction (XRD), spin trapping electron paramagnetic resonance (EPR), N2 and Kr 

sorption were used to exam the obtained materials. They were also employed in the 

photodegradation of IBP and DIC under near-ultraviolet (UVA) light. 

 

This work presents in the second chapter its objectives; in the third chapter, a bibliographic 

review of the literature about the state of the art associated with the application of MOFs on 

the photocatalysis of organic materials; in the fourth chapter, the materials and methods 
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used to achieve one’s objective; in the fifth chapter, the results obtained and their 

discussion which were compared with others published on the literature; and, in the sixth 

chapter, the conclusion and final considerations.. 

 

1 INTRODUÇÃO 

 

O descarte inadequado de resíduos industriais, domésticos e agrícolas frequentemente leva 

à contaminação de efluentes aquosos com diferentes compostos, como metais pesados, 

corantes industriais, óleos, misturas orgânicas e medicamentos, que acabam se tornando um 

sério problema ambiental. O aumento da produção industrial e do consumo global acelerou 

esse fenômeno [1]. Em Bangladesh, por exemplo, estima-se que até 2021 a indústria têxtil 

lançará no meio ambiente 349 bilhões de litros de esgoto contendo corantes industriais, um 

aumento de 60% em cinco anos [2]. No Brasil, desde 1990, diversos relatórios apontam 

para um aumento excessivo do número de agrotóxicos usados no setor agrícola. Só em 

2019, mais de 300 agrotóxicos foram lançados no país [3]. Como consequência, problemas 

ambientais e de saúde pública têm sido registrados em números cada vez maiores [4]. Um 

exemplo é a contaminação por pesticidas organoclorados (heptacloro, 

hexaclorociclohexano, aldrin, clordano, endrina) de águas superficiais e subterrâneas da 

bacia do Ipojuca no Estado de Pernambuco (Brasil) e da região de Primavera do Leste no 

Estado de Mato Grosso (Brasil) [5,6]. 

 
Acidentes ambientais e crimes industriais também podem causar a contaminação de cursos 

d'água de forma abrupta, como ocorreu em Mariana (2015) e Brumadinho (2019) no Estado 

de Minas Gerais (Brasil). No primeiro desastre, a barragem de rejeitos de mineração 

denominada "Fundão" rompeu. Controlada pela Samarco Mineração S.A., empreendimento 

conjunto entre a Vale S.A. e a BHP Billiton, a barragem causou a contaminação de mais de 

62 milhões de metros cúbicos de água na bacia do rio Doce [7]. Após a catástrofe, 

concentrações de arsênio de 200 mg.kg-1 foram encontradas em diferentes locais do rio,  

cerca de 20 vezes maiores do que as encontradas antes do acidente nas plataformas 

continentais do Atlântico Sudeste [8]. A tragédia de Brumadinho foi provocada pelo  

rompimento da barragem da mina do córrego Feijão. Mais uma vez, o empreendimento foi 

controlado pela Vale S.A. e, embora tenha causado menos danos ambientais, foi uma  
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catástrofe social e econômica para todo o Brasil. Oito meses após a tragédia, o número de 

mortos chegou a 250 e ainda havia 20 pessoas desaparecidas [9]. Além disso, os problemas 

sociais e econômicos gerados nas regiões afetadas persistem até hoje. Um exemplo é o 

Instituto Inhotim, um dos maiores museus a céu aberto do mundo. Localizado em 

Brumadinho, teve seu fluxo de visitantes reduzido pela metade com o rompimento da 

barragem. No entanto, a cidade também sofreu impactos na mineração, agricultura e 

comércio. Esse encolheu 70% em 2019 [10]. 

 

Embora a principal fonte de contaminação de cursos d'água em todo o mundo seja de 

origem industrial, a sociedade também desempenha um papel considerável em diversos 

setores, como resíduos sólidos e esgoto urbano. Um exemplo de contaminantes prejudiciais 

à saúde que muitas vezes são liberados no meio ambiente são os produtos farmacêuticos e 

de higiene pessoal (PPCPs), mais especificamente, os NSAIDs. No caso dessas drogas, o 

seu descarte incorreto e a fração desses compostos que é excretada pelo organismo 

contribuem para esse quadro. Um estudo realizado no Brasil revela que cerca de 66% dos 

entrevistados afirmam que jogam as drogas no lixo comum, enquanto 72% nunca 

receberam orientações sobre como fazê-lo de maneira adequada [11]. Além disso, após uma 

análise abrangente da literatura sobre a qualidade da água em mais de 70 países em todos os 

continentes, foram encontrados registros da presença de cerca de 600 medicamentos 

diferentes em amostras de águas superficiais, subterrâneas e tratadas [12]. Dentre os 

principais contaminantes presentes, vale citar os antibióticos, analgésicos, anti-

inflamatórios e antidepressivos por seus potenciais danos à saúde humana e à vida marinha 

[13]. Os antibióticos, por exemplo, podem promover a proliferação de bactérias super-

resistentes, enquanto a presença de hormônios na água pode causar alterações fisiológicas 

nos peixes, fazendo com que os machos produzam ovos [14]. 

 
Existem diferentes formas na literatura de remoção desses contaminantes em meio aquoso, 

com destaque para a adsorção e fotocatálise. Esses processos se destacam pelo custo 

relativamente baixo, alta eficiência, baixo impacto ambiental, facilidade de operação e 

possibilidade de reaproveitamento dos materiais [1]. As MOFs, por sua vez, são fortes 

candidatas para essas aplicações. Elas correspondem a uma classe de materiais amplamente 

utilizados para remover poluentes de meios líquidos e gasosos [15-18]. Sua estrutura 

consiste em aglomerados inorgânicos conectados por ligantes orgânicos, formando redes 
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cristalinas porosas altamente ordenadas [19,20]. MOFs apresentam grande interesse 

industrial, uma vez que exibem altas capacidades de adsorção [21] e altas áreas superficiais 

específicas [22]. Além disso, elas podem ser modificadas quimicamente por tratamentos 

pós-síntese [23] e têm tamanhos de poros sob medida, mantendo uma estrutura isoreticular 

[24,25]. Vários estudos foram conduzidos com o objetivo de melhorar seu comportamento 

fotocatalítico [26-29]. Incorporar nanopartículas semicondutoras em suas estruturas tem se 

mostrado uma abordagem promissora para atingir esse objetivo. Ökte et al. [26] carregaram 

com sucesso nanopartículas de TiO2 e ZnO na superfície de Cu-btc (btc = 1,3,5-

benzenotricarboxilato), também chamada de HKUST-1 (HKUST = Hong Kong University 

of Science and Technology). Essa modificação aumentou sua fotoatividade. Outro estudo 

relatou o aumento da oxidação fotocatalítica do isopropanol quando TiO2 foi adicionado ao 

HKUST-1 [28]. Hu et al. [30] sintetizaram nanopartículas de TiO2 na estrutura do 

tereftalato de cromo MIL-101 (MIL = Materials Institute Lavoisier) para a adsorção e 

degradação de poluentes voláteis. 

 

O dióxido de titânio (TiO2, ou ainda, titânia) é um dos semicondutores mais usados na 

fotocatálise [31]. Vários métodos podem ser utilizados para sua obtenção [32], mas o 

processo sol-gel merece destaque. Esta rota química permite a preparação de amostras com 

tamanho de partícula, distribuição de tamanho de poros e área de superfície específica sob 

medida. Está bem estabelecido que a fotoatividade do TiO2 é fortemente afetada por essas 

propriedades texturais [33,34]. Neste trabalho, duas MOFs diferentes, MIL-100 (Al) [35] e 

HKUST-1 [36], foram preparadas e então modificadas com nanopartículas de TiO2 

derivadas de sol-gel. MIL-100(Al) foi escolhida devido às suas maiores estabilidades 

térmicas e químicas quando comparada à HKUST-1, o que permitiu a análise dessas 

propriedades durante a incorporação do TiO2 [37,38]. Além disso, vale destacar a expertise 

do grupo de pesquisa na preparação de nanopartículas de TiO2 derivadas de rotas sol-gel 

[31,33]. Microscopia eletrônica de varredura (SEM), microscopia eletrônica de transmissão 

(TEM), difração de elétrons de área selecionada (SAED), espectroscopia de perda de 

energia de elétrons (EELS), espectroscopia de raios-X dispersiva em energia (EDS), 

espectroscopia infravermelha por transformada de Fourier (FTIR), espectroscopia Raman, 

termogravimetria (TG), espectroscopia ultravioleta-visível (UV-Vis), difração de pó de 

raios-X (XRD), ressonância paramagnética de elétrons com armadilhas de spin (EPR),  
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ensaios de adsorção de N2 e Kr foram utilizados para examinar os materiais obtidos. Eles 

também foram empregados na fotodegradação de IBP e DIC sob luz ultravioleta (UVA). 

 

Este trabalho apresenta os objetivos no segundo capítulo; no terceiro, é feita uma revisão 

bibliográfica da literatura sobre o estado da arte associado à aplicação de MOFs na 

fotocatálise de materiais orgânicos; no quarto capítulo, os materiais e métodos usados para 

atingir o objetivo são descritos; no quinto, os resultados obtidos são discutidos e 

comparados com outros publicados na literatura; e, no sexto capítulo, a conclusão e as 

considerações finais são apresentadas. 

 
2 OBJECTIVES 

 

The main objective of this study is to synthesize hybrid materials from the insertion 

semiconductor nanoparticles into MOFs. TiO2 will be used as a semiconductor material. 

The materials will be characterized according to their chemical and pore structure. Finally, 

the adsorption capacity and photocatalytic activity of the prepared materials will be 

evaluated. Thus, during this project it is intended: 

 
(1) To study and elaborate an adapted route of composite materials synthesis from the 

combination of semiconductor nanoparticles and MOFs. 

 
(2) To characterize the materials obtained according to their chemical properties and pore 

structure. 

 
(3) To evaluate the photocatalytic activity and the adsorption capacity of the 

composites produced. 

 
(4) To investigate the mechanisms involved in the adsorption and photocatalysis 

processes. 

 
(5) To disseminate the knowledge generated through the publication of a scientific 

paper. 
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3 BACKGROUND 

 

3.1 Disasters and environmental contamination 

 

The contamination of the atmosphere, soil, and waterways with different materials is a 

socio- environmental problem in several countries in world such as India, Bangladesh, 

Brazil, the United States, France, and Norway, among others [39–46]. It is estimated that 

more than 90% of all water used in the world is discarded without adequate treatment, as 

shown in Figure 3.1 [47]. The toxic compounds that pollute different ecosystems can be 

classified into two major groups. Those of natural occurrence, which are present in the air, 

water, minerals, and soil, are independent of human action. On the other hand, those of 

anthropogenic occurrence are due to combustion processes and other chemical reactions and 

the uncontrolled release of toxic waste [48]. Due to the growing socio-environmental impact 

caused by human action in recent centuries, this work focuses on contaminants of 

anthropogenic origin. 

 
 

 

Figure 3.1: Relationship between the release of treated and untreated aqueous residues in different regions of 

the planet. In the South Atlantic region samples from East and Central Africa were analyzed [47]. 
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Among the hazardous materials found in the environment, some are more important, either 

because of their high toxicity and difficulty of treatment or because of the enormous quantity 

in which these contaminants are emitted. Among the main ones, it is worth mentioning the 

greenhouse gases - GHGs (CO2, CH4, O3, N2O), volatile organic compounds - VOCs 

(toluene, benzene, naphthalene, phenols, xylenes), industrial dyes (methylene blue, 

methylene orange, malachite green, methyl red), heavy metals (Pb, Cu, As, Cr, Sb, Hg, Mn, 

Cd), and PPCPs [48]. One of the scenarios that contribute to the increasing release of these 

contaminants into the atmosphere is the growing worldwide demand for energy. 

