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“Nothing in life is to be feared,
it is only to be understood.
Now is the time to understand more,

so that we may fear less.”

Marie Curie
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SUMMARY

Nanoscience, as well as nanotechnology, have merged as a dynamic research field in recent
years [1]. The exponential growth in this interdisciplinary research field is due to the
improved characteristics of nanomaterials and their various applications. Currently,
nanomaterials have aroused great interest for environmental applications, such as the
removal of colorants in wastewater. To this end, various nanomaterial architectures have been
designed to allow their practical use in adsorption and photocatalysis processes. Zinc (Zn)
and titanium (Ti) oxides are widely used photocatalysts for contaminant removal due to their
unique properties. On the other hand, clay materials have proven to be excellent sources of
raw material for the synthesis of zeolites, as well as effective supports for photocatalysts. Both
clays and zeolites have important adsorbent properties and, together with photocatalytic
materials, allow the preparation of materials with improved properties for the practical and

effective treatment of wastewater.

The purpose of this thesis was the preparation of structured materials with adsorbent and
photocatalytic properties for the removal of the cationic methylene blue (MB) dye in aqueous
solutions. To do this, initially, 12 Ecuadorian clays were collected and characterized, which
were used as supports for photocatalysts prepared based on zinc and titanium. The
photocatalysts ZnTiOs/TiOz, ZnTiOs/TiO2/La and TiO: (anatase phase) were synthesized by
the sol-gel method setting a calcination temperature of 500 °C. ZnTiOs/TiO: and
ZnTiOs/TiO2/La were obtained with a particle size less than 100 nm, setting a ZnO:TiO2 molar
ratio of 1:3. Photocatalysts were evaluated in methylene blue photocatalytic degradation tests,
and as a result, it was obtained that ZnTiOs/TiO2 and ZnTiOs/TiO2/La had a better degradation

capacity than TiO: (anatase phase).
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The photocatalysts were impregnated in the 12 Ecuadorian clays and then structured in the
form of pellets of 0.2 cm (diameter) and 1.0 cm (length). The materials thus prepared were
again evaluated regarding their photocatalytic activity and their adsorption capacity. The tests
were carried out at room temperature, using a Bach-type reactor, both in the presence of solar
light and UV light. The removal of methylene blue by adsorption and photocatalysis was
verified from the discoloration of the solution and quantified by UV-Vis spectrophotometry
at 623 nm. Clay2 (or R-Clay, due to its red color) impregnated with TiO2 showed the best
photocatalytic activity. The X-ray Fluorescence (XRF) results showed that this clay had TiO:
and Fe20s in its composition, which could improve its photocatalytic activity. Clays (or G-
Clay, due toits gray color) had the best methylene blue adsorption capacity. The results of the
X-ray Diffraction (XRD) allowed concluding that the presence of the metahalloysite phase
improved the adsorption capacity of the clay. In addition, this clay contained several oxides

with exchange cations that could also contribute to its high adsorption capacity.

Both clays, G-Clay and R-Clay, were used as raw material sources to synthesize FAU and LTA
zeolites, respectively. The zeolites were synthesized by alkaline fusion and hydrothermal
method, presenting good textural and morphological characteristics, suitable for adsorption
processes. The zeolites were combined with their precursor clays and with ZnTiOs/TiO: to
prepare pellets that were successfully used as adsorbents in MB removal tests in aqueous
solutions. The experimental isotherms were adjusted to the Langmuir model and the
experimental kinetics to the pseudo-second-order model, which showed monolayer
adsorption on a surface that contained an infinite number of identical sites, maintaining a

constant adsorption rate during the process.

Finally, a comparative study was carried out using computational simulation to determine
the MB adsorption mechanism on the surfaces (101) of ZnTiOs and TiO: (anatase phase). The
DFT (Density Functional Theory) calculations were developed using the VASP code (Vienna

Ab initio Simulation Package) with the Perdew-Burke-Ernzerhof (PBE) functional in the
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generalized gradient approximation (GGA). The results showed that the adsorption of MB on
the surface (101) of ZnTiO:s is stronger than on the surface (101) of TiOz. Furthermore, the semi-
perpendicular orientation was the most likely molecular approach for the surfaces of both
oxides. Our theoretical study verified that ZnTiOs has better MB adsorption energy than TiO:
in the anatase phase, which is important to enhance a subsequent degradation process. The
large bandgap obtained by DFT calculations also showed that ZnTiOs can potentially be used
as a photocatalyst, which would allow complete degradation of MB after being adsorbed.
Therefore, considering only the structure of the band, ZnTiOs fully meets the necessary
requirements to be a photocatalyst. But, as already mentioned, in addition to the band
structure, the adsorption capacity is also very important for photocatalytic materials. In this
way, the feasibility of using ZnTiOs as an adsorbent and photocatalytic material for the
removal of methylene blue in aqueous systems was experimentally and computationally
corroborated. Therefore, ZnTiOs constitutes an efficient alternative material for various

technological and environmental applications.
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RESUMEN

La nanociencia, asi como la nanotecnologia, se han fusionado como un campo de
investigacion dindmico durante los altimos afios [1]. El crecimiento exponencial en este campo
de investigacion interdisciplinario se debe a las caracteristicas mejoradas de los
nanomateriales y sus diversas aplicaciones. Actualmente, los nanomateriales han despertado
gran interés para aplicaciones ambientales, como la remocion de colorantes en aguas
residuales. Con este fin, varias arquitecturas de nanomateriales han sido disefiadas para
permitir su uso practico en procesos de adsorcion y fotocatalisis. Los 6xidos de zinc (Zn) y de
titanio (Ti) son fotocatalizadores ampliamente utilizados para la remocion de contaminantes
debido a sus propiedades tinicas. Por otra parte, los materiales arcillosos han demostrado ser
excelentes fuentes de materia prima para la sintesis de zeolitas, asi como soportes efectivos de
fotocatalizadores. Tanto las arcillas como las zeolitas presentan importantes propiedades
adsorbentes y, junto con los materiales fotocataliticos, permiten la preparacion de materiales

con propiedades mejoradas para el tratamiento practico y efectivo de aguas residuales.

La presente tesis tuvo por finalidad, la preparacion de materiales estructurados con
propiedades adsorbentes y fotocataliticas para la remocidn del colorante cationico azul de
metileno (MB) en soluciones acuosos. Para ello, inicialmente se recolectaron y caracterizaron
12 arcillas ecuatorianas que fueron utilizadas como soportes de fotocatalizadores preparados
a base de zinc y titanio. Los fotocatalizadores ZnTiOs/TiO2, ZnTiOs/TiOz/La y TiO: (fase
anatasa) fueron sintetizado mediante el método sol-gel fijando una temperatura de
calcinacion de 500 °C. ZnTiOs/TiO2 y ZnTiOs/TiO2/La fueron obtenidos con un tamarfo de
particula menor a 100 nm fijando una relaciéon molar ZnO:TiO: de 1:3. Los fotocatalizadores
fueron evaluados en pruebas de degradacion fotocatalitica de azul de metileno, y como
resultado, se obtuvo que ZnTiOs/TiO: y ZnTiOs/TiOz/La tenian una mejor capacidad de

degradacion que TiO: (fase anatasa).
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Los fotocatalizadores fueron impregnados en las 12 arcillas ecuatorianas y luego
estructurados en forma de pellets de 0.2 cm (didmetro) y 1.0 cm (largo). Los materiales asi
preparados fueron nuevamente evaluados respecto a su actividad fotocatalitica y su
capacidad de adsorcion. Los ensayos se realizaron a temperatura ambiente, utilizando un
reactor de tipo Bach, tanto en presencia de luz solar como de luz UV. La remocion de azul de
metileno por adsorcion y fotocatalisis fue verificada a partir de la decoloracion de la solucién,
y cuantificada mediante espectrofotometria UV-Vis a 623 nm. La arcilla Clay:2 (o R-Clay,
debido a su color rojo) impregnada con TiO2 mostrd la mejor actividad fotocatalitica. Los
resultados de Fluorescencia de Rayos X (XRF) mostraron que esta arcilla presentaba TiO2 y
Fe20s en su composicion, lo que podria mejorar su actividad fotocatalitica. La arcilla Clays (o
G-Clay, debido a su color gris) tuvo la mejor capacidad de adsorcion de azul de metileno. Los
resultados de la Difraccion de Rayos X (DRX) permitieron concluir que la presencia de la fase
metahalloysita mejoraba la capacidad de adsorcion de la arcilla. Ademas, esta arcilla contenia
varios Oxidos con cationes de intercambio que también podrian contribuir a su elevada

capacidad de adsorcion.

Ambeas arcillas, G-Clay y R-Clay fueron utilizadas como fuentes de materia prima para
sintetizar zeolitas FAU y LTA, respectivamente. Las zeolitas fueron sintetizadas mediante
fusion alcalina y método hidrotermal, presentando buenas caracteristicas texturales y
morfoldgicas, aptas para procesos de adsorcion. Las zeolitas se combinaron con sus arcillas
precursoras y con ZnTiOs/TiO:z para preparar pellets que fueron utilizados exitosamente como
adsorbentes en pruebas de remocién de MB en soluciones acuosas. Las isotermas
experimentales se ajustaron al modelo de Langmuir y las cinéticas experimentales al modelo
de pseudo-segundo orden, lo cual evidencié una adsorcion de monocapa en una superficie
que contenia un numero infinito de sitios idénticos, manteniendo una tasa de adsorcién

constante durante el proceso.
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Finalmente, se realiz6 un estudio comparativo utilizando simulacién computacional para
determinar el mecanismo de adsorciéon del MB en las superficies (101) de ZnTiOs y TiO: (fase
anatasa). Los calculos DFT (Density Functional Theory) fueron desarrollados usando el codigo
VASP (Viena Ab initio Simulation Package) con el funcional Perdew-Burke-Ernzerhof (PBE)
en la aproximacion de gradiente generalizado (GGA). Los resultados mostraron que la
adsorcion de MB en la superficie (101) de ZnTiOs es mas fuerte que en la superficie (101) de
TiO2. Ademas, la orientacion semiperpendicular fue el enfoque molecular mas probable para
las superficies de ambos 6xidos. Nuestro estudio tedrico verifico que el ZnTiOs tiene mayor
energia de adsorcién de MB que el TiO:z en la fase anatasa, lo cual es importante para potenciar
un proceso de degradacion posterior. La gran banda prohibida obtenida por los calculos de
DFT también demostrd que el ZnTiOs se puede usar potencialmente como fotocatalizador, lo
que permitiria la degradacion completa del MB después de ser adsorbido. Por lo tanto,
considerando solo la estructura de la banda, ZnTiOs cumple completamente con los requisitos
necesarios para ser un fotocatalizador. Pero, como ya se menciond, ademas de la estructura
de la banda, la capacidad de adsorcién también es muy importante para los materiales
fotocataliticos. De esta forma, se corrobor6 experimental y computacionalmente la viabilidad
de usar ZnTiOs como material adsorbente y fotocatalitico para la remocion de azul de metileno
en sistemas acuosos. Asi, el ZnTiOs constituye un material alternativo eficiente para diversas

aplicaciones tecnoldgicas y ambientales.
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RESUM

La nanociencia, aixi com la nanotecnologia, s’han fusionat com un camp de recerca dinamic
durant els ultims anys [1]. El creixement exponencial en aquest camp de recerca
interdisciplinari es deu a les caracteristiques millorades dels nanomaterials i les seves diverses
aplicacions. Actualment, els nanomaterials han despertat gran interes per a aplicacions
ambientals, com la remoci6 de colorants en aigiies residuals. Amb aquesta finalitat, diverses
arquitectures de nanomaterials han estat dissenyades per permetre el seu Us practic en
processos d'adsorcio i fotocatalisi. Els oxids de zinc (Zn) i de titani (Ti) son fotocatalitzadors
ampliament utilitzats per a la remocid de contaminants per les seves propietats tiniques.
D'altra banda, els materials argilosos han demostrat ser excellents fonts de materia primera
per a la sintesi de zeolites, aixi com suports efectius de fotocatalitzadors. Tant les argiles com
les zeolites presenten importants propietats adsorbents i, juntament amb els materials
fotocatalitics, permeten la preparacié de materials amb propietats millorades per al tractament

practic i efectiu d'aigties residuals.

La present tesi va tenir per finalitat, la preparacié de materials estructurats amb propietats
adsorbents i fotocatalitiques per a la remocid del colorant cationic blau de metile (MB) en
solucions aquoses. Per a aixo, inicialment es van recol-lectar i van caracteritzar 12 argiles
equatorianes que van ser utilitzades com a suports de fotocatalitzadors preparats a base de
zinc i titani. Els fotocatalitzadors ZnTiOs/TiO2, ZnTiOs/TiO2/La i TiO: (fase anatasa) van ser
sintetitzat mitjangant el metode sol-gel fixant una temperatura de calcinaciéo de 500 °C.
ZnTiOs/TiO2 i ZnTiOs/TiOz/La van ser obtinguts amb una mida de particula menor a 100 nm
fixant una relacié6 molar ZnO:TiO: 1:3. Els fotocatalitzadors van ser avaluats en proves de
degradacio fotocatalitica de blau de metile, i com a resultat, es va obtenir que ZnTiO3/TiO: i

ZnTiOs/TiO2/La tenien una millor capacitat de degradacié que el TiO: (fase anatasa).
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Els fotocatalitzadors van ser impregnats en les 12 argiles equatorianes i després estructurats
en forma de pellets de 0.2 cm (diametre) i 1.0 cm (longitud). Els materials aixi preparats van
ser novament avaluats respecte a la seva activitat fotocatalitica i la seva capacitat d'adsorcio.
Els assajos es van realitzar a temperatura ambient, utilitzant un reactor de tipus Batch, tant en
presencia de llum solar com de llum UV. La remocié de blau de metile per adsorcio i
fotocatalisi va ser verificada a partir de la decoloracid de la solucid, i quantificada mitjancant
espectrofotometria UV-Vis a 623 nm. L'argila Clay (o R-Clay, degut al seu color vermell)
impregnada amb TiO: va mostrar la millor activitat fotocatalitica. Els resultats de
Fluorescencia de Raigs X (XRF) van mostrar que aquesta argila presentava TiO2 i Fe2Os en la
seva composicio, el que podria millorar la seva activitat fotocatalitica. L'argila Clays (o G-Clay,
degut al seu color gris) va tenir la millor capacitat d'adsorcid de blau de metile. Els resultats
de la Difraccio de Raigs X (XRD) van permetre concloure que la presencia de la fase
metahalloysita millorava la capacitat d'adsorcio de l'argila. A més, aquesta argila contenia
diversos Oxids amb cations d'intercanvi que també podrien contribuir a la seva elevada

capacitat d'adsorcio.

Les dues argiles, G-Clay i R-Clay van ser utilitzades com a fonts de materia primera per a
sintetitzar zeolites FAU i LTA, respectivament. Les zeolites van ser sintetitzades mitjangant
fusi6 alcalina i metode hidrotermal, presentant bones caracteristiques texturals i
morfologiques, aptes per a processos d'adsorcio. Les zeolites es van combinar amb les seves
argiles precursores i amb ZnTiOs/TiO: per preparar pel-lets que van ser utilitzats amb exit com
adsorbents en proves de remocié de MB en solucions aquoses. Les isotermes experimentals es
van ajustar al model de Langmuir i les cinetiques experimentals al model de pseudo-segon
ordre, la qual cosa va evidenciar una adsorcié de monocapa en una superficie que contenia

un nombre infinit de llocs identics, mantenint una taxa d'adsorcié constant durant el procés.

Finalment, es va realitzar un estudi comparatiu utilitzant simulacié computacional per

determinar el mecanisme d'adsorcié de I'MB en les superficies (101) de ZnTiOs i TiO: (fase
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anatasa). Els calculs DFT (Density Functional Theory) van ser desenvolupats usant el codi
VASP (Viena Ab ini-tio Simulation Package) amb el funcional Perdew-Burke-Ernzerhof (PBE)
en l'aproximacio de gradient generalitzat (GGA). Els resultats van mostrar que 1'adsorci6 de
MB a la superficie (101) de ZnTiOs és més forta que en la superficie (101) de TiO2. A més,
l'orientacié semiperpendicular va ser l'enfocament molecular més probable per a les
superficies de tots dos oxids. El nostre estudi teoric va verificar que el ZnTiOs té una major
energia d'adsorcié de MB que en el TiO: en fase anatasa, la qual cosa és important per
potenciar un procés de degradacio posterior. La gran banda prohibida obtinguda pels calculs
de DFT també va mostrar que el ZnTiO:s es pot fer servir potencialment com fotocatalitzador,
el que permetria la degradacié completa de 'MB després de ser adsorbit. Per tant, considerant
nomeés l'estructura de la banda, ZnTiOs compleix completament amb els requisits necessaris
per ser un fotocatalitzador. Pero, com ja es va esmentar, a més de l'estructura de la banda, la
capacitat d'adsorcié també é€s molt important per als materials fotocatalitics. D'aquesta
manera, es va corroborar experimental i computacionalment la viabilitat d'usar ZnTiOs com a
material adsorbent i fotocatalitic per a la remoci6 de blau de metilé en sistemes aquosos. Per
tant, el sistema ZnTiOs constitueix un material alternatiu eficient per a diverses aplicacions

tecnologiques i ambientals.
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CHAPTER 1

OBJECTIVES & STRUCTURE OF THE THESIS
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1.1. Objectives of the thesis

The main objective of this thesis was to develop materials with absorbent and photocatalytic
properties for the removal of dyes in aqueous systems. In this way, the following specific

objectives were established:

e Establish the best synthesis conditions to obtain different Zn and Ti oxides using the
sol-gel method.

e Synthesize the nanocomposites ZnTiOs/TiOz2, ZnTiOs/TiO2/La and TiO: (anatase
phase) and characterize them using X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), Diffuse Reflectance Spectrum (DRS).

e Determine the photocatalytic activity of ZnTiOs/TiO2, ZnTiOs/TiO2/La and TiO:2 by
means of methylene blue removal tests in aqueous solutions, under sunlight and UV-
C light.

e Collect twelve clays in different locations in southern Ecuador, purify, and
characterize them using XRD and XRF.

e Prepare photocatalyst-clay composites and adapt them to the shape of cylinders 0.2
cm in diameter and 1.0 cm long.

e Evaluate the adsorption capacity and photocatalytic activity of the composites
prepared by means of methylene blue removal tests in aqueous solutions, under solar
light and UV-C light.

o Test the feasibility of using at least one of the Ecuadorian clays as raw material for the
synthesis of FAU and/or LTA zeolites, using the hydrothermal method.

e Characterize the synthesized zeolites using X-Ray Fluorescence (XRF), X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), and determination of the
specific surface area using the BET equation.

e DPrepare photocatalyst-clay-zeolite composites and adapt them to the shape of

cylinders 0.2 cm in diameter and 1.0 cm long.
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e Evaluate the adsorption capacity of the composites prepared by means of methylene
blue removal tests in aqueous solutions, establishing the kinetic and isotherm models
that best explain the behavior of the composites.

e Evaluate the reuse capacity of all the composites prepared using a minimum of three
treatment cycles.

¢ Apply quantum mechanical studies (DFT) using the VASP code to determine the
electronic properties of ZnTiOs and TiO: (anatase phase), as well as the MB adsorption

mechanism on the surface (101) of both oxides.

In this way, this thesis aims to contribute to the development of alternative materials for

technological and environmental applications.

1.2. Structure of the thesis

This thesis has been structured in seven chapters. The main and specific objectives are given
in Chapter 1. Chapter 2 presents an introduction on water pollution and the technologies for
its treatment. It also includes a brief description of the methods and materials that are
currently used to eliminate pollutants from aqueous systems, the advantages of using
adsorption and photocatalysis have been shown. Furthermore, as technological processes for
the economic and efficient treatment of wastewater have been demonstrated. This chapter
also describes the properties of adsorbent materials, such as clays and zeolites, and Zn and Ti
photocatalysts. As well as, the importance of the design of structured materials for practical
applications. Finally, a brief introduction to computational chemistry is presented, as a tool to

study and solve chemical problems through computational simulation.

Chapter 3 details the results of the synthesis of the ZnTiOs/TiO2 nanocomposite supported in
Ecuadorian clays for the adsorption and photocatalytic removal of methylene blue dye. This

chapter includes the optimal parameters for the synthesis of ZnTiOs/TiOz and TiO: (anatase

12
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phase), the clays with the best MB removal capacity are also determined; and the

characterization of all the compounds is included, by means of different techniques.

Chapter 4 describes the structuring of ZnTiOs/TiO2 adsorbents for the removal of methylene
blue, using zeolite precursor clays as natural additives. The clays used in this study were
chosen from the twelve clays analyzed in Chapter 3. The results of the zeolitization and the
respective characterization of the zeolites are included in this chapter, as well as the

adsorption and kinetic models that best describe the extruded materials studied.

Chapter 5 displays the preparation of the La-doped ZnTiOs/TiO2 nanocomposite supported
in ecuadorian diatomaceous earth as a highly efficient photocatalyst driven by solar light. In
this chapter, the adsorption capacity and photocatalytic activity of the synthesized composites

are demonstrated using methylene blue dye removal as a reaction model.

Chapter 6 focuses on the DFT study of the adsorption of methylene blue on surfaces of ZnTiOs
and TiOz2 (101), to determine the adsorption mechanism of the dye and clarify the experimental
results obtained in the two previous chapters. In this comparative study, the electronic
properties of ZnTiOs and TiO: were first calculated, and later the adsorption mode and the

best orientation of the MB molecule on both surfaces were determined.

Chapter 7 presents the main conclusions obtained through the studies carried out in the

previous chapters; and, finally, the publications and communications derived from these

studies are presented in Chapter 8.

13
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CHAPTER 2

INTRODUCTION

14
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2.1. Contamination of water

In recent years, environmental pollution has become one of the most important global
concerns [2]. In fact, there are often a wide variety of compounds in water and wastewater
today. These compounds are called emerging pollutants and have attracted a lot of attention
due to their potential environmental and health impacts. Most of these pollutants are quite
resistant to chemical oxidation treatments and their toxicity makes biological degradation

difficult, so discharge to the environment represents a very worrying problem [3].

Currently, one of the attractive solutions in response to water scarcity problems is the
implementation of wastewater recovery and reuse projects to ensure sustainable water
development and management. However, there is concern that emerging pollutants could
still be present in the treated water [4]. Therefore, the removal of emerging pollutants from

water systems is an urgent problem that must be solved [5].

2.2.Contamination by dyes

With the growing revolution in science and technology, the demand for novel chemicals that
could be used in various industrial processes has increased enormously [6]. Among several
new chemicals, dyes are the most widely used in many industrial activities. Therefore, these

products have become an integral part of all industrial effluents.

At present, there are more than 1000 types of commercial dyes available and more than 7x10°
tons of dyes are produced annually with a considerable fraction discharged from the textile,
leather, paper, rubber, plastics, and other industries such as cosmetics, pharmaceuticals and
food [7-9]. During production, up to 2% of the dyes are discharged directly as affluent and

approximately 10% are lost in the coloring process [10]. Effluents from these industries are
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considered the most polluting among all other industrial effluents due to their complex

composition [11].

The dyes have an important molecular weight and complex structure, so they resist
biodegradation and accumulate in water currents [8,10,12]. These waters are characterized by
a high biochemical oxygen demand and a high chemical oxygen demand [13], in addition,
they present a potential risk for aquatic organisms since they cause eutrophication [14] and
make it difficult for light to pass by, inhibiting photosynthesis [15,16]. Most of the dyes are
toxic, they can cause allergies and irritation of the skin and intestinal walls, they are also

mutagenic and carcinogenic [13,17,18].

Dyes can be classified into three types based on their core structures: anionic dyes (acidic and
reactive), nonionic dyes (disperse), and cationic dyes (basic). The toxicity of dyes depends on
their chemical form [10]. The cationic organic dyes are considered more toxic than the anionic
ones [7]. Coloring pigments such as anthraquinone or the azo groups present in anionic,
cationic, or non-ionic dyes, which have a complex chemical structure, are very difficult to

degrade under environmental conditions [19].

In order to protect humans and recover the ecosystem from contamination, the dyes must be
removed from the wastewater containing the dyes before being released into the environment.
This is why dye removal has become an important and challenging area of research on

wastewater treatment and other environmental issues [20].

2.3.Methylene blue dye

Methylene blue (MB) is one of the best known basic/cationic dyes and has been widely used
in the wool, silk, cotton and pharmaceutical industries [21]. This dye, also known as

methylthioninium chloride, is a basic cationic dye with the molecular formula CisH1sNsSCl.
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At room temperature, MB is a dark green powder that gives a blue solution when dissolved

in water [22]. Figure 2.1 shows the chemical structure of Methylene blue (MB).

N
| N
H,C_ _ CH
Pl
S
CH, ¢l CH,

Figure 2. 1. Chemical structure of Methylene blue [23]

Due to the existence of multiple aromatic rings in its molecular structure, this dye is very
stable and its biodegradation is very difficult. Therefore, its release into the environment can
cause substantial contamination and pose a serious risk to living organisms [24]. In fact, MB
can cause some health problems, such as eye burns, which can be responsible for permanent
injury to the eyes of humans and animals. On inhalation, it can produce short periods of rapid
or difficult breathing, while ingestion by mouth produces a burning sensation and can cause

nausea, vomiting, profuse sweating, mental confusion, and methemoglobinemia [25,26].

2.4. Treatment of wastewater

Many dyes and other organic pollutants are difficult to break down in nature and require
more advanced techniques for their removal. The bleaching of dyes in effluents has received
much attention, therefore, various chemical, physical and biological treatment methods have
been developed for the removal of dyes from aqueous solutions. These treatments include
adsorption, precipitation, coagulation-flocculation, reverse osmosis, catalytic chemical

degradation, oxidation with ozone, chlorine or hydrogen peroxide, electrolysis, use of anion
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exchange membranes, biological treatment, and other processes [16], [22], [27]. Figure 2.2

shows some processes for wastewater treatment.

Treatment approaches

Bio-Electrochemical System
Advanced Oxidation Process

Microbial Degradation
Recovery of Resources Photocatalytic Degradation
Membrane Separation

Figure 2. 2. Approaches to wastewater treatment [28]

Biological treatment is currently considered one of the best available technologies for
wastewater treatment, but there are many pollutants that are toxic, chemically stable, or
resistant to biodegradation [3]. For this reason, greater attention has been paid to the study of
the removal of dyes and pigments from industrial effluents and wastewater through
adsorption processes using nanostructured materials [5,19]. However, this method only
transfers the polluting phase to another phase instead of eliminating it [29], being necessary
to incorporate secondary remediation steps [30] to achieve the complete elimination of dyes

from industrial wastewater [12].

For this reason, other methods have been proposed, such as advanced oxidation processes
(AOPs) for the removal of recalcitrant organic pollutants, especially for those with low
biodegradability [4]. Photodegradation is an important process in which toxic materials can

degrade in the presence of sunlight to benefit human health and the environment [31]. In fact,
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the photocatalytic degradation of natural pollutants in air and water through the use of

semiconductors has attracted extraordinary attention in the last two decades [32].

It is important to mention that the efficiency of photocatalytic degradation can be improved
by anchoring the photoactive catalysts on a suitable support, particularly that of a large
surface area. The adsorption of pollutants on large surface supports increases their
concentration around supported photocatalysts; its diffusion to photocatalysts and, therefore,
promotes the photocatalytic process [33]. In this way, adsorption in combination with
photocatalysis represents an efficient alternative for wastewater treatment. Figure 2.3 shows
the classification of wastewater treatments. Here it can be seen that adsorption and

photocatalysis belong to the group of tertiary treatments.

L‘ Wasterwater Treatment

\
J l |

Primary » Secondary ‘ Terciary

‘/' r

Screening =
Photocatalysis

Sedimentation Activated Sludge Process Adsorption Fenton based

Equalization Oxidation Ditch Advanced Oxidative Process sesli Denebased
Neutralization Aerated Lagoon Membrane Technique Electrochemical

Chemical Coagulation Trickling Filtration lon Exchange Caidation
A

Mechanical Flocculation

Figure 2. 3. Classification of wastewater treatments [28]

2.5. Adsorption

Adsorption is an attractive method of removing pollutants from effluents, because if the
adsorption system is designed correctly, then the treated effluent will reach a high-quality
[34]. Adsorption allows more flexibility than other processes in terms of simplicity of design,

ease of operation, and produces contaminant-free effluents that are suitable for reuse. Also,
19
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since adsorption is usually reversible, the adsorbent can be regenerated, resulting in

significant cost savings [35].

Adsorption can occur by different mechanisms, including electrostatic interaction, a chemical
reaction such as complexation, or an ion exchange between the adsorbate and the adsorbent
[10]; however, pore structure and adsorbent surface chemistry have the greatest influence on
the adsorption process, while pore size distribution affects adsorption efficiency and
selectivity. Several studies have shown that although adsorption occurs mainly in the
micropores of the adsorbent, the mesopores facilitate the adsorption of adsorbates in internal
and narrow micropores, since the adsorption capacity increases with the volume of the
mesopore for surface areas and volumes of similar micropores. Furthermore, the influence of
mesopore volume on adsorption capacity has been shown to be more pronounced for larger

than smaller adsorbates [34].

Adsorption is an excellent way to remove dye particles from effluents and different
adsorbents have been used for this purpose, such as clays, zeolites, polymeric membranes,
xerogels, titanium oxide nanotubes, carbon nanotubes, graphene, chitosan nanoparticle,
carbon. activated, ash, chitin, and others [18,36]. Adsorbents must have a high specific surface
area, sorption capacity, and active sites on their surfaces [10]. Furthermore, adsorbents must
meet the requirements and standards of the water treatment industry and also be
environmentally friendly, highly efficient, inexpensive, and available in large quantities [8].
Consequently, the most promising materials and candidates for alternative adsorbents are

clay minerals [22].

2.6.Clays

Clays are minerals that are widely distributed in nature, being produced by the erosion of

rocks. Chemically they are hydrated alumina silicates, whose formula is:
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Al203'25i02'2H20

The color, texture, and chemical composition of clays are very varied, depending on the
presence of organic and inorganic impurities, as well as the geological origin of the clays.
Although particle size is a key parameter in all definitions of clay, there is no generally
accepted upper limit, however various authors have suggested that the term “clay” should
only be used in the textural sense to indicate material that is finer than 4 um. These minerals
are made up of sheets of tetrahedra with a general chemical composition of S5i20s, where each
tetrahedron (SiOs) is joined by its corners to three others forming a hexagonal network, as
shown in Figure 2.4. Aluminum and iron atoms can partially replace silicon in the structure.
The oxygen atoms located at the apexes of the tetrahedra of these sheets can, at the same time,
form part of another parallel sheet composed of octahedra. These octahedra are usually
coordinated by cations of Al, Mg, Fe*, and Fe?, and less frequently, by atoms of Li, V, Cr, Mn,

Ni, Cu, or Zn [11].
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Figure 2. 4. Hexagonal network formed by sheets of tetrahedra in clays [37]
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In industrial applications of clays, one distinguishes four types of clays: (i) bentonites with
montmorillonite as the principal clay mineral constituent, (ii) kaolins containing kaolinite, (iii)
palygorskite and sepiolite, and (iv) “common clays” which often contain illite/smectite mixed-

layer minerals, and are largely used for ceramics.

Clays have interesting physicochemical properties such as a large specific surface area, high
porosity, low permeability, and high cation exchange capacity, which allows efficient
molecular adsorption on their surface. The permanent negative charge related to the
isomorphic substitution in the interlaminar space of clays improves the adsorption capacity
of cationic elements, such as methylene blue dye. Whatever the type of clay, the electrostatic
interaction between the adsorbate and the adsorbent is an important parameter that

determines the efficiency of adsorption [10].

Remediation methods based on nanomaterials include the use of clays for the detoxification
and transformation of pollutants, therefore, various types of clays have become important
targets for applications in environmental industries and bioremediation [38]. The adsorption
of dyes on clays is generally attributed to an ion-exchange mechanism and is linked to the
specific surface area of the clay [11]. In fact, the adsorption of MB in natural clay is dominated
by the cation exchange between this colorant and the cations of the intermediate layer of the
clay. For this, methylene blue is ionized in an aqueous medium producing a negatively
charged Cl-ion and a delocalized positively charged aromatic structure that forms aggregates

in the intermediate layer of the clay, leading to the adsorption process [10].

2.7.Zeolites

The term "zeolite" comes from the Greek zeo which means "to boil" and lithos, which means

"stone". Crude zeolite forms naturally in the earth's crust under particular hydrothermal and
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geological conditions, but is rarely pure, as it is contaminated by other minerals, metals,

quartz, or other zeolite structures [39].

Zeolites are microporous and microcrystalline inorganic materials capable of complexing or
adsorbing small and medium-sized organic molecules. Typical particle sizes are in the range
of 0.1 to 10 mm and possess regular periodic structures that can be thought of as a sponge-
like material with interconnected channels and cages that periodically and regularly extend
throughout its entire structure. Generally, zeolite micropores have diameters of up to 2 nm,
and due to their regular size aperture, they allow small molecules to diffuse directly, but trap
larger ones, acting as molecular sieves [40]. Normally, zeolites due to their precise pore size
and shape, molecular polarity, and chemical composition have developed selective
adsorption properties, based on surface molecular-scale phenomena in which the molecules

are attracted to the volume Z of the porous solid [40].

The adsorption of organic compounds on zeolites can occur on both external and internal
surfaces. Internal complexation or intracrystalline adsorption occurs by host diffusion into
channels and cages within the zeolite crystal and is size and shape-selective. Although the
inner surface areas far exceed the outer surfaces, intracrystalline adsorption can occur only if
the kinetic diameter of the host is less than the diameter of the intracrystalline cavities [41].
The structure of zeolites is built by associating TOs tetrahedra, most commonly [SiOs]* and
[AlO4]> linked by shared oxygen atoms, to form a three-dimensional network [40]. Instead of
the tetrahedrally bonded Si and Al atoms, so-called "T atoms", such as P, Ga, Ge, B, Be, Ti or
Fe, can also be part of the structure [42]. The negative charge of the three-dimensional lattice
is compensated by the positive charge of the cations located in specific positions of the zeolite

structure [40]. Figure 2.5 shows the structural units of zeolites.
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Silica tetrahedron

Alumina tetrahedron

Figure 2. 5. Structural units of zeolites [43]

In most zeolites, the compensating cations are usually monovalent and bivalent metal ions
and/or their combinations, which allow compensating the negative charges generated by the

presence of Al, giving rise to the general formula,

Mx/n(Aloz)x'(SiOZ)y'ZHZO

Where M is the compensating cation of the negatively charged structure (such as H* or Na"),
y/x the Si/Al ratio, and Z the number of water molecules. According to Loewenstein's rule,

there are no Al-O-Al bonds in zeolite aluminosilicate structures, hence y/x >1 [39].