 
3.2 Contamination by organic materials 

 

The contamination of soil and water with organic materials such as oils, solvents, adsorbable 

halogenated organic compounds (AOX), volatile organic compounds (VOC), and industrial 

dyes is also a current problem that has caused great mobilization worldwide, mainly due to 

recent accidents in the Gulf of Mexico (2010) and the coast of Northeast Brazil (2019). 

Environmental crimes are also an important source of release of this waste, as occurred in 

the municipality of Joinville (SC) in 2012. At the time, the textile company Döhler polluted 

the river Cachoeira with industrial waste, dyeing the water red, as shown in Figure 3.2. As a 

result, the company was fined R$ 350 thousand for environmental crimes [49]. 

 
 

 

Figure 3.2: Photo of the river Cachoeira after water pollution with textile waste by the company Döhler [49]. 
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One of the main concerns related to contamination with organic materials is the enormous 

amount in which they are present in our daily lives and their toxicity. One of its main 

sources that are considered critical nowadays are the industrial dyes. Usually formed by 

chromophore groups such as azo (-N=N-), carbonyl (-C=O), and nitro (-N=O), these 

organic compounds have a very characteristic color and even in small amounts they can 

already color the water. Moreover, they restrict the entry of light and compromise the 

photosynthesis of algae and phytoplankton, which decreases oxygen levels in the water and 

unbalances the whole aquatic ecosystem. The main responsible for the incorrect disposal of 

these materials in the ecosystem is the textile industry. In India, around 80% of the national 

production of dyes is consumed by this branch [50]. In the Indian district of Jaipur, there 

are more than 300 industries related to this segment and which release a large amount of 

toxic waste without treatment in the environment. A study using Salmonella bacteria 

showed that the surface waters of the Amani Shah Ka Nallah River contained high amounts 

of mutagenic compounds, which is a considerable risk for the population living nearby [51]. 

One of the most commonly used dyes in the textile industry is methylene blue (MB). Its 

structural formula can be seen in Figure 3.3. Due to its two aromatic rings and the unpaired 

electrons from N and S, MB possess a well-established adsorption band in the visible 

region related to HOMO-LUMO π-π* transitions – with maximum absorbance at λ = 664 

nm [52]. 

 
 

 
Figure 3.3: Structural formula of Methylene Blue. 

 

 
3.3 Contamination by pharmaceutical and personal care products 

 

PPCPs are another class of pollutants that have been increasingly mentioned in the 

literature. Some of the compounds most found in the environment are synthetic aromas, 

antibiotics, NSAIDs, analgesics, antidepressants, antiseptics, and steroids. They are present 
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in quantities comparable to other contaminants such as pesticides and organic materials. 

However, the concern about the residues of these materials and their consequences for 

human health and the ecosystem is relatively new [53–56]. The main ways of improper 

disposal of these contaminants are the pharmaceutical industries and urban and agricultural 

sewage. Most of the drugs that are out of date or not fully used are disposed of incorrectly 

by the population. Antibiotics, for example, are already found in large quantities in surface 

water, underground, sewage network, and even in the water for human consumption. 

Studies prove that, in these concentrations, they contribute to the natural selection of 

increasingly resistant bacteria [47,53,57]. On the other hand, NSAIDs are one of the most 

common drugs used across the world, and they are easily founded in sewage treatment 

plants and surface waters [58]. 

 
In the pharmaceutical industry, water is widely used in the processing and even in drug 

formulation. The aqueous residues produced by these companies on chemical synthesis and 

fermentation processes are, in great part, rich in acids, bases, organic products, solvents, 

metallic salts, nitrates, and phosphates. They are residues of great toxicity, generally 

showing high chemical and biochemical oxygen demands (COD and BOD), and high 

concentration of total suspended solids (TSS) [47]. Another factor that potentiates the 

negative effect of PPCPs is their considerable capacity to bioaccumulate. Hydrophobic 

PPCPs, for example, are known for their high persistence in different ecosystems and low 

biodegradability. On the other hand, the hydrophilic PPCPs are easily dispersed in water 

courses, which facilitates their interaction with different aquatic organisms and directly 

interferes with the metabolism of these species [55,57]. Thus, the incorrect disposal of these 

materials in landfills, sewers or even septic tanks is a significant source of contamination. 

In the rainy season, these compounds are easily carried through the soil, contaminating the 

groundwater and other sources of underground water. In addition to the immediate impact 

that this type of contamination can cause, it is necessary to consider the chronic effect of 

these pollutants on different ecosystems. For this reason, their toxicity is difficult to be 

completely measured [55]. 
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Therefore, the study of the removal and degradation of these contaminants in an aqueous 

environment is critical in the maintenance, recovery, and development of healthy 

environments that are suitable to marine and terrestrial life. Moreover, products for human 

consumption are not free of the dangers caused by toxic materials. The different means of 

water pollution, atmosphere, and soil contribute to an emergency on a global scale, either 

by the direct effect on completely devastated ecosystems, or by the stochastic and chronic 

effect that can cause, for example, soil infertility, genetic mutations, and fertility problems 

among different species. These systems are completely interconnected, and thus, influence 

each other. For this reason, anthropogenic environmental contamination is a problem on a 

global scale that demands new materials with great mineralization properties to remove 

these pollutants. 

 
3.3.1 Non-steroidal anti-inflammatory drugs: IBP and DIC 

 

One of the most common NSAIDs founded in water courses are IBP and DIC. They have 

been widely applied for human and veterinary use and can be obtained without a recipe in 

many countries. Their incorrect disposal and their residues in human and animal urine 

contribute to the spread of these contaminants into the environment [58]. IBP, for example, 

is suspected to influence sex steroid hormones through steroidogenic pathways in different 

aqueous species [59]. Moreover, a decrease in reproduction was observed in crustaceans 

and fishes after DIC exposure [60]. These drugs are not easily degraded by conventional 

wastewater treatment plants, which increases the necessity of developing new methods for 

their removal [61]. For these reasons, studies about their degradation are being carried out 

throughout the world [61–68]. 

 
IBP and DIC are commonly used for the treatment of pain, fever, and inflammation. They 

can be easily founded in drugstores worldwide, and their structural formula can be seen in 

Figure 3.4. IBU and DIC are slightly soluble in water and have high persistence in the 

aquatic environment [69]. 
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Figure 3.4: Structural formula of Ibuprofen and Diclofenac. 

 

 
3.4 Methods to remove contaminants 

 

Several methods are reported in the literature for the removal of PPCPs and organic 

materials. However, some aspects must be considered for it to be accepted as efficient and 

advantageous over others. It is worth mentioning price, complexity, selectivity, toxicity, and 

the possibility of reusing the materials as key factors that directly interfere in their 

applications. Following this reasoning, the methods that are most indicated for the capture 

and removal of a wide range of pollutants are adsorption and photocatalysis [50,53,70,71]. 

Table 3.1 shows some of the main ways of decontamination of aqueous solutions. 

 
Table 3.1: Main methods to remove organic materials and PPCPs. 

 

Contaminant Main removal methods References 

Organic materials 

Electrochemical treatments, photocatalysis, coagulation, 

flocculation, ion exchange, irradiation, ozonation, Fenton 

process, adsorption, filtration, biodegradation, enzymatic 

degradation, photocatalysis, hybrid technologies. 

[50,71–76] 

PPCPs 

 

Electrochemical treatments, ozonation, reverse osmosis, 

Fenton process, photocatalysis, adsorption, sedimentation, 

flotation, nanofiltration, biodegradation, volatilization, 

hybrid technologies. 

[47,53,54,57] 
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3.4.1 Adsorption processes 

 

The process of adsorption and desorption of substances is a physical-chemical phenomenon 

that occurs on solid particles' surface from the interaction between adsorbate and adsorbent. 

They are often divided into two groups: chemisorption and physisorption. The former 

occurs preferentially at higher temperatures, it is formed by covalent and ionic chemical 

bonds, has high specificity and activation energy, it is characterized by the formation of a 

single layer and its desorption is very hard. The last occurs at milder temperatures, is formed 

by London-Van der Walls forces, has lower specificity and activation energy, and it can 

form multilayers, which makes the desorption easier. However, both processes can also 

coexist [77,78]. 

 
Adsorption poses a significant advantage over other techniques because of its simplicity and 

for being a low-cost procedure. Studies show the use of activated carbons for the adsorption 

of IBP and DIC, and it is also considered one of the most common processes to remove 

industrial dyes from wastewater [69,79]. However, adsorption processes also present some 

disadvantages as, for example, the possibility or not of desorption, the reusability of the 

adsorbent, the necessity of post-treatment for removing the contaminant, and the possible 

need to discard the adsorbent after a few cycles [80,81]. Thus, heterogeneous 

photocatalysis can be an improvement when combined with adsorption methods. 

 
3.4.2 Photocatalysis 

 

Photocatalysis is a term used to describe the acceleration of a chemical reaction induced by 

light in the presence of a catalyst. It can be divided into two major groups: homogeneous 

photocatalysis and heterogeneous photocatalysis [82,83]. Only from the 70's on 

heterogeneous photocatalysis started to be widely developed and, since then, the dispersion 

of solid semiconductors in liquid or gaseous mixtures has been widely studied. This type of 

system influences the chemical reactivity of several substances, promoting chemical 

reactions of reduction, oxidation, isomerization, substitution, and polymerization; all of them 

induced by the presence of light [82,84]. Among the enormous possibilities presented, the 
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oxidative photodegradation with the aid of semiconductors proved to be an efficient route in 

mineralizing toxic and biologically persistent organic materials. In this case, the pollutants 

are oxidized in compounds such as CO2, H2O, NO3
-, or in other oxides, phosphates, sulfates, 

and halides. This method of degradation of pollutants offers several advantages over others 

(e.g., ozonation, chlorination, adsorption), because it does not use materials strongly 

oxidizing or toxic, does not generate solid waste or pollute the atmosphere [84,85]. 

 
Figure 3.5 shows the positions of the valence band (VB) and conduction band (CB) for 

different semiconductor materials, besides their electrical potential in front of the standard 

hydrogen electrode at pH = 1 (NHE - Normal Hydrogen Electrode). It is worth mentioning 

that TiO2 has a band gap that contemplates the redox reactions of the water [84–86]. 

 
 

Figure 3.5: Diagram illustrating the position of the valence and conduction bands for different semiconductor 

materials, relating them to the potential of the standard hydrogen electrode (NHE) at pH = 1. The band gap of 

each material is supplied in eV. The redox reactions of water decomposition in oxygen and hydrogen are also 

illustrated for comparative purposes [86]. 

 

 
When light falls on a semiconductor, photons that have energy greater than or equal to the 

band gap of that material can excite electrons from VB to CB, according to Equation (3.1). 

 
ℎν ≥ 𝐸𝑔𝑎𝑝 (3.1) 

 

 
In this process, when an electron (e-) jumps into the conduction band, it leaves a hole in the 

valence band, which is considered a positive charge (h+). In the case of oxidative 
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photodegradation, several reactions may occur, as schematically represented in Figure 3.6. 

The radical OH∙ is extremely oxidizing (Eo = 2.4) and is considered one of the most 

important in the mineralization of organic compounds. However, other reactive species can 

also be formed, worth mentioning: O2∙, HO2∙, H2O2, HO2
-, OH- [85,87,88]. 

 

 
 

 

Figure 3.6: Scheme of photodegradation of pollutants in the presence of a semiconductor and some of the 

main chemical reactions. Adapted from MILLS et al. [85]. 

 

 
Spontaneous recombination of electrons and holes, also known as charge carriers, should be 

avoided in photocatalytic processes. These entities, which can be formed both inside and on 

the surface of the semiconductor, can annihilate themselves by recombining due to 

electrostatic interactions [87]. Moreover, electrons and holes have a defined lifetime, related 

to the probability of reacting with some component of the medium before finding the species 

of interest. Thus, recombination tends to occur mainly in the bulk of the material but also 

occur on its surface [85]. When they recombine, two photons with total energy hν are 

released, according to Equation (3.2). Obviously, when this occurs, the entities lose their 

potential to oxidize and reduce other species, harming the photocatalytic process. 

 
ℎ+ + 𝑒− → ℎν (3.2) 
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To avoid this scenario, materials are inserted into the system to trap the produced electrons, 

the holes, or both. In some cases, the presence of oxygen or extremely oxidizing species such 

as peroxides and periodates helps in the trapping of electrons in the conduction band, which 

prevents the process of recombination [84]. 

 
It is worth mentioning that the phenomena of adsorption and photocatalysis correlate. In 

practice, as recombination is a phenomenon that should be avoided, the presence of adsorbed 

species gives a greater probability that the electrons and holes generated can reach the surface 

and react with the pollutant before being extinguished. Materials such as MOFs, graphene 

oxides, Pt, Pd, and Au nanoparticles can trap these entities. Thus, the use of composites that 

present, at the same time, high SSA and good photocatalytic behavior is an advantageous 

alternative for the degradation of pollutants [84,89–91]. 

 
3.5 Metal-Organic Frameworks - MOFs 

 

MOFs, initially called coordination polymers, are a relatively new class of hybrid materials, 

which are composed of inorganic clusters connected by organic binders, giving rise to highly 

organized and open crystalline networks. Their highly directional bonds can generate 

structures in the forms of chains, layers, and three-dimensional networks [68,69]. As there 

are no standards for the nomenclature of these compounds, they are commonly classified 

according to the institute or university where they were first synthesized. For example, 

HKUST-1 was developed at the Hong Kong University of Science and Technology, MIL-

100 at the Materials Institute of Lavoisier, and UiO-66 at the University of Oslo (Universitet 

i Oslo). 

 
MOFs generally have high specific surface areas and can reach values of around 10,000 m2.g- 

1 [92]. In addition, they exhibit an ultra-porous nanocrystalline structure, which allows their 

application as adsorbents to remove contaminants in aqueous media, in the storage of gases 

such as H2 and CO2, and catalysis processes. They can also be chemically functionalized, 

which represents a great advantage of MOFs over other materials [21,22]. Therefore, these 

compounds have been extensively studied in recent years, as shown in Figure 3.7 
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Figure 3.7: Number of publications on MOFs in recent years separated by themes: adsorption, degradation, 

and H2 reduction [90]. 

 

 
3.5.1 Structure and synthesis of MOFs 

 

The structure of MOFs can be described as a hybrid inorganic-organic network that 

resembles a classic inorganic solid. In both cases, their crystalline networks have a skeleton 

formed through the association of primary (PBU) and secondary (SBU) building units. They 

are basically units that repeat themselves to generate the crystalline structure of a solid. PBU 

are formed by clusters with a defined structural organization, such as what occurs with SiO4 

and AlO4 tetrahedrons in zeolites, for example. SBU are basically the repetition of these 

structures in larger organizations, as shown in Figure 3.8 [93,94]. 
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Figure 3.8: Formation of zeolites by organizing primary building units of AlO4 and SiO4 into secondary 

building units, thus forming their crystalline structure [93]. 

 

 
The main difference between zeolites and MOFs is their SBU. In the case of zeolites, they 

present only inorganic parts (e.g., sulfates, phosphates) associated with metallic ions in 

coordination numbers of 4, 5, or 6. In MOFs, SBU present organic binders instead of 

inorganic species, as can be seen in Figure 3.9 [20]. The organization of MOFs’ structures, as 

well as the possibility of modulation through the combination of different metals and organic 

binders, resulted in the mistaken classification of these materials as coordination polymers. 

Despite presenting several similar characteristics with the polymers, such as an enormous 

range of architectural possibilities, topology, size, shape, and rigidity, the metal-organic 

frameworks can present higher thermal stability than these materials. In addition, their 

pores maintain their dimensions and are permanent as long as the structure of the MOF 

remains stable, unlike polymers [20,94]. 
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Figure 3.9: Structural scheme of (a) SBU of a porous inorganic solid and (b) SBU of a porous hybrid solid 

that presents organic binders [20]. 

 

 
In 2010, two different studies were published in the Journal of Solid-State Chemistry, 

mentioning that some MOFs structures corresponded to extended versions of simpler 

structures such as diamonds and sodalites [95,96]. From that moment on, it was possible to 

perform simulations and predict the formation of these crystalline networks, considering the 

selection of PBU, their spatial organization, unit cell parameters, atomic positions, and the 

minimum organizational energy point for possible combinations. In addition, the structure 

and properties of the MOFs can also be influenced by synthesis parameters such as pH, 

pressure, solvent, reaction time, and temperature [20,23,94–96]. The main characteristics of 

these materials are undoubtedly their large SSA and the presence of permanent porosity. 

Thus, the study of methods that allow altering these characteristics without changing the 

fundamental structure of metal-organic frameworks is of extreme importance. Among these 

routes, two are well known for allowing to function the structure of the MOFs and change 

the size and shape of their pores: 

 
a) Isoreticular expansion (IE): this process allows controlling the pore size of metal-organic 

frameworks by varying the organic binder introduced during the synthesis of the network 

[23,24]. 

 

b) Post-synthetic modification (PSM): it is a way to modify the metal-organic framework, 

either by replacing organic linkers, inorganic cluster atoms, or by functionalizing its 

surface. It is performed after the synthesis of the solid [23,97,98]. 
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The IE process, despite modifying the pore size of the material, does not alter the isoreticular 

nature of the MOF structure. For example, NU-1101 is one of the best examples of structure 

expansion in Zr-based MOFs. It is produced with the organic binder Py-XP4-. When this 

binder is replaced by a larger one, like Py-PTP4-, the metal-organic framework formed is 

isoreticular to that of NU-1101, but with larger pores and a larger SSA, as shown in Figure 

3.10. Only by varying the binder used in the synthesis of MOF it was possible to change the 

specific surface area from 4422 m2.g-1 to 5290 m2.g-1, which demonstrates the importance of 

the method to increase the efficiency of these compounds in certain applications [24]. The 

PSM method has the advantage of enabling the manufacture of structures that could not be 

obtained by other direct routes [23,97]. A good example occurs, again, in Zr-based MOFs. 

This family of metal-organic frameworks has been widely studied for this type of 

modification due to its high stability in more aggressive chemical environments such as acid 

and basic media [98]. Volkringer et al. showed that Zr-based MOFs remain stable even 

under gamma irradiation [99]. The modification of UiO-66(Zr) through the substitution of Zr 

atoms by Ti or Hf generates organometallic nets with a mixture of different clusters, as 

shown in Figure 3.11 [97]. 

 
 

Figure 3.10: Schematic showing the influence of Py-XP4-, Por-PP4-, Py-PTP4-, and Por-PTP4- (top) tetraded 

binders used in the construction of the metal-organic frameworks NU-1101, NU-1102, NU-1103, and NU- 

1104, respectively (below). In this case, each respective SBU of the MOFs represented has two types of 

pores: a larger one, formed by the space between the binders (in blue), and four smaller ones, formed by the 

space between the inorganic clusters (in purple). The inorganic clusters are represented in green [24]. 
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Figure 3.11: UiO-66(Zr) and its later PSM synthesis scheme by replacing Zr ions with Ti or Hf ions [97]. 

 

 
3.5.2 Adsorption and degradation of pollutants through MOFs 

 

MOFs presents countless applications in the removal of environmental contaminants. Several 

studies mention the electrostatic interaction between adsorbent and adsorbate, the 

coordinated unsaturated sites (CUS), and the breathing properties of MOFs as main factors 

for their efficiency in the removal of various pollutants [48,100]. Some of them act with great 

efficiency to remove these toxic species from the environment without any kind of structural 

or chemical modification. An example is the MIL-100(Fe), which showed an excellent 

adsorption capacity in the removal of the malachite green dye, due to the presence of CUS, 

which causes the metal to interact strongly with the dye [101]. In other applications, it is 

extremely interesting to alter some characteristics of these materials, most of the time 

superficial, to achieve a considerable degradation rate [17,102]. 

 
In this way, several compounds can be incorporated into metal-organic frameworks to alter 

their chemical and structural properties. Functional groups (e.g., amino, thiol, hydroxyl), 
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metals, oxides, and nanoparticles, are some examples of species that can be inserted into 

the structure of MOFs. In the case of adsorption and photocatalysis processes, these species 

can alter the selectivity, efficiency, and kinetics of the reactions. A good example is the 

functionalization of HKUST-1 with thiol for the removal of Hg2+. Studies have shown that 

pure HKUST-1 is not able to adsorb the metal, while Tiol@HKUST-1 adsorbs about 714 

mg.g-1 [103]. This affinity can be explained by the fact that mercury is considered a weak 

Lewis acid due to its high polarizability. It therefore forms strong covalent bonds with 

weak Lewis bases, such as reduced sulfur [104]. 

 
Photocatalytic semiconductor materials also represent a relevant alternative for the 

degradation of pollutants, due to their low toxicity and cost. Among these materials, titanium 

(TiO2) and zinc oxide (ZnO) can be mentioned [105,106]. However, one of the main 

difficulties associated with the use of these compounds is their tendency to agglomeration, 

attributed to a small particle size and low adsorption capacity. To overcome these 

limitations, several studies have focused on the incorporation of nanoparticles of these 

semiconductors in materials with high specific surface areas [26]. 

 
This range of structural possibilities presented by MOFs, combined with their great capacity 

for adsorption and stability in water, make them promising candidates for modification with 

ceramic nanoparticles [94]. There are different strategies used in the literature to modify these 

compounds, worth mentioning: 

 
● The preparation of a coating of MOF particles on a surface of semiconductor material 

[27]; 

 
● The formation of a semiconductor material shell on a MOF nucleus, forming a core- 

shell structure [29,107]; 

 
● Combining hydrothermal synthesis of MOF and semiconductor material [108]; 

 
● PSM route: traditional sol-gel process [109]; 
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● PSM route: sol-gel process without the presence of acid catalyst [30]. 

 
● PSM ligand exchange [97]. 

 

 

 

3.6 The sol-gel synthesis of TiO2 

 

In this work, the PSM sol-gel route without the presence of acid [30] was chosen due to the 

low stability of HKUST-1 and MIL-100(Al) over acid media [37,38]. Titanium dioxide, or 

titania (TiO2), was chosen as the semiconductor material due to its low toxicity, low cost, 

elevate chemical and thermal stability, and high photocatalytic activity over organic materials 

[33]. Moreover, it is the semiconductor most used in the field of photocatalysis, presenting 

three main polymorphic phases: rutile, anatase, and brookite. Among these, the last one is 

considered unstable in ambient temperatures and pressures, which makes most of its 

photocatalytic applications impossible [33]. The other two phases are thermodynamically 

stable and anatase presents the best photocatalytic behavior due to its higher adsorption 

capacity, smaller particle size, and larger specific surface area than rutile, despite having a 

higher band gap (3.20 eV against 3.03 eV of rutile) [110]. Studies show that mixtures of 

rutile and anatase can be more photoactive than each of them separately [31]. 

 
This team has know-how on the sol-gel synthesis of TiO2 samples with great improvements 

over its properties, already achieving higher photoactivity than the commercial titania 

Degussa P25 [31]. The structure and SSA of TiO2 strongly affect its photocatalytic activity 

and the use of nanocrystalline TiO2 poses major challenges regarding its poor adsorption 

capacity related to its non-porous structure, and the tendency of agglomeration upon 

suspension systems due to its low particle size [26,111]. These challenges can be overcome 

by using a sol-gel route combined with hydrothermal treatment in the presence of a MOF 

powder. In this case, MOF’s framework acts as a porous matrix for TiO2 to grow inside, 

which creates a composite material that presents both high SSA and high photocatalytic 

activity [29]. Moreover, the transference of photogenerated electrons to other materials can 

act as an electron trap and increase the half-life time of the electron-hole entities, reducing 

the recombination rate of charge carries in the semiconductor [33]. 