Currently, more than 235 different zeolite structures are known that possess peculiar physical
and chemical properties. These types are based on the Si/Al ratio [39] as shown Figure 2.6.
Natural zeolites have better resistivity and thermal stability in different environments. Its
thermal stability and chemical resistance increase with the increase of the Si/Al ratio, as well
as in the presence of alkali cations in the zeolite structure [44]. Synthetic zeolites have many
additional advantages. For example, synthetic zeolite are extremely pure and with uniform

size form along with better ion exchange capabilities [39].
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Figure 2. 6. Types of zeolites according to the Si/Al ratio [45]

Commercially, synthetic zeolites are used in massive amounts than natural zeolites due to the
high purity of the crystalline products and the uniformity of the particle sizes. In addition,
synthetic zeolites are manufactured commercially for specific uses including technical,
environmental, industrial, commercial, agricultural, cracking and alkylation, and biomedical

processes due to their porous character and ion exchange properties [39,44].

The successful development of zeolites and their innovative application in refineries and
separation processes have further renewed industrial catalysis. In particular, zeolites with
FAU (X and Y zeolites) and LTA (zeolite-A) topologies have potential applications in various
industrial processes. These types of zeolites differ mainly due to the content of aluminum (as
alumina), which can influence the crystal structure and ion exchange selectivity of the zeolite

molecule [44].

2.7.1. Linde Type A (LTA) zeolite

This zeolite is normally synthesized in sodium form with a Si/Al ratio equal to 1. It belongs to
the cubic system and when fully hydrated and in sodium form it has a unit cell parameter

equal to 24.60 A. The chemical formula of zeolite A can be expressed as:
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Na,;(Al03)12(S5i0;)1,°27H,0

The crystalline structure of zeolite A belongs to groups 4-4. This structure can be described
through the union of two types of polyhedra: (a) a simple cube, 4-4, formed by the union of
two rings of four tetrahedra (D4R); and, (b) a truncated octahedron formed by the combination
of 24 tetrahedra, better known as the (3 box or sodalite cage. Figure 2.7 shows the structure of

LTA zeolite [46].

Figure 2. 7. Structure of Linde Type A (LTA) zeolite [47]

The union of sodalite cages, by four of their square faces, with the two rings of four
tetrahedrons leads to a polyhedron, which encloses a large cavity known as "super-cages "
with an internal diameter equal to 11.4 A. The combination of these « super cages with each
other with the B cages, gives rise to the final structure of the zeolite, which presents two
systems of interconnected three-dimensional channels: (i) a system formed by the union of «
super cages, to which it is it enters through circular openings formed by rings of 8 oxygen
atoms with a diameter equal to 4.2 A; and, (ii) a system of channels formed by the alternate
connection of sodalite cages and a super cages which are penetrated by openings formed by

6 oxygen atoms, with a diameter equal to 2.2 A. Access to the first channel system (formed by
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rings of 8 oxygen atoms) is limited to molecules with kinetic diameters less than 4.5 A, such
as linear alkanes, water, COy, etc. In contrast, the channel system is inaccessible to organic and
inorganic molecules with kinetic diameters greater than 2.5 A. Of the 192 Na ions in this
zeolite, 67% are located near the axial positions of the six-membered ring, but within the super
cages. The remaining ions are found within the a super cages, coordinated to water molecules,

which join together to form pentagonal dodecahedral structures [46].

2.7.2. Zeolites X and Y type faujasite

Although with different names, these zeolites topologically present the same crystalline
structure. The differences lie in the intrareticular Si/Al ratio, while zeolite X has a Si/Al ratio
between 1.0 and 1.5, zeolite Y has a ratio greater than 1.5. The chemical formulas of both

zeolites can be expressed as:

Type X: Mg (AlO32)g6(Si02)106°264H,0

Type Y: Ms6(Al02)56(Si02)1362253H,0

These zeolites belong to the cubic system; hydrated and in sodium form present cell
parameters that vary between 25.0 and 24.18 A, depending on the Si/Al ratio of the crystalline
structure. This makes it present 192 tetrahedra per unit cell. The crystalline structure of these
zeolites can be described basically in the same way as zeolite A. The difference is that, instead
of secondary units of construction 4-4, they are double rings of six 6-6 tetrahedra, which are
used to join the sodalite cages. The union of these 6-6, with four of the hexagonal faces of the
sodalite cages or 3 cages, (as in zeolite A) form a polyhedron, which encloses a large cavity,
the super cage o, but now with an internal diameter equal to 12.4 A and which is entered
through openings or pores delimited by rings of 12 oxygen atoms, with a free opening close

to 8 A. Figure 2.8 shows the structure of FAU zeolite [46].
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Figure 2. 8. Structure of Faujasite (FAU) zeolite [48]

As in zeolite A, the combination of the a super cages with each other and with the sodalite
cages give rise to the final structure of the zeolite. It has two interconnected three-dimensional
channel systems: (i) a system formed by the union of a super cages which is entered through
openings formed by rings of 12 oxygen atoms with a diameter equal to 7.8 A; and (ii) a channel
system formed by the alternate connection of sodalite cages and a super cages, which is
penetrated by openings formed by 6 oxygen atoms with a diameter equal to 2.2 A. If this
second channel system, due to its small pore size, is inaccessible to organic and inorganic
molecules, the first is large enough to allow access for most of the organic molecules used as

reagents [46].

With regard to compensating cations, various nomenclatures have been proposed to
designate their location within the structure. The oldest is the one that distinguishes four

different positions:

¢ The 5(I) sites located in the center of the hexagonal prisms (16 S(I) sites per mesh).
¢ The S(I') sites located inside the sodalite cages and near the base of the hexagonal

prisms (32 S(I') sites per mesh, 4 per sodalite cage).
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¢ The S(II) sites located on the same axis as the previous ones, but located in the super
cages (32 S(I) sites per mesh).
¢ The S(II') sites symmetrical to the preceding ones, in relation to the plane of the

hexagonal faces of the socket cages (32S(II') sites per mesh).

These zeolites exchanged with multivalent cations and/or in the proton form are used in

numerous refining and petrochemical processes, especially in catalytic cracking [44]

2.8.Synthesis of zeolites

Synthetic zeolites have versatile applications ranging from environmental to medicinal
applications. Therefore, more emphasis is placed on a basic understanding of the chemistry
of zeolite structures and the different preparation routes. Natural zeolites take several days to
decades to create, while synthetic zeolites can be prepared in the laboratory from a few hours
to a few days. Although zeolites can be synthesized from different raw materials that can be
natural or artificial, not all raw materials are suitable for synthesis from an economic point of
view. However, costs can be reduced by using clay minerals, volcanic glasses (perlite and

pumice), rice husks, diatoms, fly ash, and others as starting materials [42].

The raw materials used for the synthesis of zeolites (zeolitization) must have some properties,
including being easily available and inexpensive, have adequate content of alumina and silica,
few impurities, and also allow high production performance and selectivity. The literature
shows that clays are commonly used as sources of Al and Si for the synthesis of Linde type A
(LTA), sodalite, faujasite (FAU), and other types of zeolites. Although the synthesized
products contain quartz phases as impurities from natural clay samples, the zeolitization of
clay materials has great potential for versatile applications, especially for environmental

applications [44].
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The zeolitization process involves numerous metastable phases that make the synthesis
susceptible to various parameters, including temperature, precursor concentration, stirring
speed, etc. In particular, the nucleation and crystallization process for FAU and LTA-type
structures are more complex than for structures with high silica content. The aluminosilicate
species can spontaneously polymerize while mixing the silica and alumina precursors
resulting in the rapid formation of pre-crystalline nuclei with irregular dimensions. Such
unevenly sized particles have different growth kinetics and can result in the rapid growth of
large crystals. The non-covalent interactions typical of supramolecular self-assembly cannot
support such rapid crystal growth and thus the mesostructure collapses. Therefore, tailoring
the crystallization process to achieve the desired pore architecture in zeolites remains a major

challenge [49].

2.8.1. Hydrothermal method for the synthesis of zeolites

Until now, various physicochemical and solvothermal methods have been adopted and
developed to produce synthetic zeolites such as hydrothermal method, alkaline melting
method, sol-gel method, and alkaline leaching method. However, the choice of the synthesis
method depends on the type of zeolite that is produced. Each method has some advantages

and few limitations [44].

The hydrothermal method is considered the main route of synthesis of zeolites. In this
method, water is used as a solvent and a base is used as a mineralizer at different temperatures
and pressures. Conventionally, hydrothermal synthesis needs to use a sealed container
generally made of polypropylene and a Teflon-lined steel autoclave. In this method, a lower
temperature is required, because it is very simple and cheaper compared to other methods
[44]. The hydrothermal method has several advantages, including low energy consumption,
the high reactivity of the reagents, easy maintenance on the solution, less air pollution,

formation of metastable phases, and unique condensed phases. There are many factors that
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can affect the performance of any hydrothermal method, for example, temperature and
pressure, batch composition, silica to aluminum ratio, reactive materials, general alkalinity,
aging time, condition of the template, and seeding. Therefore, to overcome the limitations of
the conventional hydrothermal strategy for the synthesis of zeolites, researchers have
developed various means of sustainable ways to synthesize strategies, such as the microwave-
assisted hydrothermal method, the alkaline fusion hydrothermal method, the hydrothermal
method. assisted by microwave-digested alkaline fusion and the ultrasound-assisted

hydrothermal method [44].

2.9. Advanced Oxidation Processes (AOPs)

Advanced oxidation processes (AOPs) are a group of chemical treatment techniques useful
for removing organic (and sometimes inorganic) substances from water and wastewater
through oxidative degradation reactions [27]. AOPs are based on the in situ production of
hydroxyl radicals (¢OH), which react rapidly in a non-selective way once formed. These
radicals are generated with the help of one or more primary oxidants (e.g., Os, H202, Oz)
and/or energy sources (e.g., UV light) or catalysts (e.g., TiO2), which are applied in precise
amounts and combinations to achieve maximum yield of *OH. Hydroxyl radicals are capable
of oxidizing organic compounds mainly by hydrogen abstraction or by electrophilic addition
to double bonds, generating free organic radicals (R°) that in turn react with oxygen molecules
to form a peroxy radical, initiating a series of oxidative degradation reactions, leading to
complete mineralization of contaminants. Due to this mineralization, polluting materials are

largely converted into stable inorganic compounds, such as water, carbon dioxide, and salts

[4]-
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Table 2. 1. Classification of Advanced Oxidation Processes [50]

Non-photochemical Photochemical
Ozonation Photocatalytic oxidation, UV/Catalyst
Ozonation with hydrogen peroxide (Os/H202) UV/H202
Fenton (Fe?* or Fe*/H20) UV/Os
Wet air oxidation (WAO) UV/Os3/H202
Electrochemical oxidation Photo-Fenton (Fe3*/H20./UV)

AOQOPs are particularly useful for degrading biologically toxic or non-degradable materials
such as aromatics, pesticides, petroleum components, and volatile organic compounds in
wastewater. Additionally, AOPs can be used to treat secondarily treated wastewater effluent,
which is later referred to as tertiary treatment [27]. As shows Table 2.1, AOPs includes various
processes, including ozonation, Fenton and photo-Fenton process, UV-based photolysis,
electrochemical oxidation processes, and photocatalysis [20]. However, among the above
methods, photocatalysis as a green technology has received attention for the treatment of
wastewater contaminated with different compounds since this process offers a lower cost
compared to other AOP treatments. In addition, other important advantages of photocatalytic
treatment include the environmental operating conditions, the complete destruction of water
contaminants without the generation of secondary contaminants [51,52], and the use of the
synergistic reaction between some contaminants to simultaneously remove a variety of
pollutants. Based on the above advantages, photocatalytic technology has promising
applications in the removal of aqueous organic pollutants and heavy metals, water separation,
selective oxidation of organic compounds, carbon dioxide conversion, hydrogen peroxide
production, etc.,, which can not only solve the problem of wastewater pollution but also

develop and use new energy and other high value-added products [2].
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2.10. Heterogeneous Photocatalysis

Heterogeneous photocatalysis is a promising AOP for the treatment of contaminated
wastewater since it allows the complete mineralization of different organic and inorganic
compounds, using semiconductor catalysts that are activated by natural or artificial light [51-
56]. The photocatalytic activity of semiconductors is influenced by a wide variety of factors
such as morphology, specific surface area, adsorption affinity and capacity for organic
pollutants, intensity and spectral distribution of illuminating light, pH of solutions, among

others [57].

The photocatalytic process comprises several reactions that occur on the surface of
semiconductor particles, where the reaction rates depend on the efficiency and rate of charge
transfer between the photocatalyst and the substrate. Also, this depends on the type of bond
between the photocatalysts and the adsorbate. Weak substrate adsorption leads to indirect
charge transfer and low photocatalytic activity. On the other hand, a strong and specific bond
(adsorption) result in a direct charge transfer that induces higher photocatalytic activity [30].

Figure 2.9 shows a schematic diagram of the principle of photocatalysis.
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Figure 2. 9. Schematic diagram of the principle of photocatalysis [50]
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Photocatalytic reactions begin when a photon of the appropriate energy (hv) is absorbed by a
semiconductor, it promotes an electron from the valence band (VB) to conduction band (CB),
generating an electron-hole pair (e, h*) and leaving a hole (h*) in the VB (reaction 1). The
electron-hole pairs can recombine immediately (less than 1 ns) (reaction 2), but some of them
can also migrate to the surface of the catalyst and react separately with other species adsorbed
on the surface such as H-O, OH-, Oz, and other molecules (R). The holes at the semiconductor
VB can oxidize adsorbed water or hydroxyl ions to form highly reactive hydroxyl radicals
(reactions 3 and 4). On the other hand, the generated electrons at the CB can react with
adsorbed oxygen molecules to produce oh radicals via a succession of reactions (reactions 5-
8). These formed hydroxyl radicals have a strong ability to degrade organic dyes such as
methylene blue (MB) (reaction 9). Furthermore, a direct oxidation of organic dyes can occur

by reaction with holes (reaction 10). These reactions are expressed by the following equations

[53,54,57,58]:

(semiconductor) et semiconductor + ez + hig (1)
ecg + hip > heat (2)
Hy0445s + hyjp = (H + OH7)gqs + hyjp & OHgy (3)
OHgqs + hjp > OHggs (4)
(02)aas + epc = 03 (5)
05+ H* - HO; (6)
2HO; - H,0, + 0, (7)
H,0,+ e~ —» OH'+ OH™ (8)
R+ OHy4s = Rjys + H,0 — degradation products 9
Raas + hip = R.5. — degradation products (10)

Most of the trapped electron-hole pairs (e, h*) recombine indirectly at surface or volume
defects and directly from band to band. The lack of these charge carriers causes defects by

trapping electrons-holes in the surface and then releasing heat. The efficiency of the
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generation of electron-holes is related to some factors, such as the competition of different
surface conduction processes that consist of the disappearance of electron-holes during the
recombination process, the potential location of the bandgap, and the properties of the surface
[59]. Consequently, during the last decade, a variety of strategies have been employed to
improve the efficiencies of photocatalysts, for example, through proper texture design,
doping, and formation of a semiconductor heterojunction by combining them with metals
and/or other semiconductors. Among these, the construction of a p-n type semiconductor-
semiconductor heterojunction has attracted much attention due to its perfect effectiveness in
enhancing photocatalytic activity. This effectiveness is because the p-n junction generates a
region of space charge at the interface due to the diffusion of electrons and holes, and therefore
creates a built-in electric potential that can direct electrons and holes to travel in the opposite

direction [60].

2.11. Photocatalyst

Semiconductor oxides are one of the most studied materials, due to their remarkable physical,
optical and optoelectronic properties [51]. That is why a variety of semiconductors have been
explored in modern photo-assisted techniques, including metal oxides (TiOz, ZnO, WOs,
Fe20s) and chalcogenides (ZnS, CdS, CdSe) [55,57]. These compounds are characterized by
different bandgap energies and oxidizing power and also by destroying organic pollutants

[20].

Among semiconductors, zinc (Zn) and titanium (Ti) oxides have been extensively exploited
for various photodegradation applications because they are efficient, inexpensive, non-toxic,
harmless, and exhibit chemical and thermal stability [61-65]. However, these oxides also have
certain disadvantages such as the high recombination rate of the photogenerated carriers and

the wide bandgap that only allows them to adsorb ultraviolet light [1, 2,29]. Considering the
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efficiency of solar energy in the photocatalytic process, it is necessary to design a

photocatalysis with a bandgap energy value lower than 2.7 eV [9].

Zn and Ti oxides can be presented as binary compounds (ZnO and TiOz), ternary (ZnTiOs,
Zn2TiOs4, and Zn2Ti30s), or as mixed compounds, all being attractive alternatives in various
scientific and technological applications, such as wastewater decontamination, generation of
hydrogen, solar cells, gas sensors, pigments, photocatalysts, photoelectrochemical devices,

and UV protection materials, etc. [66-70].

2.11.1. Zinc oxide (ZnO)

Zinc oxide is an inorganic compound with the formula ZnO. ZnO is a white, water-insoluble
powder and is formed naturally in the mineral zincite, although most of the ZnO is produced
synthetically. ZnO can form a crystal in three different forms: hexagonal wurtzite, cubic
zincblende, and cubic rock salt [71]. Hexagonal wurtzite ZnO is thermodynamically the most
stable under ambient conditions. However, cubic zincblende can be stabilized by growing
ZnO on cubic substrates. ZnO exists in rock salt structure only at relatively high pressure (~10

GPa) [4]. The crystal structures of ZnO are shown in Figure 2.10.

Zincblende Waurtzite

Figure 2. 10. ZnO crystal structures: (a) Rocksalt, (b) Zincblende and (c) Wurtzite [4]

36



UNIVERSITAT ROVIRA I VIRGILT

SYNTHESIS, CHARACTERIZATION AND THEORETICAL CALCULATIONS OF ZNTIO3 FOR THE ADSORPTION AND PHOTOCATALYTIC REMOVAL
OF METHYLENE BLUE DYE

Ximena Verdnica Jaramillo Fierro

The lattice constants of rocksalt, zincblende and wurtzite are presented in Table 2.2.

Table 2. 2. Lattice constants of Rocksalt, Zincblende and Wurtzite [71] [72].

Parameters Rocksalt Zincblende Wurtzite
Space Group F43m F43m P6;mc

Structure Cubic Cubic Hexagonal
a(A) 4.2825 4.4200 3.2488
c(A) - - 5.2058

Zn0 is generally an intrinsically n-type semiconductor with the presence of intrinsic defects
such as interstitial zinc, oxygen vacancies, and zinc vacancies, which affect its optical
properties and electrical behavior [4]. ZnO has a tetrahedral bond configuration and has high
ionicity at the border between that of ionic and covalent semiconductors. As a result, ZnO
possesses a wide direct bandgap (3.37 eV) [59], a high bond excitation energy (60 meV) [68],

as well as a deep violet/borderline ultraviolet (UV) absorption at room temperature [4].

At present, ZnO has attracted intensive research effort due to its unique properties, such as
high chemical stability, high electrochemical coupling coefficient, high refractive index, high
thermal conductivity, antibacterial bonding properties, and UV protection [55]. Due to these
properties, ZnO has versatile applications in conductive films, wave guides, solar cells,
ultraviolet (UV) light emitters, piezoelectric devices, and chemical sensors [65]. Furthermore,
Zn0O is one of the materials that has been used on a large scale as an efficient, inexpensive and
non-toxic photocatalytic semiconductor for the photocatalytic degradation of a wide range of

organic pollutants [53,73].

Although ZnO is widely used in photocatalysis, the rapid recombination of electron pairs and
photogenerated holes that occur on the surface of this oxide results in low quantum efficiency
[53]. Likewise, the narrow spectral range of absorption is another factor that limits its

photocatalytic use. To address these problems, other semiconductors such as TiO2 have been
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widely used which, through doping and deposition methods, improve the photogenerated
charge separation and transport of ZnO structures [14].

2.11.2. Titanium dioxide (TiO3)

Titanium dioxide (TiOz) is an n-type semiconductor, with a bandgap energy range of 3.0-3.2
eV, depending on its crystalline structure [12]. TiO2 has three main crystal structures; anatase
(tetragonal), rutile (tetragonal), and brookite (orthorhombic). Anatase is the phase that is
normally synthesized in the sol-gel process, and brookite is mainly found as a by-product
when precipitation takes place in an acidic medium at low temperatures. Rutile is a stable
structure, while both brookite and anatase are metastable and can generally transition to the

stable rutile phase when heated [74]. The crystal structures of TiO: are shown in Figure 2.11.

Brookite

Rutile

Figure 2. 11 TiOz crystal structures: (a) Rutile, (b) Anatase and (c) Brookite [75]

The lattice constants of rutile, anatase and brookite are presented in Table 2.3
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Table 2. 3. Lattice constants of Rutile, Anatase and Brookite [76].

Parameters Rutile Anatase Brookite
Space Group P4, /mnm 14;/amd Pbca
Structure Tetragonal Tetragonal Orthorhombic
a(A) 4.594 3.785 5.436
b (A) 4.594 3.785 9.166
c (A) 2.959 9.514 5.436

TiO2 is the most widely used metal oxide for environmental applications, paints, electronic
devices, gas sensors, and solar cells [22,55,58], due to its exceptional optical and electronic
properties, as well as its excellent performance, abundance, low cost, non-toxicity,
photochemical stability, and insolubility in most reaction environments [73,77,78]. This
semiconductor is well known for its excellent photocatalytic property which has been widely
used in the removal of environmental pollutants, antibacterial additives, self-cleaning
buildings, etc. [65]. Unfortunately, TiO: tends to show a lower photocatalytic efficiency at low

concentrations of pollutants due to its small surface area and low adsorption capacity [3].

Although rutile is activated by visible light itself, its photocatalytic activity is lower than that
of anatase, which is excited by UV-A light, however, the photocatalytic activities of both
structures are highly influenced by types of substrates applied [79,80]. The combination of
anatase with rutile has a higher photocatalytic activity due to a synergistic effect between both
phases. In this way, the charges produced in the rutile phase under visible light are stabilized
by a rapid transfer of electrons to the anatase phase, which extends the photocatalytic activity
to the visible region [81]. On the other hand, brookite is more reactive than anatase; however,
the preparation of pure brookite without rutile or anatase is quite difficult and therefore has

not been extensively investigated.
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2.11.3. ZnO-TiOz2 coupling

In recent years, the degradation of polluting dyes in water by photocatalysis, using
semiconductors such as TiO:2 and ZnO, has attracted great interest due to their very similar
physicochemical properties including high photocatalytic efficiency, insolubility in water,
thermal and chemical stability, low cost, non-toxic nature and environmentally friendly
characteristics [52,55,82]. Despite these advantages, both photocatalysts exhibit low charge
transfer efficiency due to the high recombination rate of photoinduced electron pairs and
holes [6,77,78,82]. Likewise, both semiconductors have functionality limits due to the fact that
they exhibit values of the bandgap (TiO: = 3.0-3.2 eV and ZnO = 3.37 eV) and of the optical
band (TiOz2 =385 nm and ZnO =425 nm), which allows them to use only a small percentage of

solar energy [52,54,64,77].

Since visible light with a spectral wavelength between 400 and 700 nm represents
approximately 45% of the total energy of solar radiation, while ultraviolet light occupies less
than 10%, it is of great interest to improve the photocatalytic activity and the quantum
efficiency of TiO: and ZnO for practical photocatalytic applications under visible light
[63,64,69]. Therefore, several alternatives have been tested, the main ones being the use of

dopants and the coupling of photocatalysts [58].

In the doping process, fast charge recombination is delayed and absorption of visible light is
enabled, creating defect states in the bandgap [12]. In the former case, recombination is
inhibited and interfacial charge transfer is enhanced by trapping VB holes or CB electrons at
defect sites. In the second case, electronic transitions from the defect states to the CB or from
the VB to the defect state are allowed under forbidden sub-band irradiation. Metal ions
(transition metals and noble metals) and non-metallic ions are the two main categories of
dopants. Selective metals are generally preferred as they have the potential to transfer

electrons and lower the energy level of the bandgap. Among the different metallic doping
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elements, Cu, Au, and Ag have been shown to be effective dopants to enhance the absorption

of visible light [12].

Considering the high price and limited mineral sources of noble metals, researchers have paid
more attention to the coupling or heterojunction of two semiconductors that possess different
levels of redox energy for their corresponding conduction (CB) and valence (VB) bands. This
coupling has proven to be an attractive approach to compensate for the disadvantages of
individual components and leads to more efficient charge separation, longer life of charge
carriers, and improved interfacial charge transfer to adsorbed substrates [14,51,69]. Several
semiconductors have been reported for the potential coupling of TiOz, including SiO, MoOs,
CdS, MgO, WOs, SnOz, ZrO:, CuO, Fe:0s and ZnO [52,58,73,82]. The characteristics and
compatibility of the coupling semiconductor are important for the physicochemical properties
and stability of the hybrid semiconductor. Each semiconductor substantially affects the
surface charge of the material and, therefore, increases or weakens its photocatalytic capacity

[55].

Among the numerous semiconductor combinations, the integration of ZnO with TiOz2 is one
of the most promising alternatives [6,65,77,83]. The physical and chemical properties of ZnO-
TiO: are greater than those of the individual ones, which results from the modification of its
electronic states [14,62]. In the ZnO-TiO:z coupling, an energy potential polarization is formed
that facilitates the transport of photoinduced electrons by injecting conduction band electrons
from ZnO to TiO:. In this way, by separating the electrons and photoinduced holes,
recombination of the charge carriers can be avoided, which improves the photocatalytic
activity [55,73,78,84,85]. The schematic diagram of the principle of photocatalysis on the ZnO-

TiOz2 coupling is shown in Figure 2.12.
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Figure 2. 12. Schematic diagram of the principle of photocatalysis on the ZnO-TiO:2 coupling [86]

2.11.4. Zn-Ti-O system

Several authors report that there are five existing compounds in the ZnO-TiO: binary system,
including zinc ortho-titanate with a cubic and tetragonal crystalline structure (Zn2TiOs), zinc
meta-titanate with a cubic and hexagonal crystalline structure (ZnTiOs), and polytitanate of
zinc with a cubic crystalline structure (Zn2TisOs) that is considered as the form of ZnTiOs at
low temperature (T <820 °C) [69,70,87,88]. Furthermore, these three crystalline phases can be
converted to each other under certain conditions [2]. Numerous reports on the formation of
the Zn-Ti-O system have shown that the composition can change delicately subject to
synthetic methods. This implies that the chemical and structural stability of the three zinc

titanate structures would change delicately depending on the chemical environment [89].

Among the three different crystalline phases of zinc titanate, Zn:TisOs has a relatively high
reducing potential. Furthermore, the valence band of Zn:TisOs is more positive and the
conduction band is more negative than the respective TiO: bands (anatase phase). On the
other hand, nano-sized crystalline ZnTiOs is a very significant material that has been used as

an absorbent for dyes in wastewater [19,66]. ZnTiOs is an ABOs type of perovskite that has
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BOs octahedra with A% cations embedded in the structure [32]. This zinc titanate is normally
synthesized and crystallized by the solid-state reaction of a ZnO-TiO: mixture at high
temperatures (600-900 °C) [90]. However, the synthesis that involves a titanium precursor in
the presence of an excess of zinc precursor forms Zn:Ti30s at temperatures of 700-900 °C. Both

ZnTiOs and ZnTi:0s are directly transformed into Zn:TiOs and rutile at temperatures above

945 °C [91].

To achieve pure titanate phases, different preparation techniques have been extensively
studied, including wet and dry techniques. For example, Al-hajji et al. (2019) developed a
comparative study on the microstructure of zinc metatitanate using solvothermal and ball
milling methods. The mechanical pathway resulted in the formation of ZnTiOs as the main
product accompanied by ZnTisOs as the secondary product. The solvothermal pathway,
instead, resulted in the formation of Zn:Ti30s accompanied by traces of zincite [92]. Likewise,
other authors have proposed that the formation of Zn>TiOs and Zn2TisOs is restricted by the
presence of anatase and that ZnTiOs is formed exclusively in the presence of rutile due to
structural similarities [89,93-96]. This limitation of solid-state synthesis produces titanates
with large grain size, with uncontrolled and irregular morphologies, as well as contamination
of different crystallographic phases [92,97,98]. Therefore, it remains a challenge to find new

routes to prepare high purity titanate particles at low temperatures [97,99,100].

2.11.5. Zinc titanate (ZnTiO3)

Recently, noncentrosymmetric compounds (NCS) have attracted great interest in materials
science due to their symmetry-dependent non-linear second-order ferroelectric, piezoelectric,
and optical properties, etc. Consequently, researchers are currently looking for new polar
oxides, specifically, those that include distorted cations Jahn-Teller of the second-order (SOJT)
(Te*, Sn*, Ti*, Mo®, Nb*>, V%, etc.) and cations with stereo active lone pair electrons of ns?

(Bi*, Pb?, Se*, etc.). The NCS compounds exhibit two famous structures: perovskite-type (Pv-
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type) and LiNbOs-type (In-type) phases. Taking into account the structural relationship
between the two previous ones, the LiNbO:s type structure can be considered as the derivative

of the perovskite structure [101].

Perovskite oxides (ABOs) are an important family of materials for various technological
applications [9]. To date, many perovskite oxides such as NaTaOs, KTaOs, BaZrOs, SrTiOs,
BaTiOs, CaTiOs, LaFeOs, etc. have been synthesized, which have good optical, electrical,
structural, and catalytic properties [9]. Compared to simple metal oxides, perovskite oxides
are more stable and reliable [102,103]. ZnTiOs is a perovskite-type oxide whose structure
allows it to adapt to change the arrangement of sites A and B, as well as to incorporate a
combination of cations to these sites. In fact, the electronic properties of perovskite-type oxides

vary with changes in stoichiometry or doping with a cation of a different valence state [104].

ZnTiO:s has high thermal and chemical stability, a wide energy gap, high electron mobility,
high reduction potential, and low oxidation potential, plus it is cost-effective and
environmentally friendly [61,70,105,106]. In recent years, ZnTiOs has been investigated for
application in many fields, such as regenerable sorbent for desulfurization of hot coal gases,
gas sensor, humidity sensor, paint pigment, microwave dielectric material, antibacterial

agent, and as photocatalyst [19,31,107-111].

The ZnTiOs structure is formed only at high temperatures and normally crystallizes into a
rhombohedral ilmenite (Il) structure, with Zn?* (3d'°) and Ti** (3d°) sites [101]. These sites in
the crystal structure of ZnTiOs occupy 2/3 octahedron gaps and the rest of the 1/3 octahedron
gaps are completely empty. The existence of the so-called "columbic repulsion” between the
Zn? and Ti* ion sites cause the slight movement of each ion towards the adjacent unoccupied
octahedral sites along the trigonal axis ¢, thus producing a spontaneous polarization that is

seen reinforced by a second-order Jahn-Teller distortion (SOJT), due to Ti* (d°) [101,112-114].
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ZnTiOs in the LiNbOs-type (In) phase is an interesting candidate for nonlinear and
ferroelectric optical applications. Under ambient conditions, 11-ZnTiOs (hexagonal space
group r3), is the most stable polymorph, while In-ZnTiOs (cubic space group 3m) can be
obtained as the recovered phase after transforming pure I1-ZnTiO:s at a pressure of ~16.5 GPa
and ~1150 K in its polymorph perovskite-type ZnTiOs (orthorhombic space group pnma) [110].
Both In-type and Il-type structures are related by a zone-center ferroelectric mode involving
cation displacement. However, the transformation from type In to type Il requires octahedral
rotations that are hampered due to anion-anion contacts for compounds with small tolerance
factors. Instead, In-type ZnTiOs undergoes a phase transition to an orthorhombic Pv-type
phase via an order-disorder phase transition [114]. Figure 2.13 shows the crystallographic

structures of LiNbOs (LN)-type ZnTiOs and ilmenite (IL)-type ZnTiOs along the z-axis.

Figure 2. 13. Crystallographic structures of LiNbOs (LN)-type ZnTiOs (left, space group R3c) and ilmenite (IL)-

type ZnTiO:s (right, space group R3) [113]
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Currently, ZnTiO:s has attracted the interest of numerous researchers due to its photocatalytic
properties. However, similar to pure TiO: and ZnO, ZnTiOs is a broadband semiconductor
that cannot be activated by visible light. Therefore, to expand the absorption of ZnTiO:s to the
visible light region or to improve the photocatalytic efficiency, several alternatives have been
studied, among them doping of the ZnTiOs structure with metals or the ZnTiOs/TiO:2

heterojunction [69].

Compared with ZnTiOs or TiOz pure, the heterojunction of both oxides has excellent stability,
large surface areas, and specific capacity, satisfactory load capacity, etc., which is beneficial

for the design of potential materials with photocatalytic applications [115].

2.11.6. Sol-gel method for the synthesis of ZnTiOs/TiO:

It is well known that the photocatalytic activity of semiconductors is closely related to physical
properties such as crystalline phase, particle size, crystallinity, and morphology [48][60].
Therefore, at present, several methods have been used to obtain ZnTiOs of controlled shape
and size with high purity and low cost [116]. However, despite the number of methods
available, the preparation of pure ZnTiOs remains a challenge in materials chemistry as this

mixed oxide decomposes into Zn.TiOs and TiO: at high temperature [110].

To synthesize ZnTiOs particles, various techniques have been reported, including
conventional solid-state reaction, spin coating, chemical vapor deposition, spray pyrolysis,
sputtering, laser sintering, sonochemistry, co-precipitation, hydrothermal/ion exchange
process, sol-gel process, chemical bath deposition and Pechini method [9,31,78,95,96]. Among
these methods, the sol-gel process is a well-established green chemistry technique for the
manufacture of ceramic materials [51,52]. This method allows obtaining nanocrystalline
structures with regular morphology, suitable for easier control of the kinetics of the chemical

reaction [74,100,108,117].
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Several authors have systematically investigated the crystalline and phase transformation
behaviors of sol-gel synthesized zinc titanates with respect to different molar ratios of Ti: Zn
precursors and calcination temperatures [90,99]. Metal alkoxides are generally used as starting
materials in the sol-gel synthesis of zinc titanates. These alkoxides are sensitive to moisture
and readily hydrolyze to form metal hydroxides and their respective alcohols [118]. The
microwave-assisted sol-gel or sol-gel method requires controlled hydrolysis of metal
alkoxides in anhydrous alcohol to obtain a uniform particle size distribution [97]. Next, the
reactions that occur during the synthesis of ZnTiOs through the sol-gel process using

dehydrated zinc acetate and titanium alkoxide as precursors are described [90].

When dehydrated zinc acetate is added to deionized water, it dissociates into zinc ion, Zn?,
and acetate ion, CH3COQO:, as shown in reaction (1). CHsCOO- ions can be further hydrolyzed
and release OH- ions as shown in reaction (2). When an ammonia solution is added, it

hydrolyzes into ammonium ions, NH4+*, and hydroxide ions, OH:, as shown in reaction (3)

Zn(CH3;C00), » 2CH;C00~ + Zn?* (1)
CH;C00™ + H,0 » OH™ + CH;C00™ + Zn?** ()
NH; + H,0 -» NH} + OH™ 3)

The Zn? ions will react with the OH- and NH4+ ions and lead to the formation of
tetraaminesyncate ions [Zn(NHs)s]?*, zinc hydroxide [Zn(OH)2] or tetrahydroxozincate
Zn(OH)+* ions, which have an octahedral geometry, agglomerated in solution. These
aggregates usually contain less than 50 ions. Once the aggregates reach about 150 ions, the
wurtzite-structured ZnO domains nucleate in the central region of the aggregates, as shown
in reactions (5) and (6). Therefore, the nucleus of the aggregate comprises Zn?* and OH- ions.
Therefore, when more ammonia is added to the solution, there are more OH- ions and NHa4*

ions available for the formation of ZnO.
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Zn(NH3)2* + 20H™ - Zn0O + 4NH; + H,0 4)
Zn(0OH)%2™ - Zn0O + H,0 + 20H~ (5)
Zn(0OH), + 20H™ - Zn(0OH)3~ (6)

During the sol-gel reaction of titanium alkoxides, the OR groups are preferentially
hydrolyzed, as shown in reaction (7), while the ligands remain tightly bound during the
condensation process (8). In this way, the formation of linear chains of Ti-O polymers
composed of octahedra that share edges is promoted. The formation of these octahedral

stabilizes TiO: as anatase, which reduces the transformation temperature of anatase to rutile.