38  

Another advantage of anatase is the wide variety of synthesis routes that available, which can 

result in diverse structures with different properties, especially concerning their SSA and 

particle size. Studies carried out at UFMG showed that other factors directly influence the 

size of the formed crystals, such as the type of solvent used during the synthesis of titania, 

for example [31]. By combining the sol-gel route of TiO2 with the MOF matrix, a high 

photocatalytic and porous material is to be produced. Therefore, the insertion of TiO2 in 

MOFs’ porous structure is of great interest, which highlights the importance of this work. 

 
4 MATERIALS AND METHODS 

 

During this work, metal-organic frameworks were produced at the Unity of Catalysis and 

Solid Chemistry (Unité de Catalyse et Chimie du Solide – UCCS), department of the 

University of Lille (Université de Lille - ULille) in France. Briefly, the hydrothermal 

synthesis of the MOFs consists of a mixture of the metal precursor, the linker, the modulator, 

and the solvent in a Teflon bottle inserted inside a stainless-steel autoclave, which is further 

heated in an oven for a determined time. After that, the product is washed to remove the 

excess of ligand and/or modulator and is activated in order to remove any free solvent within 

its porous structure. The conditions of their synthesis are schematized in Table 4.1 and their 

structures are illustrated in Figure 4.1 and Figure 4.2. 

 
Table 4.1: Composition of inorganic cluster and organic binder for different metal-organic frameworks 

 

MOF 
Metal 

Precursor 
Linker Modulator Solvent Washed 

Heating 

conditions 

Activation 

conditions 

 

 
HKUST-1 

 
Cu(NO3)2.3 

H2O 

 
trimethyl-1- 

3-5- 
trimesate 

  
EtOH + 

H2O 

 

 
EtOH 

 
110 °C for 

12h 

70 °C for 

1h then 

110 °C for 

2h 

 

MIL- 

100(Al) 

 

Al(NO3)3.9 

H2O 

trimethyl-1- 

3-5- 

trimesate 

 

HNO3, 

1M 

 

H2O 

 

DMF 

 

180 °C for 

3h 

 

200 °C for 

5h 
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Figure 4.1: HKUST-1 structure. In blue: the metal cluster, in red: oxygen atoms, in black: carbon atoms, in 

grey: hydrogen atoms. The smallest cavity is represented in green and has a 0.5 nm diameter, followed by 

yellow with 1.1 nm and purple with 1.4 nm. The entering windows contain approximately 0.6 nm. 

 

 

 

 
 

 

Figure 4.2: MIL-100(Al) structure. In blue: the metal cluster, in red: oxygen atoms, in black: carbon atoms. 

The smallest cavity is represented in purple with a 2.5 nm diameter and the largest in green with 2.9 nm. The 

entering window contains approximately 0.9 nm. 
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4.1    Overview of MOFs 

 

MOFs were produced following routes mentioned in the literature [17]. All were produced 

in hydrothermal reactors, under autogenous pressure. The procedure is described below: 

 
HKUST-1 was hydrothermally prepared as well. Copper(II) nitrate trihydrate 

(Cu(NO3)2.3H2O, Aldrich, 99%, 3.5 g), 1,3,5-benzenetricarboxylic acid ((COOH)3C6H3, 

Sigma Aldrich, 98%, 2.1 g), EtOH (36 mL), and H2O (36 mL) were poured in a 500 mL 

Teflon container and then placed in a furnace. It was then heat-treated in air at 110 °C for 12 

h using a heating rate of around 1.4 °C.min-1. After reaching room temperature, a dark blue 

solid was recovered by centrifugation, washed with EtOH, and subsequently air- calcined at 

70 ºC for 1 h and then at 110 °C for 2 h. This procedure gave rise to about 2.5 g of dried 

solid material. 

 
MIL-100(Al) was prepared by hydrothermal treatment as follows. Aluminum nitrate 

nonahydrate (Al(NO3)3.9H2O, Carlo Erba, 99%, 7.48 g), trimethyl-1-3-5- 

benzenetricarboxylate ((CH3COO)3-C6H3, Aldrich, 98%, 3.39 g), nitric acid solution (HNO3, 

Aldrich, 1M, 25 mL) and deionized water (H2O, 91 mL) were initially poured in a 500 mL 

Teflon flask. The container was transferred to a stainless-steel autoclave and then placed in 

a furnace. It was subsequently heat-treated in air at 180 °C for 3 h at a heating rate of about 

2.6 °C.min-1. Next, the autoclave was allowed to cool down to room temperature inside the 

furnace. A yellow solid was then recovered by centrifugation and stirred with 200 mL of 

anhydrous N,N-dimethylformamide ((CH3)2NCH , Aldrich, 99.8%) at 150 °C for 5 h. The 

solid was collected by centrifugation, washed with absolute ethanol (EtOH, Aldrich), and 

then calcined in air at 200 °C for 5 h. Around 2.3 g of dried solid was collected after this step. 

 
4.2 MOFs functionalization with TiO2 

 

For the incorporation of TiO2, a PSM sol-gel route without the presence of acid was adapted 

[30]. The proposed route can be described as follows. Initially, 500 mg of the prepared MOFs 

was dried under air at 150 °C for at least 5 h. Next, it was added under stirring to a solution 
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containing 20 mL of titanium (IV) tetraisopropoxide (TITP, Sigma Aldrich 98%) and 26 mL 

of isopropyl alcohol (IPrOH, Aldrich, 98%). The solution was sonicated for 30 min and kept 

under stirring for another 30 min. After 10 h, the solid was recovered by centrifugation at 

6,000 rpm for 20 min and washed with IPrOH. It was subsequently aged for 48 h in air and 

then poured in a 350 mL Teflon container previously filled with 210 mL of deionized Milli- 

Q water. The system was transferred to a stainless-steel autoclave and heated at 150 °C for 

10 h. After cooling down to room temperature, the solid was recovered by centrifugation (20 

min at 6,000 rpm) and then air-dried at 80 °C for 72 h. The samples modified with titania 

were identified as TiO2@MIL-100 and TiO2@Cu-btc. The former did not present any 

changes in its color after the functionalization with TiO2, while the latter became light blue. 

Figure 4.3 presents photographs of the materials synthesized in this work. 

 

 

 

 

 

 
Figure 4.3: Photographs of the materials synthesized in this work. 
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4.3 Characterization of MOFs 

 

XRD was conducted on a Philips-PANalytical diffractometer (PW1710) at a step rate of 

0.06°.s-1, using CuKα as the radiation source ( = 1.54 Å). N2 and Kr sorption were 

performed at the liquid nitrogen temperature (-196 °C) using a Micromeritics ASAP 2020 

apparatus using samples previously degassed under vacuum at 105 °C for copper trimesate 

and at 200 °C for MIL-100(Al). The specific surface area (SSA) and pore size distribution of 

the examined samples were evaluated by the multipoint BET (Brunauer–Emmett–Teller) 

model and density functional theory (DFT). TEM, SAED, EDS, and EELS were conducted 

on an FEI microscope (Tecnai G2-20 SuperTwin) at an accelerating voltage of 200 kV. This 

microscope is equipped with a Si(Li) EDS detector (EDAX) with a 30 mm2 window and a 

post-column Gatan Image Filter (GIF) Quantum SE System coupled with a bright and annular 

dark field (BF/ADF) STEM detector, Orius SC200 and GIF (US1000FTXP) CCD cameras. 

The samples used in these tests were previously dispersed in EtOH and sonicated for 5 min 

at room temperature. The obtained suspensions were dripped on carbon-coated grids. After 

drying in air at room temperature, those grids were used in TEM, EELS, EDS, and SAED 

examinations. SEM was conducted on a FEG microscope (Hitachi SU 5000) at an 

accelerating voltage of 5 kV, using samples previously sputter-coated with carbon. This 

microscope is equipped with a Si(Li) EDS detector (AZtec from Oxford Instruments) with 

a 60 mm2 window. 

 
The apparent bandgap energy (Egap) of the materials obtained in this study was evaluated by 

UV-Vis diffuse reflectance spectroscopy at a resolution of 1 cm-1 on a Shimadzu UV-2600 

spectrometer. The Kubelka-Munk method was applied following a methodology 

recommended elsewhere [112]. FTIR was performed on a Bruker Alpha spectrometer using 

an attenuated total reflectance (ATR) accessory and a diamond crystal as the reflective 

element. The spectra were taken at a resolution of 4 cm-1 and 128 scans. Raman spectroscopy 

was carried out on a LabRaman HR-Evolution (Horiba Scientific) micro-spectrometer 

equipped with 600 lines per mm grating and an Olympus objective. A 515 nm laser was 

used as excitation source. The thermogravimetric (TG) experiments were carried out on a 

thermoanalyzer TGA 92 Setaram in air at a heating rate of 5 °C.min-1 from room temperature 
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to 800 °C. DTG (differential thermogravimetry) profiles were obtained by calculating the 

first derivative of the collected thermograms. Spin trapping EPR was carried out at room 

temperature on an X-band ( 9.4 GHz) Magnettech MiniScope MS400 spectrometer. This 

technique allows examining short-lived free radicals, particularly reactive oxygen species 

(ROS). The experimental parameters used in these tests were: microwave power = 10 mW, 

modulation field = 100 kHz, modulation amplitude = 0.2 mT, center field = 337 mT, scan 

time = 60 s, and number of integration points = 4096. Aqueous solutions of IBP (10 mg.L-1) 

and the examined photocatalyst (200 mg.L-1) were initially prepared at room temperature. 

Solutions containing either N-tert-butyl-α-phenylnitrone (PBN, TCI America – Japan, 98%) 

or 5,5-dimethyl-1-pyrroline N-oxide (DMPO, Oakwood – USA, 96%) were used as spin 

traps in these tests. The loading of PBN and DMPO in these solutions was kept at about 200 

and 100 mM, respectively. In the case of PBN, the solvent was a mixture of absolute ethanol 

and water in a molar ratio of 1:1, while the DMPO solution contained only water. The as- 

prepared solutions were subsequently illuminated with UVA light (375 nm) using a 16 mW 

defocused laser source. Aliquots of the supernatant of about 50 L were collected at different 

times from these solutions and poured into glass capillaries for examination. 

 
4.4 Adsorption and photocatalysis tests 

 

The photocatalytic performance of the prepared samples was verified by evaluating the 

photodegradation rate of IBP (Florien Pharmaceutical Supplies – Brazil) and DIC (Henan 

Dongtai Pharmacy Limited Company – China) standards. These drugs were initially 

dissolved in distilled water at room temperature under stirring. The concentrations of the 

drugs and photocatalysts in the as-prepared solution were 10 and 200 mg.L-1, respectively. 

The initial pH of the solutions was about 8. Next, the solution was poured into a photoreactor 

containing an Osram Dulux 9W/78 UVA lamp (1.5 W between 315 and 400 nm). The 

solution temperature was kept constant at 25 °C using a cooling system coupled to the reactor. 

It was initially kept under stirring at room temperature in the dark for 12 h for adsorption 

purposes. Next, the UVA lamp was turned on, and aliquots of the solution were taken as a 

function of time and used to monitor IBP and DIC concentrations. The aliquots were initially 

centrifuged at 6,000 rpm for 5 min to avoid interference from suspended particles. The 
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particle-free supernatant was then transferred to quartz cuvettes and examined by UV-Vis 

spectroscopy using the spectrometer mentioned before. The light absorption at 222 and 276 

nm were used as references for IBP and DIC, respectively. Photolysis tests (photodegradation 

in the absence of a photocatalyst) were also conducted for reference purposes. It was 

observed that IBP and DIC did not degrade under UVA lighting to such an extent that their 

photolysis can be neglected. 