Ti[OCH(CHs),lq + 4H,0 > Ti(OH), + 4(CHs),CHOH )

2Ti(OH), —» 2Ti0,+H,0 + 3H,0 (8)

2.12. Nanocomposites

Nanotechnology products are considered very effective tools for environmental cleaning.
Therefore, the use of many types of nanoparticles/nanocomposites and methods to clean up
natural resources and improve the quality of life of the population has been widely described

[11].

Nanocomposites are heterogeneous materials that consist of two or more components/phases
that are chemically/physically different, and at least one of their phases is nano-sized. In
general, the size of nano-objects ranges between 1 and 100 nm. Although the size of
nanoparticles is between 1 and 100 nm in all three dimensions, nanofibers only have two
dimensions at the nanoscale [24]. Due to their small size, high surface area, and the interface
between phases, nanocomposites have unique characteristics, such as electronic, magnetic,

optical, chemical, and mechanical properties that differ from bulk materials [93]. For this
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reason, nanocomposites are highly efficient materials in the fields of catalysis and
photocatalysis, for the degradation of azo dyes, and have shown a higher photocatalytic

performance than pristine samples [9,119].

2.13. Supported and structured materials

The main drawback of using semiconductors as photocatalysts is their susceptibility to
aggregation, thus reducing their specific surface area, as well as their efficiency. On the other
hand, the practical applications of photocatalysts in the form of powders suspended in an
aqueous solution are limited due to the additional cost of separation and recovery [22]. Thus,
recent studies have suggested alternatives to solve these problems, for example, by

assembling nanostructured semiconductors on porous supports [120,121].

Porous materials have porosities in the microporous (less than 2 nm), mesoporous (between
2 and 50 nm), and microporous (greater than 50 nm) ranges [122]. Of these, the micro and
mesoporous materials have wide applications in ion exchange, separation, and catalysis [123],
[124]. In particular, porous materials with a higher quantity of surface hydroxyl groups and a
large specific surface area are the most suitable for housing nanoparticles of photocatalysts
[120,122]. Several porous materials have been investigated as potential supports, including
zeolites, clay minerals, activated carbon, silica, glass spheres, perlite, fly ash, and
organometallic structures [125]. Among the different porous materials, clays and clay-based
materials represent a very promising alternative due to their high mechanical and chemical
stability, high surface area, and high adsorption capacity. In addition, clays are
environmentally friendly, inexpensive, and offer an interesting route for the revaluation of

local resources [12].

Clay minerals have been widely used as supports in heterogeneous catalysis, in fact, TiO2-clay

composites have long been the most studied clay-based materials in photocatalysis. In these
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composites, the adsorption capacity of the clay and the photocatalytic capacity of the
semiconductor are combined synergistically [121]. Furthermore, these composites have been
shown to have a large specific surface area, and a porous network mainly composed of micro
and mesopores due to the creation of oxide anchored to the layers of stratified clay

(montmorillonite) or fibrous (sepiolite, halloysite) [126].

The effective use of micro and mesoporous materials in catalytic applications requires that
these porous powders be structured in a macroscopic way. This structured shape must have
a morphology that promotes high flow rates and rapid heat and mass transfer, as well as
sufficient mechanical, chemical, and wears resistance. The high mechanical integrity of
structured porous materials is essential for performance in processes where pressure
variations are large and rapid, or when thermal cycling induces stress since these conditions

can affect the useful life of the adsorbent and catalyst [122].

Structuring is often accomplished by using techniques that have a lot in common with ceramic
processing. The main processing steps involve: (i) mixing the porous powder with inorganic
and organic additives, (ii) shaping the powder into the desired engineered shape, and (iii)
removing temporary additives and creating a mechanically robust structure by heat
treatment. Porous powders are processed to produce structured bodies by a variety of shaping
processes such as extrusion, slip and tape casting, foaming, gel casting, coating, spray drying,
and dry pressing. Among these, extrusion is probably the most widely used manufacturing
method to structure and shape porous powder for adsorption and catalytic applications. Post
heat treatment is primarily performed to increase bond in the molded powder body but can
be combined with a burn-out step for removal of the organic additives used to facilitate the
molding process. Inorganic binders such as clays and silica are typically added to impart the

desired mechanical strength [122].
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Although binders impart mechanical strength and wear resistance, the incorporation of
inactive binder dilutes the active component, i.e., the porous powder, resulting in a reduction
in performance per unit mass (or volume) of the structured adsorbent or catalyst [122]. The
use of inexpensive inorganic binders, such as SiO2, Al:Os, and clay for catalyst bodies, is
common in industrial processes, but several reports indicate that catalyst-binder interactions
can influence the reactivity, selectivity, and stability of the overall catalyst material. In
addition, the binder can coat the surface of the adsorbent or catalyst powder and cause pore

blockage [127].

Traditionally, the structuring of catalysts and adsorbents has been developed by dominant
companies and maintained as internal know-how or only disclosed in patents. However, the
growing interest in porous materials for emerging applications has led to a greater number of
open investigations related to the structuring of adsorbents and catalysts with large surface
area, with high capacity and high volumetric efficiency, and easy recovery and recycling at

the end of the process [84,122].

2.14. Theoretical and computational chemistry.

Computational chemistry is a division of theoretical chemistry, which is based on the use of
natural laws, mathematical calculations, physical methods, among others, to solve problems
that allow contrasting and complementing experimental data [128,129]. The methods used in
computational chemistry are usually divided according to the classification shown in Figure

2.14.
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Figure 2. 14. Computational chemistry methods.

2.15. Quantum mechanics and the Schrédinger equation

In quantum mechanics, a system is defined by the particles that constitute it, by the
interactions given between said particles and the relevant external fields that act on it. The so-
called ab-initio methods are quantum-mechanical methods used to describe a system by

solving the Schrodinger equation [130].

Hy = Ey (2.1)

Where s is the wave function, E is the energy associated with the particular state of the system
and H is the non-relativistic Hamiltonian operator, which includes both the kinetic
contributions (T) of electrons, with coordinates r, and those of the nuclei atomic, with R
coordinates; in addition to the potential interactions (V) existing between said particles

[131,132].

Hr,R) = T@H+ T(R)+ V() + V(R) + V(r,R) (2.2)

Multi-electronic systems are characterized by having a large number of electrons interacting
with each other, which is why the above equation is extremely difficult to solve analytically.

To approach the solution of these systems, it is necessary to include certain approximations,
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such as the Born-Oppenheimer approximation. This approximation considers the great
difference between the relative mass of the nuclei and that of the electrons, with which it is
possible to consider the fixed nuclei in certain positions and to simplify the calculations to

solve only the electronic equation [133].

ﬁelectr = Te + Vee + VNe (2-3)

Despite this simplification, the problem remains complex, due to potential electron-electron
interactions (Ve), therefore, other additional approaches are required to try to solve
polyelectronic systems. Methods based on quantum mechanics allow us to approach the

solution of polyelectronic systems. These methods can be grouped into two types [130]:

¢ Methods based on obtaining the wave function, such as the Hartree-Fock (HF) method.
e Methods based on the calculation of electron density, such as the DFT (Density

Functional Theory) method.

2.15.1. The Hartree-Fock (HF) method

Hartree-Fock (HF) methods is the starting point for the majority of computational work on
the electronic structure of atoms and molecules. This approach is based on the construction of
approximate poly-electronic functions as a product of monoelectronic functions (Slater
determinants). The Hartree-Fock (HF) approximation is equivalent to the orbital
approximation. The Hartree-Fock wave function is described as an anti-symmetrized spin-
orbital product, and uses a single determinant as a test function. The HF method is the basis
of current ab initio methods, it is an interactive process, applicable to isolated molecules, both
in excited and fundamental states. The fact that this approximation uses a single determinant
to describe the wave function, and the overestimation of the inter-electronic repulsion,

generates many limitations because it is insufficient to describe those systems that include
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unpaired electrons, such as those involving breakdown of links [134]. This, added to the

computational cost, has influenced the creation of new methods

2.15.2. Density functional theory (DFT)

This approach is based on two theorems, formulated by Hohenberg and Kohn:

o "Any observable magnitude of a stationary non-degenerated ground-state can be calculated
exactly from its electronic density”
o “The electronic density of a stationary non-degenerated ground-state can be calculated exactly

by determining the density that minimizes the energy of the ground-state”

The DFT method takes as initial data the type of atoms, the number of electrons, and the effects
of the electronic correlation in the solution of the Schrodinger equation, which now expresses

the energy of the system as a function of the electron density:

Ewy = Ty + Vip)y + Werp) + Wierp) (2.4)

where T is the kinetic energy, V is the nucleus-electron potential, W is the coulombic (CL) and

non-coulombic (NCL) electron-electron potential and o is the electronic density [135].

The DFT method calculates the energy from the electron density taking as a reference a
fictitious system of n electrons not interacting with each other, moving under an external
potential. The precise mathematical equation that relates to energy and electron density is not

currently known, therefore approximations are used that provide acceptable results [136].
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2.16. Correlation and exchange functions

As mentioned earlier, the DFT incorporates all the correlation energy and uses an approximate
Hamiltonian to generate a final electron density equal to that of the real system. Therefore, it
is favorable to have a good functional and potential for represent the correlation and
exchange. In the following equations it is possible to appreciate the relationship between the

correlation and exchange potential and the correlation and exchange energy:

Exclp]l = fp (7) Ve (A (F) (2.5)
vxc(F) = T;_ETEI))] (2.6)

The equations (i) and (ii) relate the energy and the total correlation and exchange potential,
with the correlation and exchange energy per particle E,. and with the correlation energy and
exchange per unit volume v, [137,138]. The most useful approximations include the local

density approximation (LDA) and the generalized gradient approximation (GGA).

2.16.1. Local density approximation (LDA)

LDA is a simple approximation that is available to describe the electron density by means of
a correlation and exchange functional. Hohenberg-Kohn proposed an equation to describe the

system.

Ealc'gA[p] = fp(r)sxc(p)dr (2.7)

Where ELP4[p] represents the exchange-correlation energy functional, [p] refers to the electron
density that does not change much in relation to (r); and €,, corresponds to the correlation

and exchange energy functional for each electron present in a homogeneous electron gas. The
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electron density of a homogeneous electron gas is considered to be continuous throughout the
system. The density [p] of any real point of the system can be replaced by a fictitious system

called jellium, ignoring the changes of this variable due to its non-homogeneity [137].

For the approximation, &, is a density-dependent functional and is written as the addition or

summation of the exchange and correlation:

gxc (P) = &x(p) + &c(p) (2.8)

e ) = - 2(3)" e 29)
The contributions of correlation and exchange are usually treated separately. In LDA, the
effects of the correlation in exchange are local and depend exclusively on the value of the
electron density at each point. The results obtained with the LDA method are highly reliable,
obtaining reasonable values of energy and vibration frequencies as well as the density of
charges with the exception of the regions close to the nucleus. However, it does not predict

weakly bonded systems well or generates a thermodynamically reliable prediction [139].
2.16.2. Generalized gradient approximation (GGA)

To improve the calculation of the system obtained with the local density approximation,
which considers an invariance of the density with respect to position, the effects of the density
gradient are integrated into the generalized gradient approximation (GGA). It is a correction
to the LDA methods, which includes the variations of the electron density with respect to the
position, therefore it is considered a semilocal approximation. In the generalized gradient
approximation, within the mathematical formula of the correlation and exchange functional,

both the local density approximation and the electron density gradient are included [139].
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EipM] = [ f(p(r), Vp(r)di (2.10)

Currently, there are a series of functionals that are based on GGA, whose function is to help
describe the exchange and correlation energy, such as Perdew-Wang 86 (PW86), Becke-
Perdew (bp), Lee-Yang-Parr (LYP), Perdew-Wang 91 (PW91), Perdew-Burke-Ernzerhof (PBE),

revised Perdew-Burke-Emzerhof (RPBE), among others [140].

2.17. Pseudopotentials

The valence electrons are in the last layer or energy level, and through electrostatic
interactions between the valence electrons of one atom and another form chemical bonds;
while the internal electrons also called core, electrons do not contribute to the formation of
bonds. In many of the systems, because the core electrons do not participate in bond
formation, their energy is affected only by an average electrostatic potential, and their wave

functions are slightly modified [141].

The use of pseudopotentials consists in the replacement of the effect of the core electrons by a
function of potential energy and an effective nuclear charge. Thus, the pseudopotential
replaces the nucleus-electron interaction potential. The approach in the wuse of
pseudopotentials was initially proposed by Philips and Kleinman; and since then, several
pseudopotentials have been developed, thus improving their effectiveness and adaptation to
the different theoretical methods. The elimination of electrons from the layers prior to the
valence shell (core electrons) in computational calculations has allowed to save resources and
reduce calculation costs, in addition, calculations based on plane and pseudopotential waves
have become precise tools. and powerful in the study of the electronic structure of both atoms

and molecules [141].
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2.18. Augmented wave projector (PAW)

Among the pseudopotentials, the augmented wave projector (PAW) is an approximation that
improves the speed and precision of calculations, giving way to the description of systems
that include a large number of atoms and other complexities. The pseudopotential PAW was
created by Blochl, who combines different wave functions for each region of the atom, and
describes the core region with more precise calculations, for example, the method of
interaction of configurations. Additionally, by using a smoothed wave function to solve the
valence region, it is able to adapt to the electronic environment. Through these methods,

complex computational problems can be solved reducing their cost [142].

2.19. Model building

Within the framework of what could be called condensed phase systems are the different
types of solids and their more or less regular surfaces of atoms or ions that make up the crystal
lattice. In materials science, quantum-mechanical models use two different ways to model the
adsorption of a substrate, these are the cluster model and the periodic model. The periodic
method is described in more detail below. Unlike the cluster method, it allows the study of

some properties of solids that are not local [129].

2.19.1. Periodic model

The periodic model contemplates the use of a unit cell with translational symmetry and made
up of several atoms to simulate the surface. It uses Bloch's theorem, which considers that, if
the potential to which an electron is subjected is periodic, then the monoelectronic wave

function complies with the following equation:

Yk (T +7) =P (N)e™® (2.11)
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Where 1 is a translational vector [141]. Both the wave function and the energy value depend
on the value of each point k in the reciprocal space in which it is calculated. The calculation of
the average of the energy of all the points k provides the energy of the system, and by
integrating the entire Brillouin zone and adding all the occupied bands, the electron density
is obtained. There are indeterminate points k in the Brillouin zone, but in practice, the wave
function is calculated with a finite number of points k. It is necessary to calculate the wave
function with enough points k to obtain a suitable value of the energy since the number of
points k is proportional to the precision of the energy; hence the importance of checking that

the energy is converged with respect to the number of points k [139].
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CHAPTER 3

SYNTHESIS OF THE ZnTiOs/TiO: NANOCOMPOSITE SUPPORTED IN
ECUADORIAN CLAYS FOR THE ADSORPTION AND PHOTOCATALYTIC
REMOVAL OF METHYLENE BLUE DYE
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3.1.Introduction

The presence of pollutants in wastewater has a dangerous potential impact on the
environment and on health. In fact, water and wastewater treatment is a major problem in our
society [1]. Several industries use large amounts of dyes for their end-products. For instance,
the textile industry uses more than 10,000 types of dyes. This industry discharges 2% to 20%
of its dyes as aqueous effluents [2]. Many of these substances are not biodegradable and
pollute the aquatic environment [3], and some of them have a carcinogenic effect [4]. Hence,

it is necessary to treat the effluents before discarding them.

There are several technological processes to remove persistent pollutants from water [1,5-8].
Among these processes, photocatalysis is appreciated for its effectivity [9,10]. Photocatalysis
is an Advanced Oxidation Process (AOP) that requires a semiconductor [11] that interacts
with photons and the adsorbed composite through surface charges. The interaction produces

radical species that decompose the adsorbed composite through redox reactions [12].

Titanium dioxide (TiO2) is a widely used semiconductor for photocatalytic applications. TiO2
has low toxicity, low cost, is chemically stable, and is an excellent oxidant [13]. TiO: is a
photocatalyst with a band gap value of 3-3.2 eV, which depends on its crystalline structure.

Furthermore, TiO: is interesting due to its efficiency in wastewater treatment [14].

On the one hand, TiO: is the most popular photocatalyst; nevertheless, it has low sensitivity
to the visible light spectrum. On the other hand, zinc oxide (ZnO) is also inexpensive, but has
high activity as a photocatalyst in visible light [15]. This oxide has a band gap energy (3.2 eV)
similar to that of TiOz. Both oxides can improve their own photocatalytic activity through
TiO2-ZnO coupling [16]. This improvement is due to a reduced recombination of electron
holes. Besides, the greater migration of photogenerated carriers also improves this activity

[17].
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Synthesis using the sol-gel method of coupled ZnO-TiO: [18] can generate some Ti-Zn mixed
oxides, such as Zn2TiOs, Zn:Ti30s, and ZnTiOs, among the main derived products [19,20].
Some impurity phases can also appear in the final products [21,22]. During the synthesis, the
transformation of the crystalline phases presents different products, which depend on the
initial molar ratio of the reactants and the calcination temperatures. The presence of anatase

and rutile can also affect the behavior of the phases [23].

Ti-Zn mixed oxides are low-cost materials and harmless to the environment [21]. These
materials are important due to their technological applications [24]. Ti-Zn mixed oxides can
act as pigments, photodetectors, dielectric materials, sensors, and light emitting diodes [25].
Several studies also show their wide use for the photocatalytic decomposition of organic

compounds since their band gap has a value of 3.06 eV [26-29].

Although the use of photocatalysts is an interesting alternative for wastewater treatment, their
recovery at the process-end limits their practical use. The structured supports offer an
alternative to keep the photocatalyst on its surface [30]. Thus, the separation stage becomes
unnecessary. The literature shows various materials that serve as supports [31]. Among them
are silica, ash, zeolites, active carbon, and clays [32,33]. Clays and materials derived from clay
represent a potential alternative. These materials have high chemical and mechanical stability
[34]. Besides, they have a great adsorption capacity due to their high surface area [35]. Clays

are low-cost materials and offer an interesting route to revalue local resources [36].

The present study reports the synthesis of the ZnTiOs/TiOz composite supported in several
Ecuadorian natural clays, as well as its efficiency in the adsorption and photocatalytic
degradation of methylene blue (MB) in aqueous effluents. The adsorption and photocatalytic
degradation of methylene blue were determined by the decolorization of the dye and were

quantified by UV-Visible spectrophotometry. The synthesized composites were characterized
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using X-Ray Diffractometry (XRD), X-Ray Fluorescence (XRF), Diffuse Reflectance

Spectroscopy (DRS), and Scanning Electron Microscopy (SEM) techniques.

3.2.Materials and Methods

3.2.1. Materials

All of the reagents used in this study were of analytical grade and used without additional
purification: CsHsO (Sigma Aldrich, St. Louis, MO, USA, 299.5%), Ti(OCsHr)s (Sigma Aldrich,
98%), CHsCOOH (Sigma Aldrich, 99.8%), HCI (Fisher Scientific, Waltham, MA, USA, 37%),
cetyl-trimethyl ammonium chloride (CisH2NCl) (Sigma Aldrich, 25%), H2O: (Sigma Aldrich,
35%), AgNOs (Sigma Aldrich, >99.8%), HNOs (Sigma Aldrich, 69%), Zn(CHsCOO)2-2H20

(ACS, St. Louis, MO, USA, >98%), and CieHisCIN:S-nH20 (Sigma Aldrich, >95%).

3.2.2. Clay Purification

The raw clays were collected from southern Ecuador. The clay samples were ground and
sieved to No. 200 ASTM mesh (0.075 mm size). Carbonates of magnesium and calcium were
removed using a hydrochloric acid solution (0.1 N) at the ratio of 10 mL/g. The organic matter
in the clay samples was removed by oxidation using H20: (33%) in the proportion of 10 mL
of H2O: for each gram of clay. The samples were constantly stirred for 2 h at room
temperature. Subsequently, the samples were centrifuged and washed with distilled water to
eliminate Cl- ions, which was verified with a test with AgNOs. The clay adsorption sites were
activated with nitric acid (0.8 N) using a ratio of 10 mL/g. Activation is a process through
which a partially dissolved material is obtained, which has greater surface acidity, porosity,
and surface area [37]. The activated clay samples were centrifuged, washed with distilled

water, and dried at 60 °C for 24 h.
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3.2.3. Synthesis of the ZnTiOs/TiO2-Clay Composite

The ZnTiOs/TiO:2 photocatalysts were synthesized following a modified sol-gel method
described for other nanocomposites [38,39]. Several TiO2/ZnO molar ratios were tested (9:1,
4:1, 3:1, and 2:1). Different calcination temperatures (500, 600, 700, 800, 900, and 1000 °C) were
also tested to obtain the optimal photocatalyst synthesis conditions. Afterwards, the synthesis
process was repeated in a clay solution as follows: Clay (1 g) was dispersed in isopropyl
alcohol (iPrOH) (10 w/w%) under stirring for 24 h to achieve homogenous solution.
Subsequently, a quantity of titanium (IV) isopropoxide (TiPO) in iPrOH (70 v/v%) was added
to the solution at room temperature, using a ratio of 10.5 mmol of Ti per gram of clay.
Previously, a solution formed by Zn(acet), water, and iPrOH was slowly added, using the
optimal ZnO/TiOz molar ratio. The amount of water had a 50 v/v% iPrOH/water ratio and was
determined by stoichiometry, being the amount necessary to hydrolyze the TiPO molecules.
The synthesis was performed at room temperature. The reaction system was additionally
stirred for 30 min. The mixture was kept under stirring at room temperature for another 30
min after the formation of a precipitate. The precipitate was dried at 60 °C for 24 h and calcined
at the optimum temperature for 4 h. Finally, the products were cooled at room temperature.
To obtain clay supported TiO:, the procedure described above was repeated for a final ratio

of 10.5 mmol Ti per gram of clay but without the addition of ZnO.

3.2.4. Preparation of the Supported Photocatalysts

For the evaluation of the solid materials, cylindrical extrudates with approximate dimensions
of 0.2 cm in diameter and 1.0 cm in length were prepared. The preparation of these solids was
carried out by mixing the solid materials with water (approximately 35%) to form a mixture
with good plasticity. This mixture was extruded with a 2.5 mm diameter syringe. The

extrudates were dried at 90 °C for 2 h and finally calcined at 500 °C for 8 h.
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3.2.5. Characterization

The synthetized materials were characterized using a JEOL JSM 6400 scanning electron
microscope (SEM) (JEOL, Peabody, MA, USA). X-Ray Fluorescence (XRF) measurements were
recorded in a Bruker S1 Turbo SDR portable spectrometer (Bruker Handheld LLC,
Kennewick, WA, USA), using the Mining Light Elements measurement method. The X-ray
diffraction (XRD) measurements were recorded in a Bruker-AXS D8-Discover diffractometer
(Bruker AXS, Karlsruhe, Germany) equipped with a vertical 6-0 goniometer, a parallel
incident beam (Gobel mirror), and a HI-STAR General Area Diffraction Detection System
(GADDS) (Bruker AXS, Karlsruhe, Germany). The X-ray diffractometer was operated at 40 kV
and 40 mA to produce the Cu Ka radiation (1.5406 A). Data were recorded from 5-70° in the
20 range. The identification of the crystal phases was obtained by comparison of the XRD
profile with the ICDD (International Centre for Diffraction Data, release 2018) database. The
determination of the specific surface area of the solids (m?/g) was carried out in the ChemiSorb
2720 equipment (Micromeritics, Norcross, GA, USA), by nitrogen adsorption at the
temperature of liquid nitrogen (-196 °C) with a 30% gas mixture of N2 diluted in He. UV-Vis
diffuse reflectance spectrum (DRS) of the photocatalysts were obtained on an UV-Vis
spectrophotometer Thermo model: Nicolet Evolution 201/220 (ThermoFisher, Waltham, MA,
USA), equipped with an integration sphere unit using BaSOs as reference. The Chemisoft TPx
System (version 1.03; Data analysis software; Micromeritics, Norcross, GA, USA, 2011)
allowed to calculate the specific surface area using the BET equation and the single point

method.

3.2.6. Adsorption and Photocatalytic Degradation

Heterogeneous photocatalysis experiments were firstly performed at free pH = 8.0 during 150
min, varying the methylene blue solution concentrations (50, 25, 10, and 5 mg/L) and catalyst

concentrations (100, 250, and 500 mg/L). In addition, the effect of the ZnO:TiO2 molar ratio
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was examined to select the best catalyst. All the experiments were started with a 30 min

adsorption step under dark conditions to obtain the adsorption-desorption equilibrium.

The photocatalytic activity of the compounds was evaluated by the photocatalytic
degradation of methylene blue under solar light radiation. Solar light was simulated by a solar
box equipped with an air-cooled 1500-W Xenon lamp (Atlas Material Testing Technology,
Mount Prospect, I, USA), which allows 300-800 nm wavelengths to pass through (ATLAS,
SUNTEST CPS+). Irradiance was set to 250 W/m?2 The photocatalytic activity of the
compounds was also evaluated by the decolorization of methylene blue under UV-C (254 nm)

light radiation to improve the photocatalytic degradation of MB [40].

Typically, 25 mg of catalyst were magnetically stirred in a methylene blue aqueous solution
(MB) (100 mL of water containing 5 mg/L methylene blue). The solution was maintained in
dark conditions for 30 min. Then, the suspensions were irradiated using solar or UV-C light
(100 W germicidal UV-C). The temperature of the photoreactor (25 °C) was controlled
throughout the reaction using a cooling circulator air system. The tests were carried out
without adjusting the pH = 8.0. The remaining concentrations of methylene blue were
determined at 623 nm using a Jenway 7350 spectrophotometer (Cole-Parmer, Staffordshire,
UK). The MB removal rate was calculated by absorbance according to the Beer—-Lambert law.
Samples were drawn at 5 min intervals with a syringe and filtered through a 0.45 um
membrane filter to remove any solid particles interfering with the measurement. All tests were
carried out in triplicate using a methylene blue solution blank irradiated with solar or UV-C
light to eliminate any photolysis effect due to the light. The decolorization rate was better
when using UV-C light for the selected operating conditions; in this way, the tests with the

photocatalysts supported on clays were carried out under UV-C light.
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The adsorption capacity of the synthetized materials was evaluated by the removal of
methylene without light irradiation, using the same protocol that was used during the

photocatalytic test.

3.2.7. Reuse of the Supported Photocatalysts

A recycle experiment on photocatalytic degradation of MB by ZnTiOs/TiO2-Clay, and
TiO2/Clay was designed to determine the recycling property of these composites. After
completing a treatment cycle, the catalysts extrudates were left in quiescent conditions for 60
min to achieve their precipitate. Then, the clear solution was removed from the reaction
system and 100 mL fresh MB solution (5 mg/L) was injected into the reaction system, starting
the next cycle. The recycle experiment was carried out for five cycles. Each cycle lasted 150

min under UV-C irradiation.

3.3.Results

3.3.1. Characterization of the Samples

3.3.1.1. XRD Analysis

Figure 3.1 shows Ti-Zn mixed oxides synthesized at 500 °C with different TiO2/ZnO molar
ratios. The diffraction peaks of ZnTiOs at 20 values of 23.92°, 32.79°, 35.31°, 40.45°, 48.93°,
53.44°, 56.82°, 61.79°, and 63.39° which are assigned to planes (012),(104),(110),(113), (0
24),(116),(018),(214), and (3 00), respectively. Similarly, the diffraction peaks of anatase
(TiO2-a) at 20 values of 25.28°, 36.95°, 37.80°, 38.58°, 48.05°, 53.89°, 55.06°, 62.12°, 62.69°, and
68.76° are assigned to planes (101), (103),(004),(112),(200),(105),(211),(213),(204),
and (1 1 6), respectively. Finally, the diffraction peaks of rutile (TiO2) at 20 values of 27.45°,

36.09°, 41.23°, 54.32°, 56.64°, and 69.01° are assigned to planes (110), (101),(111),(211), (2
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2 0), and (3 0 1), respectively. The ZnTiOs-TiOz heterostructure nanomaterial obtained was
indexed to an hexagonal phase with unit cell parameters a =b =5.08 A and ¢ = 13.93 A, and
space group R-3(148) according to the standard JCPDS card No. 00-015-0591 for the ZnTiOs
phase. The TiO:-. species was indexed to a tetragonal phase with unit cell parameters a =b =
3.79 A and ¢ =9.51 A, and space group |41/amd(141) according to the standard JCPDS card
No. 01-073-1764, and the TiO:+ phase was assigned to a tetragonal phase with unit cell
parameters a = b = 5.08 A and ¢ = 13.93 A, and space group P42/mnm(136) according to the

standard JCPDS card No. 03-065-0192.
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Figure 3. 1. X-Ray Diffractometry (XRD) of ZnTiOs/TiOzsynthesized at 500 °C with different TiO2/ZnO molar

ratios. *: TiOz2-a (anatase), m: TiOz- (rutile), o: ZnTiOs and : ZnO.

Figure 3.2 demonstrates the effect of the calcination temperature on the formation of different

crystallographic phases for the sample prepared with the molar ratio of TiO2/ZnO (3:1).
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Figure 3. 2. XRD of Zn:TiOy-TiOz-a synthesized to different temperatures. T: ZnTiOs; A: TiOz-5; R: TiOz-; O:

Zn2TiOa.

The crystalline sizes of powder samples prepared at 500 °C with the molar ratio of TiO2/ZnO

(3:1) were calculated based on the main peak using the well-known Scherrer equation [41]:

KA
[ cos@

A = 3.1)

where K is the shape factor (here, K=0.89), A is the wavelength of the X-ray beam used (here,
A =0.15406 nm), O is the Bragg angle, and f is the full width at half maximum (FWHM) of the
X-ray diffraction peak, which was calculated using MDI JADE, version 6; Computer software,
Materials Data Inc., Livermore, CA, USA, 2014. The average crystalline size of the phases
present in the ZnTiOs/TiO2 composite were 33.79 (+3.67) and 21.47 (+3.91) nm for ZnTiOs and

TiOz2-, respectively.
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3.3.1.2. SEM-EDS Analysis

Figure 3.3 shows the SEM image of the ZnTiOs/TiO: heterostructure synthesized with a
TiO2:ZnO molar ratio of 3:1 and calcined at 500 °C. The image shows that the particles have

an average particle size of 100 nm, are almost spherical and highly agglomerated.

Figure 3. 3. Scanning Electron Microscopy (SEM) images of the ZnTiO3-TiO2-. heterostructure material.

Figure 3.4 shows the Energy Dispersive X-ray (EDX) spectra of the ZnTiOs/TiO:
heterostructure, indicating the presence of O, Zn and Ti only in the ZnTiOs/TiO:

heterostructure material. The analyses showed that the heterostructure consisted of C (5.42%),

O (33.6%), Ti (54.85%), and Zn (6.13%).
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Figure 3. 4. Energy Dispersive X-ray (EDX) spectra of ZnTiOs/TiO2.
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3.3.1.3. Optical and Photoelectric Properties

The optical absorption properties of photocatalysts can be characterized using the UV-visible
(UV-vis) DRS in the range of 200-700 nm and at room temperature. Figure 3.5(a) shows the
UV-vis XRD of ZnTiOs/TiO:z and TiO2. Compared to TiO, the visible light absorption intensity
of ZnTiOs/TiO;, at around 400 nm, was improved, suggesting that the ZnTiOs/TiOz2 composite
has a better response to visible light. The graphs of (ahv)? versus hv for calculating the direct
band-gap energy (E;) are shown in Figure 3.5(b). According to Equation (2) [42], the direct E;
values were 3.07 and 3.12 eV for ZnTiOs/TiO2 and TiO, respectively. The direct Eg value
calculated for ZnTiOs/TiO: can be related to the direct band gap of hexagonal or cubic ZnTiOs

compound [43].

E, = — (3.2)

where Ej is the band-gap energy in the electron volts (eV) and A represents the lower cutoff

wavelength in nanometers (nm).
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Figure 3. 5. (a) UV-vis XRD and (b) plots of (ahv)? vs. Eg of ZnTiO3/TiOz and TiO2.
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In order to analyze the photocatalytic mechanism of ZnTiOs/TiO: heterojunction, the
potentials of the Valencia Band (VB) and Conduction Band (CB) of TiO: and ZnTiOs were
determined, which are important to estimate the flow diagram of pairs of photoexcited charge
carriers in heterojunction. The Mulliken electronegativity theory was used to calculate the VB

and CB potentials of TiO: and ZnTiOs [41]:

ECB = X EC — OSEg (3.3)

Eyg = Ecg + Eg (3.4)

where Ecs and Evs are the CB edge potential and VB edge potential, respectively, Esis the band
gap energy of the semiconductor, E. is the energy of free electrons on the hydrogen scale
(approximately 4.5 eV), and yx is the electronegativity of the semiconductor. The values of
ZnTiOs and TiO:2 were 4.0 and 5.8 respectively. According to the formula above, Ecs and Evs
for ZnTiOs and TiO: were (-0.22, +2.84) eV and (-2.06, +1.06) eV, respectively. Figure 3.6

describes the photocatalytic mechanism of the ZnTiOs/TiO2 heterojunction.

ZnTiOs

Figure 3. 6. Schematic of electron-hole separation and transportation on the interface ZnTiO3/TiO2

heterojunction.

It was clear that the CB edge of TiO:2 was more negative than the CB edge of ZnTiOs; on the

other hand, the VB edge of ZnTiOs was more positive than the VB edge of TiOz. Consequently,
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the electrons excited from the CB of TiOz jumped to the CB of ZnTiOs, and the holes generated
from the VB of ZnTiO:s transferred to the VB of TiO2, which caused an efficient separation of
e~ and h*, and the photocatalytic activity improved due to the ZnTiOs/TiO: heterojunction

[27,44,45].

3.3.1.4. XRF Analysis

Clays are minerals that are widely distributed in nature, being produced by the erosion of
rocks. The texture and chemical composition of the clays are greatly varied, depending on the
presence of organic and inorganic impurities as well as the geological origin of the clays. Table
3.1 shows the composition of the clays used in the present work; all the clays contained TiO:
and Fe20s, but Clay12 had the highest content of both oxides. Table 3.1 also shows the presence

of other oxides, such as MgO, P20s, K20, CaO, MnO, C0304, SnO2, and CeOs.

Table 3. 1. Composition (wt.%) of Ecuadorian clays.