 
MB was used as a preliminary contaminant in these tests since the mechanisms of 

photodegradation of organic compounds that present orbital π are similar. Besides, MB is 

relatively cheap, easy to access, and has low toxicity. Initially, standard solutions of 

distilled water and MB were prepared in concentrations of 0, 5, 10, 15, and 20 mg.L-1, to 

elaborate a calibration curve and to obtain the correlation between its concentration the 

absorbance values measured in a UV-Vis spectrometer; in this case was possible to achieve 

a correlation factor between the absorbance and concentration values of R2 = 0,9908 – the 

data was collected with λ = 664 nm, which corresponds to the higher absorbance of MB in 

the UV-vis region. In this case, the test followed a different procedure. It is worth mentioning 

that adsorption tests were previously conducted with aliquots collected in every 10 minutes 

for 2 hours, to evaluate the amount of time that the mixture takes to achieve adsorption 

equilibrium. Considering this, the mixture stood in the dark for 60 minutes, and then the 

light was turned on for 5 hours. Aliquots were collected from time to time, centrifugated, 

and then measured on the UV-vis spectrometer. 

 
A photo-reactor similar to the one shown in Figure 4.4 was used to study the adsorption 

capacity and photocatalytic activity in the degradation of MB, DIC, and IBP. 
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Figure 4.4: Schematic representation of a photo reactor similar to that used in this research. Adapted from 

DIAZ-URIBE et al. [113]. 

 

 
5 RESULTS AND DISCUSSION 

 

5.1 Structural characterization 

 

Figure 5.1 shows XRD patterns obtained in this work. Diffraction lines of MIL-100(Al) were 

observed at 2 about 3.6°, 4.2°, 5.1°, 6.1°, and 6.5°, which have been associated with the 

(220), (311), (400), (442) and (333) crystal planes [35,114]. After incorporating TiO2 into 

the MOF, additional diffraction lines related to anatase were also noticed at 2 around 25.5°, 

38.2°, 48.1°, and 54.4°, which are assigned to its (101), (004), (220), and (211) crystal planes 

[31]. The main diffraction peaks of HKUST-1 were observed at 2 around 6.9°, 9.5°, 11.7°, 

19.1°, and 26.1°, which are attributed to (200), (220), (222), (440), and (731) crystal planes 

[115]. The addition of TiO2 in this MOF caused its main peaks at 9.5° and 11.7° to disappear 

while another crystal phase was observed (main peaks at about 9.0° and 10.0°). This new 

structure corresponds to Cu2(btc)(OH)(H2O), formed after the collapse of HKUST-1 and 

hydrolysis of copper-oxygen bonds. Simultaneously, copper centers (CuO4(H2O)) arranged 

in paddlewheel units are replaced by infinite chains composed of square bipyramids 

CuO3(OH)2 and octahedra CuO4(OH)(H2O) units. These reactions cause the release of H+
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ions into the solution, as described in Equation (1) [116]. For this reason, TiO2/HKUST-1 

composite was designated as TiO2@Cu-btc, which is a non-porous copper trimesate phase. 

 
2Cu3(btc)2 + 2H2O → 3Cu2(btc)(OH)(H2O) + btc− + H+ (5.1) 

 
 
 

Figure 5.1: XRD patterns of the samples obtained in this work. The JCPDS file numbers 21-1272 and 86- 

0147 were used as the references for anatase and rutile, respectively. Such JCPDS cards are also exhibited for 

reference purposes. 

 

 
After the chemical modification of HKUST-1 with TiO2, a diffraction line ascribed to rutile 

at 2 around 27.5° was detected, commonly associated with its (110) crystal plane [117]. The 

crystallization of rutile was not expected since, at standard conditions of pressure, anatase 

only transforms into rutile at temperatures above 500 ºC [118]. However, the acidification of 

the solution during the transformation of Cu3(btc)2 into Cu2(btc)(OH)(H2O) could have 

favored rutile formation due to the low concentration of OH- ligands in Ti(IV) complexes, 

allowing corner-shared bonds to give rise to the TiO2 framework [119]. No XRD reflections 

associated with anatase were observed for TiO2@Cu-btc. 
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Regarding the crystalline phases of titania, it has been reported that anatase has a higher 

photoactivity than rutile [120]. This behavior seems to be related to several factors. Some 

authors reported that anatase has a higher adsorption capacity, smaller particle size, and larger 

specific surface area than rutile [110]. Besides, it has been suggested that anatase has a lower 

recombination rate of charge carriers than rutile, which increases the concentration of photo- 

generated electrons and holes on the former surface. All these factors contribute to the 

enhanced photoactivity of anatase when compared to rutile [121]. 

 
Figure 5.2 depicts the FTIR spectra taken for MIL-100(Al), TiO2@MIL-100, HKUST-1, and 

TiO2@Cu-btc. The inset displayed in this Figure shows the FTIR spectrum collected for a 

pure TiO2 sample, mainly formed by anatase. The spectra obtained for MIL-100(Al) and 

HKUST-1 are analogous to those reported elsewhere [122–124]. Additional absorption bands 

are noticed when the spectra of TiO2-loaded samples are compared to those collected for the 

pure MOFs. The bands observed from 400 to about 920 cm-1 have been assigned to Ti–O 

bonds [125,126]. The features at 1390 and 1490 cm-1 are associated with CH3 and CH2 

bending modes [127]. These bands can be related to IPrOH used in the sol-gel synthesis of 

TiO2 or EtOH and DMF derived from the MOFs preparation. It can be observed that the 

bands ascribed to Ti−O bonds are so strong in TiO2@MIL-100 that the absorption bands 

ascribed to MIL-100(Al) from 400 to 770 cm-1 are not visible in the composite; the 

superposition of the absorption bands related to TiO2 and MIL-100(Al) does not allow 

identifying the latter signals in the composite's spectrum. The same behavior is not observed 

for TiO2@Cu-btc, where the copper trimesate (mainly Cu2(btc)(OH)(H2O)) absorption bands 

from 400 to 800 cm-1 are still perceptible in the composite. 
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Figure 5.2: FTIR spectra obtained for (a) MIL-100(Al) and TiO2@MIL-100 and (b) for HKUST 1 and 

TiO2@Cu-btc. Inset: reference spectrum obtained for a pure TiO2 sample. 

 

 

Figure 5.3 depicts the Raman spectra of the MOFs and composites prepared in this study. It 

is also displayed the reference spectra for anatase and rutile; differently from the observed 

for FTIR, these two polymorphs' spectra are easily distinguished by Raman spectroscopy. 
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Figure 5.3: Raman spectra collected for (a) MIL-100(Al) and TiO2@MIL-100 and (b) for HKUST-1 and 

TiO2@Cu-btc. Inset: reference spectra for anatase and rutile. 

 

 

The spectra obtained for MIL-100(Al) and HKUST-1 are similar to those reported in the 

literature [128,129]. The spectrum of TiO2@MIL-100 is similar to the observed for anatase; 

bands of the latter are highlighted in Figure 5.3a. The bands at 153, 405, 518, and 642 cm-1 

have been ascribed to Eg, B1g, B1g + A1g, and Eg vibration modes of anatase [130,131], 

revealing that titania is present in this polymorphic phase in MIL-100(Al), which agrees 

with XRD (Figure 5.1). The incorporation of TiO2 into copper trimesate gave rise to a new 

band at 170 cm-1 (Figure 3b). Moreover, the bands at 225 cm-1 and 825 cm-1 which are 

related to Cu−Cu stretching [38,132] and C−H bending of the btc ligand [133], respectively, 

are present in HKUST-1 and TiO2@Cu-btc. This behavior was already expected since these 

bondings are present in both materials [116]. Bands assigned to rutile were identified in the 

spectrum of TiO2@Cu-btc, which is also in line with XRD (Figure 1). The bands at about 

225, 425, and 600 cm-1 have been related to second-order scattering (SOS), Eg, and A1g 

modes of rutile [134]. Nonetheless, rutile bands are observed at lower intensities in 

TiO2@Cu-btc than the 
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anatase bands in TiO2@MIL-100. This behavior is in line with FTIR (Figure 5.2) and may 

reveal TiO2 nanoparticles are present at a higher concentration in TiO2@MIL-100 than in 

TiO2@Cu-btc. This finding is probably due to the non-porous structure of 

Cu2(btc)(OH)(H2O) [116], which suggests that TiO2 crystallized on its surface. However, 

due to the high porosity of MIL-100(Al), titania crystallized within its porous structure, 

leading to a higher amount of TiO2 in it. 

 
The bandgap energy (Egap) of the prepared materials was evaluated by plotting the so-called 

Kubelka-Munk function [(F(R)h)n] as a function of the photon energy (h), where h is 

Planck constant (4.14  10-15 eV.s) and  is the photon frequency (Hz). F(R) can be calculated 

by Equation (2), where R is the reflectance (%) assessed by UV-Vis spectroscopy. 

 
 

F(R) = 
(1 − R)2 

2R 

 
(5.2) 

 

The index n is associated with the transition exhibited by an electron when promoted from 

the valence band to the conduction one. It has been reported n = ½ for an indirect allowed 

transition, n = 2 for a direct allowed transition, n = 3 for an indirect forbidden transition, and 

n = ⅔ for a direct forbidden transition [135]. Direct allowed transitions occur when the 

electron is directly promoted to the conduction band with no phonons' absorption or emission. 

Phonons play an essential role in direct forbidden transitions and are less likely to occur. 

Indirect transitions are observed when at least one phonon participates in the absorption or 

emission of another phonon. Both direct and indirect transitions can occur in semiconductor 

materials [136]. TiO2 has an indirect bandgap, and we considered n = ½ in our calculations, 

as recommended elsewhere [137]. Egap was estimated by extrapolating the line tangent to the 

inflection point of (F(R)h)1/2, as represented in Figure 5.4. 
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Figure 5.4: [F(R)h]1/2 as a function for the photon energy for the samples prepared here. 

 

 

It was noted that the addition of TiO2 decreased the value of Egap for MIL-100(Al) from 3.70 

to 3.27 eV. On the other hand, no noticeable change in this value was observed between 

HKUST-1 and TiO2@Cu-btc, since Egap remained around 3.32 eV. Anatase and rutile are 

reported to have Egap around 3.2 and 3.0, respectively [138]. This result shows that the 

addition of TiO2 to MIL-100(Al) had a significant effect on its electronic structure. This 

reinforces that TiO2 nanoparticles are present within MIL-100(Al)’s porous structure. 

Furthermore, as evidenced by FTIR and Raman spectroscopies (Figure 5.2 and Figure 5.3), 

TiO2 anatase is present at a significant concentration in MIL-100(Al); whereas TiO2 rutile 

was observed at a slight concentration in Cu2(btc)(OH)(H2O) powder, which also contributes 

to this finding. 

 
Figure 5.5 displays TG and DTG profiles assessed for the samples prepared in this study. 

The profiles obtained for the pure MOFs are similar to those already reported in the literature 

[139,140]. 
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Figure 5.5: TG and DTG profiles obtained for (a) MIL-100(Al) and TiO2@MIL-100 and (b) for HKUST-1 

and TiO2@Cu-btc. 