CLAY AOs SiO: MgO P:0s K:O CaO TiO: MnO Fe:0s Co030:s SnO: CeO:

CLAY1 1350 66.70 207 000 133 150 0.10 0.06 0.53 0.14 053 0.00
CLAY2 1210 61.00 0.00 026 119 053 029 0.06 1.63 0.42 0.16  0.04
CLAY3 2310 5040 317 023 251 022 041 0.08 245 0.61 0.00 0.12
CLAY4 1850 5290 069 000 149 033 045 0.08 214 0.54 0.03 011
CLAYS5 2140 4070 295 027 0.00 021 048 015 4.04 1.00 0.15 0.13
CLAY6 2120 4560 205 029 163 122 039 006 194 0.48 0.00 0.10
CLAY7 2230 3190 265 039 0.09 084 072 012 3.63 0.89 044 0.12
CLAYS8 1990 3020 0.00 030 003 028 101 035 781 0.00 0.05 0.18
CLAY9 1380 40.00 0.00 0.00 0.19 051 057 0.09 317 0.80 027 0.24
CLAY10 2250 3547 000 005 018 087 181 038 1727 0.00 0.07 0.00
CLAY 11 2220 3780 0.00 019 0.00 0.08 030 0.08 248 0.61 0.04 0.04
CLAY 12 27.10 3940 0.00 026 078 0.12 216 010 2240 0.07 0.17  0.08
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3.3.2. Adsorption and Photocatalytic Degradation

Photocatalysts can degrade organics compounds due to strong oxidizing capacity they
exhibit, especially when they are irradiated by light. In this work, the photocatalytic activity
of the TiOz and ZnTiOs/TiO:2 photocatalyst was first tested by the degradation of methylene
blue (MB) in water, using irradiation with both a) solar light and b) UV-C light. Figure 3.7

shows the results obtained in the test.
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Figure 3. 7. (a) Photocatalytic degradation activity of Methylene Blue (MB) for ZnTiOs/TiOz and TiO2 under

irradiation of solar light and (b) under UV-C light.

Figure 3.7 shows that the highest removal percentage was obtained with UV-C irradiation;
therefore, it was used for photocatalytic degradation tests with photocatalysts supported on
clays. Figure 3.8 shows the photocatalytic activity of the clays and the clay supported
photocatalyst. In all tests, the clays improve their catalytic activity with the presence of
photocatalysts. ZnTiOs/TiO: have higher photocatalytic activity than TiO: in almost all the
clays. In this Figure, it is observed that the composites TiO:-Clay:, TiO2-Clay, TiO2-Clay12, and

ZnTiOs/TiO2-Clay12 had the highest photocatalytic activity and among the clays, Clay12 was
the most photocatalytic.

91



UNIVERSITAT ROVIRA I VIRGILT

SYNTHESIS, CHARACTERIZATION AND THEORETICAL CALCULATIONS OF ZNTIO3 FOR THE ADSORPTION AND PHOTOCATALYTIC REMOVAL
OF METHYLENE BLUE DYE

Ximena Verdnica Jaramillo Fierro

' ] TiO,- Clay
0.10 o [ znTiO /TiO,- Clay
B Original Clay

£
E 0.08 4
=
(1]
© u
L=y
o 0.06 =
=
[=2]
E
2 0044
]
=
[=]
=
S 0.024
)
o
@
o

0.00

0 1 2 3 4 5
Clay

Figure 3. 8. Photocatalytic degradation activity of MB for clay and clay-supported photocatalysts.

Figure 3.9 presents XRD pattern of Clayiz, which consists of Kaolinite (K), Quartz (Q), and
Hematite (H). This clay has a specific surface area (BET) of 48.8 m?/g determined in the

Chemisorb 2720 equipment coupled to TPx.
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Figure 3. 9. XRD pattern Clay 12.

The surface morphology of Clayi2 and of the composites (TiO2-Clayiz and ZnTiOs/TiO2-Clay12)
was investigated by SEM, and the results are shown in Figure 3.10, from which it can be seen

that Clay:2 has a different surface morphology than composites of photocatalyst-Clayi2. The
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surface morphology of Clayz seems as a smooth surface in some parts of the particle, while
the composites of photocatalyst-Clayi2, has some catalysts particles incorporated into its
surface (smaller TiO:2 and ZnTiOs/TiO: grains on the outer face of Clayi2). The EDS spectra
confirms that the composites contain an important amount of titanium and zinc, as shown in

Figure 3.10.
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Figure 3. 10. SEM image and EDS spectra of: (a) Clay1; (b) TiO2-Clay1z; (c) ZnTiO3/TiOz-Clayn.

Figure 3.11 shows the adsorption results of the clays and clay-supported photocatalysts. Most
clays exceed the adsorption capacity of clay-supported photocatalysts. However, TiO:
improves the adsorption capacity of Clays while ZnTiOs slightly improves the adsorption
capacity of Clay7, Clay1, and Clayi2. In Clays, the presence of photocatalysts did not affect the

adsorption capacity of the clay.
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Figure 3. 11. Adsorption capacity for clay and clay-supported photocatalysts.

In Figure 3.11, Clays shows the highest MB removal capacity. The XRD pattern in Figure 3.12
shows that Clays consists mainly of Metahalloysite (M) and Quartz (Q), which could also
contribute to the high adsorption capacity of the clay. This clay has a specific surface area of
42.8 m?/g, which was calculated from N: gas adsorption using the Brunauer-Emmet-Teller

(BET) isotherm in the Chemisorb 2720 equipment coupled to TPx.
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Figure 3. 12. XRD pattern of Clay 6.
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Figure 3.13 show the surface morphology of Clays and of the composites (TiO:-Clays and
ZnTiOs/TiO2-Clays) examined by SEM. From this Figure, it can be seen that Clays has a
different surface morphology than composites of photocatalyst-Clays. The surface
morphology of Clays seems to be a flake-like structure, while in the composites of
photocatalyst-Clays, the surface appears with less flake but with some catalyst particles
incorporated (smaller TiOz and ZnTiOs/TiO:z grains) on the outer face of Clays. The changes in
the morphology of Clays is due to the thermal treatment to incorporate the photocatalysts.
This treatment decreased the specific surface area of Clays to 27.2 m?/g and 25.8 m?/g when
impregnated with TiO: and ZnTiOs, respectively. The EDS spectra confirms that the

composites contain an important amount of titanium and zinc, as shown in Figure 3.13.
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Figure 3. 13. SEM images and EDS spectra of: (a) Clays; (b) TiO2-Clays; (c) ZnTiO3/TiOz-Claye.
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3.3.3. Reuse of the Supported Photocatalysts

The recyclability and stability of the photocatalysts are important factors for their application
in large scale; therefore, five consecutive photocatalytic experiments were carried out for the
extrudates of Clays, photocatalyst-Clays, Clayi2, and photocatalyst-Clay2. Figure 3.14 shows

the degradation efficiency of these materials for five cycles.
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Figure 3. 14. Photodegradation percentage of MB for five successive photocatalytic cycles.

Figure 3.14 clearly shows that the percentage of MB removal decreases slightly with increasing
cycle times. However, after five cycles, the synthesized materials still have high activity and

can efficiently degrade MB in aqueous solution.

3.4.Discussion

3.4.1. Synthesis and Characterization of the TiO2/ZnTiOs-Clay Composite

In this work, ZnTiOs/TiO2 nanoparticles were successfully synthesized using the sol-gel
method and supported on twelve raw clays of Ecuadorian origin. In the synthesis process
when the TiO2/ZnO molar ratio was decreased, the formation of TiO: also decreased, but the

formation of ZnTiO:s increased due to the greater availability to form the heterostructure. The
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obtained nanomaterial of ZnTiOs/TiO: heterostructure had high purity and no other
crystalline phases were observed for the sample. These results are consistent with those
reported by Bhagwat et al., who synthesized ZnTiO:@TiO: at 700 °C using TiO2 (P-25) with

zinc nitrate as a precursor [28].

Several calcination temperatures were tested for the synthesis of the ZnTiOs/TiO:
heterostructure. When the heat treatment temperature was increased to 500 °C, TiO:-. (anatase
phase) was the primary crystalline phase with TiO2: (rutile phase) traces. In addition, a
hexagonal phase of ZnTiOs was also present in the sample prepared at 500 °C. With a
temperature increment from 600 °C to 900 °C, TiO:r appeared, and TiO:-. disappeared
completely. However, the hexagonal phase of ZnTiOs still existed in the sample at 900 °C. This
indicates that TiOz+ was transformed from TiO:-,, but not by decomposition of ZnTiOs. This
is in agreement with previous studies which revealed that the phase transition from TiOz-a to
TiO2r occur in a temperature range of 600-1100 °C [41]. In addition, the hexagonal ZnTiOs
would decompose at about 1000 °C into the metastable form Zn:TisOs and finally to the stable
cubic phase Zn:TiOs with TiOz-. These results agree with the conclusions of several authors,
who indicate the presence of a low percentage of zinc oxide formation from the metastable
ZnTiOs which ultimately transforms (>90% conversion) to Zn2TiOs (<900 °C) and to TiOz«
from 700 °C [38,42—44]. The literature also indicates that obtaining either of these Ti-Zn mixed
oxides as phase-pure at a low processing temperature is a challenge in materials chemistry
[26,38]. On the other hand, SEM images were used to determine the shape, particle size, and
morphology of the samples. The ZnTiOs/TiO: heterostructure synthesized with a TiO2:ZnO
molar ratio of 3:1 and calcined at 500 °C was almost spherical with an average particle size of
100 nm and, highly agglomerated. These results agree with those reported by Mehrabi et al.
[42].

According to Equation (2), the calculated band gaps of ZnTiOs/TiO:z and TiO: for the present
study were 3.07 and 3.12 eV, respectively. These values are smaller than those reported by Li
etal. [45], who synthesized a-TiO/ZnTiOs and a-TiOz2 nanoparticles with a particle size smaller
than 100 nm and found band gap values of 3.14 and 3.23 eV for both photocatalysts,

respectively. This band gap difference may be due to the difference in particle size also known
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as the quantum size effect [39]. To improve conversion efficiency, a good alternative is to
reduce the band gap to shift the spectral range of light absorption into the visible-light region
and even the near-infrared light region [46]. Therefore, the ZnTiOs/TiO2 composite
synthesized in the present study could be a promising alternative for the photocatalytic

degradation of colorants in aqueous systems due to its band gap.

3.4.2. Adsorption and Photocatalytic Degradation

The photocatalytic activity of the clay-supported ZnTiOs/TiO. was determined by
decomposition under UV-C light irradiation of Methylene Blue (MB) in water following the
methodology described by Ke et al. [41], with some modifications. The literature reports that
UV light excites photocatalysts to decompose the organic pollutant due to the generation of
electron pairs and VB holes (¢7/h*) produced. The e- and /* can move in the catalyst. When they
move to the surface of the catalyst, e~ reacts with Oz in the solution to generate *OH and *O:
radicals. These active species then react with MB to oxidize it and transform it into small
molecules, thus achieving both purposes, decolorization and degradation of the organic

matter [31,46-48].

The results obtained in the present study clearly indicate that ZnTiOs/TiO: possesses excellent
photocatalytic performance. These results are in line with the findings of several authors [49-
53]. Furthermore, the ZnTiOs/TiO: composite exhibited an important increase of the
photocatalytic activity as compared with pure TiO:. The composite probably had better
photocatalytic activity because the coupling promotes an effective separation of photo-

generated electron-hole pairs between TiO2 and ZnTiO:s [41].

Ke et al. [41] reported the photocatalytic activity of a-TiO2, a-TiO2/ZnTiOs, and r-TiO2/ZnTiO:s.
These authors synthesized a-TiO:/ZnTiOs at 800 °C and found that it had the highest
photocatalytic activity, removing approximately 80% of the dye from a 5 mg/L MB solution
and under UV-C light. In the present study, ZnTiOs/TiO2-. was synthesized at 500 °C and

approximately 90% of the dye was removed from an MB solution of the same concentration
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and under UV-C light. This improvement is probably due to the TiO2:ZnO molar ratio used

in the present study, which may improve the separation of the electron-hole pairs [41].

On the other hand, in agreement with other authors [54-61], the clay minerals and clay-
derived materials have many diverse applications including catalysis and adsorption, which
are based on their unique surface properties. The evidence of this work indicates that raw

clays can be valuable supports for materials used for the removal of dyes.

The high photocatalytic activity of Clayi2 and its photocatalytic derivatives is probably caused
by the presence of natural TiO: in its composition. This clay shows a deep-red color due to the
presence of a high content of Fe2Os. The photocatalytic derivatives of TiO2 and both Clay: and
Clay2 also show high photocatalytic activity, probably due to their mineralogical composition.
Both clays are rich in SiO:, and according to the literature, TiO2/SiOz photocatalysts exhibit

high photocatalytic activity toward pollutant molecule decomposition [62].

In the present study, Clays shows the highest MB removal capacity. According to the
literature, electrostatic interaction, complexation chemical reactions, or ionic exchange
between the adsorbent and the adsorbate are some of the mechanisms that may be involved
in the adsorption of MB on the surface of clay minerals [2,59]. Clays has a zero-charge point
(ZCP) of 3.0. The ZCP of both TiO: and ZnTiOs/TiO: supported in Clays was 7.0. The tests
were carried out at pH =8.0; therefore, the surface of Clays was negatively charged, improving
the MB cation adsorption. Moreover, according to Table 3.1, Clays presents several oxides,
such as MgO, K:0, CaO, TiOz, MnO, and others that could promote the cationic exchange
capacity of the clay to improve its adsorption capacity [63,64]. Furthermore, Clays contains
Metahalloysite (M), which could also contribute to the high adsorption capacity of the clay
since, according to the literature, metahalloysite has a potential application in the design and
preparation of heterogeneous catalysts in procedures where the temperature did not exceed

450 °C [65].

It is important to mention that prior to illumination, MB was adsorbed onto the composites

surface for 30 min in the dark and the average adsorption capacity was of 73%, 66%, 63%, 55%,
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and 46% approximately for Clayy, ZnTiOs/TiO:-Clayx, TiO:-Clayx, ZnTiOs/TiOz, and TiOz,
respectively. It is evident from these results that adsorption played a significant role in the
degradation process of MB but is not sufficient to achieve complete degradation. Batch
adsorption was therefore followed by 150 min of photocatalysis to further improve the
degradation process. After 150 minutes of illumination, the average decolorization was
improved to 89%, 82%, 85%, 92%, and 89% approximately for Clayx, ZnTiOs/TiO:-Clayx, TiO»-
Clayy, ZnTiOs/TiO2 and TiO, respectively, which confirmed that adsorption combined with
photocatalysis is an efficient process for dye degradation. These results agree with those
obtained by other authors for the degradation of MB by adsorption and photocatalysis [66—
71].

It is known that the separation, recovery, and reuse of the photocatalyst particles are
important issues determining the future application of photocatalytic technology [72].
Therefore, in the present work, extrudates of photocatalyst-clay were prepared to facilitate the
recovery of the synthesized composites. The extrudates preserved their structure during the
process and no fine particles from attrition were observed; however, filters were used prior to
spectrophotometer determination to avoid any interference. The use of clay extrudates with
immobilized nanostructured semiconductors was an effective alternative to obtain porous
photocatalysts with better active surface and adsorption capacity than isolated
semiconductors, preserving their electronic and structural properties for their application in

the degradation of MB under UV-C irradiation.

3.4.3. Reuse of the Supported Photocatalysts

Mechanical stability is an especially important property, which is directly related to the useful
life of the supported photocatalyst. When the mechanical stability is poor, the photocatalyst
will gradually flake away from the support into the reaction solution during the process;
consequently, the supported photocatalyst loses its activity prematurely, and causes both
secondary contamination and waste of the photocatalyst. Some investigations results showed
that mechanical stability of the material is correlated with the calcination temperature [73].

Consequently, increasing the calcination temperature produces better mechanical stability,
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although there is an optimal calcination temperature to achieve maximum mechanical
stability. In the present work, a maximum calcination temperature of the extrudates of 500 °C
was used to avoid the change of crystalline phase of the synthesized photocatalysts. On
average, the loss of activity of the materials did not exceed 10% at the end of the fifth cycle;
thus, 500 °C is the optimum calcination temperature to achieve adequate photocatalytic

activity and reuse property under the operating conditions used in this study.

Finally, the synthesized clay-supported composite reported in this paper could be an efficient
alternative to remove dyes in aqueous effluents and the most probable reason is the combined
effects of several factors, such as the specific surface area, the crystal size and crystallization
phases, absorption capacity, photocatalytic activity, and mechanical stability. Table 3.2 shows
the comparison of the MB degradation capacity of the main synthesized composites with other

composites reported in the literature.

Table 3. 2. MB adsorption capacity of synthesized composites and other

composites reported in the literature.

Material MB Adsorption Capacity (mg/g) References
Clays 19.33 This study
ZnTiOs/TiO2-Claye 19.98 This study
TiO2-Clays 18.52 This study
Clay2 17.11 This study
ZnTiOs/TiO2-Clay12 14.47 This study
TiOz-Clay12 16.85 This study
ZnTiOs/TiO2 18.40 This study
TiO2 17.80 This study
a-TiO2/ZnTiOs 16.00 [41]
a-TiO2 15.00 [41]
Red-clay 18.83 [64]
Zeolite 16.37 [74]
Natural clay 15.40 [75]
Raw Coal fly ash 5.06 [76]
Activated carbon 6.43 [77]
AC-ZnO 32.22 [78]
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3.5.Conclusions

In summary, according to the results obtained, it can be concluded that the sol-gel method is
useful to synthesize other perovskite-type oxides based on titanium with various architectures
and novel properties. Different operating conditions were evaluated to determine the best
TiO2/ZnO molar ratio and the optimum synthesis temperature to obtain ZnTiOs/TiO2. The
results indicate that the best synthesis conditions were the following: a molar ratio of 3:1 and
a calcination temperature of 500 °C. The photocatalytic materials were tested for the removal
of methylene blue and, as a result, it was obtained that ZnTiOs/TiO:z had better activity than
TiO:z-a. Twelve Ecuadorian clays were characterized, some of them with exploitation potential
and utility in the preparation of new materials. The photocatalysts were impregnated into the
clays and their photocatalytic activity and adsorption capacity were evaluated. Clay
impregnated with TiO2= showed the best photocatalytic activity. The X-ray fluorescence
results showed that Clayi2 has TiO2 and Fe20s in its composition, which could improve its
activity. Clays had the best methylene blue adsorption capacity. The results of the X-ray
diffraction allowed concluding that the presence of metahalloysite phase improves the
adsorption capacity. In addition, Clays has various oxides with exchange cations that could
improve its adsorption capacity. Thus, both clays can be used as inexpensive materials for the
removal of cationic dyes from wastewater. Nevertheless, the adsorption mechanisms and
adsorption reversibility should be further investigated to confirm the efficiency of these clays,
as well as to elucidate which are the adequate active sites to prevent the release of cationic

dyes depending on the physical-chemical conditions.
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CHAPTER 4

STRUCTURING OF ZnTiOs/TiO2 ADSORBENTS FOR THE REMOVAL OF
METHYLENE BLUE, USING ZEOLITE PRECURSOR CLAYS AS NATURAL
ADDITIVES
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4.1.Introduction

Dyes are substances with an important application in various industries such as food,
printing, plastics, textiles, paper, leather, and pharmaceutical products [1]. Methylene blue
(MB) dye, which is widely used in the textile industry, is one of the most famous water
pollutants [2]. MB is frequently discharged into the environment without restriction or
control, having dangerous effects on living organisms [3]. MB also affects the environment
and damages the ecosystem’s balance since, even in low concentrations, the presence of this
dye in water inhibits photosynthesis in the aquatic environment due to the reduction of solar
irradiation [4,5]. Therefore, effluent treatment with MB dye prior to its discharge is of interest

due to its harmful impacts on receiving water [6].

Numerous technologies, including biological degradation as well as chemical and physical
methods, have been extensively studied to treat wastewater contaminated with dyes [7-12].
Adsorption is an attractive method for removing pollutants from effluents as it is a flexible
process in terms of design and operation and produces pollutant-free effluents that are
suitable for reuse [13,14]. The efficiency of the adsorption process depends on the
characteristics of the solution medium, the adsorbate, and the adsorbent [15,16]. An ideal
adsorbent should have a porous structure, a large specific surface area, good physical,
mechanical and chemical stability, and high affinity for the adsorbate [17]; therefore, research

on materials that are both efficient and economical should be encouraged.

In recent years, there has been a growing interest in the use of metallic and non-metallic oxides
to adsorb organic and inorganic contaminants. ZnTiOs is a mixed oxide obtained by the sol-
gel method during the synthesis of coupled ZnO-TiO: [18-20]. This oxide is usually
synthesized with some impurity phases such as anatase and rutile [21-23]. This mixed oxide
is interesting for its technological applications as an adsorbent and photocatalyst; it is also a
low-cost and environmentally friendly material [24,25]. Previous studies show that
ZnTiOs/TiO2 can eliminate methylene blue dye from aqueous systems, being of interest for

effluent treatment [26].
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Other interesting adsorbent materials are clays since they are abundant in nature, are low-
cost, and have high absorption properties and ion exchange potential. Most clays are also
suitable precursors for the synthesis of materials with improved properties, due to their
mineralogical composition [27]. Several authors have reported the use of clays to obtain
zeolites with greater structural regularity and greater porosity, as well as a particular surface
chemistry that improves their adsorbent capacity [1]. In recent years, zeolite FAU and zeolite
LTA have shown important applications as catalysts, ion exchange materials, and adsorbents.
Both zeolites can be synthesized from natural solids using the hydrothermal method, making

them suitable high value-added materials to efficiently remove pollutants from wastewater.

Although the literature indicates that various adsorbents can be widely used for wastewater
treatment, their recovery at the end of the process limits their practical application. Structured
materials offer an alternative to avoid the separation step at the end of the process [28-30].
The structured materials are prepared in the presence of a binder or matrix. The literature
shows several types of binders for the preparation of structured materials, for instance: clays,
titania, alumina, and/or silica or combinations of these materials [31,32]. Clays represent a
very promising alternative because of their high mechanical and chemical stability [33,34].
Clays are attractive minerals for use in adsorption, catalysis processes, controlled release of
active compounds and also offer an interesting route to revalue local natural resources [35-

37].

Clays, being inexpensive and widely available, represent an attractive binder for the
immobilization of a variety of active compounds that are in powder form [38]. The clays used
as inorganic binders allow to achieve mechanically resistant structured bodies after the
respective calcination process. This thermally induced increase in mechanical strength is
probably related to the creation of new and stronger bonds between the constituent powders

that also improve the wear resistance of the material during the process [39].

Clay minerals are an important source of raw material for obtaining, through physical and

chemical modification, new supports with desired porosity, appropriate inorganic structure
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and adequate SiO2/AL:O:s ratios, providing solids with unique characteristics [39]. Therefore,
clays represent a promising material for cleaning natural resources and improving the quality

of life of the population [40].

Several authors have studied the adsorption of methylene blue from aqueous systems using
clays [41-46] and zeolites [47-52] as adsorbents. In addition, we previously reported the use
of ZnTiOs/TiO:2 to remove methylene blue. The results of this study showed that this mixed
oxide can degrade the dye, especially by photocatalysis, although it also showed slight
adsorbent activity [26]. However, no studies have been found in the literature in which
ZnTiOs/TiOz, zeolites, and clays are combined to prepare composites that serve to adsorb
colorants in general, and methylene blue in particular, from aqueous systems. Additionally,
despite the great industrial importance of producing structured adsorbents from porous
powders, few papers in the academic literature are devoted to reporting studies of the

structuring [39].

In light of the above, this work reports the synthesis of ZnTiOs/TiO: and zeolites from natural
clays, as well as the preparation of extruded composites from these materials for the removal
of methylene blue in aqueous effluents. The synthesized compounds were characterized by
X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning electron microscopy (SEM-EDX),
and specific surface area (BET). In addition, the adsorption capacity of the synthesized
extruded composites was measured in batch experiments, varying the pH of the solution, the

concentration of the adsorbent, and the contact time.

4.2. Materials and Methods

4.2.1. Materials

All of the reagents used in this work were of analytical grade and used without additional
purification: Ti(OCsHr)s (Sigma Aldrich, St. Louis, MO, USA,98%), CHsCOOH (Fisher
Scientific, Waltham, MA, USA, 99.8%), CHsOH (Sigma Aldrich, St. Louis, MO, USA, 299.8%),
HCl (Fisher Scientificc, Waltham, MA, USA, 37%), cetyl-trimethyl ammonium chloride
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(C19H«NCl) (Sigma Aldrich, St. Louis, MO, USA, 25%), H20: (Sigma Aldrich, St. Louis, MO,
USA, 35%), AgNO:s (Sigma Aldrich, St. Louis, MO, USA, >99.8%), HNO:s (Sigma Aldrich, St.
Louis, MO, USA, 69%), Zn(CHsCOO)2H.O (ACS, St. Louis, MO, USA, 298%),
C1sHisCINsS-xH20 (Sigma Aldrich, St. Louis, MO, USA, 295%), NaOH (ACS, St. Louis, MO,
USA, 297%).

4.2.2. Clay Purification

The raw clays were collected from southern Ecuador. The clays were labeled R-Clay and G-
Clay due to their red and gray color, respectively. The clay samples were ground and sieved
to 200-mesh (0.074 mm) size. Carbonates of calcium and magnesium were removed using
hydrochloric acid (0.1 N) at a ratio of 10 mL g'. The organic matter present in the clay samples
was oxidized by the addition of H202 (33%) at a ratio of 10 mL g under agitation for 2 h at
room temperature. After centrifugation, the purified clays were washed with distilled water
for the removal of Cl- ions; this was checked with a test with AgNOs. The clay adsorption sites
were activated with nitric acid (0.8 N) in a proportion of 10 mL g'. The activated clay samples

were centrifuged, washed with distilled water, and dried at 60 °C for 24 h.

4.2.3. Synthesis of the ZnTiOs/TiO2 Semiconductor

The ZnTiOs/TiO2 compound was synthesized following a modified sol-gel method described
by other authors [53,54]. A quantity of TilPO in iPrOH (70 v/v%) was dissolved at room
temperature. An aqueous solution formed by Zn(acet)/water/iPrOH was slowly added, using
ZnO/TiO2 at 1:3 molar ratio. The amount of water was stoichiometric for hydrolyzing the
TilPO molecules, adding a solution containing a 50 v/v% iPrOH/water ratio. The synthesis
was performed at room temperature. The reaction system was additionally stirred for 30 min.
The mixture was kept under stirring at room temperature for another 30 min after the
formation of a precipitate. The precipitate was dried at 60 °C for 24 h and calcined at 500 °C

for 4 h. Finally, the products were cooled at room temperature.
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4.2.4. Synthesis of Zeolite from Ecuadorian Clays

The synthesis conditions were set based on previous work on zeolite synthesis from
aluminosilicate gels [55,56]. The preliminary process consisted of the following steps: 20 g of
each clay were mixed with 25 g of NaOH in 50 mL of water, to form a homogeneous mud.

Each clay-NaOH mud was calcined at 800 °C for 5 h.

To synthesize zeolite from R-Clay, the necessary reagents were added until reaching the
composition established for the synthesis mixture: SiO2/ALOs = 2.47, Na:O/SiO:2 = 3.0,
H20/Na:20 = 20. The calcined product was crushed and suspended in 125 mL of water. The
mixture was stirred and homogenized at room temperature for 1 h. Hydrothermal treatment
of the mixture was carried out in covered containers and heated to 90 °C for 2 h. Finally, the
solid product was filtered, washed with water to remove excess alkali, and dried at 90 °C
overnight. The main product obtained with this procedure was labeled R-Zeolite and
identified as Na-LTA type zeolite with small amounts of Na-FAU type zeolite. To synthesize
zeolite from G-Clay, the necessary reagents were added to achieve the composition
established for the synthesis mixture: SiO2/AL2Os = 4.0, Na20/SiO: = 1.65, H2O/Na20 = 40. The
calcined product was crushed and suspended in 128 mL of water. The mixture was stirred at
room temperature for 1 h, to homogenize. Subsequently, the solution was aged for 24 h at
room temperature. After this, hydrothermal treatment of the mixture was carried out in
covered containers and heated to 90 °C for 24 h. Finally, the solid product was filtered, washed
with water to remove excess alkali, and dried at 90 °C overnight. The main product obtained
with this procedure was labeled G-Zeolite and consisted of Na-FAU type zeolite with small

amounts of Na-P1 type zeolite.

4.2.5. Preparation of Extruded Composites

For the evaluation of solid materials, cylindrical extrudates with approximate dimensions of
1.0 cm in length and 0.2 cm in diameter were prepared. The preparation of these solids was
performed by mixing the ZnTiOs/TiO:2 semiconductor with zeolite and the precursor clay at a

ratio of 30:30:40, respectively. Extrudates were also prepared by mixing the ZnTiOs/TiO:
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semiconductor with clay at a ratio of 60:40, respectively. Finally, clay extrudates were also
prepared by the same process using only clay in the composition without adding any other
components. An amount of water (approximately 35%) was added to each mixture to form a
paste with good plasticity. These mixtures were extruded with a 2.5 mm diameter syringe.
The extrudates were dried at 90 °C for 2 h and finally calcined at 500 °C for 8 h. The presence
of clay is important for the formation of extrudates. In this study, extrudates prepared only
with semiconductor and zeolite were not considered because they disintegrate easily. The
extruded composites prepared were labeled as follows: R (R-Clay), RT (R-Clay and
ZnTiOs/TiO2), RZT (R-Clay, R-Zeolite, and ZnTiOs/TiO2), G (G-Clay), GT (G-Clay and
ZnTiOs/TiO2), GZT (G-Clay, G-Zeolite, and ZnTiOs/TiOz).

4.2.6. Characterization

The synthesized materials were characterized using a JEOL JSM 6400 scanning electron
microscope (SEM-EDX) (JEOL, Peabody, MA, USA). X-Ray fluorescence (XRF) measurements
were recorded in a Bruker S1 Turbo SDR portable spectrometer (Bruker Handheld LLC,
Kennewick, WA, USA), using the Mining Light Elements measurement method. The X-ray
diffraction (XRD) measurements were recorded in a Bruker AXS D8-Discover diffractometer
(Bruker AXS, Karlsruhe, Germany) equipped with a vertical 0-0 goniometer, parallel incident
beam (Gobel mirror), and a HI-STAR General AREA Diffraction Detection System (GADDS)
(Bruker AXS, Karlsruhe, Germany). The X-ray diffractometer was operated at 40 kV and 40
mA to generate the Cu Ka radiation (1.5406 A). Data were recorded from 5 to 70° in the 20
range. Identification of the crystal phases was achieved by comparison of the XRD profile with
the ICDD (International Centre for Diffraction Data, release 2018) database. The determination
of the specific surface area (SSA) of the solids (m?/g) was carried out in the ChemiSorb 2720
equipment (Micromeritics, Norcross, GA, USA) coupled to temperature-programmed
controller and software (TPx) by nitrogen adsorption at the temperature of liquid nitrogen
(=196 °C) with a 30% gas mixture of N2 diluted in He. The Chemisoft TPx System (version
1.03; Data analysis software; Micromeritics, Norcross, GA, USA, 2011) allowed calculating the
specific surface area using the Brunauer-Emmet-Teller (BET) equation and the single point

method. Finally, the adsorbents were also characterized by the point of zero charges (pHrzc)
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at different pH values using a Jenway 7350 spectrophotometer (Cole-Parmer, Staffordshire,

UK).
4.2.7. Adsorption Studies

The adsorption experiments were conducted using a batch method at room temperature.
Typically, 25 mg of extruded adsorbents were magnetically stirred in a methylene blue
aqueous solution (100 mL of water containing 20 mg mL" methylene blue). The remaining
concentrations of methylene blue were determined at 623 nm using a Jenway 7350
spectrophotometer (Cole-Parmer, Staffordshire, UK). The adsorption rate of MB was
calculated by the absorbance according to the Beer-Lambert law. Samples were drawn at 5
min intervals with a syringe and filtered through a 0.45 pm membrane filter to remove any
solid particles interfering with the measurement. All tests were carried out in triplicate. The
procedure was repeated using a methylene blue reference solution without extruded
adsorbents to eliminate any photolysis effects causing discoloration of the solution due to

natural light. The adsorbed quantity of methylene blue was calculated by Equation (4.1):
v
Ge = (Co— C) x - @.1)

where Co (mg L) and C. (mg L) represent the initial and equilibrium concentration,

respectively; v (L) is the volume of solution and w (g) is the mass of adsorbent.
4.2.7.1. Effect of pH

The effect of pH on MB adsorption onto the adsorbents was investigated under varying pH
values from 3 to 10. The initial MB concentration used was 25 mg mL"! for all extrudates. The
contact time was fixed at 180 min and corresponded to the time necessary to reach adsorption
equilibrium for all adsorbents. To evaluate the impact of pH on the solid surface, a point of
zero charges pHrzc measurement was also performed for all extrudates. The pHrzc

determinations were performed in aqueous suspensions of the extrudates at two
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concentrations (0.01 and 0.05 M) of the NaCl inert electrolyte. Potentiometric titrations were

made over the entire pH range of 3-10.

4.2.7.2. Isotherm Models

The effect of the initial MB concentration was investigated from 0.25 to 30 mg L. The
experiments were performed without adjusting the pH of the solution. At the end of the
experiments, the equilibrium pH was measured and found to be constant, around 7 for each
adsorbent. The equilibrium sorption of MB was evaluated according to the Langmuir and
Freundlich isotherm models, since these models can help to explain the adsorption

mechanism and the heterogeneity of the adsorbent surface [15,48,57].

The expression of the Langmuir isotherm model can be expressed by Equation (4.2):

Ce 1 Ce
— = + 4.2)
q K1 Qmax Admax

where gmax is the maximum monolayer adsorption, Kv is the equilibrium Langmuir constant
related to the adsorption energy, and C. is the concentration of solute at equilibrium.
Additionally, the RL separation factor values, which provide an insight into the nature of

adsorption, can be expressed by Equation (4.3):

1

R, = m 4.3)

The expression of the Freundlich isotherm model can be represented by Equation (4.4):
1
q= KeC,/" (4.4)

where Kr is the Freundlich constant, which indicates the adsorption affinity of the adsorbents

and 1/n is another constant that represents the intensity of adsorption.
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4.2.7.3. Kinetic Models

The solute absorption rate of the solute—solution interface was described in this study using
reaction-based models, called pseudo-first-order and pseudo-second-order, as well as
diffusion-based models, called intraparticle diffusion, external-film diffusion, and internal-

pore diffusion [2].

The pseudo-first- and second-order models assume that the difference between the average
solid-phase concentration (g¢) and the equilibrium concentration (ge) is the driving force for
adsorption and that the overall adsorption rate is proportional to this driving force. Both
equations have been widely applied to explain the experimental results obtained for aqueous

pollutants such as dyes and metal ions [15,48,57]

The pseudo-first-order kinetic model is expressed by Equation (4.5):

In(q. — q¢) = In(q.) — kqt 4.5)

where ki is the rate constant (min), and g. and g: represent the MB adsorbed per unit weight

(mg g™) at equilibrium and at any time ¢, respectively.