 

 
The mass loss at temperatures up to 100 °C is ascribed to the removal of water and other 

physisorbed molecules [36]. MIL-100(Al) exhibited a mass loss of 13% at temperatures up 

to 200 °C, while HKUST-1 lost 10% in mass up to 100 ºC. However, TiO2@Cu-btc lost 7.1% 

in mass at temperatures from 100 to 200 °C which is ascribed to the coordinated water in 

Cu2(btc)(OH)(H2O) powder [116,141], reaching a total loss of 8.7% of its initial mass up to 

200 °C. TiO2@MIL-100 only lost 5% in mass in temperatures up to 200 °C. The sharp 

decrease in weight experienced by all the materials at temperatures about 300 and 400 °C has 

been associated with the elimination of organic linkers from their structures [36,142,143]. A 

distinct behavior is noticed when the TiO2-containing samples are compared to the pure 

MOFs as the former had a smaller mass loss than the latter at the end of the analysis. This 

difference is related to the presence of TiO2 in these materials, which displays higher thermal 

stability than the MOFs in the examined temperature range [144]. Moreover, the TiO2@MIL- 

100 and TiO2@Cu-btc were submitted to a pre-drying step during their preparation, leading 
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to prior dehydration and a lower mass loss at temperatures up to 200 °C. The difference in 

the thermal behavior of pure and TiO2-loaded materials is more noticeable for TiO2@MIL- 

100 than TiO2@Cu-btc, confirming that TiO2 is present in a larger amount in the former 

compared to the latter. This finding is in line with the XRD, FTIR, and Raman results (Figure 

5.1 and Figure 5.3) and can be related to the available surface for the nucleation of TiO2 

nanoparticles. 

 
A mass balance was carried out to evaluate the amount of TiO2 present in the composites. 

This calculation is expressed in Equation (5.3), where MD is the mass of the dried material 

(g), ML is the mass of ligand (g), and MC is the mass of the calcinated material (g), all 

considered for the material j (j = MOF or TiO2@MOF). The mass values observed at 400 

ºC, 400-600 ºC, and 800 ºC were considered for calculating MD, ML, and MC for MIL- 

100(Al)’s compounds, respectively. For HKUST-1 and TiO2@Cu-btc the temperatures were 

250 ºC (MD), 250-400 ºC (ML), and 800 ºC (MC). 

 
MD

j  
= ML

j 
+ MC

j 
(5.3) 

 

Since the MOFs were the matrix used to prepare TiO2@MOFs, one should expect that after 

the calcination, the mass that remains in the TiO2@MOFs is partially due to TiO2 and 

partially due to the residues of MOF’s structures, as shown in Equation (5.4), where 

MMOF_TiO2@MOF and MTiO2_TiO2@MOF are related to the mass of MOF and TiO2 in the 

TiO2@MOF composite, respectively. 

 
MMOF_TiO2@MOF + MTiO2_TiO2@MOF = MDTiO2@MOF 

(5.4) 

 
Moreover, these residues are the same obtained after the calcination of pure MOFs. Thus, a 

ratio between the masses of calcined and dried pure MOFs is related to its contribution to 

the final mass of the calcinated TiO2@MOF, as demonstrated in Equation (5.5). 

 

MMOF_TiO2@MOF × 
MCMOF + M 
MDMOF 

 

TiO2_TiO2@MOF = MCTiO2@MOF 

 

(5.5) 
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This calculation revealed that the mass fraction of titania in dry TiO2@MIL-100 and 

TiO2@HKUST-1 are around 68 wt.% and 9.3 wt.%, respectively. This confirms that TiO2 

has been incorporated in a significant amount within MIL-100(Al)’s porous structure, 

whereas its fraction in Cu2(btc)(OH)(H2O) is comparatively poor due to the non-porous 

structure of this copper trimesate. 

 
Figure 5.6 shows SEM images, TEM micrographs, and EELS spectra taken for MIL-100(Al) 

and TiO2@MIL-100. Particles with sharp edges are observed for MIL-100(Al), which agrees 

with the literature [145,146]. 

 
 

Figure 5.6: (a) SEM micrographs (top), TEM micrographs, and EELS spectrum of MIL-100(Al). (b) TEM 

images, EELS spectrum, and SAED pattern of TiO2@MIL-100. The location from which the EELS spectrum 

was taken is identified with a cross (+). 
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As was expected, the EELS spectrum of this material identified carbon, oxygen, and 

aluminum. A distinct morphology was noticed for TiO2@MIL-100, where TiO2 

nanoparticles with sizes as small as 5 nm were observed anchored to the TiO2@MIL-100’s 

crystals.  

 

SAED analyses revealed that the titania nanoparticles observed in these micrographs are 

related to anatase; the SAED pattern taken for a TiO2 nanoparticle is displayed in Figure 

5.6b, where it is possible to observe the main Debye-Scherrer concentric rings of anatase. 

This result is in line with XRD (Figure 5.1), which also pointed out that anatase is the main 

phase in TiO2@MIL-100. The EELS spectrum collected for a titania nanoparticle is exhibited 

in Figure 5.6b. The molar composition (mol.%) of this particle is 34Ti−66O, which gives a 

ratio of 2O: 1Ti, as expected for TiO2. Figure 5.7 displays the EDS spectra and composition 

maps obtained for TiO2@MIL-100. These results reveal that titania is mainly observed near 

the aluminum sites, reinforcing that TiO2 mainly crystallized inside the MOF's pore structure. 

 
 

Figure 5.7: EDS spectra and compositional maps obtained for TiO2@MIL-100. The positions from which the 

EDS spectra were taken are indicated in these images. 
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SEM images, TEM micrographs, and EELS spectra of HKUST-1 and TiO2@HKUST-1 are 

shown in Figure 5.8. Octahedral-shaped particles were observed for HKUST-1, which agrees 

with the literature [107]. 

 
 

Figure 5.8: (a) SEM micrographs (top), TEM micrographs, and EELS spectrum of HKUST-1. (b) TEM 

images, EELS spectrum, and SAED pattern of TiO2@Cu-btc. The location from which the EELS spectrum 

was taken is identified by a cross (+). 

 

 
However, the same crystal morphology was not observed in the TEM displayed in Figure 

5.8a, suggesting that the MOF's structure collapsed during the sample preparation (sonication 

in EtOH at room temperature for 5 min), which highlights its low chemical stability. The 

EELS spectrum collected for a titania nanoparticle is exhibited in Figure 5.6b. The molar 

composition (mol.%) of this particle was also 12Ti – 74O – 14Cu, differing from TiO2@MIL- 

100. This is due to the environment where the EELS spectra were taken: in the former, the 

TiO2 nanoparticle is rounded by others including underneath it; in the latter, it is rounded 

mostly by the copper trimesate phase, which contributes to the detection of copper and also 
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rises the concentration of oxygen (see Figure 5.6 and Figure 5.8). Needle-shaped crystals are 

observed in Figure 5.9, which is in accord with the morphology of Cu2(btc)(OH)(H2O) 

crystals [38,116]. Moreover, TiO2 nanoparticles of about 6 nm in size were observed 

anchored on the needle-like crystals of Cu2(btc)(OH)(H2O) (Figure 5.8). A concentric 

Debye-Scherrer ring ascribed to the (110) crystal plane of rutile was observed in the obtained 

SAED pattern (Figure 5.8b), confirming that TiO2 crystalized as rutile. Figure 5.9 displays 

the EDS spectrum and a composition map obtained for TiO2@Cu-btc. These results reveal 

that titania is only present at the surface of Cu2(btc)(OH)(H2O)’s crystals and not necessarily 

close to its metal sites, as in TiO2@MIL-100. 

 

 
 

 

Figure 5.9: SEM image, EDS spectrum, and compositional map obtained for TiO2@Cu-btc. The area from 

which the EDS spectrum was taken is highlighted in the SEM micrograph. 

 

 
Figure 5.10 shows the gas sorption isotherms collected in this study. N2 at 77K was used to 

analyze MIL-100(Al), TiO2@MIL-100, and HKUST-1, while TiO2@Cu-btc was examined
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with Kr at 77K due to the low porosity of this sample compared to HKUST-1. The specific 

surface areas (SSA) of the compounds were calculated by the multipoint BET method. 

 

 
 

 
Figure 5.10: Gas sorption isotherms and pore size distributions of the samples prepared in this work. MIL- 

100(Al), TiO2@MIL-100, and HKUST-1 were examined using N2, while TiO2@HKUST was analyzed with 

Kr. 

 

 

MIL-100(Al) showed an SSA of 1787 m2.g-1, but this value lowered to 417 m2.g-1 after 

incorporating TiO2 into the MOF. This finding reinforces that TiO2 nanoparticles are also 

present both inside its framework and on the surface of its crystals, causing a partial blockage 

of pores. On the other hand, the coper trimesate experienced a variation of SSA from 1360 

to 8 m2.g-1 after incorporating TiO2 into it, highlighting the low porosity of 

Cu2(btc)(OH)(H2O) and, by consequence, TiO2@Cu-btc. According to IUPAC [147], MIL- 

100(Al) and HKUST-1 have a type-I isotherm usually reported for these materials [35,116]. 

TiO2@MIL-100 displays a type-IV isotherm, commonly associated with mesoporous 

materials. Its higher mesoporosity when comparing to MIL-100(Al) (which also presents 
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pores with more than 2 nm in diameter) can be explained by the collapse of some of its 

cavities during the growing processes of TiO2 nanoparticles [148]. It is worth stressing that 

such nanoparticles were able to grow up to 5 nm in size (Figure 5.6). The slight difference 

between the adsorption and desorption branches in this sample can be due to the strong 

interaction between the N2 molecules and Ti sites present in this MOF. Due to its low 

porosity, TiO2@Cu-btc was evaluated only at relative pressures below 0.30, which is 

adequate to determine its SSA by the BET method, but insufficient to examine its isotherm 

deeply. 

 
Incorporating TiO2 into MIL-100(Al) gave rise to pores between 4 and 10 nm. In comparison, 

pores with sizes around 1.7 nm disappeared in MIL-100(Al) after this chemical modification, 

suggesting a partial blockage of the MOF's pore structure by TiO2 nanoparticles and 

supporting that some of its cavities were collapsed by their growing process. This guarantees 

that TiO2 nanoparticles could access the MOF's pore network and are also present inside the 

pores, which agrees with the EDS compositional map displayed in Figure 5.7. 

 

Figure 5.11a and Figure 5.11b display spin trapping EPR spectra obtained with DMPO spin 

trap (100 mM) in aqueous solutions containing either TiO2@MIL-100 or TiO2@Cu-btc. 

While the dark spectrum of TiO2@MIL-100 does not present any paramagnetic species, after 

10 min of UVA illumination, signals due to different spin adducts appeared. On the other 

hand, the EPR spectrum of sample TiO2@Cu-btc shows different spin adducts even in the 

dark that are transformed after 10 min UVA illumination. The presence of spin adducts 

without TiO2@Cu-btc catalyst illumination indicates that ROS were present even before 

adding the spin trap, which probably remains from the transformation of HKUST-1 into 

Cu2(btc (OH)(H2O).  
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Figure 5.11: EPR spin trapping experiments with DMPO spin trap in aqueous solution (100 mM) containing 

either (a) TiO2@MIL-100 or (b) TiO2@Cu-btc catalysts. The experimental EPR spectra were obtained in the 

dark (black) and after 10 min UVA illumination (dark green). Simulated EPR spectra (red line) for the DMPO 

spin adducts: DMPO* (magenta, aN = 1.46 mT), DMPO/•OH (blue, aN = aH(β) = 1.50 mT), and DMPO/•H 

(orange, aN = 1.56 mT and aH(β) = 2.39 mT). The reader is encouraged to see this Figure in color in the 

online version of this work. 