The pseudo-second-order kinetic is expressed by Equation (4.6):

t 1 1
— = + —t 4.6
ae k2q2 de 4.6)

where k: is the pseudo-second-order rate constant (g mg! min™).
The intraparticle diffusion model assumes that intraparticle diffusion is the rate control step,

which is generally the case for well-mixed solutions [6]. The mathematical expression of the

intraparticle diffusion model is described by Equation (4.7):
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g = kst /2 + A @)

where k3 (mg g™ min~'?) is the intraparticle diffusion rate constant and A (mg g™) is a constant
that indicates the thickness of the boundary layer, i.e., the higher the value of A, the greater
the boundary layer effect. In some cases, the plot g: versus square root time can show multi-

linearity, which indicates that several steps occur in the process.

The internal-pore diffusion model was also used to describe the kinetic sorption data. If

particle diffusion controls (Dy) the sorption rate is described using Equation (4.8):

—In (1 - (ﬂ)z) _ by, 4.8)

de r2

When the rate of sorption is controlled by external-film diffusion, it is expressed by Equation

9):
“in(1- (%)= 22 49

where gt and ge are the solute loadings on the adsorbent phase at time f and at equilibrium
(mg g™), respectively, t is the contact time (min), Cs (mg L) and C: (mg kg™) are the ion
concentrations in the solution and in the adsorbent, respectively, r is the average radius of the
adsorbent particles (1 x 107 m), and £ is the film thickness around the adsorbent particles,
accepted as 10 m for poorly stirred solutions [58]. D, is the diffusion coefficient in the
adsorbent phase (m? min) and Dy (m? min™) is the diffusion in the film phase surrounding

the adsorbent particles.
4.2.7.4. Reuse of the Adsorbents

In this study, composites were desorbed after completing one treatment cycle and reused to
determine their recycling property. MB desorption from composites loaded with this dye was

verified using pure methanol and methanol solutions containing 6% (v/v) acetic acid as eluent.
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After desorption, the composites were dried and used in a new cycle under the same

conditions as the previous cycle. The recycling experiments were carried out in three cycles.

4.3. Results

4.3.1. Characterization of the Compounds

4.3.1.1. XRD Analysis

Figure 4.1 presents the XRD patterns of red clay (R-Clay), zeolites synthesized from this clay
(R-Zeolite), gray clay (G-Clay), zeolites synthesized from this clay (G-Zeolite), and the
ZnTiOs/TiO2 semiconductor. These compounds were used as precursors to prepare extruded

composites.

R-Zeolite

Intensity (a.u.)

e B I I B e e B B S o e
10 20 30 40 50 60 70

20 [Cu Kal/degree

Figure 4. 1. X-ray diffraction (XRD) pattern of R-Clay, R-Zeolite, G-Clay, G-Zeolite, and ZnTiO3/TiO:. K:
Kaolinite, Q: Quartz, H: Hematite, M: Metahalloysite, Q: Quartz, F: FAU zeolite, A: LTA zeolite, P: Na-P1

zeolite, T: Titanate, An: Anatase, R: Rutile.
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R-Clay consists of quartz (Q), kaolinite (K) and hematite (H). R-Zeolite consists of LTA, and
FAU zeolites. Figure 4.1 shows the main diffraction peaks of LTA zeolite of the sodium form
(see Appendices, Table B1l). The LTA zeolite was indexed to cubic phase with unit cell
parameters a =b = c = 24.61 A and space group Fm3c(226) according to the standard ICDD
card No: 39-0222. Figure 4.1 also shows the main diffraction peaks of the FAU zeolite of the
sodium form (see Appendices, Table B1). The FAU zeolite was indexed to cubic phase with
unit cell parameters a =b = ¢ =25.028 A and space group Fd-3(203) according to the standard
ICDD card No: 39-0218. The zeolites presented a percentage of crystallinity of 67% compared

to the standards.

On the other hand, G-Clay consists of quartz (Q) and metahalloysite (M). G-Zeolite consists
of FAU and Na-P1 zeolites. Figure 4.1 shows the main diffraction peaks of the FAU zeolite of
the sodium form (see Appendices, Table B1). The FAU zeolite was indexed to cubic phase
with unit cell parameters a = b = ¢ = 25.028 A and space group Fd-3(203) according to the
standard ICDD card No: 39-0218. The number of structural Al atoms in the FAU and the
structural Si/Al ratio of this zeolite were calculated using the Breck-Flanigen equation [59].
The results obtained (Nai = 89 and Si/Al = 1.2) classify the synthesized FAU zeolite as type X
[27].

Figure 4.1 also shows the main diffraction peaks of the Na-P1 zeolite (see Appendices, Table
B1). The Na-P1 zeolite was indexed to tetragonal phase with unit cell parameters a=b =9.999
A and ¢ =10.069 A and space group I41/amd(141) according to the standard ICDD card No:

44-0052. The zeolites presented a percentage of crystallinity of 63% compared to the standards.

Finally, Figure 4.1 shows the main diffraction peaks of the ZnTiOs/TiO: heterostructure (see
Appendices, Table B1). The ZnTiOs/TiO:z heterostructure nanomaterial obtained was indexed
to hexagonal phase with unit cell parameters a=b =5.08 A and c=13.93 A and space group R-
3(148) according to the standard JCPDS card No. 00-015-0591 for the ZnTiOs phase. The TiOz-a
species was indexed to tetragonal phase with unit cell parameters a=b =3.79 A and ¢ =9.51

A and space group I41/amd(141) according to the standard JCPDS card No. 01-073-1764. The
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TiOx-r phase was assigned to tetragonal phase with unit cell parameters a=b=5.08 A and c =
13.93 A and space group P42/mnm(136) according to the standard JCPDS card No. 03-065-
0192.

When comparing the diffraction patterns of the extruded composites with their respective
constituent compounds (see Appendices, Figures B1 and B2), no alteration of the diffraction
peaks of the zeolites or the mixed oxide ZnTiOs/TiO2 was observed, probably due to the
calcination temperature of the extruded composites being lower than the thermal stability of
the zeolites [60] and mixed oxide [26] used. Therefore, the calcination temperature of 500 °C
made it possible to achieve a mechanically strong adsorbent while keeping the crystalline

structure of the zeolites and the photocatalyst intact.

4.3.1.2. SEM-EDX Analysis

Figure 4.2 presents the EDX (energy dispersive X-ray) spectra of clays and zeolites obtained
from these clays, indicating the presence of several elements such as C, Al, Si, Fe, Ca, Na, K,
Mg, and O. G-Clay and G-Zeolite had more exchange cations than R-Clay and R-Zeolite;
however, R-Clay and R-Zeolite had a larger amount of Fe than G-Clay and G-Zeolite. In R-
Clay the Fe was in the form of hematite, according to the diffraction pattern shown in Figure
1. Zeolites had a higher amount of sodium than their respective clays due to the calcination
treatment carried out before synthesis. Figure 4.2 also shows the EDX spectra of the

ZnTiOs/TiOz heterostructure, indicating the presence of O, Zn and Ti.
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Figure 4. 2. Energy dispersive X-ray (EDX) spectra of (a) R-Clay, (b) R-Zeolite, (c) G-Clay, (d) G-Zeolite and (e)
ZnTiOs/TiOx.

Table 4.1 shows the elemental composition (%) analyzed by EDX for the clays and zeolites

obtained from these clays and ZnTiOs/TiO..

Table 4. 1. Elemental analysis (wt%) for clays and zeolites.

C (0] Si Al Fe Na Ca K Mg Ti Zn (0]

R-Clay 12.10 47.71 19.08 1540 572 - - - - - - -
R-Zeolite 32.43 47.89 6.49 5.01 391 379 048 - - - - -
G-Clay 16.99 46.46 18.17 1222 3.27 - 054 184 053 - - -
G-Zeolite 20.77 5091 14.44 6.77 1.88 270 1.88 0.65 - - - -
ZnTiOs/TiOz 5.42 - - - - - - - - 5485 6.13 33.60

Figure 4.3 shows the SEM photomicrograph of clays and zeolites obtained from these clays.
Figure 4.3(a) shows intertwined hematite crystals with a “cauliflower” habit coating kaolinite
of the R-Clay, while in (b) and (c) uniformly distributed granules are observed with a perfect

morphology, typical of the LTA phase, and non-uniform agglomerates of nanocrystals are
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also observed on the well-formed LTA zeolite crystals, which can be attributed to the growth
of the FAU phase during the synthesis of the zeolite. Additionally, the SEM photomicrograph
in Figure 4.3(d) shows aggregates of G-Clay with varied morphology and sizes and with a
very rough-appearing surface due to the conformation similar to “stacked fibers” that are a
consequence of the possible grouping of halloysite nanotubes. In Figure 4.3(e), 4.3(f), the
presence of uniformly distributed cubic spheroidal granules is observed, which correspond
to the FAU zeolite. The particle sizes determined by SEM for both LTA and FAU zeolites were
1.6 and 3.9 um, respectively. The sizes were determined using Image], which is a powerful,
oft-referenced program for image processing [61]. Finally, Figure 4.3(g) shows the SEM image
of the ZnTiOs/TiO: heterostructure. The image shows that the particles have a particle size

less than 100 nm, are almost spherical and are highly agglomerated.

Figure 4. 3. Scanning electron microscopy (SEM) images of (a) R-Clay, (b) and (c) R-Zeolite, (d) G-Clay, (e) and
(f) G-Zeolite, (g) ZnTiOs/TiOx.
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4.3.1.3. XRF Analysis

Table 4.2 shows the main oxides present in the clays, zeolites, and compounds investigated in
this study. In Table 4.2, the XRF analysis showed the majority presence of the cations Al, Si,
Fe, Ca, K, Mg, and O in all the compounds, in addition to Ti and Zn, which were mainly

incorporated as a mixed oxide of ZnTiOs/TiO2 in extrudates.

Table 4. 2. Composition (%) of clays, zeolites, and composites.

Compound  ALlLOs Si02 K20 CaO TiO: MgO Fe203 ZnO
21.20 45.60 1.63 0.22 0.39 0.16 1.94 0.01
G-Clay
(+0.85) (+0.68) (0.03)  (x0.01) (x0.01) (£0.00)  (x0.01) (+0.00)
19.60 41.30 0.49 4.11 0.19 0.07 0.70 0.06
G-Zeolite
(x0.79) (£0.63) (0.02)  (x0.02) (x0.01) (+0.00)  (x0.01) (+0.00)
11.60 12.20 0.32 1.59 51.30 0.04 3.64 18.95
GT
(+1.56) (+0.53) (+0.03) (+0.02) (+0.13) (+0.01) (+0.03) (+0.05)
18.00 34.60 1.58 2.67 28.10 0.07 2.38 12.29
GZT
(+1.20) (+0.68) (x0.04) (+0.03) (+0.08) (+0.01) (+0.02) (+0.03)
27.10 39.40 0.78 0.12 1.01 0.09 7.81 0.01
R-Clay
(+0.98) (+0.65) (0.02)  (x0.01) (x0.01) (£0.00)  (x0.02) (+0.00)
18.60 27.60 1.52 1.09 0.08 6.72 0.08
R-Zeolite -
(+0.99) (+0.59) (+0.02) (+0.01) (+0.00)  (x0.02) (+0.00)
8.88 13.90 1.19 1.69 51.40 2.09 20.66
RT -
(+1.62) (+0.58) (x0.04) (x0.02) (+0.14) (+0.03) (+0.06)
10.10 15.60 0.38 2.20 31.30 0.06 7.87 16.30
RZT
(1.31) (+0.58) (+0.59) (+0.50) (+1.82) (x0.16) (+0.69) (+0.07)

4.3.1.4. Specific Surface Area (SSA) Analysis

The specific surface area of the adsorbents in both powder and extrudate form are
summarized in Table 4.3. The prepared extruded composites had a smaller surface area
compared to that of adsorbents in powder form due to the heat treatment required for their
preparation. Despite the reduction in the specific surface area in the extrudates, the presence
of exchange cations in their structure could contribute to the elimination of the dye from the

solution since different mechanisms participate in the adsorption process.
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Table 4. 3. Specific surface area (SSA) (m?/g) of clays, zeolites, and composites.

Adsorbent Composition Form SSA (m?g)
R-Clay Red clay Powder 48.8
R-Clay (R) Red clay Extrudate 29.3
R-Zeolite LTA/FAU zeolites Powder 104
R-Composite Red clay + ZnTiOs/TiOz2 Powder 82.5
R-Composite (RT) Red clay + ZnTiOs/TiOz2 Extrudate 29.5
R-Composite Red clay + LTA/FAU zeolites + ZnTiOs/TiOz Powder 84.1
R-Composite (RZT) Red clay + LTA/FAU zeolites + ZnTiOs/TiOz Extrudate 311
G-Clay Gray clay Powder 42.8
G-Clay (G) Gray clay Extrudate 25.5
G-Zeolite FAU/Na-P1 zeolites Powder 349
G-Composite Gray clay + ZnTiOs/TiO: Powder 184
G-Composite (GT) Gray clay + ZnTiOs/TiOz Extrudate 25.8
G-Composite Gray clay + FAU/Na-P1 zeolites + ZnTiOs/TiO:2 Powder 188
G-Composite (GZT) Gray clay + FAU/Na-P1 zeolites + ZnTiOs/TiO:2 Extrudate 26.4

4.3.2. Adsorption of MB

Figure 4.4 shows that G-Zeolite and G-Clay had a higher adsorption capacity of the MB dye
than R-Zeolite, R-Clay, and the ZnTiO3/TiO: semiconductor. The results of the evaluation of
powder samples. As expected, zeolites had better adsorption capacity than clays and mixed
oxide of Zn and Ti. Additionally, G-Zeolite had better MB adsorption capacity than R-Zeolite
and, similarly, G-Clay had better MB adsorption capacity than R-Clay. In addition, the higher
adsorption capacity of G-Zeolite compared to R-Zeolite may be due to the much larger pore

of FAU zeolite compared to LTA zeolite.
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Figure 4. 4. Methylene blue (MB) removal capacity of the ZnTiOs/TiO2 semiconductor, R-Clay, R-Zeolite, G-
Clay, and G-Zeolite.

4.3.2.1. Effect of pH

The R and G extrudates showed pHrzc values around 4.0, while the GT, GZT, RT, and RZT
extrudates showed pHrzc values around 6.0. At a pH higher than pHrzc, the surface had a net
negative charge and the adsorption of the cationic dye molecule was promoted. However, MB
adsorption was reduced at a pH lower than pHrzc due to the net positive charge on the
surface, which causes electrostatic repulsion. Figure 4.5 shows this effect of pH on (G) G-Clay,
(GT) G-Clay-ZnTiOs/TiO2, (GZT) G-Clay-Zeolite-ZnTiOs/TiO2, (R) R-Clay, (RZ) R-Clay-
ZnTiOs/TiO2 and (RZT) R-Clay-Zeolite-ZnTiOs/TiO:s.
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Figure 4. 5. Effect of pH on the adsorption of MB onto composites.

From the minimal increment in adsorption of MB in the solution at pH values above 8, it was

decided that adsorption at pH 7 was the optimum operating condition for adsorption

experiments.

4.3.2.2. Adsorption Isotherm

Figure 4.6 shows the adsorption isotherms of the extruded composites: (G) G-Clay, (GT) G-
Clay-ZnTiOs/TiOz, (GZT) G-Clay-Zeolite-ZnTiOs/TiO2, (R) R-Clay, (RZ) R-Clay-ZnTiOs/TiO>,
and (RZT) R-Clay-Zeolite-ZnTiOs/TiOz. In this figure, it is evident that the Langmuir model is

better than the Freundlich model to describe the behavior of all composites.
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Figure 4. 6. Adsorption isotherm of (a) G, (b) GT, (c) GZT, (d) R, (e) RT and (f) RZT.

Table 4.4 shows the equilibrium data of MB sorption by extruded composites (G) G-Clay, (GT)

G-Clay-ZnTiOs/TiO2, (GZT) G-Clay-Zeolite-ZnTiOs/TiO2, (R) R-Clay, (RZ) R-Clay-
ZnTiOs/TiO2 and (RZT) R-Clay-Zeolite-ZnTiOs/TiO2. Furthermore, the Rt separation factor or

equilibrium parameter was calculated using Equation (3), obtaining low Rv values for all the
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adsorbents. When 0 < R.< 1, favorable adsorption was indicated, and Rt > 1 meant unfavorable

adsorption; R = 0 indicated irreversible adsorption [11].

Table 4. 4. Isotherm parameters for MB adsorption on composites.

Isotherm  Parameters R RT RZT G GT GZT
max 29.14 37.59 42.00 45.88 43.40 49.81
(mg g™ (x0.97) (x0.98) (£1.16) (£1.65) (£1.33) (£1.33)
Ko 0.82 1.00 0.77 0.56 0.99 0.43
Langmuir (L mg™) (x0.15) (x0.14) (0.11) (x0.09) (x0.17) (+0.05)
Ru 0.06 0.05 0.06 0.08 0.05 0.10
X2 2.00 2.11 2.34 3.36 3.38 1.60
R? 0.98 0.99 0.99 0.99 0.99 0.99
Kr 11.98 15.88 16.16 15.26 18.80 16.12
(Lmg™) (£0.92) (£1.46) (£1.55) (#1.62) (£1.58) (£1.59)
3.30 3.25 2.96 2.62 3.30 2.66
Freundlich N (+0.32) (+0.39) (+0.34) (+0.30) (x0.37) (£0.29)
1/n 0.30 0.31 0.34 0.38 0.30 0.38
X2 3.81 9.84 11.10 12.40 11.50 11.10
R? 0.97 0.96 0.96 0.96 0.96 0.97

4.3.2.3. Adsorption Kinetics

Figure 4.7 shows the time-course variation of concentration Ct (mg L) curves of the extruded
composites (G) G-Clay, (GT) G-Clay-ZnTiOs/TiO2, (GZT) G-Clay-Zeolite-ZnTiOs/TiO:, (R) R-
Clay, (RZ) R-Clay-ZnTiOs/TiOz and (RZT) R-Clay-Zeolite-ZnTiOs/TiOz. The figure shows that
the MB concentration in the solution decreased rapidly around the first 60 min, after which

removal tended to become constant.
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Figure 4. 7. Time-course variation of the composites’ C: (mg L) curves.

The intra-particle diffusion model fitted well the experimental data, as can be seen in Figure

4.8, indicating that the entire sorption process was divided into two linear regions. Hence, the

MB sorption process might be described by film diffusion followed by a particle diffusion

process [6].
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Figure 4. 8. Intra-particle diffusion plots for MB removal by the extrudates.
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Table 4.5 shows the equilibrium data of MB sorption by the extruded composites (G) G-Clay,
(GT) G-Clay-ZnTiOs/TiO, (GZT) G-Clay-Zeolite-ZnTiOs/TiO2, (R) R-Clay, (RZ) R-Clay-
ZnTiOs/TiO2 and (RZT) R-Clay-Zeolite-ZnTiOs/TiO:s.

Table 4. 5. Kinetic parameters for MB removal on composites.

Kinetic Parameters R RT RZT G GT GZT
(max 75.47 75.84 75.50 76.43 76.57 76.37
(mgg™) (£1.15) (£1.35) (£1.04) (£1.73) (£1.42) (£1.87)
Pseudo-first- k1 0.05 0.05 0.07 0.06 0.05 0.06
order (L mg™) (£3.28x107%) (£3.90x 10%) (+4.73x10%) (+5.75x10%) (¢3.99 x 10?) (£5.75 x 10?)
X2 11.20 14.30 10.10 22.60 15.50 22.60
R? 0.98 0.98 0.98 0.97 0.98 0.97
qmax 85.45 85.90 82.92 85.99 87.01 87.16
(mg g™) (£1.20) (£1.41) (£0.48) (£1.64) (£1.44) (£1.84)
Pseudo- ke 6.89x10* 7.19x10* 1.16x10° 8.66x10* 6.97x10*  8.02x10*

second-order  (Lmg')  (35.29x10%) (#6.31x10%) (23.97 x 10%) (+8.82x 10) (£6.09 x 105) (+8.57 x 10%)

X2 5.04 6.45 1.14 8.78 6.40 8.74

R2 0.99 0.99 1.00 0.99 0.99 0.99

ks 5.50 5.72 4.92 6.61 6.28 7.10
(mg g min™?) (x0.40) (x0.28) (x0.36) (x0.29) (x0.26) (x0.79)

Intraparticle
13.58 13.55 21.13 12.47 11.35 10.34
diffusion A

(1.75) (+1.25) (+1.57) (*1.27) (+1.16) (+3.49)

R2 0.90 0.90 0.81 0.94 0.93 0.95

External-film Df(m?min™?) 1.10x10" 1.21x10" 1.13x10" 1.38x10 1.25x10" 1.42x10"
diffusion R? 0.99 0.98 0.99 0.99 0.98 0.99

Internal-pore Dp (m?min™) 1.3x1077 1.4x101 1.3x 10" 1.6 x 1017 1.4x101 1.6 x 107
diffusion R? 0.98 0.97 0.98 0.98 0.97 0.98

4.3.3. Reuse of the Adsorbents

Figure 4.9 shows the MB adsorption capacity for three cycles of the extruded composites (G)
G-Clay, (GT) G-Clay-ZnTiOs/TiOz, (GZT) G-Clay-Zeolite-ZnTiOs/TiO:, (R) R-Clay, (RZ) R-
Clay-ZnTiOs/TiO2, and (RZT) R-Clay-Zeolite-ZnTiOs/TiOz2. The figure shows that the

adsorption capacity of composites containing zeolite decreased more than in extrudates
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without zeolite after the first and second regeneration cycles when an acid solution was used

for desorption.

a) ER ORT HERZT ®G 0OGT OGIT b) ER ORT [ERZT @G 0OGT OGZT

Adsorption percentage (%)
Adsorption percentage (%)

2 3 1 2 3

Cycle Cycle

Figure 4. 9. Adsorption percentage of MB for three successive adsorption cycles. (a) Composites desorbed with

methanol; (b) composites desorbed with an acid solution.

4.4. Discussion

4.4.1. Synthesis and Characterization of Compounds

Firstly, the structural identification of the clays, zeolites, and mixed oxide of Zn and Ti was
performed using XRD. When comparing in Figure 4.1 the diffraction patterns of the zeolites
with the respective clays, disappearance of the quartz reflections and the other mineralogical
phases present in the clays was observed. Next, the diffraction patterns of the zeolites
evidenced the appearance of peaks corresponding to the LTA-FAU and FAU-NaP: phases.
The presence of these phases revealed the transformation of the clays, which could begin with
the formation of an amorphous material followed by the subsequent co-crystallization of the
LTA-FAU and FAU-NaP: zeolitic phases. On the one hand, these results are consistent with
the metastable character of the zeolitic phases obtained; in agreement with the literature, the
mix of stable metaphases was favored by the differences in the Si/Al ratio and the effect of the
cations present in the original clays [62-64]. On the other hand, the percentages of the
crystalline phase of R-Zeolite and G-Zeolite were determined using XRD, being 67% and 63%,
respectively. In general, the amorphous phase formation can be related to the presence of

geopolymers [65,66]. Specifically, geopolymers can be identified as the amorphous equivalent
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of crystalline structures of aluminosilicates with an equal chemical composition of the zeolites,
but those presented a disordered structure unlike the ordered structure of zeolites [67-69].
Regarding the results, the diffraction pattern showed that R-Clay was formed from kaolinite
(K), quartz (Q), and hematite (H), while G-Clay consisted mainly of metahalloysite (M) and
quartz (Q). Furthermore, Figure 4.1 shows the diffraction pattern of the ZnTiOs/TiO:
heterostructure, which was obtained without impurities, as we reported in previous works

[26].

In this study, clays and zeolites were also characterized by EDX to determine their chemical
composition. In previous works, the characterization by EDX of the mixed oxide of Zn and Ti
was presented. From the EDX results shown in Figure 4.2, the change in the weight percentage
of the synthesized materials was observed after the treatment carried out to obtain zeolites. In
general, the impurities of the starting clays decreased either by the action of the thermal and
hydrothermal treatments and/or by dilution effects after the addition of new components in
the synthesis gel, such as alumina and NaOH [70]. However, the percentages of Na* increased
significantly due to the incorporation of NaOH as a mineralizing agent in the synthesis of the
zeolites [71,72]. This specific fact is due to the capture of Na* ions by the zeolitic structure, to
neutralize the negative charge of aluminum in the zeolite and/or geopolymer when they have
been formed [73]. On the other hand, from the XRF analysis, the presence of various oxides in
the sorbents studied was determined. Table 4.2 shows that the sorbents were mainly made up
of S5i02, Al2Os, TiO2, ZnO, as well as lower percentages of Fe:0s, K20, CaO, and MgO. These
oxides provided qualities to the sorbents to improve the adsorption of methylene blue by

cation exchange.

The morphological and textural characterization of the clays and zeolites was performed to
have a more complete characterization map of these solids. The morphology of the clays and
zeolites was identified by scanning electron microscopy (SEM). The SEM photomicrographs
obtained and presented in Figure 4.3 show the morphology of the clays according to their
mineralogical composition. Likewise, Figure 4.3 shows the typical morphology of the LTA
and FAU phases, which are similar to those described by various authors for these phases [74—

76].
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To characterize the textural properties of the materials, the specific surface area of the
synthesized materials was determined by the physisorption of N2. The results listed in Table
4.2 show that the extrudate materials had a lower specific surface area than the powdered
ones. Probably, the thermal conditions used in the calcination of the extrudates reduced their

surface area [77,78].

The decrease in the surface area of the extruded adsorbents is essentially attributed to the
elimination of some of the constituents from the internal surface of the clay (e.g., adsorbed
species) after the calcination process. The removal of these constituents created additional
spaces within the wide pores of the clay structure and also resulted in a reduction of the
internal surface area probably due to shrinkage. It is believed that this behavior, due to the
increase in temperature, occurred due to the elimination of the physisorbed water as well as
the superficial hydroxyl groups weakly attached to the clay structure [79]. In the present
study, the addition of zeolites as a porous material to the extruded adsorbents did not improve
their MB adsorption capacity from the aqueous solution. Although clay used as an inorganic
binder provided strength and wear resistance in extruded adsorbents, the incorporation of
clay can dilute the active porous component (i.e., the zeolite), resulting in a reduced specific
surface area. Also, the clay could coat the surface of the zeolite and cause the pores to become
blocked. Consequently, the MB removal capacity in aqueous systems of extrudates having
zeolite did not improve compared to extrudates free of zeolite. These results are in agreement

with that reported by Akhtar et al. [39]

Although usually the powdered materials have a higher specific surface area, in this study the
extrudates were chosen to adsorb MB due to their appropriate mechanical and chemical
stability, which facilitated their recovery at the end of the process and their reuse after several

cycles.

4.4.2. Adsorption of MB

Preliminary batch adsorption of MB was performed from an aqueous solution to investigate

the adsorption properties of clays, zeolites, and ZnTiOs/TiO2, which were used in powder
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form. Figure 4.4 shows that zeolites had the highest adsorption capacity. This great adsorption
capacity was because zeolites have a porous structure and therefore a higher specific surface
than clays, so they can easily host large molecules on their surface [80,81]. On the other hand,
the extrudates showed a lower specific surface area, but were also effective in removing MB
from the aqueous solution, probably through other mechanisms, including electrostatic
interaction, chemical reactions such as complexation, or ion exchange between sorbent and
MB [82]. Consequently, despite the reduction in specific surface area in the extrudates, the
surface chemistry of these materials was also an important factor controlling MB adsorption.
The extruded clays showed a pHrzc value around 4, and the adsorption tests were carried out
at pH=7.0, so the surface of these materials was negatively charged, improving the adsorption
of cationic dye. Also, according to Tables 4.1 and 4.2, clays and zeolites contained various
cations, such as Mg, K, Ca, Na, and Fe, that could promote the cation exchange capacity of
prepared extruded composites to improve their MB adsorption capacity [83]. In addition to
that, G-Clay contains metahalloysite (M), a mineralogical phase with applications in the

design and preparation of materials with adsorbent properties [84].

Since the absorption process occurs by different mechanisms, several batch adsorption
experiments of MB from an aqueous solution were developed to investigate the performance
of the G, GT, GT, R, RT, and RZT extrudates. The experiments were developed varying the
following parameters: the initial pH of the MB solution, the initial MB concentration, and the

contact time.

4.4.2.1. Effect of pH

A factor affecting the adsorption of dyes is the pH of the solution. pH affects the adsorbent
surface charge, the electrical charge of the dye, and the degree of ionization, which control the
adsorption process. It is expected that adsorption will increase with pH, particularly for an
adsorbate with a cationic nature [71]. At pH values above pHrzc, the surface has a net negative
charge and tends to accumulate cationic dye molecules due to the electrostatic attraction
between the cationic dye molecule and the negatively charged extrudate surface, as suggested

by other authors [85]. However, MB adsorption is reduced at a pH lower than pHrzc due to
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the net positive charge on the surface, which causes electrostatic repulsion. As shown in
Figure 4.5, the amount of MB adsorbed increased when the pH increased from 3.0 to 9.0.
However, an increase in adsorption at pH values between 7.0 and 9.0 was relatively lower
than the increase in adsorption at pH values between 3.0 and 7.0. The high adsorption capacity
observed at alkaline pH values was due to the increase in hydroxyl ions and, therefore, to the
increased electrostatic attraction between the positive and negative charges of the adsorption
sites [11]. However, at very alkaline pH levels, it appears that OH ions formed a complex with
other ions within alkaline pH ranges, affecting the adsorption of the dye by the adsorbent [3].
This could lead to precipitation of MB on the adsorbent surface, since the adsorption process

was probably a combination of electrostatic attraction, sorption, and precipitation [82].

4.4.2.2. Adsorption Isotherm

The results of the adsorption isotherm studies showed that using the extrudates, the MB
removal rate first increased from 0.25 to 20 mg L, and that it then was reduced when the
initial MB concentration (20-30 mg L-') was increased. This can be explained by the fact that,
at higher concentrations, more MB molecules were competing for the active sites available on
the surface of the adsorbent material. These active sites, which were in limited quantity, were
quickly saturated when the concentration of MB increased. Therefore, the initial concentration
of dye provided a significant driving force to overcome the mass transfer resistance of the dye

between the aqueous solution and the surface of the extrudates [2].

The parameters corresponding to the fitting of these results to the Langmuir and Freundlich
isotherm models are summarized in Table 4.3. The experimental data of the adsorption
seemed fit to Langmuir and Freundlich isotherm models. The correlation coefficients in both
isotherm models were near 1, indicating that the two models fit the experimental data well
[86]. However, as shown in Figure 4.6, Langmuir isotherm models gave better fitting than
Freundlich isotherm models. It can be concluded that adsorption of MB onto these adsorbents
is considered as monolayer adsorption rather than as multi-layer adsorption. This fact
supposes that the adsorption of MB on the extrudates occurs as a phenomenon of electrostatic

attraction where the adsorption energy is uniform [87]. During this adsorption process, the
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cationic dye tends to move through the pores and channels of the extrudates, replacing the

exchangeable cations present in the synthesized materials, which are shown in Table 4.1.

4.4.2.3. Adsorption Kinetics

Although the adsorption models help to establish the efficiency in the process, it is also
important to determine the kinetic mechanism. The adsorption kinetic models express the
contact time required for the complete adsorption of the chemical species. From them, we can
establish the optimal conditions for a process of continuous dye removal and/or scaling at an
industrial level. Figure 4.7 illustrates the concentration of MB in an aqueous solution at
different contact times. It was observed that MB concentration decreased rapidly at the initial
adsorption process, and then was followed by a slow reduction beyond 60 min for all
adsorbents. From this trend, we can conclude that the equilibrium was reached at the contact
time of around 180 min. The rapid initial stage of adsorption resulted from the presence of the
vacant adsorption sites as well as the presence of a high concentration gradient. On the one
hand, the adsorption by all extrudates can be attributed to the negative surface charge of these
materials, leading to a high electrostatic attraction between the negatively charged sorbents
and the positively charged cationic MB [88]. On the other hand, the efficiency of extrudates
GT, GZT, RT, and RZT to adsorb dissolved MB dye molecules is also attributed to the presence
of mixed oxide ZnTiOs/TiO:2 nanoparticles, which provided additional active sites for the

chemical adsorption of the dye.

The adsorption kinetic parameters are summarized in Table 4.4. The highest correlation
coefficient (R?) was obtained for the pseudo-second-order model; this kinetic model was the
one that best fits in this study. The mechanism described by the pseudo-second-order model
indicated a chemical adsorption of the cationic dye in the extrudates [89]. On the other hand,
in Figure 4.8 two linear regions were identified when the experimental data were fitted to the
intraparticle diffusion model, suggesting that the MB sorption process could be described by
external-film diffusion followed by internal-pore diffusion. Table 4.4 also summarizes the

linear regression analysis for the diffusion kinetic models. The highest values of the regression
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coefficient (R?) were found for the external-film diffusion; furthermore, the values of A were

relatively high, therefore, the surface adsorption was the rate-limiting step [5].

4.4.3. Reuse of the Adsorbents

The mechanical stability of structured materials is directly related to their useful life. If the
mechanical stability is poor, the material will gradually disintegrate in the reaction solution,
causing loss of activity and contamination of the medium. Mechanical stability correlates with
calcination temperature [90]. The higher the calcination temperature, the better the
mechanical stability, but there is an optimal calcination temperature for maximum mechanical
stability. In this work, a maximum calcination temperature of the extrudates of 500 °C was
used to avoid the change of crystalline phase of the synthesized compounds. The extruded
materials thus prepared were subjected to desorption and regeneration studies to determine
their economic viability in the MB adsorption process. The maximum desorption of cationic
dye was obtained in acid solution, which indicates that the adsorption was performed through
an ion exchange process. Regeneration studies were carried out for three regeneration cycles.
However, as shown in Figure 4.9, the adsorption capacity of extrudates containing zeolite
decreased more than in extrudates without zeolite after the first and second regeneration
cycles when an acidic solution was used for desorption. This reduction in adsorption capacity
could be due to decomposition or damage caused by the acid solution to certain adsorption

sites or functional groups present on the surface of the extruded composites.

4.4.4. MB Adsorption Capacity of the Synthesized Compounds Compared to Other

Compounds Described in the Literature
Table 4.6 shows that the compounds synthesized in this article were effective in removing

dyes in aqueous effluents, and the reasons were probably due to the combined effects of

several factors.
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Table 4. 6. MB adsorption capacity of synthesized composites and of other composites reported in the

literature.