 

 

Two different spin adducts are clearly observed in Figure 5.11a and Figure 5.11b after UVA 

illumination; they were identified using the Easyspin simulation software [149]. The EPR 

signal of the first spin adduct (blue line in Figure 5.11a and Figure 5.11b) is characterized by 

a hyperfine interaction between an unpaired electron (S = ½), arising from a nitroxide group 

with the nuclear spin (I = 1) of 14N (99.6%), and which also interacts with the nuclear spin (I 

= ½) of the hydrogen atom (1H) at the β-site of the molecule, giving rise to six possible 

electronic spin transitions. The values of the isotropic hyperfine interaction constants 

obtained after simulating this spectrum were aN = aH(β) = 1.50 mT, which agrees with the 

values already reported for the DMPO/•OH adduct [150,151]. The spin adduct identified as 

DMPO* (magenta line in Figure 5.11a and Figure 5.11b) is not associated with the capture 

of any specific ROS but instead with the deprotonation of DMPO, resulting in a hyperfine 

interaction triplet between the electronic spin and the nuclear spin I = 1 of 14N (aN = 1.46 

mT) [152]. This signal can be related to the interaction of the UVA light with DMPO 
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molecules. The formation of hydroxyl radicals (•OH) during the UVA illumination of 

TiO2@MIL-100 indicates the production of ROS from the exchange of charge carriers 

between the catalyst and the solvent (Type I mechanism). Another ROS which is probably 

formed during the illumination of the suspended catalyst particles is the superoxide radical 

(•O2
-), which is formed from excited electrons in the catalyst particles and molecular oxygen 

dissolved in the solvent. The absence of spin adducts associated with the capture of •O2
- is 

probably due to its short half-life (a few seconds). The DMPO/•OH spin adduct may be due 

to a direct formation process involving hydroxyl radicals or a secondary formation process 

involving superoxide radicals [153]. 

 
Figure 5.12a exhibit the EPR spectra taken for TiO2@MIL-100 in the presence of PBN spin 

trap (200 mM) in a 1:1 ethanol-water solution for different UVA illumination times (in 

between 0 and 30 min). Despite the lower diversity of ROS interacting with PBN, the choice 

of this spin trap was based on the high stability of its spin adducts, allowing the evaluation 

of the kinetics of radical generation. The EPR spectrum collected during the illumination of 

TiO2@MIL-100 is specific to the capture of the -hydroxyethyl radical (H3C–•CH–OH) by 

PBN (Figure 5.12b). The signal arises from six spin transitions and is explained by the 

hyperfine interaction of an unpaired electron centered on oxygen, with the nuclear spin (I = 

1) from 14N and in addition, also with the nuclear spin (I = ½) of 1H at the β-site of the 

molecule. The values of the isotropic hyperfine interaction constants obtained by spectrum 

simulation (red line, Figure 5.12b) were aN = 1.48 mT and aH(β) = 0.30 mT, values consistent 

with those already reported elsewhere [154]. The formation of the -hydroxyethyl radical 

results from the interaction between hydroxyl radicals and ethanol molecules present in the 

medium. The use of PBN as a spin trap confirmed the generation of the •OH radicals, similar 

to the spin trapping experiment with DMPO, from TiO2@MIL-100 and evidenced its ability 

to exchange charge carriers with the solvent molecules under illumination with UVA light. 

The same spin trapping experiments were also done with the TiO2@Cu-btc catalyst sample. 

However, no PBN spin adducts were generated with this catalyst under UVA light. 



62  

 
 

Figure 5.12: (a) PBN spin trapping EPR spectra obtained for a 1:1 ethanol-water solution containing 

TiO2@MIL-100 catalyst as a function of the UVA illumination time (0 to 30 min). (b) EPR spectrum 

obtained for TiO2@MIL-100 sample after 20 min of UVA illumination (black line). The red line corresponds 

to the spectrum simulation conducted for the α-hydroxyethyl PBN spin adduct. (c) Concentration of the PBN/ 

H3C–•CH–OH spin adduct as a function of the UVA illumination time for TiO2@MIL-100 (red dots) and 

TiO2@Cu-btc (blue dots). The reader is encouraged to see this Figure in color in the online version of this 

work. 

 

 

The evaluation of the concentration of spin adducts generated upon the capture of - 

hydroxyethyl by PBN during UVA illumination was performed from double integration of 

the EPR signals (Figure 5.12a) and compared with the signal intensity of a sample of known 

concentration (TEMPOL, 4-Hydroxy-Tempo, Sigma-Aldrich, 1 mM). The kinetics of spin 

adduct generation for the two samples are displayed in Figure 5.12c. The uncertainty in the 

spin adduct concentration is assumed to be within 10% of the value obtained by integration. 

The linear function associated with the spin adduct generation kinetics for sample 

TiO2@MIL-100 is characteristic of a 1st order regime, i.e., •OH radical formation by charge 

carrier exchange during UVA illumination is a primary process and is not a secondary 

process resulting from cross-reactions. 
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The generation kinetics of spin adduct (PBN/ H3C–•CH–OH) exhibited in Figure 5.12c 

establishes the photocatalytic activity of TiO2@MIL-100 under illumination with UVA light. 

However, this characteristic is negligible on TiO2@Cu-btc. Therefore, the stability of the 

MIL-100(Al) and its capacity of retaining TiO2 nanoparticles inside its porous network 

guarantees numerous photocatalytic applications to TiO2@MIL-100. 

 
5.2 Photocatalytic tests 

 

The adsorption and photodegradation of MB under UV light are shown in Figure 5.13. One 

can see that MIL-100(Al) presented higher adsorption capacity when comparing to the other 

compounds (it removed 45% of MB in the first 60 minutes, followed by TiO2@MIL-100 

with 33%, TiO2@HKUST-1 with 32%, and HKUST-1 with 0%). This result is consistent 

with the higher SSA of the aluminum trimesate (1787 m2.g-1). As expected, the 

functionalization with TiO2 decreased its adsorption capacity, probably due to the partial 

blockage of the MOF’s pores and the decrease in its SSA (SSATiO2@MIL-100 = 417 m2.g-1). A 

different behavior was present in TiO2@Cu-btc and HKUST-1. Despite its much higher 

SSA (1360 m2.g-1), HKUST-1 was not able to remove any amount of dye; whereas 

TiO2@Cu-btc removed 32% of MB in dark conditions despite its low SSA (8 m2.g-1). This 

can be explained by an interaction between the positive charge of MB and the negative 

radicals present in TiO2@Cu-btc’s surface, as showed by spin trap EPR results. After 

illumination with the UVA light, TiO2@MIL-100 was able to remove approximately 93% 

of MB; followed by TiO2@Cu-btc, MIL-100(Al), and HKUST- 1, with 80%, 64%, and 

20%, respectively. 
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Figure 5.13: C/C0 as a function of time on dark and irradiated conditions over MB. 

 

 

The UV-Vis spectra and molecular structures of IBP and DIC are shown in Figure 14. IBP 

has a strong absorption band at 194 nm and a smaller one at 222 nm. Those bands have been 

related to π-π* transitions on its aromatic ring [155]. There is a bathochromic shift, also 

called redshift, in the spectrum of DIC compared to IBP. This behavior causes the absorption 

bands to shift towards longer wavelengths due to an additional aromatic ring observed in 

DIC's structure, and the nitrogen unpaired electrons. This scenario causes a higher 

delocalization of the electronic cloud and a noticeable shift in the absorption bands. DIC 

displays a strong absorption band at 198 nm and a broad one at 276 nm, associated with 

HOMO to LUMO transitions in π-π* orbitals [156]. 
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Figure 5.14: UV-Vis spectra and structural representation of IBP and DIC. Absorption spectra collected 

using aqueous solutions of IBP and DIC (10 mg.L-1). 

 

 

As observed in Figure 5.15, the addition of the MOF samples prepared here into aqueous 

solutions containing either IBP or DIC also caused a redshift on the spectra. This effect was 

more evident for KHUST-1 than for MIL-100(Al), and it has been ascribed to a pH change 

[62,157]. The initial pH of the water used in the photodegradation experiments was around 

8.0. However, it lowered to 6.0 after reaching the adsorption equilibrium between the 

pollutant and samples, probably due to the deprotonation of carboxylic functions of the 

organic ligand, as well as the dissolution of Lewis acid Cu2+ cations in the case of the copper 

trimesate compounds. 
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Figure 5.15: Absorption spectra of aqueous IBP and DIC solutions containing photocatalysts prepared in this 

work. These spectra were taken 12 h after preparing the solutions. The reader is encouraged to consult the 

online version of this Figure to see it in color. 

 

 

As shown in Figure 5.16 and Figure 5.17, IBP and DIC solutions' illumination with UVA 

light caused a noticeable change in their UV-Vis spectra. This change is barely observed 

for solutions containing pure MOFs. However, it is clearly noticed for titania-loaded samples 

because the absorption spectra had a dramatic decrease in intensity as a function of time. A 

new absorption band centered at about 260 nm was noticed for IBP after 240 min of UVA 

illumination. This band has been related to p-Isobutyl-phenol as a by-product of IBP 

photodegradation, which is reinforced by the presence of an isosbestic point at 245 nm [158]. 

This compound results from IBP's decarboxylation due to its interaction with superoxide 

anion radicals (•O2
-) formed under UVA light [62]. 
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Figure 5.16: Effect of UVA illumination on the UV-vis absorption spectrum of IBP. 

 

 

 
 

 

Figure 5.17: Effect of UVA illumination on the UV-vis absorption spectrum of DIC. 
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The Langmuir-Hinshelwood (L-H) kinetic model has been widely used to examine the 

degradation of organic pollutants by semiconductor photocatalysts [88]. It is based on 

Equation (5.6), where r is the pollutant oxidation rate (mg.L-1min-1), C the pollutant 

concentration (mg.L-1), t the irradiation time (min), k the reaction rate (mg.L-1min-1), and K 

the adsorption coefficient (L.mg-1). 

 
dC 

r =  = 
dt 

kKC 

1 + KC 

 

(5.6) 

 

Equation (5.6) can be rewritten for highly diluted solutions as expressed in Equation (5.7), 

where C0 and C are the pollutant concentrations at the initial time and at a time t (mg.L-1), 

and kapp (min-1) is the apparent first-order rate constant. 

 
C 

ln ( 
C
0 

) = −kappt (5.7) 

 
 

One notices from Equation (5.6) that kapp can be inferred by plotting ln(C/C0) as a function 

of time. 

 
The photodegradation of IBP under UVA illumination is displayed in Figure 5.18. The 

incorporation of TiO2 into MIL-100(Al) and into the copper trimesate powder enhanced the 

photodegradation of this drug. Nonetheless, this effect was much more pronounced for MIL- 

100(Al), as expected since TiO2 is present at a high concentration and in the form of anatase 

in this solid. While MIL-100(Al) removed 7% of IBP within 6 hours of illumination, 

TiO2@MIL-100 was able to remove 62%. HKUST-1 and TiO2@Cu-btc removed, at the same 

time, only 1 and 8%, respectively. Figure 5.18b displays the plot of ln (C/C0) as a function 

of time. As expressed in Equation (5.7), kapp is given by the slope of this curve. MIL-100(Al) 

and KHUST-1 have kapp
IBP 

of around 2.1  10-4 and 4.0  10-6 min-1, respectively. On the 

other hand, TiO2@MIL-100 and TiO2@Cu-btc have kapp
IBP 

as high as 5.4  10-3 and 3.3  

10-4 min-1, respectively. 
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Figure 5.18: (a) C/C0 and (b) ln C/C0 as a function of IBP's illumination time. 

 

 

Similar behavior was observed on the photodegradation of DIC as displayed in Figure 5.19. 

MIL-100(Al) and HKUST-1 displayed a kapp
DIC 

of around 5.7  10-4 and 1.8  10-5 min-1, 

respectively. On the other hand, the modified materials, namely TiO2@MIL-100 and 

TiO2@Cu-btc, have kapp
DIC  

of 3.4  10-3 and 4.3  10-4 min-1, respectively. In this case, MIL- 

100 removed 12% of DIC within 6 hours of illumination and TiO2@MIL-100 was able to 

remove 54%. HKUST-1 and TiO2@Cu-btc removed, at the same time, only 2 and 9%, 

respectively. 
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Figure 5.19: (a) C/C0 and (b) ln C/C0 as a function of DIC's illumination time. 

 

 

In both cases, the composites presented a better photoactivity than the pure MOFs. However, 

TiO2@Cu-btc has a much lower photoactivity than TiO2@MIL-100 which is related to its 

non- porous structure and, consequentially, to a smaller concentration of titania in this 

composite, as evidenced by XRD, FTIR, Raman, TG, SEM, and TEM (Figure 5.1 to Figure 

5.9). Moreover, XRD and SAED patterns revealed that titania is present as rutile in 

TiO2@Cu-btc, which has a lower photocatalytic activity than anatase (main crystalline 

phase of titania in TiO2@MIL-100). These properties justify the lower photocatalytic 

activity of TiO2@Cu-btc compared to TiO2@MIL-100. In a further step, we plan to promote 

chemical etching of TiO2@MIL-100, aiming to remove MIL-100(Al) and give rise to a thin 

titania shell. In this way, MIL-100(Al) will play a template role, allowing the preparation of 

titania samples with high surface areas and photocatalytic activities. The same procedure 

can be applied with TiO2@Cu-btc aiming to produce rutile nanoparticles. Studies show that 

these polymorphic phases can present higher photoactivity when mixed together than 

separately [159,160]. Such results will be reported in future work. 
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6 CONCLUSIONS 

 

In this work, MIL-100(Al) and HKUST-1 were successfully prepared by hydrothermal 

treatment. These materials presented surface areas up to 1787 m2.g-1 and were subsequently 

submitted to a chemical modification step, where the incorporation of sol-gel derived 

titania gave rise to new composites (TiO2@MIL-100 and TiO2@Cu-btc). The MIL-100(Al) 

withstood this step without displaying a collapse of its crystal structure, as proved by the 

maintenance of its main XRD peaks (220) and (311). However, due to the hydrolysis of 

copper-oxygen bonds, HKUST-1’s structure did not outstand its chemical modification. 

Hence, a new non-porous copper-trimesate phase, known as Cu2(btc)(OH)(H2O), was 

formed. In this case, the TiO2-modified composite, or TiO2@Cu-btc, presents its main 

peaks at 2θ about 9.0° and 10.0°. The presence of TiO2 was observed on both modified 

MOFs’ XRD. TiO2@MIL-100 presented peaks ascribed to anatase, and TiO2@Cu-btc to 

rutile. This evidence could not be supported by the study carried out with FTIR since these 

two polymorphic phases are not distinguished by this technique. However, Raman 

spectroscopy revealed band signatures that are ascribed to anatase and rutile in TiO2@MIL-

100 and TiO2@Cu-btc, respectively. In this case, they are easily distinguished. 

 

TiO2 nanoparticles were observed by SEM and TEM microscopies anchored on the surface 

and within MIL-100’s framework. SAED pattern confirmed their crystallization as anatase, 

and EDS chemical mapping revealed that they are distributed preferentially near aluminum 

sites. It was verified by TG analysis that the loading of titania in this sample was around 68 

wt.%. The N2 sorption tests showed a reduction in the SSA from 1787 to 417 m2.g-1 after 

titania incorporation. The presence of a higher mesoporosity was also verified on 

TiO2@MIL-100, which is related to the collapse of some structural caves during the growth 

of TiO2 nanoparticles. EPR results showed that TiO2@MIL-100 was able to induce the 

formation of hydroxyl radicals during the UVA illumination. These entities are, in part, 

responsible for the degradation of IBP and DIC under UVA illumination. Titania insertion 

led to materials with narrower bandgaps (3.70 against 3.33 eV) and a higher capacity to 

degrade IBP (Kapp = 5.4  10-3 min-1) and DIC (Kapp = 3.4  10-3 min-1) under UVA 

illumination in comparison to MIL-100(Al) (Kapp = 2.1  10-4 and Kapp = 5.7  10-4 for IBP 

and DIC, respectively). IBP degradation led to the formation of a co-product that was  
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identified as being the p-Isobutyl-phenol, which was confirmed by UV-vis spectra: the 

characteristic band at 260 nm and the presence of an isosbestic point at 245 nm matches 

with other literature reports. 

 

Despite the observed structural change in HKUST-1 and the fact that its bandgap (3.33 eV) 

remained constant after TiO2 incorporation, the process was able to form rutile anchored on 

the surface of Cu2(btc)(OH)(H2O) crystals, as revealed by SEM and TEM microscopies. In 

this case, the SAED pattern presents rings associated with the (110) plan of rutile, and the 

EDS chemical mapping showed that titanium is homogeneously distributed along the 

Cu2(btc)(OH)(H2O) crystals. This led to an increase on its Kapp from 4.0  10-6 to 3.3  10-4 

min-1 for IBP and from 1.8  10-5 to 4.3  10-4 min-1 for DIC. TG analysis showed that the 

loading of titania in this sample was around 9 wt.%. The N2 sorption tests showed a 

reduction in the SSA from 1360 to 8 m2.g-1 after titania incorporation, which highlights the 

non-porosity structure of TiO2@Cu-btc. EPR results showed that TiO2@Cu-btc was not 

able to induce the formation of ROS under UVA illumination. This can be related to the 

extremely low concentration of rutile in this sample, due to its crystallization only at its 

surface. 

 

A high crystalline, porous, and photoactive TiO2@MOF composite was successfully 

produced through the impregnation of MIL-100 with anatase nanoparticles. It was proved 

that this material presents a good balance between its SSA and its photocatalytic activity. 

Moreover, the chemical stability of the sample during TiO2 insertion was fundamental to 

this photocatalytic improvement as HKUST-1 did not present the same results due to its 

modification towards a non-porous copper trimesate. This proves that MOFs can be great 

candidates to anchor semiconductors' nanoparticles and combine their elevated SSA and 

photocatalytic properties to create efficient photoactive materials. In further steps, a 

chemical etching of the TiO2@MIL-100 is envisaged for the production of highly dispersed 

anatase nanoparticles. This principle can be extended to TiO2@Cu-btc to produce rutile 

nanoparticles. 
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6 CONCLUSÕES 

 

Neste trabalho, MIL-100 (Al) e HKUST-1 foram preparados com sucesso por tratamento 

hidrotérmico. Esses materiais apresentaram áreas superficiais de até 1.787 m2.g-1 e foram 

posteriormente submetidos a uma etapa de modificação química, onde a incorporação do 

titânia sol-gel deu origem a novos compósitos (TiO2@MIL-100 e TiO2@Cu-btc) . O MIL-

100(Al) resistiu a esta etapa sem apresentar colapso de sua estrutura cristalina, conforme 

comprovado pela manutenção de seus principais picos de DRX (220) e (311). No entanto, 

devido à hidrólise das ligações cobre-oxigênio, a estrutura do HKUST-1 não superou sua 

modificação química. Assim, uma nova fase de trimesato de cobre, não porosa, conhecida 

como Cu2(btc)(OH)(H2O), foi formada. Nesse caso, o compósito modificado com TiO2, ou 

TiO2@Cu-btc, apresenta seus picos principais em 2θ cerca de 9,0 ° e 10,0 °. A presença de 

TiO2 foi observada no XRD de ambas as MOFs modificadas. TiO2@MIL-100 apresentou 

picos atribuídos à fase anatasio e, TiO2@Cu-btc, ao rutilo. Esta evidência não pôde ser 

suportada pelo estudo realizado com FTIR, uma vez que estas duas fases polimórficas não 

são distinguidas por esta técnica. No entanto, a espectroscopia Raman revelou assinaturas 

de banda que são atribuídas ao anatasio e ao rutilo no TiO2@MIL-100 e TiO2@Cu-btc, 

respectivamente. Nesse caso, eles são facilmente distinguidos.  

 

Nanopartículas de TiO2 foram observadas por microscopias SEM e TEM ancoradas na 

superfície e dentro dos cristais do trimesato de alumínio. O padrão SAED confirmou sua 

cristalização na forma de anatasio e o mapeamento químico feito por EDS revelou que os 

átomos de Ti estão distribuídos preferencialmente perto dos de alumínio. Foi verificado por 

análise de TG que o carregamento de titânia nesta amostra foi em torno de 68% em peso. 

Os testes de sorção de N2 mostraram redução da SSA de 1787 para 417 m2.g-1 após a 

incorporação da titânia. A presença de maior mesoporosidade também foi verificada no 

TiO2@MIL-100, que está relacionada ao colapso de alguns poros durante o crescimento de 

nanopartículas de TiO2. Os resultados de EPR mostraram que TiO2@MIL-100 foi capaz de 

induzir a formação de radicais hidroxila durante a iluminação UVA. Essas entidades são, 

em parte, responsáveis pela degradação do IBP e DIC sob a luz UVA. A inserção de Titânia 

criou materiais com bandgaps mais estreitos (3,70 contra 3,33 eV) e uma maior capacidade 

 

 

 



74  

de degradar IBP (Kapp = 5,4  10-3 min-1) e DIC (Kapp = 3,4  10-3 min-1) sob iluminação 

UVA em comparação com MIL-100(Al) (Kapp = 2,1  10-4 e Kapp = 5,7  10-4 para IBP e 

DIC, respectivamente). A degradação do IBP levou à formação de um coproduto que foi 

identificado como sendo o p-isobutil-fenol, o que foi confirmado por espectros de UV-vis: 

a banda característica em 260 nm e a presença de um ponto isosbéstico em 245 nm coincide 

com outros relatos da literatura. 

 
Apesar da mudança estrutural observada na HKUST-1 e do fato de seu bandgap (3,33 eV) 

ter permanecido constante após a incorporação do TiO2, o processo foi capaz de formar 

rutilo ancorado na superfície dos cristais de Cu2(btc)(OH)(H2O), como revelado por 

microscopias SEM e TEM. Neste caso, o padrão SAED apresenta anéis associados ao plano 

(110) do rutilo, e o mapeamento químico com EDS mostrou que o titânio está 

homogeneamente distribuído ao longo dos cristais de Cu2(btc)(OH)(H2O). Isso levou a um 

aumento em seu Kapp de 4,0  10-6 para 3,3  10-4 min-1 para IBP e de 1,8  10-5 para 4,3 

 10-4 min-1 para DIC. A análise TG mostrou que o carregamento de titânia nesta amostra 

foi de cerca de 9% em peso. Os testes de sorção de N2 mostraram uma redução no SSA de 

1360 para 8 m2.g-1 após a incorporação da titânia, o que destaca a estrutura não porosa do 

TiO2@Cu-btc. Os resultados de EPR mostraram que TiO2@Cu-btc não foi capaz de induzir 

a formação de ROS sob iluminação UVA. Isso pode estar relacionado à baixíssima 

concentração de rutilo nesta amostra, devido à sua cristalização apenas em sua superfície. 

 

Um composto TiO2@MOF altamente cristalino, poroso e fotoativo foi produzido com 

sucesso através da impregnação da MIL-100(Al) com nanopartículas de anatasio. Foi 

comprovado que este material apresenta um bom equilíbrio entre sua SSA e sua atividade 

fotocatalítica. Além disso, a estabilidade química da amostra durante a inserção do TiO2 foi 

fundamental para essa melhora fotocatalítica, pois o HKUST-1 não apresentou os mesmos 

resultados devido à sua modificação para um trimesato de cobre não poroso. Isso prova que 

as MOFs podem ser ótimas candidatas para ancorar nanopartículas de semicondutores, 

combinando suas elevadas SSA e propriedades fotocatalíticas para criar materiais 

fotoativos eficientes. Em outras etapas, um ataque químico no TiO2@MIL-100 é 

considerado para a produção de nanopartículas de anatasio altamente dispersas. Este 

princípio pode ser estendido ao TiO2@Cu-btc para produzir nanopartículas de rutilo. 
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