Material ge (mg g') References

R 85.45 This study

RT 85.90 This study

RZT 82.92 This study

G 85.99 This study

GT 87.01 This study

GZT 87.16 This study
Magnetic graphene oxide modified zeolite 97.35 [91]
Raw zeolite 6.10 [92]
Activated lignin-chitosan composite extrudates 36.25 [93]
Poly (dopamine hydrochloride) (PDA) microspheres 90.70 [94]
TiOz2/montmorillonite-albumin nanocomposite 18.18 [95]
Carboxymethyl cellulose/ZSM-5/ZIF-8 10.49 [96]
TiO2 nanoparticles 88.10 [97]
ZSM-5 zeolite 105.82 [48]
NaX zeolite 127.13 [98]
Chitosan-epichlorohydrin/zeolite 156.10 [99]
Chitin/clay microspheres 152.20 [100]
Magnetic chitosan/clay beads 82.00 [101]
Activated carbon-clay composite 178.64 [102]
KMgFe(POx)2 22.83 [103]
Hydroxysodalite 10.82 [104]
Kaolin 21.41 [105]
Nonporous silica 91.10 [106]

Table 4.6 shows that the presence of the mixed oxide ZnTiOs/TiO: did not significantly
improve the MB adsorption capacity of the extrudates compared to the extrudates free of
ZnTiOs/TiO2. However, this mixed oxide can act as a photocatalyst to improve MB removal
in aqueous systems when the process is carried out under UV or solar light, as we reported in
a previous study [26]. The efficiency of ZnTiOs/TiO: in the photocatalytic removal of MB in
aqueous systems depends on the appropriate contact between the photocatalyst and the dye.

Consequently, the extruded adsorbents reported in this study not only acted as supports for
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the photocatalyst, but also efficiently captured the contaminant on its surface to initiate the
oxidative process. Therefore, the addition of ZnTiOs/TiO: in the extruded adsorbents will
allow in the future combining both processes, adsorption and photocatalysis, to improve the

removal of MB from aqueous systems.

Similarly, Table 4.6 shows that the zeolites did not improve the MB removal capacity of the
extruded composites, despite the fact that the zeolites in powder form showed greater dye
removal capacity than the precursor clays and the mixed oxide ZnTiOs/TiO.. This is because
extruded zeolites have a lower specific surface area than powdered zeolites, significantly
affecting their ability to remove dye. In the present study, the zeolites were obtained from two
Ecuadorian clays. These clays by themselves were able to remove MB through different
mechanisms, so from an economic and environmental point of view, clays are ideal for
wastewater treatment. Clays were also used as inorganic binders to prepare structured
materials with adequate mechanical strength and wear resistance. Consequently, clays proved
to be materials that can offer universal and commercial opportunities to prepare sustainable

materials with improved properties for various applications.

4.5. Conclusions

From hydrothermal synthesis and alkaline fusion methods, zeolites were successfully
synthesized from ecuadorian clays, obtaining combinations of zeolites: LTA-FAU and FAU-
NaP1, which showed good textural and morphological characteristics suitable for adsorption
processes. The zeolites were combined with their precursor clays and the mixed oxide of Zn
and Ti to prepare extrudates that were successfully used as adsorbents in methylene blue
removal tests, determining the adsorption capacity and the kinetic model for the removal of
MB of each synthesized material. In general, the experimental isotherms were fitted to the
Langmuir model, which describes a monolayer adsorption on a surface containing an infinite
number of identical sites. This model has correlated with the pseudo-second-order kinetic
model found, which indicates a chemisorption process on the adsorbent. Evidently, the
adsorption of the cationic dye increases rapidly until reaching a surface saturation in the

structure due to two phenomena in particular. In the first of them, it is suggested that there is

143



UNIVERSITAT ROVIRA I VIRGILT

SYNTHESIS, CHARACTERIZATION AND THEORETICAL CALCULATIONS OF ZNTIO3 FOR THE ADSORPTION AND PHOTOCATALYTIC REMOVAL
OF METHYLENE BLUE DYE

Ximena Verdnica Jaramillo Fierro

a comparable concentration of cationic species in the active centers of the extrudates that can
be exchanged with the dye in question. On the other hand, the presence of MB complexes

increases the adsorption of the cationic dye on the surface of the extrudates.

In particular, it was evidenced that extrudates derived from gray clay were the materials that
showed the highest performance in the MB removal process. This fact was evidenced by the
high adsorption capacity (gm) determined in the Langmuir model. In the same way, as shown
by the adsorption rate constant in the pseudo-second-order model, the removal percentages
of the MB decreased due to the surface saturation of the extrudates. In this way, the usefulness
of a natural resource such as clays and their transformation into higher value-added products
such as zeolites was corroborated. The adsorption capacity and efficiency of these materials
combined with ZnTiOs/TiO:2 was demonstrated in the process of MB removal from aqueous
solutions, which leaves a door open to the potential generation of clean technologies at an

industrial scale from available natural resources.
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CHAPTER 5

La-DOPED ZnTiOs/TiO2 NANOCOMPOSITE SUPPORTED ON ECUADORIAN
DIATOMACEOUS EARTH AS A HIGHLY EFFICIENT PHOTOCATALYST
DRIVEN BY SOLAR LIGHT
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5.1.Introduction

In recent years, water contamination by dyes has become one of the most important global
concerns [1,2]. Currently, there are more than 10,000 types of commercial dyes available with
an annual production of over 7 x 10° tons [3], and with a considerable fraction discharged from
industries such as textile, paper, plastic, leather, ceramics, cosmetics, pharmaceuticals, and
food processing [4-6]. In particular, effluents from these industries are considered an
important source of pollution that generates by-products that are dangerous to health, in
addition to preventing the penetration of sunlight and delaying photosynthesis in aquatic

systems [7].

Recently, various chemical, physical, and biological treatment methods have been developed
for the removal of dyes from aqueous solutions. These treatments include adsorption;
precipitation; coagulation—flocculation; reverse osmosis; photocatalysis; oxidation with
ozone, chlorine, or hydrogen peroxide; electrolysis, the use of anion exchange membranes;
biological treatment; and other processes [8-10]. Among these, adsorption of the dye using
porous materials and photocatalytic degradation of the dye through the use of
semiconductors have attracted extraordinary attention in the last two decades [11-15].
Compared to other processes, adsorption and photocatalysis allow some flexibility in terms
of simplicity of design, ease of operation, and low cost, as well as producing contaminant-free

effluents that can be suitable for reuse [16].

Adsorption is a process that can be performed by different mechanisms, including
electrostatic interaction, a chemical reaction such as complexation, or an ion exchange
between the adsorbate and the adsorbent. Furthermore, pore structure and adsorbent surface
chemistry exert the greatest influence on the adsorption process, whereas pore size
distribution affects the efficiency and selectivity of the process [17]. For the adsorption process
to be efficient, the adsorbent materials must have large specific surface area, high adsorption
capacity, and active sites on their surfaces. In addition, they must be environmentally friendly,

highly efficient, inexpensive, regenerable, and available in large quantities [18]. Therefore,
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mineral species such as clays, zeolites, and diatomaceous earth, among others [19-21], are the

most promising materials for this purpose.

Diatomaceous earth (DE) or diatomite are natural fossilized remains of unicellular aquatic
algae called diatoms. DE belongs to the group of almost pure sedimentary silica rocks that is
typically composed by 87%-91% silicon dioxide (SiOz), with significant amounts of alumina
(Al20s) and ferric oxide (Fe20s) [22]. DE can also present variable amounts of impurities such
as mineral clays, salts (mainly carbonates), and organic matter [23]. Other properties that
allow DE to be industrially valuable include a low conductivity coefficient, low density, high
porosity, large surface area, high adsorption capacity, and excellent thermal resistance [24].
Diatomite has been widely used in acoustic and thermal insulation, and as a filter aid,
pharmaceutical carrier, and adsorbent. Recently, the use of diatomite has also been reported
to be an excellent support material in the preparation of solid catalysts [25], because it presents
siloxane bridges and silanol groups, which are key reactive sites for various surface reactions
[26]. Thus, diatomite is a promising candidate for industrial production due to its great

versatility, easy physical separation, and low cost [24].

On the other hand, heterogeneous photocatalysis is a promising advanced oxidation process
(AOP) for the treatment of contaminated wastewater because it allows for complete
mineralization of different organic and inorganic compounds using semiconductor catalysts
that are activated by natural or artificial light [27-34]. The photocatalytic activity of
semiconductors is influenced by a wide variety of factors such as morphology, specific surface
area, affinity and adsorption capacity of organic pollutants, intensity and spectral distribution
of the illuminating light, and pH of the solutions, among others [35]. Among the many
semiconductors, TiO2 nanostructures have drawn increasing interest in wastewater treatment
[36,37] due to several attractive properties including high reactivity, chemical stability, high
oxidative capacity, non-toxicity, and low cost [38—41]. However, TiO: has some disadvantages
that hinder its cost-effectiveness and applicability, such as a wide bandgap (~3.2 eV), which
limits its activity to a small proportion of the solar spectrum in the ultraviolet region.
Furthermore, TiO: has low quantum efficiency due to the rapid recombination rate of

photogenerated electron-hole pairs, and shows a high particle agglomeration effect that
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reduces the number of active sites [42,43]. Many promising methods have been applied to
address these characteristic disadvantages. For example, immobilization of the semiconductor
in porous supports (e.g., diatomite) has proved to be an effective method to prevent
agglomeration. At the same time, it increases the surface area and facilitates recovery of the
photocatalyst at the end of the process. Likewise, intensive research has been conducted to
improve the photocatalytic efficiency of TiO2 through common pathways such as doping with
metallic and non-metallic ions, noble metal deposition, sensitization by inorganic complexes
or organic dyes, coupling of semiconductors, and doping with rare earth (RE) elements [44-

48].

Doping has long been known as one of the most effective approaches for altering the intrinsic
electron structure of TiO:, lowering its bandgap energy, and consequently enhancing its
sensitivity to visible light by improving electron-hole separation or extending the optical
absorption span [49,50]. Among various dopants, rare earth elements have received much
attention for the preparation of versatile photocatalysts [51-55]. Lanthanum is a widely
investigated rare earth metal element, and the efficacy of using La < 1-2 wt.% to dope TiO:
enhances its photocatalytic activity in both the UV and visible-light region [56—60]. Since the
ionic radius of the La* ion (1.03 A) is much higher than that of Ti* (0.64 A), La* would
disperse on the surface of TiO: particles, forming Ti-O-La bonds rather than replacing the
lattice site of Ti*, according to several studies [61-64]. Lanthanum-doped compounds are
generally used as efficient catalysts and light-conversion devices due to their electronic,
optical, and chemical characteristics arising from their 4f electrons transition [65,66]. In
particular, doping TiO: with La can inhibit phase transition from anatase to rutile and restrain
crystal growth [67], increase the surface area and the concentration of surface hydroxyl (-OH)
groups, improve the optical properties due to the increase in the concentration of oxygen
vacancies, and promote chemical adsorption of the organic substrates on the semiconductor’s
surface, which also benefits the improvement of its photocatalytic efficiency for diverse

applications [68-75].

Like the doping process, the coupling or heterojunction of two semiconductors that possess

different levels of redox energy for their corresponding conduction (CB) and valence (VB)
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band has been extensively studied. This coupling has proven to be an attractive approach to
compensate for the disadvantages of individual components and lead to more efficient charge
separation, longer life of charge carriers, and improved interfacial charge transfer to adsorbed
substrates [76,77]. Several semiconductors have been reported for the potential coupling of
TiOz, including SiO2, MoOs, CdS, MgO, WOs, SnO:, ZrO2, CuO, Fe20s, and ZnO [78-81]. The
characteristics and compatibility of the coupling semiconductor are important for the
physicochemical properties and stability of the hybrid semiconductor. Each semiconductor
substantially affects the surface charge of the material and therefore increases or weakens its
photocatalytic capacity [30]. Among the numerous semiconductor combinations, the
integration of ZnTiOs with TiO2 has previously been reported as a promising alternative for
the adsorption and photocatalytic degradation of MB in wastewater [82,83]. Although ZnTiOs
has proven to be the most versatile perovskite-type oxide for various applications [84], the
physical and chemical properties of the ZnTiOs/TiO2 heterojunction have been shown to be
greater than those of the individual components, evidently resulting from the modification of

their electronic states [85].

This paper reports on the doping of the ZnTiOs/TiOz2nano-heterojunction with lanthanum that
was synthesized using the sol-gel method. Nanocomposites of ZnTiOs/TiO: (ZTO) and
ZnTiOs/TiO2/La (ZTO/La) were immobilized on diatomaceous earth (DE) to achieve
innovative and eco-friendly nanomaterials, with adsorbent and photocatalytic properties for
the effective removal of methylene blue (MB) in wastewater. The adsorption and
photocatalytic degradation of MB were determined in batch experiments. The dye amount
was determined by UV-visible spectrophotometry. The adsorption capacity of the synthesized
composites was measured by varying the pH of the solutions, the concentration of the
adsorbent, and the contact time, whereas the photocatalytic activity was determined under
solar irradiation. The synthesized composites were characterized using X-ray diffractometry
(XRD), X-ray fluorescence (XRF), diffuse reflectance spectroscopy (DRS), scanning electron

microscopy (SEM-EDX), and specific surface area (SSA).
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5.2.Materials and Methods

5.2.1. Materials

All of the reagents used in this study were of analytical grade and used without additional
purification: CsHsO (Sigma Aldrich, St. Louis, MO, USA, >99.5%), Ti(OCsHr)s (Sigma Aldrich,
St. Louis, MO, 98.0%), CHsCOOH (Sigma Aldrich, St. Louis, MO, 99.8%), H20: (Sigma Aldrich,
St. Louis, MO, 35.0%), Zn(CH3COO)2-2H:20 (ACS, St. Louis, MO, USA, 298.0%), C16H1sCINsS -
nH20 (Sigma Aldrich, St. Louis, MO, 295.0%), La(NOs)s-6H20 (Sigma Aldrich, St. Louis, MO,
99.9%), HCI (Fisher Scientific, Waltham, MA, USA, 37%), cetyl-trimethyl ammonium chloride
(C1sH2NCl) (Sigma Aldrich, St. Louis, MO, 25%), AgNOs (Sigma Aldrich, St. Louis, MO,
>99.8%), and HNO:s (Sigma Aldrich, St. Louis, MO, 69%).

5.2.2. Diatomaceous Earth Purification

The raw diatomaceous earth (DE) was collected from southern Ecuador. The DE sample was
ground and sieved to 200-mesh (0.074 mm) size. Calcium and magnesium carbonates were
removed using hydrochloric acid (0.1 N) at a ratio of 10 mL g'. The organic matter present in
the DE sample was oxidized by adding H20: (33%) at a ratio of 10 mL g under agitation for
2 h at room temperature. After centrifugation, the purified DE was washed with distilled
water for the removal of Cl-ions; this was checked with a test with AgNOs. The DE adsorption
sites were activated with nitric acid (0.8 N) in a proportion of 10 mL g'. Activation is a process
through which a partially dissolved material is obtained, which has greater surface acidity,
porosity, specific surface area, and adsorption capacity [22,23,139,140]. The activated DE

samples were centrifuged, washed with distilled water, and dried at 60 °C for 24 h.

5.2.3. Synthesis of the DE-Supported Nanocomposites

The ZnTiOs/TiOz2 (ZTO) and ZnTiOs/TiOz/La (ZTO/La) nanocomposites were synthesized
following a modified sol-gel method described in previous studies [83,90]. To obtain the ZTO

nanocomposite, a quantity of titanium (IV) isopropoxide (TiPO) in isopropyl alcohol (iPrOH)
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(70 v/v%) was dispersed at room temperature. An aqueous solution formed by Zn(acet), water,
and iPrOH was slowly added, using ZnO/TiO:z in a 1:3 molar ratio. The amount of water had
a 50 v/v% iPrOH/water ratio and was determined by stoichiometry, being the amount
necessary to hydrolyze the TiPO molecules. The synthesis was performed at room
temperature. The reaction system was additionally stirred for 30 min. The mixture was kept
under stirring at room temperature for another 30 min after formation of a precipitate. The
precipitate was dried at 60 °C for 24 h and then calcined at 500 °C for 4 h. Finally, the solids
were cooled at room temperature. To obtain the ZTO/La nanocomposite, the procedure
described above was repeated, adding La(NOs)3-6H:O to the aqueous Zn solution to obtain a
final lanthanum concentration of 1% per gram of ZTO. The previous synthesis process was
repeated for each photocatalyst using, at the beginning of the process, a solution (10 w/w%) of

diatomaceous earth in isopropyl alcohol (iPrOH).

5.2.4. Structuring of the DE-Supported Nanocomposites

For the evaluation of the solid materials, cylindrical extrudates with approximate dimensions
of 0.2 cm in diameter and 1.0 cm in length were prepared. The preparation of these solids was
carried out by mixing each DE-supported nanocomposite with an amount of water
(approximately 35%) to form a mixture with good plasticity. This mixture was extruded with
a 2.5 mm-diameter syringe. The extrudates were dried at 90 °C for 2 h and finally calcined at

500 °C for 8 h.

5.2.5. Characterization

The synthetized materials were characterized using a JEOL JSM 6400 scanning electron
microscope (SEM) (JEOL, Peabody, MA, USA). The X-ray fluorescence (XRF) measurements
were recorded in a Bruker S1 Turbo SDR portable spectrometer (Bruker Handheld LLC,
Kennewick, WA, USA), using the mining light elements measurement method. The X-ray
diffraction (XRD) measurements were recorded in a Bruker-AXS D8-Discover diffractometer
(Bruker AXS, Karlsruhe, Germany) equipped with a vertical 0-0 goniometer, a parallel

incident beam (Gobel mirror), and a HI-STAR general area diffraction detection system

166



UNIVERSITAT ROVIRA I VIRGILT

SYNTHESIS, CHARACTERIZATION AND THEORETICAL CALCULATIONS OF ZNTIO3 FOR THE ADSORPTION AND PHOTOCATALYTIC REMOVAL
OF METHYLENE BLUE DYE

Ximena Verdnica Jaramillo Fierro

(GADDS) (Bruker AXS, Karlsruhe, Germany). The X-ray diffractometer was operated at 40 kV
and 40 mA to produce Cu Ka radiation (1.5406 A). The data were recorded from 5 to 70° in
the 20 range. Identification of the crystal phases was obtained by comparison of the XRD
profile with the ICDD (International Centre for Diffraction Data, release 2018) database.
Determination of the specific surface area of the solids (m?/g) was carried out in the
ChemiSorb 2720 equipment (Micromeritics, Norcross, GA, USA) by nitrogen adsorption at
the temperature of liquid nitrogen (-196 °C) with a 30% gas mixture of N2 diluted in He. The
Chemisoft TPx system (version 1.03; data analysis software; Micromeritics, Norcross, GA,
USA, 2011) allowed the specific surface area to be calculated using the Brunauer-Emmet-
Teller (BET) equation and the single-point method. The UV-Vis diffuse reflectance spectrum
(DRS) of the photocatalysts was obtained by a UV-Vis Thermo spectrophotometer model:
Nicolet Evolution 201/220 (ThermoFisher, Waltham, MA, USA), equipped with an integration
sphere unit using BaSO: as reference. Finally, the adsorbents were also characterized by the
point of zero charges (pHrzc) at different pH values using a Jenway 7350 spectrophotometer

(Cole-Parmer, Staffordshire, UK).

5.2.6. Adsorption Studies

The adsorption experiments were conducted using a batch method at room temperature.
Typically, 25 mg of extruded adsorbents were magnetically stirred in a methylene blue
aqueous solution (100 mL of water containing 20 mg mL-! methylene blue). The remaining
concentrations of methylene blue were determined at 623 nm using a Jenway 7350
spectrophotometer (Cole-Parmer, Staffordshire, UK). The adsorption rate of MB was
calculated by the absorbance according to the Beer-Lambert law. Samples were drawn at 5
min intervals with a syringe and filtered through a 0.45 pm membrane filter to remove any
solid particles interfering with the measurement. All tests were carried out in triplicate. The
procedure was repeated using a methylene blue reference solution without extruded
adsorbents to eliminate any photolysis effects causing discoloration of the solution due to
natural light. The adsorbed quantity qe of methylene blue was calculated by means of

Equation (5.1):
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v
ge = (Co— Co) X o (5.1)

where Co (mg L?) and C. (mg L) represent the initial and equilibrium concentration,

respectively; v (L) is the volume of the solution; and w (g) is the mass of the adsorbent [83].

5.2.6.1. Effect of pH

The effect of pH on MB adsorption onto the adsorbents was investigated under pH values
varying from 3 to 10. The initial MB concentration used was 25 mg mL~! for all extrudates.
Contact time was fixed at 180 min and corresponded to the time necessary to reach adsorption
equilibrium for all adsorbents. To evaluate the impact of pH on the solid surface, a point of
zero charges pHrzc measurement was also performed for all extrudates. The pHrzc
determinations were performed in aqueous suspensions of the extrudates at two
concentrations (0.01 and 0.05 M) of the NaCl inert electrolyte. Potentiometric titrations were

made over the entire pH range of 3 to 10.
5.2.6.2. Isotherm Models

The effect of the initial MB concentration was investigated from 0.25 to 30 mg L. The
experiments were performed without adjusting the pH of the solution. At the end of the
experiments, the equilibrium pH was measured and found to be constant, around 7 for each
adsorbent. The equilibrium MB adsorption was evaluated according to the Langmuir and
Freundlich isotherm models, since these models can help to explain the adsorption

mechanism and the heterogeneity of the adsorbent surface [83,117,141,142].

The expression of the Langmuir isotherm model can be represented by Equation (5.2):

C, 1 C,
— = + (5.2)
q K L9max 9max
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where gmax is the maximum monolayer adsorption, Kt is the equilibrium Langmuir constant
related to the adsorption energy, and C. is the concentration of solute at equilibrium.
Additionally, the R: separation factor values, which provide an insight into the adsorption

nature, can be expressed by means of Equation (5.3):

1

Rj= ———
L= a+k.c,)

(5.3)

The expression of the Freundlich isotherm model can be represented by Equation (5.4):

1
q= KFCe/n (5.4)

where Kk is the Freundlich constant, which indicates the adsorption affinity of the adsorbents,

and 1/n is another constant that represents the adsorption intensity.
5.2.6.3. Kinetic Models

The solute absorption rate of the solute—solution interface was described in this study using
reaction-based models, called pseudo-first-order and pseudo-second-order, as well as
diffusion-based models, called intraparticle diffusion, external-film diffusion, and internal-
pore diffusion [107]. The pseudo-first-order and pseudo-second-order models assume that the
difference between the average solid-phase concentration () and the equilibrium
concentration (ge) is the driving force for adsorption and that the overall adsorption rate is
proportional to this driving force. Both equations have been widely applied to explain the
experimental results obtained for aqueous pollutants such as dyes and metal ions

[83,117,141,142].

The pseudo-first-order kinetic model is expressed by means of Equation (5.5):

In(q, — q,) = In(q,) — k4t (5.5)

where ki is the rate constant (min™) and ge and gt represent the MB adsorbed per unit weight

(mg g) at equilibrium and at any time ¢, respectively [59].
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The pseudo-second-order kinetic is expressed by means of Equation (5.6):

t_ 1 + 1t (5.6)
q: k292 q. '

where k: is the pseudo-second-order rate constant (g mg™ min™) [143].

In order to gain good insight into the adsorption mechanism, determination of the rate-
limiting step is necessary in the adsorption process. The intraparticle diffusion model, based
on the theory proposed by Weber and Morris, assumes that intraparticle diffusion is the rate-
control step, which is generally the case for well-mixed solutions [92]. The mathematical

expression of the intraparticle diffusion model is described by Equation (5.7):

q: = k3t1/2 +A (5.7)

where k3 (mg g™ min~'?) is the intraparticle diffusion rate constant and A (mg g™) is a constant
that indicates the thickness of the boundary layer, i.e., the higher the value of A, the greater
the boundary-layer effect. In some cases, the plot gt versus square root time can show multi-

linearity, which indicates that several steps occur in the process.

The internal-pore diffusion model was also used to describe the kinetic adsorption data. If

particle diffusion controls (Dy), the adsorption rate is described using Equation (5.8):

2 2m2D
—In <1 - (%) ) = nrz Lt (5.8)
e

When the adsorption rate is controlled by external-film diffusion, it is expressed by means of

Equation (5.9):
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T ﬂ) _ Ds6s
ln<1 (qe )— hrc, t (5.9)

where gt and ge are the solute loadings on the adsorbent phase at time t and at equilibrium
(mg g), respectively; t is the contact time (min); Cs (mg L) and C: (mg kg™') are the ion
concentrations in the solution and in the adsorbent, respectively; r is the average radius of the
adsorbent particles (1 x 107 m); and # is the film thickness around the adsorbent particles,
accepted as 10 m for poorly stirred solutions [58]. D, is the diffusion coefficient in the
adsorbent phase (m? min™') and Dy (m? min™) is the diffusion in the film phase surrounding

the adsorbent particles
5.2.7. Photocatalytic Degradation

Heterogeneous photocatalysis experiments were carried out, without adjusting pH = 7.0, for
150 min. Typically, 25 mg of composites were magnetically stirred in a methylene blue (MB)
aqueous solution (100 mL of water containing 20 mg L' methylene blue). The solution was
maintained in dark conditions for 30 min to attain the adsorption-desorption equilibrium.
The photocatalytic activity of the composites was evaluated by the photocatalytic degradation
of methylene blue under solar light radiation. Solar light was simulated by a solar box
equipped with an air-cooled 1500 W Xenon lamp (Atlas Material Testing Technology, Mount
Prospect, IL, USA), which allows 300-800 nm wavelengths to pass through (ATLAS,
SUNTEST CPS+). Irradiance was set to 250 W/m?2.

The remaining methylene blue concentrations were determined at 623 nm using a Jenway
7350 spectrophotometer (Cole-Parmer, Staffordshire, UK). The MB removal rate was
calculated by absorbance according to the Beer-Lambert law. Samples were drawn at 5 min
intervals with a syringe and filtered through a 0.45 um membrane filter to remove any solid
particles interfering with the measurement. All tests were carried out in triplicate using a
blank methylene blue solution irradiated with solar light to eliminate any photolysis effect

due to the light.
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5.2.8. Reuse of the Supported Photocatalysts

A recycling experiment on photocatalytic degradation of MB by ZTO-DE and ZTO/La-DE was
designed to determine the recycling property of these composites. After completing a
treatment cycle, the catalyst extrudates were left in quiescent conditions for 60 min to achieve
their precipitate. Then, the clear solution was removed from the reaction system and 100 mL
of fresh MB solution (5 mg/L) were injected into the reaction system, initiating the next cycle.
The recycling experiment was carried out for five cycles. Each cycle lasted 150 min under solar

irradiation.

5.3.Results

5.3.1. Characterization of the Samples

5.3.1.1. XRD and XRF Analysis

Figure 5.1 displays the XRD pattern of diatomaceous earth (DE), (a) raw and (b) purified,

which consists of quartz (Q), jarosite (J), albite (A), muscovite (W), and montmorillonite (M).

By comparing Figures 6.1(a) and 6.1(b), it can be noticed that the main peak related to

montmorillonite at d-spacing = 15.0 (20 = 6°) disappeared, probably due to the purification

process.
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Figure 5. 1. X-ray diffraction (XRD) pattern of diatomaceous earth (DE): (a) raw and (b) purified. Q: quartz, J:

jarosite, A: albite, W: muscovite, M: montmorillonite.

In addition, the XRF analysis demonstrated that raw DE contains mainly SiO2 and Al:Os as

well as other oxides, which are shown in Table 5.1.

Table 5. 1. Composition (wt%) of diatomaceous earth

ALOs SiO: S P:0s K:0 CaO TiO2 MgO Fe203 C030s SnO:2 CeO: WOs

12.10 61.00 0.71 0.26 1.19 053 029 0.06 163 042 0.16 0.04 0.01

(+0.72) (+0.80) (£0.03) (+0.09) (+0.02) (+0.01) (+0.01) (£0.00) (+0.01) (+0.01) (+0.04) (x0.01) (+0.00)
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On the other hand, Figure 5.2 shows the XRD pattern of the ZnTiOs/TiO: (ZTO) and
ZnTiOs/TiO2/La (ZTO/La) nanocomposites. The characteristic peaks of ZnTiOs were shown at
20~32.79° and 35.31°. The nanocomposite, in addition to the ZnTiOs phase, consisted mainly
of the anatase phase, whose characteristic peak appeared at 25.28° and, to a lesser extent, the
rutile phase, whose characteristic peak appeared at 27.40° only for ZTO. This demonstrates
that La-doping inhibited the transition of anatase to the rutile phase at the temperature—time
conditions applied [2]. Furthermore, due to its low concentration, there were no diffraction

peaks (50° and 60°) corresponding to the presence of La20s oxide [59].
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Figure 5. 2. X-ray diffraction (XRD) pattern of ZnTiOs3/TiO2 (ZTO) and ZnTiOs/TiO2/La (ZTO/La). T: titanate, A:

anatase, R: rutile

The crystalline sizes of ZnTiOs/TiO2 doped with La (ZTO/La) were calculated based on the

main peak using the well-known Scherrer equation (Equation (5.10)) [86,87].

_ K&
- B cos6

(5.10)

where K is the shape factor (here, K = 0.89) and A is the wavelength of the X-ray beam used
(here, A =0.15406 nm, O is the Bragg angle, and {3 is the full width at half maximum (FWHM)
of the X-ray diffraction peak, which was calculated using the MDI JADE computer software,

version 6 (Materials Data Inc., Livermore, CA, USA, 014)). The average crystalline sizes of the
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main phases present in the ZTO/La nanocomposite were 29.09 (+0.92) and 16.33 (+1.03) nm for
ZnTiOs and TiO2 (anatase phase), respectively. These values were lower than those calculated
for the ZnTiOs/TiO:2 nanocomposite: 41.35 (+1.27) and 26.76 (+1.31) nm for ZnTiOs and TiO:
(anatase phase), respectively. From these results, the specific effect of lanthanum on the
inhibition of crystallite growth and the stabilization of the ZnTiOs and TiO: phases was

observed.

5.3.1.2. Optical and Photoelectric Properties

The optical absorption properties of photocatalysts can be characterized by the UV-visible
(UV-vis) DRS in the range of 200-600 nm at room temperature. Figure 5.3(a) shows the UV-
vis DRS of ZnTiOs/TiOz (ZTO) and ZnTiOs/TiOz/La (ZTO/La). Comparatively, the visible light
absorption intensity of the ZTO/La spectrum, at around 400 nm, was slightly improved,
suggesting that the ZTO/La composite has better response to visible light. The graphs of (ahv)?
versus hv to calculate the direct band-gap energy (Eg) are shown in Figure 5.3(b). According
to this figure, the direct Eg values obtained from the intersections of the straight line with the
energy axis [88] were 3.07 and 3.04 eV for ZTO and ZTO/La, respectively. The direct Eg values,

represented in Figure 5.3(b), were calculated for ZTO and ZTO/La using the Equation (5.11)

[89].
1240
E, = — (5.11)

where E; is the band-gap energy in electron volts (eV) and A represents the lower cutoff

wavelength in nanometers (nm).
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Figure 5. 3. (a) UV-vis DRS and (b) plots of (ahv)? vs. Eg of ZnTiOs3/TiOz/La and ZnTiO2/TiOs-.

5.3.1.3. SEM and EDS Analysis

Figure 5.4(a) shows the SEM micrographs of ZTO/La, which consisted of nearly spherical
particles that had a strong tendency to form agglomerates. These particles were smaller in size
than the non-doped nanocomposite that we reported in previous studies [90]. The mean
particle size of the ZTO compound without the addition of La* was 98 nm, in contrast to the
ZTO/La compound with La* ions, where the mean particle size was 78 nm. The results
presented indicate that, as a dopant, La* is effective at hindering the growth of crystallites
and stabilizing the ZTO compound. Additionally, the surface morphology of Ecuadorian
diatomaceous earth (DE) was also investigated by SEM, and the results are shown in Figure
5.4(b), from which it can be seen that the initial DE showed a cylindrical structure with a
length of approximately 14-36 pm, an external pore diameter of around 16 um, and an internal
pore diameter in the higher cylinder of around 6 um. There was a nearly regular array of
submicron pores in an average diameter of 286 nm in the wall. Because of the macroporosity
and the micron scales, reactants diffusion and physical separation are very facile [24]. The
SEM micrographs of both ZnTiOs/TiO2-DE (ZTO-DE) and ZnTiOs/TiOz/La-DE (ZTO/La-DE)
are presented in Figures 5.4(c) and 5.4(d), respectively. In these figures, the supported
composites appear with fewer cylindrical structures but with some catalyst particles

incorporated (smaller ZTO and ZTO-La grains) on the outer face of DE.
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Figure 5. 4. Scanning electron microscopy (SEM) images of (a) ZnTiOs/TiOz/La (ZTO/La), (b) diatomaceous
earth (DE), (¢) ZnTiOs3/TiO2-DE (ZTO-DE), and (d) ZnTiOs/TiO2/La-DE (ZTO/La-DE)

The presence of La in the ZTO/La synthesized composite was confirmed by energy dispersive
X-ray spectroscopy (EDS) (Figure 5.4(a)). According to the EDS analysis of the pure and La-
doped composite, lanthanum was incorporated into ZTO nanoparticles. According to the EDS
analysis, ZTO/La consisted of C (8.02%), O (59.29%), Ti (28.79%), Zn (2.47%), and La (1.43%).
On the other hand, according to the EDS analysis in Figure 5.5(b), DE consisted of C (11.62%),
Ca (0.52%), K (2.19%), Fe (2.79%), O (50.41%), Mg (0.61%), Al (6.32%), Si (24.86%), and S
(0.68%). The EDS analysis of Figures 5.5(c) and 5.5(d) confirmed that ZTO-DE- and ZTO/La-
DE-supported composites contained an important amount of titanium and zinc, respectively,

whereas lanthanum was present only in ZTO/La-DE.
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Figure 5. 5. Energy dispersive X-ray (EDX) spectrum of (a) ZnTiOs/TiOz/La (ZTO/La), (b) diatomaceous earth

(DE), (c) ZnTiOs3/TiO2-DE (ZTO-DE), and (d) ZnTiO3/TiO2/La-DE

5.3.1.4. Specific Surface Area (SSA) Analysis

The specific surface area of the adsorbents, both in their powder and extrudate forms, are

summarized in Table 5.2. The extruded adsorbents prepared had a smaller surface area

compared to that of adsorbents in powder form probably due to the heat treatment required

for their preparation and to the lower surface area of DE. Despite the reduction in the specific

surface area of the extrudates, the presence of exchange cations in their structure can

contribute to elimination of the dye from the solution, since different mechanisms participate

in the adsorption process.

Table 5. 2. SSA (m?%g) of ZTO/La, ZTO, DE, and composites

Adsorbent Form SSA (m?/g)
ZTO/La Powder 126.45
ZTO Powder 105.84
DE Powder 89.84
DE Extrudate 48.89
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ZTO/La-DE Powder 93.24
ZTO/La-DE Extrudate 67.38
ZTO-DE Powder 72.21
ZTO-DE Extrudate 40.36

5.3.2. MB Adsorption

5.3.2.1. Effect of pH

DE showed a pHrzc value of around 4.4, whereas the ZTO-DE and ZTO/La-DE extrudates
showed pHrzc values of around 6.2. At a pH higher than pHprzc, the surface had a net negative
charge and adsorption of the cationic dye molecule was promoted. However, MB adsorption
was reduced at a pH lower than pHrzc due to the net positive charge on the surface, which
caused electrostatic repulsion. Figure 5.6 shows this effect of pH on DE, ZTO-DE, and ZTO/La-

DE extrudates.

—e—DE —e—ZTO/LA-DE —e—ZTO-DE

Qe (mg/g)

pH

Figure 5. 6. Effect of pH on MB adsorption onto composites

From the minimal increment in MB adsorption in the solution at pH values above 8, it was
decided that adsorption at pH = 7 was the optimum operating condition for adsorption
experiments.
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5.3.2.2. Adsorption Isotherm

Figure 5.7 shows the adsorption isotherms of the extruded composites: DE, ZTO-DE, and
ZTO/La-DE. This figure shows that the behavior of all composites fit the Langmuir model

better than the Freundlich model.
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Figure 5. 7. Adsorption isotherm of (a) DE, (b) ZTO/La-DE, and (c) ZTO-DE

Table 5.3 shows the equilibrium data of MB adsorption by extruded composites DE, ZTO-DE,

and ZTO/La-DE. Furthermore, the R separation factor or equilibrium parameter was

calculated using Equation (3), obtaining low Re values for all the adsorbents. When 0 <R.<1,

tavorable adsorption was indicated, and Rt > 1 meant unfavorable adsorption; R. =0 indicated

irreversible adsorption, and Rt =1 meant energy dispersive X-ray linear adsorption [91].

Table 5. 3. Isotherm parameters for MB adsorption on composites

Isotherm Parameters ZTO-DE ZTO/La-DE DE
Gmax (Mg g) 37.32 (+1.21) 40.44 (+1.06) 77.05 (£2.33)
Langmuir
Kr (L mg™) 0.63 (x0.10) 0.99 (x0.14) 0.56 (x0.06)
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Ru 0.03 0.02 0.06
X2 2.27 231 2.30
R2 0.99 0.99 0.99

Kr (L mg) 13.38 (£1.21) 17.24 (£1.51) 20.82 (+2.22)

n 2.85 (+0.90) 3.26 (+0.37) 2.23 (+0.24)
Freundlich 1/n 0.35 0.31 0.45

X2 6.62 10.52 10.42

R2 0.97 0.96 0.96

5.3.2.3. Adsorption Kinetics

Figure 5.8 shows the time—course variation of the Ct (mg/L) curves of the extruded composites:
DE, ZTO-DE, and ZTO/La-DE. This figure indicates that the pseudo-second-order model was
better than the pseudo-first-order model to describe the behavior of all composites. The
figures show that the MB concentration in the solution decreased rapidly around the first 60

min, after which removal tended to become constant.
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Figure 5. 8. Adsorption kinetics of (a) DE, (b) ZTO/La-DE, and (c) ZTO-DE
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The intra-particle diffusion in Figure 5.9 indicates that two steps occurred in the adsorption
process. The initial and the second portions in each plot may have been products in the
boundary layer effect and intra-particle diffusion, respectively. The initial steep-slope portion
is attributed to external surface adsorption or instantaneous adsorption, whereas the

relatively flat-slope portion followed by the initial portion can be attributed to the gradual

adsorption stage where intra-particle diffusion was the rate-limiting step [59,92].
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Figure 5. 9. Intra-particle diffusion plots for MB removal by the extrudates

Table 5.4 shows the equilibrium data of MB adsorption by extruded composites DE, ZTO-DE,

and ZTO/La-DE.

Table 5. 4. Kinetic parameters for MB removal in composites

Kinetic Parameters

ZTO-DE

ZTO/LA-DE

DE

Guax (Mg g1 76.21 (+1.37) 75.62 (+1.53) 75.60 (+1.50)
Pseudo-first ki (min-) 0.05(x3.91x10%)  0.05(+4.61x103)  0.06 (5.49 x 109)
order X2 14.69 16.83 15.87
R 0.98 0.98 0.98
guax (Mg &) 86.35 (+4.40) 85.96 (+1.53) 85.57 (+0.99)
7.11 x 10-4 7.63 x 10-4 9.41 x 10-4

Pseudo-second k2 (g mg™ min)

order
X2

R2

(+6.14 x 105)
6.29
0.99

(£7.06 x 10-5)
6.79
0.9

(£5.68 x 10-5)
2.89
1.00
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ks (mg g min1?2) 5.37 (+0.51) 5.66 (+0.52) 6.05 (+0.56)
Intraparticle
A 15.31 (¢4.37) 14.68 (+4.21) 15.28 (+4.23)
diffusion
R2 0.87 0.89 0.89
External-film Df (m? min™?) 1.32 x 101 1.27 x 101 1.37 x 101
diffusion R? 0.97 0.98 0.93
Internal-pore Dp (m? min™) 1.20 x 107 1.24 x 1077 2.00 x 1017
diffusion R? 0.99 0.99 0.90

5.3.3. Photocatalytic Degradation of MB

Photocatalysts can efficiently decompose organic substances because of their strong oxidizing
ability, which is generated when the photocatalysts are irradiated by light. In this paper, the
photocatalytic activity of ZTO, ZTO/La, ZTO-DE, and ZTO/La-DE composites was tested by

the decomposition of methylene blue (MB) in water using solar light. Figure 5.10 shows the

results obtained in the test.
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Figure 5. 10. Photocatalytic degradation of MB by (a) a photocatalyst and (b) a supported photocatalysts

Figure 5.11(a) shows that DE had a higher capacity for adsorption of the MB dye than
supported semiconductors. Moreover, ZTO-DE and ZTO/La-DE had higher photocatalytic
activity than DE. Figure 5.11(b) shows that DE-supported photocatalysts had higher efficiency

for MB removal in aqueous systems.
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Figure 5. 11. Percentage of (a) individual and (b) accumulated MB adsorbed and photodegraded by the

composites

5.3.4. Reuse of the Composites

As the stability and recyclability of the photocatalysts are considered important factors for
their application on a large scale, five consecutive removal runs were carried out for the DE,

ZTO-DE, and ZTO/La-DE extrudates. Figure 5.12 shows the efficiency (removal percentage)

of these materials for five cycles.
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Figure 5. 12. Percentage of MB removal during five successive adsorption-photocatalysis cycles

Figure 5.12 clearly shows that the percentage of MB removal decreased slightly with
increasing cycle times. However, after five cycles the synthesized materials still had high

activity and could efficiently degrade MB in aqueous solution.

5.4.Discussion

5.4.1. Characterization of the Samples

5.4.1.1. XRD and XRF Analysis

Figure 5.1 illustrates the XRD pattern of diatomaceous earth (DE), in which the high content
of SiO2 in the form of quartz is clear, as well as other mineralogical phases consistent with the
XREF results (Table 5.1). The chemical and mineralogical composition of DE is in accordance
with that reported in the literature [26]. In Figure 5.2, it is observed that the La ion significantly
reduced the intensity of the zinc titanate (ZnTiOs) and anatase peaks of the doped compound
(ZTO/La). According to the literature, the La ion has an ionic radius of 1.03 A and could
therefore not replace Ti cations with an ionic radius of 0.64 A, but could potentially be located
on the surface of ZnTiOs crystallites and anatase in small amounts [72]. The presence of Ti-O-
La on the surface of the hybrid catalyst’s crystallites can contribute to the decrease in the
intensities of the diffraction peaks [64]. This is because segregation of doping cations on the

crystallites” surface inhibits their growth by restricting direct contact with neighboring
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crystallites, which leads to the stabilization of small crystalline particles [60,67]. The rutile
phase is not present in the doped compound, probably because the La ion would greatly delay
transformation from the anatase phase to the rutile phase [93,94]. No diffraction peaks of
lanthanide oxides in the ZTO/La patterns were observed. This is probably due to the low
amount of La ions (~1%) and also to the fact that the lanthanide oxides would be well

dispersed in the ZnTiOs and anatase phases [55].

5.4.1.2. Optical and Photoelectric Properties

The UV-vis optical absorption spectra of ZTO and ZTO/La heterojunctions are shown in
Figure 5.3(a). With respect to the undoped ZTG, it is clear that the absorption threshold was
slightly shifted to the visible light region. Various authors have also reported a red-shift in UV
to visible light absorption caused by La* doping into TiO2 [47,95]. However, other authors
have reported a blue-shift in the absorption profile of La-doped TiO: [96] and even an
unchanged absorption spectrum for La-doped TiO: relative to pure TiO: [97]. Furthermore,
plots of (ahv)? versus hv in Figure 5.3(b) reveal that the bandgap (Eg) values of ZTO and
ZTO/La were estimated at 3.07 and 3.04 eV, respectively. The bandgap plays a critical role in
the photocatalytic activity of photocatalysts due to the fact that it participates in determining
the e/h* recombination rate [11]. From the result observed, the bandgap of ZTO decreased
when it was doped with La*. Therefore, it is shown that ZTO/La is more active than ZTO
under solar irradiation, probably due to the lesser separation between occupied and

unoccupied bands [34].

5.4.1.3. SEM and EDS Analysis

The SEM photographs and EDX spectra in Figures 5.4 and 5.5, respectively, confirm the
immobilization of ZTO and ZTO/La in DE. Photocatalysts immobilized in DE were relatively
uniform, with some agglomerations that could have been covering the characteristic DE
skeletons. The use of DE to immobilize nanostructured semiconductors was an effective

alternative to obtain porous photocatalysts with better active surface and adsorption capacity
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than isolated semiconductors, keeping their electronic and structural properties for their

application in the MB degradation under solar irradiation.

5.4.1.4. Specific Surface Area (SSA) Analysis

The specific surface area (SSA) was estimated by nitrogen adsorption at a low temperature
(-196°C). The result listed in Table 5.2 shows that ZTO/La had a higher specific surface area,
around 126.45 m?/g, compared to the ZTO compound, whose specific surface area was 105.84
m?/g. The increase in the surface area of ZTO/La was probably due to the decrease in the size
of the primary crystallites, as well as the different phase composition of these samples [98].
Table 5.2 also shows that the extrudates had a lower specific surface area than the powdered
materials. The decrease in the surface area of the extruded adsorbents after heat treatment is
essentially attributed to the elimination of the physically adsorbed water as well as to the
surface hydroxyl groups loosely bound to the DE structure [99-101]. Dehydration creates
additional spaces within the DE porous structure, which probably contracts, causing the
internal surface area to decrease. The relatively high surface area of the DE-immobilized
ZTO/La nanocomposite could be a promising material for adsorption and photocatalysis, as
well as for other applications. In fact, preliminary studies on the adsorption capacity and
photocatalytic activity of the ZTO compound showed promising results for methylene blue
(MB) removal in aqueous systems under irradiation with ultraviolet light [83,90]. Although
the powdered materials usually have a higher SSA, in this study, the extrudates were chosen
to adsorb MB due to their appropriate mechanical and chemical stability, which facilitated

their recovery at the end of the process and their reuse after several cycles.

5.4.2. MB Adsorption

Batch adsorption of MB was performed from an aqueous solution to investigate the
adsorption properties of ZTO-DE, ZTO/La-DE, and DE. Although the extrudates showed a
lower specific surface area, they were also effective in removing MB from the aqueous
solution, probably through other mechanisms, including electrostatic interaction, chemical

reactions such as complexation, or ion exchange between adsorbent and MB [82].
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Consequently, despite the reduction in the specific surface area of the extrudates, the surface
chemistry of these materials was also an important factor controlling MB adsorption. The
extruded DE showed a pHrzc value of around 4.4 and the adsorption tests were carried out at
pH = 7.0; therefore, the surface of these materials was negatively charged, improving
adsorption of the cationic dye. In addition, according to XRF, DE contained various cations,
such as Mg, K, Ca, and Fe, that could promote the cation exchange capacity of the extruded
composites prepared to improve their MB adsorption capacity [102]. Likewise, there are
several parameters that determine the effectiveness of the adsorption process. In this study,
experiments were developed by varying the following parameters: initial pH of the MB

solution, initial MB concentration, and contact time.

5.4.2.1. Effect of pH

During the adsorption process, pH can affect the surface charge of the adsorbent, the electrical
charge of the dye, and the degree of ionization. Adsorption is expected to increase with pH,
particularly for an adsorbate of a cationic nature [103]. Several authors have suggested that at
pH values above pHrzc, the surface has a net negative charge and tends to accumulate cationic
dye molecules due to the electrostatic attraction between the cationic dye molecule and the
negatively charged surface or the extrudate [104]. However, MB adsorption is reduced at pH
values lower than pHrzc due to the net positive charge on the surface, which causes
electrostatic repulsion. As shown in Figure 6, the rate of MB adsorbed improved as pH
increased from 3.0 to 9.0. However, the adsorption rate at pH values between 7.0 and 9.0 was
relatively lower than that observed at pH values between 3.0 and 7.0. As reported in the
literature, the high adsorption capacity observed at alkaline pH values is due to the increase
in hydroxyl ions and, therefore, to the increase in electrostatic attraction between the positive
and negative charges of the adsorption sites [91]. However, at very alkaline pH levels, it
appears that OH ions form a complex with other ions within alkaline pH ranges, which affects
the dye—adsorbent interaction [105]. This leads to the precipitation of MB on the adsorbent
surface, since the adsorption process is probably a combination of factors, such as electrostatic

attraction, adsorption, and precipitation [106].
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5.4.2.2. Adsorption Isotherm

Adsorption isotherm studies show that using the extrudates, the MB removal rate first
increases from 0.25 to 20 mg L, and then decreases when the initial MB concentration (20-30
mg L) is increased. This can be explained by the fact that at higher concentrations, more MB
molecules compete for the active sites available on the surface of the adsorbent material. These
active sites, which are limited in amount, quickly become saturated as the concentration of
MB increases. Therefore, the initial concentration of dye provides a significant driving force
to overcome the mass transfer resistance of the dye between the aqueous solution and the

surface of the extrudates [107].

The experimental data of adsorption were fitted to the Langmuir and Freundlich isotherm
models. The parameters corresponding to the fit of these results are summarized in Table 5.3.
The correlation coefficients in both isotherm models were close to 1, indicating that the two
models fit the experimental data well [108]. However, as shown in Figure 5.7, the Langmuir
isotherm model fit better than the Freundlich isotherm model. It can be concluded that MB
adsorption onto these adsorbents can be considered monolayer adsorption rather than
multilayer adsorption. This fact supposes that MB adsorption on extrudates occurs as a
phenomenon of electrostatic attraction in which the adsorption energy is uniform [109].
During this adsorption process, the cationic dye tends to move through the pores and
channels of the extrudates, replacing the exchangeable cations present in the synthesized

materials, which are shown in Figure 5.5.

5.4.2.3. Adsorption Kinetics

Although the adsorption models help to establish efficiency in the process, it is also important
to determine the kinetic mechanism. The adsorption kinetic models express the contact time
required for complete adsorption of the chemical species. From them, we can establish the
optimal conditions for a process of continuous dye removal and/or scaling at an industrial
level. Figure 5.8 illustrates the MB concentration in an aqueous solution at different contact

times. For all adsorbents, it was observed that the MB concentration decreased rapidly at the
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beginning, and tended to be constant after 60 min. From this trend, we can conclude that
equilibrium was reached at the contact time of around 180 min. The rapid initial adsorption
stage resulted from the presence of the vacant adsorption sites, as well as from the presence
of a high concentration gradient. On the one hand, adsorption by all extrudates can be
attributed to the negative surface charge of these materials, which leads to a high electrostatic
attraction between the negatively charged sorbents and the positively charged cationic MB
[110]. On the other hand, the efficiency of extrudates to adsorb dissolved MB dye molecules
is also attributed to the combination of active sites provided by the diatomaceous earth, which

acts as a support, and the photocatalysts nanoparticles immobilized on the surface.

The adsorption kinetic parameters are summarized in Table 5.4. In this study, the highest
correlation coefficient (R?) was obtained for the pseudo-second-order model, which assumed
chemical adsorption o the cationic dye in the extrudates [111]. The adjustment of experimental
data to the intraparticle diffusion model shown in Figure 5.9 allowed for the identification of
two linear regions, which suggests that the MB adsorption process could be described by
external-film diffusion followed by internal-pore diffusion. Table 5.4 also summarizes the
linear regression analysis for the diffusion kinetic models. The highest values of the regression
coefficient (R?) were found for the external-film diffusion; furthermore, the values of A were

relatively high. Therefore, surface adsorption was the rate-limiting step [112].

5.4.3. Photocatalytic Degradation of MB

It is clear from Figure 5.10 that the photocatalytic activity of ZTO/La was the highest probably
due to it having a high surface area and low bandgap. The results show that the photocatalytic
activities of the ZTO/La nanoparticles increased and the bandgap value decreased. This is due
to the fact that the energy (hv) required is directly proportional to the bandgap and hence
reduces the energy needed to excite electrons from the valence band to the conduction band

[11].

The use of DE-supported photocatalysts (ZTO-DE and ZTO/La-DE) allowed for an efficient

degradation of the MB solution, probably due to the following two main reasons. First, the

190



UNIVERSITAT ROVIRA I VIRGILT

SYNTHESIS, CHARACTERIZATION AND THEORETICAL CALCULATIONS OF ZNTIO3 FOR THE ADSORPTION AND PHOTOCATALYTIC REMOVAL
OF METHYLENE BLUE DYE

Ximena Verdnica Jaramillo Fierro

unique mesoporous structure and higher surface area of DE would significantly improve the
adsorption capacity of the material, providing a more active adsorption site towards the target
molecules. Second, the incorporation of ZnTiOs/TiO: and ZnTiOs/TiOz/La photocatalysts
could facilitate transfer of photogenerated electrons from the bulk to the surface and thus
inhibit the recombination of electron pairs and holes under solar irradiation [38]. As is known,
under illumination, the electrons of a photocatalyst can be excited and then immediately
transferred from the valence band (VB) to the conduction band (CB), generating an electron-
hole pair (e7/h*) and leaving a hole (h*) in the VB (reaction 1). The electron-hole pairs can
recombine immediately (reaction 2); some of them can also migrate to the surface of the
catalyst and react separately with other species adsorbed on the surface, such as H.O, OH-,
Oz, and other molecules (R), as MB dye. The holes at the semiconductor VB can oxidize
adsorbed water or hydroxyl ions to form highly reactive hydroxyl radicals (reactions 3 and 4).
On the other hand, the generated electrons at the CB can react with adsorbed oxygen
molecules to produce OH radicals via a succession of reactions (reactions 5-8). These formed
hydroxyl radicals have a strong ability to degrade organic dyes such as methylene blue (MB)
(reaction 9). Furthermore, direct oxidation of MB could also occur by reaction with holes
(reaction 10) [79]. The following reactions represent the probable mechanism of MB

photodegradation on the surfaces of ZTO-DE and ZTO/La-DE.

(semiconductor) ’ﬂ)’ semiconductor + ey + h;p ™
ecg + hip - heat (2)
H30445 + hjp = (H* + OH )gq5 + hyp > OHpq, ®)
OHg4s+ hyg > OHgyq @
(02)qas + €pc = 07 )
05 + H* > HO, (6)
2HO; -» H,0, + 0, 7
H,0,+ e > OH'+ OH™ 8)
R+ OH,;, - R, ;s + H,0 — degradation products 9
R.4s + hig > R} - degradation products (10

191



UNIVERSITAT ROVIRA I VIRGILT

SYNTHESIS, CHARACTERIZATION AND THEORETICAL CALCULATIONS OF ZNTIO3 FOR THE ADSORPTION AND PHOTOCATALYTIC REMOVAL
OF METHYLENE BLUE DYE

Ximena Verdnica Jaramillo Fierro

When the ZTO/La is irradiated by solar light, the electrons of La2Os—which is wrapped on
the surface of ZTO—may be excited from ground state to 4f orbital. Generally, the
photoexcited state of La:0s is generated by the absorption of light, corresponding to the
transition of the electrons situated in the inner 4f orbital to the 5d orbitals (4f-5d transition) or
to other 4f orbitals (f—f transition). As a result, the electrons can be freely transported along the
surface, leading to better photoelectrochemical and photocatalytic performances of ZTO/La

under solar light [39].

5.4.4. Reuse of the Composites

Figure 5.11 shows the efficiency obtained in the present study for the adsorption and
photocatalytic degradation of MB from aqueous solutions. Although DE has low
photocatalytic activity, its adsorption capacity is greater and allows for the immobilization of

the photocatalyst to facilitate its handling and recovery in the process.

Mechanical stability is an especially important property, which is directly related to the useful
life of the supported photocatalyst. When mechanical stability is poor, the photocatalyst will
gradually flake away from the support into the reaction solution during the process;
consequently, the supported photocatalyst loses its activity prematurely, and causes both
secondary contamination and waste of the photocatalyst. Some research results showed that
mechanical stability of the material is correlated with the calcination temperature [113].
Consequently, increasing the calcination temperature produces better mechanical stability,
although there is an optimal calcination temperature to achieve maximum mechanical
stability. In the present paper, a maximum calcination temperature of the extrudates of 500 °C
was used to avoid the crystalline phase change of the synthesized photocatalysts. On average,
the loss of activity in the materials did not exceed 20% at the end of the fifth cycle. Thus, 500
°C is the optimum calcination temperature to achieve adequate photocatalytic activity and

reuse property, under the operating conditions used in this study.
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5.4.5. MB Adsorption Capacity and Photocatalytic Activity of the Synthesized Materials

Compared to Other Materials Described in the Literature

The results from this paper indicate that diatomaceous earth is a valuable support for
photocatalysts, as it contributes with active sites that improve adsorption of dyes for its
subsequent photodegradation. Table 5.5 summarizes the MB adsorption capacity of the

synthesized compounds in comparison with other materials reported in the literature.

Table 5. 5. MB adsorption capacity of synthesized materials and of other materials reported in the literature

Material qe (mg/g) References
Activated lignin—chitosan composite extrudates 36.25 [114]
TiOz2/montmorillonite—albumin nanocomposite 18.18 [115]
Carboxymethyl cellulose/ZSM-5/Z1F-8 10.49 [116]
ZSM-5 zeolite 105.82 [117]
NaX zeolite 127.13 [118]
Chitosan/clay microspheres 152.20 [119]
Magnetic chitosan/clay beads 82.00 [120]
Activated carbon-clay composite 178.64 [121]
Hydroxysodalite 10.82 [122]
Kaolin 2141 [123]
Nonporous silica 91.10 [124]
a-TiO2/ZnTiOs 16.00 [86]
a-TiO2 15.00 [86]
Natural clay 15.40 [125]
Raw coal fly ash 5.06 [126]
Activated carbon 6.43 [127]
DE 77.05 This study
ZnTiOs/TiO2/DE 37.32 This study
ZnTiOs/TiO2/La-DE 40.11 This study

Similarly, the composites synthesized in this study could be used efficiently to photodegrade
dyes in aqueous effluents. Table 5.6 summarizes the operating and process conditions applied

in different research studies that photodegraded MB using various doped TiO:. The
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conditions are described by four factors, including initial MB concentration, type of light used,

reaction time, and MB removal efficiency.

Table 5. 6. Different operating conditions and efficiency for the photocatalytic oxidation of MB by different

doping agents
MB Reaction
Type of Dopant Type of Light Efficiency (%) Reference
(mg/L) Time (min)
TiO2/La 0.1 UV irradiation 120 85 [128]
TiOz/Fe 0.1 UV irradiation 120 75 [128]
TiO2/La 0.1 Visible irradiation 120 20 [128]
TiO2/Fe 0.1 Visible irradiation 120 26 [128]
TiO2/Ce 32 Visible irradiation 180 90 [129]
TiO2/Au 12 Visible irradiation 48 92 [130]
TiO2/Sb 100  Visible irradiation 60 100 [131]
TiO2/N 10 Solar light 120 97 [132]
TiO/1 8 Solar light 120 45 [133]
TiO/F 10 Solar light 120 55 [133]
TiO:/C 28.5  Visible irradiation 420 70 [134]
TiO2/Fe/La 0.1 Visible irradiation 120 91 [128]
TiO2/C/N 10 Visible irradiation 180 85 [135]
TiO2/N/F 5.74  Visible irradiation 140 16 [136]
TiO2/Mn/Fe 10 Visible irradiation 150 85 [137]
ZnTiOs/PANI/Ag 10 Visible irradiation 25 96 [138]
ZnTiOs/Ag 10 UV irradiation 150 93 [14]
ZnTiOs3/TiO2/La 20 Solar light 150 100 This study
ZnTiOs/TiO:2
20 Solar light 150 87 This study
(not doped)
ZnTiOs/TiO2/La-DE 20 Solar light 150 93 This study
ZnTiOs/TiO2-DE
20 Solar light 150 85 This study

(not doped)

Finally, the synthesized DE-supported composite reported in this paper could be an efficient

alternative to remove dyes in aqueous effluents and the most probable reason is the combined

194



UNIVERSITAT ROVIRA I VIRGILT

SYNTHESIS, CHARACTERIZATION AND THEORETICAL CALCULATIONS OF ZNTIO3 FOR THE ADSORPTION AND PHOTOCATALYTIC REMOVAL
OF METHYLENE BLUE DYE

Ximena Verdnica Jaramillo Fierro

effects of several factors, such as specific surface area, crystal size and crystallization phases,

absorption capacity, photocatalytic activity, and mechanical stability.

5.5.Conclusions

In summary, according to the results obtained, it can be concluded that the sol-gel method is
suitable for preparing La-doped ZTO of nanometric size and with high photocatalytic activity.
Diatomaceous earth was effectively used to immobilize the nanocatalyst and incorporate
various active sites on the surface of the compound. The supported catalysts were adapted
into extrudates and then successfully used for the adsorption and photocatalytic removal of
MB in aqueous systems. In general, the experimental adsorption isotherms were fitted to the
Langmuir model, which describes monolayer adsorption on a surface containing an indefinite
number of identical sites. This model was correlated with the one found in the pseudo-second-
order kinetic model, which indicates a chemisorption process in the adsorbent. On the other
hand, the La ion exerted a significant effect on the gap band and particle size of the ZTO
hybrid catalyst. These physical chemistry changes improved efficiency in the absorption and

photodegradation under solar irradiation of MB [144,145].

ZTO/La-DE was found to be highly efficient (96.05%) when compared to ZTO-DE (89.99%)
and DE (73.21%) in adsorbing and photodegrading MB dye. In addition, it was observed that
composite materials can be recycled up to five times with a total 20% reduction in the MB
removal capacity. Finally, the MB removal capacity of the materials synthesized in this study
open a door to the potential generation of efficient and ecological technologies that can be

used on an industrial scale from available natural resources.
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CHAPTER 6

DFT STUDY OF METHYLENE BLUE ADSORPTION ON ZnTiOs AND TiO:
SURFACES (101)
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6.1.Introduction

Over the past decade, Ti- and Zn-based oxides have received much attention due to their
competitive cost, non-toxicity, excellent stability, availability, and ability to produce highly
oxidizing radicals [1-4]. Titanium oxide (TiO2) and zinc oxide (ZnO) are two well-known
semiconductors that have been widely used to construct electron transport channels due to
their appropriate bandgaps, efficient electron mobilities, and simple synthesis methods [5-8].
In addition, these oxides are promising semiconductors to eliminate organic pollutants with
incomparable efficiency due to their tunable surface and structural functionality [9]. The ZnO-
TiO2 composite system has even more superior properties than the individual oxides due to
the high separation rate of photogenerated carriers and the wide optical response range [10].
Several syntheses and characterization studies of the ZnO-TiO: system have shown that there
are three compounds in this binary system, including ZnTiOs (cubic, hexagonal), Zn2TiOs

(cubic, tetragonal), and ZnsTisOs (cubic) [11-13].

ZnTiOs has many similar physical properties to TiO: and ZnO, including high electron
mobility [14-16]. This ternary oxide has been widely used because of its outstanding
properties and potential scientific and technical applications [17]. ZnTiOs has been
investigated in a variety of applications as an antibacterial, catalyst, nanofiber, white pigment,
microwave dielectric, gas sensor, nonlinear optical, corrosion inhibitor, and luminescent
material [18-23], but its application in adsorption has not been sufficiently studied, despite
the fact that the literature indicates that due to its great specific area, it could have an

important potential as an adsorbent [24,25].

ZnTiOs is a polar oxide of the LiNbOs-type (LN-type) with both cations coordinated
octahedrally in a three-dimensional framework of the octahedron perovskite (Pv) that shares
corners [26]. In this structure, both cations move along the trigonal axis ¢, thus producing a
spontaneous polarization reinforced by a second-order Jahn-Teller (SOJT) distortion due to
Ti* (d°% [27]. The paraelectric parent structure of ZnTiOs is the ilmenite (Il)-type phase
(hexagonal space group R-3), which is the stable phase under ambient conditions [28]. The

crystalline and phase transformation behaviors of ZnTiOs have systematically been
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investigated by various authors regarding several synthesis methods, Ti:Zn precursor molar
ratios, and calcination temperatures [29-35]. Furthermore, the literature agrees that obtaining
ZnTiO:s as a pure phase at a low processing temperature is a challenge in materials chemistry

[36-38].

In a previous experimental paper, we reported the synthesis and characterization of the
ZnTiOs/TiO2 nanocomposite. This heterostructure was indexed to a hexagonal phase with
space group R-3(148) for ZnTiOs and a tetragonal phase with space group I4i1/amd(141) for
TiO2 (anatase) [39,40]. In these studies, we also reported the ability of ZnTiOsTiO: to remove
the methylene blue (MB) dye in aqueous systems, and it was contrasted with the results
obtained for pure TiO: (anatase). The results showed that the heterostructure has better
photocatalytic adsorption and degradation capacity than anatase alone, probably due to a
synergistic effect. This synergistic effect between semiconductors has been extensively
studied, showing that the presence of a second semiconductor can provide special active sites

to enhance the adsorption and photocatalysis of various compounds [41].

Although several properties of ZnTiOs have been extensively studied experimentally, a
proper description of its electronic, optical, and adsorptive properties remains an active
research area from a theoretical point of view [42] since, up to date, this ternary oxide has
scarcely been studied with quantum methods [43]. Therefore, the computational study of the
molecular interaction between ZnTiOs and methylene blue could contribute to clarifying the
adsorption and degradation mechanism of this dye, favoring the development of materials

for the treatment of waters contaminated with MB.

The elimination of MB in wastewater is an extremely important task in environmental
protection because it has caused serious contamination in many countries of the world [44].
Methylene blue, known as methylthioninium chloride is a basic cationic dye widely used in
the printing, plastics, paper, leather, food, pharmaceutical, and textile industries [45-47]. The
discharge of wastewater effluents from these industries, with a high content of MB without

efficient degradation, results in harmful effects for humans and animals [48].
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Various technologies have been used to treat wastewater contaminated with dyes [49].
Among these techniques, adsorption is easy to perform without pretreatment and is highly
selective for removing dyes [50]. In addition, adsorption has been found to be superior to
other techniques for wastewater treatment in terms of initial cost, simplicity of design, ease of
operation, and insensitivity to toxic substances [24]. Although there are several experimental
studies of MB adsorption on different surfaces, some uncertainties remain due to lack of
understanding at the molecular level of the MB adsorption mechanism on the ZnTiOs surface.
As is well known, computational calculations of the electronic structure in an isolated
molecule can achieve the desired chemical precision as long as a sufficiently large basis set is
used, the electronic correlation is sufficiently described, and the relativistic effects in the
calculation are adequately included [51]. Therefore, in this study, Density Functional Theory
(DFT) computational calculations were used to characterize the electronic structure of ZnTiOs
and TiO: (anatase) and also to investigate the feasibility of using both oxides as MB
adsorbents. The results presented in this paper clarify the previously obtained experimental
results and confirm that ZnTiOs is an excellent adsorbent and that it has high potential for

future technological and environmental applications.

6.2. Materials and Methods

All Density Functional Theory (DFT) calculations were performed using the Viena Ab initio
Simulation Package (VASP), version 5.3.3 [15,74]. The Perdew-Burke-Ernzerhof (PBE)
exchange—correlation functional in the generalized gradient approximation (GGA) proposed
by Perdew et al. [75] was employed. The augmented plane wave (PAW) method was used to
describe the electron—ion interactions [15]. The cutoff energy to the plane waves was set to 500
eV. The Kohn-Sham equations [76,77] were solved self-consistently until the energy variation
between cycles was less than 10 eV. The first Brillouin zone was sampled using Monkhorst-
Pack [78] k-point meshes to calculate the bulk properties of ZnTiOs and TiO, in particular, 3
x 7 x5 and 3 x 3 x 1, respectively. All atomic positions were fully relaxed until the forces on
each atom were below 0.01 eV/A. The computational parameters were selected seeking the
best balance between computational cost and precision. The tested values were as follows:

energy cutoff points =450, 475, 500, and 515 eV; force convergence criterion for ionic relaxation
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= 0.08, 0.04, 0.02, 0.01, and 0.005 eV/A and number of k-points corresponding to k-spacing in
each axe = 0.35, 0.30, 0.25, 0.20, and 0.15. The parameters were optimized until the difference

between the energy values of the system was lower than 10 eV.

The Gaussian smearing method with o =0.10 eV was applied to band occupations in order to
improve total energy convergence [15]. A Hubbard U approximation term was adopted to
describe the strong on-site Coulomb repulsion in order to accurately explain the electronic
structures [62], which is not correctly described by the PBE functional [58]. Population
analyses were estimated using Bader’s charge analysis code, which provided important
information on bonding behaviors from the atomic charge values [79-81]. All calculations
were non-spin polarized and all molecular models were created and visualized using BioVia

Material Studio, version 5.5.

To study MB adsorption, an optimized molecular structure was used [68]. The bulk of both
ZnTiOs and TiO: crystals was cleaved on the surface (101), since it is the most stable surface
according to the literature [54,57,62,66,82]. The slab model of ZnTiOs (101) was a supercell p(2
x 3) with three atomic layers, which includes 36 Zn atoms, 36 Ti atoms, and 108 O atoms. On
the other hand, the TiO2 (101) surface model has seven atomic layers with a p(3 x 3) structure

of the original unit cell, which includes 168 Ti atoms and 336 O atom:s.

An appropriate vacuum thickness of each structure was chosen by calculating the surface
energy. For both ZnTiOs and TiO: surface models, a vacuum of 20 A was added. The surface

energies (ys) were calculated using the following equation [83]:

_ (Estap — 1 X Epyir)

(6.1)
ys 2A

where Esiab is the total energy of the slab material (eV), Evuxis the total energy of the bulk
material (eV), 1 is the number of atoms contained in the slab, and A is the surface area (A2).
The values for the surface energies (ys) of the ZnTiOs and TiO: structures with a vacuum

distance of 20 A were 0.076 eV/A2 (7.30 kJ/A2) and 0.062 eV/A2(5.98 kJ/A2), respectively.
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Adsorption calculation was initiated with the MB molecule placed close to the surface of each
oxide in at least one of the following orientations, horizontal (H) and semi-perpendicular (SP),

with respect to the surface.

The adsorption energy (AEadas) of the MB molecule on the surface of both ZnTiOs and TiO:

oxides was calculated using the following equation [84]:

AEqqs = EMB/oxide — Eoxidze — Ems (6.2)

where Ewmsioxide is the energy of the supersystem formed by the adsorbed molecule on the
surface (eV), Eoxide is the energy of the clean oxide (eV), and Ewmsis the energy of the isolated

molecule in vacuum (eV).

6.3.Results

6.3.1. Optimization and Electronic Structure of ZnTiOs and TiO:

The adsorption of the methylene blue molecule on the surface of both ZnTiOs and TiO2 was
modeled using the following parameters: hexagonal ZnTiOs with a cell = 5.148 A x 5.148 A x
13.937 A <90° x 90° x 120°> and tetragonal TiOz with a cell = 3.821 A x 3.821 A x 9.697 A < 90°
90" x 90" >, as shown in Figure 6.1. The coordinates of the optimized ZnTiOs and TiO: structures
are detailed in Appendices (Table C1 and C2) and the corresponding optimization energy

values are included in Appendices (Figure C1).
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Figure 6. 1. Optimized structures of (a) ZnTiOs and (b) TiO2.

The selection of the high symmetry points and lines in the first Brillouin zone [52] and the
results of the calculation of the electronic band structure of ZnTiOs and TiO:z are shown in

Figures 6.2(a) and 6.2(b), respectively.

Figures 6.2(a) and 6.2(b) show that the indirect bandgap energy values of the ZnTiOs and TiO:
structures calculated by the exchange—correlation functional in the generalized gradient
approximation (GGA-PBE) method were 2.20 and 2.31 eV, respectively. However, the indirect
bandgap values were also calculated by the GGA+U method, that is, incorporating the
Hubbard U approximation term. Indirect bandgap calculations using GGA+U resulted in 3.16
eV (U =2.5) and 3.21 eV (U =4.0) for ZnTOs and TiO, respectively. These results are in good
agreement with the experimental results reported in the literature: 3.18 eV for ZnTiOs [15] and

3.20 eV for TiO2 [53].
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Figure 6. 2. Band structures of (a) ZnTiOs and (b) TiO: along the high symmetry directions in the Brillouin

zone.

The total and partial density of states (DOS) of ZnTiOs and TiO: are illustrated in Figures 6.3
and 6.4, respectively. Figure 6.3(a) shows that the total density of state (TDOS) of ZnTiOs has
two main zones: an upper conduction band (CB) zone from 2.5 to 6.2 eV, and a lower valence
band (VB) zone, from —6.0 to 0.2 eV. The CB is dominated by the contribution of Ti, while the
VB is dominated by the contribution of Zn and O. Figures 6.3(b), 6.3(c), and 6.3(d) show the
partial density of state (PDOS) of ZnTiOs. As can be seen in Figure 6.3(b), the main
contribution of Ti in the CB is through the 34 orbital. On the other hand, Figure 6.3(c) shows
that Zn contributes mainly to the VB through the 3d orbital while O interacts with Zn in this
band through the 2p orbital shown in Figure 6.3(d).
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Figure 6. 3. Density of states (DOSs) of ZnTiOs: (a) total, and partial: (b) Ti, (c) Zn and (d) O.

Likewise, Figure 6.4(a) shows that the total density of state (TDOS) of TiO: has two main
zones: an upper conduction band (CB) zone from -0.1 to 3.8 eV, and a lower valence band

(VB) zone, from -7.6 to —2.8 eV. The CB is dominated by the contribution of Ti, while the VB
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is dominated by the contribution of O. Figures 6.4(b) and 6.4(c) show the partial density of
state (PDOS) of TiOz. As can be seen in Figure 6b, the main contribution of Ti in the CB is
through the 3d orbital. On the other hand, Figure 6.4(c) shows that O contributes mainly to
the VB through the 2p orbital.
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Figure 6. 4. Density of states (DOSs) of TiO:: (a) total, and partial: (b) Ti and (c) O.

In both structures, ZnTiOs and TiO;, the valence band maximum (VBM) is bordered by the
oxygen atom, while the Ti atom determines the conduction band maximum (CBM).
Consequently, ZnTiOs has an energy bandgap quite similar to that of TiO2, due to the fact that

ZnTiOs involves both ZnO and TiO2. Our calculated results agree with the literature [5,18,54].
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In order to further understand the chemical bonding of hexagonal ZnTiOs and tetragonal TiOz,
the population analyses were estimated by the Bader method. For ZnTiOs, the net charge of
Ti (+2.6e) was 1.4¢, much smaller than its +4e formal charge, whereas the Zn atom had a
positive charge of +1.4¢ and the O atom had a negative charge of —1.3¢, which are less than
their +2¢ and —2e formal charges by 0.6e and 0.7¢, respectively. For TiO;, the net charges of the
Ti and O atoms were similar to those calculated for the Ti and O atoms of ZnTiOs. These
results agree with those reported by other authors [55]. Since the charges on the different
bonds can reflect the covalent and ionic properties of the molecule, we concluded that the Ti—
O bond is typically covalent for both ZnTiOs and TiO: and that the Zn—-O bond for ZnTiO:s is

typically ionic; these results coincide with those reported in the literature [42,56].

6.3.2. Adsorption of the MB Dye on the Structures

The orientations of the MB molecule on the ZnTiOs and TiO: surfaces are shown in Figure 6.5.
Figure 6.5(a) shows the horizontal orientation of the MB molecule on the ZnTiOs surface,
while Figures 6.5(b) and 6.5(c) show the semi-perpendicular orientation of the MB molecule
on the ZnTiOs and TiO: surfaces, respectively. The adsorption of the MB molecule on the
ZnTiO:s surface with the molecule placed in semi-perpendicular orientation (Eaas = -2.916 eV)
was more energetically favored than in the horizontal orientation (Eais =-1.310 eV). Therefore,
we studied the adsorption of MB on the TiO: surface only with the semi-perpendicular
orientation. The calculated adsorption energy for the TiO2 surface (Eaas = —0.113 eV) was less

favorable than the calculated adsorption energy for the ZnTiOs surface.
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Figure 6. 5. Methylene blue (MB) molecule in (a) horizontal and (b) semi-perpendicular orientation on the

ZnTiOs surface, and (c) semi-perpendicular orientation on the TiO: surfaces.

The anchoring modes of the MB molecule on the ZnTiOs and TiO: surfaces are shown in
Figure 6.6. Adsorption of the dye on the ZnTiOs and TiO: surfaces occurs in a bidentate
chelating (BC) adsorption model [57] with two protons oriented toward the nearest surface

oxygen [58].
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Figure 6. 6. Anchoring modes of the MB molecule on the surface of (a) ZnTiOs and (b) TiO2.

The calculated adsorption energy value indicates that the MB molecule is strongly adsorbed
on the ZnTiOs surface. The average distances from the hydrogen atoms of the MB molecule
(Hws) to the surface plane of ZnTiOs are Ooxide-Hwp = 2.34 A and O(exide-Hums=2.52 A. Moreover,
the adsorption energy value of the MB molecule on the TiO: surface indicates a weaker
interaction than on ZnTiOs (Eass =-0.113 eV). The average distances from the hydrogen atoms
of the molecule to the plane of the TiO: surface are O(oxide)-Hwms = 2.68 A and Ooxide)-Hws = 2.69

o

A.

6.4.Discussion

6.4.1. Optimization and Electronic Structure of ZnTiOs and TiO:

The description of the electronic structure of materials involving transition metals with DFT

is often complicated due to correlation effects involving 3d electrons [59]. However, since the
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transition metals of the oxides studied in this paper are formally in the 3d° or 3d'°, neither TiO:
nor ZnTiO:s are strongly correlated materials; consequently, a simple DFT approach allowed

us to accurately calculate the conduction and valence bands of ZnTiOs and TiO..

The literature shows that ZnTiO:s has a relatively wide bandgap (E¢ =2.73-3.70 eV), the value
of which depends on the synthesis conditions [60,61]. In our study, the ZnTiOs and TiO:
structures presented indirect bandgap values of 2.20 and 2.31 eV, respectively, which were
calculated by the GGA-PBE method. In contrast with the experimental data, 3.18 eV for
ZnTiOs [15] and 3.20 eV for TiO2 [53], the theoretical values are lower, and this may be due to
the widely known DFT-underestimation of the bandgap in most materials [1,15]. Therefore, a
Hubbard U approximation term was adopted to accurately describe the electronic structures
[12,62]. The new indirect bandgap values calculated by GGA+U were 3.16 and 3.21 eV for
ZnTiOs and TiOx, respectively, which are consistent with the aforementioned experimental
data. As can be seen, mixed oxide ZnTiOs has lower bandgap energy than TiO2. According to
the literature, this occurs due to the replacement of Ti (34°) atoms with Zn (34'°) that induce O
2p-Zn 3d" repulsion [21,63]. Table 6.1 shows the comparison of the bandgap energy values of
the ZnTiOs and TiO: calculated in this study with other energy values reported in the

literature.

Table 6. 1. Calculated bandgap energy of ZnTiOs and TiO2 and other values reported in the literature.

Basis Set Used/
Adsorbent Software Used Bandgap (eV) Reference

Functional Used
ZnTiOs CASTEP GGA/SP-PBE 3.14 [1]
ZnTiOs CASTEP GGA+U 3.28 [1]
ZnTiOs MS-DMol3 GGA/PBE 3.10 [5]
ZnTiOs MS-DMol3 GGA/PPE-grime 3.53 [5]
ZnTiOs MS-DMol3 GGA/PPE-TS 3.12 [5]
ZnTiOs Experimental 3.18 [15]
ZnTiOs VASP GGA/PBE 2.96 [15]
ZnTiOs CASTEP GGA/PWI1 3.47 [18]
ZnTiOs ABINIT HSEO06 4.25 [56]
ZnTiOs ABINIT GGA/NC 3.25 [56]
ZnTiOs ABINIT LDA/NC 3.05 [56]
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ZnTiOs ABINIT GGA /ultrasoft 2.96 [56]
ZnTiOs ABINIT LDA/ultrasoft 2.86 [56]
ZnTiOs VASP GGA/PBE+U 3.16 This study
ZnTiOs VASP GGA/PBE 2.20 This study
TiO2 VASP HSEO06 3.20 [62]
TiO2 VASP GGA/PBE 2.55 [58]
TiO2 VASP GGA/PBE+U 3.11 [58]
TiO2 Experimental 3.20 [53]
TiO2 CASTEP GGA/PBE 2.70 [53]
TiO2 CASTEP GGA/PBE+U 3.34 [53]
TiO2 ABINIT GGA/PBE 2.08 [64]
TiO2 ABINIT GW 3.71 [64]
TiO2 VASP GGA/PBE 2.31 This study
TiO2 VASP GGA/PBE+U 3.21 This study

The main character of the electronic structure of ZnTiOs originates mainly from the
hybridization between the Ti-3d and O-2p states. The Zn-3d and O-2p hybridization and the
Ti-3d and O-2p hybridization as well as nonbonding O-2p states are observed at the upper
valence bands (VBs). The localized Zn-3d states indicate weak Zn-3d and O-2p hybridization.
The states at the lower conduction bands (CBs) are attributed to antibonding states from Ti-
3d and O-2p. These results agree with those reported by other authors [42]. Similarly, the main
character of the electronic structure of TiO: originates from the hybridization between the Ti-
3d and O-2p states. This hybridization, as well as nonbonding O-2p states, is observed at the
upper valence bands (VBs), while the states at the lower conduction bands (CBs) are attributed
to antibonding states from Ti-34 and O-2p. In both structures, the lowest-energy states are due
to the isolated Ti-3s, Ti-3p, and O-2s states. These results also agree with those reported by
other authors [5,54,65].

6.4.2. Adsorption of the MB Dye on the Oxide Models

Several experimental studies of MB removal in aqueous systems have shown that this cationic
dye can be easily adsorbed on the ZnTiOs and TiO: surfaces, due to electrostatic attraction
[49]. Therefore, the surface oxygen atoms of both oxides probably generate negatively charged

sites that easily attract positive regions of the MB molecule, favoring molecular adsorption.
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Our results indicated that the semi-perpendicular orientation of the MB molecule with respect
to both oxide surfaces is more favored. In fact, the MB molecule oriented parallel to the surface
shows a strong preference for the methyl group of the molecule, while the aromatic ring bends
slightly away from the surface due to electrostatic repulsion between the N and S atoms from
the aromatic ring and surface oxygen (see Appendices, Figure C2). This is consistent with
several studies reporting good adsorption results for dye molecules oriented perpendicular
to the adsorbent surface [57,66,67]. Greathouse et al. mentioned that at very high
concentrations, this dye forms aggregates that are adsorbed vertically to the surface [68]. Our
results suggested that this orientation of the MB molecule on the surface is caused by the
balance between electrostatic repulsion between adjacent ions and the strong hydrophobic

MB-MB and MB-surface interactions [69].

The MB molecule was adsorbed on the ZnTiOs surface (101) with higher negative energy (Eads
= -2.92 eV) than on the TiO: surface (101) (Eass = —0.12 eV), and the average adsorption
distances (O-H) were 2.43 and 2.68 A for ZnTiOs and TiO», respectively. According to the
optimized configurations, in both cases, the approach is from the two H atoms of the methyl
group of the MB molecule to an O atom of each surface. In agreement with the literature,
hydrogen bonding can increase the stability of the interaction of a dye with the ZnTiOs and
TiO:z surfaces during the adsorption process [70,71]. The Bader charge analysis in Appendices
(Table C3) indicates no significant electronic exchange between the MB molecule and the
oxides surface [72]. The results obtained in this theoretical study suggest that MB adsorption
is more stable (higher negative adsorption energy) on the ZnTiOs surface than on the TiO:

surface, which is consistent with previous experimental studies.

Pastore et al. suggested three typical coordination schemes: monodentate, bidentate chelating,
and bidentate bridging [57]. In our study, we found that the MB molecule is adsorbed on the
ZnTiOs and TiO: surfaces (101) in a bidentate chelating mode, which, according to several
authors, produces more stable adsorption with more exothermic adsorption energy [70,73].
The shape of the dye molecules anchored to the oxide significantly affects the molecular
adsorption energy. Therefore, calculating the adsorption energy value gives insight into the

adherence strength and shape of molecule—surface bonding [66]. The higher the adsorption
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energy, the higher the retention of the dye on the oxide surface, this being a desirable

condition to apply to subsequent photosensitive processes.

In the literature, not enough computational studies of MB adsorption on semiconductors were
found; consequently, in Table 6.2, the results obtained in the present study are compared with
those results reported in the literature for the adsorption of other dyes on ZnTiOs (101) and
TiO2 (101).

Table 6. 2. Calculated adsorption energy of ZnTiOs and TiO: and other values reported in the literature.

Basis set/ Adsorption
Adsorbent Dye Software Used References
Functional Used eV kJ/mol
ZnTiOs (101) TPA-1 CASTEP GGA/PBE -141 -136.39 [66]
ZnTiOs (101) TPA-2 CASTEP GGA/PBE -1.63 -157.47 [66]
ZnTiOs (101) TPA-3 CASTEP GGA/PBE -5.82 -561.33 [66]
ZnTiOs (101) TPA-4 CASTEP GGA/PBE -2.37 -228.19 [66]
ZnTiOs (101) (H) MB VASP GGA/PBE -1.31 -126.76 This study
ZnTiOs (101) (SP) MB VASP GGA/PBE -2.92 -282.05 This study
TiO2(101) R4-BT VASP GGA/PBE -1.40 -135.46 [58]
TiO2(101) R4-F2BT VASP GGA/PBE -1.39 -134.50 [58]
TiO2(101) R4-BO VASP GGA/PBE -1.39 -134.50 [58]
TiO2(101) R6-Bz VASP GGA/PBE -1.40 -135.46 [58]
TiO2(101) R6-BT VASP GGA/PBE -1.38 -133.53 [58]
TiO2(101) R6-F2BT VASP GGA/PBE -1.37 -132.56 [58]
TiO2(101) R6-BO VASP GGA/PBE -1.37 -132.56 [58]
TiO2(101) R6-Bz VASP GGA/PBE -1.38 -133.53 [58]
TiO2(101) (SP) MB VASP GGA/PBE -0.12 -11.61 This study

Other research studies should analyze and apply these results to implement adsorptive

systems for dyes or similar molecules.

6.5. Conclusions

The aim of this comparative study was to use molecular simulation to address unresolved

issues related to the adsorption mechanism of methylene blue on both ZnTiOs and TiOz. DFT
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calculations of MB adsorption on the surface (101) of both ZnTiOs and TiO: indicated that
adsorption on ZnTiOs was stronger than on TiOz. The semi-perpendicular orientation was the
most probable molecular approach to the oxide surfaces. Electrostatic repulsion due to the
proximity of adjacent S and N atoms when MB was in high concentration was overcome by
the much stronger interactions between the methyl groups and the surface oxygen atoms of

ZnTiOs and TiOo..

Finally, we computationally corroborated the feasibility of using ZnTiOs as an MB adsorbent
material, as experimentally found. Theoretically, we forecast the appealing prospect for this
material according to the adsorption energy and the large bandgap calculated by DFT, which
is in addition to the experimental results that we reported in a previous paper. Our study
verifies that ZnTiOs has better MB adsorption energy than TiO: in the anatase phase, which is
important to enhance a subsequent degradation process. The large bandgap obtained by DFT
calculations also shows that ZnTiOs can potentially be used as a photocatalyst, allowing for
complete degradation of the dye after being adsorbed. Therefore, considering only the band
structure, ZnTiOs fully meets the necessary requirements to be a photocatalyst. As already
mentioned, however, in addition to the band structure, the adsorption capacity is also very
important for photocatalytic materials. In this way, ZnTiOs constitutes an efficient alternative

material for various technological and environmental applications.
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Twelve Ecuadorian clays were collected, purified and characterized. Clays (or G-Clay due to
its gray color) proved to be a good adsorbent, probably due to the presence of the
metahalloysite phase that was identified by X-ray Diffraction (XRD). On the other hand, Clay2
(or R-Clay, due to its red color) exhibited photocatalytic activity, probably due to the presence
of TiO2 and Fe20s in its composition, which was verified by X-ray Fluorescence (XRF). From
these clays, FAU and LTA zeolites, respectively, with good morphological and adsorbent

characteristics, could be synthesized hydrothermally.

The mixed oxide of Zn and Ti, perovskite type, ZnTiO3/TiO2 and ZnTiOs/TiO2/La were
synthesized by the sol-gel method with a molar ratio of Ti:Zn of 3:1 and final calcination at
500 °C for 5 hours. ZnTiOs/TiO2 and ZnTiOs/TiO2/La showed better activity than TiO:
(anatase) for the elimination of methylene blue dye from aqueous solutions, with high

degradation under UV-C light and solar light.

Various extrudates in the form of cylinders were prepared by combining clays, zeolites and
photocatalysts. Although these materials had a lower surface area than the corresponding
powders, the extrudates efficiently removed methylene blue from aqueous solutions, with the
additional advantage of easy handling and recovery, making them ideal for industrial

applications.

The adsorption studies as a function of pH showed that the adsorption of the cationic dye
increases, as the pH increases, due to the greater electrostatic attraction between the positive
charges of the dye and the negative charges of the adsorption sites. However, at very alkaline
pH levels (pH > 9), it appears that the OH ions formed a complex with other ions within
alkaline pH ranges, which affected the adsorption of the dye on the adsorbents. In this way,
it is inferred that the adsorption process probably occurred through a combination of

electrostatic attraction, sorption and precipitation.

On the other hand, the adsorption studies also showed that the prepared materials eliminated
methylene blue following a behavior described by the Langmuir model and with pseudo

second-order kinetics. Film diffusion was also found to be the limiting step during adsorption
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of the colorant on the surface of the extrudates. After 3-5 adsorption cycles in batch reactors,
the extrudates maintained their shape and also had a high efficiency for the removal of

methylene blue in aqueous solutions.

Due to the difficulty of obtaining pure ZnTiOs, computational studies were carried out to
theoretically determine its electronic properties and the adsorption capacity of methylene
blue, compared to TiO: (anatase phase). DFT calculations of methylene blue adsorption on the
surface (101) of ZnTiOs and TiO2 showed that the adsorption on ZnTiOs is much stronger than
on TiOz. Adsorption was favored by placing the methylene blue molecule in a semi-
perpendicular orientation on the surface of each oxide, where adsorption occurred in a
bidentate chelating (BC) pattern with two protons oriented toward the closest surface oxygen.
Finally, the feasibility of using ZnTiOs as an adsorbent material for the removal of methylene
blue due to the high calculated adsorption energy was computationally demonstrated.
Likewise, the large band gap obtained by DFT calculations showed that ZnTiOs can
potentially be used as a photocatalyst, which would allow complete degradation of the dye

after being adsorbed on the surface.
Therefore, considering the experimental and theoretical results obtained in this thesis, it is

inferred that ZnTiOs constitutes an efficient alternative material for various technological and

environmental applications.
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Appendix A: Additional Figures/Tables from Chapter 3
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Figure A2. XRD pattern and SEM (insert) image of Clay2
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Figure A3. XRD pattern and SEM (insert) image of Clays
CLAY 4 Muscovite
Vermiculite
4000
3
s
z
2
[
£
2000
. h J
I R W . ’W“JL’WM/L““ Al ' - et J,‘~hh~~"L
10 20 30 40 50 60 70
26 [Cu Ka]/degree

Figure A4. XRD pattern and SEM (insert) image of Clays
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Figure A6. XRD pattern and SEM (insert) image of Clays
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Figure A7. XRD pattern and SEM (insert) image of Clay~
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Figure A8. XRD pattern and SEM (insert) image of Clays

250



UNIVERSITAT ROVIRA I VIRGILI
SYNTHESIS, CHARACTERIZATION AND THEORETICAL CALCULATIONS OF ZNTIO3 FOR THE ADSORPTION AND PHOTOCATALYTIC REMOVAL

OF METHYLENE BLUE DYE
Ximena Verdnica Jaramillo Fierro

CLAY9 Quartz low
Montmorillonite
Kaolinite 2M
1000 - Albite
Muscovite 2M1
3
s
&
‘@
c
£
£ g
| Al
0 ,{l""lﬂ-
10 20 30 40 50 60 70
26 [Cu Ka]/degree
Figure A9. XRD pattern and SEM (insert) image of Clayv
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Figure A10. XRD pattern and SEM (insert) image of Clayo
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Figure A11. XRD pattern and SEM (insert) image of Clayn
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Figure A12. XRD pattern and SEM (insert) image of Clay2
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Appendix B: Additional Figures/Tables from Chapter 4

Table B1. 20 values of the diffraction peaks and planes assigned to the peaks

Compounds 20 values Planes
LTA 7.18°,10.16°, 12.45°, 16.09°, 17.64°, (200),(220),(222),(420),(422), (44
zeolite 20.40°, 21.34°, 21.65°, 22.84°, 23.97°, 0),(531),(600),(620),(622), (640),
26.09°, 27.09°, 29.00°, 29.92°, 30.81°, (642),(800),(644),(660),(840), (84
32.52°, 33.34°, 34.16°, 35.71°, 36.48°, 2),(664),(844),(1000),(1022), (104
37.97°,40.10°, 41.48°,42.15°,42.83°,  2),(880), (104 4), (1060), (1062), (120
43.47°,44.12°,47.25°, 47.86°, 49.07°, 0), (1080), (1082), (124 4), (108 4), (12
49.67°,51.97°, 52.55°, 53.11°, 54.23°, 64),(10100), (1422), (1282), (14 42),
54.79°, 56.40°, 57.48° and 58.56° (108 8), (1010 6), and (12 10 0)
FAU 6.11°,9.99°, 11.72°, 15.42°, 17.34°, (111),(220),(311),(331),(422),(51
zeolite 18.40°, 20.05°, 20.98°, 22.45°, 23.29°, 1), (440),(531),(620),(533),(622),
23.56°, 24.63°, 25.39°, 26.63°, 27.35°, (444),(551),(642),(531),(733),(82
29.18°, 30.27°, 30.92°, 31.13°, 31.96°, 2),(157),(662),(840),(842),(664),
32.77°,33.56°, 34.14°, 35.11°, 36.59°, (931),(844),(268),(1022),(880), (11
37.31°,40.76°, 41.25°, 42.55°, 43.34°, 31),(1133),(884),(1242),(1082), (9
46.43°, 47.02°, 48.62°, 49.79°, 50.49°, 77),(1333),(888),(1351),(1420), (11
50.92°, 51.59°, 53.11°, 57.32°, 58.36°, 93),(11111),(1913),(16 00) and (35
59.01° and 59.39° 15)
Na-P1 12.47°,17.73°, 21.65°,28.18°,33.44°,  (101),(200),(112),(301),(312),(00
zeolite 35.63°, 40.31°, 42.31°, 44.13°, 44.29°, 4),(402),(332),(224),(422),(314),
46.14°, 49.87°, 51.48°, 51.67°, 53.09°, (512),(404),(440),(305),(433), (42
53.28°, 54.87°, 55.06°, 56.29°, 56.42°, 4),(600),(116),(325),(611),(206),
56.69°, 57.91°, 58.27°, 59.63°, 59.89°, (602),(415),(541),(622),(316),(61
61.42°,62.61°, 62.90°, 62.99°, 64.35°, 3),(631),(444),(107),(435),(543),
65.50°, 65.75°, 66.00°, 67.33°, 67.49°, (604),(640),(336)and (63 3)
68.59° and 68.87°
ZnTiOs 23.92°,32.79°, 35.31°, 40.45°, 48.93°, (012),(104),(110),(113),(024),(11
53.44°,56.82°, 61.79° and 63.39° 6),(018),(214)and (300)
Anatase 25.28°, 36.95°, 37.80°, 38.58°, 48.05°, (101),(103),(004),(112),(200),(10
(TiO2-a) 53.89°, 55.06°, 62.12°, 62.69° and 68.76° 5),(211),(213),(204)and (116)
Rutile 27.45°, 36.09°,41.23°,54.32°,56.64°and  (110),(101),(111),(211),(220)and
(TiO2) 69.01° 301)
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Figure B1. Comparison of the diffraction pattern of the RZT extrudate with the diffraction

pattern of its individual components.
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Figure B2. Comparison of the diffraction pattern of the GZT extrudate with the diffraction

pattern of its individual components.
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Appendix C: Additional Figures/Tables from Chapter 6
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Figure C1. Optimization energies of (a) ZnTiOs and (b) TiO:2

o (

Figure C2. Aromatic ring of MB bent slightly on the ZnTiOs surface (101)
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Table C1. Coordinates of the optimized ZnTiOs structure

. Coordinates
ZnTiOs Element
X Y Y4

a=5.14797 o1 0.0436517776555294  0.3434519311655431  0.0618327064818351
b =5.14797 02 0.6565480388344616  0.7001998274899882  0.0618327064818351
c=13.93750 03 0.2998001425100092  0.9563482113444732  0.0618327064818351
a =90.0000 04 0.6565480388344616  0.9563482113444732  0.5618327214818327
3 =90.0000 05 0.2998001425100092  0.3434519311655431  0.5618327214818327
v =120.0000 06 0.0436517776555294  0.7001998274899882  0.5618327214818327
o7 0.7103184156555318  0.6767852741655427  0.3951660354818335

08 0.3232147258344573  0.0335331784899886  0.3951660354818335

09 0.9664667985100132  0.2896815543444728  0.3951660354818335

O10  0.3232147258344573  0.2896815543444728  0.8951660354818335

O11 0.9664667985100132  0.6767852741655427  0.8951660354818335

012  0.7103184156555318 0.0335331784899886 0.8951660354818335

013  0.3769851026555275 0.0101185981655372  0.7284993484818306

O14  0.9898814118344565 0.3668665144899912  0.7284993484818306

015  0.6331334855100089 0.6230148973444725 0.7284993484818306

O1l6  0.9898814118344565 0.6230148973444725 0.2284993784818331

017  0.6331334855100089 0.0101185981655372  0.2284993784818331

018  0.3769851026555275 0.3668665144899912  0.2284993784818331

Zn1 0.0000000000000000  -0.0000000000000000 0.2790581887331681

Zn2  0.0000000000000000 -0.0000000000000000 0.7790581887331682

Zn3  0.6666666870000029 0.3333333429999996  0.6123915017331654

Zn4  0.6666666870000029 0.3333333429999996  0.1123915247331636

Zn5  0.3333333429999996  0.6666666870000029 0.9457248747331675

Zn6  0.3333333429999996  0.6666666870000029 0.4457248457331685

Til 0.0000000000000000  -0.0000000000000000 0.9988437118213425

Ti2 0.0000000000000000  -0.0000000000000000 0.4988437118213426

Ti3 0.6666666870000029  0.3333333429999996  0.3321770548213422

Ti4 0.6666666870000029  0.3333333429999996  0.8321770248213396

Ti5 0.3333333429999996  0.6666666870000029  0.6655103988213453

Ti6 0.3333333429999996  0.6666666870000029  0.1655103838213406
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Table C2. Coordinates of the optimized TiO:z structure

TiOs Element Coordinates
X Y Z
a =3.82060 Til -0.0000000000000000  0.0000000000000000  0.0000000000000000
b =3.82060 Ti2 0.5000000000000000  0.5000000000000000  0.5000000000000000
c=9.69652 Ti3 0.0000000000000000  0.5000000000000000  0.2500000000000000
a=90.0000 Ti4 0.5000000000000000  -0.0000000000000000  0.7500000000000000
p =90.0000 o1 -0.0000000000000000  0.0000000000000000  0.2066838593974745
v =90.0000 02 0.5000000000000000  0.5000000000000000  0.7066838893974697
03 -0.0000000000000000  0.5000000000000000  0.4566838593974745
04 0.5000000000000000  0.0000000000000000  0.9566838893974697
O5 0.5000000000000000  -0.0000000000000000  0.5433161106025303
06 0.0000000000000000  0.5000000000000000  0.0433161406025255
o7 0.5000000000000000  0.5000000000000000  0.2933161406025255
(OX] 0.0000000000000000  -0.0000000000000000  0.7933161106025303

Table C3. Bader's charge analysis of the Methylene Blue molecule

MB MB absorbed on ZnTiOs MB absorbed on TiO:
Atom X Y z Charge X Y 7z Charge X Y z Charge
(-e) (-e) (-e)
CL 6.6723 5.4913 18.1256 3.9473 5.7841 6.8665 18.8427 4.0377 8.5502 6.3036  37.8262 4.0165
C 6.6883 6.9248 18.2492 2.9801 5.4537 8.2487 19.0343 2.9038 7.1274 6.1282  37.9076 29116
C 6.8113 7.7022 17.0778 3.7228 5.5389 9.1145 17.9135 3.8886 6.3672 59423  36.7213 3.9439
C 6.8381 4.9031 16.9023 4.0263 6.1899 6.4038 17.6162 4.0043 9.0968 6.2958  36.5683 3.9895
C 6.9903 7.1050 15.8404 4.4306 5.9565 8.6387 16.6753 4.2272 6.9541 59232  35.4362 4.1712
C 7.0214 5.6667 15.7039 2.6235 6.3054 7.2586 16.4816 2.6376 8.4054 6.0825  35.3271 2.6542
C 7.4012 7.0194 13.1881 4.2267 6.6400 8.8226 14.0368 4.2430 7.1262 5.6325  32.7208 4.1458
C 7.6017 7.5508 11.9115 3.9548 6.8412 9.4525 12.8237 3.9190 6.6611 53793  31.4157 4.0569
C 7.7943 6.7163 10.7922 2.9653 7.3367 8.7318 11.6975 2.7809 7.5400 52562  30.3197 2.9217
C 7.7791 5.2961 10.9951 3.9989 7.6129 7.3252 11.8614 4.102 8.9224 53489  30.5791 3.9441
C 7.5841 4.7715 12.2459 3.9766 7.3997 6.7069 13.0583 3.8457 9.4304 55405  31.8646 4.0569
C 7.3901 5.5967 13.3925 2.632 6.9072 7.4076 14.2087 2.5409 8.5204 57274  32.9874 2.6496
C 8.0476 8.6800 9.3573 3.3209 72135  10.7579  10.3305 3.3619 5.9685 41045  28.7949 3.2969
C 8.1623 6.3644 8.3904 3.2358 8.1032 8.6179 9.3682 3.4622 7.6270 5.7136 27.888 3.4016
C 6.3617 6.7509 20.6746 3.2311 5.0669 7.8474 21.4312 3.3437 7.3591 6.2087  40.3865 3.3551
C 6.6204 8.9880 19.5700 3.3401 4.6740  10.1103  20.4200 3.2829 5.0623 5.8367  39.2665 3.7745
C 7.1937 8.1669 14.4764 5.6016 6.0469 9.7703 15.3638 5.7591 5.9774 57813  34.0176 5.7675
S 7.2001 4.9769 14.5721 7.7963 6.7432 6.7090 15.3311 7.8003 9.1383 59281  34.1814 7.7280
N 7.9923 7.2378 9.5422 7.4915 7.5403 9.3424 10.5148 7.4025 7.1210 4.9650  29.0625 7.4757
N 6.6024 7.5282 19.4673 7.4619 5.0720 8.7171 20.2557 7.4840 6.5601 6.1084  39.1715 7.0200
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N 7.8071  10.6069  16.2128 7.7365 7.4174 9.9721 25.4704 7.6694 11.3226  6.5800  40.5672 7.5771
H 6.5464 4.8632 19.0063 0.9519 5.7058 6.1701 19.6745 0.9410 9.2393 6.4583  38.7013 0.8427
H 6.8463 3.8182 16.793 0.9123 6.4397 5.3533 17.4678 0.9051 10.2034  6.3392  36.4626 0.9552
H 6.8474 8.8004 17.1014 0.8673 52899  10.1698  18.0158 0.9714 5.2548 59168  36.7093 0.9938
H 7.6063 8.6347 11.8008 0.9618 6.6248  10.5151 12.7307 0.9768 5.5971 53471  31.2078 0.9224
H 7.9277 4.6224 10.1538 0.9834 7.9801 6.7477 11.0159 0.9303 9.6273 51718  29.7369 0.9330
H 7.5780 3.6933 12.4092 0.9595 7.5939 5.6415 13.1844 0.9355 10.4563  5.5461  32.1510 0.8849
H 8.2348 8.9005 8.3018 0.9762 7.3761 11.0287  9.28130 0.8688 6.2252 3.2788  28.0652 0.9363
H 7.0996 9.1625 9.6475 0.9452 6.1601 10.9473  10.5846 0.9927 5.6256 3.6424 29.726 0.9630
H 8.8571 9.1316 9.9535 0.9439 7.8548  11.3926  10.9641 0.9680 5.0539 4.6016  28.4023 0.9802
H 9.0590 5.7301 8.4852 0.9984 9.0775 8.1775 9.6186 0.9366 8.3192 6.4883  28.2325 0.9457
H 7.2886 5.7092 8.2442 0.9748 7.4344 7.8141 9.0297 0.9029 8.1160 49767  27.2684 0.9655
H 8.2768 6.9802 7.4928 0.9921 8.2389 9.3251 8.5457 0.9121 6.7832 6.1443  27.3016 0.9375
H 7.1440 5.9919 20.827 0.9953 6.0342 7.3406 21.5525 0.9403 7.8858 7.2124  40.3901 0.9220
H 6.3730 7.4256 21.5362 0.9362 4.8969 8.4559 22.3239 0.9438 6.7805 6.1236  41.3176 0.9454
H 5.3834 6.2424 20.6494 1.0190 42714 7.0867 21.3713 0.9804 8.1100 53704  40.3904 0.9415
H 5.6571 9.4259 19.2583 0.9799 3.8413  10.3684  19.7462 0.9596 4.8377 4.8672  38.7948 0.9633
H 6.8133 9.2656 20.6118 0.9741 4.3430 10.269 21.4511 0.9617 4.7315 5.8259  40.3284 0.8965
H 7.4023 9.4243 18.9325 0.9280 55117 10.797 20.2196 0.9732 4.6073 6.6687  38.7085 0.9543
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